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Abstract

:

Iron–sulfur (Fe–S) clusters are protein cofactors of a multitude of enzymes performing essential biological functions. Specialized multi-protein machineries present in all types of organisms support their biosynthesis. These machineries encompass a scaffold protein on which Fe–S clusters are assembled and a cysteine desulfurase that provides sulfur in the form of a persulfide. The sulfide ions are produced by reductive cleavage of the persulfide, which involves specific reductase systems. Several other components are required for Fe–S biosynthesis, including frataxin, a key protein of controversial function and accessory components for insertion of Fe–S clusters in client proteins. Fe–S cluster biosynthesis is thought to rely on concerted and carefully orchestrated processes. However, the elucidation of the mechanisms of their assembly has remained a challenging task due to the biochemical versatility of iron and sulfur and the relative instability of Fe–S clusters. Nonetheless, significant progresses have been achieved in the past years, using biochemical, spectroscopic and structural approaches with reconstituted system in vitro. In this paper, we review the most recent advances on the mechanism of assembly for the founding member of the Fe–S cluster family, the [2Fe2S] cluster that is the building block of all other Fe–S clusters. The aim is to provide a survey of the mechanisms of iron and sulfur insertion in the scaffold proteins by examining how these processes are coordinated, how sulfide is produced and how the dinuclear [2Fe2S] cluster is formed, keeping in mind the question of the physiological relevance of the reconstituted systems. We also cover the latest outcomes on the functional role of the controversial frataxin protein in Fe–S cluster biosynthesis.
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1. Introduction


Iron–sulfur (Fe–S) clusters are small inorganic structures constituting the catalytic site of a multitude of enzymes. They are among the oldest biological cofactors on earth. Their antique role may date back to some four billion years ago, in the form of “Fe(Ni)–S” minerals catalyzing the first abiotic reactions at the origin of life [1,2,3]. Fe–S clusters then became integral part of living organisms to fulfil a wide range of biochemical reactions [4]. The use of Fe–S clusters by living organisms is now widespread among the prokaryotic, archaeal and eukaryotic worlds [5,6,7,8,9]. Even viruses use Fe–S proteins for their replication [10,11,12]. With 90 experimentally confirmed Fe–S cluster containing proteins and 60 based on predictions, about 7% of the proteins encoded by the genome of Escherichia coli are Fe–S proteins, which emphasizes the prominent roles of Fe–S clusters [13]. Fe–S clusters are composed of iron and sulfide ions, hold in specific protein-binding sites that ligate the iron ions usually via the thiolate of cysteines, but also the nitrogen of histidines and in some rare cases the nitrogen of arginines and oxygen of aspartates or serines [14,15,16,17]. The most common forms of Fe–S clusters are the [2Fe2S], [4Fe4S] and [3Fe4S] clusters which are the building blocks for more complex Fe–S clusters present in enzymes such as nitrogenase, hybrid cluster protein and carbon monoxide dehydrogenase [18,19,20]. Their biochemical functions can be divided into five main classes: electron transfer, redox catalysis, non-redox catalysis, DNA/RNA binding and maturation of Fe–S cluster proteins [13]. These biochemical functions cover a wide range of biological roles, including ATP production, protein synthesis, oxidative-stress defense and maintenance of genome integrity [7,9,21].



Even though the structures of the elementary Fe–S clusters are relatively simple, these inorganic compounds are not assimilated from the local environment, probably due to their instability. Thereby, the use of Fe–S clusters was concomitant with the development of multi-protein machineries by living organisms to support their biosynthesis [6,7,8,9,22]. Four machineries have been identified across species: the NIF (nitrogen fixation), the ISC (iron–sulfur cluster), the SUF (sulfur mobilization) and the CIA (cytosolic iron–sulfur cluster assembly) machineries that each have specialized functions [6,7,8,9,22]. In addition, carriers and accessory proteins achieve transport and insertion of Fe–S clusters in dedicated client proteins [6,7]. In eukaryotes, more than 30 proteins are needed to perform their synthesis, transport and insertion [6]. However, only a small subset of these proteins is required for their synthesis, which includes a scaffold protein on which Fe–S clusters are assembled, a cysteine desulfurase providing sulfur in the form of a cysteine bound persulfide (Cys-SSH) and a reductase to reduce the persulfide into sulfide (Figure 1) [23,24,25,26]. In a second step, Fe–S clusters are transferred to recipient apo-proteins with assistance of dedicated chaperones and accessory proteins (Figure 1) [6,7,27,28].



Despite huge progresses in the past 30 years to identify all the components of the assembly machineries, a central question remains how Fe–S clusters are assembled. While iron–sulfur clusters can form spontaneously in vitro by mixing iron and sulfide ions in the presence of scaffolding molecules, the biological processes of their synthesis rely on tightly orchestrated reactions to coordinate iron and sulfur insertions in the scaffold proteins. In recent years, combinations of biochemical, spectroscopic, structural and computational approaches with in vitro reconstituted machineries have significantly contributed to the understanding of the mechanism of Fe–S cluster assembly and the specific role of each component of these machineries. Besides, handling these reconstituted systems is a major challenge as reconstituted system can generate free sulfide, which contributes to Fe–S cluster formation in vitro. This process is not expected to be productive of Fe–S clusters in vivo as the sulfide ions can freely diffuse outside of the biosynthetic complexes. Moreover, iron can bind non-specifically to proteins thereby masking specific iron-binding sites. An additional level of complexity arises with the formation of the [4Fe4S] clusters. The current view is that [4Fe4S] clusters are synthesized by reductive coupling of two [2Fe2S] clusters, thus that the [2Fe2S] cluster is the elementary building block of all Fe–S clusters in the cell [6,25,29,30,31,32,33].



This review focuses on the subset of proteins that ensure the biosynthesis of the [2Fe2S] cluster, with a special emphasis on the questions of the synchronization of iron and sulfur supplies to the scaffold proteins, how persulfide is reduced into sulfide and the mechanism of nucleation of iron and sulfide ions leading to formation of the dinuclear [2Fe2S] center. We also review the latest data on the role of the frataxin protein, a key protein in the Fe–S cluster assembly process, the function of which has remained controversial until very recently.




2. Overview of the Fe–S Cluster Assembly Machineries


The NIF system was the first multi-protein machinery to be discovered, in the late 1980s, by Denis Dean’s group [34,35,36]. In nitrogen-fixing bacteria, this machinery is dedicated to the biosynthesis of the M/V and P clusters of the nitrogenase enzyme [18,34,35,36,37,38]. This machinery encompasses two main components, NifU, the scaffold protein and NifS, a cysteine desulfurase that is the source of sulfur [35,36]. Cysteine desulfurases convert the sulfur from the amino acid l-cysteine into a cysteine bound persulfide intermediate (Cys-SSH) that is a source of sulfide ions upon reductive cleavage of its S–S bond. The discovery of cysteine desulfurase was a major advance since this mechanism now appears as a universal mode of sulfur delivery, not only for Fe–S clusters, but also for the production of a wide variety of sulfur containing biomolecules such as thiolated tRNA, thiamine and Moco [39,40].



In early 1990s, the ISC and SUF machineries were identified as the general providers of Fe–S clusters in most organisms, with the exception of some non-nitrogen fixing bacteria that lack the ISC and SUF machineries, in which the NIF machinery is the general source of Fe–S clusters [5,6,8,9,41,42,43,44,45,46]. Genome wide analysis show that the occurrence of the SUF system is much higher than the ISC one in bacteria and archaea, thus that the SUF system is the housekeeping assembly machinery in these organisms [47]. In contrast, nearly all eukaryotic organisms rely exclusively on the ISC system that was acquired from bacteria upon endosymbiosis [48], with the exception of plants that rely on both, the ISC and SUF systems [49,50]. In bacteria that encodes both the ISC and SUF machineries, the SUF machinery is expressed under oxidative-stress and iron-deprivation conditions, and in plants, it is expressed in the chloroplast, a compartment that is more exposed to oxidative conditions [8,45]. The underlying reason is that the SUF machinery is more resistant to oxidative stress [51] and handles iron apparently in a more efficient way than the ISC machinery. This raises important questions on the features of the mechanisms of Fe–S cluster assembly that provide such specificities to the ISC and SUF machineries. Some bacteria also express an incomplete machinery, the CSD (cysteine sulfinate desulfinase) system that includes only two components: the cysteine desulfurase CsdA and the sulfur acceptor CsdE that are homologous to the SufS and SufE components of the SUF machinery [9]. The CSD machinery apparently participates to Fe–S cluster biosynthesis by providing sulfur to the SUF machinery [52].



The CIA machinery is present in the cytoplasm of eukaryotic organisms, and in contrast to the other machineries, is not autonomous for sulfur acquisition. Although the cysteine desulfurase of the ISC machinery, NFS1, is also present in the cytoplasm, albeit at very low concentrations, it does not provide sulfur to the CIA machinery [53,54,55,56]. Instead, the CIA machinery uses a, as of yet, not identified compound synthesized by the mitochondrial ISC machinery, either a sulfur containing molecule or a preassembled [2Fe2S] cluster [7,25,57]. It is thus unclear whether the CIA machinery is able to synthesize de novo the [2Fe2S] building block. Consequently, we do not cover this topic here.




3. Mechanism of Assembly by the ISC Core Machinery


In bacteria, the genes encoding the components of the machineries are organized in operons. In E. coli, the ISC operon encodes eight proteins: IscU, the scaffold protein, IscS, the cysteine desulfurase, Fdx, a [2Fe2S] cluster ferredoxin, HscA and HscB, a chaperone/co-chaperone system involved in the transfer of Fe–S cluster from IscU to acceptor proteins, IscA, a scaffold and/or carrier protein, IscX, a putative regulator of the activity of IscS and IscR a transcriptional regulator of the whole operon (Figure 1) [22]. Homologs of IscU, IscS, Fdx, IscA, HscA and HscB were later found in yeast, mammals and other organisms with major contributions from Roland Lill’s lab to these discoveries (Table 1) [6]. Thereafter, the nomenclature of the protein names of each species is used to describe particular experiments and a double nomenclature bacteria/mammal for more general considerations. Among the proteins of the ISC machinery, IscS/NFS1, IscU/ISCU and Fdx/FDX2 together form the core complex for the biosynthesis of [2Fe2S] clusters, while the IscA/ISCA proteins have specialized functions in the synthesis of [4Fe4S] clusters from [2Fe2S] clusters and/or transfer of Fe–S clusters (Table 1 and Figure 1) [29,30,31,32]. Additional proteins that are not encoded by the ISC operon are needed for the biosynthesis of Fe–S clusters. A flavin-dependent ferredoxin reductase (Fenr/FDXR) that uses electrons from NAD(P)H to reduce the [2Fe2S] cluster of Fdx/FDX2 (Table 1 and Figure 1). The frataxin protein (CyaY/FXN) is also important for efficient Fe–S cluster synthesis (Table 1, Figure 1) [58,59]. Its exact role is a matter of controversy that we discuss later on [58]. In eukaryotes, ISD11, a protein belonging to the LYRM (Leu–Tyr–Arg motif) family, and the acyl carrier proteins (ACP) together form a complex with NFS1. The role of the ISD11–ACP complex is incompletely understood, it apparently controls the stability of NFS1 in response to the level of acetyl-CoA [60].



3.1. Step 1: Iron Insertion


3.1.1. A Mononuclear Ferrous Iron-Binding Site in IscU/ISCU


IscU/ISCU is a small highly conserved protein of 15 kDa that was identified as the scaffold protein based on its ability to bind a labile [2Fe2S] cluster in vivo when co-expressed with all the other ISC components and in vitro in Fe–S cluster reconstitution assays with IscS/NFS1 [61,62,63]. Spectroscopic and structural studies of bacterial, archaeal and eukaryotic IscU/ISCU proteins have provided evidence that the [2Fe2S] cluster is ligated in an asymmetric arrangement by well-conserved amino acids: three cysteines and a non-cysteinyl ligand most likely an aspartate [23,61,62,64,65,66]. This assembly site was thus proposed to be the entry point for iron.



However, metal titrations and tri-dimensional structures revealed that IscU/ISCU proteins purified from bacterial cells do not contain iron in the assembly site but a zinc ion instead [23,67,68,69,70,71,72]. The zinc ion was found coordinated in an overall tetrahedral geometry by the well-conserved amino acids of the assembly site in Haemophilus influenza [71] and Mus musculus (PDB code 1WFZ) IscU and the identity of the ligands was also assessed in E. coli, mouse and human IscU/ISCU using site directed mutagenesis experiments (Figure 2A) [23,68,69] Here and thereafter, to ease comparison, the mouse sequence is used for amino acid numbering in IscU/ISCU proteins. In these proteins, the Zn2+ ion is coordinated by the two cysteines Cys35 and Cys61 that are also ligands of the [2Fe2S] cluster, and the histidine His103, but the fourth ligand seems exchangeable. While the aspartate Asp37 is the fourth ligand in the vast majority of cases, it is exchanged by the cysteine Cys104 in the crystal structure of IscU from H. influenza [71]. This suggests structural plasticity of the metal-binding site. Analysis by quantum and molecular mechanics indeed indicate that small rearrangements, such as protonation of the ligands, could induce a ligand swapping at the zinc site [69]. This structural plasticity would facilitate the accommodation of several metal and sulfide ions.



The plasticity of the IscU/ISCU protein also prevails at the level of its ternary structure and is directly connected to the metal-binding site. NMR studies revealed that IscU/ISCU exists in two inter-converting forms, a structured one and a de-structured one [69,70,71,74,75,76]. Interestingly, the coordination of the metal ion stabilizes the structured form. The ligands of the zinc ion belong to different parts of the protein: the cysteine Cys35 and the aspartate Asp37 are carried by a linker between two β-sheets, the cysteine Cys61 is at the tip of an α-helix and the histidine His103 along with the cysteine Cys104 are at the tip of another α-helix. Therefore, the coordination of the zinc ion connects distinct parts of the protein which stabilizes the ternary structure of the protein.



The first evidence suggesting that iron binds in the assembly site came from an NMR study on the E. coli IscU protein, which reported that incubation of apo-IscU with iron stabilizes the ordered form, as observed with zinc [77]. Our lab recently conducted an extensive study on mouse ISCU using several spectroscopic methods [23]. We found that the zinc ion hinders iron binding in the assembly site, but upon removal of the zinc ion, the monomeric form of ISCU binds Fe2+ in the assembly site. Site-directed mutagenesis identified Cys35, Asp37, Cys61 and His103 as the ligands of the iron center [23]. The Fe2+ ion thus adopts a similar arrangement as the Zn2+ ion in the assembly site of ISCU, which suggests interchangeable roles. Titration by circular dichroism (CD) indicated that ISCU binds a single Fe2+ ion and Mössbauer spectroscopies showed that it is a high spin Fe(II) center and confirmed the presence of several cysteines in the coordination sphere of the metal. Fe–S cluster assembly assays using the complete mouse ISC machinery with the NFS1–ISD11–ACP complex, FDX2 and FDXR show that iron-loaded ISCU (Fe–ISCU) is competent for Fe–S cluster assembly, while the zinc-loaded form (Zn–ISCU) is not, which indicates that binding of iron in the assembly site is the initial step in Fe–S cluster biosynthesis [23] Binding of iron in the assembly site was later on reported with E. coli IscU upon removal of the zinc ion, which suggests that the first step in the mechanism of Fe–S cluster synthesis is conserved [78].



Surprisingly, the investigations of iron-binding sites in IscU/ISCU proteins from E. coli, human, drosophila and yeast by X-ray absorption spectroscopy (XAS) led to the conclusion that iron does not initially bind in the assembly site but in a 6-coordinated site comprising only nitrogen and oxygen [79,80,81]. A similar species was detected by Mössbauer spectroscopy when mouse apo-ISCU was incubated with one equivalent of iron, but this species represents a minor fraction of iron (15%) [23]. Experiments conducted with sub-stoichiometric amounts of iron showed that only the assembly site is filled, thus that iron has a poor affinity for the putative secondary site. Moreover, reconstitution assays with ISCU containing iron exclusively in the assembly site showed that it is still fully competent for Fe–S cluster assembly, which rules out the idea that the minor fraction is important for Fe–S clusters synthesis, thus that there is a defined secondary site in ISCU [23]. This species most likely represents iron bound non-specifically to the protein. It must be noted that mouse ISCU is a difficult protein to handle as the disordered form that accumulates in the absence of metal forms higher order oligomers that do not bind iron. Thereby, the discrepancy with the XAS data may relate to protein preparations and buffer conditions if the other IscU/ISCU proteins behave similarly to mouse ISCU.




3.1.2. Iron Donor to IscU/ISCU


The fact that IscU/ISCU contains a zinc ion that hinders iron binding raises the question of the physiological mechanism of iron insertion. In vivo, the presence of the zinc might prevent accumulation of the disordered form. However, since zinc has a higher affinity than iron for IscU/ISCU [23,69], a still ill-defined metallochaperone might be required to exchange the metals. These data also raise the question of the physiological iron donor to IscU/ISCU.



Frataxin


The frataxin protein was initially proposed to function as an iron storage/donor for IscU/ISCU [82,83,84,85,86,87]. Although the iron-storage/chaperone function has been questioned by several studies [58], and the most recent data indicate that frataxin is an accelerator of persulfide transfer (see Section 3.5) [23,88,89], the iron chaperone hypothesis is still favored by a number of groups [90,91,92,93,94,95,96].



Eukaryotic cells that are defective or deleted for the gene encoding the frataxin protein display growth phenotypes associated with a deficit in Fe–S cluster biogenesis [97,98,99,100,101]. Indeed, the bacterial and eukaryotic frataxins interact with the core IscS–IscU and NFS1–ISCU complexes of the ISC machinery, indicating a direct role in Fe–S cluster biogenesis [86,102,103,104,105]. In humans, inherited mutations in the non-coding sequence of the frataxin locus lead to Friedreich’s ataxia (FA), a neurodegenerative and cardiac disease [106]. This discovery has strongly fostered the research in the past years to elucidate the function of frataxin.



Based on the observations that (i) frataxin deficient cells accumulate iron in mitochondria and that (ii) bacterial CyaY and yeast Yfh1 frataxins bind ferric iron, which triggers auto-assembly into multimers, the hypothesis that frataxin functions as an iron storage has emerged [58,82,83,85,97,99,107,108]. However, the iron-storage function was challenged by several other studies. First, human frataxin (FXN) self-assembles into oligomers only under extreme conditions and in an iron-independent manner [109]. In yeast and mouse fibroblast, the self-assembly of frataxin is dispensable for its physiological function [110,111]. In yeast, overexpression of Yfh1 is unable to mitigate iron accumulation and binding of iron to Yfh1 could not be confirmed by immunoprecipitation [112,113]. In bacteria, the function of CyaY appears restricted to iron-rich conditions. Although this may be consistent with a role in iron storage, in yeast, there is no obvious effect of iron on the phenotype of cells lacking Yfh1 [59,97]. In mammals, a cardiac mouse model of FA showed that the accumulation of iron is not a primary defect but rather a consequence of the Fe–S cluster deficit [100]. Finally, the accumulation of iron is not a specific feature of frataxin deficiency since any defect in one of the core components of the ISC machinery also leads to dysregulated iron metabolism [114]. Altogether, these data have disqualified the iron-storage function for frataxin.



The frataxin protein was also proposed to function as an iron chaperone for IscU/ISCU, since monomeric frataxin from various organisms bind iron in vitro and several reconstitutions suggested that frataxin brings iron to the ISC machinery [86,87,92]. However, the number of iron-binding sites in frataxin varied from one study to another (from one to seven iron-binding sites), with both Fe2+ and Fe3+ binding with similar affinities, which rather suggest non-specific iron binding [82,87,108,115,116,117,118]. Indeed, FXN lacks a defined metal-binding site associated with well-conserved ligands such as cysteine, histidine and aspartate, but contains an acidic region that binds several metals non-specifically via electrostatic interactions. This may provide a mean for frataxin to bring several labile iron ions nearby the assembly site of IscU/ISCU, but with low specificity, which is difficult to rationalize with a specific role in iron donation. Moreover, data from our group indicated that mammalian FXN is not required for iron insertion in ISCU [23]. Altogether, these data argue against a role of frataxin in iron donation; instead, a function as an accelerator of persulfide transfer is now proposed (see Section 3.5).




ISCA


A-type proteins (IscA, NifIscA and SufA) from various organisms were shown to bind ferric iron with high affinity and to provide iron to IscU/ISCU in Fe–S cluster reconstitution assays through a cysteine mediated process [119,120,121,122,123,124,125]. The Fe(III) center of bacterial IscA can be reduced by l-cysteine and released as free or cysteine bound Fe2+ ions, which provide a source of iron for IscU [119,125]. However, several in vivo studies argue against a role of the IscA/ISCA proteins in iron donation. First, deletion of the genes encoding the Isa1 and Isa2 proteins in yeast led to a slight increase in the iron content of Isu1, instead of lowering it as expected for an iron chaperone [32]. Several groups found that A-type proteins do not co-purify with iron alone but with a Fe–S cluster [126,127,128,129]. Indeed, in vivo and in vitro data rather point to a role of the A-type proteins as scaffolds for the synthesis of [4Fe4S] clusters or in the transfer of [2Fe2S] and [4Fe4S] clusters [29,32,126,127,129,130]. Moreover, while no interaction with IscU/ISCU has been reported so far, the IscA/ISCA proteins interact with the late-acting components of the Fe–S cluster biogenesis pathway, which strengthen the idea that they are not involved at the early steps, i.e. iron insertion [29,131,132,133].




Connection with the Labile Iron Pool


If not frataxin or IscA/ISCA, then how does IscU/ISCU acquire iron? Only few iron metallochaperones have been identified in eukaryotes and prokaryotes [134,135,136,137]. Ferrochelatase is possibly the only attested iron chaperone in mitochondria [134]. Indeed, a general view of iron speciation in proteins is that non-heme iron proteins acquire their metal from a labile iron pool [135,136,137]. Due to the low structural diversity of metal-binding sites in proteins to discriminate one metal from another, insertion of the proper metal is controlled by its bioavailability and its intrinsic affinity, which follows the Irving–Williams series [135,136,137]. Thereby, metals with intrinsic high affinity are kept at very low concentration while weaker binders are present in the form of labile pools. Iron is among the weaker binders and the existence of labile iron pools is now corroborated by several studies. Recent investigations of cellular iron contents by Mössbauer spectroscopy suggest that it is composed of non-heme high-spin Fe(II) complex with primarily O and N donor ligands in concentrations estimated in the range of 1 to 10 μM, which is very close to the affinity of iron for most proteins [135,136,137,138,139,140,141,142]. Low-molecular-weight iron complexes with a mass-range of 500 to 1300 Da have been isolated from bacteria and mitochondria that may be central components of this labile iron pool [139,140,141,142]. Iron delivery to protein from these labile iron pools may involve small molecules, such as glutathione (GSH), instead of metallochaperones [137,143]. Finally, even though a chaperone is possibly dispensable for iron insertion, the most important step could be the release of the zinc ion from IscU/ISCU, which would require a chelatase.






3.2. Step 2: Sulfur Insertion


3.2.1. Two Different Classes of Cysteine Desulfurase


The second key step of Fe–S cluster synthesis is the insertion of sulfur. The cysteine desulfurases IscS and NFS1 are the source of sulfur for Fe–S cluster assembly in the ISC machinery. Cysteine desulfurases provide sulfur in the form of a persulfide bound to their catalytic cysteine (Cys-SSH) [39]. This persulfide is produced by desulfurization of l-cysteine catalyzed by their cofactor, a pyridoxal phosphate (PLP), which leads to formation of a persulfide on their catalytic cysteine. PLP-dependent enzymes form a huge family that perform various types of elimination and substitution reactions on amino acids and their derivatives. Several structures of cysteine desulfurase have been solved and all revealed an arrangement as homodimers, in which the PLP-binding pocket of one subunit is completed by the second one (Figure 3A,B) [39,67,144,145,146,147,148,149,150]. Cysteine desulfurases also display key differences allowing their categorization in two classes owing to the length of the mobile loop carrying their catalytic cysteine [39]. This loop is much longer in class I than in class II enzymes, which facilitates long-range sulfur delivery to acceptors for class I enzymes. IscS and NFS1 as well as NifS belong to class I, while SufS, the cysteine desulfurase of the SUF machinery, belongs to class II.



Moreover, in eukaryotes, NFS1 forms a tight complex with the ISD11–ACP complex that regulates the activity of the ISC system in response to the level of acetyl-coA [60,67,151]. The crystal structure of the human NFS1–ISD11–ACP complex shows that binding of ISD11–ACP to NFS1 is mediated by ISD11 and that ACP is anchored to ISD11 via its fatty acid chain (Figure 3A) [67]. The ISD11–ACP complex stabilizes NFS1 since in its absence, NFS1 is poorly soluble [152,153]. The crystal structure of the complex indeed shows that ISD11 binds to a hydrophobic patch composed of Leu78 and Ile82 at the surface of NFS1, which most likely helps maintain NFS1 in a soluble form [67].



Strikingly, another crystal structure of the human NFS1–ISD11–ACP complex was solved which displays a completely different arrangement of the NFS1 and ISD11 proteins relative to each other while keeping the overall structure of the ISD11–ACP complex (Figure 3C) [67,151]. In this structure, the dimer interface is created by contacts between the hydrophobic patch of each NFS1 and via ISD11 that connects the two subunits of NFS1. The PLP-binding pocket is incomplete and thus the protein is most likely catalytically inactive. This conformation is designated as open conformation [151] and the conformation in which the PLP-binding pocket is complete, is called the closed conformation [67]. It is still unclear whether the open conformation has a physiological relevance.




3.2.2. Mechanism Generating Persulfide in Class I Cysteine Desulfurase


While the mechanism of sulfur delivery clearly differentiates class I and II cysteine desulfurase, the mechanism of desulfurization is similar for both enzymes [39]. This mechanism relies on catalysis by the PLP cofactor which operates as an electron withdrawal group facilitating the elimination of sulfur on l-cysteine (Figure 4). The PLP cofactor is anchored to the enzyme via the side chain of a lysine through formation of an imine link, also called internal aldimine. The amino group of the l-cysteine substrate binds to the PLP by exchange with the amine of the lysine to form an external aldimine. This intermediate is converted into a ketimine in which a double bond is created between the enantiomeric α carbon of l-cysteine and its amino group. Then, the sulfur of l-cysteine is eliminated and “transferred” to the catalytic cysteine of the cysteine desulfurase, which leads to formation of a persulfide (-SSH) and creation of a double bond between the α and β carbon of the l-cysteine. Upon hydrolysis, alanine is released and a new cycle is initiated. Formally, a sulfanium cation (HS+) is abstracted by the thiolate group of the catalytic cysteine. This formal description suggests that the reaction is an oxido-reduction process. The redox state of the terminal sulfur (also called sulfane sulfur) is commonly assumed to be “0” while the sulfur of the cysteine to which it is bound would stay at the −II redox state. However, this description is not correct since two identical atoms that are covalently attachedhave their redox state mutually affected and equals, as found in disulfides (RSSR’) and hydroperoxides (ROOH) in which the sulfur and oxygen atoms are at the same −I redox state. Thereby, the formal redox states of the sulfurs in a persulfide are better described as −I for both of them, which indicates that the sulfur of l-cysteine is oxidized during the reaction and consequently the carbon carrying the sulfur of l-cysteine is reduced from −I to −III in l-alanine (Figure 4, red labels).




3.2.3. Sulfur Transfer to the IscU/ISCU Scaffold, a Metal-Driven Process


The first studies on the process of sulfur supply to IscU/ISCU were reported almost 20 years ago, with A. Vinelandii and E. coli IscS and IscU [154,155,156]. These studies showed that IscS transfers several persulfides to IscU. A sulfur-first model was then proposed, in which the persulfides are transferred and later on reduced upon binding of Fe2+ ions. Surprisingly, several persulfides (2 to 4) accumulated on IscU, which was difficult to rationalize with the requirement of only two sulfurs for the formation of a [2Fe2S] cluster [154,156]. Another study with T. maritima IscU mentioned that the persulfides transferred to IscU were not reducible by iron, unless iron was already bound to IscU prior to persulfide transfer [157]. Although the experimental data were not shown, an iron-first model was proposed, in which the iron binds first then a persulfide is transferred and reduced by iron. Thereby, controversies on the number of persulfide transferred to IscU/ISCU and the sequence of iron and sulfur insertions have emerged with two opposite models: sulfur-first and iron-first. It is now becoming clear that iron comes first and triggers the transfer of a persulfide (Figure 5) [23,89].



Persulfide transfer was also reported with the mouse and human NFS1–ISD11–ACP–ISCU complex [88,158]. Our analysis using mass spectrometry and an alkylation assay developed to directly visualize and quantify protein-bound persulfides, has established that a single persulfide is transferred to mouse ISCU [88]. The cysteine Cys104 was identified by mass spectrometry as the final persulfide receptor [88]. Furthermore, the transfer of persulfide to ISCU was correlated with Fe–S cluster assembly thus indicating that it is a relevant step in this process (see next section) [23]. The accumulation of more than one persulfide was also observed with the mouse system but at longer time course and was not correlated with Fe–S cluster assembly, which may explain the transfer of multiple persulfides previously observed with A. Vinelandii and E. coli IscU proteins [23,88].



Interestingly, with the mouse system it was shown that in the absence of iron, the transfer of persulfide is abolished, which points to a metal-dependent process [23]. A similar iron-dependent persulfide transfer process was recently reported with the E. coli system [78]. Thus, the presence of iron is required to allow the transfer of persulfide, which experimentally confirms the iron-first model that was earlier proposed and discards the sulfur-first hypothesis (Figure 5). Surprisingly, persulfide transfer to ISCU is also enabled when zinc is in the assembly site, which is probably related to the identical coordination mode of iron and zinc in ISCU (Figure 5). This may indicate a physiological role for zinc as proposed for the zinc ion of SufU, a closely related homolog of IscU/ISCU (see Section 5.3.3) [159]. Moreover, the iron-like effect of zinc may explain the initial controversy in the models of iron and sulfur insertion sequences. Since zinc was likely present in the preparations of IscU, although its presence was not assessed [154,155,156], it has probably allowed persulfide transfer in the absence of iron and misled the authors to the conclusion that sulfur comes first.



Trans-persulfuration reactions are common to several sulfur insertion processes but none of them have been described as iron-dependent [39,40]. Indeed, this feature is likely specific to Fe–S cluster assembly systems as it coordinates sulfur supply with the presence of iron in ISCU. This raises the question of the mechanism of this new type of reaction. Since both, iron and zinc, enable persulfide transfer, the examination of the structures of the NFS1–ISCU complexes solved with zinc may help elucidate this mechanism. The X-ray structure of the human NFS1–ISD11–ACP–ISCU complex shows that the catalytic cysteine of NFS1 binds to the zinc center through exchange with Cys35 of ISCU (Figure 2B) [67]. Thus, the metal ion may play a structural role by positioning the catalytic cysteine of NFS1 at a short distance of the receptor cysteine (Cys104) of ISCU and additionally may play the role of a Lewis acid catalyst by providing an electrophilic character to the sulfane sulfur of the persulfide to promote the nucleophilic attack by the receptor cysteine on the persulfide. However, Cys104 is shielded by the metal ion and its surrounding ligands (Asp37, Cys61 and His103), which seems to preclude a direct transfer of persulfide to this residue. Persulfide transfer could thus be indirect via Cys35 or Cys61 as relays. However, a mutation of the cysteine Cys104 to serine does not lead to accumulation of a persulfide on Cys35 or Cys61 as expected if they were functioning as relays, which tends to invalidate this hypothesis [23,88]. Therefore, in keeping with the structural plasticity of ISCU discussed in the previous section, a structural rearrangement uncovering Cys104 to facilitate persulfide transfer seems more likely.



In conclusion, the detailed study of the persulfide transfer process provides the first compelling evidence of an iron-first mechanism in which persulfide transfer is triggered by the presence of iron in IscU/ISCU [23,78]. This represents the first encounter of sulfur with iron in the Fe–S cluster assembly process.





3.3. Step 3: Persulfide Reduction


3.3.1. Reduction by Iron


To generate the sulfide ions that are the constituents of Fe–S clusters, the persulfide must be reduced into sulfide. As discussed in the previous section, Fe2+ ions were initially proposed to be the reductant of the persulfide thereby yielding Fe3+ and sulfide ions, to generate an oxidized [2Fe2S]2+ cluster [154,155,157]. However, no reduction was observed with the mouse system after transfer of persulfide to ferrous iron-loaded ISCU [23]. Furthermore, the reduction of a persulfide by Fe2+ is chemically irrelevant since this reaction requires two electrons and Fe2+ provides only one electron by switching to the Fe3+ state.




3.3.2. Reduction by Thiols


Thiols, essentially dithiothreitol (DTT), but also GSH and cysteine were extensively used as reductants in Fe–S cluster reconstitution studies [61,78,158,160,161,162,163,164]. However, their mode of action was not thoroughly investigated until recently. Using the mouse ISC system, our group reported that thiols are able to release sulfide by direct reduction of the persulfide of NFS1, but are poorly efficient to reduce the persulfide transferred to ISCU, probably due to the presence of the metal that shields the receptor cysteine Cys104 [88]. The reduction of the persulfide of NFS1 by thiols occurs in reaction performed with excess of l-cysteine relative to the NFS1–ISCU complex (Figure 6A). Under these conditions, a persulfide is formed on NFS1 that is transferred to ISCU, then a new persulfide is formed on NFS1 that cannot be transferred to ISCU since it is already persulfidated, which leads to a complex persulfidated on both, NFS1 and ISCU. Since thiols react faster with NFS1 than with ISCU, this leads to preferential reduction of the persulfide sitting on NFS1. Thereby, the prominent source of sulfide ions in thiol-based reconstitution is NFS1 not ISCU. This reduction proceeds in two steps: (1) trans-persulfuration of the thiol leading to a persulfidated thiol (RSSH) and (2) cleavage of the S–S bond of the persulfidated thiol by another thiol molecule (Figure 6A). The sulfide ion then combined with iron to form a Fe–S cluster. The thiol-based reactions indiscriminately lead to formation of both [2Fe2S] and [4Fe4S] clusters with variable proportions [61,162,164,165,166,167]. DTT further enhances the proportion of [4Fe4S] cluster versus [2Fe2S] and also generates high-molecular-weight (HMW) Fe–S minerals [167]. This was attributed to the ability of DTT to stimulate the rate of sulfide release more strongly than l-cysteine, thereby creating a bulk of sulfide that reacts with [2Fe2S] clusters to generate [4Fe4S] clusters and eventually forms HMW Fe–S minerals. Surprisingly, the thiol-based reconstitution is also operative when zinc is present in the assembly site of ISCU, but is much slower probably due to hindrance of Fe–S cluster formation by the zinc ion [23].



Such thiol-based Fe–S cluster assembly reactions rely on “free” sulfide ions and their production is not coupled with the presence of iron. This type of reaction is probably inefficient in vivo for Fe–S cluster assembly as the sulfide ions will diffuse outside of the ISC complex and the probability of iron and sulfur encounter will be very low. Therefore, thiol-based reactions are not considered as physiologically relevant for Fe–S cluster assembly.




3.3.3. Ferredoxin and Iron Mediated Reduction of Persulfides


The [2Fe2S] ferredoxin Fdx/FDX2 was also proposed to function as a reductant of persulfides. The deletion of the gene encoding Fdx in E. coli and the depletion of Yah1 in the yeast Saccharomyces cerevisiae, both led to impaired Fe–S cluster biosynthesis [168,169,170,171]. Moreover, yah1 is an essential gene in yeast, which points to a critical role of ferredoxins [169]. In human, two ferredoxins are present in mitochondria, the adrenodoxin (FDX1), and a closely related homolog named FDX2 (or FDX1-like) [172]. FDX1 is mainly expressed in adrenal glands where it is involved in steroid biosynthesis, while FDX2 is ubiquitously expressed and is essential for Fe–S cluster biogenesis in mitochondria [172]. Another study reported that both FDX1 and FDX2 function in Fe–S cluster biosynthesis [173]. However, the tissue specificity of FDX1 to adrenal glands most likely dictates its role. Cognate reductase partners were identified in E. coli (the ferredoxin–NADP reductase Fenr), human (FdxR) and yeast (adrenodoxin reductase Arh1) that provides electrons from NAD(P)H to Fdx/FDX2 (Table 1) [169,173,174,175].



Fe–S cluster reconstitution assays showed that E. coli, yeast and mouse ferredoxin/ferredoxin reductase systems are able to replace DTT [23,24,176]. NMR studies with mouse and bacterial proteins reported that Fdx binds IscS [177,178,179]. It was thus proposed that Fdx reduces the persulfide of IscS into sulfide. However, this mechanism is reminiscent of the thiol-based reconstitution in which sulfide is released irrespective of the presence of iron. Moreover, IscU was reported to displace Fdx, thereby preventing synchronization of sulfide production with the presence of IscU to uptake these sulfide ions [178]. In contrast, NMR and SAXS studies of the eukaryotic Chaetomium thermophilum ISC complex showed that FDX interacts with both NFS1 and ISCU [24,67]. The first experiments directly testing the effect of ferredoxin on the persulfide of NFS1 and ISCU were carried out with the mouse system by tracking the persulfide during the reaction, using mass spectrometry and alkylation assays [23]. The step-by-step analysis revealed that FDX2 selectively reduces the persulfide transferred to Fe–ISCU but does not reduce the persulfide of NFS1 (Figure 6B). Importantly, this reduction step leads to formation of a [2Fe2S] cluster in ISCU, thus indicating that it is a critical step of the assembly process. Titrations have further indicated that this reaction is highly efficient with about 90% of l-cysteine converted into a [2Fe2S] cluster whereas thiol-based reactions are poorly efficient with only 5% of l-cysteine actually incorporated as sulfide ions in the Fe–S cluster. Moreover, the FDX2-based reaction is about 100 times faster than the thiol-based one.



Interestingly, the reduction of the persulfide of ISCU by FDX2 is abolished in the absence of metal and when zinc is present instead of iron in ISCU, which points to a specific role of iron in the reduction process. A mechanistic rationale could be that the iron ion participates as a redox partner. The iron ion is initially ferrous and ends-up as ferric in the [2Fe2S]2+ cluster, thereby it might provide one of the two electrons needed to reduce the persulfide, the other one would be delivered by FDX2 (Figure 6B). Altogether, these data support the hypothesis that the reduction of the persulfide of ISCU is specifically coordinated with the presence of iron, which would ensure that the nascent sulfide is instantly trapped by the iron ion. In the SAXS-based model of the C. thermophilum ISC complex, the [2Fe2S] cluster of FDX is located nearby the assembly site of ISCU, thus in a suitable position to transfer electrons to the metal center for persulfide reduction [67]. Finally, the titrations of the number of persulfide reduced by FDX2 indicated that only one sulfide is produced per iron-loaded monomer of ISCU [23]. Hence, the most reasonable hypothesis is that the product of the reaction is a mononuclear iron–sulfide ([1Fe1S]) species. A number of non-heme mononuclear iron–sulfide inorganic complexes have been reported, thus providing credence to the formation of the same type of species in IscU/ISCU; however, a clear demonstration is still awaited [180,181,182,183,184].



In conclusion, the FDX2-driven reduction of the persulfide on iron-loaded ISCU appears as a concerted process that coordinates sulfide production with presence of iron, which concomitantly prevents escape of the sulfide ions. For these reasons, it has been proposed that the FDX2-based mechanism describes the physiological process of Fe–S cluster assembly [23]. This represents the second encounter of iron and sulfur in the Fe–S cluster assembly process. It is likely that a similar concerted mechanism occurs in the bacterial system, but it has not been demonstrated as of yet. Finally, these data highlight that thiols cannot be considered as surrogates of FDX2 in Fe–S cluster reconstitution assays, as they reduce the persulfide of NFS1, whereas FDX2 reduces the persulfide of ISCU; thus, the mechanisms of sulfide production are completely different. Furthermore, persulfide reduction by thiols is not coupled with the presence of iron.





3.4. Step 4: Fe–S Cluster Formation


The last step, after reduction of the persulfide, is the formation of the [2Fe2S] cluster. This requires formation of a dinuclear iron center with a di-µ-sulfido bridge. Since the titration of persulfides with the mouse system point to the formation of a mononuclear [1Fe1S] iron–sulfide complex, dimerization of IscU/ISCU is likely an obligatory step to form the dinuclear [2Fe2S] cluster (Figure 7). The dimerization would generate a bridged [2Fe2S] cluster, as observed with glutaredoxins that are involved in Fe–S cluster transfer [185,186,187,188]. In the reconstitutions performed with C. thermophilum Isu1, the final product was a [2Fe2S] cluster in a dimer of Isu1. However, this stoichiometry is also consistent with an asymmetric configuration in which only half of the subunits are occupied [24]. In contrast, a monomer of ISCU carrying one [2Fe2S] cluster has been identified by native mass spectrometry and Mössbauer spectroscopy as the final product in reconstitution assays performed with the mouse ISC system [23]. Therefore, if a bridged [2Fe2S] cluster is formed, it is a transient species that rapidly relocates on one of the subunits (Figure 7) [23]. Then, the dimer dissociates to release the monomer of ISCU holding a [2Fe2S] cluster.



An appealing hypothesis is that the dimeric structure of cysteine desulfurases assists the dimerization of IscU/ISCU within the complex. In the closed conformation of the human NFS1–ISD11–ACP–ISCU complex, the ISCU proteins are very distant (Figure 3A) [67,150], but in its open conformation, the predicted binding sites for ISCU are adjacent and the ISCU proteins are arranged along a C2 axis (Figure 3D) [151], thus in suitable positions for dimerization and formation of a dinuclear center. However, further tightening of the NFS1 subunits would be required to allow contact of the ISCU proteins, so it is not clear whether a dimer could actually form. In contrast, formation of dimers of holo-IscU/ISCU have been reported in several thiol-based reconstitutions [62,81,189,190]. Even a trimeric state has been crystalized with Aquifex aeolicus IscU, in which only one subunit harbors a [2Fe2S] cluster [64]. Fe–S reconstituted IscU proteins from T. maritima and A. vinelandii were shown to bind one [2Fe2S] cluster per dimer that could correspond to a bridged [2Fe2S] cluster [61,62]. However, the analysis by Mössbauer, electronic absorption and Raman spectroscopies led to the conclusion that the [2Fe2S] cluster in both species is coordinated in an asymmetric environment by the three cysteines Cys35, Cys61, Cys104 and most likely the aspartate Asp37. Since a bridged [2Fe2S] cluster is expected to be symmetric, this asymmetric arrangement indicates that the [2Fe2S] cluster is not bridged but hosted in one of the two subunits of the dimer. A similar signature was observed for the [2Fe2S] cluster in mouse ISCU, which is a key feature indicating that the [2Fe2S] is ligated by a monomer of ISCU [23].



Interestingly, the kinetic analysis of the thiol-based Fe–S cluster assembly process with A. Vinelandii IscU showed that the dimer loaded with one [2Fe2S] cluster is a precursor of the dimer loaded with two [2Fe2S] clusters [61]. Therefore, the second [2Fe2S] cluster seems to be assembled by gathering of two iron and two sulfide ions in the empty subunit of the dimer loaded with one [2Fe2S] cluster, thus without requirement for a bridged [2Fe2S] cluster. A similar mechanism was recently proposed for GSH-based Fe–S cluster assembly with E. coli IscU [78]. It thus seems that the non-physiological DTT-based route proceeds via sequential accumulation of iron and sulfide ions on a single subunit of dimeric IscU/ISCU while the physiological FDX2-based route involves formation of a still ill-defined transient bridged [2Fe2S] cluster.



In conclusion, although a bridged [2Fe2S] cluster has not been isolated, the ability of IscU/ISCU to dimerize provides credence to a mechanism based on merging of two mononuclear [1Fe1S] precursors. The conformational flexibility of the NFS1–ISD11–ACP complex further raises the possibility that NFS1 could promote dimerization of ISCU, but it is unclear whether bacterial IscS are also capable of such a structural change.




3.5. Regulation of Fe–S Cluster Assembly by Frataxin


3.5.1. Effect of Frataxin on Cysteine Desulfurase Activity: The Key Question of the Rate-Limiting Step


The Pastore group reported that the bacterial frataxin homolog, CyaY, modulates the activity of IscS in the IscS–IscU complex [160]. CyaY decreases the rate of l-alanine production, the by-product of the desulfurization process and this was correlated with a concomitant decrease in the rate of Fe–S cluster production by the IscS–IscU complex in a DTT-based reconstitution. Moreover, the inhibitory effect of CyaY was more pronounced in the presence of iron. Thereby, a function as a gate-keeper preventing uncontrolled production of sulfide ions in the absence of iron, was proposed. In contrast, in DTT-based reconstitutions with the human and mouse ISC system, the eukaryotic frataxin protein (FXN) stimulates the cysteine desulfurase activity of NFS1 [88,164,191]. Moreover, it was shown that the stimulatory effect of FXN is only seen in the presence of ISCU [88,164,191]. These data thus indicate that frataxin affects the activity of cysteine desulfurases in the IscS/NFS1–IscU/ISCU complex, but in different ways depending on the organism.



Several groups have thus studied the cysteine desulfurase activity in more details to determine the kinetic parameters of this reaction [88,158,162,163,164,191,192,193,194]. Most of these assays were conducted in multiple turnover kinetics by monitoring the rates of sulfide or l-alanine productions in the presence of DTT to reduce the persulfide of NFS1 (Figure 8A) [88,158,162,163,164,191,192,193,194]. In multiple turnover kinetics, the rate-limiting step (i.e., the slowest step) dictates the global rate of the reaction. As the cysteine desulfurase assay encompasses two main reactions: persulfide formation (Figure 8A, reaction 1) and persulfide reduction (Figure 8A, reaction 2), either of these reactions could be rate-limiting. In some studies, saturation behaviors were apparently observed upon increase of l-cysteine, which was interpreted as formation of a complex between l-cysteine and NFS1 for persulfide formation (Figure 8A, reaction 1) [158,162,163,164,191,192,193]. Since l-cysteine was thought to be involved only at the first step, it was assumed that persulfide formation is the rate-limiting step. Thereby, the effects of FXN and CyaY were interpreted as a modulation of the rate of persulfide formation. The Michaelis–Menten formalism was applied and KM and kcat values were reported.



However, a clear demonstration that persulfide formation is rate-limiting in those assays was not provided. Two kinetic studies have addressed the question of the rate-limiting step, with mouse NFS1 and Synechocystis IscS [88,195]. In both cases, the rate of l-alanine production was found proportional to the concentration of DTT and additionally to TCEP and β-mercaptoethanol in the case of Synechocystis IscS. Since DTT, TCEP and β-mercaptoethanol are not involved in the formation of the persulfide but in its reduction, this indicates that the reduction is the rate-limiting step. Second, it was shown that l-cysteine is also able to reduce the persulfide of NFS1, thus that the saturation behaviors previously observed could also be interpreted as formation of a complex between l-cysteine and persulfidated NFS1 at the second step (Figure 8A, reaction 2) [88].



A definitive proof that reduction is the rate-limiting step was provided by monitoring persulfide formation and reduction independently in single turnover kinetics with the mouse NFS1–ISD11–ACP complex, using an alkylation assay to quantify protein bound persulfides [88]. Our group showed that persulfide formation is much faster than its reduction by DTT, hence that persulfide reduction, not its formation, is rate-limiting. Moreover, FXN was shown to directly accelerate persulfide reduction by DTT and to the same order of magnitude as its stimulatory effect on the global cysteine desulfurase activity, which further strengthens that persulfide reduction is the rate-limiting step (Figure 8B). Consequently, the ability of FXN to modulate the cysteine desulfurase activity of NFS1 indicates that it facilitates the reduction of the persulfide of NFS1 by thiols (Figure 8A reaction 2, Figure 8B). Even though other studies reported that FXN modulates the rate of persulfide formation, as this reaction is not rate-limiting, this effect of FXN is not expected to impact the cysteine desulfurase activity of NFS1 [89,194].



Moreover, no saturation behavior was observed with mouse NFS1 at low l-cysteine concentrations that could be consistent with the KM and kcat values reported in other studies [88]. Saturation curves were observed but at high, non-physiological, l-cysteine concentrations (above 50 mM). This was attributed to inhibitory effects by l-cysteine and/or DTT in other systems [43,195]. Anomalous behaviors were also reported for IscS and NifS from E. coli and A. vinelandii, which precluded determination of the kinetic parameters using the Michaelis–Menten formalism [41,43,196,197]. Altogether, this indicates that persulfide reduction does not proceed through formation of an enzyme-substrate complex but is a bimolecular reaction and that determination of KM and kcat for l-cysteine is not applicable [88].



Similar extensive studies have not been carried out yet with the E. coli system. However, the analysis of Synechocystis IscS affords evidence that persulfide reduction is also rate-limiting with a bacterial protein, which suggests that this could be a common feature of class I cysteine desulfurases. This would indicate that CyaY and FXN have opposite effects. However, this differential effect is rather due to the nature of the cysteine desulfurase, since exchanging IscS for the NFS1–ISD11–ACP complex turns CyaY into an activator [163]. Altogether, these data indicate that FXN, and probably CyaY too, modulates the rate of persulfide reduction by DTT and other thiols. However, as discussed in the previous sections, the thiol-based reaction is not physiologically relevant, which means that the effects of FXN and CyaY on the reduction of the persulfide of NFS1 by thiols are unrelated to Fe–S cluster biosynthesis in vivo.




3.5.2. Effect of Frataxin on Persulfide Transfer


Strikingly, assays of persulfide transfer and 35S labeling experiments showed that mouse and human FXN have a strong impact on persulfide transfer to ISCU (Figure 8C) [23,88,158]. Mouse FXN was shown to enhance the rate of this reaction with both Zn–ISCU and Fe–ISCU (Figure 8C) [23,88]. The acceleration with Fe–ISCU was directly correlated to its stimulatory effect on Fe–S cluster assembly in FDX2-based reconstitution assays since persulfide transfer was identified as the rate-limiting step of the whole process [23]. Therefore, the sole function of mammalian FXN that appears relevant to the stimulation of the FDX2-based Fe–S cluster biosynthesis is the stimulation of persulfide transfer.



These data raise the question of the mechanism by which FXN stimulates persulfide transfer. Interestingly, the acceleration of persulfide transfer by FXN is metal-dependent as is persulfide transfer itself, with zinc and iron equally efficient [23]. This strengthens the idea that FXN accelerates the reaction, but does not modify its overall mechanism. The structure of the pentameric NFS1–ISD11–ACP–ISCU–FXN complex with zinc in the assembly site shows that FXN induces a rearrangement of the coordination sphere of the zinc ion (Figure 2C) [73]. The asparagine N141 and the Trp155–Arg165 pair of FXN tears out Cys35 and His103 from the metal ion through specific interactions. The movements induced by FXN thus seems to open the access to Cys104 by pushing aside Cys35 and His103. Moreover, Cys104 comes closer to the metal ion as His103 is pulled out. Altogether, this may facilitate direct persulfide transfer to Cys104. However, FXN also interacts with the flexible loop of NFS1 and stabilizes the catalytic Cys381 halfway between the PLP and ISCU, which is difficult to rationalize with the stimulation of persulfide transfer and even persulfide formation on NFS1 [73]. However, this position should correspond to an intermediate state since the flexible loop needs to move back to the PLP pocket for persulfide loading.



Another important feature of the stimulation provided by FXN is that it does not modify the nature of the Fe–S cluster formed, i.e., a [2Fe2S] cluster [23]. This behavior fits the notion of a kinetic activator or an co-enzyme rather than an allosteric modulator as earlier proposed [162]. The term “allos” indeed comes from the ancient Greek “ἄλλoς”, meaning “other”, and, thus, “allostery” applies to regulators that do not bind to the active site of the enzyme but at another site to modulate its activity, while FXN actually binds to the active site of the ISCU protein.





3.6. Toward a Model of [2Fe2S] Cluster Biosynthesis by the ISC Machinery


Altogether, the current data provide a more complete picture of the mechanism of Fe–S cluster assembly by the ISC machinery. Figure 9, Figure 10 and Figure 11 depict the models based on these data. Since most mechanistic information originates from the eukaryotic systems, essentially the mouse and human ones, the mammalian nomenclature is used here to describe the mechanisms. Nonetheless, several features of the bacterial machineries suggest that the mechanism of Fe–S cluster assembly is conserved across species. A first striking conclusion is that Fe–S clusters can be assembled via two different routes: the FDX2-based reaction that is physiologically relevant (Figure 9 and Figure 10) and the thiol-based one that is also productive of Fe–S clusters, but only in vitro and is thus not considered as physiologically relevant (Figure 11) [23]. The second breakthrough is the elucidation of the first steps of the FDX2-based reaction leading to production of the sulfide ions and its encounter with iron. The next steps are more elusive. The formation of a dinuclear [2Fe2S] cluster is supposed to rely on dimerization of ISCU and two mechanisms are postulated: either ISCU dimerizes within the complex with assistance from NFS1 (Figure 9) or the NFS1–ISCU complex dissociates and ISCU auto-dimerizes (Figure 10).



The first steps of the FDX2-based reaction are common to both hypothesis (Figure 9 and Figure 10). The reaction is initiated by insertion of a ferrous iron in the assembly site of ISCU, which may require a still ill-defined metallochaperone to remove the zinc ion. It is unclear whether zinc removal and iron insertion in ISCU occur in the NFS1–ISCU complex or in free ISCU, or both. The iron site of ISCU is mononuclear and iron is stable as a high spin Fe(II) center. Upon formation of a complex with the cysteine desulfurase NFS1, a persulfide is transferred to the Cys104 of ISCU, in an iron dependent manner. This iron-assisted reaction allows synchronization of sulfur supply with the presence of iron. This mechanism is referred to the iron-first model since iron comes first then sulfur. Then, FDX2 reduces the persulfide bound to ISCU. The reduction is also iron-dependent, which probably ensures that the production of the sulfide ion is coordinated with the presence of iron, thereby allowing the iron center to trap the nascent sulfide ion.



The reduction by FDX2 would lead to a mononuclear [1Fe1S] species and the dimerization of ISCU would enable formation of a bridged dinuclear [2Fe2S] cluster, either within the NFS1–ISCU complex (Figure 9, internal dimerization) or as a free protein upon dissociation of the NFS1–ISCU complex (Figure 10, external dimerization). In both cases, the transient inter-subunit [2Fe2S] cluster would quickly segregate on one monomer and the chaperone/co-chaperone system HSPA9/HSC20 would enable the transfer of the [2Fe2S] cluster to client proteins. A last important feature of the FDX2-based process is that the rate of Fe–S cluster biosynthesis is controlled by frataxin that accelerates persulfide transfer, the rate-limiting step of the whole process.



A distinct reaction occurs when thiols are used instead of Fdx/FDX2 as a reducing agent (Figure 11). Thiols such as DTT, GSH and l-cysteine reduce the persulfide of IscS/NFS1, which leads to release of sulfide ions in solution. The sulfide ions then combine with iron, either in solution or in the assembly site, to form [2Fe2S] and [4Fe4S] clusters. This process is not considered as physiologically relevant since production of sulfide is not confined to IscU/ISCU and is not synchronized with the presence of iron. In a biological context, the sulfide ions will diffuse outside of the ISC complex and the likelihood of iron and sulfur encounter will be very low.



However, the thiol-based reduction may compete with sulfur delivery to IscS/ISCU and thus could impede Fe–S cluster assembly. Moreover, in eukaryotes, FXN accelerates this reaction. Since the rate of the thiol-based reduction is proportional to the concentration of the thiol, the turning point at which this reaction starts to compete with Fe–S cluster assembly relies on its concentration. The relevant thiols that should be considered are the most abundant ones in the cells, i.e., GSH (5–10 mM) and l-cysteine (≈0.1 mM) [198,199,200]. Based on the kinetic constants determined for mouse NFS1 with GSH and l-cysteine, the thiol-based reduction would compete with transfer at concentrations of GSH and l-cysteine of 1 M and 15 mM, respectively, thus far from their physiological concentrations [88]. It is thus unlikely that persulfide reduction could compete with persulfide transfer in vivo.





4. Fe–S Assembly by the NIF Machinery


4.1. Iron Insertion in NifU


The NIF machinery comprises two main proteins, the scaffold protein NifU and the cysteine desulfurase NifS. NifU is a modular protein containing three distinct domains [36,41,201]. An N-terminal domain with very high homology to IscU/ISCU, a central domain harboring a permanent [2Fe2S] cluster homolog to ferredoxin and a C-terminal domain called NfU that has been proposed to function as a scaffold of [4Fe4S] clusters and a Fe–S cluster carrier.



The N-terminal domain contains all the well-conserved amino acids that bind the ferrous iron in IscU/ISCU: Cys35, Asp37, Cys61 and His103. It also contains the persulfide receptor Cys104 [23]. The N-terminal domain of NifU was shown to bind a mononuclear iron ion, most likely via Cys35, Cys61 and Cys104. However, in contrast to IscU/ISCU iron binds in the ferric state and Asp37 is not involved in its coordination [201]. Moreover, binding of Fe3+ to NifU is only observed below 2 °C, which questions its role in Fe–S cluster biosynthesis. In another study, time-course analysis by Mössbauer spectroscopy suggested that ferrous iron binds to NifU in a cysteine-rich site, which may correspond to the assembly site of the N-terminal IscU/ISCU domain [38]. Thereby an iron-first mechanism may also apply to NifU as reported for IscU/ISCU.




4.2. Still Elusive Steps Leading to Formation of the [2Fe2S] and [4Fe4S] Clusters


It is still unclear how NifU acquires sulfur. Although NifU and NifS form a complex, persulfide transfer to NifU has not been reported. Yet NifS-mediated Fe–S cluster reconstitutions in NifU were reported in DTT-based assays, which provide an idea of which domain binds Fe–S clusters. A truncated form of NifU containing only its N-terminal domain was shown to assemble a labile [2Fe2S] cluster, as observed for IscU/ISCU [202]. Time-course experiments further suggested that this [2Fe2S] is converted into a [4Fe4S] cluster by reductive coupling [38]. However, as these reactions were performed with DTT as a reductant, it is still unclear whether assembly of [4Fe4S] clusters by the N-terminal domain is physiologically relevant. Moreover, no reductase has been identified in the NIF operon that could achieve the reduction of a persulfide transferred to NifU. An appealing hypothesis is that the permanent [2Fe2S] cluster of the central domain of NifU fills up this function, as described for FDX2. NifU may thus combine the functions of IscU/ISCU and Fdx/FDX2 within the same polypeptide for the biosynthesis of [2Fe2S] clusters.



Fe–S cluster reconstitution assays with the full-length NifU protein afforded evidence that the NfU domain binds [4Fe4S] clusters [38]. The formation of [4Fe4S] clusters is supposed to proceed via reductive coupling of two [2Fe2S] clusters and ferredoxin is able to catalyze this type of reaction [203]. As no reductase has been identified in the NIF operon, the permanent [2Fe2S] cluster of NifU may also fulfill this function. Thereby, the permanent [2Fe2S] cluster might play a bifunctional role, in persulfide reduction and in reductive coupling of the [2Fe2S] clusters. This process would require an external reductase to deliver electrons to the permanent [2Fe2S] cluster, but as for the ISC machinery, this reductase may not be encoded by the NIF operon. In analogy with NfU homologs that are involved in the assembly and/or transfer of [4Fe4S] clusters, the NfU domain of NifU might be the place for reductive coupling of the [2Fe2S] clusters leading to formation of the [4Fe4S] cluster [6].





5. Fe–S Assembly by the SUF Machinery


5.1. Overall Description of the SUF Machinery


There are several striking differences between the ISC and SUF machineries that are likely related to the higher resistance of the SUF machinery under stress conditions [26]. As the description of the SUF machinery has been extensively reviewed in other reports, the reader is referred to these reviews for more details [26,47,204]. We attempt, here, to focus on comparative elements between the ISC and SUF machineries.



Like the ISC machinery, the genes encoding the components of the SUF machinery are organized in operons [47]. The SUF system contains two to six genes depending on the organisms. The main components are SufS, the cysteine desulfurase providing sulfur and a scaffolding complex formed by the SufB, SufD and SufC proteins. Complexes containing various stoichiometries of the SufB, SufD and SufC proteins can be isolated by mixing the purified proteins in vitro, but the physiologically active complex is most likely a SufBC2D complex [26,205]. The crystal structure of the SufBC2D complex shows that SufB and SufD form a heterodimer with two SufC proteins bound to each subunit [206]. The site of Fe–S cluster assembly has been localized at the interface of the SufB–SufD heterodimer with Cys405, Glu434 or Glu432 and His433 from SufB and His360 from SufD as putative ligands of the Fe–S cluster [26]. SufC is an ATPase that drives structural changes to the SufB–SufD complex for proper Fe–S cluster assembly. The SUF operons also encode SufE or SufU, two sulfur relay proteins shuttling the persulfide generated by SufS to the scaffolding complex. SufE and SufU occur in a mutually exclusive manner in bacterial genomes and can complement each other, which indicates that they play very similar roles [47,207,208,209,210].



The persulfide transfer processes involving SufE or SufU have been particularly well studied. In contrast, it is still unclear how and where iron is inserted in the SufBC2D scaffold and whether or not persulfide supply is coupled with the presence of iron as observed with the ISC machinery. The mechanism of persulfide reduction is also still elusive.




5.2. Iron Insertion in the SufBC2D Scaffold


The few data available on the process of iron insertion in the SufBC2D complex suggest distinct mechanisms for the ISC and SUF machineries. Strains lacking SufC are impaired in the utilization of iron and a specific disruption of the ATPase activity of SufC lowers the iron content of the SufBC2D complex in vivo [211,212]. These data raise the possibility that SufC is important for iron acquisition by the SufBC2D complex. An active process relying on the ATPase activity of SufC may provide a rationale to the higher ability of the SUF machinery to cope with iron-poor conditions, as compared to the ISC machinery for which a passive mode of iron insertion is postulated (see Section 3.1.2). Moreover, the SufBC2D complex was proposed to function as a reductase of ferric iron [205,211]. The SufBC2D complex isolated from E. coli co-purifies with one molecule of reduced FADH2 per complex. This FADH2 was shown to mobilize iron from ferric citrate and the ferric-loaded form of CyaY. This suggests that the SUF system is able to mobilize the poorly soluble ferric iron, which could provide a significant advantage under iron-poor conditions. However, the iron-binding site in the SufBC2D complex has not been yet identified to test these hypotheses.




5.3. Sulfur Insertion in the SufBC2D Complex


5.3.1. SufS, the Source of Sulfur


SufS belongs to the class II of the desulfurase family that are characterized by a shorter flexible loop carrying the catalytic cysteine [26]. The formation of the persulfide is also slower in class II than in class I, but accelerated by binding of SufU or SufE [26,213]. The reduction of the persulfide of SufS by thiols is apparently rate-limiting as for class I, which emphasizes that the persulfide is largely excluded from solvent [208,213,214,215]. Thereby, sulfur delivery is confined to the surrounding of the PLP-binding pocket and specific sulfur acceptors (SufE, SufU) are needed to mediate sulfur transfer to the SufBC2D complex, most likely to ensure shielding of the persulfide.




5.3.2. Sulfur Transfer via SufE


SufE was shown to accept sulfur from SufS on its highly conserved cysteine residue, Cys51 [214,216]. The trans-persulfuration reaction relies on mutual changes in the structure of SufE and SufS [217,218,219,220,221,222,223,224]. The crystal structures of SufE show that the Cys51 is initially buried and protected from the solvent in a hydrophobic pocket [225,226]. Although there is still no tri-dimensional structure of the SufS–SufE complex, deuterium exchange experiments and comparison with the structure of the closely related homolog CsdA–CsdE complex have provided information on the mechanism of persulfide transfer [217,218,219,220,221,222,223,224]. Upon binding of CsdE to CsdA, the loop of CsdE carrying the receptor cysteine is twisted and comes in close proximity of the catalytic cysteine of CsdA, a similar remodeling is hypothesized for the SufS–SufE complex that would facilitate the nucleophilic attack by Cys51 of SufE. In addition, local changes in the SufS catalytic site and dimer interface may promote the desulfurase reaction and an outward-facing position of the persulfidated Cys364. This could provide a way to couple persulfide formation with its transfer. Upon dissociation of the SufS–SufE complex, the persulfide transferred to SufE is protected from the solvent most likely through a backward movement of the flexible to the hydrophobic cavity [225,226,227].




5.3.3. Sulfur Transfer via SufU


Due to its high homology with IscU/ISCU, SufU was initially proposed to function as a scaffold for Fe–S cluster assembly [209,228]. However, SufU cannot complement the lack of IscU/ISCU, which indicates that these proteins have different roles [159,207,210]. The main structural differences between SufU and IscU/ISCU are an insertion of 18–21 residues between the second and third cysteine residues and the lack of the well-conserved histidine H103 [23]. Since SufU accepts a persulfide from SufS, the current view is that SufU is a sulfurtransferase, as SufE, that conveys the persulfide from SufS to the SufBC2D complex [208,228,229].



Interestingly, SufU hosts a tightly bound zinc ion that is essential for persulfide transfer [159,230,231]. The structure of SufU proteins revealed that the zinc ion is coordinated in a tetrahedral geometry by the three cysteines Cys41, Cys66, and Cys128 and the aspartate Asp43 (Figure 12A) [230,231]. These residues are equivalent to Cys35, Cys61, Cys104 and the aspartate Asp37 in IscU/ISCU. Upon formation of a complex with SufS, SufU and SufS undergo major structural changes (Figure 12B) [232,233]. The mobile loop of SufS carrying the catalytic cysteine Cys361 moves freely and the histidine residue His342 of SufS becomes a ligand of the zinc ion of SufU by swapping with the cysteine C41. Consequently, Cys41 is released and directed toward Cys361 of SufS. Soaking of the crystals of the SufS–SufU complex with l-cysteine leads to extra electronic densities at Cys361 and Cys41 consistent with cysteine persulfides, thus suggesting that persulfide transfer occurs between these residues [232].



This metal-dependent process is reminiscent of the persulfide transfer reaction reported for the NFS1–ISCU complex (Figure 2), but is mechanistically different. The main difference relates to the shorter length of the flexible loop carrying the catalytic cysteine in SufS that does not allow persulfide transfer to the distal cysteine (Cys128) but to a proximal one (Cys41) that is released upon binding of His342 to the zinc ion. This highlights two different ways of using a metal ion for persulfide transfer. In IscU/ISCU, the metal center anchors the persulfide of the desulfurase in close proximity of the receptor cysteine while in SufU, ligand exchange at the metal center expels the receptor cysteine and drives it close to the catalytic cysteine.





5.4. Persulfide Transfer to SufBC2D and Reduction via FADH2?


SufE interacts with the SufBC2D complex and the cysteine Cys254 has been proposed as the primary acceptor in SufB [26,51,227,234]. Then this persulfide would be conveyed to the cysteine Cys405 of SufB through a hydrophobic tunnel involving non-cysteine amino acids as sulfur relays [26,206,234]. In contrast to the ISC machinery, there is, as of yet, no indication that iron is involved or required for persulfide transfer between SufE and SufB and within SufB. Moreover, the assembly site in the SufBC2D complex is 20 A away from the entry point of sulfur on Cys254, it is thus still unclear how sulfur insertion could be coupled with presence of iron in the SufBC2D complex. The sulfur transfer process form SufU to SufBC2D has not been investigated yet, whether SufU transfers its persulfide to Cys254 as SufE is not known.



The SUF operon does not encode any obvious reductase that could play a role in persulfide reduction. Moreover, E. coli strains lacking Fdx that are thus defective in ISC-driven Fe–S cluster assembly, are viable. This indicates that the SUF machinery is active under these conditions and thus that Fdx is not the reductase of this machinery. Therefore, another reductase dedicated to the SUF operon should exist [168,170]. As mentioned above, the SufBC2D complex isolated from E. coli co-purifies with one molecule of reduced FADH2 per complex [205,211]. Although this cofactor is proposed to operate as a ferric reductase, it may also provide reducing equivalents for the reduction of the persulfide transferred to the SufBC2D complex.





6. Concluding Remarks


The recent advances in the field of Fe–S cluster biogenesis have shed new light on the process of their assembly. We are now close to provide a complete picture for the assembly of [2Fe2S] clusters by the ISC machinery. Two key primary steps have been uncovered with the mouse system: persulfide transfer to ISCU and its reduction by FDX2 that are both metal-dependent. This process is most likely conserved in bacteria, but this is still awaiting confirmation. In the first step, iron comes first and enables persulfide insertion in IscU/ISCU. In the second step, persulfide reduction is coupled to the presence of iron. Altogether, these metal dependent steps probably allow allocation of the proper amount of sulfur to the iron center of IscU/ISCU and coordinate sulfide release with the presence of iron to generate the first iron-sulfide link. However, a number of key questions remain to be solved, essentially the mechanism by which persulfide transfer and its reduction are coupled with iron and how the mononuclear center of IscU/ISCU is converted into a dinuclear center to form the [2Fe2S] cluster. By unravelling the primary steps of Fe–S cluster assembly, the functional role of frataxin is also becoming more clear. There is now compelling evidence pointing to a role of frataxin as a kinetic modulator of persulfide transfer.



Since the ISC and NIF systems are very similar in several ways, the data accumulated on the ISC system will likely help unravel the mechanism by which the NIF machinery assembles Fe–S clusters. In contrast, the comparisons of the ISC and SUF systems point to major differences. The persulfide transfer process in the SUF systems is split into discrete steps involving sulfur relay proteins and a trans-persulfuration reaction with the SufBC2D complex. In the first step, a buried area is created at the interface of the SufS–SufE/U complex, to achieve the trans-persulfuration reaction. This protected area probably shields the persulfide and the reactive cysteines from oxidants. The iron-insertion process also seems very different, but its description is still too elusive to allow a clear description. Several other questions are pending, essentially whether persulfide transfer is coupled with iron insertion, how the persulfide is reduced into sulfide and how the [2Fe2S] cluster is formed. Addressing these questions will improve our understanding of the mechanism by which the SUF machinery copes with iron-poor and oxidative-stress conditions.
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Figure 1. Main components of the bacterial and eukaryotic ISC machineries. The bacterial ISC machinery encompasses proteins encoded by the ISC operon (IscU, IscS, IscX, Fdx, HscA, HscB and IscA), as well as CyaY, Fenr, Grx4 and several late-acting components. Fe–S clusters are assembled on the IscU scaffold; iron is provided to IscU by a still ill-defined iron chaperone; sulfur is provided by the cysteine desulfurase IscS, and its activity is modulated by CyaY and IscX; and electrons are provided by Fdx that is reduced by the flavodoxin/ferredoxin NADP reductase (Fenr). The [2Fe2S] cluster formed on IscU is transferred to late-acting components by the ATP-dependent chaperone/co-chaperone HscA/HscB. Grx4 may function as a relay to late-acting components among which is the IscA proteins that have specialized functions in the assembly of [4Fe4S] clusters and/or insertion of [2Fe2S] and [4Fe4S] clusters into recipients’ enzymes. In the eukaryotic ISC machinery, Fe–S clusters are assembled on the ISCU scaffold, iron is provided to ISCU by a still ill-defined iron chaperone, sulfur is provided by the cysteine desulfurase complex NFS1–ISD11–ACP, and electrons are provided by FDX2 that is reduced by the NADPH-dependent ferredoxin reductase FDXR. Binding of ISD11–ACP to NFS1 maintains NFS1 in a soluble form. FXN stimulates the whole process by acting on the sulfur donation step. The [2Fe2S] cluster formed on ISCU is transferred to late-acting components by the ATP-dependent chaperone/co-chaperone HSPA9/HSC20 with assistance from the nucleotide exchanger GRP75. GRX5 serves as a relay to late-acting components. The late-acting components, including ISCA, have specialized functions in the assembly of [4Fe4S] clusters and insertion of [2Fe2S] and [4Fe4S] clusters into recipients’ enzymes. The dashed blue arrows describe the supply of each element needed to build a Fe–S cluster (iron, sulfur and electrons) and the proteins involved at these steps, without assumption on the sequence order and coordination between these singular steps. The solid black arrows describe actual sequence for Fe–S cluster biogenesis and transfer. 
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Figure 2. Structural rearrangement at the zinc site of ISCU upon binding of NFS1 and FXN. Zoom on the zinc site of (A) mouse ISCU (nuclear magnetic resonance (NMR) structure, PDB code 1WFZ) and in the human NFS1–ISD11–ACP–ISCU complex (B) without FXN (X-ray structure PDB code 5WLW) [67] and (C) with FXN (CryoEM structure PDB code 6NZU) [73]. ISCU and some of its key amino acids (Cys35, Asp37, Cys61 and His 103) are colored in pink, NFS1 is in yellow with its catalytic cysteine (Cys381) in green and FXN with its key amino acids (Asn151, Trp155 and Arg165) are in black. The dashed black line represents π staking between Trp155 and His103. The zinc ion is initially coordinated by Cys35, Asp37, Cys61 and His103 in ISCU. Upon binding to NFS1, the catalytic cysteine of NFS1, Cys381, binds to the zinc ion via exchange with Cys35. FXN binds to the NFS1–ISD11–ACP–ISCU complex and pushes aside His103 and Cys35 of ISCU via interactions with Trp155 and Asn151, respectively, thereby uncovering Cys104. 
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Figure 3. Structures of the human NFS1–ISD11–ACP–ISCU and E. coli IscS–IscU complexes. X-ray structures of (A) human NFS1–ISD11–ACP–ISCU complex in the closed conformation (PDB code 5WLW) [67], (B) E. coli IscS–IscU complex (PDB code 3LVL) [150], (C) human NFS1–ISD11–ACP complex in the open conformation (PDB code 5USR) [151] and (D) human NFS1–ISD11–ACP complex in the open conformation (PDB code 5USR) with the human ISCU proteins modeled according to the structure of the NFS1–ISD11–ACP–ISCU complex (PDB code 5WLW). The labels for the ACP protein have been omitted for clarity in D. IscS/NFS1 are colored in orange, IscU/ISCU in pink, ISD11 in blue and ACP in green. The pyridoxal phosphate (PLP)-binding sites, the phosphopantetheine with its fatty acyl chain (PPA) and the Fe–S cluster assembly sites of IscU/ISCU are indicated by arrows. 






Figure 3. Structures of the human NFS1–ISD11–ACP–ISCU and E. coli IscS–IscU complexes. X-ray structures of (A) human NFS1–ISD11–ACP–ISCU complex in the closed conformation (PDB code 5WLW) [67], (B) E. coli IscS–IscU complex (PDB code 3LVL) [150], (C) human NFS1–ISD11–ACP complex in the open conformation (PDB code 5USR) [151] and (D) human NFS1–ISD11–ACP complex in the open conformation (PDB code 5USR) with the human ISCU proteins modeled according to the structure of the NFS1–ISD11–ACP–ISCU complex (PDB code 5WLW). The labels for the ACP protein have been omitted for clarity in D. IscS/NFS1 are colored in orange, IscU/ISCU in pink, ISD11 in blue and ACP in green. The pyridoxal phosphate (PLP)-binding sites, the phosphopantetheine with its fatty acyl chain (PPA) and the Fe–S cluster assembly sites of IscU/ISCU are indicated by arrows.



[image: Inorganics 08 00055 g003]







[image: Inorganics 08 00055 g004 550] 





Figure 4. Mechanism of persulfide formation by cysteine desulfurases. The scheme presents the main intermediates in the catalytic cycle of cysteine desulfurases. The PLP cofactor is bound to the cysteine desulfurase backbone via the nitrogen of a lysine residue, in the form of a Lys-aldimine. The l-cysteine substrate exchanges with the lysine to form a Cys-aldimine (1), which is rearranged into a Cys-ketimine (2). A base (:B−) deprotonates the thiol of the catalytic cysteine of the cysteine desulfurase and the resulting thiolate reacts with the thiol of the Cys-ketimine intermediate, which leads to formation of a persulfide on the catalytic cysteine (3). Concommitantly, adouble bond is created with the carbon of the former l-cysteine substrate in the form of an Ala-enamine (3). Upon protonation, the Ala-enamine is converted into Ala-ketimine (4) and then Ala-aldimine (5). The sulfane sulfur (blue) of the persulfide is transferred to a thiol acceptor and l-alanine is released by exchange with the internal lysine residue (6). The formal oxidation states of the relevant atoms of the reaction (sulfur and adjacent carbons) are indicated in red for the starting and final material. The reaction starts with two sulfurs at the −II oxidation state in l-cysteine and the catalytic cysteine with a carbon at −I in l-cysteine to end up with two sulfurs at the −I oxidation state in the persulfidated catalytic cysteine and a carbon at −III in l-alanine. 
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Figure 5. Metal-dependent persulfide transfer in the NFS1–ISCU complex. The sequence corresponding to the sulfur-first and iron-first models are depicted in the top two panels. First, a persulfide is formed on the catalytic cysteine of NFS1 (Cys381). Then, in the absence of a metal in ISCU (apo-ISCU), the persulfide of NFS1 is not transferred to ISCU (as shown by the red cross), which invalidates the sulfur-first model. In the presence of iron (red sphere, Fe–ISCU), the persulfide of NFS1 is transferred to the cysteine Cys104 of ISCU, which highlights the iron-first model. The third panel shows that, when zinc (dark gray sphere, Zn–ISCU) is present in the assembly site, instead of iron, it also triggers persulfide transfer. The blue arrows refer to movement of sulfur in trans-persulfuration reactions. 
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Figure 6. Selective reduction of the persulfide of NFS1 and ISCU by thiols and FDX2. (A) Thiols (RSH) such as dithiothreitol (DTT), l-cysteine, β-mercaptoethanol and GSH react with the persulfide of NFS1. Once a persulfide is formed it is transferred to ISCU, then a second persulfide is formed on NFS1. Thiols reduce the persulfide of NFS1 (reaction 1), which generates free persulfidated thiol (RSSH) that reacts with a second molecule of thiol to liberate sulfide ions in solution. Sulfide exists as H2S, HS− and S2− depending on the pH, with HS− the predominant form at physiological pH (pH ≈ 8 in mitochondria). The sulfide ions react with iron to generate [2Fe2S] and [4Fe4S] clusters in ISCU. In contrast, the persulfide of ISCU is poorly reactive with thiols (reaction 2, the red cross indicates that the reaction does not occur), most likely due to the presence of the metal ion that shields Cys104. Thereby, sulfide ions originate mainly from reduction of NFS1. The dashed black arrows describe the reaction of the thiols on the persulfide of either NFS1 or ISCU (B) FDX2 does not reduce the persulfide of NFS1 (top, the red cross indicates that the reaction does not occur), but selectively reduces the persulfide of ISCU when iron is present in the assembly site (bottom). A mechanism is proposed in which FDX2 provides one electron and the ferrous iron of ISCU the second one to reduce the S–S bond of the persulfide. The dashed black arrows show the origins of these two electrons. 
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Figure 7. Hypothetic model for the formation of the [2Fe2S] cluster by dimerization of IscU/ISCU. The model for the formation of a [2Fe2S] cluster in Iscu/ISCU is decomposed in three steps: (1) the dimerization of two ISCUs coordinating a mononuclear [1Fe1S] intermediate generates a bridged [2Fe2S] cluster in a dimer of ISCU, (2) the [2Fe2S] segregates on one monomer and (3) the dimer dissociates to yield an empty monomer and a monomer containing the [2Fe2S] cluster. In the monomer, the [2Fe2S] cluster is coordinated by Cys35, Asp37, Cys61 and Cys104 of ISCU. 
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Figure 8. Effect of FXN on persulfide reduction and transfer. (A) The cysteine desulfurase assay encompasses two reactions: (1) formation of the persulfide and (2) its reduction by thiols (RSH). Reduction by thiols is the slowest step (rate-limiting step, dashed black arrows). (B) FXN accelerates the reduction of the persulfide of NFS1 by thiols in the NFS1–ISCU complex with ISCU metallated by iron (red ball) or zinc (gray ball). (C) FXN accelerates the transfer of the persulfide of NFS1 to ISCU in the NFS1–ISCU complex with ISCU metallated by iron (red ball) or zinc (gray ball). The solid blue arrow describes the transfer of persulfide. The blue arrows filled in white refer to acceleration by FXN. 
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Figure 9. Model of FDX2-based Fe–S cluster biosynthesis by the eukaryotic ISC machinery relying on NFS1-assisted dimerization of ISCU. The reaction is initiated by insertion of iron in apo-ISCU, which may require a still ill-defined metallochaperone to remove the zinc ion (1). In the complex formed with NFS1–ISD11–ACP, a persulfide is formed on NFS1 (2) and transferred to ISCU (3). The persulfide of ISCU is reduced by FDX2, possibly into a mononuclear iron–sulfide intermediate (4). Then NFS1 in its open conformation enables the dimerization of ISCU, which leads to formation of a bridged [2Fe2S] cluster in ISCU (5). The bridged [2Fe2S] cluster segregates on one subunit (6) and is transferred to client proteins by the HSC20/HSPA9 chaperone system while a ferrous iron is inserted into apo-ISCU (7). FXN stimulates the whole reaction by accelerating persulfide transfer to ISCU (3). The solid blue arrow describes sulfur transfer to ISCU and the dashed blue arrow refers to the rate-limiting step that is accelerated by FXN. 
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Figure 10. Model of FDX2-based Fe–S cluster biosynthesis by the eukaryotic ISC machinery relying on dimerization of free ISCU. Steps (1)–(4) are common to the mechanism described in Figure 9 until formation of the putative mononuclear iron–sulfide intermediate ([Fe–S]). Then [1Fe1S]-loaded ISCU dissociates from NFS1 either by exchange with Fe-loaded ISCU or spontaneously (5), which allows dimerization of ISCU and formation of a bridged [2Fe2S] cluster (6). The bridged [2Fe2S] cluster segregates on one subunit (7) and the dimer dissociates (8). The monomer of [2Fe2S]-loaded ISCU is recognized by the HSC20/HSPA9 chaperone system which enables the transfer of the [2Fe2S] cluster to client proteins while a ferrous iron is inserted into apo-ISCU (9). FXN stimulates the whole reaction by accelerating persulfide transfer to ISCU (3). The solid blue arrow describes sulfur transfer to ISCU and the dashed blue arrow refers to the rate-limiting step that is accelerated by FXN. 
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Figure 11. Thiol-based Fe–S cluster synthesis by the eukaryotic ISC machinery. The thiol-based reaction is described for the zinc- and iron-loaded ISCU. In both cases, the reaction is initiated by formation of an NFS1–ISD11–ACP–ISCU complex persulfidated on both NFS1 and ISCU, then thiols, (RSH) such as l-cysteine, DTT, GSH or β-mercaptoethanol, reduce the persulfide of NFS1, which leads to sulfide release. In the presence of iron, the sulfide ions generate Fe–S clusters in ISCU via a poorly defined mechanism. The dashed blue arrows refer to the rate-limiting steps that are accelerated by FXN. 
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Figure 12. Structural rearrangement at the zinc site of SufU upon binding of SufS. Zoom on the zinc site of (A) Bacillus subtilis SufU (PDB 6JZV) and (B) Bacillus subtilis SufS–SufU complex (PDB 5XT5). SufU is colored in pink with key amino acids coordinating the zinc ion (Cys41, Asp43, Cys66 and Cys128) and SufS in orange with its catalytic cysteine Cys361 in green. The zinc ion is initially coordinated by Cys41, Asp43, Cys66 and Cys128 of SufU. Upon binding to SufS, His342 of SufS exchanges with Cys41, which comes close by Cys361, the catalytic cysteine of SufS. 
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Table 1. Corresponding names of the components of the iron–sulfur cluster (ISC) machinery and accessory proteins in prokaryotes, yeast and mammals.
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Functional Role

	
Prokaryote

	
Yeast

	
Mammal






	
Mitochondrial iron transporter

	
-

	
Mrs3/4

	
MFRN1/2




	
U-type scaffold

	
IscU

	
Isu1/2

	
ISCU




	
Cysteine desulfurase

	
IscS

	
Nfs1

	
NFS1




	
Desulfurase-interacting protein 11

	
-

	
Isd11, Lyrm4

	
ISD11, LYRM4




	
Acyl carrier protein

	
ACP

	
ACP

	
ACP




	
Frataxin

	
CyaY

	
Yfh1

	
FXN




	
IscX

	
IscX

	
-

	
-




	
Ferredoxin

	
Fdx

	
Yah1

	
FDX2




	
Ferredoxin reductase

	
Fenr

	
Arh1

	
FDXR




	
Hsp70 chaperone

	
HscA

	
Ssq1

	
HSPA9




	
J-type co-chaperone

	
HscB

	
Jac1

	
HSC20




	
Nucleotide exchanger

	
-

	
Mge1

	
GRPE




	
Glutaredoxin

	
Grx4

	
Grx5

	
GRX5




	
A-type scaffold

	
IscA

	
Isa1/2

	
ISCA1/2




	
Late-acting components

	
-

	
Iba57

	
IBA57




	
Bola

	
Bola1

	
BOLA1




	
-

	
Bola3

	
BOLA3




	
NfuA

	
Nfu1

	
NFU1




	
Mrp

	
Ind1

	
IND1
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