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Abstract

:

Iron-sulfur (Fe/S) clusters are protein cofactors that play a crucial role in essential cellular functions. Their ability to rapidly exchange electrons with several redox active acceptors makes them an efficient system for fulfilling diverse cellular needs. They include the formation of a relay for long-range electron transfer in enzymes, the biosynthesis of small molecules required for several metabolic pathways and the sensing of cellular levels of reactive oxygen or nitrogen species to activate appropriate cellular responses. An emerging family of iron-sulfur cluster binding proteins is CIAPIN1, which is characterized by a C-terminal domain of about 100 residues. This domain contains two highly conserved cysteine-rich motifs, which are both involved in Fe/S cluster binding. The CIAPIN1 proteins have been described so far to be involved in electron transfer pathways, providing electrons required for the biosynthesis of important protein cofactors, such as Fe/S clusters and the diferric-tyrosyl radical, as well as in the regulation of cell death. Here, we have first investigated the occurrence of CIAPIN1 proteins in different organisms spanning the entire tree of life. Then, we discussed the function of this family of proteins, focusing specifically on the role that the Fe/S clusters play. Finally, we describe the nature of the Fe/S clusters bound to CIAPIN1 proteins and which are the cellular pathways inserting the Fe/S clusters in the two cysteine-rich motifs.
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1. Introduction


Iron-sulfur (Fe/S) clusters are cofactors composed of iron ions and inorganic sulfur (sulfide anions) that are often ligated to proteins through the sulfur atoms of cysteinyl ligands. The unusual chemical features of the Fe/S cluster enable it to facilitate reduction-oxidation reactions and to carry out numerous complex chemical reactions and sensing activities [1]. This explains their wide use in all three kingdoms of life by biological macromolecules to perform an enormous number of chemical reactions that are essential for life [2]. The most common Fe/S clusters include a rhomboid cluster composed of two iron atoms and two inorganic sulfur atoms ([2Fe-2S]) and a cubane form composed of four iron and four inorganic sulfur atoms ([4Fe-4S]) (Figure 1) [1]. These clusters can be easily obtained in vitro by mixing iron(II)/(III) and sulfide salts in reducing and anaerobic conditions [3]. However, the biosynthesis of these clusters is a complicated, multistep process involving many proteins both in prokaryotes and eukaryotes (recently reviewed in [4,5]). These proteins, which often are Fe/S cluster binding proteins themselves, are indispensable for life, and their absence or dysfunction causes growth defects, diseases or lethality [6,7]. This is a consequence of the fact that these proteins handle the in vivo biosynthesis of all cellular Fe/S clusters as well as their integration into proteins/enzymes via the formation of complex proteinaceous machineries [8]. In prokaryotes, three Fe/S protein biogenesis machineries are known (ISC, SUF, and the more specialized NIF) [9,10,11,12]. The former two systems have been transferred by endosymbiosis from bacteria to mitochondria and plastids of eukaryotes, respectively. In the cytosol, eukaryotes use the cytosolic iron-sulfur protein assembly (CIA) machinery for the biogenesis of cytosolic and nuclear Fe/S proteins [13]. A component of the CIA machinery, that is, the cytosolic CIAPIN1 protein family, is the argument of this review. In the CIA machinery, CIAPIN1 proteins have been shown to play a role in the biosynthesis of cytosolic-nuclear [4Fe-4S] clusters [14,15,16]. The CIAPIN1 protein family is typically characterized by a C-terminal domain (named CIAPIN1) that contains two highly conserved cysteine-rich motifs (CX8CX2CXC and CX2CX7CX2C, where X indicates any amino acid), which are both involved in Fe/S cluster binding. The human protein anamorsin was the first characterized member of the CIAPIN1 protein family and was discovered as an anti-apoptotic protein [17]. The role that the Fe/S clusters bound to the CIAPIN1 proteins play in the CIA machinery have received great interest in recent years, but still many questions remain unresolved. In addition, the Fe/S clusters bound to CIAPIN1 proteins have been shown to play a role in other cellular processes regardless of the CIA machinery, opening a new scenario for the functional role of this family of proteins. Indeed, the CIAPIN1 protein in yeast has been shown to have a role in the biosynthesis of diferric-tyrosyl radical cofactor as well as in the regulation of cell death. This review provides a complete overview of the role that the Fe/S clusters have in the CIAPIN1 protein family, taking into consideration functional, biochemical, structural and bioinorganic aspects.




2. Sequence Analysis of the CIAPIN1 Protein Family


The human anamorsin and the S. cerevisiae Dre2 are the two most studied proteins of the CIAPIN1 protein family and were thus used as starting sequences in our bioinformatic analysis. According to the Pfam database, human anamorsin is formed by two domains, an N-terminal Methyltransf_11 domain and a C-terminal CIAPIN1 domain, and the S. cerevisiae DRE2 protein is formed by an N-terminal DRE2_N domain and a C-terminal CIAPIN1 domain. In both these proteins, the N-terminal domains are structured and globular [18,19], whereas the CIAPIN1 domain is largely disordered, with an alpha-helix in the region connecting the two Fe/S cluster binding motifs [20] that characterize this protein family. Since the latter two motifs are both included in the CIAPIN1 domain, we mapped the sequences of this domain onto the tree domains of life to better understand the distribution of homologs and the origin of the family. It resulted that the CIAPIN1 domain is never found in bacterial and archeal proteins but it is widespread in eukaryotes. In particular, according to the Pfam database, the CIAPIN1 domain is present in 1858 proteins that map to 1510 eukaryotes including six different clades (Table 1). The majority of the organisms in each clade (Table 1) contain only one CIAPIN1 protein with the exception of the Archaeplastida clade whose organisms preferentially contain more than one CIAPIN1 protein. An analysis of the domain architectures of the proteins in each clade (Table 1) shows the presence of three possible domain organizations: (i) a sequence contains just one C-terminal CIAPIN1 domain without any additional domain (Ciapin1_only); (ii) a sequence contains an N-terminal DRE2_N domain and a C-terminal CIAPIN1 domain (Dre2_Ciapin1), as found in the S. cerevisiae Dre2 and (iii) a sequence contains an N-terminal Methyltransf_11 domain and a C-terminal CIAPIN1 domain (Methyltransf11_Ciapin1), as found in the human anamorsin. The Ciapin1_only architecture is present in all the clades whereas all three architectures are only present in Amorphea (Table 1). In particular, Dre2_Ciapin1 architecture is exclusively present in the fungi and specifically in the most evolved subkingdom of fungi, i.e., Dikaria. A similar trend is observed for the Methyltransf11_Ciapin1 architecture, which is indeed present in the more evolved Holozoa (in particular in Eumetazoa, i.e., the animal kingdom [21]) and Embryophyta (the plantae kingdom [22]). In other words, Ciapin1_only architecture is present in all clades and, within each clade, is present from the less evolved to the most evolved families of organisms. On the contrary, Methyltransf11_Ciapin1 is present only in two clades and, within these clades, only among the most evolved organisms. The same holds for Dre2_Ciapin1 architecture that is found only in the “higher fungi” [21,22]. This analysis suggests that the Ciapin1_only is the lowest common ancestor of the CIAPIN1 protein family to which the N-terminal DRE2_N domain in fungi and the N-terminal Methyltransf_11 domain in animals and plantae have been later added in the evolution line. This interpretation might indicate that a new function/pathway for the CIAPIN1 protein family is introduced through the addition of the N-terminal domain in the most evolved organism.




3. Functional Role of the CIAPIN1 Protein Family


The CIAPIN1 protein family has been described to be involved in three cellular processes that are: (i) the maturation of cytosolic-nuclear [4Fe-4S] proteins, (ii) the biosynthesis of diferric-tyrosyl radical cofactor (Fe(III)2-Y•) in the ribonucleotide reductase and (iii) the regulation of cell death (Figure 2).



3.1. The Maturation of Cytosolic and Nuclear [4Fe-4S] Proteins


The role that the CIAPIN1 protein family plays in the biogenesis of cytosolic-nuclear [4Fe-4S] proteins has been mainly characterized for the S. cerevisiae yeast member of the family, Dre2. Dre2 mutant or Dre2-depleted cells were shown to be deficient in cytosolic-nuclear [4Fe-4S] cluster protein activities, as well as in 55Fe incorporation into proteins carrying stable [4Fe-4S] clusters. On the contrary, the maturation of cytosolic [2Fe-2S] proteins, such as NEET proteins [23] and biotin synthase [15], as well as of mitochondrial Fe/S clusters [14,15], is not affected by Dre2 mutant or Dre2-depleted cells. Specifically, the cytosolic-nuclear [4Fe-4S] cluster proteins isopropylmalate isomerase (Leu1), sulfite reductase, RNase L inhibitor RLI1, nuclear glycosylase Ntg2 and IRP1 (the human cytosolic aconitase expressed in yeast cytoplasm) were markedly compromised in both Dre2 mutant and Dre2-depleted cells and 55Fe incorporation into some of these [4Fe-4S] proteins showed a strong decrease. These phenotypes of the Dre2 mutant or Dre2-depleted cells resemble those that are found for other components of the CIA machinery [24,25], which are: Fe/S cluster-containing proteins outside mitochondria were deficient, whereas Fe/S clusters inside mitochondria (aconitase and succinate dehydrogenase as an example) were maintained or in some cases increased. On this basis, it has been concluded that Dre2 is a component of the CIA machinery. Thus, Dre2 needs to be localized in the cytosol to perform its function in the CIA machinery. In agreement with this view, although first reports showed that Dre2 was found in the cytoplasm and partially in the mitochondrial intermembrane space [14,19], it has been recently shown that Dre2 is exclusively a cytosolic protein, with a large fraction of Dre2 bound to the cytosolic side of the outer membrane of mitochondria [26]. It has been also demonstrated that the human Dre2 homolog (called anamorsin) was able to complement the nonviability of a ΔDre2 deletion strain, indicating that the anamorsin is able to substitute Dre2 in the yeast cytosol [14].



The function of Dre2 in the maturation of cystosolic-nuclear [4Fe-4S] protein has been shown to strictly depend on the formation of a complex with the yeast NADPH-dependent diflavin oxidoreductase 1 (Tah18, hereafter) [15], whose physical interaction with Dre2 was identified by immunoprecipitation [27]. According to this model, Tah18 was shown to have the same cellular effects of Dre2 on cytosolic-nuclear [4Fe-4S] proteins upon its depletion, supporting that Tah18 complexed with Dre2 is required for the [4Fe-4S] cluster assembly on cytosolic-nuclear apo proteins [15]. It has also been shown that Tah18 and Dre2 are involved in an early stage of Fe/S protein maturation [15]. The interaction between Tah18 and Dre2 has been deeply investigated and it has been shown that Dre2 C-terminus, but not the N-terminus, interacts in vivo and in vitro with Tah18 [27,28]. It has also been shown that the closest homolog of yeast Tah18 encoded in the human genome, the NADPH-dependent diflavin oxidoreductase 1 (Ndor1, hereafter), can functionally replace Tah18, and that anamorsin and Ndor1 form a stable complex in yeast cells [15], similar to that formed by yeast Dre2 and Tah18. This complex between Ndor1 and anamorsin was also shown to exist in mammalian cells [29]. Taken together, these data indicate that the human Ndor1-anamorsin complex is the functional counterpart of the yeast Tah18-Dre2 complex.



In summary, the available studies define the Tah18-Dre2 complex as an early component of the CIA machinery dedicated to the [4Fe-4S] cluster assembly (Figure 2). The data also showed that this fundamental cellular task of the Tah18-Dre2 complex has been functionally conserved in evolution from yeast to humans and performed in human cells by the Ndor1-anamorsin complex.




3.2. The Diferric-Tyrosyl Radical Cofactor Biosynthesis in Ribonucleotide Reductase


Eukaryotic ribonucleotide reductases (RNRs) require a diferric-tyrosyl radical (Fe(III)2-Y•) cofactor to produce deoxynucleotides essential for DNA replication and repair [30,31,32]. The CIAPIN1 protein family takes part in this cellular process, although so far this involvement has been exclusively demonstrated in yeast. It has been shown indeed that the depletion of Dre2 in S. cerevisiae cells leads to a decrease in both Tyr(•) levels and RNR activity [33,34], strongly suggesting that Dre2 serves in the assembly of the Fe(III)2-Y• cofactor in RNR (Figure 2). In agreement with this model, cells with diminishing Dre2 have significantly reduced the ability to make deoxynucleotides [34].



It has also been demonstrated that Tah18, the protein partner of Dre2, also plays a critical role in the formation of the Fe(III)2-Y• cofactor in RNR. Specifically, it was found that the kinetics and levels of in vivo reconstitution of the RNR cofactor are severely impaired in two Tah18 mutants [34]. These data support a model where the conserved protein complex composed of the Fe/S-requiring Dre2 and the diflavin-requiring Tah18, which are required for the [4Fe-4S] cluster assembly of proteins found in the cytosol and nucleus, is also required for the RNR cofactor assembly (Figure 2). Deficiency in this complex has also been shown to lead to the activation of both the DNA-damage checkpoint and the iron regulon, linking iron homeostasis to the maintenance of genome stability [34]. Finally, it has been found that Dre2 is required for RNR cofactor formation but appears to be dispensable for iron loading [35].



In summary, the Tah18-Dre2 complex is required to assemble the Fe(III)2-Y• cofactor of RNR (Figure 2), very likely exploiting a molecular function that is similar for both assemblies of the Fe(III)2-Y• cofactor in RNRs and of [4Fe-4S] clusters of cytosolic and nuclear proteins.




3.3. The Dre2-Tah18 Dependent Regulation of Cell Death


The Tah18-Dre2 complex has been shown to play a regulatory role in yeast cells death in response to high doses of hydrogen peroxide [27]. Indeed, although Dre2 has been identified as a molecular partner of Tah18 in the absence of oxidative stress, after cell exposure to lethal doses of H2O2, the Tah18-Dre2 complex dissociates and Tah18, but not Dre2, relocalizes to the mitochondria and controls mitochondria integrity and cell death (Figure 2). On the contrary, the promotion of Dre2-Tah18 interaction reduces H2O2-induced cell death and Tah18 localization to mitochondria. It has also been shown that only the C-terminus of Dre2 is essential for cell survival while the N-terminus of Dre2, which does not interact with Tah18, is dispensable for survival [28]. From these studies, it was concluded that Tah18-Dre2 interaction in vivo is essential for yeast viability and the existence of a mitochondria-dependent cell death program in yeast involving Tah18 was proposed. In this regard, it has been shown that Tah18 is involved in NO synthesis in yeast, that NO synthase (NOS)-like activity requiring Tah18 induces cell death upon treatment with H2O2 and that Tah18-dependent NO production and cell death are suppressed by enhancement of the interaction between Tah18 and its molecular partner Dre2 [36]. On this basis, it has been proposed that the Tah18-Dre2 complex regulates cell death as a molecular switch via the control of NO production in response to environmental oxidative conditions (Figure 2). In particular, it is possible that, only once Tah18 is translocated to the mitochondria, it activates the cell death pathway dependent on NOS-like activity (Figure 2). A cell death regulation mechanism similar to that observed for the Dre2-Tah18 complex in yeast might be conserved in human cells. Indeed, anamorsin is able to restore yeast viability in the place of Dre2 [14,27] and physically interacts with Tah18 [27]. This view is reinforced by the fact that anamorsin has been identified as an anti-apoptotic factor in human cells [17], thus indicating that anamorsin and Dre2 share this common function.



In summary, the available experimental data support the existence of an oxidative stress-induced cell death pathway in yeast, and possibly also in humans, which is activated in yeast by the Tah18-dependent production of NO, a molecule promoting apoptosis-like cell death (Figure 2) [37]. This cell death pathway is controlled by the Dre2-Tah18 complex (and possibly by anamorsin-Ndor1 complex in human cells) and involves mitochondria (Figure 2).





4. Molecular Function of the Iron-Sulfur Cluster Bound to the CX8CX2CXC Motif in the CIAPIN1 Protein Family


We described in the previous section that all the three cellular processes involving members of the CIAPIN1 protein family depend on the formation of a heterocomplex containing a diflavin reductase. The latter protein tightly binds FAD and FMN cofactors in two domains and catalyzes the transfer of the reducing equivalents from the two-electron donor NADPH to a variety of one-electron acceptors [38], such as an Fe/S cluster. Thus, this suggests that the heterocomplex is able to create an electron transfer pathway working like a reducing system to provide electrons to several potential targets. According to this model, it has been shown in yeast that the diflavin reductase Tah18 functionally interacts in vivo with a Fe/S form of Dre2 [15], thus supporting that the redox center physiologically accepts the electrons from a flavin moiety of Tah18 is a Fe/S center of Dre2. In vitro studies based on UV-visible and EPR spectroscopy showed indeed that Tah18 can transfer electrons from NADPH to an Fe/S cluster of Dre2 [15]. In particular, it has been observed that the reduction of Dre2 by NADPH-Tah18 was observed for only one of the two Fe/S clusters that Dre2 is able to bind into the two distinct binding motifs, that is the one bound to the CX8CX2CXC motif of the CIAPIN1 domain (redox-active Fe/S cluster, hereafter). The same conclusions have been drawn for the human Ndor1-anamorsin complex. Indeed, 55Fe coprecipitation data are consistent with the flavoprotein human Ndor1 to bind to an Fe/S form of anamorsin [15], as well as only the Fe/S cluster bound to the CX8CX2CXC motif of the CIAPIN1 domain of anamorsin is reduced by FMN cofactor of Ndor1 [39].



4.1. CIAPIN1-Dependent Electron Transfer in the Assembly of [4Fe-4S] Clusters


The electrons provided by the Tah18-Dre2 complex have been shown to be essential for assembling [4Fe-4S] clusters [15], which are then inserted into cytosolic-nuclear Fe/S cluster binding proteins through a complex protein machinery [40]. Considering that the formation of the [4Fe-4S]2+ cluster requires a reductive coupling of two [2Fe-2S]2+ clusters [41,42,43,44,45,46], it can be proposed that the complex formed by the Fe/S form of Dre2 (or anamorsin) and the diflavin reductase Tah18 (or Ndor1) provides the two electrons required to couple two [2Fe-2S]2+ clusters into a [4Fe-4S]2+ cluster. However, the mechanism of this step of the CIA machinery is still largely unknown and needs further investigation. In particular, whether the other Fe/S cluster bound to the CX2CX7CX2C motif of the CIAPIN1 domain plays a role in this electron transfer process is still unknown. No information is indeed available on the molecular function of the latter Fe/S cluster, whose nuclearity, i.e., [2Fe-2S] vs. [4Fe-4S], has also been the subject of an intense debate in recent years (see later).



The molecular basis for the complex formation and the electron transfer process have been investigated in detail in the case of Ndor1-anamorsin [20]. It has been found that the two proteins form a stable complex where one electron is transferred from the hydroquinone state of the FMN moiety (FMNH2, hereafter), bound to the FMN domain of Ndor1, to the oxidized state of the redox-active Fe/S cluster of anamorsin (Figure 3). Reduced FMNH2 is obtained through sequential electron transfer events that include the NADPH binding to the FAD domain of the diflavin reductase, the reduction of FAD moiety by NADPH, and finally the transfer of the electrons from reduced FAD to FMN (Figure 3). The stable complex is achieved thanks to a specific protein–protein recognition between a completely unstructured region of anamorsin, which is part of the linker separating the N-terminal domain from the C-terminal domain, and an α-helical face of the FMN-binding domain of Ndor1 (Figure 3). This molecular recognition is governed by hydrophobic and complementary charged interacting residues. On the contrary, the N-terminal domain of anamorsin is not involved in the recognition process (Figure 3). This result is consistent with the absence of any interaction between the N-terminal domain of Dre2 and Tah18, as monitored both in vitro and in vivo [28]. The formation of the stable complex is independent from the presence of the Fe/S centers and from the redox state of the FMN moiety, indicating that the two protein partners do interact permanently and no dissociation occurs along the electron transfer process [20]. Thus, the complex formation is not affected by the redox centers and is stabilized by residues far from the two redox centers. The same behavior was reported for the in vitro interaction of the yeast homologs, where apo-Dre2 showed a stable interaction with Tah18 [28]. The two redox centers (i.e. FMN and the redox active Fe/S cluster), on the other hand, transiently interact via electrostatic interactions established between a negatively charged region surrounding the FMN moiety and a positively charged region surrounding the redox-active Fe/S cluster. All these observations lead to a protein–protein recognition that is based on these molecular aspects: (a) the two proteins form a stable complex thanks to specific interactions involving regions far from the two FMN and Fe/S redox-active cofactors; (b) the areas surrounding the two FMN and Fe/S redox-active centers transiently and weakly interact with each other; and (c) the unstructured region comprising residues 185–223 of anamorsin is essential to stably form the complex and might contribute to positioning the C-terminal CIAPIN1 domain of anamorsin containing the redox-active Fe/S cluster in those orientations that allow the reception of the electron(s) from the hydroquinone state of the FMN redox center. Taking also into consideration that, in diflavin reductases, the electron transfer pathway from NADPH to FMN through the mediation of FAD is coupled with large conformational changes [47,48], we can propose the following molecular model of the electron transfer pathway occurring in the anamorsin-Ndor1 complex (Figure 3): (i) anamorsin is stably bound to both closed and open conformations of Ndor1 due to a specific recognition between an unstructured region of anamorsin and a region of the FMN-binding domain that is solvent exposed in both open and closed conformations of Ndor1; (ii) upon NADPH binding by Ndor1, electrons can be efficiently transferred within the closed conformation of Ndor1 to produce FMNH2; (iii) NADP formation and interflavin electron transfer within Ndor1 significantly populate the open conformation, which allows the formation of the transient interaction between the FMN and the redox-active Fe/S cluster regions; (iv) the latter interaction allows efficient transfer of one electron from FMNH2 to the redox-active Fe/S cluster; and (v) the received electron is finally transferred to an acceptor, such as [2Fe-2S]2+ clusters to obtain reduced [2Fe-2S]+ clusters, which can eventually, with two of them, generate a [4Fe-4S]2+ cluster.



In summary, biochemical, structural and molecular cell observations indicate that the essential function that the Dre2/Tah18 or anamorsin/Ndor1 complex plays in the CIA machinery is determined by the generation of the electron transfer pathway that terminates in the reduction of the redox-active Fe/S cluster of Dre2/anamorsin, which can thus drive the formation of [4Fe-4S] clusters for cytosolic-nuclear proteins.




4.2. CIAPIN1-Dependent Electron Transfer in the Assembly of the Fe(III)2-Y• Cofactor


As discussed before, in S. cerevisiae, the Dre2-Tah18 complex also plays a critical role in the formation of the Fe(III)2-Y• cofactor in RNR. Since Dre2 and the β subunit of RNR can exist in the same protein complex in vivo [34,49], this is consistent with a model where the redox-active Fe/S cluster of Dre2, once reduced by Tah18, is involved in delivering to the β subunit of RNR the electron that is required for the Fe(III)2-Y• cofactor assembly (Figure 3). Moreover, Dre2 interacts in vivo with another component [49] involved in the assembly of the Fe(III)2-Y• cofactor, which is the cytosolic monothiol glutaredoxin-3 (Grx3, hereafter) [33,35]. The latter, once it forms a heterodimer with the highly homologous protein Grx4 by sharing with it a [2Fe-2S]2+ cluster at the subunit interface [50], was proposed to play an important role in the delivery of iron to Fe/S, heme, and di-iron requiring proteins, including RNR [33,51]. On this basis, it was first postulated that Dre2-Tah18 complex might provide the reducing equivalents to allow Fe2+ ion transfer from the reduced [2Fe(III,II)-2S]+ cluster bound at the Grx3/4 dimer interface to apo-ββ′ heterodimer of RNR [34]. However, it was recently shown that, although Dre2 is essential for the assembly of the active Fe(III)2-Y• cofactor of RNR, it is dispensable for the first iron-loading step in RNR cofactor assembly [35]. In summary, we believe that in vitro studies are strongly required to shed light on whether the iron ion of the [2Fe-2S] cluster bound to Grx3/4 heterodimers is transferred to RNR as well as which is the species receiving, from the Dre2-Tah18 complex, the electron that is required for the assembly of the Fe(III)2-Y• cofactor of RNR.




4.3. A Possible Role of CIAPIN1-Dependent Electron Transfer in the Yeast Viability


This electron flow driven by the Dre2-Tah18 complex has also been proposed to be essential for the yeast viability [27]. It is possible indeed that the disruption of the Dre2-Tah18 complex in vivo in the presence of high levels of hydrogen peroxide not only allows Tah18 to relocalize to the mitochondria promoting cell death, but also provokes the interruption of the electron flow between the two proteins, thus abolishing its essential function in the CIA machinery. In summary, this suggests that Dre2-Tah18 complex activity might be regulated by moderate intracellular redox potential changes.




4.4. A Possible New Functional Role of the Reducing System Ndor1-Anamorsin


Recent studies have shown that the Ndor1-anamorsin complex can interact in vitro with the mitochondrial [2Fe-2S] protein mitoNEET forming a transient, low-populated protein–protein complex, which is able to convert the oxidized [2Fe-2S]2+ clusters of mitoNEET into reduced [2Fe-2S]+ clusters [52]. In particular, it was shown that the redox-active Fe/S cluster of anamorsin, once reduced by FMNH2 bound to the FMN-binding domain of Ndor1, is able to work as an electron donor towards mitoNEET, specifically reducing its [2Fe-2S] clusters (Figure 3).



mitoNEET is a small protein localized on the cytosolic face of the outer mitochondrial membrane, being anchored through a single transmembrane helix [53,54]. In this environment, mitoNEET forms dimers with one [2Fe-2S] cluster per monomer. Various studies have shown that mitoNEET displays high affinity for the reduced [2Fe-2S]+ state of the cluster, while upon oxidation the cluster is more labile [55,56,57]. In-cell EPR studies showed that the [2Fe-2S] clusters of mitoNEET are in the reduced [2Fe-2S]+ state when expressed in Escherichia coli cells under normal growth conditions, and on this basis it was assumed to be reduced in unstressed mammalian cells [58]. This fully agrees with the high midpoint potential of the mitoNEET clusters, which is approximatively 0 mV at pH 7.0 [59,60]. Recently, it has been proposed that mitoNEET plays a specific role in the cytosolic Fe/S cluster repair of cytosolic iron regulatory protein 1 (IRP1) in oxidatively stressed cells [23]. This pathway reactivates the cytosolic apo-IRP1 into Fe/S loaded, active aconitase after H2O2-induced oxidative and nitrosative stress, independently of the CIA pathway, which, on the contrary, matures aconitase under normal cellular conditions [13,61]. It was proposed that oxidative stress conditions induce oxidation of the mitoNEET [2Fe-2S] cluster, without its disruption, triggering the [2Fe-2S]2+ transfer to IRP1 and transforming it into active aconitase [23,62]. Hence, mitoNEET may directly control its [2Fe-2S] cluster transfer activity via a redox switch of its [2Fe-2S] cluster, in such a way that indirectly regulates the IRP1-dependent iron homeostasis [63]. IRP1, indeed, is a central component in controlling intracellular iron homeostasis [64]. In this model, an electron source, which is still undefined, is required in order to allow the formation of the [4Fe-4S]2+ cluster on IRP1 via a reductive coupling of the two [2Fe-2S]2+ clusters donated by mitoNEET.



The Ndor1-anamorsin complex, by reducing the mitoNEET cluster, might act as a regulator of the termination of the cluster transfer pathway from mitoNEET to IRP1. Once oxidative stress is not present anymore, the reducing properties of the Ndor1-anamorsin complex is reactivated in the cytoplasm and can convert mitoNEET back into its reduced [2Fe-2S]+ form. In this way, the Ndor1-anamorsin complex can stop the mitoNEET cluster transfer pathway to repair IRP1, being indeed the repair function of mitoNEET no longer needed in unstressed cells. This potential new functional role of the Ndor1-anamorsin complex, however, is still not verified at the cellular level and thus needs validation.





5. Spectroscopic Investigations to Unravel the Nature of the Iron-Sulfur Clusters Bound to CIAPIN1 Proteins


The nature of the Fe/S clusters bound to CIAPIN1 proteins has been the subject of an extensive debate in the last few years. The first evidence showing that the CIAPIN1 protein family is an Fe/S cluster binding protein was reported when yeast Dre2 was purified from E. coli cells as recombinant protein [14]. It was observed that the purified protein contains iron and sulfur with a roughly 1:1 stoichiometry per one protein molecule, when the cell culture was supplemented with 125 μM of ferric-nitrilotriacetate [14,65]. This observation indicated an incomplete Fe/S cluster loading with respect to the expected binding of two Fe/S clusters bound in the two conserved Cys-rich motifs of Dre2. UV-visible acquired on the purified protein identified the presence of an oxidized [2Fe-2S]2+ cluster, which can be reduced by dithionite to form the reduced [2Fe-2S]+ cluster, as shown by EPR spectra at temperatures higher than 30 K [14,65,66]. Once registered below 20 K, EPR spectra of the purified Dre2 protein reduced by dithionite also showed signals characteristic of a [4Fe-4S]+ cluster [14,65,66]. In addition, EPR spectra at 6 K showed some spin–spin interaction between the two Fe/S clusters possibly due to their short distance [65]. The zero-field Mössbauer spectrum of as-purified wild-type Dre2 confirmed the presence of two species one accounting for an oxidized [4Fe-4S]2+ cluster and the other for a [2Fe-2S]2+ cluster [66], in line with the EPR studies. Upon reconstitution of Dre2, the content of iron and sulfide per protein was shown to increase up to ~6 and the UV-visible and EPR spectra were interpreted as the sum of one [2Fe-2S] cluster and one [4Fe-4S] cluster [15]. Plant and Trypanosoma brucei homologues of yeast Dre2 have also been purified in the presence of a [2Fe-2S] cluster containing a small subpopulation of a [4Fe-4S] cluster [16,67].



Two recent studies deeply investigated, through UV-visible, EPR and Mössbauer spectroscopies, the Fe/S cluster-coordinating residues bound to yeast Dre2 exploiting several Cys-to-Ala mutants [65,66]. Specifically, one or two Cys residues were removed in each of the two conserved Cys-rich motifs of Dre2, named hereafter motif I mutants for the mutated cysteines of the redox-active Fe/S cluster site and motif II mutants for the mutated cysteines of the other Fe/S cluster site at the C-terminus. In these two studies, anaerobic conditions were strictly maintained, performing cell lysis and a purification procedure in a glove-box with all degassed buffers [65,66]. The resulting data were interpreted by proposing that motif I mutants of Dre2 show spectra typical of [4Fe-4S]2+ proteins, indicating that a [4Fe-4S]2+ cluster is bound at motif II, while purified motif II mutants of Dre2 show spectra typical of a [2Fe-2S]2+ cluster, indicating that a [2Fe-2S]2+ cluster is bound at motif I (Figure 4). Finally, these studies showed that the exposure of anaerobically purified wild-type or motif I mutant Dre2 proteins to air suggested the presence of an oxygen-labile [4Fe-4S]2+ cluster bound to motif II of Dre2. Specifically, UV-visible and EPR data indicated the [4Fe-4S] cluster bound to motif II undergoes some cluster breakdown to a [2Fe-2S]2+ form. A relevant aspect, which was not taken into consideration in the interpretation of the data presented in both studies, concerns the fact that single or double Cys-to-Ala mutants of one motif cannot exclude that the remaining two or three cysteines of this mutated motif might contribute to the binding of the Fe/S cluster in the other not-mutated motif. This scheme of Fe/S cluster binding cannot be neglected for these mutants as it might occur considering that the C-terminal segment containing the two motifs is largely unstructured and flexible and the two Fe/S cluster binding sites are close to each other [65]. Quadruple mutants where all the four cysteines of each motif were mutated would prevent this potential effect in such a way to more properly describe Fe/S cluster coordination properties on both Dre2 motifs.



A further remark concerns the different results found on the [2Fe-2S] vs. [4Fe-4S] cluster content in the two studies described above [65,66]. Indeed, in one study it was shown that the content of the [4Fe-4S] cluster in purified wild-type Dre2 was about 10% that of the [2Fe-2S] cluster and the [2Fe-2S] cluster was always predominant [65]. On the contrary, in the other study [66], zero-field Mössbauer spectrum of an isolated wild-type Dre2 indicated a stoichiometry of 0.25 [2Fe-2S]2+ clusters per [4Fe-4S]2+ cluster calculated for Dre2, and it was reported that this was a consequence of the fact that the cluster coordinated by motif I is a labile [2Fe-2S]2+/1+ type. This discrepancy between the two studies might be due to the high oxygen sensitivity of both [2Fe-2S] and [4Fe-4S] clusters in Dre2, which provides different results depending on the protein isolation protocol that has been applied in the two studies. However, it is still unclear why, in one study, the oxygen sensitivity is observed to largely affect the [2Fe-2S] cluster while, in the other study, it affects the [4Fe-4S] cluster.



An in vivo approach on yeast Dre2 was also exploited to investigate the Fe/S cluster-coordinating residues, showing that exchanges of seven of the eight cysteine residues to alanine lead to a loss of cell viability without affecting protein expression or stability, indicating the essentiality of these residues for yeast Dre2 function [65,66]. This was accompanied by a dramatic decrease of iron incorporation into the cytosolic [4Fe-4S] protein isopropylmalate dehydratase (Leu1) and low enzymatic activity, directly demonstrating the essential function of the seven residues for [4Fe-4S] cluster insertion into Leu1 [66]. Moreover, an almost complete loss of iron binding to any of these seven Dre2 mutants in vivo was observed [66]. This indicates the essential function of the seven cysteines for Fe/S cluster coordination in vivo as well as a mutual dependence of Fe/S cluster binding at the two motifs I and II, i.e., a lack of Fe/S cluster binding to one motif negatively impacts on the stable Fe/S cluster association to the other. Only the first cysteine of motif I, although its mutation elicited a substantial decrease in the in vivo Fe/S cluster binding, is not essential for Dre2 function as a CIA component [65,66]. These results convincingly showed that both Fe/S clusters of Dre2 perform indispensable functions in cytosolic Fe/S protein assembly and that the lethal phenotypes resulting from the mutations are caused by a loss of function of both Fe/S clusters.



The Fe/S cluster binding properties of human anamorsin were deeply investigated by our laboratory. Preliminary UV-visible, EPR and NMR data on anaerobically purified anamorsin, prepared as described in [19], showed that the protein coordinates only one [2Fe-2S]2+ cluster per protein molecule when the cell culture was supplemented with 125 μM of FeCl3, with no evidence of a [4Fe-4S] bound cluster, at a variance of Dre2 [19]. A more detailed spectroscopic EPR and Mössbauer study based on quadruple mutants of each motif showed that: (i) each motif in human anamorsin is able to bind a [2Fe-2S] cluster independently through its four cysteine residues (Figure 4); (ii) the two reduced [2Fe-2S]+ clusters exhibit a unique electronic structure with considerable anisotropy in their coordination environment, different from that observed in reduced, plant-type and vertebrate-type [2Fe-2S] ferredoxin centers; (iii) the reduced cluster bound to motif II reveals an unprecedented valence localization-to-delocalization transition as a function of temperature [39]. The unique electronic properties of both [2Fe-2S] centers can be interpreted by considering that both cysteine-rich motifs are located in a highly unstructured and flexible protein region, whose local conformational heterogeneity can induce anisotropy in metal coordination. In the EPR study by Zhang et al. [65] it was, however, reported that human anamorsin contains a [2Fe-2S] cluster and a [4Fe-4S] cluster, as observed in yeast Dre2. Zhang et al. interpreted the difference between our previous study and its study because of the high oxygen sensitivity of the [4Fe-4S] cluster in anamorsin, which resulted in the formation of a [2Fe-2S] cluster at both sites as observed by us. Very recently, this issue has been solved by us via an in cellulo spectroscopic approach [68] that prevented the possible problem of the oxygen Fe/S cluster sensitivity occurring in vitro during the protein purification procedure. We showed by in cellulo Mössbauer and in cellulo EPR spectroscopies that human anamorsin coordinates only [2Fe-2S] clusters, one per each motif [68]. In addition, EPR spectra, acquired on both reduced E. coli cells expressing WT- and Cys-mutated anamorsin as well as anaerobically purified, reduced WT- and Cys-mutated anamorsin, prepared performing a purification procedure in the glove-box with all degassed buffers [39,68], showed that the [2Fe-2S] cluster bound to motif II of anamorsin displays enhanced electron spin relaxation rates, likely originating from local protein conformational heterogeneity, thus confirming our previous study. The electron spin relaxation properties of the reduced [2Fe-2S]+ cluster bound to motif II of anamorsin are, indeed, peculiar with respect to what is usually observed in ferredoxin-type reduced [2Fe-2S]+ clusters, resembling in part those of fast relaxing reduced [4Fe-4S]+ clusters. Indeed, in ferredoxin-type reduced [2Fe-2S]+ clusters, the slow spin relaxation rates make the EPR signal hardly detectable below 10 K [69], contrary to what was observed for the reduced [2Fe-2S]+ cluster bound to motif II of anamorsin, whose EPR signal was still well detectable at 5 K. These peculiar relaxation properties of the reduced [2Fe-2S]+ cluster bound to motif II were explained considering that the reduced cluster bound to this motif revealed a valence localization-to-delocalization transition as a function of temperature [39]. It has been previously demonstrated that the electron delocalization within mixed-valence FeIIFeIII pairs favors the parallel alignment of the local spins of both the high-spin FeII (SFeII = 2) and high-spin FeIII (SFeIII =5/2) ions, leading to a S = 9/2 total spin ground state [70]. The detection of the EPR signal of a S = 1/2 spin suggests that the partial electron delocalization observed in the reduced [2Fe-2S]+ cluster bound to motif II is not strong enough to make the maximal total spin S = 9/2 value as the ground state. However, it could allow the lowering in energy of the excited S > 1/2 spin states, thus leading to a faster electron spin relaxation rate for the ground S = 1/2 state compared with those typically observed in ferredoxin-type reduced [2Fe-2S]+ clusters, thus more closely mimicking an electron spin relaxation rate value typical of fast relaxing [4Fe-4S]+ clusters. The EPR spectra of wild-type anamorsin reported by Zhang et al. reproduced the same ones reported in our work, and thus our interpretation is consistent with both in vivo and in vitro EPR data obtained by us and Zhang et al., definitively showing that anamorsin exclusively binds [2Fe-2S] clusters at both motifs.



In summary, the deep spectroscopic characterization of Fe/S cluster nature and binding mode on yeast Dre2 and human anamorsin showed two divergent results. While both systems agree that motif I exclusively binds a [2Fe-2S] cluster (Figure 4), which is the redox active site receiving electrons from Tah18/Ndor1, they diverge on the cluster nature bound to motif II. Dre2 was found indeed to bind a [4Fe-4S] cluster, while anamorsin binds a [2Fe-2S] cluster (Figure 4) with the peculiarity of showing enhanced electron spin relaxation rates with respect to ferredoxin-type reduced [2Fe-2S]+ clusters. Detailed structural models of these FeS cluster environments will be fundamental in the future to clarify the divergent results on Fe/S cluster binding of Dre2 vs. anamorsin as well as to provide information on the structural rearrangements occurring during the electron transfer process.




6. Iron-Sulfur Cluster Insertion into CIAPIN1 Proteins


In vivo data on yeast cells provided the first clues on the proteins required to insert Fe/S clusters into Dre2 [15]. It was found that the cysteine desulfurase Nfs1 present in the mitochondrial matrix is essential for Fe/S cluster assembly on Dre2, while no significant effects were observed upon the depletion of five CIA components required to assemble cytosolic [4Fe-4S] clusters, i.e., Cfd1, Nbp35, Nar1, Cia1 and Tah18. In particular, the slight increase of iron associated with Dre2 upon depletion of Tah18 shows that the Fe/S clusters on Dre2 can assemble without the input of electrons from NADPH-Tah18. The latter electron transfer chain was shown to be essential to assembling target [4Fe-4S] proteins. However, although Dre2 can be considered a target Fe/S protein since it stably binds its Fe/S clusters and because the latter were shown to not be transferred to Fe/S acceptor proteins, it unexpectedly does not follow this request of electrons to assemble the [4Fe-4S] cluster bound to motif II. Overall, the in vivo findings, indicating that no CIA [4Fe-4S] assembly components are required for Fe/S assembly on Dre2, would seem to contradict the in vitro observations that are in support of a [4Fe-4S] cluster bound to motif II of Dre2 [66]. Instead, this in vivo observation might suggest that another, still unknown, cytosolic pathway should be active to assemble the [4Fe-4S] cluster in Dre2.



6.1. The Possible Role of Monothiol Glutaredoxins Grx3/4 and Fra2 in Fe/S Cluster Insertion into Dre2


The only component of the CIA machinery whose cell depletion caused a Fe/S cluster assembly defect in Dre2 was the Grx4 protein [51]. Grx4 and its homologous protein partner Grx3 contain an amino-terminal thioredoxin-like domain followed by one glutaredoxin (Grx) domain (Figure 5A), and both proteins were found to interact with Dre2 [33,51]. Grx3/4 proteins belong to the monothiol CGFS glutaredoxin family, which typically coordinates a [2Fe-2S] cluster [71,72]. Grx3/4 interacts with itself and with Fra2 in vivo and in vitro, forming heterodimers bridged by a [2Fe-2S] cluster [50,51,73] (Figure 5A). The ligands for the [2Fe-2S] cluster in Grx3/4 heterodimer come from two cysteines of the CGFS motif of Grx3 and Grx4 and two glutathione (GSH) molecules [72,74], whereas in the Fra2-Grx3/4 heterodimer, ligands are provided by the same cysteine from Grx3 or Grx4, a histidine from Fra2, and a GSH molecule [75,76,77]. On the basis of recent findings showing that an Fe/S intermediate is exported from mitochondria to the cytosol to be utilized by the CIA machinery [78], it might be argued that the [2Fe-2S] cluster, once assembled in mitochondria by an Nfs1-containing complex [79], is then transferred to the Grx3/4 and Grx3/4-Fra2 heterodimers that might thus transfer the cluster to motif I of Dre2 (Figure 5A). In agreement with this model, the in vivo function of the Fra2-Grx3/4 heterodimers in yeast was that of delivering its [2Fe-2S] cluster to Aft1/2, two paralogous iron-responsive transcription factors (activators of ferrous transport) regulating iron homeostasis in Saccharomyces cerevisiae [80]. Thus, it might be possible that the same heterodimers can deliver a [2Fe-2S] cluster to Dre2, thus resulting, in this model, the CIAPIN1 domain of Dre2 occupied by a [2Fe-2S] cluster at the motif I only (Figure 5A). However, this Grx3/4-Fra2-dependent model of [2Fe-2S] cluster insertion into Dre2 is still hypothetical and requires experimental support, as well as how the [4Fe-4S] cluster is formed and inserted into motif II of Dre2 is also still unknown (Figure 5A).




6.2. The Role of Monothiol Glutaredoxin GLRX3 and BOLA2 in [2Fe-2S] Cluster Insertion into Anamorsin


The function of the human homologue of yeast Grx3/4, that is, glutaredoxin-3 (GLRX3, also commonly named PICOT), as a [2Fe-2S] cluster donor of anamorsin, was demonstrated by both in vitro and in vivo studies. Firstly, a yeast two-hybrid assay and affinity-capture MS screens showed that GLRX3 binds anamorsin in cells [81]. GLRX3 consists of three domains: one N-terminal thioredoxin (Trx) domain with no Trx-related enzymatic role and two Grx domains (GrxA and GrxB) each able to bind a glutathione-coordinated [2Fe-2S] cluster via protein dimerization [82] (Figure 5B). Protein–protein interaction and cluster transfer in vitro studies provided the first evidence that GLRX3 displays a functional role in cytosolic [2Fe-2S] cluster trafficking by transferring two [2Fe-2S] clusters to its protein partner anamorsin [83]. The transfer mechanism was observed to be dependent on the formation of a protein–protein complex between the N-terminal domains of GLRX3 and anamorsin (Figure 5B). Their interaction was indeed the fundamental requisite to observe [2Fe-2S] cluster transfer from GLRX3 to both motifs I and II of the CIAPIN1 domain of anamorsin (Figure 5B). This mechanism guarantees that two [2Fe-2S] clusters are concomitantly transferred in a single molecular event to anamorsin. NMR-driven biomolecular docking data also defined how the N-domains of the two proteins specifically recognize each other and identified a role of the linker of anamorsin in stabilizing the complex formation [83]. Considering that the linker is also the region of anamorsin tightly interacting with Ndor1 to form a specific and stable protein complex [20], we can suggest that, upon the interaction of the GLRX3-anamorsin complex with Ndor1, the linker might weaken its interaction with GLRX3 while promoting the interaction with Ndor1. In such a way, the stabilizing effect of the linker on the GLRX3–anamorsin interaction would be lost, and, as an outcome, the complex between GLRX3 and anamorsin might switch to the final target complex formed by anamorsin and Ndor1. The linker interaction might be therefore responsible for modulating the formation and the release of the protein–protein complexes required to obtain the mature redox-competent state of anamorsin that receives electrons from Ndor1.



The function of GLRX3 in transferring [2Fe-2S] clusters to anamorsin can nicely explain the in vivo data showing that human GLRX3 silencing causes a decrease of enzymatic activities of cytosolic [4Fe-4S] proteins [84]. This in vivo effect can be interpreted indeed because of an impairment of the GLRX3-dependent anamorsin maturation process, which therefore makes the CIA machinery unable to function in the maturation of cytosolic [4Fe-4S] proteins. This view also fits with the yeast system, which similarly showed a decrease of Fe/S cluster insertion into cytosolic [4Fe-4S] protein targets upon Grx4 depletion [51], as well as a defect in the di-iron cluster assembly of the cytosolic ribonucleotide reductase [33,35,51], which, similarly to the CIA machinery, depends on the Dre2-Tah18 electron transfer chain [34].



In addition to anamorsin, GLRX3 was found to have another protein partner that is BOLA2 [85], a cytosolic protein belonging to a conserved small protein family ubiquitously found in eukaryotes and prokaryotes [75,86]. While in yeast, cytosolic BolA (called Fra2) associates with cytosolic Grx3/4 and affects iron-dependent regulation of transcription factors through the transfer of [2Fe-2S] clusters [80], human BOLA2 must have a different function in the cytosol since these transcription factors are not present in mammalian cells. In vitro studies showed that GLRX3 and BOLA2 form a heterotrimeric complex that consists of one GLRX3 and two BOLA2 molecules that stably coordinate two bridging [2Fe-2S] clusters [86,87] (Figure 5B). Each cluster is shared by BOLA2 and a Grx domain of GLRX3 (Figure 5B), and it is coordinated by the conserved cysteine of the Grx domain, by a glutathione bound to the Grx domain and by a conserved histidine residue in BOLA2 [86]. A fourth ligand for the cluster has not been clearly identified. Protein–protein interaction studies also showed that each GrxA and GrxB domain of GLRX3 interact with a BOLA2 molecule, while the Trx-like domain of GLRX3 is not involved in such interaction in both apo and holo forms of the heterotrimeric complex [87]. The GLRX3-[2Fe-2S]2-BOLA22 complex has been shown to work as a [2Fe-2S] chaperone. In vitro studies showed, indeed, that the latter complex can transfer its [2Fe-2S] clusters to both Fe/S cluster sites of anamorsin [87], following the same cluster transfer mechanism previously described for [2Fe-2S]2 GLRX32 [83] (Figure 5B). In vivo studies also indicate that the GLRX3-BOLA2 complex in mammalian cells functions as a [2Fe-2S] cluster donor to anamorsin being this function dependent on a direct GLRX3-anamorsin interaction, that BOLA2 is only transiently associated with anamorsin and that this transient association is absolutely dependent on the presence of GLRX3 [29].



The fact that both N-terminal domains of GLRX3 and anamorsin are also present in the yeast homologues Grx3/4 and Dre2 supports the model that the latter can perform an analogous function in the yeast system, i.e., they might drive protein–protein recognition between the two proteins in order to specifically deliver the [2Fe-2S] cluster to the redox-active [2Fe-2S] cluster binding site of Dre2 (Figure 5A). A structural comparison of these domains supports this view since the structural elements that have been shown to specifically recognize each other in the human GLRX3-anamorsin interaction [83] are fully conserved in the N-terminal domains of yeast Grx3/4 and Dre2. Indeed, α-helices 2 and 4 of the Trx-like domain of GLRX3 are conserved in the Trx-like domain of Grx4 [88] (PDB ID 2WZ9). Likewise, the fold of both N-terminal domains of Dre2 [18] and anamorsin [19] belongs to the same family of SAM methyl-transferase enzymes. These enzymes usually contain a central β-sheet and six α-helices (αZ and αA-αE), three helices on each side of the β-sheet [89]. The helices C, D and E that are located on the same side of the β-sheet are those involved in protein recognition with the N-terminal domain of GLRX3-Grx3/4 [83] and they are fully conserved in Dre2 [18]. Thus, these structurally common features support a common functional role that these N-terminal domains play in the [2Fe-2S] cluster insertion into both Dre2 and anamorsin.



How the [2Fe-2S] clusters are formed on GLRX3 is a matter of debate in the literature (see reviews [90,91] for details, Figure 5B). Recently, a model on the origin of iron ions used to assemble the [2Fe-2S] cluster on GLRX3 has been proposed. It was argued that the protein Poly(rC)-binding protein 1 (PCBP1), which is a multifunctional protein that coordinates both RNA and iron [92,93], forms an intermediate iron chaperone complex with BOLA2 [94]. Indeed, experimental evidence supports that PCBP1 complexes with BOLA2 via a bridging Fe(II) ligand, and that this complex is then needed for the assembly of the [2Fe-2S] on GLRX3-BOLA2 [95]. However, no spectroscopic evidence showing the formation of the iron chaperone complex, as well as showing its functional role as iron donor towards the apo GLRX3-BOLA2 complex, are still available, thus making this model still largely speculative.




6.3. Cellular Scenario of [2Fe-2S] Cluster Insertion into Anamorsin


In a cellular scenario, two are the possible complexes responsible for the [2Fe-2S] cluster insertion into anamorsin, i.e., [2Fe-2S]2 GLRX32 and GLRX3-[2Fe-2S]2-BOLA22 (Figure 5A). The arising question is whether both are active at the cellular level. In vivo studies in HEK293 cells showed that GLRX3 homodimers were a transient, labile species that did not require Fe/S clusters for formation; furthermore, GLRX3 homodimers with bridging [2Fe-2S] clusters did not accumulate to a detectable degree [29]. Thus, these results suggest that GLRX3 homodimers are not the physiological [2Fe-2S] cluster donor to anamorsin. In agreement with this possible model, in vitro studies showed that GLRX3 homodimers with bound [2Fe-2S] clusters undergo spontaneous rearrangement in the presence of BOLA2 to form GLRX3-[2Fe-2S]2-BOLA22 complexes, suggesting that clusters preferentially form on the heterotrimeric complex [87]. However, it seems a reasonable model where both complexes can be active and thus cellular conditions might select which is the active one. Indeed, both complexes have the N-terminal domain of GLRX3 that is the trigging factor specifically driving [2Fe-2S] cluster transfer from GLRX3 to anamorsin. In addition, the relative cellular levels of GLRX3 and BOLA2, which can be regulated by cellular conditions (i.e., aerobic vs. anaerobic cellular growth, oxidative stress, etc.), might select which of the two complexes mature anamorsin. This model is consistent with the observation that Fe/S protein biogenesis pathways are sensitive toward oxygen and/or oxidative stress for members of both bacterial and eukaryotic Fe/S cluster assembly machineries [96,97,98,99,100]. Consistent with cellular conditions playing a role in anamorsin cluster insertion, bacterial BolA proteins have been observed to be specifically required under aerobic and oxidative stress conditions. For instance, BolA protein is upregulated in E. coli under oxidative stress conditions [101], and in bacterial operons, BolA tends to co-occur not only with a monothiol glutaredoxin, but also with proteins involved in the defense against oxidative stress [102,103]. In eukaryotic genomes, the presence of BOLAs strongly correlates with an aerobic metabolism [104], and some yeast CIA members were found to promote the maturation of cytosolic Fe/S proteins under oxidative stress cellular conditions, these factors being bypassed to some extent in anaerobic conditions [105]. Last but not least, BOLA2 binding to GLRX3 stabilizes [2Fe-2S]2+ clusters against oxidative degradation [86,106], similarly to what was observed in the yeast [2Fe-2S]2+ Fra2-Grx3/4 complexes [50].



An alternative maturation pathway of anamorsin independent of GLRX3 has also been proposed to be operative in human cells. The fact that the iron content found in anamorsin did not completely disappear in cells lacking GLRX3 [29] might suggest that this iron bound to anamorsin could derive from an alternative [2Fe-2S] cluster donor in the cell. In vitro data showing that two human proteins belonging to the NEET protein family, i.e., NAF-1 and mNT, can interact and transfer their [2Fe-2S] clusters to both motifs I and II of anamorsin with second order rate constants similar to those of other known human [2Fe-2S] transfer protein, support that this is the alternative pathway operating in the cell [107]. This model, however, still lacks an in vivo validation. Indeed, a decreased iron content found in anamorsin upon NAF-1 and mNT depletion in GLRX3-deficient cells is still not verified nor are any proteomic data showing an in vivo partnership of these two proteins still available.





7. Conclusions and Perspectives


In this review, we discussed the role that the Fe/S clusters bound to the C-terminal CIAPIN1 domain play in the three functional processes described so far for the CIAPIN1 protein family. We found that the three functions are strictly dependent on a complex formation between a CIAPIN1 protein and a diflavin reductase. We described that this complex is the molecular architecture built to provide electrons to the [2Fe-2S] cluster bound to the CX8CX2CXC motif, which can thus work as an electron reservoir for assembling cytosolic [4Fe-4S] clusters and the diferric-tyrosyl radical cofactor of RNR. The destruction of the Fe/S clusters in the complex by oxidative conditions might also be involved in the regulation of cell death in yeast and potentially also in humans. While in yeast a model of the apoptotic pathway has been proposed, the pathway activating the apoptotic cellular response in humans is still elusive. While the function of the cluster bound to the CX8CX2CXC motif has been defined as a redox center, the functional role of the Fe/S cluster bound to the CX2CX7CX2C motif is still unknown. The fact that the nature of the Fe/S cluster bound to the latter motif varies depending on the CIAPIN1 proteins that have been investigated also adds complexity to defining what the Fe/S cluster bound to the CX2CX7CX2C motif functionally does. Finally, the cellular pathway(s) inserting the two Fe/S clusters into the two Cys-rich motifs is still not defined in yeasts, while in humans a model has been described on the basis of consistent in vivo and in vitro data. Looking ahead, we believe that the investigation of the cellular components responsible for the insertion of the Fe/S clusters into CIAPIN1 proteins from organisms other than humans and yeast would provide significant advances to shed light on the functional role of the two clusters in the cellular processes involving the CIAPIN1 protein family. Studies at the molecular level of these pathways, which are still quite few, will also help to unravel the molecular factors required to assemble the Fe/S clusters in the CIAPIN1 protein family.
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Figure 1. Schematic structures of rhomboid [2Fe-2S] and cubane [4Fe-4S] clusters. 
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Figure 2. The three cellular processes that involve CIAPIN1 proteins (Dre2 and anamorsin) once complexed with the NADPH-dependent diflavin oxidoreductase 1 (Tah18 and Ndor1). Red sphere is Fe(III) ion, green sphere is Fe(II) ion, yellow sphere is sulfide ion and red/yellow sphere is Fe/S cluster. 
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Figure 3. The electron transfer pathway responsible for the formation/reduction of Fe/S clusters and for the formation of the diferric-tyrosyl radical. First, the reduction of the iron-sulfur cluster bound to the CX8CX2CXC motif of the CIAPIN1 domain occurs following a multistep pathway. Then, this reduced Fe/S cluster transfers one electron at a time to reductively couple two [2Fe-2S]2+ clusters into a [4Fe-4S]2+ cluster, to drive the formation of the diferric-tyrosyl radical cofactor in yeast ribonucleotide reductase and to reduce [2Fe-2S]2+ clusters of human mitoNEET. Red sphere is Fe(III) ion, green sphere is Fe(II) ion, yellow sphere is sulfide ion and red/yellow sphere is Fe/S cluster. 
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Figure 4. Fe/S cluster binding nature and coordination at the two highly conserved cysteine-rich motifs of Dre2 and anamorsin (CX8CX2CXC, motif I, and CX2CX7CX2C, motif II, where X indicates any amino acid) obtained by EPR and Mössbauer spectroscopies. Red/green sphere is Fe(III) ion (for Mössbauer spectra) or Fe(II) ion (for EPR spectra), green sphere is Fe(II) ion, red sphere is Fe(III) ion and yellow sphere is sulfide ion. 
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Figure 5. Model of Fe/S cluster insertion into Dre2 (A) and anamorsin (B). Red sphere is Fe(III) ion, green sphere is Fe(II) ion and yellow sphere is sulfide ion. 
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Table 1. Distribution of CIAPIN1 proteins per clade and domain architectures.
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	Clade
	# Organisms per Clade
	# Organisms with One CIAPIN1

Protein
	# Organisms with More Than One CIAPIN1 Protein
	Domain Architecture





	Amorphea
	1214
	1080
	134
	Ciapin1_only + Methyltransf11_Ciapin1 + Dre2_Ciapin1



	Cryptista
	1
	0
	1
	Ciapin1_only



	Discoba
	18
	17
	1
	Ciapin1_only *



	Haptista
	1
	1
	0
	Ciapin1_only



	TSar
	91
	82
	9
	Ciapin1_only



	Archaeplastida
	185
	83
	102
	Ciapin1_only + Methyltransf11_Ciapin1







* The A0A6A5BSL2 protein from Naegleria fowleri is an exception because it has a Methyltransf11_Ciapin1 architecture.
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