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SUMMARY
     Iron-sulfur (FeS) clusters are perhaps the most structurally and functionally versatile of all protein cofactors, and cluster biogenesis is essential to life. Apbc/Nbp35 P-Loop NTPases are required for FeS biogenesis in virtually all organisms from archaea to humans, and are proposed to function as a scaffold for assembly of nascent cluster. Nbp35 functions independently in numerous organisms. However, Nbp35 functions in hetero-complex with the homologous NTPase Cfd1 in yeast and higher eukaryotes, leading to questions regarding the specific roles of these proteins in cluster assembly. Therefore, these investigations focused on the role of nucleotide binding and hydrolysis by Nbp35 in extra-mitochondrial FeS assembly, in the model organism Saccharomyces cerevisiae.
     In order to investigate the role of Nbp35 in cluster assembly, conserved residues within cognate NTPase motifs were targeted by directed mutagenesis, and the ability of these variants to complement the wild-type protein was assessed in vivo. These investigations confirm a requirement for the nucleotide domain in Nbp35 physiological function, and provide additional insight into the role of Nbp35 activities in FeS cluster assembly. Although stably expressed and competent for complex formation, these mutants were defective for the acquisition of iron, as assessed by in vivo radio-labeling. Of note, each Nbp35 monomer binds a stable FeS cluster, required for physiological function. Results presented herein suggest that Nbp35 activities may be required for self-maturation, prior to the assembly of labile cluster for transfer.
     Nbp35 is a member of the SIMIBI family of P-Loop NTPases, which function as obligate dimers, and share significant architectural and mechanistic similarities. These investigations additionally identify a helical region conserved in this family of NTPases, and confirm a requirement for residues within this region for Nbp35 function in yeast. These results extend a requirement for this region to Nbp35, suggesting that this region may constitute an additional conserved feature in the SIMIBI family. 
     Collectively, these results demonstrate that Nbp35 activities are required for the acquisition of iron by Nbp35 and the Npb35:Cfd1 hetero-complex. These investigations confirm a requirement for the Nbp35 nucleotide domain in the assembly of extra-mitochondrial FeS clusters in yeast. Furthermore, these results provide additional evidence that Nbp35 functions as an ATPase, with similarities to other SIMIBI NTPases, and suggest additional avenues for further investigation.
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CHAPTER I: LITERATURE REVIEW
A. Introduction
      Iron sulfur (FeS) clusters are ancient and ubiquitous protein cofactors required for fundamental processes throughout the cell, including aerobic respiration, co-factor assembly, intermediary metabolism, protein biosynthesis, and genome expression and integrity (1-5). FeS proteins play essential roles in virtually all organisms. In addition, FeS proteins are required for the global nitrogen, carbon, and hydrogen cycles (6-10). Abiotic FeS clusters may have played a foundational role in the emergence and evolution of life on earth, further underscoring the importance of these co-factors, and their biogenesis (11,12). FeS clusters can assemble spontaneously; however, the requisite concentrations of iron and sulfur would likely be toxic in vivo. Therefore virtually all organisms encode dedicated systems for FeS biogenesis, and these systems are essential for life (13-23). Although distinct systems have evolved in different organisms and cellular compartments, all cluster assembly systems appear to conserve fundamental mechanistic features including sources of iron and sulfur, and a scaffold for the assembly of nascent cluster. The major bacterial and eukaryotic systems for cluster assembly have been extensively studied and reviewed (2,5,24-33). However, new FeS proteins, and novel roles for known ones, continue to be discovered. Additionally, research into the biological assembly of extra-mitochondrial FeS clusters in eukaryotes is a rapidly growing field.



1

     FeS proteins are required for numerous processes in human cells, and defects in these proteins, and in cluster biogenesis, are associated with complex, wide-ranging pathologies including diabetes, cardiovascular disease, neuro-muscular disorders, and numerous cancer syndromes (4,5,34-75). Recent studies have uncovered novel roles for human FeS proteins in DNA replication and repair (76,77), the innate immune response (78), and in the differentiation and development of multi-cellular organisms (79-84). Insight into the plethora of physiological roles played by FeS clusters, and the biological imperatives for their assembly, will lead to a deeper understanding of their roles in human cellular processes and pathologies. Therefore, this review will summarize our current understanding of the physiochemical features contributing to the versatility of FeS clusters, the physiological roles they play, and the mechanisms for their biogenesis, with an emphasis on these processes in eukaryotes. However, examples from bacteria have been included in order to illustrate specific points.
B. FeS Clusters – Versatile Protein Co-factors
1. Physiochemical Versatility and Biological Roles
     FeS clusters are among the most structurally and functionally versatile of protein cofactors (1,2). They can range from simple Fe2S2 clusters to Fe8S7 or Fe7S9 clusters, adopt unique geometries or protein coordination, and incorporate additional elements or complex moieties (Figure 1). 
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Figure 1. FeS Clusters. Model of a simple rhombic Fe2S2 cluster, the cubane Fe4S4 cluster, and the complex Fe7S9 cluster (M cluster) from the Nitrogenase MoFe protein. The MoFe M cluster is one of the most complex metallo-cofactors in nature, and incorporates an additional molybdenum moiety and a centrally coordinated carbide atom. 




Clusters can be buried within the protein core or solvent accessible, and may be stably or transiently bound. Proteins and protein complexes often employ multiple clusters, which may perform distinct or coordinate functions. For example, FeS clusters are integral to oxidative respiration, with as many as 12 clusters shuttling electrons through respiratory complexes I-III (65,85-90), depending on the organism. FeS clusters are widely utilized for electron transport, as electrons are readily de-localized over both iron and sulfur, and cluster potentials can be tuned over large ranges in response to the micro-environment (91,92). However, their structural diversity and biochemical sensitivity additionally allow FeS cofactors to participate in redox and non-redox catalysis, contribute to structural stability, regulate protein function, and respond to environmental conditions/cues (1,2,35,93-102).
     The simplest and most common FeS clusters are the rhombic Fe2S2 and cubane Fe4S4 types. More complex clusters are generated via reductive coupling of two smaller clusters, and/or the incorporation of additional metal ions (103,104), Fe centers (105,106), or other complex moieties (107-109). Canonically, FeS clusters are tetrahedrally ligated via cysteine residues. Additional amino acids (histidine, arginine, aspartic acid, serine), the amide backbone, or other moieties (H2O, citrate, GSH, SAM, CO, or CN-) can also serve as  ligands for FeS clusters (91). These structural modifications and alternative coordination strategies allow proteins to finely tune the stability, bioreactivity, and/or redox properties of each cluster, and contribute to the exceptional functional versatility of FeS co-factors (2,110). Ligand swapping can also occur, inducing local and/or global protein rearrangements, and dramatically altering cluster environment and character; disulfide reductases, including plant ferredoxin:thioredoxin reductases, utilize an FeS cluster to control disulfide reduction via formation of transient thiolate-cluster ligands (111,112). The ability to swap ligands may be particularly critical for the assembly of FeS on a molecular scaffold, in order to stably accommodate a growing cluster, then efficiently transfer the mature cluster to an appropriate target (113-115). 
    Given their unparalleled physiochemical plasticity and sensitivity, FeS clusters are ideally suited for responding to a range of environmental cues. FeS proteins are important for maintaining iron and redox homeostases (96,101,116-119), and for responding to small moieties and external stimuli, including metals and ROS and RNS (93), microbial and viral infections (78,120), and specific wavelengths of light (121,122). In many instances, cluster occupancy and/or cluster-dependent complex formation determine the specific response to a given stimuli. For example, IscR is a transcriptional regulator of FeS assembly and iron-responsive genes in bacterial cells. Although both apo- and FeS-IscR bind elements in DNA, the two forms activate different subsets of genes. Therefore cluster occupancy directly regulates gene expression in response to iron and FeS availability (123). IscR additionally controls expression of virulence genes in human bacterial pathogens, including Vibrio species and Pseudomonas aeruginosa, suggesting a broader role in the bacterial adaptation to iron stress, including iron-sequestration by the human host (124,125). 
     The recently discovered CDGSH-domain family (containing the consensus sequence [C-X-C-X2-(S/T)-X3-P-X-C-D-G-(S/A/T)-H]) of proteins also utilizes a dynamic FeS cluster for function. CDGSH-domain proteins are widely distributed in all kingdoms of life, and conserved to humans (126). Although their precise functions are unknown, these proteins appear to play a role in metal and redox homeostases (66,69,127-129). CDGSH proteins bind an FeS cluster, uniquely ligated via two non-cysteinyl histidine residues, which becomes unstable under acidic and oxidative conditions. It has been suggested that cluster occupancy contributes to the sensing functions of these proteins, including human MitoNEET. MitoNEET has recently gained attention as a validated target of the thiazolidinedione (TZD) class of anti-diabetes drugs, whose mechanism of action appears to involve stabilization of the iron and redox responsive FeS cluster (35).
     A surprising number of FeS proteins are involved in DNA and RNA metabolism and repair, and in the regulation of gene expression, via direct interaction with nucleotide (67,130-134). In many cases, the role of the FeS cluster is unknown. In several instances the stable, non-redox active cluster is proposed to play a structural role, either in stabilizing connections between distinct protein domains, or in distorting and positioning DNA for base removal (135-138). However, an intriguing hypothesis has emerged regarding the role of the redox active FeS cluster in a large family of FeS DNA glycosylases and helicases engaged in various aspects of DNA metabolism from replication, recombination, transcription, and repair, to chromatin remodeling, chromosome segregation, and telomere maintenance (133,134).
     Accumulating evidence demonstrates that the cluster in these enzymes senses disruptions in charge transfer along intact DNA, due to lesions occurring during replication, or as a result of DNA damage (139-142). Collectively, results suggest these proteins may communicate with each other via DNA-dependent changes in FeS redox potential in order to scan for lesions or distortions in DNA. These proteins then coordinately localize to regions of substrate DNA, where they may displace or recruit other proteins, or even repair oxidative DNA damage directly, via FeS-mediated electron transfer (143). Of note, mutations to these genes are associated with human pathologies including accelerated aging, neuro-degenerative disorders, and cancers, and several clinically relevant variants have been shown or are predicted to affect cluster binding (67,68,75,132,144-146).
     FeS clusters can also be ligated via residues from more than one polypeptide, forming a “bridging” cluster at a protein interface. This composite arrangement is seen in a number of glutaredoxins (Grx’s) involved in FeS biogenesis, iron trafficking, and iron and redox homeostases, including yeast Grx3/4 (147-149). Grx3 and 4 form an FeS bridged heterodimer, with two molecules of glutathione (GSH). The FeS cluster is (or at least can be) coordinated via one thiol from each monomer, and one from each molecule of GSH. Grx4 is not conserved to humans, but Grx3 (PICOT in humans) is required for FeS biogenesis and iron trafficking in humans, although the mechanisms by which it participates in these processes remain undetermined (148,150). Of note, FeS bridged complexes are also formed by members of the ApbC/Nbp35 family of proteins, required for FeS assembly, where the labile, bridging cluster is destined for apo-proteins (151).
     This is only a small sampling of the wide-ranging physiochemical functions of these adaptable protein co-factors. For example, FeS clusters play newly discovered roles in light-sensing by bacterial cells, including transcriptional regulation in Actinobacteria species (121,152), and the light-dependent modulation of circadian rhythm in cyanobacteria (122). FeS clusters play other specialized roles in extremeophiles, directly contributing to their ability to inhabit unique environmental niches (153). Identification of FeS proteins is often complicated by expression in heterologous systems and/or aerobic purification, as these proteins may not be properly matured in exogenous organisms, or may lose a cluster due to oxidative decomposition (154-157). For example, it was only recently discovered that all three eukaryotic replicative polymerases (Polα, δ, and ε) are FeS proteins, and that these clusters are essential for physiological function (130). However, new FeS proteins, and newly discovered functions for previously known FeS proteins, continue to be identified and characterized. 


2. Relevance to Human Health
     It is increasingly apparent that FeS clusters, and their biogenesis, are critically important to human health (4,5,27,61,65,68,158,159). FeS proteins are implicated in the uptake of aminoglycoside antibiotics by bacterial cells, and in their primary mechanism of bactericidal action (97,160). Furthermore, disruption of FeS biogenesis or damage to FeS proteins may contribute to the well-documented toxicity associated with clinical use of these drugs (161,162). Proteins required for FeS assembly are being actively pursued as targets in infectious diseases, including tuberculosis and malaria (163-165). FeS clusters have been identified as primary targets of ROS and RNS (94,98,166) and other reactive species, including metals (100,102), in organisms from bacteria to humans, and may be a key factor in their toxicities. FeS-nitrosylation is an important regulatory signal, and Di-Nitrosyl Iron Complexes (DNIC) may have clinical utility as enzymatic activators of pro-drugs, including promising new anti-proliferatives (167-169). In addition, low-molecular weight DNIC may act as nitric oxide (NO) donors, and mimic the activities of endogenous NO (170,171). These moieties may have broad therapeutic potential as effective vasodilators, anti-proliferatives, or cyto-toxic agents. Human FeS proteins also play a critical, emerging role in the innate immune response to bacterial and viral infections (78,120), further underscoring the relevance of FeS cofactors to human health. 
     Genomic instability and accumulating damage are hallmarks of normal aging and cancer, and FeS biogenesis has been directly linked to the replication and maintenance of the genome in human cells (131,172,173). Defects in FeS proteins and FeS biogenesis are associated with wide-ranging and complex pathologies, including cardiomyopathies (42,54,174,175), diabetes (43,69), muscular and neuro-degenerative disorders (34,176,177), ataxias (46), premature aging syndromes (40,45,47,57,62,67,75,175,178,179), and cancers (45,47,48,57,66,72-75,180-182). Additionally, recent studies have uncovered novel roles for FeS proteins/biogenesis in maintaining planar cell polarity, and in the differentiation and development of multi-cellular organisms, including humans (79,82-84,183,184). Much is known about the biological assembly and targeting of FeS clusters. However, additional insight into the mechanisms and regulation of FeS biogenesis will undoubtedly lead to a deeper appreciation of the importance of these versatile protein cofactors to human health, and new FeS-targeted therapies for human disease. 
C. FeS Biogenesis 
1. The Biological Imperative for a Dedicated FeS Machinery
     FeS clusters can assemble spontaneously, given sufficient concentrations of iron, sulfur, and reducing equivalents (185,186). There is compelling evidence to suggest that FeS clusters arose abiotically, at hydrothermal vents, and were instrumental in the genesis and diversification of life on earth (11,12,187). Certainly they were among the earliest of protein co-factors; recent analyses indicate that primordial membranes contained sites, or “nests” for both phosphate (GTP) and FeS binding, and that these groups were likely utilized as “key components of the earliest metabolism…at the very dawn of life” (188). However, organisms have evolved dedicated systems to optimize and regulate cluster assembly, and virtually all organisms, from archaea to humans, conserve dedicated systems for FeS biogenesis. Four distinct systems, the Nitrogen Fixation (NIF) (189,190), the generalized Iron Sulfur Cluster (ISC) (23), the Sulfur mobilization (SUF) (191), and the Cytosolic Iron-sulfur cluster Assembly (CIA) machineries (192), have been shown to catalyze the assembly and targeting of biological FeS clusters, operating, and cooperating, in various organisms and cellular compartments (21,191,193-195). The prokaryotic systems are encoded as operons, underscoring their cooperative and systemic nature. Prokaryotes additionally encode the recently discovered Cysteine Sulfinate Desulfinase (CSD) machinery (196), which may provide an alternative pathway for sulfur acquisition by bacterial SUF systems and/or may utilize an unknown CSD-specific scaffold as a fifth, novel FeS assembly system. CSD activities appear to be associated with bacterial motility; however, the physiological targets and relevance of this system remain elusive. Although Archaea encode homologs of various assembly components (197,198), the mechanisms of archaeal FeS assembly are not well understood.
2. The Prokaryotic NIF Machinery for Nitrogen Fixation
     The existence of the NIF system was discovered in the late 1980’s (189,190), during investigations into the mechanisms for maturation of nitrogenase, the complex enzyme responsible for the biological fixation of molecular nitrogen (199,200). Thus nitrogenase and the NIF system are critical to nitrogen cycling, and the global food chain (7). Seminal studies of the NIF system in Azotobacter vinlandii revealed the biological imperative for a dedicated FeS machinery, and provided a foundational understanding of the mechanisms of FeS biogenesis (2,189,190). The NIF system specifically operates in anaerobic microorganisms, including azototrophs, which require complex FeS cofactors to reduce atmospheric nitrogen (N2) for utilization as a physiological nitrogen source. However, components of the NIF system have additionally been found in non-nitrogen-fixing microorganisms lacking an ISC machinery, including pathogenic parasites such as Entamoeba histolytica (26,201,202). Therefore, some NIF proteins have become attractive targets for novel anti-protozoals (24,26,203). 
3. The Prokaryotic and Eukaryotic ISC Machineries
     Genetic analyses revealed the presence of the ISC system, which functions as a generalized FeS assembly system in prokaryotic and eukaryotic organisms (21,23,204). The eukaryotic ISC machinery functions in the mitochondria (193,205), and in the “relict” mitochondrion-like organelles (MLOs) of amitochondriate protozoans (26,28). The ISC system is highly conserved, and the core constituents are essential for life from bacteria to human cells, underscoring the biological imperative for FeS biosynthesis (5,17,20,38,61,63,158,205,206). With few exceptions, primarily from Archaea, all organisms encode for a core ISC machinery, consisting at least of an FeS scaffold protein and cysteine desulfurase (IscU and IscS). IscU is one of the most highly conserved of all gene products (207), further highlighting the critical and conserved nature of FeS biosynthesis. In fact, there is some evidence to suggest that FeS biogenesis may be the only truly essential function of mitochondria and MLO’s (16,17,26,28). Although isolated ISC components have been localized to the cytosol and nucleus of eukaryotic cells (208-211), the physiological significance of this finding is not known.
4. The Prokaryotic and Plastidal SUF Machinery
     The SUF machinery is conserved in many prokaryotes, where it functions primarily under oxidative stress and iron deprivation (21,191,204), and in the plastids of higher plants and plastid-bearing protists (24,26,212), including the causative agent of malaria, Plasmodium falciparum and related species. Recent studies demonstrate that SUF-mediated FeS biosynthesis is required for maintenance of the apicoplast and parasite viability (163,164), and suggest that FeS and isoprenoid biosyntheses are the only essential function of the apicoplast during the blood stages of Plasmodium lifecycle. Several components of the SUF system bear little homology to their counterparts in the eukaryotic machineries, and are being actively pursued as promising targets of novel antibiotics and anti-malarials (24,26,163,164,166). Intriguingly, despite little homology between the two systems, the SUF system can partially complement the ISC system in some prokaryotes where they co-exist (21,191,204), explaining the non-essential nature of the ISC system in these organisms.
5. The Eukaryotic CIA Machinery
     In eukaryotes, the mitochondrial ISC system is required for assembly of all cellular FeS clusters (14,16-19,194,205). However, the CIA machinery is additionally required for maturation of extra-mitochondrial FeS proteins (29,31,192,213-215). CIA activities depend upon export of at least one uncharacterized signal or substrate from a functional core ISC machinery (193,216-218). The sub-cellular compartmentalization of FeS assembly may facilitate the maturation of FeS proteins in various micro-environments, and/or the coordination of metabolic processes with metabolite availability and flux (211,219,220). Targets of the CIA system include essential proteins required for protein biosynthesis and nucleotide metabolism and repair, including all three major eukaryotic polymerases, only recently identified as FeS proteins (67,130,131,133,134,172). While the mitochondrial ISC machinery is relatively well characterized, the mechanism of cytosolic cluster assembly has not been clearly elucidated. However a model is beginning to emerge as individual factors required for CIA have been identified and characterized, particularly in the model organism, Saccharomyces cerevisiae. 


6. Universal Requirements for FeS Biogenesis
     As described, distinct FeS assembly systems have evolved in different organisms and cellular compartments. However, all systems appear to share fundamental mechanistic features and universal requirements for FeS biogenesis (2,20,21,205), including sources of iron and sulfur, electrons, and a scaffold protein for the assembly of cluster (Figure 2). All known systems additionally require the activities of accessory proteins, including NTPases, heat shock proteins, or other chaperones to facilitate the protein-assisted transfer of nascent cluster from the scaffold to appropriate apo-targets. In some cases these accessory proteins assist in the differential maturation of distinct sub-sets of apo-proteins, or they may enhance transfer of the mature cluster from the scaffolding complex.
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Figure 2. Universal requirements for FeS cluster biogenesis. All cluster assembly systems require cellular sources of iron and sulfur, and electrons for the reduction of liberated sulfide. All systems require a molecular scaffold for the de novo assembly of nascent cluster, and accessory proteins for the efficient targeting and transfer of FeS to the appropriate apo-proteins.  Iron (Fe) is depicted as a RED CIRCLE, and sulfur as a YELLOW CIRCLE.







7. Possible Sources of Iron
     The identity of the iron donor for FeS biosynthesis is still a matter of debate, but increasing evidence suggests that the iron-binding protein frataxin may act as a general source (221-225). For example, loss or inhibition of frataxin impairs FeS biogenesis via the ISC system in organisms from E. coli to humans (226-229). This includes the rare autosomal genetic disorder Freidriech’s Ataxia, caused by a partial loss of function in human frataxin, and characterized primarily by significant defects in cellular FeS biogenesis and the pathological distribution of iron (159,230,231). Frataxin and its orthologs have been shown to interact, both physically and functionally, with ISC and SUF scaffolding complexes in vitro, and in bacterial, yeast, plant, and mammalian cells (227,232-239). Of note, recent biochemical and spectroscopic analyses of the murine ISC scaffolding complex, with and without the addition of frataxin, suggest that frataxin may control the acquisition of iron for FeS assembly, at least in mammalian cells (240). Nevertheless, definitive in vivo confirmation of the role of frataxin in FeS assembly remains elusive. Additional candidates for iron donors include monothiol glutaredoxins (Grx’s) and small molecules such as glutathione; compelling evidence supports their roles in the mobilization of iron for cluster biogenesis (149,225,241-243), perhaps in addition, or as an alternative, to frataxin. However, again, their definitive physiological roles in FeS assembly have yet to be determined. 


8. The Biological Mobilization of Sulfur
     In contrast to iron acquisition, the biological mobilization of sulfur for FeS assembly is well-characterized, and requires the activities of a Pyridoxal 5’-Phosphate (PLP)-dependent cysteine desulfurase (IscS, using ISC nomenclature) (244-248). Desulfurases interact directly with the FeS scaffolding complex to provide the sulfur for cluster assembly. This reaction proceeds via formation of a persulfide intermediate from a conserved cysteine residue, and additionally requires a source of electrons, often ferredoxin, for reduction of the liberated sulfane during assembly on the scaffolding complex. Desulfurase activities are tightly controlled, and the rate of sulfur mobilization can be adjusted depending on the presence of additional factors in the scaffolding complex, including frataxin (232,236,239). All systems, with the exception of the CIA system, encode for a PLP-dependent cysteine desulfurase. The source of sulfur for extra-mitochondrial cluster assembly in eukaryotes is not known. However, as previously stated, CIA activities depend upon core elements of the ISC machinery, and a mitochondrial export system. In addition, there is evidence to suggest that this unknown signal or substrate may be a sulfur-containing moiety (249-252). And components of the mitochondrial ISC, including the IscS desulfurase, have been localized to the cytosol and nucleus of fungal and animal cells.


9. The Role of Electrons
     FeS-Ferredoxins supply the electrons for FeS biogenesis in organisms from bacteria to humans, required for the reduction of sulfane to sulfide for cluster assembly (235,239,253-255). This requirement is well established for the ISC, SUF, and NIF machineries. However, it is possible that ferredoxin-mediated electron transfer is additionally required at other steps in the assembly or transfer of FeS. For example, electrons could be required for the mobilization of iron, the transfer of cluster, and/or the regeneration of scaffolding proteins. Bacterial ferredoxin is encoded in the ISC operon and cooperatively expressed with other components of the housekeeping ISC (22). Bacterial ferredoxin has been shown to bind directly to the IscS cysteine desulfurase, supply an electron for cluster assembly, and to be effectively displaced by frataxin (235). The orthologous yeast Yah1 protein comprises the electron transport chain for mitochondrial FeS assembly with the ferredoxin reductase, Arh1 (253). This function appears conserved to humans, as depletion of ferredoxins 1 or 2, or ferredoxin reductase, dramatically inhibits FeS biogenesis in human cells (255-257).     
10. The Role of FeS Scaffolds
     All FeS biogenesis requires a molecular scaffold for de novo assembly of FeS from iron and sulfur. The ISC, SUF and NIF assembly systems all encode for a U and/or an A-type scaffold, so designated based on homology to the proto-typical NifU and NifA type scaffolds (2). These proteins are proposed to function as monomers or dimers, capable of assembling one Fe2S2 cluster per monomer. Formation of a higher order scaffolding complex has been proposed, in order to provide a solvent-protected environment for cluster assembly. Again, the exception is the CIA system, which lacks a proto-typical U or A-type scaffold, and instead encodes for two homologous P-Loop NTPases, Nbp35 and Cfd1 (151,258). Nbp35 and Cfd1 are proposed to function in complex as the scaffold for assembly of extra-mitochondrial clusters in eukaryotes. This sub-family additionally includes the mitochondrial ISC factor Ind1, reportedly involved in the assembly or trafficking of FeS specifically targeted to the Complex I component of the mitochondrial respiratory chain, required for the oxidative phosphorylation of adenine to ATP (259,260).
      Scaffold proteins are competent for rapid cluster reconstitution and transfer to apo-target in vitro (2,20,261). In fact, this is a standard test for classification as an FeS scaffold. Additionally, scaffolds interact directly with the designated cysteine desulfurase (or an intermediate source of sulfur), and are essential for cluster biogenesis by their respective systems. There is debate as to whether A-type proteins constitute true physiological scaffolds, or function as carrier proteins, which accept a pre-formed cluster from the resident house-keeping system for additional assembly and/or transfer to apo-target (262-267). However, the physiological reality may be that they are capable of functioning as both.
     Scaffold proteins perform important functions in complex biosynthetic processes. They increase the effective concentrations of required partners and substrates by providing a hub for interactions, and accommodate unique biochemistry by co-localizing partners with distinct activities in a transient and highly coordinated manner (268,269). Scaffolds for FeS biosynthesis must coordinate the ordered interactions with cellular sources of iron, sulfur, and electrons, and stably accommodate a growing cluster with a dynamic electro-physical structure. They must then efficiently transfer this nascent cluster to the appropriate apo-targets, either directly, or via additional interactions with FeS chaperones. Perhaps not surprisingly, recent investigations suggest that scaffolding proteins do not play a passive role in cluster biogenesis (270-272). Rather, cluster assembly is a dynamic process, and scaffolding proteins appear to be active, and reactive, participants. 
11. A Model for Fe2S2 and Fe4S4 Assembly by a Scaffold
    Elegant structural, biochemical, and spectroscopic analyses of the ISC scaffold:desulfurase complex (IscU:IscS), from both prokaryotic and eukaryotic systems, have suggested a more complete, but evolving model for the de novo assembly of Fe2S2 cluster on a physiological scaffold (113-115,158,233,272-277). The apo-IscU scaffold appears to be partially disordered, but to adopt a more ordered conformation upon binding to the IscS cysteine desulfurase. Assembly initiates as sulfur is liberated and transferred to cysteine residues in the scaffold. Assembly proceeds as iron, an additional sulfur atom, and electrons are acquired, and the iron and sulfur atoms are rearranged to form a Fe2S2 cluster. Biochemical and crystallographic studies indicate that both ligand swapping and considerable conformational flexibility are required for the assembly of cluster by the scaffolding protein (278-280). Further analyses suggest that binding of the mature cluster induces additional conformational shifts, and stabilizes the scaffold in a highly structured state. These structural rearrangements recruit chaperones (the HscA-type ATPase, and HscB co-chaperone, from the bacterial ISC system), displace the desulfurase, and position the cluster for transfer via additional ligand swapping and increased solvent exposure (233,281-283). Binding to IscU and HscB synergistically increases the low basal ATPase activities of HscA by over 400-fold in vitro, suggesting that this is the catalytic transfer complex (284).
     At this point, the Fe2S2 cluster can be directly transferred to an apo-target or intermediate carrier protein, via formation of a transient, cluster-mediated complex between IscU-HscA-FeS and a thiol from the proximal apo-protein (113,115,281,284-288). Consequent conformational shifts activate ATP hydrolysis by the HscA ATPase-chaperone and return the IscU protein to its disordered state, resulting in the efficient, protein-directed transfer of the mature cluster to the target protein, and release of the matured FeS-target. Finally, the bound ADP is exchanged for ATP, releasing the scaffold protein, and restoring both proteins to a catalytically ready state. Collectively, these results suggest that the physiological assembly of FeS on a scaffolding complex is more dynamic and complex than previously appreciated. Investigations of the bacterial NIF and SUF scaffolding complexes additionally support these findings of an active, conformationally dynamic scaffolding complex, and generally extend them to these systems (156,270,271,289). However, the SufS cysteine desulfurase interacts indirectly with the SufB scaffold protein through the intermediate sulfur carrier, SufE. Although not clearly elucidated and definitively established, it appears there may be a fundamentally conserved mechanism for the de novo assembly of Fe2S2 in vivo. 
     A mechanism for the assembly of Fe4S4 clusters is not as clearly elucidated. But it appears they can be formed on the same scaffold used to form Fe2S2 (273,290). FeS scaffolding proteins function as dimers, able to assemble two Fe2S2 clusters per catalytic unit. Evidence suggests that Fe4S4 clusters can be formed at the dimer interface via the reductive coupling of the two adjacent clusters. Of note, other proteins are required for the maturation of specific sub-sets of FeS proteins, including Fe4S4 proteins, and additional evidence suggests they may play a role in the assembly of these clusters (241,265,266,291-293). Perhaps most likely, there are distinct sub-pathways for the assembly of Fe4S4, membrane-bound, and other complex clusters, and for the maturation of distinct sub-sets of targets. Intriguingly, the scaffolds for the CIA system likely function as a hetero-tetramer, with two composite sites for assembly/binding of a labile cluster (151,258,294). Biochemical and spectroscopic investigations of the purified yeast proteins demonstrate that the hetero-tetramer is able to assemble two labile Fe4S4 clusters per catalytic unit in vitro. However the mechanism of assembly by Nbp35:Cfd1, and their physiological substrates, remain elusive.
12. The Role of Nucleotide (ATP) Binding and Hydrolysis in FeS Biogenesis
     Although nucleotide binding and hydrolysis are not established universal requirements, they play essential roles in divergent assembly systems (23,295-300). The ISC system requires the activities of an HscA-type ATPase, from bacteria to humans. Bacterial HscA is not required for the de novo assembly of cluster on the scaffolding complex (285,301). Rather, ATP binding and hydrolysis are required for the efficient transfer of cluster and recycling of the catalytic scaffolding complex, as outlined above. Corresponding investigations of the orthologous yeast and human mitochondrial Hsc ATPases indicate that this role is functionally conserved to humans (281,302,303). Again, the human HscB-like co-chaperone (HSC20) preferentially binds the IscU-FeS scaffold with a mature Fe2S2, and recruits the HscA-like ATPase (mtHSP70), resulting in hydrolysis, transfer of FeS to an apo-target, and regeneration of the pre-catalytic state. An absolute requirement for both ATP and GTP has been shown for mitochondrial FeS biogenesis in the yeast S. cerevisiae; however, the role of GTP in mitochondrial cluster biogenesis remains undetermined (304,305). 
     In contrast, the ATP binding and hydrolysis activities of the non-homologous SufC ATP-Binding Cassette (ABC)-like ATPase may be required for the acquisition of iron by the SufB scaffolding complex. In vitro analyses of the purified proteins suggest that ATP hydrolysis has minimal effect on the transfer of cluster. While ATP binding appears to inhibit transfer to known carrier or target proteins, results suggest there may be differential effects, depending on the specific identity (intermediate carrier or apo-target) of the target protein (306). Instead, ATP binding and hydrolysis by SufC have been shown to enhance complex formation, acquisition of iron, and FeS assembly by the catalytically active SufB:SufC:SufD scaffolding complex (212,307,308). These results strongly suggest that ATP binding and hydrolysis may play distinct roles in different organisms and cellular compartments. Further, that distinct biochemistries may be required (that the mechanism of assembly may be tailored, or modified,) in order to optimize FeS biogenesis in different micro-environments.
     The NIF system is specifically required for maturation of the complex metallo-enzyme Nitrogenase, and the biological fixation of nitrogen. Nitrogenase is comprised of multiple sub-units of the Nitrogenase Fe-only (NifH) ATPase and Molybdenum-Fe (MoFe) catalytic subunits (300,309-313). A NifH dimer binds two ATP and a stable, bridging Fe4S4 cluster, required for its dual functions in assembly of the complex MoFe co-factor, and in electron transfer to the catalytic MoFe core. The NIF system does not require an ATPase for the de novo assembly of Fe2S2 or Fe4S4 on the NifU:NifS scaffold, or for transfer of nascent Fe4S4 cluster to apo-NifH or intermediate scaffolds (NifB, NifE:NifN), required for the multi-step assembly of the M-cluster. In fact, the NIF system processes pre-formed Fe4S4 clusters, obtained from the resident ISC (265,300,314). Instead, ATP is required for electron transfer to the MoFe catalytic center, which uses these electrons to reduce nitrogen. And additionally, for final assembly of the complex M-cluster on the NifE:NifN intermediate scaffold, and efficient transfer of the mature M-cluster to apo-MoFe (310). 
     Crystallographic and biochemical analyses suggest that binding of NifH induces conformational rearrangements in NifE:NifN-Fe8S9 which position the cluster for insertion of Mo and homocitrate (315-317). Further, that ATP hydrolysis is required for M-cluster maturation, and for additional conformational shifts required for efficient transfer of the mature cluster, somewhat reminiscent of the HscA-type ISC ATPases (318). However, the role of NifH appears far more complex; NifH can act as a donor of Mo and homocitrate to the NifE:NifN-Fe8S9 intermediate in vitro (319). Additional biochemical and spectroscopic analyses suggest NifH may mobilize Mo for insertion into the Fe8S9 precursor by altering its electronic and/or ligation state, using ATP hydrolysis and its stably bound Fe4S4 cluster. 
     NifH is a member of the Signaling particle, MinD, BioD (SIMIBI) family of P-Loop NTPases (320). Intriguingly, several bacterial members of this small family are also involved in metal insertion, metal efflux, and the assembly of FeS or complex metallo-clusters. This includes UreG (321-324), required for nickel insertion into urease, CooC1, required for nickel insertion into the complex C-cluster of carbon monoxide dehydrogenase (325,326), ArsA, required for cellular efflux of arsenite and antimony (327-329), and HydF, the proposed scaffold for assembly of the complex H-cluster in FeFe-Hydrogenase (330-332).
     This family also includes the ApbC/Nbp35 sub-family of proteins, required for FeS biogenesis from archaea to humans (30,197,258,333-338). Eukaryotic Nbp35 and Cfd1, the proposed scaffolding complex for FeS assembly by the eukaryotic CIA system, belong to this specific sub-class of SIMIBI NTPases. Although both proteins require a functional NT domain for biological function, definitive roles for nucleotide binding and hydrolysis in CIA have yet to be determined (151). Cumulative work suggests that there may be conserved mechanistic features for the biological mobilization and insertion of metals by SIMIBI NTPases (321,326,327,339-342). An appreciation of the molecular mechanisms and physiological roles of SIMIBI NTPases in other systems may provide valuable insight into the mechanisms of FeS assembly by Nbp35 and Cfd1 in the eukaryotic cytosol.
13. The Requirement for FeS Proteins in Metallo-Cofactor Assembly
     A number of stable FeS proteins are recognized FeS assembly factors themselves, and are thus both FeS apo-targets and components of the same or co-existing FeS machineries (151,155,185,235,242,258,343). This does not include scaffold or carrier proteins known to transiently bind nascent clusters destined for delivery to target proteins. In many cases the precise function of FeS clusters in FeS biogenesis remain ambiguous or entirely unknown. However, these FeS clusters may be required for electron transfer, protein stability/structure, or regulation of protein function. They may catalyze the activation and/or insertion of Fe or sulfur, the de novo assembly of FeS on a scaffolding complex, and/or the transfer of nascent FeS to the appropriate downstream apo-targets. For example, FeS-Ferredoxins supply the electrons for FeS biogenesis in various organisms, as outlined above.
     FeS proteins may also play a regulatory role in FeS biogenesis; a requirement for an intermediate or product of a biosynthetic pathway in the function of that pathway often indicates the presence of feedback inhibition or other regulatory mechanisms, at that particular step (344,345). FeS proteins play established roles in environmental sensing and the maintenance of cellular homeostasis in many systems and pathways, including FeS biogenesis. For example, the aforementioned FeS protein IscR, encoded as the first gene in the ISC operon, is a negative transcriptional regulator of ISC expression (123). However, when the need for FeS increases, particularly due to iron deprivation or changes in oxygen homeostasis, IscR loses its FeS cluster, and ceases to repress expression of the ISC. Apo-IscR also acts as a transcriptional activator of the bacterial SUF system under oxidative stress (124,125). Therefore as iron levels decrease, or oxygen increases, the equilibrium shifts toward apo-IscR, increasing expression of the ISC and/or SUF systems, as needed. Collectively, these studies suggest that IscR regulates FeS biogenesis via a complex feedback mechanism, based on changing metabolic requirements and environmental conditions. IscR is not conserved in the eukaryotic ISC system, and little is known about the regulation of FeS biogenesis in eukaryotic organisms. However, the presence of other FeS proteins in the eukaryotic ISC and CIA systems suggests the possibility of unidentified regulatory mechanisms involving specific steps in these systems.
     Intriguingly, several components of the CIA machinery are identified as stable FeS proteins. In fact, of eight known CIA factors, three bind at least one stable FeS cluster required for physiological function in FeS biogenesis (155,192,213,258,294,343,346,347). In addition, FeS-Grx3/4 (or Grx3, PICOT in humans) are cytosolic mono-thiol glutaredoxins required for CIA activity. These proteins bind a bridging Fe2S2 cluster cooperatively, with two additional molecules of glutathione (149,150). They also form a larger complex with other proteins involved in iron sensing, at least in yeast (348,349). Grx3/4 are proposed to play a role in the mobilization of iron for CIA activities. However, their precise role in cluster assembly has yet to be determined. As these proteins play additional roles in maintaining cellular redox, and in iron trafficking to other systems, they are not strictly considered CIA factors (149,265). 
     Dre2 is a bone fide CIA factor. Dre2 binds two Fe2S2 clusters, with differential binding stabilities (215), and forms part of an electron chain required for the assembly of cluster on the CIA scaffold (346,347,350). Dre2 is one of very few extra-mitochondrial FeS proteins that do not require the CIA machinery for FeS maturation, but rely only on a functional mitochondrial ISC and export system (346). In fact, to my knowledge, Grx3/4 and Dre2 are the only extra-mitochondrial FeS proteins known to acquire their FeS independently of the CIA system (149). It is possible that these clusters originate with the mitochondrial ISC (351), although the mechanisms by which Grx3/4 and Dre2 obtain their clusters are not known. The CIA factor Nar1 does require upstream CIA proteins for FeS maturation, including Dre2 and the Nbp35:Cfd1 scaffolding complex (258,294,346). Nar1 is a protein with homology to bacterial Fe-only hydrogenases (213). Nar1 binds two Fe4S4 clusters, one more stably ligated than the other (155,343). The precise role of Nar1 and its FeS clusters remain obscure (19,155). However, Nar1 may be required for the effective transfer of mature cluster to the CIA FeS targeting complex, and/or regeneration of an active scaffolding complex. 
     Finally, Nbp35, the proposed scaffold for cytosolic and nuclear FeS biogenesis, has been shown to bind FeS at different sites, with differential stabilities (151,192,258,294,336). NBP35 and CFD1 both encode for a C-terminal CXXC motif, required for assembly of a bridging Fe4S4 cluster, likely destined for transfer to apo-targets. However, NBP35 additionally encodes for an N-terminal ferredoxin-like motif. Therefore an Nbp35 homo-dimer is able to bind three Fe4S4 clusters: one cluster coordinated via the N-terminal ferredoxin motif of each monomer, and one at the dimer interface, via the C-terminal CXXC motif. As Nbp35 binds both stable and labile iron, and ferredoxins generally bind FeS stably, it has been proposed that the N-terminal clusters are stably bound (258). CFD1 does not encode the N-terminal extension, and Cfd1 protein does not bind significant FeS in vivo, except in complex with Nbp35 (294). The role of the stable clusters on Nbp35 are not known; however, they are required for FeS biogenesis and the support of viability in yeast (151). Nbp35 FeS maturation reportedly requires the activities of the ISC machinery and the Dre2:Tah18 electron transport chain (192,347). 
14. Summary
      Seminal studies of the bacterial NIF system have provided the foundation for our understanding of biological FeS assembly and FeS-protein maturation. The bacterial and eukaryotic ISC and SUF machineries have since been extensively characterized, and comprehensively reviewed. However, the mechanism of FeS assembly by the CIA machinery is not as clearly elucidated, and has not been as extensively reviewed. Additionally, these investigations were focused on the role of Nbp35 activities in the assembly of extra-mitochondrial FeS clusters in yeast. Nbp35 is the proposed scaffold for FeS assembly by the CIA system. Therefore, the remainder of this review will focus on the significance and mechanisms of the CIA system.
D. The CIA System
1. Background and Biological Significance
     Iron sulfur (FeS) clusters are perhaps the most structurally and functionally versatile of all protein cofactors. FeS proteins have been localized to the mitochondrion, cytosol, endoplasmic reticulum, and nucleus of eukaryotic cells (Figure 3), where they participate in diverse cellular processes, including 
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Figure 3 Compartmentalization of FeS biogenesis in eukaryotes. Cartoon of a eukaryotic cell showing the mitochondrial ISC and extra-mitochondrial CIA FeS assembly systems. The CIA system depends upon export of an unknown substrate or signal from the ISC. FeS proteins have been localized to the mitochondria, endoplasmic reticulum, and nucleus, where they participate in numerous cellular processes, as indicated.

ISC – Iron Sulfur Cluster assembly system
CIA – Cytosolic Iron-sulfur cluster Assembly system



aerobic respiration, intermediary metabolism, and the replication, expression, and maintenance of the nuclear genome (18,25,158,215).
     Eukaryotes possess two distinct systems for cluster biogenesis (Figure 3). The mitochondrial ISC assembly system is required for assembly of all FeS clusters (19,205). However, maturation of extra-mitochondrial FeS proteins additionally requires the activity of the Cytosolic Iron-sulfur Assembly, or CIA system (215). CIA activities depend upon export of at least one uncharacterized signal or substrate from a functional core ISC machinery (193,216-218). Known targets of the CIA system include FeS proteins required for protein biosynthesis (352), iron and redox homeostases (126,214,353,354), nucleotide metabolism and repair (67,130-134), and the innate immune response (78,108,120). Defects in these proteins have been implicated in complex human pathologies, including diabetes, cardiomyopathies, neurodegenerative disorders, accelerated aging syndromes, and various cancers, underscoring the relevance of the CIA system to human health.
     CIA targets include a surprising number of proteins required for DNA replication and repair, including primases (355), polymerases (130,356,357), nucleases, and helicases (Table I.1) (67,132,134,139,358). Extra-mitochondrial FeS proteins are required for almost every step of DNA metabolism, from the biosynthesis and recycling of purine and pyrimidine bases, to basal replication, Base and Nucleotide Excision Repair (BER and NER), histone acetylation, chromatin remodeling, chromosomal segregation, and telomere stability. For 
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	Extra-Mitochondrial FeS Proteins in Humans

	Protein
	Localization
	Activity
	Proposed Function
	Associated Disorders

	DNA Metabolism and Genome Integrity

	PRIM2
	NUCLEUS
	Primase
	Synthesis of RNA primers for DNA replication
	NOT REPORTED

	POLA1
	NUCLEUS
	DNA Polymerase
	Catalytic subunit of DNA polymerase α, DNA replication
	NOT REPORTED

	POLE1
	NUCLEUS
	DNA Polymerase
	Catalytic subunit of DNA polymerase ε, DNA replication
	Colorectal cancer(359), FILS syndrome(360)

	POLD1
	NUCLEUS
	DNA Polymerase
	Catalytic subunit of DNA polymerase δ, DNA replication
	Colorectal cancer(359), MDPL syndrome(361)

	REV3L
	NUCLEUS
	DNA Polymerase
	Catalytic subunit of DNA polymerase ζ, DNA repair
	Breast(362) and lung(363) cancers 

	XPD
	NUCLEUS
	DNA Helicase
	Subunit of Transcriptional Initiation Factor II, transcription-coupled DNA repair
	XPD, Cockayne, TDD, and COFS syndromes, cancers(145,364-372) 

	BRIP1
	NUCLEUS
	DNA Helicase
	DNA Repair
	Fanconi anemia(373), cancers(374-376)

	RTEL1
	NUCLEUS
	DNA Helicase
	DNA repair and telomere maintenance 
	Dyskeratosis congenital 4(377), Hoyeraal-Hreidarsson syndrome(378), cancers(379,380)

	CHLR1
	NUCLEUS
	DNA Helicase
	DNA repair and chromosome segregation 
	Warsaw Breakage syndrome(381)

	DNA2
	NUCLEUS
	DNA Helicase
	DNA repair and Okasaki fragment processing 
	Bloom syndrome(382), dwarfism(383), PEOA6(384)

	NTHL1
	NUCLEUS
	DNA Glycosylase
	DNA repair
	NOT REPORTED

	MUTYH
	NUCLEUS
	DNA Glycosylase
	DNA repair
	Colorectal cancer and inherited polyopsis(385-387)

	Protein Biosynthesis

	ABCE1
	CYTOSOL
	ATPase
	Ribosome assembly and translation initiation/termination
	HIV1(388-391), lung and prostate cancers(51,52,56,64,392)

	ELP3
	CYTOSOL
	HAT, MTT (?)
	Catalytic subunit of Elongator complex, transcription-coupled histone acetylation and DNA demethylation
	Amyotrophic lateral sclerosis(393), familial dysautonomia(394)

	TYW1
	CYTOSOL
	MTT
	tRNA wybutosine biosynthesis
	NOT REPORTED

	CDKAL1
	CYTOSOL
	MTT
	tRNA modification
	Psoriasis, Crohn’s Disease, Diabetes mellitus II(395)

	CDKRAP1
	CYTOSOL
	MTT
	tRNA modification
	Vitiligo (?)(396)

	Iron Homeostasis and FeS Biogenesis

	NUBP1
	CYTOSOL/NUCLEUS
	Metal-binding ATPase
	FeS biogenesis
	NOT REPORTED

	CIAPIN1
	CYTOSOL/NUCLEUS
	Electron Transfer
	FeS biogenesis
	Cancers(397-401)

	IOP1
	CYTOSOL/NUCLEUS
	Unknown
	FeS biogenesis
	NOT REPORTED

	PICOT
	CYTOSOL
	Mono-thiol Glutaredoxin
	Intra-cellular iron-trafficking and homeostasis
	NOT REPORTED

	IRP1*
	CYTOSOL
	RNA Binding
	Translational regulation of iron-related genes, cellular iron homeostasis
	Parkinsons, Alzheimers, Down syndrome(36,402-404), Hereditary hyperferritinemia cataract syndrome(405)

	Intermediary Metabolism

	IRP1*
	CYTOSOL
	Aconitase
	Citrate metabolism
	SEE ABOVE

	GPAT
	CYTOSOL
	Amidotransferase
	Purine nucleotide biosynthesis
	NOT REPORTED

	XDH
	CYTOSOL
	Dehydrogenase
	Purine nucleotide biosynthesis
	Xanthinuria, respiratory distress syndrome, Amyotrophic lateral sclerosis (?)(406-410)

	DPYD
	CYTOSOL
	Dehydrogenase
	Pyrimidine nucleotide catabolism
	Dihydropyrimidine dehydrogenase deficiency syndrome(411-415)

	AOX1
	CYTOSOL
	Aldehyde oxidase
	Xenobiotic catabolism
	Amyotrophic lateral sclerosis (?)(406)

	SNAP-25
	PM
	t-SNARE component
	Synaptic fusion and neurotransmission
	Neurological disorders, ADHD(416-420)

	Other

	Viperin
	ER
	Radical SAM
	Innate immune response
	NOT REPORTED

	Sprouty2
	CYTOSOL
	Unknown
	Inhibitor of tyrosine kinase signaling, differentiation and proliferation
	Schizophrenia, Bipolar Disorder(421), cancers(422-427)

	MitoNEET
	MOM
	Redox (?)
	Metal and Redox Homeostases
	Cystic fibrosis(428), Diabetes mellitus(429-431), neurodegenerative disorders(432), breast cancer(433)

	Miner1
	ER
	Redox (?)
	Metal and Redox Homeostases
	Wolfram Syndrome II(434), Diabetes mellitus and insipidus(69), Alzheimers(435), aging(41), breast cancer(433)

	Miner2
	MOM
	Redox (?)
	Metal and Redox Homeostases
	NOT REPORTED


*IRP1 is a dual function protein, which functions as a translational regulator of iron-related genes and as an FeS-dependent cytosolic aconitase (see text).                                                           

Table I. EXTRA-MITOCHONDRIAL FES PROTEINS IN HUMANS.

Abbreviations
PM - Plasma Membrane
ER - Endoplasmic Reticulum 
MOM - Mitochondrial Outer Membrane
HAT - Histone Acetyltransferase
MTT - Methylthioltransferase
SAM – S-Adenosyl Methionine
FILS - Facial dysmorphism, Immunodeficiency, Livedo, and Short stature
MDPL - Mandibular hypoplasia, Deafness, Progeroid features, and Lipodystrophy syndrome
XPD - Xeroderma Pigmentosum, Group D
TTD - Trichothiodystrophy
COFS - Cerebro-oculo-facio-skeletal
PEOA6 - Progressive External Ophthalmoplegia with mitochondrial DNA Deletions, Autosomal dominant, 6
HIV1 - Human Immunodeficiency Virus I

example, it was recently discovered that all three replicative polymerases (Polα, δ, and ε) are FeS proteins, and that these clusters are essential for physiological function (130). This is particularly significant as eukaryotic polymerases have been purified aerobically and studied for decades, without an FeS cluster. Therefore, the physiological relevance of experiments performed with these heterologously purified, cluster-less proteins may need to be revisited.
     This family of proteins includes the p58 subunit of DNA primase, required for the initiation of cellular DNA replication (355,436), and XPD, a core component of Transcription Factor II (TFII) (132,138,145). XPD binds a Fe4S4 cluster, required for the melting of duplex DNA formed during basal transcription, and for the NER of badly damaged DNA. Significantly, mutations in the human gene for XPD are associated with six distinct autosomal recessive disorders, collectively designated NER syndromes, including Xeroderma pigmentosum (XP) (59,144). Perhaps the most striking phenotype in these patients is the premature appearance of features of normal aging including photo-aging of the skin and eyes, progressive tissue deterioration, and a marked predisposition to cancers (45,47,58,437,438). This family also includes other human proteins required for maintenance of genomic integrity via the NER and BER mediated repair of DNA damage (67,132,134). Mutations to several of these encoding genes are associated with complex human pathologies, including neurodegenerative disorders and cancers. Of note, several clinically relevant variants have been shown or are predicted to affect cluster binding (67,68,75,132,144-146).
     The ATPase Binding Cassette (ABC)-type Rli1 protein is an essential target of the CIA system (352). RLI1 is encoded in all organisms except eubacteria, and is one of the most highly conserved of all genes in the archaeal and eukaryotic kingdoms (439,440). Rli1 (ABCE1 in humans) appears universally required for ribosome assembly and translation initiation/termination in archaeal and eukaryotic organisms (352,440-443). Rli1 binds two Fe4S4 proteins, acquired from the CIA system, and essentially required for physiological function and cellular/organismal viability (444). Host Rli1 also interacts with HIV-1 and 2 Gag proteins immediately following translation, and is required for the ATP-dependent assembly of viral capsid, and encaspidation of HIV genomic RNA and proteins (389,391,445).
     The FeS clusters on Rli1 are “notoriously RN/OS-labile”, and a recent study demonstrated that disruption of FeS binding by Rli1 is largely responsible for the growth inhibition in yeast exposed to pro-oxidants, including copper and H2O2 (94). These investigators suggest that Rli1 may be a primary target of ROS and RNS in eukaryotic cells, and that Rli1 coordinates protein biosynthesis with changes in the redox environment, further underscoring the importance of RLi1 protein and FeS maturation to eukaryotic life and human health (446). A number of additional CIA targets are implicated in other steps in RNA processing and protein biosynthesis, including Elp3, required for efficient transcription of mRNA as a component of Transcription Factor II (TFII) (447,448), and several proteins engaged in the modification of tRNA’s (70,71,449-451).
     Another important CIA target is the bi-functional protein, Iron Regulatory Protein 1 (IRP1) (29,294,452). IRP1 is expressed in animal cells, including humans. Under favorable conditions, IRP1 binds a stable Fe4S4 cluster and functions as a cytosolic aconitase, catalyzing the reversible conversion of citrate to isocitrate (Figure 4) (452-455). However, when FeS biogenesis is disrupted, iron is limiting, or ROS and RNS levels increase critically, IRP1 loses its FeS cluster and gains function as a translational regulator of a sub-set of iron-related gene products, including proteins required for iron transport and storage (93,95,214,456,457). Thus, apo-IRP1 actively increases transport of iron into the cell, and decreases the storage/utilization of iron, as necessary. This situation can be rapidly reversed when conditions favoring the FeS-IRP1 form are restored, thus serving to maintain cellular iron homeostasis under changing conditions.     
     IRP1 also regulates expression of Hif2α, and coordinates iron and oxygen sensing with iron absorption and erythropoiesis (458-460). Thus the IRP1/Hif2α axis has been identified as a potential target in hematologic and oncologic disorders, including leukemias and lymphomas (458,460,461). More recently, IRP1 was shown to control expression of the neuronal Amyloid Precursor Protein (APP) in human cells (403). Intra-cellular aggregation of APP 
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 Figure 4. Mammalian IRP1 is a dual function protein. Mammalian IRP1 functions as a cytosolic aconitase under iron replete conditions. However, IRP1 loses its FeS cluster upon iron depletion, ROS and RNS exposure, or inhibition of cytosolic FeS biogenesis, and gains function as a translational regulator of iron-related genes. A ribbon diagram of the crystal structure of IRP1 bound to transferrin receptor IRE B RNA (PDB 3SN2) is shown on the left, and the structure of the protein in the FeS-bound cytosolic (c-) aconitase (PDB 2B3Y) is shown on the right (453,462).
CIA – Cytosolic Iron-sulfur cluster Assembly system
RN/OS – Reactive Nitrogen Species or Reactive Oxygen Species


and associated iron deposition are the pathological hallmarks of Alzheimer’s Disease (AD) (44,50,463,464). APP protein reportedly functions as an iron export ferroxidase, and plays a protective role in protecting neuronal cells from iron and oxidative stress. Therefore the directed regulation of APP expression via targeting of the APP 5’ UTR/IRP1 interaction provides a novel approach for the treatment of AD and related pathologies (36,37). Several drugs that act via APP/IRP1-dependent mechanisms have recently been approved for the treatment of Alzheimer’s by the FDA. These compounds are particularly promising, as they act to restore iron homeostasis AND prevent amyloid aggregation via the normalization of APP expression and processing.
     The human SAM enzyme viperin has received increasing attention due to an emerging role in the innate immune response, and an ability to inhibit a broad range of viruses in vitro, in human cell culture, and in animal models (78,108,120,465-467). Viperin is one of very few interferon-induced genes to show direct anti-viral activity, and appears effective against a broad range of viruses, including HIV, influenza A, hepatitis C, and West Nile virus. Viperin seems to play a critical role in the activation and differentiation of T-cells in response to an immune challenge (468). In addition, viperin is directly required for the activation of TLR’s in dendritic cells, and for the induction of interferon-regulated gene transcription. It is increasingly clear that the FeS protein viperin is integral to immune signaling and the innate immune response in humans.
     Other extra-mitochondrial FeS proteins include the CDGSH Iron-Sulfur Domain (CISD) family of proteins, present in all three kingdoms of life, and conserved to humans (126). Although their precise functions are unknown, these proteins appear to play conserved roles in metal and redox homeostases. Currently, three CISD proteins have been identified in humans: Miner1 (also CISD2, or NAF-1 in humans), Miner 2 (also CISD 3), and MitoNEET (also CISD1). The CISD2 gene is located on the “human longevity locus”, with many genes known to be important for aging, and loss of this gene resulted in decreased life span in mice (40,41,179,469). Miner 1 and MitoNEET have recently gained attention as validated targets of the thiazolidinedione (TZD) class of anti-diabetes drugs, whose mechanism of action appears to involve stabilization of the iron and redox responsive FeS cluster (35). Recent studies suggest these proteins are also central to human breast cancer proliferation and tumor growth (66). CISD dysfunction is associated with several human pathologies, including diabetes mellitus (69), Cystic fibrosis (41), Wolfram syndrome 2 (43), neurodegeneration (470), and muscle atrophy (39).
     Eukaryotes rely on extra-mitochondrial FeS proteins for essential processes including DNA metabolism and protein biosynthesis. In fact, FeS maturation of extra-mitochondrial FeS proteins such as Rli1 and DNA polymerases may be the only essential function of mitochondria and mitochondrial-like organelles (16,17,26,28). Defects in extra-mitochondrial FeS proteins, or the factors required for their maturation, are associated with complex human pathologies, developmental defects, and peri-natal death. Truly, human life and health depend upon the CIA system for the maturation of this ever-expanding repertoire of extra-mitochondrial FeS proteins, implicated in almost every aspect of extra-mitochondrial metabolism and homeostasis in eukaryotic cells.
     The existence a cytosolic system for FeS assembly was first recognized with the discovery of Cytosolic FeS cluster Deficient 1 (Cfd1) protein (214). Cfd1 was initially identified in an elegant genetic screen for yeast defective in the FeS-dependent maturation of an extra-mitochondrial target, cytosolic mammalian IRP1. Although not an endogenous protein in yeast, previous work had determined that plasmid-driven expression of mammalian IRP1 rescued the glutamate auxotrophy in yeast lacking an endogenous mitochondrial aconitase (454,471). Mammalian IRP1 lacks a mitochondrial targeting sequence, and is thus restricted to the cytosol of eukaryotic cells. As Cfd1 also localized to the cytosol, and maturation of mitochondrial FeS proteins appeared unaffected in Cfd1-deficient cells, this suggested the existence of a distinct system for the maturation of extra-mitochondrial FeS proteins, designated the Cytosolic Iron-sulfur Assembly, or CIA system. The existence of the CIA system was confirmed with the discovery of three additional factors required specifically for the assembly and targeting of extra-mitochondrial FeS clusters; Nucleotide Binding Protein 35 (Nbp35) (192), Nuclear Architecture-Related 1 (Nar1) (343), and Cytosolic Iron-sulfur protein Assembly 1 (Cia1) (472).
     To date, eight proteins have been identified as components of the CIA machinery, including Nbp35, Cfd1, Tah18, Dre2, Nar1, Cia1, Cia2, and Mms19 proteins, using the yeast nomenclature (29,215). All core CIA factors except Mms19 are essential in yeast, and all CIA components exhibit genetic and mechanistic conservation from yeast to humans. Depletion of core CIA factors slows growth, and loss is embryonic lethal in animal cells, underscoring the essential nature of extra-mitochondrial FeS assembly (82,84,172,337,473,474). Recent phylogenomic analyses suggest that all eight components originated before eukaryotic diversification, and that the Last Eukaryotic Common Ancestor (LECA) possessed a “complete and functional CIA pathway” (30). While some components are almost universally conserved in the eukaryotic lineage (Nbp35, Nar1, Cia1, and Cia2), the requirement for other CIA factors (particularly Cfd1 and Mms19) appears far more evolutionarily plastic. There is little conservation between CIA and the other recognized FeS assembly systems: Cia2 appears homologous to SufT, an uncharacterized component of the SUF operon, and Nbp35 and Cfd1 share homology with Ind1 (259,260), a component of the late ISC machinery required for maturation of respiratory complex I in higher eukaryotes, including humans.
     Defects in CIA factors have not been directly linked with human disease. However, the fact that genome replication/integrity and protein biosynthesis depend on extra-mitochondrial FeS proteins suggests that even mild defects in CIA would likely be detrimental to human health; significant impairment of CIA function may be incompatible with human life. Interestingly, non-synonymous Single Nucleotide Polymorphisms (SNP’s) have been identified in the coding regions of all known human CIA factors, and mutated alleles have been identified in clinical tumor samples. A greater understanding of the mechanism of CIA will undoubtedly inform our understanding of its significance to human health. Although the mechanism for cytosolic FeS cluster assembly is not fully elucidated, a model is beginning to emerge as individual factors required for CIA are identified and characterized, particularly in the model organism, Saccharomyces cerevisiae.
2. Dependence on the ISC Machinery and Mitochondrial Export System
     CIA depends upon export of at least one uncharacterized signal or substrate from a functional core ISC machinery (216,217). Specifically, the mitochondrial scaffold protein (IscU) and cysteine desulfurase complex (Nfs1-Isd11) are required for CIA, as depletion of these factors impairs maturation of all cellular FeS proteins, including cytosolic and nuclear targets (194,216). Although these proteins have been localized to the cytosol and nucleus of animal cells, these iso-forms were unable to rescue CIA defects due to depletion of the mitochondrially-targeted forms. Recent studies indicate an additional requirement for Grx5, a late-stage component of the mitochondrial ISC, for assembly of all cellular Fe4S4, at least in yeast (475). Two other mitochondrial proteins are additionally required for CIA activity. Atm1 is an ABC transporter located in the inner mitochondrial membrane, which presumably transports a CIA substrate from the matrix into the Inter-Membrane Space (IMS) (440). Although the identity of this substrate is unknown, Atm1 may prefer cysteine-rich peptides (249), and to transport small ligands such as glutathione, and glutathione-linked moieties (250-252,476).
     The IMS-located Erv1 sulfhydryl oxidase is also required for CIA activity (217). Erv1 functions in complex with Mia40 protein to introduce disulfide bonds into IMS proteins (477). Atm1 and Erv1 may shuttle the mitochondrially-derived substrate to the CIA system, possibly as a signal of mitochondrial function and status (478). Intriguingly, Mia40/Erv1 activity requires reduced GSH and produces oxidized GSH as a by-product (479). The reduced sulfhydryl group in GSH, when oxidized, readily forms disulfides, and functions in redox homeostasis, often in conjunction with Grx’s (480,481). GSH forms a Fe2S2-linked hetero-complex with cytosolic monothiol Glutaredoxins 3 and 4 (Grx3/4), and functions in iron sensing and trafficking (147-150). This complex acquires its Fe2S2 cluster independently of the CIA system, and these factors (GSH and Grx3/4) are additionally required for CIA activities from yeast to humans (148-150). The source of the Grx3/4-GSH ligated Fe2S2 cluster has not been ascertained.
3. Grx3/4 - A Potential Intermediary Between the ISC and CIA Systems
     As stated, Grx3/4 (Grx3, or PICOT in humans) are cytosolic mono-thiol (CGFS active-site) glutaredoxins, required for iron trafficking, iron sensing, and cytosolic FeS assembly (149). Grx3 and 4 form a Fe2S2 bridged hetero-dimer, with two additional molecules of GSH, obtained independently of the CIA system (149,482). This cluster is coordinated via one thiol from each monomer, and one from each molecule of GSH. As these proteins play established roles in maintaining cellular redox and in iron trafficking to other systems, they are not strictly considered CIA factors, and the precise role of FeS-Grx3/4:GSH in CIA is not known. A study by Muhlenhoff et al. provided compelling evidence that Grx3/4 are required for the intracellular trafficking of iron, as depletion of Grx3/4 specifically impaired the maturation of iron-dependent proteins, including those containing di-iron centers, heme, and FeS clusters. Additionally, Grx3/4 cooperate with the CIA factors Dre2 and Tah18 in maturation of a radical di-ferric-tyrosyl cofactor for the β’-subunit of Ribonucleotide Reductase (RNR) (483). Furthermore, the double loss of Grx3/4 is lethal in yeast, suggesting these proteins share an essential, perhaps over-lapping, function (484). Collectively, these results have led to speculation that Grx3/4 may provide the iron for biosynthesis of extra-mitochondrial iron-containing co-factors, including FeS clusters. 
     More recent work supports this hypothesis, and considerably extends our understanding of the possible roles played by mono-thiol Grx’s, including Grx3/4, in FeS assembly. Initial evidence for the role of mono-thiol Grx’s in FeS biogenesis came from genetic studies in yeast, as deletion of the gene encoding mitochondrial Grx5 impaired the maturation of mitochondrial apo-targets, including m-Aconitase (485). In vivo studies revealed that Grx5 interacts with intermediate A-type scaffold proteins, including the ISC factors Isa1 and 2 (264). Additional experiments have established a requirement for mitochondrial Grx5 in the maturation of all cellular FeS in yeast, a phenotype rescued by over-expression of Isa1 or Isa2 (475). However, recent studies more broadly implicate mono-thiol glutaredoxins (Grx3, 4, and 5) in the intermediate trafficking and delivery of pre-formed FeS clusters, obtained from the resident house-keeping system (i.e. the ISC), and delivered directly from Grx’s to apo-targets (149,241,242,265,292,486). Formation of a persulfide via a transient disulfide with an apo-target may provide the signal for transfer of the Grx3/4-ligated cluster. Mono-thiol Grx’s may even be capable of participating in the in situ assembly of Fe4S4 clusters, not by reductive coupling, but “de novo”, by the addition of iron and sulfur to a Fe2S2 base (293). Perhaps more importantly, these investigations suggest that mono-thiol Grx’s including Grx3, 4, and 5 cooperate with A-type carriers in the distribution of ISC-derived FeS, and may act as intermediaries between distinct FeS assembly systems, at least the bacterial and plant NIF, SUF, and ISC.
     Taken collectively, this leads to the highly speculative, but intriguing possibility that pre-formed clusters could be shuttled out of the mitochondria via Grx5, glutathione, and the Atm1/Erv1 export machinery. These Fe2S2 clusters could be delivered to the Nbp35:Cfd1 scaffolding complex via a cytosolic Fe2S2-GSH-Grx3/4 complex for additional assembly, and for targeting to appropriate apo-targets via the recently characterized “late CIA targeting complex”, and any additional, undiscovered CIA targeting mechanisms. Fe4S4 assembly could proceed either via the reductive coupling of two Fe2S2 clusters, and/or the “de novo” synthesis of Fe4S4 and other complex extra-mitochondria clusters by the addition of elemental iron and sulfur. Mono-thiol Grx’s have also been proposed to participate in the replacement and repair of damaged clusters. The bacterial mono-thiol GrxD was recently shown to interact with the A-type carrier NfuA, and these proteins may function cooperatively to repair the sacrificial FeS cluster in MiaB, a sulfur-donating methyltransferase (292). It is possible that Grx3/4 provide elemental iron and/or sulfur directly to the scaffold, and/or assist in the delivery of iron and/or sulfur indirectly, through the activities of another cytosolic source(s). 
     The sources of iron and sulfur for cytosolic FeS assembly, the identity of the substrate supplied by the mitochondrial ISC, and the mechanism of Fe4S4 assembly by the Nbp35:Cfd1 scaffolding complex remain undetermined. However, these initial findings and speculation lay a foundation for future investigations into the mechanism of FeS assembly by the CIA system. Of note, although highly speculative, this mechanism is consistent with current understanding of all the factors involved. In addition, this mechanism is consistent with the proposed mechanism for assembly of other complex FeS-containing cofactors by proteins with homology to the CIA scaffolds, Nbp35 and Cfd1 (321,326,327,339-342). This small family of P-Loop NTPases includes several proteins required for the maturation of complex FeS-containing metallo-enzymes. It is known that some of these proteins require a pre-formed FeS cluster from the generalized ISC (215,265,300,314,475). It was recently proposed that these proteins may proceed via a shared mechanism of NT-dependent assembly, using a pre-formed FeS cluster obtained from the resident ISC as a foundational substrate for in situ assembly and transfer of a more complex metallo-cluster to specific targets. 
4. Dre2:Tah18 – A Cytosolic Electron Transport Chain
     CIA additionally requires the combined activities of Derepressed for Ribosomal protein S14 Expression (Dre2) and Top1T722-A mutant Hypersensitive (Tah18) (346). Dre2 forms a stable complex with Tah18 (NDOR in humans), a cytosolic NADPH-dependent diflavin oxidoreductase (347). Dre2:Tah18 appears to function as a cytosolic equivalent to the mitochondrial Yah1:Arh1 complex, which acts as the electron transport chain for FeS assembly by the mitochondrial ISC (487). Tah18 transfers electrons from NADPH via its flavin co-factors to a Fe2S2 cluster in Dre2, for subsequent transfer to acceptor proteins. The precise physiological requirement for Dre2:Tah18 in CIA in unknown. Electrons may be required for the reduction of sulfur, the mobilization of iron, or the reductive coupling of two Fe2S2. Dre2:Tah18 are required for incorporation of the stably bound Fe4S4 clusters into Nbp35, which forms part of the catalytic CIA scaffolding complex (347). Electrons also may be required for the regeneration of active cysteine residues in the scaffolding proteins: in order to ensure the uni-directional flow of biosynthetic partial reactions. 
     Recent reports demonstrate that Tah18/Dre2 is required for maturation of the diferric tryosyl radical on Ribo-Nucleotide Reductase 2 (Rnr2), specifically for the acquisition of iron from Grx3/4 and glutathione (483). As Grx3/4 play pleiotropic roles in extra-mitochondrial iron trafficking, it seems plausible that Dre2:Tah18 cooperate with these Grx’s in the delivery of iron/FeS to multiple systems. In addition, the Dre2:Tah18 complex dissociates upon exposure to high doses of H2O2, and Tah18 relocates to the mitochondria, where it controls mitochondrial integrity and apoptotic cell death (488). Therefore although considered dedicated CIA factors, Dre2:Tah18, like Grx3/4 and GSH, play important roles in other cellular processes, in addition to their support of CIA activity.
     Dre2 is both an FeS protein and an essential FeS assembly component. Dre2 (CIAPIN1, or Anamorsin in humans) binds two FeS clusters, obtained independently of the Nbp35:Cfd1 scaffolding complex and down-stream CIA machinery (347). Dre2 is additionally required for FeS maturation of Nbp35, and the subsequent assembly of cytosolic FeS by the Nbp35:Cfd1 CIA scaffolding complex (346). However, the source of FeS for maturation of Dre2 remains to be determined, and the roles of these clusters in CIA are not understood. Recent NMR analyses of Dre2 from yeast revealed previously unidentified structural homology to the radical SAM methyltransferase family, which utilize SAM to generate a radical oxidizing agent using electrons transferred from a stably bound FeS cluster (350). Some radical SAM proteins have been shown to cooperate with mono-thiol Grx’s and utilize a second FeS cluster for catalysis of sulfur transfer reactions (292,451). However, purified Dre2 has not demonstrated methyltransferase activities to date. Additional studies are required to determine the mechanisms for FeS maturation of Dre2, and the precise role(s) of Dre2:Tah18 in the CIA.
5. Nbp35 and Cfd1 – The Molecular Scaffold for FeS Assembly/Transfer 
     Nbp35 and Cfd1 (NUBP1 and 2 in humans) are highly conserved, homologous proteins required for CIA and viability in higher eukaryotes, including yeast and human cells (84,192,337). Nbp35 and Cfd1 form stable homo- and hetero-complexes, and these interactions are required for physiological function (151,258,294). Accumulating evidence suggests that Nbp35:Cfd1 functions as the physiological scaffold for assembly of a labile, bridging Fe4S4 cluster, which is delivered to apo-proteins via the recently characterized “late CIA targeting complex”. The two proteins, alone and in complex, are competent for rapid chemical FeS reconstitution and transfer to apo-target in vitro, an ability apparently conserved in all Apbc/Nbp35 proteins, from archaea to humans (197,258,260,336,337,489). BIO-chemical reconstitution of FeS on Nbp35:Cfd1 reportedly requires intact mitochondria, iron, cysteine, matrix ATP, and membrane potential, under anaerobic conditions (Dutkiewicz, unpublished) (490). In vivo studies further support a scaffolding role, as depletion of Nbp35 or Cfd1 impairs maturation of extra-mitochondrial FeS proteins, Nbp35:Cfd1 binds iron transiently in vivo, and cysteines required for iron binding are essential for physiological function in yeast (151,192,258,294,337). Both proteins are classified as metal-binding P-Loop NTPases on the basis of sequence homology and genetic analyses (151,338).
     Nbp35 and Cfd1 encode a conserved C-terminal CPXC motif, and these cysteines are required for complex formation, iron binding, and viability in yeast (151). In addition, spectroscopic analyses of the reconstituted proteins suggest coordination of a bridging Fe4S4 cluster via the CPXC cysteines at an Nbp35 and/or Cfd1 dimer interface. There are no structural data available for Nbp35 and/or Cfd1. However, the presence of a bridging cluster is further supported by the structure of an archaeal Apbc/Nbp35 protein, Af_226 (PDB 3KB1) (Figure 5A). Af_226 resolved as a dimer, bound to 2 ADP and a bridging zinc ion (a common artifact in heterologous/aerobic purification of FeS proteins), with the NT binding pockets and CPXC motifs at the dimer interface. Af_226 is approximately as homologous to Nbp35 and Cfd1 as they are to one another (~45% sequence identity). Although uncharacterized, it retains all the functionally important motifs present in Nbp35 and Cfd1, including the NTPase domain and CPXC motif (Figure 5B). In addition, all Apbc/Nbp35 homologs characterized to date, including several bacterial and archaeal homologs, appear to function in FeS biogenesis (151,197,258-260,334,335,337,338,489).
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Figure 5. (A) Crystal Structure of Af_226. Ribbon diagram of the crystal structure of Af_226, in complex with ADP and Zinc, at 2.9 A (PDB 3KB1). Like Nbp35 and Cfd1, Af_226 is classified as an Mrp/MinD SIMIBI NTPase. The side-chains for the ‘signature’ lysines, corresponding to ScNbp35K81, are shown in RED, positioned to reach across monomers in a closed conformation. The ADP moiety bound to each monomer is colored in YELLOW, and the bridging zinc atom, ligated via a CPXC motif from each monomer, is shown in BLUE. The physiological ligand is unknown; however, zinc is a common artifact in the purification of FeS proteins. 


Protein Schematics and Multiple Sequence Alignments for Nbp35 and Cfd1
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Multiple Alignment of Eukaryotic Nbp35 and Cfd1 Homologs

                                              N-Terminal FeS Binding                   
H sapiens      -MEEVP-------------------HDCPGADSAQAGRGASCQGCPNQRLCASGAGATP 41
M musculus     -MEEAP-------------------HGCPGADSAQAGRGASCQGCPNQRLCASGAGAAP 41
D rerio        -MADVPN-DAP--------------EHCPGTSSDQAGKSSACQGCPNQSICASGATKAP 45
D melangaster  -MQAPPP------------------EHCPGVESEEAGKGSACSGCPNQGLCSDPNKKLE 42
C elegans      -MSDVPDDAN---------------AGCPGTGSAGAGKASGCAGCPNQGSCATGQGPPP 45
S cerevisiae   -MTEILPHVNDEVLPAEYELNQPEPEHCPGPESDMAGKSDACGGCANKEICESLP-KGP 59
A thaliana     -MENGDIPEDAN-------------EHCPGPQSESAGKSDSCAGCPNQEACATAP-KGP 46

H sapiens      ------------------------------------------------------------ 
M musculus     ------------------------------------------------------------ 
D rerio        ------------------------------------------------------------ 

Af_226(3KB1)   ------------------------------------------------------------

                                          P-LOOP
H sapiens      DT-----AIEEIKEKMKTVKHKILVLSGKGGVGKSTFSAHLAHGLAEDE-NTQIALLDI 94
M musculus     DP-----AVEEIREKMKTVRHKLLVLSGKGGVGKSTFSAHLAHGLAEDG-DTQVALLDI 94
D rerio        DP-----AIEEIKQKMTSVKHKILVLSGKGGVGKSTFSAHLSHALASDS-SKEVALLDV 98
D melangaster  DP-----GKALVVESMKDVKHKLLILSGKGGVGKSTVTSLLTRYLARSNPDSNFGVLDI 96
C elegans      DA-----DVPKIQDRFSRIKHKILILSGKGGVGKSTLTSNLARALASDP-SKQVAILDV 98
S cerevisiae   DP-----DIPLITDNLSGIEHKILVLSGKGGVGKSTFAAMLSWALSADE-DLQVGAMDL 113
A thaliana     DP-----DLVAIAERMSTVKHKILVLSGKGGVGKSTFSAQLSFALAG-M-DHQVGLMDI 98
                              
H sapiens      --MEAAA----EPGNLAGVRHIILVLSGKGGVGKSTISTELALALRHAGKKVGI--LDV 31
M musculus     --MEAAAGERAEPGNLAGVRHIILVLSGKGGVGKSTISTELALALRHQGKKVGI--LDV 35
D rerio        --MDGSG-----KGNLDQVKHVLLVLSGKGGVGKSTITTELALAFRHAGKKVGI--LDV 30
D melangaster  --------------MLDKVKNVIVVLSGKGGVGKSTVSTQLSLALRKNGFKVGL--LDI 23
S cerevisiae   --MEEQE-IGVPAASLAGIKHIILILSGKGGVGKSSVTTQTALTLCSMGFKVGV--LDI 34

Af_226(3KB1)   --MQKRVTDEDIKERLDKIGFRIAVMSGKGGVGKSTVTALLAVHYAKQGKKVGI--LDA 55
                               **   *                 *	                                                        





               I
H sapiens      DICGPSIPKIMGLEGEQVHQSGSGWSPVYVEDNLG----VMSVGFLLSSPDDAVIWRGP 144
M musculus     DICGPSIPKIMGLEGEQVHQSGSGWSPVYVDDNLG----VMSVGFLLSSPDDAVIWRGP 144
D rerio        DICGPSIPKIMGLEGEQVHQSGSGWSPVYVEDNLA----VMSIGFLLSSPDDAVIWRGP 148
D melangaster  DICGPSQPRLMGALGESVHQSGYGWSPVGIEDNVC----LMSIGFLLGSVDDAIIWRGP 146
C elegans      DICGPSQPRMMGVEDEEVHNSADGWTPVGIQPNLT----LMSIAFLLGDKNDAVIWRGA 148
S cerevisiae   DICGPSLPHMLGCIKETVHESNSGWTPVYVTDNLA----TMSIQYMLPEDDSAIIWRGS 162
A thaliana     DICGPSIPKMLGLEGQEIHQSNLGWSPVYVEDNLG----VMSIGFMLPNSDEAVIWRGP 148

H sapiens      DLCGPSIPRMLGAQGRAVHQCDRGWAPVFLDREQSISLMS--VGFLLEKPDEAVVWRGP 105
M musculus     DLCGPSIPHMLRAQGKAVHQCDNGWVPVFVDQEQSISLMS--VGFLLENPDEAVVWRGP 109
D rerio        DLCGPSIPRMLSVGKPEVHQCDSGWVPVYADPQQQQLALMS-IAFLLEDSDEAVIWRGP 105
D melangaster  DLCGPSVPYLLGLEGRDIFQCDDGWVPVYTDESQTLAVMS--IGFLLKNREDPVIWRGP 97
S cerevisiae   DLTGPSLPRMFGLENESIYQGPEGWQPVKVETNSTGSLSVISLGFLLGDRGNSVIWRGP 110

Af_226(3KB1)        DFLGPSIPHLFGLEKGKVAVSDEGLEPVLTQRLGIKVMSIQ---FLLPKRETPVIWRGP 111
           * 



                                  II
H sapiens      KKNGMIKQFLRDVDWGEVDYLIVDTPPGTSDEHLSVVRYLATAHID---GAVIITTPQE 297
M musculus     KKNGMIKQFLRDVDWGDVDYLIVDTPPGTSDEHLSVVQYLAAAHID---GAVILTTPQE 297
D rerio        KKNGMIKQFLRDVDWGEVDYLIVDTPPGTSDEHLSIVQYLSGAGID---GAVIITTPQE 201
D melangaster  KKNGMIRQFLSEVDWGNLDLLLLDTPPGTSDEHLSVVSYLKDDANPESLRAVMVTTPQE 207
C elegans      RKNGMIKQFLKDVDWGEVDYLLIDTPPGTSDEHISLVQFLLQAGP--LDGALIVSTPQE 207
S cerevisiae   KKNLLIKKFLKDVDWDKLDYLVIDTPPGTSDEHISINKYMRESGID---GALVVTTPQE 221
A thaliana     RKNGLIKQFLKDVYWGEIDYLVVDAPPGTSDEHISIVQYLLPTG----DGAIIVTTPQE 306 
                    
H sapiens      KKNALIKQFVSDVAWGELDYLVVDTPPGTSDEHMATIEALRPYQPL---GALVVTTPQA 152
M musculus     KKHALIKQFVSDVAWGQLDYLVVDTPPGTSDEHMATMEALRPYRPL---GALVVTTPQA 156
D rerio        KKTALIGQFVSDVAWGELDILLVDTPPGTSDEHLAVLENLRKHRVD---GAVLVTTPQA 132
D melangaster  KKTMMIRQFLTDVRWDELDYLIIDTPPGTSDEHITVMECLKEVGCH---GAIIVTTPQE 124
S cerevisiae   KKTSMIKQFISDVAWGELDYLLIDTPPGTSDEHISIAEELRYSKPD---GGIVVTTPQS 139

Af_226(3KB1)   LIAGMIREFLGRVAWGELDYLLIDLPPGTGDAPLTVMQDAKPN------GAVIVSTPQE 164
                            *                         *                 

               “III”                            CPXC MOTIF
H sapiens      VSLQDVRKEINFCRKVKLPIIGVVENMSGFICP----------------------KCK 235
M musculus     VALQDVRKEISFCHKVKLPIIGVVENMSGFICP----------------------KCK 235
D rerio        VSLQDVRKEIRFCKKVNLPILGVIENMSGFVCP----------------------KCK 239
D melangaster  VSLLDVRKEINFCKKQNIPIVGVIENMSSFRCG----------------------HCG 240
C elegans      VSLLDVRKEVSFCVKTKVPILGVVENMARFVCP----------------------NCA 240
S cerevisiae   VALLDVRKEIDFCKKAGINILGLVENMSGFVCP----------------------NCK 253
A thaliana     VSLIDVRKEVSFCKKVGVPVLGVVENMSGLSQPLKDVKFMKLATETGSSINVTEDVIA 267

H sapiens      VSVGDVRRELTFCRKTGLRVMGIVENMSGFTCP----------------------HCT 188
M musculus     VSIGDVRRELTFCKKTGLQVIGVIENMSGFTCP----------------------HCA 192
D rerio        VSTGDVRREITFCKKTNLKILGIVENMSGFVCP----------------------HCS 188
D melangaster  VALDDVRKEITFCKKTGINILGIVENMSGFVCP----------------------HCT 180
S cerevisiae   VATADVKKEINFCKKVDLKILGIIENMSGFVCP----------------------HCA 193

Af_226(3KB1)   LTAAVVEKAITMAEQTKTAVLGIVENMAYFECP----------------------NCG 200 
                   *

H sapiens      KESQIFPPTT--GGAELMCQDLEVPLLGRVPLDPLIGKNCDKGQSFFIDAPDSPATLAY 294
M musculus     KESQIFPPTT--GGAEAMCQDLRIPLLGKVPLDPHIGKSCDKGQSFFVEAPDSPATAAY 294
D rerio        NTSQIFPPTT--GGAQRMCEELNLPLLGRIPLDPRIGKSCDEGKSFLTEVPDSPAAAAY 298
D melangaster  NSSEIFPAKT--GGAAAMCAEMGIPLLGSLPLDQQISKACDSGED-LTEFKN-VTTEAL 299
C elegans      HTTLLFPTST--GGAEQMCKDSNLELLAQLPLEPALAKALDNGEDFFETNPDSTLAKSF 299
S cerevisiae   GESQIFKATT--GGGEALCKELGIKFLGSVPLDPRIGKSCDMGESFLDNYPDSPASSAV 312
A thaliana     CLRKNAPELLDIVACSEVFDSSGGGAERMCREMGVPFLGKVPMDPQLCKAAEQGKSCFE 332

H sapiens      ECTSVF--SR--GGGEELAQLAGVPFLGSVPLDPALMRTLEEG---HD-FIQEFPGSPA 249
M musculus     ECTNVF--SS--GSGEELARLAGVPFLGSVPLDSQLTRSLEEG---RD-FIQEFPKSTA 253
D rerio        ECSNIF--SK--GGGEELAKLTGSAFLGSVPLDPLLTESLEEG---RD-FLQAFPESST 249
D melangaster  SCTNIF--SS--NGGVSLATYAQVPHLGTLPIDPRVGILAGTT---TS-VLDELPDSTT 241
S cerevisiae   ECTNIF--SS--GGGKRLSEQFSVPYLGNVPIDPKFVEMIENQVSSKKTLVEMYRESSL 254

Af_226(3KB1)   ERTYLF----GEGKASELARKYKIEFITEIPIDSDLLKLSDLGRVEEYEPDWFEFFPYL 253




H sapiens      RSIIQRIQEFCNLHQSKEENLISS---------------------- 320
M musculus     RSIIQRIRDFCNSHQSHAETLISP---------------------- 320
D rerio        QSIVQKIRDYCASHSASDVSC------------------------- 321
D melangaster  EGICSKIMASFS---------------------------------- 311
C elegans      LDLAEKVKAKLV---------------------------------- 313
S cerevisiae   LNVVEALRDAVGDV-------------------------------- 328
A thaliana     DNKCLISAPALKSIIQKVVPSTVMTE-------------------- 350

H sapiens      FAALTSIAQKILDATPACLP-------------------------- 271
M musculus     YSALTSIAQRVVHRMSALCS-------------------------- 275
D rerio        FTAISHIANTLLNSLNA----------------------------- 268
D melangaster  AEVLTHIVEKLKTMLVS----------------------------- 260
S cerevisiae   CPIFEEIMKKLRKQDTTTPVVDKHEQPQIESPK------------- 293

Af_226         E--------------------------------------------- 256



(B) Nbp35 and Cfd1 protein schematics and sequence alignments. Protein schematics and multiple sequence alignment of Nbp35 and Cfd1 homologs showing conservation of key residues within cognate NTPase motifs. Although uncharacterized, Af_226 is as homologous to Nbp35 and Cfd1 as they are to one another (~45% ID), and encodes all of the same functionally important motifs.
Protein alignment generated by CLUSTALW (http://www.ebi.ac.uk/Tools/msa/clustalw2/) using protein sequences of eukaryotic homologs as compiled by HOMOLOGENE at NCBI (http://www.ncbi.nlm.nih.gov/homologene/). 
Nbp35 schematic and alignments are highlighted in GRAY.

N-terminal FeS Binding – Conserved N-terminal ferredoxin motif in Nbp35 homologs, required for binding of a stable Fe4S4 cluster.
I – Switch I     II – Switch II     III – “Switch III”    
CPXC – Conserved C-terminal CPXC motif in Nbp35 and Cfd1 homologs, required for binding of a labile, bridging Fe4S4 cluster.
Cysteines required for FeS binding are highlighted in RED
Residues chosen for mutagenesis shown are in BOLD in the sequence alignment, and further denoted by a[image: C:\Users\kelly\Desktop\kjhkhg\TEMP\star.png].
     Nbp35 and Cfd1 are homologous, but they are not functionally redundant. Both proteins are essential in yeast, and they appear to have distinct functions in FeS assembly (192,294). Both proteins encode the essential C-terminal CPXC motif; however, they differ at the third position. ScNbp35 encodes an asparagine at this position, but the identity of this residue can vary within eukaryotes, with lysine being the most common side chain. In contrast, Cfd1 encodes a highly conserved CPHC motif, with an almost invariant histidine at the critical third position (Figure 5B).  This is a rare motif, particularly in the eukaryotic cytosol, as it has previously been found only in proteins involved in oxidative protein folding (sulfhydryl oxidation) and protein disulfide isomerization (491-496). 
     This suggests that Cfd1 may participate in redox activities, including electron transfer or cysteine oxidation. Cfd1 could conceivably function to activate cysteines in Nbp35: to facilitate alternative liganding strategies required to accommodate a growing cluster, and/or to enable effective transfer of the mature cluster. Cfd1 could also act on other targets in order to mobilize iron for cluster assembly, or FeS for apo-incorporation. Intriguingly, human Cfd1 was among several CIA factors identified in a screen for hyper-reactive cysteines, along with several downstream CIA factors (Nar1, Cia2A and B, and Mms19) while Nbp35 was not (497). However, it is unknown if Cfd1 participates in redox biochemistry. And although each protein can chemically constitute a Fe4S4 cluster via the CPXC motif, the physiological ligands for the homo- and hetero-complexes are not known.
     In addition to this labile, bridging Fe4S4 cluster, each Nbp35 monomer ligates an additional Fe4S4 cluster, via an N-terminal extension not present in Cfd1 (192,197,214,258) (Figure 5B). In fact, this is one of few defining features between the two proteins at the sequence level. The N-terminal cluster is bound via a conserved ferredoxin-like motif, and is essentially required for Nbp35 physiological function. As ferredoxins generally bind FeS stably, it has been proposed that the N-terminal clusters are stably-bound, and required for Nbp35 function in assembly/transfer of the labile, bridging cluster, destined for transfer to apo-targets (258). In vivo radio-labeling revealed the differential stability of iron bound to Nbp35, as incubation with an intra-cellular chelator displaced only half the 55Fe bound to Nbp35 precipitated from yeast (294). This is consistent with a proposed tetrameric catalytic complex, with two stable Fe4S4 clusters bound to the N-terminus of each Nbp35 monomer, and two labile, bridging Fe4S4 clusters, ligated via the composite C-terminal CPXC motifs, perhaps at an Nbp35:Cfd1 interface. However, the arrangement of the Nbp35:Cfd1 catalytic complex, the Nbp35:Cfd1 interaction interfaces, and the role of Nbp35’s N-terminal FeS clusters have not been determined. FeS maturation of Nbp35 and assembly of the labile cluster on Nbp35:Cfd1 require the mitochondrial ISC and export machineries, and the activities of cytosolic Grx3/4, and a functional Dre2:Tah18 complex (13,149,194,216,347). Nbp35:Cfd1 are additionally required for FeS maturation of all downstream CIA targets, including the CIA factor Nar1, which binds at least one stable cluster required for function in cytosolic FeS biogenesis (155,192).
     Phylogenomic analyses suggest that both Nbp35 and Cfd1 were present and functionally conserved in the Last Common Eukaryotic Ancestor (LECA) (30). To our knowledge, all organisms known to metabolize iron encode an Nbp35 homolog, and the protein is highly conserved from archaea to humans (197).  In contrast, the requirement for Cfd1 appears far more evolutionarily plastic; Cfd1 is absent in bacteria, and in autotrophs (carbon-fixers), (including Viridiplantae, Stramenopiles, and Apicomplexans,) as well as the human pathogen Giardia intestinalis, and the free-living nematode, Caenorhabditis elegans (30,335). Intriguingly, absence of Cfd1 correlates strongly with a variable insertion at the Nbp35 C-terminal CPXC motif, including loss of the amino-terminal cysteine (Figure 5B, see sequence for A. thaliana Nbp35). This suggests Cfd1 is evolutionarily linked with the specific mechanism of assembly and/or transfer of the labile, bridging cluster, an inference corroborated by in vivo investigations (294). However, the mechanism of FeS assembly by the Nbp35:Cfd1 scaffold and the precise roles of Nbp35 and Cfd1 in cluster biogenesis remain undetermined. 
     Nbp35 and Cfd1 are classified as P-loop NTPases by sequence homology (498), including conservation of cognate motifs, such as the P-loop and Switches I and II, which play conserved, essential roles in nucleotide binding/hydrolysis in the P-Loop family. Specifically, Nbp35 and Cfd1 are members of the Mrp/MinD sub-family of SIMIBI NTPases, characterized by a deviant P-loop motif encoding for an additional, “signature lysine” (GKGGXGKS/T) (320). SIMIBI proteins function obligate homo-dimers, with the nucleotide binding pockets at the dimer interface (Figure 6). The signature lysine from each monomer extends across the dimer interface to interact with the γ-phosphate of the NTP bound to the opposite monomer, providing the catalytic impetus for hydrolysis. Several members (including NifH, MinD, and Get3) have crystallized as comparable dimers in various nucleotide-bound states, and have been extensively characterized, both structurally and biochemically (321,326,339,340,342,499-505). Of note, this is the same dimer interface observed in the crystal structure of the Nbp35/Cfd1 ortholog Af_226, which resolved bound to two ADP. Consistent with other resolved SIMIBI NTPases, the signature lysine in PDB 3KB1 appears to be reaching across the dimer interface, positioned to make contact with the terminal phosphate in a more closed, ATP-bound conformation.
     Although Nbp35 and Cfd1 are classified as P-Loop NTPases, nucleotide binding or hydrolysis activities have not been detected for the purified proteins, alone or in complex. However, cumulative evidence strongly suggests these proteins function as NTPases in vivo. It was known previously that Nbp35 and Cfd1 require an invariant P-Loop lysine (Nbp35K86) to support viability in yeast (338). A recent report, published as these investigations were proceeding, establishes a requirement for this residue in Nbp35 and Cfd1 function in cluster biogenesis. (151). In addition, archaeal and bacterial ApbC/Nbp35 homologs have demonstrated in vitro activities, and/or an in vivo requirement for this same lysine (197,334,506). Although nucleotide binding and hydrolysis are not established universal requirements for FeS biogenesis, they are 
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Figure 6. Comparison of homo-dimeric SIMIBI NTPases. Ribbon diagrams of the crystal structures of homologous SIMIBI NTPases, highlighting the conserved ‘signature lysine’. The signature lysine is shown in RED. The bound ATP or non-hydrolyzable analogs are shown in BLUE. Structures include MinD PDB 3Q9L, NifH PDB 1FP6, Get3 PDB 3ZS9, and the uncharacterized archaeal ApbC/Nbp35 homolog, Af_226 PDB 3KB1.



required in other FeS assembly systems, where they have been linked with the acquisition of iron and/or transfer of nascent cluster (288,301,304,307). It will be of great interest to identify the molecular consequences of nucleotide binding and hydrolysis by Nbp35 and Cfd1. Insight into the precise roles of these proteins will undoubtedly provide valuable insight into the molecular mechanisms of extra-mitochondrial FeS biogenesis, and the function(s) of Nbp35 and Cfd1 in the eukaryotic cell.
     Nbp35 and Cfd1 are classified as dedicated CIA factors, and comprise the presumed scaffold for assembly of virtually all extra-mitochondrial FeS. However they have not been shown to interact physically with other components of the CIA machinery, including potential sources of substrate, other CIA factors, or known targets, except perhaps Nar1, which is both a stable apo-target and an essential CIA factor. Nar1 functions immediately downstream of the Nbp35:Cfd1 targeting complex, and reportedly precipitates stably with both Nbp35 and Cfd1, although perhaps in minor fractions (Personal Communications, and Unpublished Reports - (215). However, metazoan Nbp35 and Cfd1 have been shown to interact with components of the actin cytoskeleton (82,83,507), including sub-units of the CCT/TRIC chaperonin complex, which mediates folding of tubulin and actin, major cyto-skeletal components (508). In addition, Nbp35 and Cfd1 have been proposed to function as integral components of Micro-Tubule Organizing Centers (MTOC’s – the centrosome and ciliary basal bodies), and regulators of cytokinesis and ciliogenesis in multi-cellular organisms from nematodes to mammals, including human cells. 
     Previously, the requirements for Nbp35 and Cfd1 had not been thoroughly investigated, beyond their essential requirements for normal growth and viability, and for extra-mitochondrial FeS biogenesis. However, recent studies have uncovered novel roles for Cfd1, and primarily for Nbp35, in cytokinesis, cytoskeletal dynamics, and the differentiation and development of multi-cellular organisms (82-84,507). Nbp35 is maternally expressed throughout all stages of development in various cell types (especially neurons), and has been localized to the mitotic spindle as well as the apical cytoskeleton of metazoan cells. Nbp35 is required for centrosomal duplication/dynamics, ciliogenesis, cytoskeletal organization/dynamics, and for convergent extension movements essential for differentiation and development in multi-cellular organisms. Complete loss of Nbp35 is embryonic lethal, and insufficiency resulted in defects in formation of the anterior-posterior axis and neural tube closure (including Spina bifida), in the clawed frog, Xenopus laevis (82). A forward genetic approach additionally revealed a pivotal role for Nbp35 in controlling cell polarity, centrosomal dynamics, and cell division in human and murine cells (84). Mice expressing mutated Nbp35 displayed gross syntactdyly and limb deformation, eye cataracts, and severe lung hypoplasia, and these mice died immediately upon birth from suffocation. It is likely that this is an incomplete inventory of defects in these mice, and that these phenotypes resulted from only a partial loss of function in Nbp35, as genomic loss of Nbp35 is embryonic lethal.
     It is currently unknown if these effects are primarily due to defects in the maturation of pivotal FeS proteins (including Pol’s α, δ, and ε, XPD, Sprouty 2, Rli1) or if Nbp35 and/or Cfd1 activities modulate depending on cellular conditions and metabolite availability. However, cysteine desulfurases (including the ISC factor NFS1) have been physically and functionally linked with the centrosome and primary cilia of fungal and human cells (509-511). One intriguing possibility is that CIA activity is constitutive under certain physiological conditions, but spatially and/or temporally gated when cellular resources are limited, at different stages of the cell cycle, and/or during certain developmental stages in multi-cellular organisms. This seems reasonable, as many CIA targets are engaged in metabolite requiring anabolic activities, such as amino acid and nucleotide biosyntheses, DNA replication and repair, transcription, and translation, which must all be coupled with the cell cycle and developmental/environmental cues. Nbp35 and Cfd1 may assist in the targeting of FeS to essential targets under limiting conditions, or at distinct developmental stages. Or, Nbp35 and/or Cfd1 may play distinct roles in divergent processes, depending on cellular conditions. 
     This “moon-lighting” feature is not unheard of amongst FeS proteins, which can modulate activities based on the presence or absence of FeS, or physiochemical changes in a stable cluster. For example, the CIA target IRP1 functions as a cytosolic aconitase under iron replete conditions. However, IRP1 loses its FeS cluster, gains the ability to bind to elements in mRNA, and functions as a translational regulator of iron-related genes in mammalian cells upon iron depletion or exposure to ROS or RNS (452,453,457). And again, Ind1 is a mitochondrial Apbc/Nbp35 homolog and late ISC factor, reportedly required for maturation of RCI in plants and higher eukaryotes (259,260). Like Af_226 (PDB 3KB1), Ind1 is roughly as homologous to Nbp35 and Cfd1 as they are to one another, and retains all functionally important residues and motifs. In fact, this is one of only two instances of homology between the CIA system, which appears to have evolved independently, and the other FeS biogenesis machineries. Intriguingly, depletion of Ind1 results in defects in gametophytic cytokinesis and mitochondrial translation in Arabadopsis thaliana; investigators postulate that Ind1 may play distinct roles in different cellular processes, depending on metabolite availability or environmental conditions (512). Of note, other SIMIBI NTPases may also play distinct, even nucleotide-independent, roles in the same or divergent pathways, depending on metabolite availability, or other environmental/contextual cues (NifH, Get3, MinD) (298,312,319,513-515). It is possible that this may be a shared mechanism in a sub-set of SIMIBI NTPases; a way for the cell to coordinate complex, energy and resource requiring processes with a fluid environment, and the changing needs of the cell.
     Nbp35 and Cfd1 are essential components of the early CIA machinery, required for assembly of virtually all extra-mitochondrial FeS, including clusters destined for proteins essential for DNA metabolism and repair, and protein biosynthesis (192,258,337). However, they appear to co-localize with major MTOC’s, and their depletion or loss is associated with specific defects in centrosomal/cytoskeletal dynamics and cell division and differentiation, effects not specifically reported for other CIA factors (82-84,498,507). Significant progress has been made in unraveling the roles of Nbp35 in Cfd1 in extra-mitochondrial FeS assembly, and in uncovering their apparently specific requirements for cell division and differentiation. It will be of interest to further elucidate the biochemical and molecular bases of Nbp35 and Cfd1 function, their precise roles in FeS biogenesis and the determination of cell fate, and ultimately, their full relevance to human life and health. 
6. Nar1 – An Intermediary Between Early and Late CIA
     The CIA factor Nar1 (NARF in humans) is a eukaryotic protein with structural homology to bacterial iron-only hydrogenases (343). Nar1 is an essential protein in yeast, and appears functionally conserved to humans (343,354,473,516). Nar1 binds two essential Fe4S4 clusters, required for protein stability and function in CIA (155). FeS maturation of Nar1 requires the activity of all four early-acting CIA factors (Dre2, Tah18, Nbp35, and Cfd1) (258,347), but not Cia1, a component of the “late-acting CIA transfer complex” (472). Additionally, Nar1 has been reported to immunoprecipitate with both early (unpublished) and late acting components of the CIA pathway (131,172,173,517). Thus Nar1 is both a CIA factor AND a target of the CIA machinery. The precise role of Nar1 remains undetermined; however, the two clusters are reportedly bound with differential stabilities (155), and the protein appears positioned to act as an intermediary between assembly of labile Fe4S4 cluster on the Nbp35:Cfd1 scaffold, and transfer of nascent cluster to apo-targets via the CIA targeting-complex (215).
     Human Nar1 was originally identified as an interaction partner of prenylated Prelamin A (518). A recent report confirmed this interaction, and identified the late CIA factor Cia2 (FAM96B) as an additional Prelamin A partner (519). Overexpression of Prelamin A resulted in mislocalization of Cia2 to the nuclear periphery, suggesting that this interaction may regulate the sub-cellular localization of the late CIA targeting complex. Of note, a C-terminal fragment was sufficient to support this interaction in vivo. The C-terminal region of Prelamin A is extensively modified before being cleaved from mature Lamin A, which is required for formation of the nuclear lamina (520-523). Mutations to this region result in accumulation and aggregation of the Prelamin A form, and are associated with the accelerated aging syndrome progeria (522-526). Prelamin A also accumulates in primary cells from aged individuals, and may be associated with age-related cellular dysfunction (527-530). The authors speculate that regulation of CIA activities may explain, at least in part, the connection between Prelamin A and normal and accelerated age-related cellular changes (519). Of note, depletion of Nar1 is associated with genomic instability and decreased replicative lifespan in yeast, and increased sensitivity to the superoxide-generating toxin, paraquat (531). Collectively, these results further underscore the importance of CIA to eukaryotic life and health, and the need for additional insight into the molecular mechanisms of extra-mitochondrial FeS biogenesis.
7. Cia1/2 and Mms19 – A “Late CIA Targeting Complex”
     Elegant work from several groups has resulted in the recent identification and rapid characterization of a stable sub-complex formed by several late CIA factors, now referred to as the “late CIA targeting complex” (131,172,173,517,532). This complex interacts with Nar1 and known CIA targets, including nuclear targets required for genome replication and repair. Cia1 (human CIAO1) is member of the large WD40 repeat family of proteins, which form a circular beta propeller structure around a central axis, and generally function as docking sites for proteins in many systems, in order to co-localize and position different components for productive interaction (472,533). Cia1 forms a fusion protein with Cfd1 in the fission yeast, Schizosaccharomyces pombe, suggesting the two proteins function close to one another in the same pathway (472). In addition, Cia1 immunoprecipitates with Nar1, again positioning it immediately downstream of assembly on the Nbp35:Cfd1 scaffold. 
     Mms19 (also Met18, or human MMS19) is a heat repeat protein (534), and is the only non-essential component of the CIA machinery in yeast. However, the involvement of Mms19 in the maturation of numerous cytosolic and nuclear FeS proteins explains the pleiotropic phenotypes associated with loss of Mms19 in eukaryotic cells (131,172,517,535-537). For example, loss of Mms19 is associated with methionine auxotrophy (538) and increased sensitivity to DNA damaging agents in yeast (535,539), phenotypes now explained by the requirement for Mms19 in the maturation of proteins involved in methionine metabolism and DNA metabolism and repair. Human Mms19 has been identified as a component of the Mms19:Cia2B:XPD (MMXD) complex, required for chromosome segregation, mitotic spindle formation, and cytokinesis in human cells (540). Depletion of Mms19 in human cells largely phenocopies the cellular defects seen in cells from patients with the rare autosomal genetic disorder, Xeroderma pigmentosum, which is caused by mutation to the human gene encoding XPD (47,59,62,131,178,438,517,536,540-542). Of note, these defects also partially phenocopy the defects associated with depletion of Nbp35. However, this does not account for the localization of Nbp35 and Cfd1 to the major MTOC’s in eukaryotic cells, or their specific requirements in the development and differentiation of metazoan cells.
     Cia2 (human CIA2B or FAM96B) has been physically and functionally linked with numerous CIA targets, including proteins involved in DNA metabolism and protein translation (532). Cia2 is a small acidic protein, containing a C-terminal Domain of Unknown Function 59 (DUF59) (543,544). Cia2 forms a stable complex with Cia1 and Mms19, and complex formation is required for CIA function. The Cia2:Mms19 interaction is sensitive to expression of Cia1 and known CIA targets, suggesting that the targeting complex is formed or stabilized in the presence of substrate (545). A recent study identified an additional Cia2 isoform in mammalian cells, Cia2A (human CIA2A or FAM96A), apparently exclusively dedicated to FeS maturation of cytosolic Iron Regulatory Protein 1 (IRP1), a bi-functional metazoan protein required for FeS-dependent cytosolic aconitase activities and the maintenance of cellular iron homeostasis (532). Cia2B and Mms19 have additionally shown evidence of substrate specificity, suggesting that components of the targeting complex may preferentially target distinct sub-sets of client proteins (545). Collectively, these results provide the physical link between the early CIA machinery and downstream apo-targets, and initial evidence of the differential targeting of FeS by the CIA machinery. However, this does not preclude the existence of additional regulatory or targeting mechanisms, perhaps involving components of the early CIA machinery.
     Intriguingly, several CIA factors (Cfd1, Nar1, Cia1 and 2, and Mms19), including three of four components in the targeting complex, were identified in a screen for hyper-reactive cysteines in human proteins, using very low level exposure (low micromolar vs standard millimolar concentrations) to an affinity labeled, thiol-reactive probe, Iodoacetamide (biotinylated-IA) (497). Thus defined, hyper-reactivity was a rare feature among cysteines, and was found to specify a number of physiological activities, including nucleophilic and reductive catalysis, redox-active disulfide formation, and sites of oxidative modification, including glutathionylation. Many details of the mechanism of assembly by the CIA machinery remain unknown. However, components of the CIA machinery exhibit little genetic homology to other FeS assembly machineries, and it is likely that the mechanism of CIA is tailored to optimize FeS biogenesis in the eukaryotic cytosol. It will be of enormous interest to determine the role of these hyper-reactive cysteines in the various CIA factors, and the reasons why more than half of all CIA factors, most required late in the pathway, possess hyper-reactive cysteine residues, an apparently rare commodity in the eukaryotic cytosolic milieu. 
8. A Model for the Mechanism of FeS Assembly by the CIA System
     As reviewed in the previous sections, FeS clusters are ubiquitous and versatile protein co-factors, with essential roles in virtually all living cells. FeS proteins have been localized to the mitochondria, cytosol, endoplasmic reticulum, and nucleus of eukaryotic cells, where they play essential roles in foundational cellular processes, including aerobic respiration, energy and intermediary metabolism, genome replication and repair, protein expression, iron and redox homeostases, and in the differentiation and development of multi-cellular organisms, including humans. It has been just over a decade since the discovery of Cfd1 indicated the presence of a previously unidentified system for the assembly of extra-mitochondrial FeS in the eukaryotic cytosol, designated as the CIA system. Significant progress has been made in the identification and characterization of the known CIA factors, and a rapidly evolving model for the mechanism of CIA has emerged in the intervening years (Figure 7).
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Figure 7. FeS Assembly by the Cytosolic Iron-Sulfur Assembly System. The physiological ligand coordinated at the Nbp35 CPXC motif, and the mechanism of assembly on Nbp35 and the Nbp35:Cfd1 complex, have yet to be determined. In addition, it is not known if the Nbp35:Cfd1 hetero-complex dissociates upon completion of the catalytic cycle and reassembles de novo, or not. However, evidence supports formation of a stable complex in yeast. See text for additional details.


     It is proposed that the CIA system depends on the function of the mitochondrial ISC system, as depletion of core ISC components impairs FeS maturation of cytosolic and nuclear targets, including the dedicated CIA components (194,216). Two additional mitochondrial proteins are specifically required for CIA activity. Atm1 is an ABC transporter located in the inner mitochondrial membrane, which transports an unknown substrate (X) required for CIA activity from the matrix in the Inter-Membrane Space (IMS) (440). Although the identity of this substrate is unknown, Atm1 appears to prefer cysteine-rich peptides, and to transport only small ligands, such as glutathione (249,476). A recent report identified glutathione-complexed Fe2S2 clusters as a likely physiological substrate for Atm1, and provided a model for the Atm1-Fe2S2-GSH structure. The inter-membrane space Erv1 sulfhydryl oxidase is also required for CIA activity (217). Erv1 functions in complex with Mia40 protein to introduce disulfide bonds into IMS proteins. Atm1 and Erv1 appear to shuttle the mitochondrially-derived substrate to the CIA system, and possibly to signal mitochondrial function and status as well (478). Intriguingly, Mia40:Erv1 activity requires reduced glutathione and produces oxidized glutathione as a by-product (479).
     Cytosolic FeS biogenesis additionally requires the activities of the cytosolic mono-thiol glutaredoxins, Grx3 and 4, and the tri-peptide, glutathione (149,546). Grx3/4 bind a bridging Fe2S2 cluster at the hetero-dimer interface, additionally ligated via two molecules of glutathione. Specifically, GSH-FeS-Grx3/4 is required for FeS maturation of Dre2, Nar1, and downstream CIA targets. Accumulating evidence suggests that monothiol Grx’s, including Grx3/4 may function as intermediate carriers of FeS from the housekeeping (ISC, or sometimes SUF) assembly system to apo-targets, or even to other FeS assembly systems, for additional processing and/or targeting to distinct sub-sets of apo-proteins (241,242,264,265). Grx3/4 performs additional roles in iron sensing, at least in yeast, and this complex is additionally required for iron trafficking to all extra-mitochondrial heme, di-iron, and FeS cluster proteins (149). Notably, Grx3/4 have been shown to act coordinately with the CIA factors, Dre2 and Tah18, in the transfer of iron to other cytosolic systems (483). 
     The Dre2:Tah18 hetero-complex functions as a cytosolic electron transfer chain, and is required for FeS maturation of Nbp35, Nar1, and all CIA target proteins (346,347). Electrons are transferred from cytosolic NADPH via the flavin cofactors in the reductase Tah18 to an FeS cluster in Dre2, for subsequent transfer to acceptor proteins (487). Recent reports demonstrate that electron transfer through Tah18:Dre2 is required for iron transfer in other cytosolic pathways, as Tah18:Dre2 is required for maturation of the di-ferric tryosyl radical on ribonucleotide reductase 2 (Rnr2), specifically for the acquisition of iron from Grx3/4 and GSH (483). Cumulative evidence suggests that NADPH-Tah18:Dre2-FeS supplies electrons required for the FeS maturation of Nbp35, and for the transfer of iron and/or FeS from GSH-FeS-Grx3/4 to the Nbp35:Cfd1 scaffold, for assembly and transfer to Nar1 and all CIA targets (148,149,241,242,265,346,347,483,486).
     Nbp35 and Cfd1 are proposed to function in hetero-complex as the scaffold for extra-mitochondrial FeS assembly (258). In vivo investigations demonstrate that Nbp35 and Cfd1 exist in equilibrium as stable homo- and hetero-complexes in yeast (294). The structural arrangements of the Nbp35 and Cfd1 complexes are unknown. However, the shared C-terminal metal-binding CPXC motifs are required for homo- and hetero-complex formation, absolutely in the case of Nbp35, and cumulative evidence suggests that the hetero-tetramer functions as the catalytic scaffolding complex (151,258,294). Nbp35 and Cfd1 are classified as P-loop ATPases on the basis of sequence homology and directed mutagenesis, and a nucleotide-dependent cycle has been proposed for the assembly and/or transfer of nascent cluster by Nbp35:Cfd1 (29). Initial results suggest that nucleotide binding and hydrolysis by both proteins is required prior to acquisition of iron by the scaffolding complex. Additional phylogenomic analyses and in vivo investigations suggest that Cfd1 may be required for assembly and/or transfer of the labile FeS by the Nbp35:Cfd1 scaffold (294). However, direct evidence of nucleotide binding and hydrolysis by Nbp35 and/or Cfd1 has not been demonstrated, and the precise roles of their putative NTPase activities have yet to be determined. Of note, Nbp35 and Cfd1 have not been shown to interact with other components of the CIA pathway, with the possible exception of Nar1 (personal communications and unpublished observations). The identity of the ISC-derived signal or substrate, the sources of iron and sulfur, and the mechanism of assembly by the Nbp35:Cfd1 scaffolding complex have additionally yet to be determined.
     The Nbp35:Cfd1 scaffolding complex is required for FeS maturation of Nar1, prior to transfer of nascent cluster to apo-targets via Nar1 and the recently characterized late CIA targeting complex (258). Although the role of Nar1 in CIA is not clear, the protein is not required for FeS maturation of other CIA factors, but is required for maturation of CIA targets. In addition, Nar1 has immuno-precipitated with both early (personal communications) and late components of the CIA machinery (131,172,173,517). Thus Nar1 appears positioned to act as an intermediary between assembly of FeS by Nbp35:Cfd1, and the distribution of this FeS by the CIA targeting complex. The stable CIA targeting complex is comprised of the Cia1, Cia2, and Mms19 proteins, and appears to function primarily in the differential targeting of cluster to distinct sub-sets of apo-targets, including numerous nuclear proteins required for DNA metabolism and maintenance (13,149,194,216,347). 



CHAPTER II: MATERIALS AND METHODS
A. Design and Rationale   
     Nbp35 is the proposed scaffold for extra-mitochondrial FeS biogenesis. However, the precise role of Nbp35 in cluster assembly remains obscure. Nbp35 is classified as a metal-binding NTPase by sequence homology, and it was known previously that a functional NT domain is required for viability in yeast. Specifically, Nbp35 is a member of the SIMIBI sub-class of P-Loop NTPases. Despite diverse functions and low sequence homology, these proteins display considerable structural and mechanistic conservation. In general, SIMIBI proteins harness energy from NT hydrolysis to control complex multi-step processes requiring ordered reaction steps and/or interactions. 
     Intriguingly, several members of the SIMIBI family are involved in metal efflux, metal insertion, and complex metallo-cluster assembly. In addition, nucleotide binding and hydrolysis is utilized in non-homologous FeS assembly systems for metal acquisition and/or the transfer of nascent cluster. Therefore it was hypothesized that nucleotide binding and hydrolysis is required for Nbp35 function in FeS biogenesis. Furthermore, that nucleotide binding and hydrolysis by Nbp35 may mediate complex formation and/or metal transfer, as observed in homologous SIMIBI NTPases.

     The aim of these investigations was to more thoroughly elucidate the role of Nbp35 nucleotide binding and hydrolysis in extra-mitochondrial FeS assembly. However, despite repeated efforts by multiple groups, Nbp35 has exhibited no 
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direct evidence of nucleotide binding or hydrolysis to date. Therefore, in order to investigate the role of Nbp35 activities in FeS biogenesis, conserved residues within cognate NTPase motifs were targeted by site-directed mutagenesis, and the effect of these mutations on FeS biogenesis, complex formation, and iron binding by Nbp35 were assessed in the model organism, Saccharomyces cerevisiae. 
B. Yeast Strains
     The Saccharomyces cerevisiae strain 0615d (MATa, ura3-52, trp1-∆63, his3-∆200, aco1-1, ade2. IDPUP) was used as the parental strain for these studies, and has been previously described (454). The nbp35 deletion strain (∆NK1) was generated previously by replacement of the NBP35 open-reading frame (ORF) with the KANMX cassette (294). As NBP35 encodes an essential gene, viability of this strain was maintained by plasmid-driven expression of Nbp35 at all times. Yeast were transformed using the lithium acetate method (547). NBP35 mutants were initially transformed into an NBP35 shuffle strain, with NBP35WT encoded on a URA3 selective plasmid (pRS316), to assess viability. Mutants unable to support autonomous growth were additionally transformed into the nbp35TSM (Translation Start Codon Mutation - TSM) strain, for further analyses. This strain expresses sufficient Nbp35WT to support viability and normal growth (~10% endogenous gene levels), but is unable to complement cytosolic FeS-dependent defects in the 0615d background (294). 
C. Plasmid Constructs and Site-Directed Mutagenesis
     The pRS series of yeast shuttle vectors was used for ectopic expression of the various genes (548). The vectors used contain the yeast centromere sequence (CEN) and an autonomously replicating sequence (ARS) for maintenance of a single copy in yeast. The ORF for each gene, with any associated epitope tag, was previously inserted directly into the multiple cloning site (MCS) under control of the indicated promoter (Table 1). 
     NBP35 mutants were generated by site-directed mutagenesis (Quikchange II Kit, Stratagene), according to manufacturer’s instructions. The NBP35 alleles were initially placed under control of a minimal ADH1 promoter, with the aim of inducing moderate, constitutive expression in yeast (549). Template DNA included a C-terminal MYC epitope tag to facilitate isolation of the expressed protein from total cell extracts. Mutations were validated by sequencing of the complete insert. Sequencing was performed by staff at the UIC Research Resource Center sequencing facility, and results were compared to published sequences deposited with the Saccharomyces Genome Database (www.sgd.org).       
     Some of these mutations induced a dominant inhibitory phenotype in homologous proteins (502,550-552). Therefore, the NBP35 alleles were subsequently placed under control of a methionine repressible promoter (MET3.1) (553), in order to control expression of potentially toxic proteins, and minimize cellular adaptations to their prolonged expression. The ORF and C-terminal MYC tag were excised and ligated into the destination vector, under control of the MET-regulatable promoter. Stable expression of all mutants was confirmed by immuno-staining of total cell lysates.




Table II.  PLASMIDS USED FOR THESE STUDIES.
	Vector
	Promoter
	Gene Product
	Epitope Tag
	Used For

	pYADFRP1
	ADH
	IRP1
	-
	Glutamate Auxotrophy, c-Aconitase Activity

	pYESHISIRP
	ADH
	IRP1
	C-MYC
	Glutamate Auxotrophy, c-Aconitase Activity

	316-NBP35
	ADH
	Nbp35WT
	-
	To maintain viability and assess viability

	313-TSM
	TSM
	Nbp35TSM
	-
	To maintain viability and assess inviable mutants

	314-EV
	ADH
	EV
	-
	Empty vector control

	314-NBP35
	ADH
	Nbp35WT
	C-MYC
	Wild type control and template DNA for mutagenesis

	314-MET EV
	MET3.1
	EV
	-
	Empty vector control

	314-MET NBP35
	MET3.1
	Nbp35WT
	C-MYC
	Wild type control and destination vector

	NBP35-HA
	ADH
	Nbp35WT
	C-HA
	Co-immunoprecipitation

	CFD1-HA
	ADH
	Cfd1WT
	C-HA
	Co-immunoprecipitation

	NAR1-HA
	ADH
	Nar1WT
	C-HA
	Co-immunoprecipitation

















Table III. MUTANT PLASMIDS GENERATED FOR THESE STUDIES.
	Vector
	Promoter
	Gene Product
	Epitope Tag
	Used For

	pRS314
	ADH
	Nbp35G80A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35G80D
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35G80Y
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35K81A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35K81Q
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35K81R
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35K86A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35K86Q
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35K86R
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D109A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D109E
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D109N
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D111A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D111E
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D111N
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D189A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D189E
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35D189N
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35E221A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35E221D
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35E221N
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35D226A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35D226E
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35D226N
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities, Co-IP

	pRS314
	ADH
	Nbp35N247A
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35N247D
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	ADH
	Nbp35N247Q
	MYC-C
	Viability, Glutamate Auxotrophy, Aconitase Activities

	pRS314
	MET3.1
	Nbp35K81A
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35K81Q
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35K86A
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35K86Q
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35D109A
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35D109N
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35D111A
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP

	pRS314
	MET3.1
	Nbp35D111N
	MYC-C
	Inhibition (Growth and Glutamate Auxotrophy), Co-IP



Co-IP – Co-immunoprecipitation

D. Culture Conditions and Media
     Yeast were cultured at 30°, in minimal selective defined media (SD) (554). Additional supplemented nutrients were omitted to maintain plasmid selection, as necessary. Cells were grown to mid-log phase (OD600 ~ 0.8) for all experiments. However, initial cell densities were adjusted to account for growth inhibition in some Nbp35 mutant strains (resulting in fewer cell doublings for these inhibitory strains). Addition of 2mM methionine efficiently repressed expression of NBP35 under control of the MET3.1 promoter. Subsequent washing (3X with MilliQ Water) and growth in media lacking methionine resulted in rapid, robust expression, as assessed by immuno-blot of total cell lysates. 
E. Viability 
      The ability of the Nbp35 variants to support autonomous growth was assessed by plasmid shuffle of the wild-type protein in the presence of 5-Fluoroorotic Acid (5-FOA, Sigma-Aldrich), following published protocols (555,556). Cells were initially applied to plates (+/- 0.1% 5-FOA) at a low cell density, in order to isolate single colonies of Nbp35 mutants able to support viability in yeast. Cells were subsequently applied to the selective plates at a higher density, using a pinning tool, for presentation.


F. Glutamate Auxotrophy
     Briefly, genetic ablation of mitochondrial aconitase (aco1-1) in the 0615d strain results in glutamate auxotrophy (454). This phenotype is rescued by up-regulation of the IDP2 gene and plasmid-driven expression of mammalian cytosolic IRP1, which requires cytosolic cluster assembly for FeS-dependent aconitase activity. Thus, glutamate-dependent growth and c-aconitase activity provide convenient, albeit indirect, assays of CIA function in this strain. The TSM strain is unable to complement cytosolic FeS-dependent defects in the 0615d background (294). TSM cells expressing IRP1 were transformed with plasmid containing empty vector, wild-type, or the indicated NBP35 allele. Log phase cells were washed to remove excess media, applied to selective plates +/- glutamate, and incubated at 30° for 5 days. 
G. c-Aconitase Activity
     c-Aconitase activity assays were performed as previously described (454). 
H. Co-Immunoprecipitation
     Co-immunoprecipitations of the epitope-tagged proteins were performed essentially as described (294). Cleared cell lysates were precipitated using Protein G Plus Agarose (Santa Cruz), and HA- or MYC-tagged mouse monoclonal antibody (Cell Signaling), as indicated. The presence of both proteins was confirmed by immuno-blot of the precipitated samples, using these same primary antibodies. Secondary antibody was covalently linked to alkaline phosphatase (Sigma-Aldrich), and blots were visualized using Alkaline Phosphatase Buffer (100 mM Tris-Hcl pH 9.5, 100 mM NaCl, 5 mM MgCl2, plus addition of  nitro blue tetrazolium chloride (NBT) and (5-bromo-4-chloro-1H-indol-3-yl) dihydrogen phosphate (BCIP) immediately prior to use. Protein concentrations were determined spectrophotometrically (557). Relative protein expression was determined by immunoblot performed on total cell lysate (471).
I. 55Fe Immunoprecipitation (Pulse and Steady-State Radio-labeling)
     The physiological acquisition of iron by Nbp35 was determined by radio-labeling with 55Fe and liquid scintillation, essentially as described (294). Briefly, TSM cells harboring EV, WT, or the indicated Nbp35 allele were grown in selective media (2mM methionine), washed, and radiolabeled with 55FeCl3 (Perkin Elmer), as indicated. Iron-free media for pulse labeling experiments was prepared using a nitrogen source lacking iron (YNB without Copper Sulfate/Ferric Chloride, MP Biomedicals), supplemented with Cupric Sulfate (40 ug/L, Sigma-Aldrich), as per manufacturer’s instructions. Media was additionally supplemented with ascorbic acid (1 mM, Fisher Scientific) and 55FeCl3, immediately prior to pulse radio-labeling. Glassware for radio-labeling experiments was processed by hand, soaked in citrate buffer and dilute acid to remove trace elements and detergents, and rinsed in de-ionized water prior to sterilization.
Pulse labeling. Cells were incubated for 4 hours in 0.5X volume selective media, lacking methionine and containing the intracellular chelator, 2,2-bipyridyl (100 uM BIP, Sigma-Aldrich), to allow expression of Nbp35 and deplete the cells of iron (558), respectively. Cells were washed, radiolabeled in 0.1X volume iron-free media supplemented with 55FeCl3 (1 uCi/mL) for 30 minutes, and harvested by the addition of ice. 
Kinetics of iron acquisition by pulse labeling. Cells were incubated for 4 hours in 0.5X volume selective media, lacking methionine and containing 100 uM BIP. Cells were washed, and radiolabeled in 0.1X volume iron-free media supplemented with 55FeCl3 (1 uCi/mL). Cells were harvested at the indicated times by the addition of ice. 
Steady-state labeling. Cells were radiolabeled in selective media lacking methionine and supplemented with 55FeCl3 (1 uCi/mL) for 12 hours, and harvested.
     Cells were lysed and subjected to immunoprecipitation with MYC specific antibody under anaerobic conditions, and 55Fe associated with Nbp35 was determined by liquid scintillation of the immunoprecipitates. Relative protein was determined by densitometry of immunoblot images, using ImageJ quantitation software (http://imagej.nih.gov/ij/index.html).
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CHAPTER III: THE ROLE OF NBP35 P-LOOP AND SWITCH I RESIDUES
A. Introduction – P-Loop Lysines and Switch I Aspartic Acids
     FeS biogenesis consists of the assembly of FeS on a scaffold from cellular sources of iron and sulfur, and the subsequent transfer of nascent cluster to the appropriate apo-proteins.  Nbp35 and Cfd1 have been proposed to function in complex as the scaffold for extra-mitochondrial FeS biogenesis (258,294). However, recent investigations suggest that Nbp35 functions as the scaffold for cluster assembly, and that Cfd1 may play a role in the assembly and/or transfer of cluster on Nbp35 (294). Significant progress has been made in uncovering the roles of these proteins in extra-mitochondrial FeS assembly and the cell. However, the mechanisms of cluster assembly by the Nbp35:Cfd1 scaffolding complex, and the precise roles of the two proteins in FeS biogenesis, have yet to be determined. Therefore the aim of these investigations was to elucidate role of Nbp35 activities to extra-mitochondrial FeS biogenesis.

     Nbp35 and Cfd1 are homologous, but they are not functionally redundant. To our knowledge, all organisms known to metabolize iron encode an Nbp35 ortholog (197), while the requirement for Cfd1 appears far more evolutionarily plastic (30,335). Both proteins can reconstitute a labile bridging Fe4S4 via a highly conserved C-terminal CPXC motif, alone or in hetero-complex. And these cysteines are essential for viability, iron binding, and complex formation in yeast (151). However, previous investigations by this group demonstrate that Nbp35 binds most of its iron (~80% of maximal iron) independently of Cfd1. In
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contrast, Cfd1 binds iron only in complex with Nbp35. In addition, interaction with Cfd1 increased the lability of iron bound to Nbp35, suggesting that Cfd1 is required for efficient transfer of cluster from the Nbp35 scaffold, an inference corroborated by phylogenomic analyses;  the absence of Cfd1 correlates strongly with a variable insertion at the Nbp35 C-terminal CPXC motif, including loss of the amino-terminal cysteine, suggesting Cfd1 is evolutionarily linked with the specific mechanism of assembly and/or transfer of the labile, bridging cluster (294). 
     In addition to this labile, bridging cluster, each Nbp35 monomer ligates an additional Fe4S4 cluster, via an N-terminal extension not present in Cfd1 (192,197,214,258). In fact, this is one of few defining features between the two proteins at the sequence level. The N-terminal cluster is bound via a conserved ferredoxin-like motif, and is essentially required for Nbp35 physiological function. It has been proposed that the N-terminal cluster is more stably bound, and in vivo radio-labeling revealed the differential stability of iron bound to Nbp35, as incubation with an intra-cellular chelator displaced only half the 55Fe bound to Nbp35 precipitated from yeast (294). However, the function of the N-terminal clusters, and the physiological stabilities of the different clusters bound to Nbp35 have yet to be definitively determined. FeS maturation of Nbp35 and assembly of the labile cluster requires the mitochondrial ISC and export machineries, and the activities of upstream CIA factors (13,149,194,216,347). Nbp35:Cfd1 are additionally required for FeS maturation of all downstream CIA targets, including the CIA factor Nar1, which binds at least one stable cluster required for function in cytosolic FeS biogenesis (155,192).
    Nbp35 and Cfd1 are classified as P-loop NTPases by sequence homology (498), including conservation of cognate motifs such as the Phosphate-binding Loop (P-loop) (GXXXXGKS/T)  and Switches I and II, which play conserved, essential roles in nucleotide binding and hydrolysis (320,559). P-loop residues, including the invariant lysine, make stabilizing contacts with the β- and γ-phosphates of the bound nucleotide. The switch regions coordinate a requisite magnesium ion and attacking water molecule, and signal nucleotide status to distal regions by adopting distinct nucleotide-dependent conformations. More specifically, Nbp35 and Cfd1 are members of the SIMIBI sub-family of ATPases, characterized by a deviant P-loop motif encoding an additional, “signature” lysine (GKGGXGKS/T) (320,339). These proteins function as obligate homo- or hetero-dimers, with the nucleotide binding pockets at the dimer interface. Dimerization results in assembly of the catalytic machinery, as the signature lysine from each monomer extends across the dimer interface to interact with the γ-phosphate of the NTP bound to the opposite monomer, providing the catalytic impetus for hydrolysis (327,502). Several SIMIBI proteins (including NifH, MinD, and Get3) have crystallized as comparable dimers in various nucleotide-bound states, and have been extensively characterized, both structurally and biochemically (321,326,339,340,342,499-505).
     Although Nbp35 and Cfd1 are classified as NTPases, nucleotide binding or hydrolysis have not been detected for the purified proteins, alone or in complex (151). However, archaeal and bacterial ApbC/Nbp35 homologs have demonstrated in vitro activities, and/or an in vivo requirement for the invariant P-Loop lysine (197,334,506). Previous investigations have established a requirement for this residue in Nbp35 and Cfd1 in cluster biogenesis, but the precise roles of nucleotide binding and hydrolysis have remained elusive (151). Therefore these investigations were designed to elucidate the roles of nucleotide binding and hydrolysis by Nbp35. To this end, conserved residues within cognate NTPase motifs were targeted by site-directed mutagenesis, and the effects of these mutations on known Nbp35 functions were assessed in the model organism, Saccharomyces cerevisiae. Results presented herein suggest that Nbp35 nucleotide binding and/or hydrolysis are required for self-maturation, prior to assembly and transfer of labile cluster by the Nbp35:Cfd1 hetero-complex.
B. Results
1.  Requirement for the Nbp35 NTPase Domain in Yeast
     To investigate the role of nucleotide binding and hydrolysis by Nbp35, conserved residues in putative NTPase motifs were targeted by site-directed mutagenesis of the encoding allele. Comparison with homologous members of the SIMIBI family of ATPases identified four conserved regions predicted to be involved in nucleotide binding and hydrolysis (Figure 8). 
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Figure 8. Nbp35 protein schematic and sequence alignment. Schematic of Nbp35 protein showing the relative positions of cognate NTPase motifs, and cysteines required for FeS binding. Multiple sequence alignment of Nbp35 and additional SIMIBI NTPases, showing the conservation of key residues within these motifs. The NBS is absent in E. coli MinD. It is present only in a subset of SIMIBI NTPases.
The position of cysteines required for FeS binding are shown as RED lines in the schematic. Residues chosen for mutagenesis are shown in BOLD in the sequence alignment. The signature lysine (Nbp35K81A) is shown by the [image: C:\Users\kelly\Desktop\star.png].
P – P-Loop     I – Switch I     II – Switch II      N – Nucleotide Binding Sequence
Sc – Saccharomyces cerevisiae, Af – Archaeoglobus fulgidus, Av – Azotobactor vinlandii, 
Ec – Escherichia coli 



Key residues within these regions were mutated to alanine, and substitutions were designed to further probe the roles of specific side-chains at these positions. These directed mutations were predicted to impact nucleotide binding or hydrolysis based on crystallographic and biochemical analyses of homologous proteins (325,327,500-502,551,560-563). As purified Nbp35 has not previously exhibited NT binding/hydrolysis activities, it was not possible to assess these activities directly. However, the ability of the different alleles to support Nbp35 function was assessed by complementation of Nbp35WT in yeast. 
     The ability of the different nbp35 alleles to support viability was assessed by growth in the presence of 5-FOA (5-Flouroorotic Acid) (555,556). 5-FOA is toxic in the presence of an intermediate of uracil biosynthesis. Therefore only cells that lose the URA3 plasmid will survive selection on 5-FOA. Cells were grown in the presence of 5-FOA to select for loss of the plasmid-borne Nbp35WT (Figure 9). With few exceptions, mutations at within the four nucleotide motifs were lethal, underscoring the importance of these residues, and nucleotide binding and hydrolysis, to Nbp35 function. Of seven residues initially targeted, the P-Loop glycine (G80) was the only residue permissive to change. G80 mutants were able to support viability, although G80D displayed reduced autonomous growth (Figure 9). Surprisingly, K81A showed minimal autonomous growth (data not shown), demonstrating that suppressors of this mutation could be isolated. Even conservative substitutions, such as aspartic to glutamic acid, resulted in lethality in yeast, suggesting a specific role for these residues in Nbp35 function, presumably in nucleotide binding and hydrolysis. 
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Figure 9. Complementation of viability in yeast by plasmid shuffle. Nbp35∆ cells co-expressing wild-type protein from a uracil selective plasmid, and empty vector (EV), wild-type (WT), or the indicated Nbp35 allele from an additional plasmid were grown to log phase. Cells were adjusted to OD600 = 2.0, and 5X serial dilutions were applied to selective plates +/- 0.1% 5-FOA. Plates were grown at 30° for 5 days. Results are representative of 3 independent experiments.  
5-FOA – 5-Flouroorotic Acid


2. Effect of Mutation at G80 on Nbp35 Function in Yeast
     P-Loop and Switch I residues are highly conserved across the P-Loop family, and these residues play established roles in nucleotide binding and hydrolysis in homologous P-Loop NTPases. It was therefore of interest to assess the effect of these mutations on indicators of CIA activity. It has been shown that yeast lacking m-aconitase are autotrophic for glutamate biosynthesis, and that this defect is rescued by exogenous expression of mammalian IRP1, given functional CIA to provide an FeS required for IRP1 aconitase activity (454). In addition, the enzymatic activity of IRP1 correlates closely with the Fe content of IRP1 and endogenous apo-targets precipitated from yeast (294). Thus both glutamate-dependent growth and c-Aconitase activity are rapid yet accurate indicators of CIA activity in yeast lacking m-aconitase. As the G80 mutants were able to support autonomous growth, these mutants were analyzed in the ∆NK1 background, with the plasmid-borne mutants as the only NBP35 gene in these strains.
     G80A only partially rescued the glutamate auxotrophy in yeast lacking m-aconitase, and the aconitase activities of exogenous mammalian IRP1 was decreased to approximately 25% of the activity observed in a wild-type strain (Figures 10A and B). Although able to support viability, the G80D mutant was unable to rescue glutamate auxotrophy or c-aconitase activities. This strain also exhibited reduced ability to support growth in the presence 5-FOA (Figure 9). Therefore even the addition of a methyl group to the side-chain at Nbp35G80
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Figure 10. Ability of Nbp35 G80 mutants to complement CIA-dependent 
(A) Glutamate auxotrophy. ∆NK1 cells expressing exogenous IRP1 were transformed with plasmid containing empty vector (EV), wild-type (WT), or the indicated Nbp35 allele. Log phase cells were washed with de-ionized water and adjusted to OD600 = 2.0, in same. 5X serial dilutions were applied to selective plates +/- glutamate, as indicated. Plates were incubated at 30° for 5 days. Results are representative of 3 independent experiments.
 (B) FeS-dependent c-aconitase activities. ∆NK1 cells co-expressing WT or the indicated Nbp35 allele and exogenous IRP1 were grown to log phase in selective media, harvested, and analyzed for CIA-dependent c-aconitase activity. Error bars are calculated from three independent samples. Results are representative of two independent experiments. 
E+ – Plates supplemented with glutamate      E- - Plates lacking glutamate
 

significantly impaired cytosolic FeS biogenesis in yeast. This phenotype is reminiscent of the TSM strain, which expresses sufficient wild-type protein to support viability (~10% endogenous wild-type expression), and displays similar defects in CIA-dependent activities. Thus, mutation of the conserved P-Loop glycine at G80 results in partial disruption of activity, providing valuable hypomorphic strains for analysis of Nbp35 function in the absence of wild-type protein.    
     It is known that Nbp35 and Cfd1 form homo- and hetero-complexes, and that these interactions are required for physiological function (151,258,294). In addition, nucleotide binding and hydrolysis control complex formation in homologous SIMIBI NTPases (502,561). It was therefore of interest to evaluate whether mutation at G80 would impact complex formation by Npb35. With this aim, yeast expressing epitope-tagged versions of the G80 variants (C-terminal MYC) were additionally transformed with epitope-tagged Nbp35WT OR Cfd1WT (C-terminal HA). The MYC-tagged Nbp35 mutants were stably expressed in yeast, at levels roughly equivalent to the wild-type version as expressed from the same promoter (Figure 11). G80A efficiently precipitated with both Nbp35WT and Cfd1 from yeast. Substitution with the much larger aspartic acid at this position (G80D) dramatically attenuated interaction with Nbp35WT. However, complex formation with Cfd1 appeared unaffected by this mutation.
     The rapid acquisition/transfer of iron is critical to an FeS scaffolding function, and Nbp35WT has been shown to acquire and transfer iron efficiently in yeast (294). Additionally, a number of homologous proteins require NTPase activities for metal acquisition and/or transfer (321,326,564,565), and nucleotide-dependent cycles control metal acquisition and/or cluster transfer in non-homologous FeS cluster assembly systems (288,301,304,307). Therefore the ability of these mutants to rapidly acquire and transfer iron was assessed by pulse-chase analysis. Iron-starved yeast were labeled for 45 minutes in iron-free media supplemented with 55Fe (1uCi/mL, ~1.2 uM), followed by a 45 minute chase with an excess of non-radioactive iron (100 uM FeCl3). Cells were lysed and precipitated anaerobically, and iron associated with Nbp35 was determined by liquid scintillation of the MYC precipitated cell extracts. As these strains did not require expression of wild-type protein to support viability, it was not possible to normalize to an empty vector control. Therefore each strain included a beads-only control immunoprecipitation, and counts associated with these controls were subtracted from the corresponding samples. Consistent with previous results, Nbp35WT had accumulated significant counts at 45 minutes, and this iron was partially displaced by the addition of non-radioactive iron (by 34%) (Figure 12). Thus, as expected, Nbp35WT bound significant iron, and some of this iron was labile. The pattern of iron-binding and release was distinct in the different mutant strains. G80A, which exhibited partial activities, bound approximately 60% of the iron as wild-type NBP35, and this iron was normally displaced over the 45 minute chase. G80D bound considerably less iron (~30%), but this iron also appeared normally displaced at 45 minutes. 
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Figure 11. Effect of G80 mutations on complex formation. ∆NK1 cells expressing wild-type (WT) or the indicated Nbp35 allele were transformed with plasmid containing. EV or (A) HA-tagged Nbp35WT or (B) HA-tagged Cfd1 Log phase cells were harvested, prepared, and subjected to co-immunoprecipitation with MYC specific antibody as described. Co-immunoprecipitation of HA-tagged Nbp35 or Cfd1 was detected by immunoblot with MYC and HA specific antibodies. The relative expression of each allele was determined by immunoblot performed on total cell lysate. Blots are representative of independent experiments.  
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Figure 12. Effect of G80 mutations on iron binding and transfer by Nbp35. ∆NK1 cells harboring WT or the indicated Nbp35 allele were grown in selective media, washed, and radiolabeled with 55Fe for 45 minutes followed by chase with excess of non-radioactive iron for an additional 45 minutes. Cells were subjected to immunoprecipitation with MYC specific antibody under anaerobic conditions, and 55Fe associated with Nbp35 was determined by liquid scintillation of the immunoprecipitates. The relative protein expression was determined densitometry of immunoblot images. Error bars represent the mean from three independent immunoprecipitations, and these data are representative of 2 independent experiments.


    The remaining P-Loop and Switch I mutants (K81A/Q, K86A/Q, D109A/N and D111A/N), which were unable to support viability, were transformed into the NBP35TSM (Translation Start-codon Mutant - TSM) strain for further analyses. This strain expresses sufficient wild-type Nbp35 to maintain viability (~10% endogenous levels), but is unable to complement the glutamate auxotrophy in aco1 yeast expressing IRP1, indicating decreased cytosolic FeS assembly (294). Additional expression of Nbp35WT restored growth on plates not supplemented with glutamate. However, none of the inviable Nbp35 P-Loop and Switch I mutants rescued glutamate-dependent growth in the TSM background (data not shown). These results demonstrate that conserved residues in Nbp35 P-Loop and Switch I regions are required for Nbp35 function in cytosolic FeS biogenesis.
     In several cases, specific mutation to the second, more conserved Switch I aspartic acid (D111A or D111N) resulted in a hydrolysis-deficient protein with a dominant-inhibitory phenotype, due to formation of a non-dissociating or conformationally defective complex (502,551,561,566). Thus, it was not unexpected that the same mutations might result in an inhibitory phenotype in Nbp35, as was seen on selective plates.  Therefore the inviable P-Loop and Switch I mutants were placed under control of a methionine-repressible promoter (MET3.1) to control expression of potentially toxic proteins, and to limit cellular adaptations to their prolonged expression. All subsequent experiments were performed with these conditionally expressed, c-terminally MYC tagged constructs.  Expression of these proteins was efficiently repressed by methionine (2 mM). Washing of cells and removal of supplemental methionine from media resulted in rapid and robust induction. All of the mutants were stably expressed in yeast relative to the wild-type protein.
3. Select P-Loop and Switch I Mutations are Inhibitory to Growth 
    Controlled expression of K86Q, D111A, or D111N resulted in an inhibitory phenotype in the TSM background (Figures 13A and B). Expression of these mutants decreased colony formation by ≥ 70% on selective plates (data not shown), and effectively tripled the doubling times of these strains in selective media. Although inhibitory to growth, these strains were stably expressed at levels similar to the wild-type protein for at least 12 hours post-induction. K86A was inhibitory on solid media, but was not as inhibitory under liquid culture conditions. These strains were difficult to culture, further complicating additional characterization of these alleles. In fact, it was necessary to adjust initial cell densities to account for growth inhibition for subsequent analyses, resulting in fewer cell doublings for these inhibitory strains. Additional ectopic expression of Nbp35WT largely relieved the growth inhibition in these yeast, consistent with a defect in complex formation or localization in these mutants (data not shown). 
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Figure 13. Growth inhibition 
(A) on selective plates. TSM cells were transformed with plasmid containing EV, WT, or the indicated Nbp35 allele, under control of a methionine repressible promoter. Cells were grown to log phase in media supplemented with methionine (2 mM), washed with de-ionized water, and adjusted to an OD600 = 2.0, in same. 5X serial dilutions were prepared and applied to selective plates +/- methionine, as indicated. Plates were incubated at 30° for 3 days. Results are representative of 3 independent experiments. 
M+ - Plates supplemented with 2 mM Methionine      M- - Plates lacking methionine
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(B) in liquid selective media.  TSM cells were grown to log phase and washed as for (A), and resuspended in selective media lacking methionine at OD600 = 0.05. Optical densities were measured at the indicated timepoints, and linear portions of the resulting growth curves were plotted on a Log10 scale. Aliquots were harvested at the same indicated timepoints, and the relative expression of each allele over time was determined by immunoblot (α-MYC) of 100 ug total cell lysate. Error bars represent the deviation from the mean of three independent cultures. Results are representative of 3 independent experiments.  


4. Effect of Inviable P-Loop and Switch I Mutations on Nbp35 Function
     Nucleotide binding and hydrolysis are required for complex formation in other SIMIBI NTPases, and expression of G80D impaired interaction with Nbp35WT. It was therefore important to assess the effect of mutations to these critical P-loop lysines and Switch I aspartic acids, catalytically required for nucleotide binding and hydrolysis across the P-Loop family. TSM yeast expressing epitope-tagged versions of the inviable mutants (C-terminal MYC) were additionally transformed with epitope-tagged Nbp35WT OR Cfd1WT (C-terminal HA), and the ability of these mutants to interact was assessed by immuno-precipitation. However, these variants efficiently co-precipitated with both Nbp35WT-HA (Figure 14A) and Cfd1-HA (Figure 14B). These results suggest that that nucleotide binding and hydrolysis are not required for Nbp35:Nbp35 or Nbp35:Cfd1 interactions, and are consistent with previous characterizations of these complexes as stable in yeast (258,294). Of note, Cfd1-HA was not expressed in the K86A strain, likely due to investigator error during co-transformation.
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Figure 14. Effect of Nbp35 mutation on complex formation. TSM cells expressing EV or (A) HA-tagged Nbp35WT or (B) HA-tagged Cfd1 were transformed with plasmid containing wild-type (WT) or the indicated Nbp35 allele. Log phase cells were harvested, prepared, and subjected to co-immunoprecipitation with MYC specific antibody as described. Co-immunoprecipitation of HA-tagged Nbp35 or Cfd1 was detected by immunoblot with MYC and HA specific antibodies. The relative expression of each allele was determined by immunoblot performed on total cell lysate. Blots are representative of independent experiments.  

     Preliminary results suggested that mutation at G80 impaired cluster assembly and iron binding to Nbp35. To further investigate the roles of nucleotide binding and hydrolysis in FeS assembly, we probed the ability of the inviable Nbp35 variants to rapidly acquire iron by in vivo radio-labeling. TSM yeast expressing the epitope-tagged Nbp35 mutants were pulse-labeled for 30 minutes in iron-free media supplemented with 55Fe (1uCi/mL, ~1.2 uM), and iron associated with Nbp35 was determined by liquid scintillation (Figure 15A). Counts associated with expression of the empty vector were subtracted from each sample, and results were normalized to account for variability in protein expression. Although Nbp35WT had acquired significant 55Fe at 30 minutes, iron binding to the mutant proteins was dramatically decreased, by almost 90% in all cases, with one exception. Notably, K81A precipitated approximately 35% iron relative to the wild-type protein at 30 minutes.
     To further delineate the defect associated with K81A, the effect of this mutation on the kinetics of iron binding by Nbp35 was investigated. Yeast expressing Nbp35WT or the K81A variant were pulse labeled as described, aliquots were harvested at indicated time-points after addition to media containing 55Fe, and the resultant cell lysates were analyzed for iron binding to Nbp35, over time. (Figure 15B). Under these conditions Nbp35WT accumulated iron rapidly and steadily over the 90 minute period.  However, the kinetics of iron binding to K81A were significantly slower, although the K81A protein also continued to accumulate iron over the entire period, indicating a defect in the acquisition of iron from a cellular source.
     To gain additional insight into the role of Nbp35 activities in FeS cluster assembly on/by Nbp35, these strains were labeled to steady-state in selective minimal media containing 55FeCl3 (1 uCi/mL 55Fe, ~2.25 uM total iron), and analyzed for iron bound to precipitated Nbp35 (Figure 15C). First, with the exception of K81A, all mutants were severely deficient for iron binding at steady-state, binding only about 20% iron relative to wild-type protein. However, all of these mutants, which were competent for both homo- and hetero-complex formation, consistently bound some iron over background associated with empty vector at steady-state.  Of note, these mutants retained the conserved C-terminal CXXC motif required for complex formation, iron binding, and cluster assembly (151), but were predicted to be deficient for nucleotide binding/hydrolysis. Second, K81A again exhibited unique behavior, binding almost two-thirds the iron relative to Nbp35WT at steady-state. Collectively, these results demonstrate that mutations predicted to abolish nucleotide binding or hydrolysis impair Nbp35 physiological function in CIA, and specifically the impair the assembly of FeS cluster on Nbp35.
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Figure 15. Effect of Nbp35 mutation on the acquisition of iron by Nbp35. TSM cells harboring EV, WT, or the indicated Nbp35 allele, were grown in selective media (2mM MET), washed, and radiolabeled with 55Fe for (A), (B), and (C), as indicated. Cells were subjected to immunoprecipitation with MYC specific antibody under anaerobic conditions, and 55Fe associated with Nbp35 was determined by liquid scintillation of the immunoprecipitates. The relative protein expression was determined densitometry of immunoblot images. Error bars represent the mean from three independent immunoprecipitations, and these data are representative of 2 independent experiments.

(A) Rapid acquisition of iron by Nbp35 mutants. TSM cells were incubated for 4 hours in 0.5X volume selective media, lacking methionine and containing the intracellular chelator, BIP (100 uM), to allow expression of Nbp35 and deplete the cells of iron, respectively. Cells were washed, radiolabeled in 0.1X volume iron-free media supplemented with 55FeCl3 (1 uCi/mL) for 30 minutes, and harvested by the addition of ice. 
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(B) Kinetics of iron acquisition by K81A. TSM cells were incubated for 4 hours, as indicated for Figure 14A. Cells were washed, and radiolabeled in 0.1X volume iron-free media supplemented with 55FeCl3 (1 uCi/mL), and harvested at the indicated times by the addition of ice. 












[image: C:\Users\kelly\Desktop\P-LOOP SS.tif]


(C) Steady-state labeling to Nbp35 mutants. TSM cells were radiolabeled in selective media supplemented with 55FeCl3 (1 uCi/mL, ~2.3 uM total iron) for 12 hours, and harvested. 


   


     It has been reported that Nbp35 co-precipitates with the down-stream CIA factor Nar1 (215). There are no published data in support of these statements; however, depletion of Nbp35 or Cfd1 impairs the acquisition of FeS by Nar1 in vivo (258), and Nar1 appears to function downstream of the Nbp35:Cfd1 scaffolding complex. Therefore, these strains were transformed with Nar1-HA to investigate the potential for interaction between Nar1 and the Nbp35 mutants, and with the aim of assessing iron binding to Nar1 in the mutant strains. However, expression of Nar1 was largely attenuated in the TSM and NTPase mutant-expressing strains (Figure 16). Ectopic expression of Nbp35WT appeared to stabilize the Nar1 protein, as there was more immuno-reactive protein in equivalent volumes of normalized lysate, both total and HA-precipitated. This is consistent with previous reports linking Nar1 protein stability to FeS binding (149), and suggests that incorporation of FeS into Nar1 is impacted upon mutation of key Nbp35 P-Loop and Switch I residues. These results additionally support the thesis that nucleotide binding/hydrolysis by Nbp35 are required for cytosolic FeS assembly in yeast, as Nar1 is an endogenous target of Nbp35 and the early CIA machinery. Expression of K81A appeared to augment stable expression of Nar1 in the TSM background, although not to the same extent as Nbp35WT.  These results suggest that this mutant, which showed minimal autonomous growth and was able to bind some iron, may possess some activity relative to the other Nbp35 P-Loop and Switch I mutants, or may exhibit a distinct molecular defect. 
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Figure 16. Effect of Nbp35 mutation on stable expression of Nar1. Nar1 is a known CIA factor and target of Nbp35:Cfd1, and Nar1 protein stability depends on FeS maturation by Nbp35:Cfd1. TSM cells co-expressing HA-tagged Nar1 AND WT or the indicated Nbp35 allele were cultured, prepared, and subjected to co-immunoprecipitation with HA specific antibody, as described. Co-immunoprecipitation of MYC-tagged Nbp35 was probed by immunoblot with MYC and HA specific antibodies. The relative expression of each allele was determined by immunoblot performed on total cell lysate. 



     Although Nar1 expression was significantly attenuated in these strains, Nar1 was efficiently immunoprecipitated from all strains, although to varying degrees. Careful examination suggests that Nar1 and Nbp35WT may form a minor complex in vivo, as Nar1 precipitated a faint MYC-reactive band at the correct molecular weight for Nbp35, only when the two proteins were co-expressed (Figure 16). However, this band was very faint, and was not present in strains expressing the Nbp35 P-Loop and Switch I mutants, including K81A. Additional interpretation of these results was complicated by the stated effects on stable expression of Nar1 in these Nbp35-deficient strains. However, it is apparent that the inhibitory mutants do not form a stable, non-dissociating complex with Nar1.
C. Discussion
    P-Loop NTPases such as Nbp35 share significant architectural and mechanistic similarities, including a requirement for conserved residues within cognate NTPase motifs. To assess the requirement for nucleotide binding and hydrolysis by Nbp35, we targeted four residues with conserved, established roles in nucleotide binding and hydrolysis in homologous proteins. The two P-Loop lysines (K81 and K86) make conserved contacts with the phosphate tail of the bound NTP in the solved structures of homologous proteins (297,500,502-505,560,562,567-571). The two Switch I aspartic acids (D109 and D111) make conserved contacts with catalytic cation and H2O molecules, and communicate nucleotide status to distal regions via nucleotide-dependent rearrangements (561,563,572-575). These residues are essentially required for nucleotide binding and/or hydrolysis in numerous P-Loop NTPases, and these specific mutations were predicted to disrupt binding and/or hydrolysis based on extensive structural and biochemical analyses in a number of well-characterized homologs (325,327,500-502,551,560-563). Mutation to any of these cognate residues in Nbp35 resulted in a non-functional protein, unable to support viability (Figure 9) or to rescue CIA-related defects in an Nbp35WT-deficient background (Figures 10A and B, and data not shown). Nbp35 showed almost no tolerance to change at these positions, underscoring their importance to Nbp35 function.
     A P-Loop glycine (G80), proximal to the signature lysine, was additionally targeted. Although able to support viability (Figure 9), yeast expressing these mutants were profoundly defective for indicators of CIA activity (Figure 10A and B). The G80A mutant, which retained approximately 25% wild-type c-aconitase activities, supported normal autonomous growth. The G80D mutation ablated glutamate dependent growth and c-aconitase activities, and this mutant only partially complemented growth in yeast. Intriguingly, and consistent with previous results, the cell appears rather insensitive to profound defects in CIA, and to require minimal CIA activity to maintain viability and normal cell growth (294). This is surprising given the essentiality of all core components, and the profound defects associated with partial loss of Nbp35 in several species (82-84,498). 
    In order to gain additional insight into the specific role(s) of the Nbp35 NT domain, we assessed the effect of these mutations on activities known to be physiologically relevant, including complex formation and the acquisition of iron. Homologous NTPases function as obligate dimers, and utilize nucleotide status to control complex formation and/or conformation. These Nbp35 P-Loop and Switch I mutants were stably expressed, and were competent for complex formation (Figures 11 and 14). This is consistent with previous characterizations of Nbp35:Cfd1 as stable, and suggests that complex formation proceeds independently of nucleotide status. Nbp35/Cfd1 may function like NifH and Get3, which form stable, but conformationally dynamic complexes (515,573,576). These proteins utilize nucleotide status in order to spatially and temporally gate formation of a productive complex, competent for sequential interactions with down-stream effectors, and consequent nucleotide hydrolysis.
     Of note, the interaction between G80D and Nbp35WT was significantly attenuated (Figure 11A). In contrast, complex formation with Cfd1 appeared unaffected by this substitution (Figure 11B). The P-Loop glycines are believed to provide conformational flexibility required for effective and dynamic interactions with the phosphate tail (559,577). Substitution of an aspartic acid at this position is extremely non-conservative. This substitution would introduce rigidity and a negative charge at this site, conceivably disrupting essential bonding networks in the catalytic pocket. In addition, this mutation might alter local conformation due to steric and charge considerations, and would reasonably be expected to alter interactions at a dimer interface. This suggests that the Nbp35:Nbp35 dimer utilizes a similar interface to that seen in PDB 3KB1 and other homologous SIMIBI proteins, but that the Nbp35:Cfd1 interaction may require a distinct interface. This is consistent with formation of a catalytic hetero-tetramer, which would require distinct Nbp35:Nbp35 and Nbp35:Cfd1 interfaces. These results are also consistent with previous investigations suggesting that these proteins may utilize distinct interaction interfaces (151,294). In particular, mutation of the Nbp35 C-terminal CXXC cysteines has been shown to ablate Nbp35:Nbp35 interactions, while only minimally impacting complex formation with Cfd1. 
     The ability to acquire and transfer iron is critical to an FeS scaffolding function, and nucleotide binding and hydrolysis have been linked with the acquisition of iron or transfer of cluster in other assembly systems (288,301,304,307). In addition, a recent report (published as these investigations were proceeding) suggests nucleotide binding and/or hydrolysis are required for cytosolic FeS assembly, as mutation at K86 impaired iron binding to Nbp35, as assessed at 2 hours radio-labeling. Pulse labeling with 55Fe demonstrates that these additional P-Loop and Switch I mutants are defective for the rapid mobilization of iron from a cellular source (Figures 12 and 15A). This is consistent with a defect in the assembly of labile cluster by the Nbp35:Cfd1 scaffold, and would explain the observed defects in CIA activities. However Nbp35 binds both stable and labile FeS, and steady-state labeling indicates that these proteins are defective for assembly of both types of cluster on Nbp35, as with the exception of K81A, these mutants bound only about 20% of the iron as wild-type protein (Figure 15C). 
     Significantly, K81A bound significant iron at steady-state (~60% wild-type) (Figure 15C). Preliminary results from pulse-chase analysis indicate that the iron bound to K81A is stably bound (data not shown). This suggests K81A may acquire stable cluster, but remains defective for assembly of labile FeS for transfer. In contrast, the other inviable mutants appear defective for assembly of both stable and labile FeS, as discussed above. Results from these studies suggest that nucleotide binding by Nbp35 is required for the acquisition of stable FeS, prior to assembly of labile cluster. Furthermore, that Nbp35 activities are additionally required for assembly of this labile cluster, presumably via the C-terminal CPXC motifs. Phylogenomic analyses and in vivo studies suggest Cfd1 is specifically required for assembly and/or transfer of the labile bridging cluster, but not for assembly of the stable cluster (30,294). Collectively, these results indicate that nucleotide binding and hydrolysis by Nbp35 are required for self-maturation and assembly of the labile cluster for transfer. These findings suggest that the early stages of CIA, assembly of FeS on the Nbp35:Cfd1 scaffold, may be more complex than previously thought. 
     With the exception of the Nbp35:Cfd1 hetero-system (and the distantly related SRP system), SIMIBI proteins function as obligate homo-dimers, with the two nucleotide binding pockets located symmetrically at the dimer interface (320,339). The “universally” conserved P-Loop lysine (K86) contacts the β and γ-phosphates of substrate nucleotide bound to the same monomer in virtually all P-Loop NTPases (320,559,577). These contacts may stabilize interaction with substrate, as mutation at this position generally impairs nucleotide binding. A defining feature of SIMIBI NTPases is the presence of an additional “signature” P-Loop lysine (K81), required for hydrolysis in trans, and making conserved contacts with the terminal phosphate across the dimer interface in the NTP (or non-hydrolysable analog) bound structures (339,502,551). 
     The signature lysine may stabilize the building charge on the hydrolysis transition state, analogous to the “arginine finger” present in small GTPase Activating Proteins (GAP’s). In addition, this residue may control/gate hydrolysis by positioning the γ-phosphate for in-line attack by the catalytic H2O. This signature lysine is one of only three residues making conserved contacts with nucleotide across the dimer interface in the SIMIBI family, and is catalytically required in all homologous proteins where the requirement has been tested (339). Importantly, mutation at this position is generally predicted to impair hydrolysis, without impacting the ability to bind nucleotide, as this residue acts on (contacts) the bound nucleotide only in trans. 
     Intriguingly, K81A was minimally able to complement the wild-type protein, although the K81E and K81Q variants were not. Significantly, K81A could acquire iron, although not as efficiently as the wild-type protein (Figures 15A-C). Expression of K81A increased stable expression of Nar1, a known CIA factor and target of the CIA machinery (Figure 16), and could support minimal autonomous growth (Figure 9). It is possible that the alanine substitution, although unable to participate in catalysis, does not block the protein from randomly achieving hydrolysis, while the bulkier glutamine residue sterically hinders the protein from achieving a catalytically active conformation. K81E would additionally repel the positively charged phosphate groups, precluding any stabilizing interactions between the signature lysine and the phosphate tail. Additional studies will be required to determine if the K81A protein retains partial activity, and the molecular defect associated with this specific mutation. Of note, glutamate biosynthesis was not restored by expression of K81A, and c-aconitase activities were undetectable in this strain (data not shown). This suggests an ability to differentially target CIA activities when resources/CIA activities are limited, as the Nar1 protein appeared visibly stabilized in this strain.
     The D111A and D111N mutations were inhibitory to growth in the TSM background (Figures 13A and B). This was not unexpected, as these specific mutations have consistently produced an inhibitory phenotype in homologous SIMIBI NTPases (502,551,561,566). Although the K86Q mutant is not widely considered to produce an inhibitory phenotype, careful survey of literature suggests the corresponding mutation may be inhibitory in homologous NifH and MinD proteins. These results suggest that Nbp35 likely functions as an NTPase, analogous to other SIMIBI NTPases. However, additional work will be required to determine the molecular defect(s) associated with K86Q and D111A/N. Corresponding inhibitory mutants have provided structural and mechanistic insight in homologous proteins. For example, mutation of this residue in a eukaryotic homolog (Get3D57E) resulted in a localization defect, and revealed a novel, nucleotide-independent role for this protein under energy-limiting conditions (glucose starvation and ATP depletion) (515). These variants may prove valuable probes of the mechanism of cytosolic FeS assembly, and the physiological functions of Nbp35 and Cfd1 in CIA and the cell.
     The CIA factor Nar1 binds two essential Fe4S4 clusters, required for function in CIA (155). FeS maturation of Nar1 requires the activity of Nbp35 and Cfd1 (258). Nar1 is thus both a CIA factor AND a target of the CIA machinery. It was therefore of interest to investigate the interaction of Nbp35 with Nar1, and to evaluate iron binding to Nar1, in the various Nbp35 mutant strains (Figure 16). However, expression of tagged-Nar1 was severely attenuated in the wild-type deficient TSM strain. Additional expression of Nbp35WT increased stable expression of Nar1 in this strain. This is not unexpected, as Nar1 protein stability depends upon acquisition of FeS from Nbp35:Cfd1 (258). With the exception of K81A, which supported minimal autonomous growth, none of the P-Loop or Switch I Nbp35 mutants increased stable expression of Nar1 in the TSM strain. These results demonstrate that the Nbp35 nucleotide domain, and presumably nucleotide binding and hydrolysis, are required for FeS cluster assembly in yeast. Furthermore, these results additionally distinguish K81A from the other mutations to the “catalytic” P-Loop and Switch I residues.
     There are no structural data available for Nbp35 and/or Cfd1. However, a similar dimeric arrangement is suggested by the structure of an archaeal Apbc/Nbp35 protein, Af_226 (PDB 3KB1) (Figure 5A). This general arrangement is further supported by previous investigations  which identified a conserved phenylalanine, required for stable complex formation by Nbp35 and Cfd1; this phenylalanine is located at the dimer interface in PBD 3KB1, where it participates in π-stacking with the corresponding residue in the opposing monomer. This is the same interface observed in other SIMIBI NTPases, with the signature lysine reaching across the conserved dimer interface (Figure 6). The inhibition by D111A/N and the unique behavior of the K81A variant additionally suggest that Nbp35 conserves both structural and mechanistic features with other SIMIBI proteins, and suggest additional avenues for further investigation.
     In conclusion, we have demonstrated that key residues within cognate NTPase motifs are required for Nbp35 function in yeast, including FeS biogenesis. Most mutations to these residues were lethal, underscoring their essential contributions to Nbp35 function. Although stably expressed and competent for complex formation, these mutants were defective for the acquisition of iron, as assessed by in vivo radio-labeling. The results presented herein demonstrate that Nbp35 activities are required for self-maturation and assembly of labile cluster destined for transfer to target proteins. These investigations indicate that Nbp35 exhibits structural and mechanistic similarities with homologous proteins, and suggest additional avenues for exploration based on studies in these systems. Further investigations will undoubtedly provide additional insight into the precise roles of Nbp35 and Cfd1 in FeS biogenesis, and the mechanisms of cluster assembly by Nbp35 and the Nbp35:Cfd1 complex.
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CHAPTER IV: THE ROLE OF NBP35 ‘SIGNALING HELIX’ RESIDUES
A. Introduction – The ‘Signaling Helix’ in SIMIBI NTPases
     As stated previously, Nbp35 is a member of the SIMIBI sub-family of P-Loop NTPases, characterized by a deviant P-loop motif encoding for an additional, ‘signature lysine’ (GKGGXGKS/T), catalytically required for hydrolysis (151,320,338,339). These proteins participate in diverse cellular processes, including control of bacterial cell division (560,578), metal efflux (327,579), targeting and insertion of eukaryotic tail-anchored proteins (570,571,576), and complex metallo-cofactor assembly. Despite diverse roles in distinct cellular processes, these proteins share significant architectural and mechanistic similarities (339,342). For example, SIMIBI proteins function as obligate homo- or hetero-dimers, with the nucleotide binding pockets at the dimer interface. Dimerization results in assembly of the catalytic machinery, as the signature lysines are required in trans to complete the two composite active sites (327,502). 

     SIMIBI proteins display additional architectural and mechanistic similarities, including conservation of the canonical Switch I and II regions (561,563,573,580). Conserved residues within these motifs make contacts with catalytic magnesium and water molecules, and function as conformational ‘switches’ by translating nucleotide status into conformational changes required for hydrolysis, and for ordered reactions with downstream effectors. In general, nucleotide binding and dimerization generate the composite
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 interaction interfaces required for interaction with these effectors, including substrate moieties, other proteins, or cellular structures (339,341,342,574). Nucleotide hydrolysis by SIMIBI NTPases is additionally gated by an apparent requirement for activation by binding of an activator molecule, a requirement which has been demonstrated in several homologous systems, including the bacterial MinD and NifH SIMIBI ATPases (561,573,581,582).
    These architectural and mechanistic features have been well-characterized, and are well-conserved across the SIMIBI family, with some exceptions and subtle distinctions, allowing activities to be precisely tailored to specific cellular function. Several SIMIBI proteins have been extensively characterized, both structurally and functionally. Careful examination of structures deposited with the Protein Data Bank (PDB) reveals the presence of a conserved helix at the dimer interface of these proteins (Figure 17A). This helix is not as highly conserved at the sequence level across the SIMIBI family. However, the region is highly conserved within orthologous proteins, and residues within this helix make conserved contacts with the ribose ring, and with P-Loop residues, including the signature lysine, in various SIMIBI NTPases. Many SIMIBI proteins conserve a negatively charged residue (Nbp35 E221) at the N-terminus of this dynamic helical region (Figure 17B). As these studies were focused on Nbp35, this conserved helix will be referred to as HELIX221 herein.
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Figure 17 (A) Conservation of HELIX221 in SIMIBI NTPases. Ribbon diagrams of the crystal structures of homologous SIMIBI NTPases, highlighting the conserved inter-monomeric signaling helix. Helix residues, and the side-chains for the residues corresponding to the signature lysine and Nbp35 E221 are shown in RED. The bound ATP or non-hydrolyzable analogs are shown in MAGENTA. Structures include the archaeal ApbC/Nbp35 homolog, Af_226 PDB 3KB1,  NifH PDB 1FP6,  MinD PDB 3Q9L, and Get3 PDB 3ZS9.
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(B) Nbp35 Schematic and Sequence Alignment for Helix221. Protein schematic for Nbp35 showing cognate motifs required for nucleotide binding and hydrolysis in homologous NTPases. Conserved residues chosen for mutagenesis in Nbp35 are shown in BOLD, and in RED for Nbp35. Nbp35E221 is highly conserved across the SIMIBI family, with the exception of the Nbp35 paralog and partner protein, Cfd1. Note that the E221 equivalent is conserved in additional SIMIBI proteins, but not in Cfd1 orthologs!






     MinD is a SIMIBI ATPase required for bacterial cytokinesis and chromosome segregation. MinD has been crystallized in various nucleotide-bound states, and has been extensively characterized (502,503,513,560,562,563,578,581-587). In the ADP-bound MinDWT monomer (PDB 1G3Q), the signature lysine makes extensive contacts with residues in HELIX221 (MinD HELIX 7), including the N-terminal glutamate (E146) and a conserved aspartate (D152) (560). In the ATP-bound MinDD40A dimer (PDB 3Q9L), the signature lysine is released from these residues to make almost exclusive contact with the γ-phosphate of the ATP bound to the opposing monomer (502). This additionally frees E146 to contact the ribose ring across monomers. This N-terminal glutamate is one of only three residues to make inter-monomeric contacts with NTP (or non-hydrolyzable analog) across the SIMIBI family: the signature lysine and the preceding P-Loop glycine make contact with the γ-phosphate across the dimer interface in several SIMIBI proteins, and this helix-initiating negative (E or D) residue makes conserved contacts with the ribose ring (Figures 18 A, B, and C). 
     Analysis of B-factors from the MinD ADP and AMP-PCP bound structures suggests that the P-Loop, Switch I/II, and HELIX221 regions are “strikingly mobile” and responsive to nucleotide (560). Directed mutagenesis of E146 and D152 resulted in a protein competent for complex formation, and for nucleotide binding and basal hydrolysis (560,582,584). However, hydrolysis was not stimulated by binding to the physiological activator, MinE (582). Residues in HELIX221, including D152, are required for sequential interactions with protein 
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Figure 18 (A). Ligand Plot for Get3 Bound to ADP-AIF (PDB WOJ). Ligand plot showing contacts with ADP-AIF, including INTER-MONOMERIC contact between the “SWITCH III” residue GLU245 and the ribose ring. Note that this residue is one of only three residues to make inter-monomeric contact with the ligand, including the signature lysine and an adjoining P-Loop glycine. Figure generated using PDB SUM (www.ebi.ac.uk/pdbsum/). 
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(B). Ligand Plot for Af_226 Bound to ADP (PDB 3KB1). Ligand plot showing contacts with ADP, including INTER-MONOMERIC contact between the “SWITCH III” residue GLN163 (next to GLU164) and the ribose ring. Note that this residue is the only residue making inter-monomeric contact with the ligand in the ADP-bound structure. The signature lysine does not make contact with ligand in this structure. Figure generated using PDB SUM (www.ebi.ac.uk/pdbsum/).
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(C). Ligand Plot for MinD Bound to ATP (PDB 3Q9L). Ligand plot showing contacts with ATP, including INTER-MONOMERIC contact between the “SWITCH III” residue GLU146 and the ribose ring. Note that this residue is one of only three residues to make inter-monomeric contact with the ligand in the ADP-bound structure, including the signature lysine and an adjacent P-Loop glycine. Figure generated using PDB SUM (www.ebi.ac.uk/pdbsum/). 

partners (502,582-586). E221 and D152 make dynamic, NT-dependent intra-monomeric contacts with critical P-Loop and Switch I residues, including the signature lysine (582,585,586). Although the role of HELIX221 has not been explicitly defined, cumulative results establish a requirement for this helix in MinD nucleotide-dependent function, specifically in signaling nucleotide-status between distal regions, and in the activation of hydrolysis in response to MinE.
     NifH is a SIMIBI ATPase required for the biological fixation of nitrogen (309,313). Like MinD, NifH has been extensively characterized, both structurally and biochemically (299,309,499-501,551,567,568,572,573,575,588-596). Of note, both HELIX221 (NifH α-helix 5, residues 151-176) and E154 (the Nbp35 E221 equivalent) have been identified as critical to NifH nucleotide-dependent physiological function. E154 has been proposed to stabilize interaction with the adenine base and ribose ring through dynamic nucleotide-dependent interactions, both within and across monomers (500,569,593). E154 is in close proximity (within 4 Å) to P-Loop residues including the signature lysine in the nucleotide-free and ADP-bound complex structures, and may transduce information between the signature lysines and nucleoside binding regions, within and across the dimer interface (569). NifH E154 appears to play an important role in communicating nucleotide status to critical regions of the protein, and has been proposed to function as a “signaling molecule” unto itself.
     Similar to MinD, NifH HELIX221 has been identified as highly mobile in response to nucleotide status and complex formation, along with the P-Loop and Switch I/II regions (593,594). C-terminal residues in this helix interact directly with the MoFe protein (501,573), and this helix becomes “kinked” and significantly displaced upon complex formation (573,593,597). N-terminal residues in this helix mediate dynamic intra- and inter-monomeric interactions with critical P-Loop and Switch I residues, and the nucleoside-binding region of the protein (597,598). This helix has been proposed to coordinate communication between the P-Loop (including the signature lysine), Switch I, nucleoside, and MoFe-binding regions of the NifH protein, within and across the dimer interface. And this helix is specifically required for the NifH conformational response to ATP-binding and complex formation with MoFe, and for consequent nucleotide hydrolysis.
     There are no structural data available for Nbp35. However, a similar architectural arrangement is suggested by the structure of an archaeal Apbc/Nbp35 protein, Af_226 (PDB 3KB1) (Figure 5A). Af_226 is highly homologous to Nbp35 on a primary level (~45% sequence identity), and retains all the functionally important motifs present in Nbp35 and Cfd1. In addition, all Apbc/Nbp35 homologs characterized to date, including several bacterial and archaeal homologs, appear to function in FeS biogenesis (30,197,258,334-337,506). HELIX221 is present in the crystal structure of Af_226 (PDB 3KB1), in the same position as in other SIMIBI proteins, at the dimer interface (Figure 17A). The N-terminal glutamate is conserved in Af_226 and Nbp35 (Figure 17B), and is essentially invariant among Nbp35 orthologs.  Automated homology modeling suggests that residues mapping to this region (E221-K236) may also form a helix in Nbp35 (http://swissmodel.expasy.org/). 
     Cumulative results suggest that this region is structurally and functionally conserved in homologous SIMIBI NTPases. Further, residues in this region may play conserved roles in the conformational response to nucleotide binding and complex formation, and in the activation of hydrolysis. Therefore residues mapping to this region were targeted by site-directed mutagenesis, and the effect of these mutations on known Nbp35 functions were assessed in the model organism Saccharomyces cerevisiae. Results of these studies extend a requirement for these residues to Nbp35, indicating this region may constitute a novel NTPase motif in the SIMIBI family. Additionally, these results suggest that nucleotide hydrolysis by Nbp35 may be required for the assembly of labile cluster, after the (nucleotide-dependent) acquisition of stable cluster for the FeS maturation of Nbp35.
B. Results
1. Identification of Helix Residues Required for Nbp35 Function in Yeast  
     Careful survey of literature and structures deposited at the PDB revealed the presence of a conserved helix in SIMIBI NTPases, and suggested that residues in this helix play conserved roles in nucleotide hydrolysis in this family. Two of these residues are highly conserved among Nbp35 orthologs, as assessed by multiple sequence alignments generated using both CONSURF (http://consurf.tau.ac.il/) and NCBI Homologene (http://www.ncbi.nlm.nih.gov/homologene) databases (Figure 5B). To investigate a requirement for this region in Nbp35, and to further probe the role of Nbp35 activities in FeS biogenesis, these residues (E221 and D226) were targeted by site-directed mutagenesis of the encoding allele. Both residues were mutated to alanine, and substitutions were designed to further probe the roles of specific side-chains at these positions. Purified Nbp35 has not previously exhibited NT binding/hydrolysis activities. Therefore, the ability of the different alleles to support Nbp35 function was assessed by complementation of Nbp35WT in yeast. 
     As NBP35 encodes an essential gene, the ability of the variant proteins to support viability was determined by plasmid shuffle of the wild-type protein in the presence of 5-FOA, as described (Chapter III.B.1). In general, mutation of these residues did not impair the ability of the protein to support autonomous growth in yeast (Figure 19A). The E221N mutant was lethal, as initially assessed. However, additional analyses demonstrated that it is possible to isolate a population of cells able to support autonomous growth. This is reminiscent of the phenotype displayed by the K81A mutant, which also supported minimal growth in the presence of 5-FOA (Figure 19B). K81A and E221 appear to be structurally and functionally linked in other proteins. Therefore K81A was included in these characterizations, in the ∆NK1 background, in order to provide a basis for comparison with results obtained for the P-Loop and Switch I mutants in the TSM background.
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Figure 19. (A) Ability of Nbp35 Helix mutants to complement viability. ∆NK1 cells co-expressing wild-type protein from a uracil selective plasmid, and empty vector (EV), wild-type (WT), or the indicated nbp35 allele were grown to log phase. Cells were adjusted to OD600 = 2.0, and 5X serial dilutions were applied to selective plates +/- 0.1% 5-FOA. Plates were grown at 30° for 5 days. Results are representative of 3 independent experiments.  These strains were additionally streaked onto these plates at a lower density, in order to isolate independent colonies for additional analyses, as shown in the lower panel (B). 
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(B) Plasmid shuffle on 5-FOA for isolation of viable Nbp35 mutants. Cells were streaked onto selective plates +/- 0.1% %-FOA and incubated at 30° for 5 days 

5-FOA – 5-Flouro-orotic Acid


     Nbp35 is the scaffold for CIA (29,258), and it was therefore of interest to assess the effect of these mutations on indicators of CIA activity. As outlined in the previous chapter, glutamate dependent growth and c-aconitase activity correlate with CIA activity in the yeast background utilized for these investigations. Therefore, the ability of the E221 and D226 mutants to support these activities was assessed, relative to Nbp35WT. Although able to support autonomous growth, these mutants were significantly impaired for CIA-dependent c-aconitase activities and glutamate prototrophy (Figures 20A and B). The E221 mutants were unable to support glutamate-dependent growth or aconitase activities. Even the relatively conservative E221D substitution ablated glutamate-dependent growth and decreased aconitase activities by almost 90%, and the alanine and asparagine substitutions decreased activities to background levels (Figure 20A). Although deleterious to function, mutation at D226 did not as severely impact the function of the protein, as these mutants retained some c-aconitase activities, and partial ability to support glutamate-dependent growth. 
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Figure 20. Ability of Nbp35 helix mutants to complement
(A) c-Aconitase activities. ∆NK1 cells co-expressing WT or the indicated Nbp35 allele and exogenous IRP1 were grown to log phase in selective media, harvested, and evaluated for CIA-dependent aconitase activity. Error bars are calculated from three independent samples. Results are representative of two independent experiments. 
(B) glutamate auxotrophy. Or, cells were washed with de-ionized water and adjusted to OD600 = 2.0, in same. 5X serial dilutions were applied to selective plates +/- glutamate, as indicated. Plates were incubated at 30° for 5 days. Results are representative of 3 independent experiments.
GLU+ - Plates supplemented with glutamate      GLU- - Plates lacking glutamate

2. Effect of Helix Mutation on Nbp35 Complex Formation 
     It is known that Nbp35 and Cfd1 form homo- and hetero-complexes, and that these interactions are required for physiological function (151,258,294). In addition, nucleotide binding and hydrolysis control complex formation in homologous SIMIBI NTPases (502,561). Although mutation of Nbp35 P-Loop and Switch I residues did not generally affect interaction with Nbp35WT or Cfd1 (Chapter III.3), it was of interest to evaluate whether mutations to the putative signaling helix would impact complex formation by Npb35. With this aim, yeast expressing epitope-tagged versions of the Npb35 variants (C-terminal MYC) were additionally transformed for co-expression of epitope-tagged Nbp35WT OR Cfd1 (C-terminal HA). All of the MYC-tagged Nbp35 variants tested were stably expressed in yeast, at levels roughly equivalent to the wild-type version as expressed from the same promoter (ADH). Mutation to this region differentially influenced homo- and hetero-complex formation Figures 21A and B). Although all variants were competent for interaction with Nbp35WT-HA and Cfd1-HA, the Nbp35:Nbp35 interaction appeared sensitive to mutation at E221. In particular, E221N was attenuated for stable interaction with Nbp35WT In contrast, co-precipitation with Cfd1-HA appeared unaffected by mutation at E221 or D226 (Figure 21B).
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Figure 21. Effect of helix mutation on complex formation. ∆NK1 cells expressing wild-type (WT) or the indicated Nbp35 allele were transformed with plasmid containing EV or (A) HA-tagged Nbp35WT or (B) HA-tagged Cfd1. Log phase cells were harvested, prepared, and subjected to co-immunoprecipitation with MYC specific antibody as described. Co-immunoprecipitation of HA-tagged Nbp35 or Cfd1 was detected by immunoblot with MYC and HA specific antibodies. The relative expression of each allele was determined by immunoblot performed on total cell lysate. Blots are representative of independent experiments.  



3. Effect of Helix Mutation on Iron Binding by Nbp35   
     Results presented in the previous chapter demonstrate that nucleotide binding and hydrolysis are required for the physiological acquisition of iron by Nbp35 (Figures 12 and 15A-C). Mutations E221 and D226 are specifically predicted to impair the allosteric responses required for efficient nucleotide hydrolysis. Therefore the ability of these Nbp35 helix mutants to rapidly acquire and transfer iron was assessed by pulse-chase analysis. Iron-starved yeast were labeled for 45 minutes in iron-free media supplemented with 55Fe (1uCi/mL, ~1.2 uM), followed by a 45 minute chase with an excess of non-radioactive iron (100 uM FeCl3). Cells were lysed and precipitated anaerobically, and iron associated with Nbp35 was determined by liquid scintillation of the MYC precipitated cell extracts. A beads-only control was included for each strain, and counts associated with these controls were subtracted from the corresponding samples. As the K81A mutant was able support autonomous growth, yeast expressing this strain were included to allow comparison of results between mutants expressed in the Nbp35 deletion and TSM strains. 
     Consistent with previous results, Nbp35WT accumulated significant 55Fe at 45 minutes, and this iron was partially displaced by the addition of non-radioactive iron (by 34%) (Figure 22). Thus, as expected, Nbp35WT bound significant iron, and some of this iron was labile. However, the pattern of iron-binding and release was distinct in the different mutant strains. Consistent with results obtained in the TSM strain, K81A accumulated only about 1/3 of the iron as Nbp35WT at 45 minutes. Further, this iron was stably bound throughout the 45 minute pulse. Iron binding to the E221 mutants was remarkably similar to K81A, and was similarly resistant to displacement over 45 minutes. D226A, which exhibited evidence of partial activities, bound approximately 60% of wild-type protein. Still, little or none of this iron was displaced over 45 minutes, suggesting iron associated with these mutants is more stably bound than iron associated with wild-type Nbp35. 
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Figure 22. Effect of helix mutation on iron binding by Nbp35. ∆NK1 cells harboring WT or the indicated Nbp35 allele were grown in selective media, washed, and radiolabeled with 55Fe for 45 minutes followed by chase with excess of non-radioactive iron for an additional 45 minutes. Cells were subjected to immunoprecipitation with MYC specific antibody under anaerobic conditions, and 55Fe associated with Nbp35 was determined by liquid scintillation of the immunoprecipitates. The relative protein expression was determined densitometry of immunoblot images. Error bars represent the mean from three independent immunoprecipitations, and these data are representative of 2 independent experiments.





C. Discussion
     Analyses of the atomic structures of homologous SIMIBI NTPases deposited at the PDB revealed the presence of a conserved helical region (HELIX221) in this family. HELIX221 is positioned at the dimer interface, in close proximity to the composite nucleotide binding pockets. Genetic, biochemical, and in vivo investigations of the MinD, NifH, and Get3 SIMIBI NTPases demonstrate a requirement for residues within this region, including a highly conserved glutamic acid (corresponding to Nbp35 E221), at the N-terminus of this dynamic helical region (500,502,560,569,582-585,593,597,598). Results presented herein extend that requirement to Nbp35, as mutations to residues mapped to this region, including E221, are deleterious to Nbp35 physiological function. Furthermore, these mutations impaired the rapid acquisition and transfer of iron by Nbp35, additionally corroborating a requirement for nucleotide binding and hydrolysis by Nbp35 in cytosolic FeS assembly. 
     Although able to support autonomous growth in yeast (Figure 19A), mutation to E221 and D226 dramatically impacted CIA-dependent activities such as c-aconitase activities and glutamate prototrophy (Figures 20A and B). As seen with the P-Loop and Switch I mutants, complex formation did not require these residues, as in general, these mutants precipitated Nbp35WT and Cfd1 efficiently from yeast (Figures 21A and B). These results again suggest that nucleotide binding and hydrolysis are not required for complex formation by Nbp35 and Cfd1, and are consistent with formation of stable homo- and hetero-complexes, independent of the NT and iron status of Nbp35. However, mutation at E221 (and E221N in particular) reduced stable Nbp35:Nbp35 interaction, without visibly affecting the Npb35:Cfd1 interaction. E221 is predicted to lie at the dimer interface, and the mutation to asparagine could reasonably be expected to impact dimer formation from the PDB 3KB1 structure. This is consistent with the observations reported in Chapter III for the G80D mutation. G80D was also defective for interaction with Nbp35, but appeared unaffected for complex formation with Cfd1 (Figures 11A and B). This suggests that the Nbp35:Nbp35 dimer utilizes a similar interface to that seen in PDB 3KB1 and other homologous SIMIBI proteins, but that the Nbp35:Cfd1 interaction may require a distinct interface. This is consistent with formation of a catalytic hetero-tetramer, as suggested by previous investigations, and which would require distinct Nbp35:Nbp35 and Nbp35:Cfd1 interfaces (151,294). 
     Mutation at E221 was especially deleterious to Nbp35 physiological function. Even the relatively conservative E221D mutation ablated CIA-dependent functions (Figures 20A and B), suggesting a very specific role for this residue in Nbp35. E221N displayed only minimal growth on 5-FOA (Figures 19A and B), raising the possibility that the cell has compensated with a suppressor mutation. These yeast grew normally after the selection process, despite an almost total lack of function as assessed by CIA-dependent glutamate growth and c-aconitase activities. This is reminiscent of the phenotype displayed by the K81A mutant, which also demonstrated a limited ability to support autonomous growth (Figure 19B). Iron-binding was remarkably similar in these strains as well, as the K81A and E221N mutants accumulated only about 1/3 the iron relative to Nbp35WT at 45 minutes pulse-labeling, and this iron was resistant to displacement by non-radioactive iron over an additional 45 minute period (Figure 22). These results suggest that K81 and E221 may act at the same step in the nucleotide cycle, and that these residues are jointly required for the rapid acquisition of iron by Nbp35, perhaps for assembly of the labile cluster on the Nbp35 scaffold. Intriguingly, K81A was the only catalytic residue to accumulate significant iron at steady-state (~60%) (Figure 15C), and K81A was predicted to exhibit a hydrolysis defect without impacting nucleotide binding, similar to residues in this helix. These results suggest that nucleotide hydrolysis by Nbp35 may be required for assembly or transfer of labile cluster, after assembly of the more stable FeS required for Nbp35 function in CIA. It would be of enormous interest to determine the steady-state iron binding of E221A/N relative to Nbp35WT and K81A, and the stability of the iron bound to these variants at steady-state. 
     E221 is highly conserved in Nbp35 orthologs, and across the SIMIBI family of NTPases. This residue is conserved in Af_226, the uncharacterized archaeal Apbc/Nbp35 homolog (and probable ortholog), which crystallized as a dimer, bound to ADP and a bridging zinc atom (PDB 3KB1). In the crystal structure, the Nbp35 E221 equivalent, E164, makes significant and almost exclusive contacts with the signature lysine, which appears poised to contact the phosphate tail across the dimer interface, in a more closed, ATP-bound conformation (Figure 23). This interaction is conserved in the structure of the NT-free MinD monomer, where the E221 and D226 equivalents make multiple contacts with the signature lysine (582). However D226 is not conserved in Af_226. Collectively, these results suggest that the function of the signature lysine (Nbp35K81) and the conserved glutamate (Nbp35E221) are tightly linked, and conserved across at least a subset of SIMIBI NTPases, including Nbp35. 
     Although mutation at D226 was not as deleterious to function, mutation at this site significantly impaired CIA-dependent activities, and the pattern of iron binding and release by D226A was distinct from the wild-type protein. Sterics was important at this position, as D226A was better able to complement the wild-type protein than the larger D226E substitution, which retains a negative charge but incorporates an additional methyl group. This was also true for E221, as only the E221N mutation impaired the ability of this strain to support viability in yeast. As these residues are predicted to lie at the dimer interface, it is not unexpected that replacement with a larger asparagine would be more disruptive than the alanine substitution. D226A was the most functional of these Nbp35 variants, and it bound approximately 60% iron as wild-type at 45 minutes, almost twice as much as the K81A and E221A/N mutants. However, like the other mutants, iron bound to D226A was stable over the 45 minute chase, suggesting that this residue may be specifically required for the effective assembly/transfer of labile cluster by Nbp35. It would be insightful to assess 
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Figure 23. Crystal structure of Af_226 bound to ADP, as a monomer. Ribbon diagram of the crystal structure of Af_226 bound to ADP, shown as a monomer. The signature lysine (K27) makes almost exclusive contacts with E164 (the Nbp35E221 equivalent). Q163 makes significant contacts with the ribose ring of the ADP bound to the opposite monomer. The ‘signaling helix’ is shown in RED. The side chains for the signature lysine (K27) and helix residues E164 and Q163 are additionally shown in RED. ADP bound to the opposite monomer is shown in BLUE. 




the iron bound to D226A at steady-state, and the stability of this iron in response to chelation.
     These studies identify a dynamic helical region, structurally and functionally conserved across the SIMIBI sub-family of P-Loop NTPases, and extend a requirement for residues in this region to Nbp35. These observations suggest that this region may constitute a novel motif in this family, with conserved roles in the allosteric regulation of nucleotide hydrolysis. These mutants were partially functional, but displayed significant defects in cluster assembly, including the acquisition and transfer of iron. Preliminary results suggest that these residues may be required for assembly and/or transfer of labile cluster by Nbp35. These studies provide additional evidence that Nbp35 functions as an ATPase, with structural and mechanistic similarities to other SIMIBI NTPases, suggesting additional avenues for further investigation. Additional work will be required in order to determine the roles of nucleotide binding and hydrolysis by Nbp35, and the mechanisms of assembly by Nbp35 and the Nbp35:Cfd1 complex.
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CHAPTER V: CONCLUSIONS AND FUTURE PERSPECTIVES
     Apbc/Nbp35 P-Loop NTPases are required for FeS cluster biogenesis in virtually all organisms, and are proposed to function as a scaffold for assembly of nascent cluster. These investigations were designed to elucidate the roles of nucleotide binding and hydrolysis by Nbp35 in FeS biogenesis. Nbp35 is a P-Loop NTPase by sequence homology, and it was known previously that a conserved residue, required for nucleotide binding and hydrolysis in virtually all P-Loop NTPases, is required for Nbp35 function (338). Therefore, conserved residues in cognate NTPase motifs were targeted by directed mutagenesis, and the effects of these mutations on known Nbp35 functions were assessed in yeast. Targeted motifs included the P-Loop and Switch I, which play established roles in nucleotide binding, hydrolysis, or the signaling of nucleotide status in homologous proteins (297,500,502-505,560-563,567-575). 


     Most mutations to these motifs were lethal, underscoring their importance to Nbp35 function. Although stably expressed and competent for complex formation, these mutants were defective for the acquisition of iron, as assessed by in vivo radio-labeling. In general, these mutants bound minimal iron, even at steady-state. Each Nbp35 dimer can conceivably bind three clusters: two coordinated via N-terminal ferredoxin-like motifs, and one bridging cluster via the C-terminal CPXC motifs. Previous studies have demonstrated that Nbp35 binds FeS with differential stabilities, and established a requirement for iron-binding at both sites (151,192,294). Results presented herein suggest that
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 Nbp35 activities may be required for self-maturation, prior to assembly of the more labile FeS by Nbp35. 
     Most of the mutations to the P-Loop and Switch I motifs could conceivably impact binding and/or hydrolysis, based on analyses of homologous proteins, with one exception – K81A. This mutation is predicted to impair hydrolysis, without impacting nucleotide binding to the protein or disrupting local conformation due to steric considerations or charge. Importantly, K81A bound significant iron at steady state (~60% wild-type), suggesting that this mutant can acquire cluster. K81A acquired iron steadily over a 90 minute period, and preliminary results suggest that the iron bound to K81A was not as labile as iron bound to the wild-type protein, as assessed by pulse-chase. These results suggest that K81A can acquire stably bound cluster, but remains defective for assembly of labile cluster for transfer to apo-target. It would be of interest to determine the lability of the iron bound to K81A at steady-state to corroborate this hypothesis. As IRP1 is not an endogenous target of the CIA system in yeast, it would also be of interest to determine if the maturation of endogenous targets, including essential targets such as Nar1 and Rli1, are as dramatically affected in these strains. It is possible that there are unidentified targeting mechanisms directly involving Nbp35.
     These investigations targeted two additional residues (E221 and D226), conserved in homologous NTPases. Although outside established NTPase motifs, these residues map to a conserved region, and are required for hydrolysis and allosteric signaling in homologous proteins (500,502,560,569,582-585,593,597,598). These residues maintain conserved but dynamic contacts with nucleotide, and with functionally important motifs (P-loop and Switch regions), across a conserved dimer interface. Residues in this region mediate interaction with proteins required for physiological function, including nucleotide hydrolysis, in several homologs. Nbp35 mutants targeting these residues were partially functional, but displayed defects in cluster assembly, including the acquisition of iron. 
     Although this helix has been identified as a critical element in individual SIMIBI NTPases, it has not previously been proposed to constitute a conserved structural and mechanistic feature in this family. However, examination/analysis of the structures of homologous SIMIBI NTPases deposited with the PDB database reveals the structural conservation of this helix in the SIMIBI family, and survey of the literature suggests the functional conservation of residues mapping to this region. These studies acknowledge the structural and mechanistic conservation of this helix in previously characterized SIMIBI NTPases, and extend a requirement for this region to Nbp35, suggesting this region may constitute a novel motif in this family. This helix may signal nucleotide status to distal regions and partners, and may function as an inter-monomeric signaling or switch region in at least a sub-set of SIMIBI NTPases. 
     In contrast to the mutations targeting residues in the P-Loop and Switch I motifs, mutations targeting the signaling helix are generally predicted to impact hydrolysis, and the allosteric response (103,500,502,560,569,572,582-585,593,597,598). The pattern of iron binding to these mutants was similar to that observed for K81A. In particular, mutation at E221 phenocopied the effect of the K81A substitution, and was particularly deleterious. These mutants were defective for the rapid acquisition of iron, but bound as much or more iron than the K81A mutant, as expressed in the same genetic background. Collectively, these results indicate that Nbp35 activities are required for self-maturation and the subsequent assembly of labile cluster for transfer. However, as for the K81A mutant, it would be important to determine the extent and dynamics of iron binding to the E221 and D226 mutants at steady-state. The model presented here predicts that these mutants would bind significant iron at steady-state, but that this iron would be resistant to chelation, or stably-bound.
     Nbp35 functions in complex with the homologous NTPase Cfd1 in yeast and metazoan cells. Although the E221 equivalent is highly conserved in Nbp35 and across the SIMIBI family, this residue is not conserved in Cfd1 (Figure 5B). Cfd1 instead encodes for an alanine or serine at this position. In fact, this residue is one of very few defining features between Nbp35 and Cfd1 at the sequence level, within functionally important domains. As Nbp35 and Cfd1 are two of only seven known hetero-dimeric SIMIBI NTPases (including the “pseudo-dimeric ArsA – a monomer comprised of two non-identical NT domains linked by a flexible linker domain), it is possible that this residue confers specificity to Nbp35 and Cfd1 physiological function. This residue is conserved in only one of the ArsA pseudo-dimers (B – E500), and nucleotide binding/hydrolysis by the two ArsA NT domains are proposed to occur independently, and to be functionally non-equivalent (328,599-601).
     Previous investigations have also indicated the catalytic non-equivalence of both the MinD and Get3 dimers (583,585,586,602), and a recent review suggested that catalytic asymmetry may be a conserved regulatory feature in the SIMIBI family (339). Like Nbp35:Cfd1 and ArsA, the distantly related Signal Recognition Particle (SRP) GTPases also form both homo- an hetero-dimers, and cumulative evidence supports catalytic asymmetry and coordinated activation of the two non-equivalent catalytic sites in both homo- and  hetero-dimeric contexts (603,604). It would be of interest to determine the effect of the analogous mutations to the corresponding residue in Cfd1 (Cfd1 S163), and the effect of substitutions switching the identity of this residue between Nbp35 and Cfd1 (e.g. Nbp35 E221S and Cfd1 S163E). It would also be insightful to investigate the effect of P-Loop and Switch I mutations to Cfd1 on iron binding and release by Nbp35, as these mutations are known to impact Cfd1 function in yeast (Spang, unpublished results).
     One final observation from these investigations is that nucleotide binding and hydrolysis by Nbp35, and FeS maturation of Nbp35 are not required for Nbp35 and Cfd1 complex formation. Nbp35 is the proposed scaffold for extra-mitochondrial FeS biogenesis – an essential function in all fungal and metazoan cells. However, Nbp35 mutants defective for nucleotide binding/hydrolysis, and for assembly of both stable and labile FeS on Nbp35 were stably expressed and competent for complex formation in yeast. This is consistent with previous characterizations of these complexes as stable, even in the presence of 15 mM EDTA (258). This suggests that the N-termina cluster, although essential for function, is not required for protein stability or as a prerequisite for assembly of the catalytic complex. In addition, these results suggest that these stable homo- and hetero-complexes can exist in the cell, but must be “activated” by the nucleotide-dependent FeS self-maturation of Nbp35, prior to assembly of labile cluster by Nbp35 and the Nbp35:Cfd1 complex. Previous investigations have established that Nbp35 absolutely requires the C-terminal CPXC motif for interaction (151). Of note, mutations predicted to abolish nucleotide binding and hydrolysis by Nbp35 did not completely ablate iron binding to Nbp35 (these studies). Collectively, these results suggest that Nbp35 may require some form of iron at the C-terminal site for interaction. 
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     Recent investigations have uncovered novel roles for Nbp35 and Cfd1 in cytokinesis, planar cell polarity, and the differentiation and development of multi-cellular organisms, and these proteins have been localized to the major microtubule organizing centers in the cell (82-84,507). It is not clear whether these pleiotropic effects are due to the numerous cytosolic and nuclear FeS proteins which depend on CIA activities, or if Nbp35 and Cfd1 play separable roles in distinct cellular processes. One intriguing possibility is that CIA activity is constitutive under certain physiological conditions, but can be spatially and/or temporally gated when cellular resources are limited, at different stages of the cell cycle, and/or during certain developmental stages in multi-cellular organisms. This seems reasonable, as many CIA targets are engaged in metabolite requiring anabolic activities, such as amino acid and nucleotide biosyntheses, DNA replication and repair, transcription, and translation, which must all be coupled with the cell cycle and developmental/environmental cues. Nbp35 and Cfd1 may assist in the targeting of FeS to essential targets under limiting conditions, or at distinct developmental stages. Or, Nbp35 and/or Cfd1 may play distinct roles in divergent processes, depending on cellular conditions. Recent investigations involving homologous SIMIBI proteins have suggested distinct roles and gating mechanisms in these proteins (298,312,319,513-515). Additional studies will be required in order to resolve these and additional questions regarding the roles of Nbp35 and Cfd1 in cluster biogenesis and fungal and metazoan cellular biology.
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