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Abstract


Despite the number of cellular and pathological mitoNEET-related processes, very few details are known about the mechanism of action of the protein. The recently discovered existence of a link between NEET proteins and cancer pave the way to consider mitoNEET and its Fe-S clusters as suitable targets to inhibit cancer cell proliferation. Here, we will review the variety of spectroscopic techniques that have been applied to study mitoNEET in an attempt to explain the drastic difference in clusters stability and reactivity observed for the two redox states, and to elucidate the cellular function of the protein. In particular, the extensive NMR assignment and the characterization of first coordination sphere provide a molecular fingerprint helpful to assist the design of drugs able to impair cellular processes or to directly participate in redox reactions or protein–protein recognition mechanisms.
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1. Introduction


Proteins require specific folds and three-dimensional structures in order to perform specific functions; hence, the mutation or misfolding of proteins are often associated with serious diseases. For proteins that bind cofactors, the latter play fundamental roles either in ensuring the correct three-dimensional folding of the protein, or being directly involved in the biological function of the protein itself. Fe-S clusters are ancient cofactors that are involved in a multiplicity of functions, such as electron transfer, metabolic reactions, gene expression, regulation, and DNA maintenance [1,2,3,4,5,6]. Many factors determine the wide range of specific characters taken by each Fe-S cluster: their redox potential can be tuned by the protein environment over almost 1 V range; single or multiple cluster(s) can be accommodated in a protein, either with identical or different functions; many consensus sequences are able to bind Fe-S cluster, thus providing different topologies. The functional diversity of Fe-S proteins is, therefore, strongly correlated to the properties of the cluster(s) and its neighbor region. Due to these features, Fe-S proteins have been, for four decades, a playground for bio-spectroscopists of different kinds. Recently, a novel family of [2Fe-2S] proteins, called “NEET” proteins due to the presence of the Asn-Glu-Glu-Thr (NEET) amino acid sequence at their C-termini [7], has been discovered in several organisms [8], which has been found to be involved in many processes related to normal cellular metabolism and diseases [9]. In humans, three NEET proteins are encoded by the CISD1, CISD2, and CISD3 genes. The three proteins share common structural, biochemical, and spectroscopic features, as well as similar cellular roles in the regulation of iron and ROS homeostasis in cells [9,10]. Here, we would like to review the spectroscopic properties of the first identified and most widely investigated member of the NEET family, i.e., mitoNEET, and to analyze how the unique spectroscopic properties of this protein might help to understand the role of NEET proteins in cells.




2. The Peculiar Properties of Human mitoNEET: A Unique Folding for a Multiplicity of Functions


The outer mitochondrial membrane (OMM) protein mitoNEET, also known as CDGSH Fe-S domain-containing protein-1 (CISD1), is composed of 108 amino acids, encompassing a N-terminal transmembrane helix (residues 14–32) that anchors the protein to the OMM [11], and a cytosolic portion (residues 33–108) that has been widely investigated through X-ray crystallography, showing a unique, highly conserved folding [12,13,14,15]. All the crystallographic structures of mitoNEET revealed the presence of two distinct domains: a β-rich or “β-cap” region and a cluster-binding domain (Figure 1a) [12,13,15,16]. The latter contains the highly conserved CXCX2(S/T)X3PXCDG(S/A/T)H motif that binds a [2Fe-2S] cluster, and that is part of the characteristic CDGSH-type domain of 39 amino acids, which constitutes the hallmark of the “NEET” family.



mitoNEET forms an intertwined, parallel homodimer, with a pseudo two-fold symmetry [12,13,16]. Each protomer of the dimer comprises a long, flexible loop in the N-terminal part (res 33–55), whose structure has not been solved yet [14], and displays a β1-β2-α-β4 topology in the rest of the protein (Figure 1b).



In the dimer, the β-strands form two symmetric β-sheets, composed of two antiparallel β-strands from one monomer (residues 68–71 and 101–104) and an additional parallel swapped-strand from the other monomer (residues 56–61) [12,13,15]. These two β-sheets and the two loops connecting the swapped β-strands and also containing a helical turn (residues 62–64), form the so-called β-cap region [12,13,15,16], whereas the N-terminal portion of the soluble domain, the conserved α-helix formed by residues 86–94 and the loop connecting the helix to the β-cap, together with the CXCX2(S/T)X3PXCDG(S/A/T)H motif, form the cluster-binding domain [12,13,15,16]. Here, two symmetric hydrophobic cores, comprising Ile-45, Ile-56, Trp-75, Phe-80 of one monomer, and Val-98 of the second monomer [13], and two intermolecular hydrogen bonds between His-58 and Arg-73 [15], further stabilize the dimeric state of mitoNEET.



The folding of the two domains is indeed interdependent. Theoretical structure-based folding studies proposed that the rigidity in the β-cap region creates a constraint for the folding of the cluster-binding domain [16]. As part of the folding process, mitoNEET binds two [2Fe-2S]2+/+ clusters, one in each subunit of the dimer, using three cysteines (Cys-72, Cys-74, Cys-83) and one histidine (His-87) as ligands (Figure 1c). The His-87 ligand is located at the N-terminus of the α-helix within the cluster-binding domain and is solvent-accessible, as it is the Fe ion that it coordinates together with Cys-83. The other two ligands (Cys-72 and Cys-74) are, by contrast, buried inside the structure and bind a non-solvent-accessible Fe ion [14,15,17]. This coordination sphere, that is common to all the NEET proteins, is different from those of ferredoxin-like and Rieske proteins that coordinate [2Fe-2S]2+/+ clusters either with four cysteines, or with two cysteines and two histidines, respectively. The binding of the [2Fe-2S] clusters to each subunit in the dimer is responsible for the unique fold adopted by the holo protein [18], and the dimeric arrangement of the CDGSH domains seems to be essential for the stabilization of the coordination sphere of mitoNEET. Indeed it has been proposed that the β-cap domain formed by the strand swapping of the two protomers could function as an allosteric control site, modulating cluster insertion, assembly, or electron transfer [16]. Even CISD3, considered as the ancestor protein of the family, being monomeric, contains two CDGSH domains in its primary sequence and, as a consequence, two [2Fe-2S] clusters [19]. No cooperativity effect between the two clusters has been reported so far, even though inter-cluster dipolar coupling has been detected by EPR studies [20].



MitoNEET takes part into a variety of cellular processes, acting as a regulator of the homeostasis of iron and of reactive oxygen species (ROS) [21,22], as well as of the metabolism of glucose and lipids in cells, therefore modulating mitochondrial bioenergetics [21,23,24]. These functions have been linked to the observed overexpression of mitoNEET in human epithelial breast cancer cells, where the protein has been found to induce tumor cell proliferation, likely maintaining the mitochondrial functions by preventing the accumulation of iron and ROS in the mitochondrial matrix, regulating autophagy signaling, preventing autophagy [25,26,27]. Recent studies reported that mitoNEET indeed controls the formation and the integrity of inter-mitochondrial junctions and mitochondrial network morphology [24,28]. Moreover, it was observed that mitoNEET interacts with the voltage-dependent anion channel 1 (VDAC), thus regulating the free iron level within mitochondria [29]. This interaction was also proposed to be functional for the maturation of mitoNEET clusters, mediating the interaction between mitoNEET and CISD3 in a process where CISD3 transfers its [2Fe-2S] clusters from inside the mitochondria to mitoNEET [30]. In addition, mitoNEET was found to be involved in several human pathologies, such as obesity, where the overexpression of mitoNEET enhances lipid accumulation in adipocytes, but preserves insulin sensitivity [21,31,32] and neurodegeneration [33]. MitoNEET have been also linked to type 2 diabetes, since it was identified as the main cellular target of the thiazolidinedione (TZD) pioglitazone, a drug extensively used to treat insulin resistance [7], although the role of mitoNEET in the etiology of the pathology is unclear.



Despite the number of cellular and pathological mitoNEET-related processes, very few details are known about the mechanism of action of the protein in such processes. MitoNEET is supposed to play a major role in repairing the damaged [4Fe-4S] cluster on cytosolic apo aconitase IRP1 in oxidative stress conditions [18], and acts as a cluster transfer protein for several apo recipient proteins [18,34,35]. Both functions are based on a redox switch, activated by several cellular components [36,37,38,39,40]. Indeed, only [2Fe-2S]2+ and not [2Fe-2S]+ clusters can be transferred from holo mitoNEET to apo recipient proteins [18,34,35]. For this reason, the oxidized and the reduced state of mitoNEET clusters have been defined as “active” and “dormant” states, respectively [41]. The two [2Fe-2S] clusters of mitoNEET have a ∼0 mV midpoint redox potential in vitro at pH 7.5 [42,43] and in the cytoplasmic cellular environment, they are in the reduced state, as shown by EPR spectroscopy performed on E. coli cells containing the overexpressed cytosolic domain of human mitoNEET [44]. These findings suggest that in normal cellular conditions, mitoNEET clusters are stably bound to the protein in the reduced, dormant state. Several factors can change the redox state, and, therefore, the reactivity of mitoNEET clusters: [2Fe-2S]2+-mitoNEET can be reduced in vitro by biological thiols [44], reduced flavin nucleotides [36,37,38], and enzymes, such as human glutathione reductase [39]. Additionally, other Fe-S proteins, such as human anamorsin, transfer electrons to mitoNEET in vitro, showing a possible direct link between the cytosolic iron-sulfur cluster assembly (CIA) machinery and the mitoNEET cluster transfer repairing pathway [40].



Another important factor for the stability/reactivity of mitoNEET is the peculiar pH lability of its [2Fe-2S] clusters. The presence of a His residue in the first coordination sphere of mitoNEET [2Fe-2S] clusters results in a significant sensitivity to pH variations and in the pH lability of the cluster, described as a peculiar feature of the NEET proteins. Indeed, it has been proposed that the protonation of the imidazolic ring of the His-87 ligand at acidic pH facilitates the transfer of the mitoNEET [2Fe-2S]2+ clusters to apo recipient proteins in vitro, or their release in solution [18,34,35,41]. However, the protonation of the His-87 ligand is likely not the sole factor affecting cluster stability in mitoNEET. Indeed, Rieske proteins, which contain two His residues in their cluster coordination sphere, show a significant higher cluster stability over a wide range of pH [45]. The pH-dependent stability of mitoNEET clusters seems to be related also to a hydrogen-bonding network formed by the His-87 ligand, a conserved solvent water molecule, and the Nε of Lys-55 residue from the other polypeptide chain of the dimer [42,46,47]. Moreover, NMR and UV-visible spectroscopies showed that the stability of mitoNEET [2Fe-2S] clusters can be tuned also by the interaction with small molecules, such as the antidiabetic drug pioglitazone, which interacts with the cluster-binding region of the protein, increasing the stability of the two Fe-S clusters [15,48], or reduced nicotinamide adenine dinucleotide phosphate (NADPH), which, by contrast, destabilizes mitoNEET Fe-S clusters and induces protein unfolding [49].



For all the aforementioned characteristics, the study of the electronic and coordination structures of mitoNEET [2Fe-2S] clusters has been attracting increasing interest in the last few years, and, in addition to the above-described X-ray crystallographic studies, a variety of spectroscopic techniques have been applied to study mitoNEET in the attempt to explain the drastic difference in clusters stability and reactivity observed for the two redox states and to clarify the cellular function of the protein. The similarities and the differences between the oxidized and reduced states of the mitoNEET [2Fe-2S] clusters and those of other Fe-S proteins are crucial aspects for understanding their modes of action and their role in the physiological processes.




3. Spectroscopic Characterization of the Reduced and Oxidized Forms of mitoNEET


3.1. Electronic Spectroscopy


UV-visible (UV-vis) spectroscopy has been widely used to characterize the oxidized and reduced states of the two [2Fe-2S] clusters of mitoNEET [18,50] to follow their redox properties [36,39,40], to investigate the cluster transfer activity of mitoNEET as a function of pH [34,35,41], and to characterize the system in the presence of ROS species [35,41]. Indeed, the UV-vis spectra of oxidized and reduced mitoNEET are significantly different, thus allowing the changes in the redox state of the clusters to be easily followed. The UV-vis spectrum of oxidized [2Fe-2S]2+ mitoNEET shows intense absorption bands at ~340 and 458 nm and bands with lower intensity between 535 and 580 nm (Figure 2a) [35,41]. This pattern resembles that of several types of [2Fe-2S] cluster-containing proteins, including all-Cys ferredoxin [51] and Rieske Fe-S proteins [52]. Therefore, as observed for Rieske proteins, the presence of a N donor atom in the first coordination sphere does not affect the optical properties of tetrahedral Fe3+ ions.



The absorption spectra of the two reduced [2Fe-2S]+ clusters of mitoNEET show a significant decrease in the intensity of all the absorption bands. This is consistent with what observed for other [2Fe-2S] cluster-containing proteins, whose spectra are generally less featured in their reduced, [2Fe-2S]+ state. However, reduced mitoNEET also shows an absorption peak at 540 nm, which is often observed in valence-localized, dithionite-reduced [2Fe-2S]+ centers [53,54] and provides spectroscopic evidence that the His ligand breaks the symmetry of the [2Fe-2S] cluster and drives the reduction of one of the two iron ions, at variance with a valence delocalized state which is present in human ferredoxins and in many proteins of the mitochondrial ISC machinery [55,56,57].




3.2. EPR Spectroscopy


The first continuous wave (CW) X-band EPR spectra of full-length mitoNEET were obtained on outer-mitochondrial membrane particles purified from bovine heart mitochondria [58] and showed a splitting of the rhombic EPR signal that was initially assigned to two distinct S = 1/2 spins of two different reduced [2Fe-2S]+ clusters bound to mitoNEET. The S = 1/2 ground state of the reduced [2Fe-2S]+ cluster arises from the antiferromagnetic coupling of the high-spin Fe3+ (S = 5/2) and the high-spin Fe2+ (S = 2) ions. Later on, EPR spectra acquired on whole E. coli cells overexpressing the soluble portion of mitoNEET and on several purified constructs encompassing the soluble domain of the protein [44,59] revealed that the splitting of the rhombic EPR signal resulted from the dipolar interaction of the electron spins of the two adjacent, reduced clusters in the dimeric unit of mitoNEET [20]. Specifically, the spectra of fully reduced mitoNEET show an anisotropic lineshape, corresponding to a rhombic g-tensor, with principal g values of 2.005, 1.937, and 1.895 (Figure 2b). The average value for [2Fe-2S]+(Cys)3(His)1 mitoNEET clusters (gav = 1.945) is intermediate between the typical values of the plant ferredoxin [2Fe-2S]+(Cys)4 (gav = 1.96) and Rieske [2Fe-2S]+(Cys)2(His)2 clusters (gav = 1.91) [60].



A detailed analysis of the EPR spectra acquired on purified mitoNEET at pH 8, performed by considering spin–spin interactions between all four iron ions in reduced mitoNEET clusters [60,61], suggested, for the first time, the occurrence of valence localization, with the outermost iron ion, coordinated by His87 and Cys83 ligands, being in the ferrous state in the reduced mitoNEET [2Fe-2S]+ clusters [20]. This is in line with what generally reported for Rieske proteins, where the extra valence of the reduced [2Fe-2S] cluster is always localized on the Fe ions that is coordinated by the 2 His residues [62,63,64]. However, 14N and 15N ESEEM/HYSCORE experiments highlighted significant differences between mitoNEET and Rieske [2Fe-2S] proteins concerning the cluster g-tensor orientation and interaction with weakly coupled backbone amide nitrogen nuclei [20]. A lower electron spin density for the backbone amide nitrogens of mitoNEET forming hydrogen-bonds with the reduced cluster was observed with respect to that of Rieske-type proteins, reflecting their differences in the cluster structure and coordination. These observations highlighted the contribution of the interaction of the cluster with the protein environment for determining the cluster electronic structure and then possibly determining the functional properties of the protein.



Furthermore, the differences in the isotropic coupling constant of the iron-bound histidine Nδ suggest that small differences of iron coordination bonds and angles between mitoNEET and Rieske proteins may affect the unpaired electron spin density delocalization onto the histidine ligand [59].




3.3. Mössbauer Spectroscopy


Mössbauer spectra acquired on oxidized and reduced mitoNEET highlighted the high inequivalence of the two iron ions of the [2Fe-2S] clusters, in both the oxidized [2Fe-2S]2+ and reduced [2Fe-2S]+ cluster states [18,41]. In ferredoxins and ferredoxin-like proteins, the two high-spin, 2-Cys coordinated Fe3+ ions of the oxidized [2Fe-2S]2+ cluster experience nearly identical chemical environments, and the S = 0 ground state resulting from their antiferromagnetic coupling gives rise to a symmetric quadrupole doublet, with an isomer shift of δ ~ 0.27 mm/s [65]. By contrast, in mitoNEET, the two Fe3+ centers of the oxidized [2Fe-2S]2+ cluster experience a different chemical environment due to their different coordination (i.e., 2 Cys vs. 1 Cys and 1 His). As a result, Mössbauer spectra of oxidized [2Fe-2S]2+ mitoNEET show two distinct quadrupole doublets, corresponding to the two inequivalent Fe3+ centers of the cluster. Specifically, the Fe3+ ion coordinated by 1 Cys and 1 His residue exhibits larger ΔEQ and isomer shift than that coordinated by 2 Cys [66]. The two doublets are present in a 1:1 ratio, with isomer shifts of δ ~ 0.26 and 0.30 mm/s. This behaviour is similar to that reported for the oxidized [2Fe-2S]2+ clusters of the scaffold protein IscU and of the transcription factor IscR in E. coli [18,67], both binding a [2Fe-2S]2+ cluster with three cysteines and one His, and having a solvent-exposed coordination site [68], as well as for the majority of the [2Fe-2S]2+ Rieske proteins (see Table 1) [65]. The difference in the isomer shift for the two doublets in oxidized mitoNEET spectra (0.04 mm/s) is similar to that observed for IscR [67] and for IscU (0.05 mm/s, [68]), whereas for the two iron centers of the [2Fe-2S]2+ clusters of Rieske proteins, which have the most different coordination sites, larger differences in isomer shifts were reported (0.08 mm/s, [66]).



In the reduced state of mitoNEET, the inequivalence of the two iron ions is enhanced by the presence of an extra valence electron that is localized on the iron ion coordinated by the His residue [20,59]. The Mössbauer spectra of this state show two quadrupolar doublets corresponding to the Fe3+ and Fe2+ ions, with significantly different isomer shift (δ ~ 0.32 mm/s and 0.68 mm/s, respectively) [44], at variance with those reported for 4Cys-coordinated, valence-delocalized [2Fe-2S]+ clusters, such as those of human anamorsin, whose Mössbauer spectra only show one symmetric quadrupole doublet for the two identical Fe2.5+ ions [55]. In mitoNEET, the different oxidation state of the two iron ions determines the properties of the Mӧssbauer spectra: indeed, the spectra are very similar to those obtained for other, reduced, valence-localized [2Fe-2S]+ clusters, such as those reported for 4Cys-coordinated [2Fe-2S]+ clusters of plant ferredoxins [69,70], for the 3Cys-1His-coordinated [2Fe-2S]+ cluster of E. coli IscR [67], and for the 2His-2Cys-coordinated cluster of P. putida Rieske protein [71]. However, in these systems, the isomer shift of the Fe2+ site increases as the number of coordinated cysteines decreases [41]: δ ~ 0.62 mm/s for A. aeolicus FdI (two Cys), δ ~ 0.70 mm/s for human mitoNEET or E. coli IscR (one Cys and one His), and δ ~ 0.75 mm/s for Rieske proteins (two His), thus emphasizing the capacity of Mossbauer spectroscopy to highlight differences among different [2Fe-2S] centers, as well as for other Fe-S clusters [65,72].




3.4. NMR Spectroscopy


Standard 2D 1H-15N HSQC spectra of 15N-labeled oxidized [2Fe-2S]2+ mitoNEET showed, in the pH range 7.0–8.0, well-dispersed signals, indicating the presence of well-defined secondary structure elements. About 70% of the backbone NH resonances were visible in the spectra, and ~30% NH resonances broadened beyond detection due to paramagnetic relaxation enhancement induced by the two bound [2Fe-2S]2+ clusters [41,75]. After reduction of the clusters with DTT or sodium dithionite, small but significant changes were observed in the 2D 1H-15N HSQC spectrum of 15N-labeled [2Fe-2S]+ mitoNEET. The observed differences are not determined by paramagnetic effects because the contribution to chemical shifts for uncoordinated residues is negligible. Small structural changes seem to affect mainly the protein regions involved in inter-subunit contacts, such as the network of interactions involving Asp-96 with Ile-45 or Phe-60 with Ile-103. Due to the paramagnetism of the clusters, standard HSQC experiments are blind in the immediate proximity of the metal center; therefore, they cannot provide information on local conformational changes in the region surrounding the Fe-S clusters. Indeed, it was reported that the reduction of mitoNEET [2Fe-2S]2+ clusters is coupled to the protonation of the Nε of the His-87 ligand [42,46]. This has led to the definition of the process as a proton-coupled electron transfer [42,46]. Interestingly, additional protonation events involving conserved residues belonging to the cluster-binding region of mitoNEET and forming a complex network of conserved hydrogen bonds [12,15] have been proposed to be responsible for cluster stability [13,42,46], being such hydrogen bonds responsible also for the inter-residue contacts that give rise to the typical NEET fold.




3.5. Paramagnetic NMR and Antiferromagnetic Coupling Properties


In Fe-S proteins, the number of iron ions, their oxidation states, and the magnetic coupling among them determine the chemical shift and the relaxation rates of the signals arising from the cluster-bound residues [76,77,78]. Paramagnetic NMR spectroscopy can provide unique and detailed information, at room temperature, on the nature of the cluster, its oxidation state, and reactivity [79,80]; it is, therefore, highly complementary to Mössbauer and/or EPR spectroscopy, which provide information at low temperatures. Indeed, room temperature paramagnetic NMR data have been extremely useful to describe in vitro mechanisms for the biogenesis and transfer of clusters, such as the formation of [4Fe-4S] clusters in the ISC and CIA machineries [81,82,83], and to monitor catalytic processes in radical SAM enzymes [84].



In the case of oxidized [2Fe-2S]2+ proteins, the two Fe3+ ions are antiferromagnetically coupled and provide a S = 0 electronic ground state, and, therefore, all [2Fe-2S]2+ proteins are EPR-silent. However, at room temperature, the excited levels of the electron spin ladder are populated and give rise to contact hyperfine shifts for the NMR signals of Fe-bound residues.



Different [2Fe-2S]2+ proteins provide different NMR spectra, as summarized in Figure 3. For plant-type electron-transfer ferredoxins [85] and for the Rieske-type ferredoxin from Xanthobacter strain Py2 [86], only a very broad and unresolved feature is observed, in the 28–35 ppm range, arising from the unresolved eight cysteine βCH2 signals. By contrast, other [2Fe-2S]2+ proteins, such as vertebrate ferredoxins [87] and the human proteins ISCA1 and ISCA2 [56,83], involved in the mitochondrial ISC machinery [2,88], show a larger signal dispersion and, for human ferredoxins FDX1 and FDX2, also larger chemical shifts, up to about 45 ppm [57,89,90].



In these systems, the NMR spectra have sharper signals with respect to plant-type ferredoxins, although still insufficient to attempt individual resonance assignment for any of these systems.



In this frame, the paramagnetic NMR spectrum of oxidized mitoNEET is quite amazing and represents, to some extent, a breakthrough. As observed in Figure 4, the NMR spectrum of oxidized mitoNEET shows six well-resolved signals in a 60–10 ppm range. The observed shifts are approximately 30% larger than those of human ferredoxins, so far considered to have the most resolved spectrum of a [2Fe-2S]2+ protein, and about a factor of two larger than human anamorsin (Figure 3c) [91]. The signal resolution of oxidized mitoNEET is such that not only can we measure the individual relaxation properties of these signals, but we can also perform a series of 1D NOE experiments useful to identify, in the proximity of the paramagnetic center, signals of the neighbor residues [92]. This allowed us to propose a tentative assignment, that, although not supported by an unambiguous network of scalar couplings, is based on solid grounds [75].



The low symmetry of the coordination sphere partly explains the NMR behavior. It has been shown, for Anabena-7120 ferredoxin, that a Cys-to-Ser mutation increases the downfield shifts and the signal dispersion of the paramagnetic NMR spectrum [93], thus supporting the hypothesis that a low-symmetry chromophore provides better-resolved NMR spectra for the oxidized [2Fe-2S]2+ state of the proteins, probably because different coordination bonds affect the pattern of the spin density distribution. However, the significant line narrowing suggests a variation of the electronic structure of the cluster itself. For two equal S = 5/2 spins and J values lower than kT (206 cm−1 at 298K), the paramagnetic contribution to the nuclear relaxation of atoms around the cluster (both contact and dipolar terms) is significantly smaller than that originating from a single S = 5/2 spin of the same nature. Indeed, this is the reason why the paramagnetic NMR spectra of [2Fe-2S]2+ are observable, at variance with single Fe3+ rubredoxins. Furthermore, when J is of the order of kT (J values in [2Fe-2S]2+ proteins are in the range 180–280 cm−1), nuclear relaxation can be very sensitive also to small J variations. An increase of the J value determines a decrease of the population of the excited states and of the magnetic susceptibility of the system, thus resulting in smaller contributions to paramagnetic relaxation enhancement. Recently, a relatively similar NMR spectrum has been reported for the bacterial protein FhuF [94], in which the data of the oxidized form were rationalized with a J value of 300 cm−1, i.e., higher than previously reported for [2Fe-2S]2+ clusters. FhuF binds the [2Fe-2S]2+ cluster with four cysteines, but it has a unique consensus sequence and binding topology, which provides an unusually distorted geometry around the cluster.



In reduced [2Fe-2S]+ proteins, the 1D paramagnetic NMR spectra have been correlated with the different electronic properties of the cluster: when the extra electron is mainly localized on one individual iron ion, relatively sharp and well-separated NMR signals for all βCH2 and αCH cysteine protons are observed [95]. When valence is delocalized on the two iron ions, much broader lines, often undetectable, occur for 1H signals [90]. The NMR spectra of reduced [2Fe-2S]+ Rieske proteins show relatively sharp and well-resolved NMR signals over a 100–20 ppm range and, therefore, are consistent with the valence localized model. Puzzling enough, no hyperfine shifted signals are detected for reduced [2Fe-2S]+ mitoNEET. The hypothesis that the electron distribution within the cluster is different from Rieske proteins seems unlikely: the presence of a histidine in the coordination sphere and the structural asymmetry of the cluster in mitoNEET, with one iron ion exposed to the surface and the other buried inside the protein, are supposed to drive the reduced form of mitoNEET towards a fully localized valence, with the extra electron located on the surface-exposed iron ion. Other spectroscopies support this view, as already pointed out [20,44,59].



A possible rationale for the absence of observable signals in the paramagnetic 1H NMR spectrum of mitoNEET is the occurrence of dynamics/conformational phenomena that determine additional line broadening to the signals of the cluster-bound residues and eventually prevent their observation. Actually, Rieske proteins and plant-type ferredoxins (which share the same NMR features in their reduced states) are electron transfer proteins, whereas mitoNEET plays a major role in restoring the Fe-S cluster on cytosolic aconitase IRP1 under oxidative stress conditions [18] and acts as a cluster transfer protein for several apo recipient proteins [18,35,36]. These functions are based on a redox switch that is activated by several cellular cofactors [36,38,39,40,44]. It is, therefore, possible that, in order to perform its function, mitoNEET switches between different conformational states, with the redox state change being one of the ways of regulating these transitions. However, another structural difference between mitoNEET and Rieske proteins is the presence of two [2Fe-2S] clusters in all NEET proteins. As already shown for the two [4Fe-4S] ferredoxins [96], the reduction of a two cluster protein may give rise to a fully reduced form and also to an intermediate form with one cluster oxidized, the other reduced, and the occurrence of electron self-exchange between the two clusters. The occurrence of a slow (on the NMR time scale) exchange process between the oxidized and reduced forms and of a fast exchange process between the two clusters in the intermediate state provide a situation that has been successfully monitored by paramagnetic NMR only for the C Pasteurianum ferredoxin, where the small protein size and the two [4Fe-4S] 2+/+ cluster provides sharp and well-resolved NMR signals [96]. If a partial reduction of mitoNEET would provide an intermediate state, with one oxidized and one reduced cluster, then the much larger signal linewidths of residues bound to [2Fe-2S]2+/+ cluster, compared to those of ferredoxins, would prevent the identification of the intermediate species and eventually, due to the exchange, also of the fully reduced form.





4. Hints for Future Studies: Targeting mitoNEET to Fight Cancer


MitoNEET and the other members of the NEET proteins family are involved in numerous human pathologies and key cellular processes [9,17]. Despite the number of studies and the ensuing amount of information that has been gathered about the NEET proteins, many issues require future studies. In this respect, one of the most attractive aspects is the recently discovered existence of a link between NEET proteins and cancer. Indeed, several studies showed how different human cancer cells contains significantly increased levels of mitoNEET and NAF-1 [9], which play a critical role in promoting tumor growth and metastasis. Attempts to explain the role of NEET proteins in cancer proliferation are based on their well-documented function as regulators of mitochondrial stability and iron and ROS homeostasis in cells [25,27,97,98], their ability to protect cells from the activation of apoptosis and autophagy [25,97], as well as to protect the mitochondrial oxidative phosphorylation system (OXPHOS) proteins from oxidative stress [26]. All the aforementioned functions of the NEET proteins have been reported to rely on the presence of their peculiar Fe-S clusters. However, the overall mechanism for the function of the NEET proteins in cancer proliferation is still elusive.



This leaves room for a more detailed description and understanding of the cellular pathways in which each of the NEET proteins takes part. It will be crucial to identify the network of interactions of the NEET proteins, which is, so far, mostly unknown, and to define at the atomic level how they interact with their protein partners, and the role played by their redox- and pH-sensitive Fe-S clusters. New anticancer strategies having the NEET proteins and their Fe-S clusters as suitable targets could be designed to inhibit cancer cell proliferation.



In summary, the extensive spectroscopic characterization that has been performed so far on mitoNEET and that is reviewed in this work provides an invaluable background of information. In particular, the extensive NMR assignment and the characterization of first coordination sphere provides a molecular fingerprint that can be powerful to assist the design of anti-cancer drugs able to either stabilize or destabilize mitoNEET clusters, thus impairing cellular processes where the clusters have to be transferred from mitoNEET to apo recipient proteins, or directly participate in redox reactions or protein–protein recognition mechanisms.
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Figure 1. (a) Crystallographic structure of the soluble domain of human mitoNEET, with highlighted the β-cap and the cluster-binding regions (PDB ID: 2QH7). The two subunits forming the dimer are reported in different colors; (b) topology diagram illustrating the organization of the secondary structural units in the two protomers of the dimeric structure of mitoNEET; (c) [2Fe-2S] cluster-binding motif of human mitoNEET. The conserved CXCX2(S/T)X3PXCDG(S/A/T)H motif is highlighted in orange. 
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Figure 2. (a) UV-Visible spectra of oxidized [2Fe-2S]2+ mitoNEET (red line) and of dithionite reduced [2Fe-2S]+ mitoNEET (blue line). ε values are based on monomeric protein concentration. (b) CW X-band EPR spectrum of dithionite reduced [2Fe-2S]+ mitoNEET, acquired at 45 K, 1 mW. 
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Figure 3. Paramagnetic 1H NMR spectra of [2Fe-2S]2+-containing proteins: (a) ferredoxin from red algae [85]; (b) human glutaredoxin-5 [56]; (c) human anamorsin [91]; (d) human ISCA2 [83]. 
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Figure 4. Paramagnetic 1H 1D spectra of oxidized [2Fe-2S]2+ mitoNEET at 600 MHz, 283 K [75]. 
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Table 1. Mossbauer parameters for selected [2Fe-2S]2+ and [2Fe-2S]+ proteins.
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	System
	Cluster Type
	Formal Valences
	Fe Ligands
	Stot
	δ (mm/s)
	|ΔEQ| (mm/s)
	Refs.





	FdI A.aeolicus
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.27
	0.60
	[70]



	putidaredoxin P. putida
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.27
	0.60
	[69]



	yeast Grx3
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.29
	0.55–0.76
	[73]



	human ISCA1
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.28
	0.50
	[74]



	human ISCA2
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.27
	0.53
	[74]



	anamorsin (site 1)
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.26
	0.57
	[55]



	anamorsin (site 2)
	[2Fe-2S]2+
	2 Fe3+
	4 Cys
	0
	0.28
	0.39
	[55]



	Rieske thermus thermophilus
	[2Fe-2S]2+
	Fe3+

Fe3+
	2 Cys

2 His
	0
	0.24

0.32
	0.32

0.91
	[66]



	mitoNEET
	[2Fe-2S]2+
	Fe3+

Fe3+
	2 Cys

1 Cys 1 His
	0
	0.26

0.30
	0.47

0.96
	[18,41]



	E. coliIscU
	[2Fe-2S]2+
	Fe3+

Fe3+
	2 Cys

1 Cys 1 His
	0
	0.27

0.32
	0.66

0.94
	[68]



	E. coliIscR
	[2Fe-2S]2+
	Fe3+

Fe3+
	2 Cys

1 Cys 1 His
	0
	0.27

0.30
	0.48

0.72
	[67]



	yeast Fra2-Grx3
	[2Fe-2S]2+
	Fe3+

Fe3+
	2 Cys

1 Cys 1 His
	0
	0.30

0.32
	0.50

0.82
	[73]



	FdI A. aeolicus
	[2Fe-2S]1+
	Fe3+

Fe2+
	2 Cys

2 Cys
	1/2
	0.30

0.62
	1.0

3.0
	[70]



	putidaredoxin P. putida
	[2Fe-2S]1+
	Fe3+

Fe2+
	2 Cys

2 Cys
	1/2
	0.35

0.60
	0.65

2.70
	[69]



	anamorsin (site 1)
	[2Fe-2S]1+
	2 Fe2.5+
	4 Cys
	1/2
	0.26
	0.57
	[55]



	anamorsin (site 2)
	[2Fe-2S]1+
	2 Fe2.5+
	4 Cys
	1/2
	0.28
	0.39
	[55]



	Rieske thermus thermophilus
	[2Fe-2S]1+
	Fe3+

Fe2+
	2 Cys

2 His
	1/2
	0.31

0.74
	0.63

3.05
	[66]



	E. coliIscR
	[2Fe-2S]1+
	Fe3+

Fe2+
	2 Cys

1 Cys 1 His
	1/2
	0.33

0.70
	1.09

3.4
	[67]



	mitoNEET
	[2Fe-2S]1+
	Fe3+

Fe2+
	2 Cys

1 Cys, 1 His
	1/2
	0.32

0.68
	1.07

3.15
	[41]
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