Nickel as a Virulence Factor in the Class I Bacterial Carcinogen, Helicobacter pylori
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Abstract
	Helicobacter pylori is a human bacterial pathogen that causes peptic ulcers and has been designated a Class I carcinogen by the International Agency for Research on Cancer (IARC). Its ability to survive in the acid environment of the stomach, to colonize the stomach mucosa, and to cause cancer, are linked to two enzymes that require nickel—urease and hydrogenase. Thus, nickel is an important virulence factor and the proteins involved in nickel trafficking are potential antibiotic targets. This review summarizes the nickel biochemistry of H. pylori with a focus on the roles of nickel in virulence, nickel homeostasis, maturation of urease and hydrogenase, and the unique nickel trafficking that occurs between the hydrogenase maturation pathway and urease nickel incorporation that is mediated by the metallochaperone HypA and its partner, HypB.



I. Background
Importance to Health
Helicobacter pylori (Hp) is a Gram-negative bacterium that infects the stomach mucosa of upwards of half of the world’s human population [1, 2]. Hp infections lead to chronic inflammation of the gastric mucosa that can result in gastritis, peptic ulcers, stomach cancer and MALT lymphoma--diseases that cause >700,000 deaths world-wide per year [1]. Because of its association with cancers, Hp has been designated the only Class I bacterial carcinogen by the International Agency for Research on Cancer (IARC) [3, 4]. Like many bacteria, Hp is becoming antibiotic resistant [5], and about 20% of cases are resistant to the clarithromycin. Consequently, Hp is a WHO priority for the development of new antibiotic approaches [6].
	Nickel as a virulence factor
	Nickel is established as an essential cofactor for a series of virulence factors in a wide range of human microbial pathogens [7-9], including eukaryotes (e.g., fungi) and prokaryotes (e.g., proteobacteria such as Hp), where it is a cofactor in nine known types of microbial metalloenzymes [10]. In humans, nickel metalloenzymes are common features of gut microbes, but are not found in mammalian cells, thus acquisition of the metal itself is a target for addressing antibiotic resistance and has motivated a large amount of research in microbial Ni homoeostasis and metalloenzyme cofactor assembly. Indeed, nickel-restricted diets help to fight Hp infections [11], and the human body uses calprotectin, a protein released during the innate immune response, to sequester Ni and compete with pathogens for Ni(II) [12], much in the same way that lactoferrin and siderocalin are used to inhibit Fe(III) uptake by microbes.
The nickel-dependent metalloenzymes are frequently classified as being redox active or inactive (hydrolytic) enzymes [10]. The redox nickel metalloenzymes include [NiFe] hydrogenase (H2ase) [13], carbon monoxide dehydrogenase (CODH) [14], acetyl coenzyme A synthase (ACS) [14], superoxide dismutase (SOD) [15] and methyl-coenzyme M reductase (MCR) [16], the latter of which catalyzes a methane producing reaction and is exclusively found in Archaea. The non-redox enzymes include urease, glyoxalase I (GlxI), and acireductone dioxygenase (ARD), [17] as well as the more recently characterized lactate racemase (LarA) [18]. Examples of all these enzymes have been crystallized and structurally characterized, and their structures and functions have been extensively reviewed [10]. Among the take home lessons from these studies, are that redox nickel metalloenzymes generally feature multiple thiolate/sulfide ligands (or S-donor substrates/products in the case of MCR) to adjust the redox potential of the Ni center, while the hydrolytic enzymes typically utilize multiple histidine and carboxylate ligands. An interesting case is the non-redox enzyme LarA [19], where Ni is ligated by the nickel-pincer nucleotide (NPN) ligand that features two S-donors. However, these S-donors are thiocarboxylates (and one further modified to a thioamide via a lysine residue), modifications that are expected to reduce the ability of the S-donor ligands to support nickel redox chemistry. This unusual coordination environment gives rise to the only stable Ni-C bond in Ni biochemistry.
	In terms of pathogenicity, two of these enzymes stand out as being particularly important, given their widespread presence in microbial pathogens: urease and H2ase [7]. Hp requires nickel for both these enzymes: urease, a hydrolytic enzyme that catalyzes the first step of urea hydrolysis (to CO2 and ammonia), and H2ase, a redox enzyme that catalyzes the reversible two-electron redox chemistry of H2 (Scheme 1):
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Scheme 1.	Reactions catalyzed by urease and hydrogenase

Urease, which accounts for 6-15% of the soluble protein in Hp [20, 21], allows for the production of ammonia under acid stress conditions that Hp utilizes to maintain its internal pH and modify the local pH in the stomach mucosa [21]. This provides the organism with a mechanism to survive in the acidic environment of the stomach, rendering urease activity essential to its acid viability. H2ase is not required for acid viability [22], but allows Hp to use H2 as an energy source and has been linked to the ability of Hp to colonize gastric mucosa and to cause cancer [8, 23].

II. Ni acquisition and the role of Ni-dependent enzymes in Hp
Homeostasis
Ni(II) ions are present in the human gastric environment in trace concentration (3-10 nM) [24]. It is usually bound to proteins or to small molecules such as polypeptides or L-histidine (L-His) [25]. Nickel import/export and utilization in Hp is summarized by Figure 1. The import and export of Ni(II) ions is realized by a set of proteins localized in the outer and in inner membranes as well as in the periplasm. Ni(II) ions are carried across the outer membrane via two TonB-dependent transporters, FrpB4 and FecA3 [26]. TonB is a protein that spans the periplasmic space and activates FrpB4 and FecA3 together with a protein complex formed by ExbB and ExbD, located in the inner membrane. The ExbB/ExbD/TonB complex transduces the proton-motive force of the cytoplasmic membrane into a conformational change that induces Ni(II) transport in FrpB4 and FecA3 [27]. Once in the periplasm, Ni(II) can cross the inner membrane into the cytoplasm either through the high-affinity nickel permease, NixA, or an ABC-type transporter, Niu, composed of three proteins, NiuB, NiuD, and NiuE. [28] NiuB is a soluble periplasmatic protein with a high affinity for the Ni(II)-(L-His)2 complex [28]. NiuD is a permease, while NiuE is an ATPase that binds NiuD on the cytoplasmatic side and provides the energy required for nickel transport [29]. While NixA is required for the rapid acquisition of nickel at acidic pH, the Niu system is active in both neutral and acidic conditions even at low concentrations of Ni(II) and is essential for colonization by Hp in a mouse model [28]. NiuBDE expression is induced by low Ni levels and is regulated by the Ni-dependent transcriptional repressor NikR. The concentration of Ni(II) in the periplasm is low under neutral conditions because FrpB4 and FecA3 are active at acidic pH, but the transport mechanism through the Niu system is favored due to the high affinity of NiuB for Ni(II) [28].
Recent studies have found that post-translational regulation of Ni import by NiuBDE is modulated by SlyD [30], a polyprolyl isomerase (PPI) found in Bacteria and Archae. SlyD exerts several cellular roles that are associated with its three functional domains (Figure 2A) [31]: an FK506-binding protein (FKBP) domain that is associated with PPI activity, a protein molecular chaperone domain that is inserted into the FKBP domain (IF) and a C-terminal metal binding domain (MBD) that contains five histidines and five cysteines.
The NMR structure of HpSlyD lacking the C-terminal metal binding domain reveals details of the structures of the FKBP and IF domains, and how their relative orientation can change in solution because of the presence of a flexible linker region between the two domains [31] (Figure 2). NMR investigations of the full-length HpSlyD protein, including the MBD, show that binding of Ni(II), but not Zn(II), causes perturbations in the FKBP domain that may be associated with increased PPI activity in the presence of Ni(II) [31]. More recent investigations dissected the roles of the three domains of HpSlyD in Ni(II) uptake, in particular showing that this metallochaperone plays a crucial role in regulating the activity of the NiuBDE importer via interactions between the IF domain of HpSlyD and HpNiuD [30]. Further, using a SlyD deletion mutant of Hp, HpSlyD was found to be essential for colonization in mouse stomach mucosa [30]. HpSlyD has also been associated with optimal H2ase and urease activity and is known to form complexes with HpHypB [32], which is required for both urease and H2ase activity (vide infra) in Hp. It has been suggested that HpSlyD is the source of Ni for the interfacial binding site in HpHypB (vide infra)[32], but its precise role in urease or H2ase maturation remains obscure.
The mechanism of Ni(II) export in H. pylori, which completes the homeostasis of this metal ion, is not completely known. The sequencing of the H. pylori genome revealed the presence of two sets of so-called Czc-type genes that encode pumps responsible for the efflux of metal ions through a diffusion mechanism; their name derives from the ability to carry cadmium, zinc and copper [33]. The first Czc-type set consists of two genes, named czcA and czcB, coding for copper ions transporters [34]. The second set includes three genes, named cznC, cznB and cznA, coding for proteins with high specificity for Cd(II), Zn(II) and Ni(II) and forming a complex named CznCBA [35]. CznCBA belongs to the family of “High Metal Efflux - Resistance-nodulation –division” (HME-RND) transporters, present only in Gram-negative bacteria and made of components spanning the inner membrane, the periplasm and the external membrane [36]. In particular, based on sequence analysis, it has been proposed that HpCznA is a transmembrane protein localized in the inner membrane, that HpCznB spans the periplasm, and that HpCznC is partially localized in the outer membrane with one domain that extends into the periplasm and interacts with HpCznB. The presence of a domain belonging to the outer membrane efflux protein (OEP) family suggests that HpCznC constitutes the final step in nickel export [35].
	In the cytoplasm, Ni(II) is stored by histidine-rich proteins named Hpn and Hpn-like, found only in Hp [37], and HspA: Hpn is rich in histidine residues (47%) [38], Hpn-like is rich in histidine (25%) and glutamine (42%) and features an N-terminal sequence with 56% identity to Hpn [33], while HspA is a heat-shock protein with a unique histidine-rich C-terminal domain [39]. Hpn binds up to five Ni(II) ions and was thus proposed to have a role in nickel storage, trafficking and detoxification[40]. Hpn and Hpn-like enable Hp to colonize the host even in a Ni-depleted environment, suggesting a role of these proteins in urease Ni activation [41, 42]. HspA binds two Ni(II) ions with high specificity [39, 43] and is involved in intracellular nickel sequestration and detoxification, while playing a role as a specific Ni(II) chaperone in the maturation of hydrogenase but not for urease [44].

Urease
The crystal structures of ureases from several bacteria and higher plants reveal a nearly identical conserved quaternary structure constituted by a functional minimal trimeric assembly [45]. Each monomer of the latter is in turn composed of a single chain in ureases from higher plants, by two chains in the case of H. pylori, and by three chains in the cases of Sporosarcina pasteurii and Klebsiella aerogenes. The minimal trimeric assembly can eventually dimerize in higher plants, while in Hp the minimal trimer generates nearly spherical tetramers (Figure 3A,B). In all ureases, each trimeric assembly hosts three identically conserved active sites featuring a dinuclear Ni(II) cluster [45] (Figure 3C). Each metal ion is bound to an imidazole N atom of two histidine residues and to a terminal water molecule; one of the ions [Ni(1)] is less coordinatively saturated than the other, with Ni(2) additionally binding the carboxylate group of an aspartate residue. The two Ni(II) ions are bridged by a carbamylated lysine residue and by a hydroxide ion. In this way, the presence of a dinuclear Ni(II) cluster causes the formation of a hydroxide ion that acts as the co-substrate necessary for the hydrolytic reaction of urea at near neutral pH, where the enzyme has its maximal activity. The bimetallic Ni(II) cluster is located in a pocket covered by a conserved 30-residues helix-turn-helix motif, also called “mobile flap” (Figure 3D). The mobile flap carries, at the tip of its turn region, a largely conserved Cys residue and a fully conserved His residue. Integrated crystallographic and kinetic studies performed on Sporosarcina pasteurii urease, which has a tertiary structure similar to Hp urease, in the native state and complexed with several compounds, including the substrate urea [46], established the importance of the mobile flap. This flap is able to adopt open or closed conformations that involve a ca. 5-Å shift in the position of the Cys and His residues relative to the active site di-nickel cluster. The mobility of the flap is a crucial mechanistic feature that efficiently regulates catalysis. In particular, the open state of the flap allows substrate access into, as well as products release from, the active site cavity, while the closed state causes the reduction of volume of the active site cavity, with the flap stabilizing both the substrate urea bound in a chelating mode to the di-nickel cluster and the tetrahedral diamino-methane- diol intermediate that forms following nucleophilic attack by hydroxide on the urea carbonyl C atom. Notably, the open and closed state of the mobile flap is regulated by pH, with mildly acidic or alkaline milieu slightly favoring the open or closed state, respectively [47].

Hydrogenase
	Hydrogenases (H2ases) may be classified into three groups based on metal content: [NiFe], [FeFe] and [Fe] [10, 13, 48]. The enzymes catalyze both the consumption and production of H2 but may be catalytically biased to favor one reaction over the other under physiological conditions. Thus, the enzymes may be further classified as involving H2-uptake, H2-production, or both (bidirectional). H2ases have been further classified in terms of the hydrogen metabolism of the organism [8]. The Hp genome encodes a single [NiFe] H2ase that is classified as an uptake H2ase [8]. Hp is a microaerophile that utilizes the reducing equivalents produced from the oxidation of H2 to drive the production of a hydrogen ion gradient for the production of ATP with the terminal electron acceptor being O2 or fumarate. Thus, the Hp [NiFe] H2ase is classified as a group 1b H2ase [8]. The [NiFe] H2ases are minimally composed of two proteins, the small (~32 kDa) and large (~66 kDa) subunits (Figure 4A). The active site is located in the large subunit and contains a unique [Ni,Fe] dinuclear metal cluster, where Ni is bound to the protein by four cysteinate ligands (consistent with its redox role), two of which bridge Ni to the Fe center, which is additionally ligated by two CN- and one CO ligand (Figure 4B). In a few cases, one of the terminal cysteinate ligands is substituted by seleno-cysteinate [13, 48, 49]. The small subunit contains [Fe4S4] and [Fe3S4] clusters utilized for electron transfer out of the active site in the case of H2 oxidation, or into the active site for proton reduction. The structure of a number of [NiFe] H2ases has been determined from a variety of sources, though not from Hp [13, 48].
In addition to the minimal heterodimer, hydrogenases can have additional subunits that interface with the redox partners [13]. Group 1b hydrogenases, such as that from Hp, have a heterotrimeric structure encoded by the hynABCDE operon [8], where HynA and HynB correspond to the small and large subunits, respectively. HynC anchors the complex in the cytosolic membrane with the hydrogenase subunits oriented to the periplasm. HynC also contains a heme-b that transfers electrons from the hydrogenase to the menaquinone pool, ultimately for reduction of O2 at a cytochrome cbb3 oxidase. The hynD gene encodes an endopeptidase required for the post-translational processing of HynB (vide infra) and the product of hynE is a protein suggested to be involved in nickel mobilization or translocation of Hyn(AB) into the periplasmic space [8]. The transcription of the hynABCDE operon is known be induced by Ni and Fe via the NikR and Fur transcriptional regulators [8].
The function of the Hp H2ase appears to involve extracting energy from H2 produced by other gastrointestinal microbes [50], which can be utilized for host infection of the gastric mucosa and for assimilation of CO2 [8]. The Km for Hp H2ase is ~ 1.8 µM, which is well below the concentration range of H2 measured in the stomachs of mice (17 – 93 µM). Using H2ase deletion mutant strains, it has been shown that acid viability is not affected by the presence/absence of H2ase activity [22], but rather that the enzyme is important to the ability of the organism to colonize gastric mucosa [50]. Using a hynB deletion mutant strain, it was shown that the lack of H2ase activity decreased the gastric colonization of Hp in mice (24% vs. 100 % for wild type Hp). The presence of H2ase has also been associated with the development of gastric cancer [23]. Gerbils infected with Hp strains that express the cytotoxin-associated gene A protein, CagA, show an increased risk of developing stomach adenocarcinoma via changes mediated by this protein in the gastric epithelium. The energy derived from H2 oxidation drives translocation of CagA to the epithelial cells, and H2ase deletion strains were unable to support this translocation in human epithelial cells, nor did they induce cancer in gerbils [23]. Consistent with these results, stomach cancer patients were found to harbor Hp strains with higher H2ase activity than patients diagnosed with gastritis [23].

III.  Ni site assembly by required Enzymes
Urease
Nickel incorporation into urease is required for activity, and any defect in the maturation pathway leading to nickel incorporation results in Hp phenotype that is not acid viable [51]. This makes urease and the proteins involved in urease maturation possible drug targets [52]. The activation of the enzyme requires the action of four accessory proteins, named UreD (uniquely named UreH in H. pylori), UreF, UreG, and UreE, coded by genes belonging to a single operon together with the structural genes coding for the enzyme subunits. UreD, UreG, UreF and UreE carry out the tasks of Ni(II) transport and insertion in the active site of apo-urease concomitantly with guanosine-5’-triphosphate (GTP) hydrolysis and CO2 uptake [53-55].
The crystal structure of a C-terminal truncated form of HpUreF (Figure 5A) revealed the presence of a homodimer with a largely helical secondary structure [56], observations confirmed also in solution state [57]. While no Ni(II) ion was present in the solid state structure [56], in solution HpUre(F)2 was shown to bind two Ni(II) ions per dimer with a micromolar dissociation constant, and X-ray absorption spectroscopy indicated that the Ni(II) ions reside in a five-coordinate pyramidal geometry comprising exclusively N/O-donor ligands derived from the protein, including one or two histidine imidazoles and carboxylate ligands [57]. While no purification and characterization of isolated UreD from any biological source has been described, the structure of a soluble HpUre(DF)2 heterodimeric complex, obtained by co-expression of HpUreD and HpUreF, has been reported (Figure 5B) [58]. It features the presence of two identical monomers of HpUreD flanking the central HpUre(F)2 homodimer, with the latter showing the C-terminal region that was missing in the structure of the isolated HpUreF. The latter observation suggested that the presence of the HpUreD subunits prevents the hydrolysis of the C-terminal region of HpUreF [58].
UreG is a small GTPase proposed to couple GTP hydrolysis to the process of urease activation [59] and is the first reported case of an intrinsically disordered enzyme [60], possessing disordered regions in solution, as shown by NMR spectroscopy [60-63] as well as native mass spectrometry and site-directed spin labeling coupled with electron paramagnetic resonance (SDSL-EPR) [64, 65]. The partially disordered nature of HpUreG is thought to facilitate its interaction with multiple partners [66]: indeed, HpUreG interacts either with HpUre(E)2, forming a heterodimeric HpUre(GE)2 complex [67], or with HpUre(F)2 and HpUreD, forming a ternary HpUre(DFG)2 complex [68]. The selection of the binding partner is defined by the nucleotide bound state of the protein: GTP binding facilitates the formation of the HpUre(GE)2 complex [69], while the GDP-bound form preferentially interacts in the HpUre(DFG)2 complex [68]. In addition, the concomitant presence of Ni(II) and GTP drives UreG dimerization in solution [68]. Mutagenesis studies indicated that Ni(II) binds to a conserved Cys-Pro-His (CPH) motif, located on the protein interaction surface [70], while GTP binds on the opposite side of the protein [69]. The crystal structure of Klebsiella aerogenes KaUreG showed the homodimeric nature of the protein, confirmed its structural similarity to the H2ase chaperone HypB [60, 66], and suggested that the intrinsic disorder of this protein is tamed by the presence of Ni(II) and GMPPNP (guanylyl imidodiphosphate), a nonhydrolyzable analog of GTP [71]. The structure of the metal binding site in KaUreG involves the Cys and His residues in the CPH motif, confirming previous evidence obtained using XAS data on HpUreG in solution [72].
UreE is a homodimeric metallo-chaperone deputed to the delivery of Ni(II) ions to the apo-urease:UreDFG complex in a GTP-dependent activation process [67, 73]. The structure of HpUre(E)2 has been reported in the apo- and Ni(II)-bound forms and highlighted the role of histidine residues on the protein surface and on the flexible C-terminal regions in metal binding [74]. HpUre(E)2 binds a single Ni(II) ion per dimer and is able to form a complex with HpUre(G)2 in solution, as established by calorimetry and NMR spectroscopy [67]. The formation of the HpUre(GE)2 complex causes the formation of a metal binding site at the interaction surface between the two proteins, with a binding affinity increasing by ca. three orders of magnitude with respect to the single protein components, reaching the nM range [67]. The structure of Ure(EG)2 complexes (Figure 5C) has been calculated on the basis of docking protocols [67] and NMR spectroscopy [70], which suggested the presence of two conserved Cys residues from the CPH motif of UreG and two conserved His residues on UreE in the coordination environment of the metal ion bound at the interface of the protein complex.
The crystal structures of HpUre(F)2 [56], HpUre(DF)2 [58], and HpUre(DFG)2 [68] devoid of Ni(II) ions provided a solid structural framework for understanding the process of Ni(II) delivery to the apo-urease active site. In particular, the HpUre(DFG)2 structure (Figure 5D) features a central core flanked by one monomeric chain of HpUreD bound to each side of the HpUre(F)2 dimer, while the HpUre(G)2 dimer is bound to a large concave region formed on the surface of the HpUreF homodimer. In the HpUre(DFG)2 supercomplex, a GDP molecule is bound to each HpUreG monomer. A comparison of the crystal structure of the Klebsiella aerogenes KaUreG bound to GMPPNP [71] with the crystal structure of the GDP-bound HpUreG in the HpUre(DFG)2 complex [68] (Figure 5D) suggests that the presence of GTP drives an allosteric modulation of the Ni(II) binding site, which assumes a square planar geometry able to accommodate Ni(II) [71]. This implies that the two protein regions that bind Ni(II) and GTP/GDP communicate by allostery to drive the necessary conformational changes for UreG to function. This hypothesis was recently supported by a combined use of SDSL-EPR, isothermal titration calorimetry (ITC), and static and dynamic light scattering (MALS-QELS) [75].
An in-depth analysis of the HpUre(DFG)2 structure, coupled with results from site-directed mutagenesis and in cell assays, resulted in the discovery of a metal-binding site at the interface between HpUre(F)2 and HpUre(G)2, made of the HpUre(G)2 loop containing a conserved Cys–Pro–His (CPH) motif proposed to bind Ni(II) ions [57]. This cavity was found to be connected to two nearly identical and symmetric intra-protein water-filled tunnels that cross the two HpUre(DF) oligomers and exit near the C-terminus of each HpUreD monomers. This observation suggested the hypothesis that these tunnels are involved in the transport of Ni(II) ions within the urease-Ure(DFG)2 super-complex, without releasing Ni(II) ions in the cytoplasm [57]. This hypothesis received support from in vivo assays using site-directed mutagenesis coupled with bioinformatics and atomistic molecular dynamics simulations on KaUreD [76]. A more recent study involving atomistic molecular dynamics simulations run on the entire HpUre(DFG)2 complex further identified three possible tunnel exits on the surface of HpUreD and showed that the tunnels are stable in solution at least in the hundreds of nanoseconds time scale [77].
On the basis of all the evidence discussed above, a proposal for the urease activation mechanism can be envisioned (Figure 6): (i) first, a Ni(II) ion is transferred from the Ni-bound Ure(E)2 to the GTP-bound dimeric Ure(G)2 [67, 69, 70]; (ii) then, the Ni(II)-loaded Ure(G)2 separates from Ure(E)2 to bind the Ure(DF)2 complex, forming the Ni(II)-bound Ure(DFG)2 assembly [69]; (iii) the latter finally interacts with apo-urease. The insertion of Ni(II) ions into the apo-enzyme must thus occur within the urease-Ure(DFG)2 super-complex in a process that requires GTP hydrolysis and activation by bicarbonate for the modification of Lys219, a residue involved in Ni binding in the active site of urease [69]. The latter modification has been proposed to involve the role of carboxyphosphate, a short-lived molecule that, if generated within the Ure(DFG)2 complex upon GTP hydrolysis catalyzed by UreG, could act as a strong carbamylating agent [78].

Hydrogenase
[Ni,Fe]-Hydrogenase maturation requires six accessory proteins HypABCDEF [10, 79-81] and also may involve SlyD (vide supra) [31]. The maturation process involves three major steps: i) synthesis and insertion of the Fe(CN)2CO unit into the pro-large, subunit (HynB), involving HypC, HypD, HypE and HypF, ii) insertion of Ni into HynB, involving HypA and HypB, and iii) processing of the HynB C-terminus by an endopeptidase (HynD) to produce the mature large subunit and association with the small subunit (HynA). The consensus mechanism (Figure 7) that emerges largely from detailed studies of proteins involved in Escherichia coli (Ec) and Tk H2ase maturation [13, 79, 81], illustrate a process that is tightly choreographed in that Ni binding does not occur until the Fe(CN)2CO unit is in place, and processing of the pro-large subunit does not proceed until the Ni is bound. The HypC protein forms a complex with HypD, which constitutes a scaffold on which the Fe(CN)2CO unit is assembled. The Fe center bound to this scaffold acquires CN- from HypE in a HypCDE complex. The CN- is bound to a C-terminal cysteine residue in HypE as thiocyanate. The thiocyanate is formed via HypF-mediated carbamoylation of the C-terminal cysteine using carbamoyl-phosphate and ATP, and subsequent dehydration yielding thiocyanate. While it is clear that this is the source of the CN- ligands, it is not clear how two CN- ligands are transferred, nor how the CO ligand is incorporated.
Once the Fe(CN)2CO unit has been transferred to HynB, Ni is incorporated into HynB in a process involving HypA and HypB. HypA proteins are low molecular weight nickel metallochaperones that bind Ni(II) and function in the delivery of Ni to HynB under cellular Ni levels, and their deletion or disruption lead to H2ase-deficient phenotypes that are complimented by near toxic levels of Ni in the growth media [22, 82]. The Ni binding site of HypA employs an invariant MHE motif at the N-terminus of the protein [51]. All examples of HypA proteins also contain a conserved structural Zn(SCys)4 site associated with two CXXC amino acid sequences near the C-terminus [83]. Amino acid sequences of HypA proteins from relevant sources can be compared in Figure 8. The HpHypA protein is unique in that both CXXC sequences are flanked by His residues that confer a degree of structural flexibility to the Zn site, allowing for Cys2His2 ligation under some conditions that were originally thought to be a consequence of nickel binding and pH changes [84]. Mutational studies of the Zn site confirmed the functional importance of the Zn(Cys)4 site in HpHypA function (urease maturation and Hp acid viability) but did not identify a function for the flanking His residues [83]. Further, recent NMR investigations of the Zn site structure of HpHypA failed to reproduce the change in the Zn site structure as a result of nickel binding and pH change [85].
Structures of HypA proteins have been obtained from NMR studies of HpHypA both in the wild type [85] and in a variant form containing a modified N-terminus [86], while the crystal structures of HypA from Thermococcus kodakarensis (Tk) in monomeric (TkHypA) and dimeric (TkHyp(A)2) forms, as well as of its complex with TkHypB and with TkHyhL (the large subunit of Tk hydrogenase), provided additional structural information for comparison [87-89]. These studies generally reveal an elongated protein containing a well-defined Zn binding site (made of Cys77, Cys79, Cys 91 and Cys94 in Hp) that is separated from the N-terminal conserved MHE motif (Ni-binding site) by a flexible linker (Figure 8B). The Ni-binding domain contains two -helices (1, residues 3 -20 in Hp) and (2, residues 41-52 in Hp) as well as a three-stranded -sheet. The 1 helix is part of the interaction surface between HypA and partner proteins and is ordered by the addition of Ni, according to atomistic molecular dynamics simulations [85]. The Zn binding site is made of -structure that contains the Cys ligands and is connected by two loops (Figure 8).
Hyperfine shifted NMR studies, XAS investigations, and magnetic measurements on the HpHypA Ni(II) site reveal a six coordinate, high-spin, paramagnetic Ni(II) center [85]. DFT calculations provided two structural models of the Ni site that are consistent with the NMR and XAS data and involve ligation of Ni by the N-terminal amine of Met1, the amidate N of His2, the amidate N of Glu3 and the carboxylates of Glu3 and Asp40 and differ in the positions of the two carboxylates (Figure 8). The importance of the Met1 N-terminal amine was further demonstrated in an insertion mutant, M1_H2insL, or L2*-HpHypA, which has the effect of moving the amine one residue further from the known His2 ligand and lowers the Ni affinity by ~60-fold [51, 90]. In contrast, the crystal structures of TkHypA lack a bound Ni center [87], so there is no information about the structure of the Ni site in this case, other than the location of the N-terminal MHE sequence associated with Ni binding with respect to the rest of the protein.
In the structure of HpHypA (Figure 8B) the linker connecting the two domains is short (residues 69–70 and 104–106) and only allows for reorientation of the Ni and Zn binding site domains in a scissors-like motion [85]. Mutations of Gly residues to Ala in the linker region of HpHypA revealed that changes in linker flexibility induced only modest effects on H2ase maturation (activity in cell lysates could be reduced by 30-50% [91]) and did not have an effect on urease maturation or acid viability of Hp [85]. On the other hand, a comparison of the structure of monomeric TkHypA with that of TkHypA in the TkHyp(AB) complex (Figure 9) reveals a large protein conformational change, allowed by the insertion of ~20 amino acids in the linker region of the amino acid sequence of TkHypA, a feature that distinguishes Archaeal HypA proteins (see alignment in Figure 8). The flexibility of the variable linker region in HypA proteins has consequences for the structure of the Ni site. Indeed, the structure of the TkHyp(AB) complex (Figure 9) reveals the formation of a high-affinity Ni site (Kd = 7 nM) [88], resulting from a conformational change that brings His98 from near the C-terminus of TkHypA into a position where it becomes a Ni ligand in the high-affinity site, resulting in the formation of a planar, four-coordinate, low-spin, diamagnetic Ni center that is ligated by the Met1 N-terminal amine, the amidate of His2, the imidazole of His2, and the imidazole of His98 (Figure 9). There is also a weak apical interaction with the carboxylate of Glu3. Such a large change in the Ni binding site structure is not possible in HpHypA (or EcHypA) because of the short linker and the fact that His98 is not conserved (see alignment in Figure 8).
The Ni binding site in EcHypA has been recently characterized using XAS and provides a third type of Ni binding site [92]. Like all examples of HypA, EcHypA has a Ni binding site associated with the N-terminal MHE sequence, but it has a much higher binding affinity for Ni(II) (Kd = 40 – 80 nM) [92] than observed for HpHypA (~1 µM) [51]. The work showed that in the absence of EcHypB, the EcHypA Ni site was a mixture of two planar and diamagnetic sites with (N/O)4 and S/Cl(N/O)3 ligation that includes the imidazole from His2 and is consistent with the MHE ligands found in the TkHyp(AB) Ni site [92]. Glu3 was specifically ruled out as a ligand in EcHypA by mutation that had no effect on H2ase maturation. Similarly, other possible EcHypA protein ligands, such as Asp40 (as in HpHypA) and the closest Cys residue (Cys38) were also ruled out as essential residues; like HpHypA, EcHypA does not have a His residue analogous to TkHypA His98. When EcHypA is complexed with EcHypB, the resulting Ni-binding site in the EcHyp(AB) complex corresponded to only the S/Cl(N/O)3 coordinated site observed in EcHypA. These results were interpreted in terms of an N-terminal MHE motif that provided three ligands for Ni(II), with the fourth being derived from the buffer. In the non-complexed EcHypA, this fourth ligand could be either H2O or Cl-, and the binding of EcHypB modified the site to favor coordination of the chloride ion [92].
Crystal structures of several HypB proteins are available, including from Hp (Figure 10) [93] and Tk [88]. HypB proteins from different sources differ greatly in their metal-binding properties. Most HypB proteins from bacterial sources are known to be GTPases and contain a conserved GTPase motif that is altered to an ATPase site in HypB proteins from many Archaea, including Tk (vide infra), which also has low amino acid sequence similarity to the GTPase versions. Both GTPase- and ATPase-type HypB proteins nonetheless belong to the SIMIBI class of NTPases and have similar tertiary structures [79]. These proteins can be further separated into three groups based on the metal binding properties of their N-termini: 1) proteins containing a short N-terminus and lacking a metal binding site; 2) a longer N-terminus containing a high-affinity binding site and 3) a long N-terminus containing a poly-His multiple metal binding site. Features that are typical of HypB proteins include forming a dimeric structure with the nucleotide-binding motifs at the dimer interface [88, 93]. HpHypB belongs to group 1 above and dimerizes in the presence of Ni(II) [93]. The crystal structure of HpHypB with nucleotide bound (Figure 10) reveals a single Ni binding site at the dimer interface, where Ni is coordinated in a planar geometry by a pair of cysteine residues (Cys106, Cys142) from each subunit. The nucleotide influences both the structure and the affinity of the Ni site. In the absence of nucleotide, two Ni(II) ions in HpHypB are coordinated to the dimer using a ligand set that includes His107 [93]. On the other hand, upon nucleotide binding the Ni adopts a single planar Cys4 coordination, but the GDP-bound state has a lower affinity for Ni than the GTP-bound state (Kd = 0.11 µM and 0.7 µM in the GTP and GDP bound states, respectively), leading to the claim that Ni release could be driven, in part, by GTP hydrolysis [93]. The GTPase activity of HpHypB is known to be modulated by the metal binding status via coordination of Cys142, which is a Ni(II) ligand, but not a Zn(II) ligand, and where Zn is a strong inhibitor of GTPase activity. Cys142 is a residue found in the switch II motif that is involved in signal transduction [93]. In contrast, the dimeric TkHypB lacks the interfacial Ni-binding site [79]. EcHypB belongs to group 2, but is similar to HpHypA with the addition of a high-affinity (sub-pM) Ni site in the N-terminus, and retains the property of weaker Ni binding at the interfacial site in the presence of GDP (Kd = 0.6 µM and 8 µM  in the GTP and GDP bound states, respectively) [92]. The structure of the interfacial Ni site as determined by XAS is different in EcHypA than in HpHypA in that it features ligation by two Cys residues, and, presumably, a pair of His167 residues (from mutagenesis) with an average S2(N/O)3 coordination [92]. Studies of nickel binding in EcHyp(AB) show that the Ni bound at the EcHypB dimer interface is transferred to apo-EcHypA in the EcHyp(AB) complex [94], where EcHypA has the tighter Ni binding site, and where Ni-EcHypA no longer binds HypB.
The crystal structure of the TkHyp(AB) complex (Figure 11A,B) reveals several facets of the interaction between TkHypA and TkHypB [88]. The structure shows a hetero-tetramer with two TkHypA proteins bound to the two TkHypB proteins in a dimeric TkHyp(B)2 opposite the interfacial ATP binding site, and with three areas of protein-protein contacts. The first interface involves residues 2-6 of TkHypA and includes the MHE Ni binding site. The second interface features a TkHypB hydrophobic cleft next to the first interface that involves contacts with the Zn binding domain of TkHypA, and in the ADP-bound form of TkHypB, this cleft is flattened, supporting a role for ATP hydrolysis in a conformational change in TkHypB that affects TkHypA affinity (this cleft is also present in HpHypB). The third interface involves an interaction between TkHypA and the other subunit of the TkHypB dimer and is consistent with a requirement for the dimeric form of TkHypB in forming the TkHyp(AB) complex. The formation of the TkHyp(AB) complex brings TkHypA His98 into the coordination sphere of Ni (vide supra) and alters the TkHypA Ni affinity from Kd = 2 µM in isolated TkHypA to 7 nM in the complex.
After, or concomitant with, the release of Ni-TkHypA, the Ni is available for transfer to the large H2ase subunit (TkHyhL) [89] (Figure 11C,D). TkHypB is not involved in this complex, consistent with dissociation of TkHypA from TkHyp(AB) following Ni binding and ATP hydrolysis, and with the role of TkHypA in delivering Ni to the H2ase subunit in which the previously inserted Fe(CN)2CO unit is found. In the TkHypA•TkHyhL complex, apo-TkHypA interacts with TkHyhL via the 1 helix at the MHE Ni binding site, bringing the MHE Ni-binding site into proximity with residues in the active site of H2ase, but His98 and the Zn binding domain are remote to this interaction [89]. Thus, the low-affinity MHE site appears to be involved in Ni transfer to the pro-large subunit.
These structural and biochemical data provide the basis for a putative mechanism for nickel acquisition and insertion by the H2ase large subunit in TkHypB [89] that involves nickel handoffs occurring in protein complexes and consists of three steps: i) ATP-bound TkHyp(B)2 dimer forms a weak encounter complex with TkHypA, leading to the formation of a high-affinity Ni binding site that traps Ni; ii) the conformational change associated with the previous step promotes ATP hydrolysis that produces the conformational change at the second interface (vide supra), causing the release of Ni-TkHypA; iii) the TkHypA Ni site converts to the low affinity form wherein Ni remains bound to the MHE site, but not to His98, making Ni available for transfer to the H2ase large subunit. This hypothesis has several attractive features including a mechanism for increasing Ni affinity for acquisition, as well as a mechanism for decreasing Ni affinity for delivery to the H2ase large subunit. However, it cannot be ubiquitous, if only for the fact that TkHypA His98 is not a conserved residue.
The nickel handoff process that emerges from the studies of the Hp, Ec, and Tk HypA and HypB proteins involved in Ni acquisition and delivery to the pro-large subunit of H2ases suggests that the process has some basic features in common, but that they can be achieved in different ways. First, Ni must be acquired by HypA for delivery to the large subunit of H2ase, and this process is mediated via the formation of Hyp(AB) complexes, which are known to exist for Tk, Ec, and Hp and involve dimeric HypB proteins. In Tk, HypA forms a high-affinity Ni binding site through a conformational change in the Hyp(AB) protein complex. This high affinity site then competes for Ni, the source of which is not known but may involve other ligands in the cytoplasm, or possibly another protein. In Ec, the formation of a high-affinity site in the Hyp(AB) complex is unnecessary because it already exists in the EcHypA MHE binding site. This site is also four-coordinate and planar, but uses a ligand set that is distinct from that in the TkHypA high affinity site and is consistent with coordination by the Met1 N-terminal amine, His2 amidate and His2 imidazole of the MHE sequence, and replacing His98 with a solvent accessible site [92]. This high affinity site is able to extract Ni from the interface of dimeric TkHypB, a site that does not exist in the TkHypB protein, driven by ATP hydrolysis and a conformational change in the TkHypA Ni site in the TkHyp(AB) complex. Once Ni is bound to EcHypA, it no longer binds to EcHypB and is available to transfer Ni to the H2ase pro-large subunit. Second, the Ni affinity of the HypA site must be lowered in order to transfer Ni to the nascent Ni site in the pro-large subunit. In Tk, this is achieved by releasing TkHypA, which allows the protein to adopt a low-affinity Ni site structure via loss of His98 that allows for Ni transfer. The mechanism for weakening the intrinsic high-affinity Ni site in EcHypA is not known. One possibility is that the affinity is decreased in some way via interaction with the H2ase large subunit, possibly involving axial ligation of the Ni via cysteinate ligands in the nascent active site.
In contrast to the situation in Tk and Ec, relatively little detail is available regarding Ni acquisition and H2ase maturation in the Hp system. HpHypA lacks the high-affinity Ni binding site found in EcHypA, and instead exhibits a six-coordinate high-spin Ni site with ~µM affinity that use ligands in the MHE motif and recruits Asp40 as a ligand [85]. Given the information from the Tk and Ec systems, one might suspect that HpHypA and HpHypB form a complex that creates a high-affinity Ni binding site, in analogy with the Tk mechanism. A HpHyp(AB) protein complex is known to exist but has very low protein-protein affinity (Kd ~ 55 µM) [95]. In this regard, it is worth noting that the HpHypA involved in this study was modified at the N-terminus, near the Ni binding site and the interaction surface with HpHypB. This modification does not greatly perturb the protein -protein interactions, but a similar modification dramatically decreases the Ni-binding affinity [51]. Thus, it is not surprising that no report of high-affinity Ni binding in the complex was made. The fact that the high-affinity Ni sites in TkHypA and EcHypA are four coordinate and planar, suggests that the process of Ni transfer to the H2ase pro-large subunit is an associative process involving ligation of cysteinate ligands to the HypA Ni site. One might expect that this mechanism would be retained in Hp, and thus the high-affinity HpHyp(AB) complex might have four-coordinate planar geometry. Given the MHE ligands in common between all the HypA proteins (Met1 N-terminal amine, His2 amide, His2 imidazole), and the absence of a residue analogous to His98, it is not hard to imagine a four-coordinate site forming in the HpHyp(AB) complex that is analogous to the high-affinity EcHypA site (N-terminal amine, His2 amide, His2 imidazole, and a buffer-derived ligand), involving loss of Asp40 and the Glu3 carboxylate and amide ligands in the HpHyp(AB) complex.
The acquisition of Ni by the H2ase pro-large subunit sets up the last step in H2ase maturation—cleavage of the C-terminus by an endopeptidase and association with the small subunit. The structures of TkHyhL and the TkHyhL• TkHypA complex reveal a great deal regarding the roles of the HyhL N- and C-termini in binding HypA and in distinguishing between H2ase pro-large subunits with and without Ni bound [89]. But these are beyond the scope of this review focusing on Ni trafficking, and the reader is referred to the original papers on this topic [89].

IV. Crosstalk between hydrogenase and urease maturation pathways
One of the more unusual aspects of Ni trafficking in Hp is that the H2ase metallochaperones HypA and HypB are also recruited to supply Ni for urease maturation (Figure 12) [82, 96-98]. HpHypA or HpHypB disruption mutants are deficient in both H2ase and urease activity, and urease activity is recovered if high concentrations of Ni(II) are present in the media [82], as was the case for H2ase activity (vide supra). However, UreE deletion mutants could not be complemented by high Ni concentration in the media [98], suggesting that the delivery of Ni to the urease maturation complex by UreE is essential in Hp. Thus, HpHypA and HpHypB are also required for urease maturation under normal cellular Ni concentrations.
Part of this crosstalk between the urease and H2ase maturation pathways appears to be mediated by a protein complex formed between HypA and dimeric Ure(E)2, which has µM affinity and involves an interface between the His-rich C-terminal motifs of Ure(E)2 and the HypA N-terminal Ni-binding MHE motif [90, 97, 99]. The resulting HypA•Ure(E)2 complex contains a unique high-affinity Ni-binding site with a sub-nM (Kd = 0.19 nM) affinity [90]. The high-affinity site involves the N-terminal MHE Ni binding domain, since the high-affinity Ni site does not exist in the L2*-HypA•Ure(E)2 construct, but the formation of the protein complex is unperturbed [90]. This is the same interaction surface involving the 1 helix on HypA that is involved in formation of the complex with HypB [95], and thus, HypA can only interact with HypB or Ure(E)2 and not both at the same time.
The fact that a high-affinity Ni complex forms in HypA•Ure(E)2, suggests a possible role in sequestering Ni for the urease maturation pathway, consistent with the fact that the HypA•Ure(E)2 complex is known to mediate transfer of Ni from HypA to Ure(E)2 [99]. This function bears a strong functional resemblance to the formation of a high-affinity Ni site in the TkHyp(AB)2 complex (vide supra). The existence of the HypA•Ure(E)2  complex also sets up a competition between HypA and Ure(G)2 for binding to UreE2 [100]. The HypA•Ure(E)2 complex dissociates in favor of the Ure(EG)2 complex in the presence of Mg(II) and GTP, providing a possible GTP-dependent mechanism for the transfer of Ni(II) from Ure(E)2 to the Cys–Pro–His (CPH) motif of Ure(G)2. Ure(G)2 in the GDP form dissociates from Ure(E)2 in favor of formation of the Ure(DFG)2 complex involved in Ni incorporation into apo-urease (vide supra). Thus, the flow of Ni(II) in the urease maturation pathway in Hp may be: HypA  Ure(E)2  Ure(G)2  Ure(DFG)2  apo-urease.
The role of HypB in the urease maturation pathway is not known, but since HypA acquires Ni(II) from Hyp(B)2 [94], HypB may play a role in providing Ni(II) to HypA for a handoff to Ure(E)2. Given that SlyD appears to be the source of Ni(II) for Hyp(B)2 [32] and that SlyD interacts with the Niu importer to mediate Ni(II) uptake (vide supra) [30], it seems likely that the flow of Ni(II) in the H2ase maturation pathway in Hp is: importer  SlyD  Hyp(B)2  HypA, which can then deliver Ni(II) to either the HynB or to Ure(E)2. Thus, the putative role of HypB is to supply Ni to HypA in a GTP-dependent fashion, and HypA acts as a “Ni traffic cop” by directing the flow of Ni to either HynB or Ure(E)2.
Taking the hypothesis above at face value, the biggest remaining question is: why? The answer may lie in the unusual biology of Hp, and in particular in its need to survive the acid environment of the human stomach (~pH = 2.3). In order to do this, it requires the formation of NH3 by urease to maintain neutral cellular pH. However, having active urease under neutral conditions would potentially drive the pH higher than can be tolerated. Thus, although urease constitutes 6-15% of  the proteins present in Hp under all conditions [20, 21], under neutral conditions most of the urease present is apo-urease. One of the largest responses to acid shock by Hp is the nickelation of urease [101]. By forming a tight complex, HypA•Ure(E)2 may sequester Ni for urease maturation, providing a ready supply of Ni for release to Ure(G)2 under acid shock conditions. The nature of the requisite change required to mobilize the Ni from the HypA•Ure(E)2 to Ure(G)2 (or involving downstream protein complexes) for subsequent nickel incorporation into apo-urease is not known, but apparently does not involve pH changes affecting Ni affinity in HypA or HypA•Ure(E)2, or the formation of the HypA•Ure(E)2 complex [90].

V.  Conclusions and future directions
Helicobacter pylori is able to survive acid shock conditions because of the activity of urease and can infect gastric mucosa in part because of the ability to use hydrogen as an energy source via H2ase.  Both of these enzymes are thus essential for the pathogenicity of the microorganism, and both depend on the incorporation of Ni as a cofactor. Much research has been devoted to the acquisition and incorporation of Ni in these enzymes. The studies of the maturation pathways of urease and hydrogenase reveal that they consist of a series of Ni handoffs between proteins that form complexes, with allosteric changes important for altering protein-protein interactions and Ni binding affinities being driven by GTP (or ATP) hydrolysis. This handoff mechanism is similar to that employed in Cu trafficking [102] and provides a high degree of metal fidelity to the process. However, Ni(II), the only common oxidation state of Ni in aqueous media and the one  that is used in the uptake and transport of Ni, is not normally redox active, and thus differs in key aspects from the Cu trafficking system that relies on Cu catalyzed redox of cysteinate ligands.  It is conceivable that the requirements for GTP hydrolysis to drive allosteric changes and effect changes in binding affinities compensates for the changes driven by redox chemistry in Cu trafficking that are not available to Ni(II).
The studies across several Bacteria and Archaea reveal commonalities in terms of the proteins involved and the overall strategies for nickel acquisition and delivery, but often differ in the detailed mechanisms. Hp is unique in that the maturation of urease and H2ase are connected by the use of HypA and HypB, proteins that are required for [Ni,Fe] H2ase maturation but are recruited in Hp to supply Ni to the urease maturation pathway as well. Hp pathogenicity depends on the use of the Niu ABC-type transporter to bring Ni into the cell in a process that is regulated by interaction with SlyD. SlyD is known to deliver Ni to HypB, the dimeric form of which transfers Ni to HypA, which appears to be a Ni metallochaperone in both maturation pathways. Several details of the Ni handoffs involved in the Hp maturation pathway remain uncharacterized and are the subject of ongoing research. These include the nature of the interactions involved in delivering Ni from the Niu transporter to HypB: does SlyD acquire Ni and dissociate from the transporter to deliver Ni to HypB, or does HypB form a complex with SlyD bound to Niu? Is the dimeric form of HypB involved, or does the monomer acquire Ni, dissociate and then dimerize? The nature of the Hyp(AB2) complex involved in the H2ase maturation pathway remains obscure. Last, and perhaps most important to the understanding of the unique physiology of Hp, are the detailed changes that must occur in the urease maturation pathway that lead to the rapid nickelation of apo-urease under acid-stress conditions.
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Figure 1.	Schematic view of the import and export of Ni(II) in Helicobacter pylori. The Ni(II) ions are shown as green circles.
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Figure 2.	Top panel: schematic representation of the organization of the FK506-binding protein domain (FKBP, red), the molecular chaperone domain (IF, cyan) and the metal binding domain (MBD, blue) in HpSlyD. Bottom panel: ribbon representation of the ensemble of the best 20 conformers of HpSlyD as determined by NMR spectroscopy (PDB code 2KR7) colored according to the domains defined in the top panel. The most representative model is shown in opaque colors, while the remaining conformers are shown in transparency to highlight the relative flexibility of the orientation of the domains. The metal binding domain was not included in the structurally characterized HpSlyD, with the exception of its first residue, colored according to the top panel.

[image: ]


Figure 3.	Ribbon representation of the Helicobacter pylori urease (PDB code 1E9Z) tetramer of trimers [()3]4, showing the  and  subunits of a trimeric unit ()3 in red and blue, respectively, seen from front (A) and side (B); the other subunits are shown in gray. Panel C shows the structure of the active site (Sporosarcina pasteurii urease numbering). The two structurally determined conformations of the urease active site mobile flap (open: blue; closed: green) are shown in panel D, together with the side chains of the conserved His and Cys residues critical for enzyme activity. In all panels, the Ni(II) ions are shown as green spheres.
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Figure 4.	(A) Ribbon representation of the [Ni,Fe] hydrogenase from Desulfovibrio vulgaris MF (PDB code 1WUJ), showing the large and smallsubunits in red and green, respectively. The active site atoms in the large subunits and the [FeS] clusters in the small subunits are also shown as spheres. (B) Structure of the active site showing the [Ni,Fe] cluster and its ligands.
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Figure 5.	Ribbon representation of the crystal structure HpUre(F)2 (A, PDB code 3CXN), HpUre(DF)2 (B, PDB code 3SF5), HpUre(EG)2 (C, model structure), and HpUre(DFG)2 (D, PDB code 4HI0). The colors for each type of protein are maintained consistent throughout the panels. In panel B, the portions of HpUre(F)2 that become ordered upon formation of the HpUre(DF)2 complex are shown in green. In panel C, the structure of the metal binding site is detailed.
[image: ]


Figure 6.	Schematic representation of the proposed mechanism for urease activation. The light blue trimer represents the minimal trimeric assembly of urease. The Ni(II) ions are shown as green circles.
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Figure 7.	Schematic representation of the proposed mechanism for [Ni,Fe]-hydrogenase activation. The Ni(II) ion is shown as a green circle.
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Figure 8.	Top panel: multiple sequence alignment of HpHypA, EcHypA, EcHypF (an analog of HypA) and TkHypA; conserved residues are indicated with an asterisk; the conserved residues involved in Ni binding (green) and Zn binding (yellow) are highlighted. Bottom panel (A): ribbon representation of the NMR ensemble of apo,Zn-HpHypA structures (PDB code 6G81); the most representative model is shown in opaque colors, while the remaining conformers are shown in transparency to highlight the relative flexibility of the orientation of the domains; the Ni-binding and the Zn-binding domains are shown in red and yellow, respectively, while the short linker is dark grey; the conserved MHE region at the N-terminus is shown in green ribbon and the relative side chains are in ball-and-sticks colored in CPK code; Zn atoms are shown as cyan spheres. Bottom panel (B): DFT-optimized geometry of a model for the Ni(II)-binding site in Ni,Zn-HpHypA.

H. pylori		MHEYSVVSSLIALCEEHAKKNQAHKIERVVVGIGERSAMDKSLFVSAFETFREESLVCKDAILDIVDEKV	70
E. coli (HypA)		MHEFFIVQNVIKTVEDLMVNHPKKKVVKAVLLIGRFSGVEPELLQTALDFFKQGS-VLKDAEIVIEIEDL	69
E. coly (HypF)		MHELSLCQSAVEIIQRQAEQHDVKRVTAVWLEIGALSCVEESAVRFSFEIVCHGT-VAQGCDLHIVYKPA	69
T. kodakarensis	MHEWALADAIVRTVLDYAQREGASRVKAVRVVLGELQDVAEDIVKFAMEQLFAGT-IAEGAEIEFVEEEA	69
			***                              *                                    	

H. pylori		ELECKDCSH—-VFKPNALDYGV------------------CEKCHSKNVIITQGNEMRLLSLEMLAE---	117
E. coli (HypA)		RMRCQKCQQEFSKEKWDLT---------------------CPFCGSFETEVLSGEEMLLKSLELVDED--	116
E. coli (HypF)		QAWCWDCSQVVEIHQHDAQ---------------------CPLCHGERLRVDTGDSLIVKSIEVE-----	113
T. kodakarensis	VFKCRNCNYEWKLKEVKDKFDERIKEDIHFIPEVVHAFLACPKCGSHDFEVVKGRGVYVAGIKIEKEGGS	139
			   *  *                                 *  *         *                 
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Figure 9.	Ribbon representation of the crystal structure of apo,Zn-TkHypA (PDB code 3A43, transparent), overlapped to the structure of TkHypA in complex with TkHypB (PDB code 5AUN, opaque). The Ni- and Zn-binding domains of TkHypA are shown in red and yellow, respectively, and the MHE conserved motif at the N-termini is colored green; the Ni and Zn atoms are shown in green and cyan spheres, and the residues coordinated to Zn and Ni are shown in ball-and-sticks colored in CPK code. The relative positions of His98 in the two structures are highlighted.
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Figure 10.	Top panel: sequence alignment of HpHypB and EcHypB, highlighting the conserved residues with asterisks; the high-affinity Ni-binding site in EcHypB (yellow), the GTPase (switch II) motif (green) and the Ni binding residues in the interfacial site (cyan) are highlighted. Bottom panels: ribbon representations of the crystal structure of HpHypB (PDB code 4LPS) seen from side (A) and top (B) views, highlighting the square-planar Ni binding site (Ni in green); the GTP, Mg and Pi are also shown in ball-and-sticks in CPK colors.

H. pylori	-------------------------------------------------------------MSEQRQESLQNNPNLS-KK      18
E. coli		MCTTCGCGEGNLYIEGDEHNPHSAFRSAPFAPAARPKMKITGIKAP----EFTPSQTEEGDLHYGHGEAGTHAPGMSQRR      76
                                                                                   *        *          

H. pylori	DVKIVEKILSKNDIKAAEMKERYLKEGLYVLNFMSSPGSGKTTMLEN-LADFKD-FKFCVVEGDLQTNRDADRLRKKGVS      96
E. coli		MLEVEIDVLDKNNRLAERNRARFAARKQLVLNLVSSPGSGKTTLLTETLMRLKDSVPCAVIEGDQQTVNDAARIRATGTP      156
                        * **   *     *       ***  ********* *   *    *     * *** **  ** * *  *           

H. pylori	AHQITTGEACHLEASMIEGAFDLLKDEGALEKSDFLIIENVGNLVCPSSYNLGAAMNIVLLSVPEGDDKVLKYPTMFMCA      176
E. coli		AIQVNTGKGCHLDAQMIADAAPRLP----LDDNGILFIENVGNLVCPASFDLGEKHKVAVLSVTEGEDKPLKYPHMFAAA      232
                * *  **  *** * **  *         *     *  ********* *  **       *** ** ** **** **  *         

H. pylori	DAVIISKADMVEVFNFRVSQVKEDMQKLKPEAPIFLMSSKDPKSLEDFKNFLLEKKRENYQSTHSF                    242
E. coli		SLMLLNKVDLLPYLNFDVEKCIACAREVNPEIEIILISATSGKGMDQWLNWLETQRCA                            290
                      * *     ** *           **  * *      *      * *     
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Figure 11.	Ribbon representations of the crystal structure of the complex of TkHypA with TkHypB (PDB code 5AUN; (A) side view, (B) top view) and with TkHyhL (PDB code 5YY0; (C) side view, (D) top view). The Ni- and Zn-binding domains of TkHypA are shown in red and yellow, respectively, and the MHE conserved motif at the N-termini is colored green; the two subunits of TkHypB are shown in blue and teal, and TkHyhL is colored purple; the Ni and Zn atoms are shown in green and cyan spheres; the active site cysteine residues of TkHyhL, the ADP moieties, and the residues coordinated to Zn and Ni are shown in ball-and-sticks colored in CPK code.
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Figure 12.	The flow of Ni in the cytoplasm of Hp
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