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Abstract

The human pathogen Helicobacter pylori requires nickel for colonization of the acidic 

environment of the stomach. HypA, a Ni metallochaperone that is typically associated with 

hydrogenase maturation, is also required for urease maturation and acid survival of H. pylori. 
There are two proposed Ni site structures for HypA; one is a paramagnetic 6-coordinate site 

characterized by X-ray absorption spectroscopy (XAS) in unmodified HypA while another is a 

diamagnetic four-coordinate planar site characterized by solution NMR in an N-terminally 

modified HypA construct. To determine the role of the N-terminal amine in Ni binding of HypA, 

an N-terminal extension variant, L2*-HypA, where a leucine residue was inserted into the second 

position of the amino acid sequence in the proposed Ni-binding motif, was characterized in vitro 
and in vivo. Structural characterization of the Ni site using x-ray absorption spectroscopy (XAS) 

showed a coordination change from 6-coordinate in WT-HypA to 5-coordinate pyramidal in L2*-

HypA, which was accompanied by the loss of two N/O-donor protein ligands and the addition of 

an exogenous bromide ligand from the buffer. The magnetic properties of the Ni-sites in WT- 

compared to L2*-HypA confirmed that a spin-state change from high- to low-spin accompanied 

this change in structure. The L2*-HypA H. pylori strain was shown to be acid sensitive and 

deficient in urease activity in vivo. In vitro characterization showed that L2*-HypA did not disrupt 

the HypA-UreE interaction essential for urease maturation, but was at least 20-fold weaker in Ni-

binding as compared to WT. Characterization of the L2*-HypA variant clearly demonstrates that 

the N-terminal amine of HypA is involved in proper Ni coordination and is necessary for urease 

activity and acid survival.
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Helicobacter pylori is a Gram-negative bacterium that colonizes the human stomach and is a 

known cause of gastric and duodenal ulcers.1, 2 Despite recent declines, prevalence of 

infection is still greater than 50% in most countries.3 Although most infected individuals 

appear to be asymptomatic, chronic infection has been shown to cause gastric carcinomas 

and lymphomas; H. pylori is estimated to be responsible for 6.2% of the global burden of 

gastric cancers.4 One of the major adaptations that allow H. pylori to thrive in the acidic 

environment of the human stomach is the utilization of the Ni-dependent enzyme urease.5, 6 

Urease catalyzes the hydrolysis of urea to carbamate and ammonia, which is used by H. 
pylori to neutralize the cytoplasmic and periplasmic pH under acid shock conditions.7, 8

Urease is abundant in H. pylori under both acidic and neutral conditions, making up to 10% 

of the total protein synthesized.9 However, excessive urease activity under neutral conditions 

can lead to an increase in internal pH and subsequent cell death. Therefore, the activity of 

the enzyme is carefully regulated through multiple post-translational mechanisms.10–12 One 

such mechanism is through modulation of urease maturation via nickel insertion into apo-

urease.12 In addition to the urease specific UreEFGH accessory proteins, which are required 

for the assembly of the di-nickel urease active site, activity is also regulated by the 

hydrogenase maturation proteins HypAB.13 The deletion of the hypA or hypB gene from H. 
pylori results in loss of urease activity. This can be partially restored through nickel 

supplementation in the growth media,14 suggesting that HypAB function as 

metallochaperones in the transport and delivery of nickel to the urease maturation pathway. 

Indeed, loss of nickel binding in the H2A-hypA variant of H. pylori results in a severely 

urease-deficient phenotype.15 Additionally, HypA has been shown to directly interact with 

HypB15 and UreE16 in vitro, establishing a potential pathway to deliver nickel to the urease 

maturation pathway through HypA-UreE protein-protein interactions.

The structure of the HypA Ni-site is shrouded in controversy. Multiple sequence alignments 

of HypA homologues reveal a rigidly conserved MHE-motif at the N-terminus (SI Fig. S1). 

N-terminal sequencing of purified WT-HypA protein showed that the motif is intact in the 

mature protein.15 Mutagenesis confirmed that His2 is a Ni-ligand and mutation to Ala 

(H2A) resulted in loss of Ni binding in the purified protein.15 However, it was unclear 

whether the purified H2A-HypA protein variant retained the N-terminal Met residue; this is 

due to the propensity for N-terminal processing of Met when followed by a small 
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hydrophobic residue in the E. coli17 overexpression system. Nevertheless, Ni-binding clearly 

occurs at the N-terminal MHE-motif, involving His2 as a ligand. The structure of the WT-

HypA Ni-binding site was initially characterized by X-ray absorption spectroscopy (XAS) 

and found to be consistent with a 6-coordinate site that was best modeled with exclusively 

N/O-donor ligands, of which one or two were modeled as imidazole ligands (presumed to 

include His2).18 The coordination geometry was corroborated by Evans magnetic 

susceptibility (NMR) that confirmed a high-spin paramagnetic S = 1 nickel center.18 In 

contrast, a diamagnetic Ni(II) center was found for an N-terminally modified HypA, which 

had extra Gly-Ser residues on the N-terminus that remained after proteolytic cleavage of an 

affinity tag. That study employed a Ni(II) titration that was monitored by 2D 1H-15N HSQC 

spectra as part of effort to solve the solution NMR structure (PDB ID: 2KDX).19 The lack of 

paramagnetic broadening in neighboring cross-peaks was consistent with a diamagnetic 

planar Ni-site, which was proposed to bind four protein ligands in a planar geometry 

including the side chain imidazole ring of His2 as well as the backbone amide N-donor 

atoms of His2, Glu3, and Asp40.19 Subsequently, the same technique was used to 

characterize Ni(II) titration into the unmodified WT-HypA protein, and found paramagnetic 

broadening of cross-peaks throughout the proposed Ni binding region.20 It is possible that 

the differences in the geometry and number of ligands in the Ni-site stems from the N-

terminal modification of the HypA protein used in the NMR study, leading to our hypothesis 

that the N-terminal amine of HypA is involved in proper Ni ligation and therefore affects the 

function of the protein in vitro and in vivo.

Additional evidence of N-terminal Ni-ligation in HypA is found in the crystal structure of a 

thermostable form of HypA (from T. kodakarensis) in a complex with an ATPase analog of 

HypB with ADP- or ATP-bound (PDB ID: 5AUO and 5AUN).21 The Ni-sites of the HypA-

HypBAT complex show four-coordinate sites with the ligation of the N-terminal amine from 

Met1, backbone amide and side chain imidazole of His2, and the imidazole side chain from 

His98. Although this conformation of the Ni-site encompasses both the N-terminal ligation 

and the four-coordinate planar site, it is unlikely to exist in H. pylori HypA. Firstly, this 

conformation of the Ni-site is formed only in complex with HypBAT. Additionally, it 

involves ligation of His98, which is found in an extended loop in the Zn-binding domain that 

is absent in the H. pylori version of HypA. However, the other three ligands derived from 

part of the conserved HypA Ni-binding motif (Met1 and His2) and are likely to be involved 

in formation of all conformations of the HypA Ni-site in support of the N-terminal Ni-

ligation in unmodified HypA.

To test the role of the N-terminus in the structure and function of the Ni-site, an alternate N-

terminal extension variant protein was created in which a Leu residue was inserted into the 

second position of the HypA protein sequence, resulting in the Met1_His2insLeu variant, 

hereafter known as the L2*-HypA variant (SI Fig. S1). Insertion of Leu into the conserved 

MHE-motif allowed for Ni-ligation at the His2 and Glu3 position, but extends the N-

terminal amine so that it is too remote for binding to Ni(II). Direct comparison of the WT-

HypA and the L2*-HypA variant in vitro and in vivo definitively identifies the N-terminal 

amine in HypA as an essential nickel ligand that is required for its function in urease 

maturation and the formation of the proper Ni-site.
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EXPERIMENTAL PROCEDURE

Detailed descriptions of materials and methods can be found in supporting information.

RESULTS

The L2* mutation does not affect the protein secondary or quaternary structure of HypA

To ensure that the insertion of Leu into the N-terminal MHE-motif did not disrupt the overall 

fold of the purified HypA protein, the secondary and tertiary structures of purified WT- and 

L2*-HypA were investigated. Circular dichroism (refer to the supporting information 

Experimental section) of purified WT-HypA and L2*-HypA proteins show that the N-

terminal mutation has not disrupted the mostly α-helical characteristics of the purified 

protein (SI Fig. S2A) either with or without Ni bound. These results show that the L2*-

HypA variant has not altered its overall fold as compared to WT.

To further analyze the overall size and shape of the purified HypA, size exclusion 

chromatography in combination with multi-angle light scattering (SEC-MALS) was used to 

analyze both the molecular weight and the hydrodynamic radius of the purified HypA 

proteins. Previously, SEC was used to estimate the “size” of HypA in solution based on its 

elution volume in comparison to known molecular weight standards. However, elution 

volume from a SEC column is dependent on the hydrodynamic radius of the eluted 

molecule, and the estimated “molecular weight” calculated from standard curves is based on 

the assumption that the eluted molecule is globular shape. HypA has been reported to have 

an elongated shape with two distinct lobes in the solution NMR structure (PDB ID: 

2KDX)19 and in the crystal structure of T. kodakarensis (PDB ID: 3A43).22 Therefore, 

elution volume alone is an unreliable method for estimating “size” of the HypA protein, and 

have led to the HypA protein being reported as a solution dimer in the past.15, 20 Using 

elution volume alone, HypA was estimated to be ~23 kDa for both WT and L2*-HypA, 

based on a calibration curve using known molecular weight standards, which is consistent 

with a solution dimer (with a calculated monomeric molecular weight of 13.2 kDa for WT-

HypA). MALS calculates absolute molecular mass based on light scattering properties of the 

molecule, independent of the hydrodynamic radius or shape.23 Using MALS analysis, the 

absolute masses of WT- and L2*-HypA were calculated as 13.01 ± 0.007 and 13.37 ± 0.021 

kDa, respectively (SI Fig. S2B), which is consistent with a monomeric solution structure for 

both WT- and L2*-HypA. Comparison of the relative intensity of the different angles of light 

scattering (from 18 different angles available on the instrument) shows that WT- and L2*-

HypA scatter light similarly to one another (data not shown) and therefore likely have 

similar tertiary structures in solution.

L2* N-terminal extension of HypA results in coordination change at the Ni site

The controversy over the HypA Ni(II) binding site structure in the literature points to the 

unmodified WT-HypA Ni(II) site having a six-coordinate, and therefore paramagnetic 

site,18, 24 and the N-terminally modified variant (PDB: 2KDX) having a four-coordinate 

planar and diamagnetic site.19 Direct comparison of the structures of the Ni(II) sites in WT- 
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and L2*-HypA by XAS was made to clarify the role of the N-terminal amine as a ligand in 

the Ni(II) site of WT-HypA.

Comparison of the Ni K-edge x-ray absorption near-edge structure (XANES) region of the 

XAS spectra obtained from WT-HypA and L2*-HypA Ni(II) complexes in NaBr buffer 

show a clear difference that corresponds to a change in the coordination number/geometry of 

the nickel site (Figure 1). Typically, two types of high-energy bound-transitions may be 

observed in the pre-edge XANES region of the XAS spectra of Ni(II) complexes.25 These 

features are associated with transitions involving promotion of a 1s electron into the 3d 

manifold (1s ➔ 3d) or into the 4pz orbital (1s ➔ 4pz) of the Ni(II) complex and are 

observed near 8331 and 8336 eV, respectively.25 In the case of Ni-WT-HypA, no discernable 

pre-edge features were observed. The small (unresolved) 1s ➔ 3d (plus shakedown) 

transition is consistent with a centrosymmetric Ni(II) site, and the absence of a peak 

associated with a 1s ➔ 4pz transition rules out a four-coordinate planar site.25 The XANES 

analysis is therefore consistent with a 6-coordinate nickel site in WT-HypA, in agreement 

with the paramagnetism associated with the site by Evans susceptibility measurements (vide 
infra). In contrast, a clear feature corresponding to a 1s ➔ 4pz transition (plus shakedown) 

is observed on the Ni-L2*-HypA K-edge that indicates the loss of at least one axial ligand 

from the Ni site compared to WT-HypA (Fig. 1, inset).25 The 1s ➔ 4pz feature in the Ni-

L2*-HypA spectrum appears as an unresolved shoulder on the Ni K-edge, and is therefore 

more consistent with a five-coordinate pyramidal geometry than with a four-coordinate 

planar complex, where a resolved maximum is expected.25 A second set of Ni K-edge XAS 

data were collected on a Ni,Zn-L2*-HypA in NaCl buffer (20 mM HEPES, 200 mM NaCl, 

1mM TCEP, pH 7.2) to rule out buffer effects on the geometry of the Ni-site. The XANES 

spectrum in NaCl buffer is very similar to the spectrum obtained in NaBr buffer (SI Fig. S3), 

and confirms the five-coordinate pyramidal Ni(II) structural assignment in L2*-HypA.

Six-coordinate Ni(II) complexes with octahedral geometry are invariably high-spin with S = 

2, while four-coordinate planar Ni(II) complexes are invariably low-spin and diamagnetic.26 

Five-coordinate complexes may be either high- or low- spin depending on the relative 

strengths of the axial and in-plane ligand fields.25 Magnetic susceptibility measurements 

using Evans’ technique27, 28 show that the WT-HypA Ni complex is high-spin (μ = 3.52 BM, 

well within the range typically observed for Ni(II) complexes: μ = 2.8 – 4.0 BM26). In 

contrast, the Ni(II) complex of L2*-HypA protein is diamagnetic.

Loss of two Ni protein ligands occurs in L2*-HypA

To further characterize the changes in the Ni site structure in WT- and L2*-HypA proteins, 

the EXAFS regions of the XAS spectra were analyzed. One limitation of EXAFS analysis is 

that the models cannot distinguish scattering atoms with Z ± 1, which means the structural 

models cannot easily distinguish between a N- vs. O-donor ligand, or a S-donor vs. a Cl− 

ligand.29 Fits were generated using parameters for N-donors and are represented as N/O in 

Table 1 to emphasize this lack of distinction. To address the issue of S vs. Cl ligation, 

samples were prepared in a buffer containing NaBr, rather than NaCl. This practice increases 

the confidence of models containing S ligand donors, and also can identify solvent 

accessible metal sites in those cases where Br− becomes a ligand.
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Models to interpret the EXAFS data were developed beginning with the coordination 

number determined by XANES and magnetic studies (vide supra). Models were developed 

by first using single-scattering analysis. Multiple-scattering scaffolds were added to the best 

single-scattering models to account for features in the FT-EXAFS spectra arising from the 

second and third coordination sphere scattering atoms resulting from the coordination of His 

imidazole ligands (see SI Experimental section, SI Fig. S4) as previously described.30, 31 

Imidazoles were fit as rigid rings with a single adjustable distance. Integer numbers of rings 

were added to “count” the number of imidazole ligands. A separate model was developed 

that incorporated a rigid, bidentate 1,2-ethylenediammine-like unit (see SI Experimental 

section, SI Fig. S4) similar to the bidentate coordination of α-ketoglutarate Fe-binding in 

nonheme Fe(II) enzymes used in prior models.32, 33 This model simulates the formation of 

five-membered chelate rings that form when the binding of the N-terminal amine is 

accompanied by backbone amide binding, which lead to the ordering of second coordination 

sphere C atoms similar to prior models of backbone amidate ligation in the active site of 

NiSOD.34, 35

The best fit for Ni-WT-HypA EXAFS is a six-coordinate complex (Fig. 2A, Table 1, SI 

Table S1) with exclusively N/O-donor ligands at distances ranging from 1.92 – 2.21 Å, and 

includes multiple-scattering paths that describe an imidazole with 0° tilt (Imid0°) and 

binding of one bidentate backbone amide (BBAm) unit. The inclusion of the BBAm was 

required to generate a fit with a R-factor < 5 %. Although both imidazole ligands and five-

membered chelate rings feature carbon atoms in the second coordination sphere at similar 

Ni-C distances, the two ligands are distinguished by scattering from atoms in the third 

coordination sphere (C and N) that contribute to scattering intensities between 3 – 4 Å in the 

phase uncorrected FT-EXAFS (SI Fig. S4), and exist only for imidazole ligation. The 

imidazole in the Ni-WT-HypA fit likely arises from Ni binding to the His2 sidechain, which 

has been shown to be critical to Ni-binding and function.15

The L2*-HypA Ni-EXAFS obtained in buffer NaBr was modeled as a 5-coordinate Ni(II) 

site that featured one Br− ligand at a Ni-Br distance of 2.42 ± 0.2 Å and four N/O-donor 

ligands ranging from 1.82 – 2.04 Å, and included multiple-scattering paths that were 

consistent with one imidazole ligand with a 7°tilt (Imid7°) and one bidentate BBAm unit 

(Fig. 2B, Table 1, SI Table S2). The multiple-scattering paths used to fit the WT-HypA 

EXAFS are mostly preserved in the L2*-HypA Ni site (although at slightly different 

distances and angles), including the bidentate backbone N coordination and a His imidazole. 

However, the BBAm unit is not required in order to generate a fit to the L2*-RcnR data with 

an R-factor < 5 %, though the alternative fit requires the presence of two His imidazole 

ligands (see SI Table S2). It is not clear where the second His imidazole would come from, 

and the single His fit is consistent with the nickel occupying the same locus (the N-terminus) 

of the protein as in WT-HypA and preserving the coordination of the His2 sidechain. In 

contrast to the WT-HypA Ni site structure, for L2*-HypA one N/O-donor ligand was lost 

and another substituted by a Br− ligand originating from the buffer. The bromide scattering 

atom is required to generate a fit with an R-factor < 5 % when BBAm is used to model 

backbone N coordination. Additionally, a systematic shortening of the average distances of 

Ni-N/O ligation by 0.14 Å in the Ni-L2*-HypA complex is consistent with the observed 

spin-state change measured by Evans’ method (vide supra).
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To confirm the 5-coordinate fitting model with exogenous Br− ligand, the EXAFS of a Ni-

L2*-HypA sample in buffer with NaCl was analyzed. The best 5-coordinate model for this 

data set include the bidentate BBAm scaffold, as well as a S/Cl-donor at a reasonable 

distance of 2.25 Å, consistent with the XANES analysis and the best fits in NaBr buffer. A 

S/Cl donor is required to generate a fit with R-factor < 5 % (see SI Fig. S5, SI Table S3).

The Zn site in L2*-HypA is unchanged from WT-HypA

In addition to the Ni K-edge, the Zn K-edge XAS spectra were also obtained for Ni,Zn-WT- 

and Ni,Zn-L2*-HypA and confirm that Zn-site coordination involving two conserved CXXC 

motifs is unperturbed in L2*-HypA. The Zn K-edge XANES spectra of WT- and L2*-HypA 

overlay well, indicating no significant change in geometry at the Zn site has occurred (Fig. 

S6A). The zinc EXAFS spectra for both WT- and L2*-HypA were best fitted with a model 

featuring four S-donors with Zn-S distances of ~2.34 Å and an imidazole ligand with a 2° 

tilt (Imid2°) at a distance of 2.18 Å, although acceptable fits with exclusively Cys ligands 

are also consistent with the data (SI Figure S6BC, SI Table S4). Possible coordination of the 

flanking His residue demonstrates that the dynamic nature of the HypA Zn-site is preserved 

in WT- and L2*-HypA.20, 36

L2* hypA mutant strain of H. pylori exhibits acid sensitivity and urease deficiency

To investigate the in vivo effect of the N-terminal extension of the HypA protein in H. 
pylori, the chromosomal hypA gene was replaced with the coding sequence for L2*-HypA. 

This mutant strain (DSM1475) expresses the L2*-HypA protein under the control of the 

endogenous promoter (SI Table S5). As the hypA gene has been shown to be vital for urease 

activity in H. pylori,14 and therefore an integral part of the acid survival mechanism, the 

urea-dependent acid survival was assessed for this variant strain. H. pylori strains were 

challenged for one hour at mild (pH 6) or harsh (pH 2.3) acidic shock conditions either with 

or without urea supplement, and then plated to assess for surviving colony-forming units 

(CFU). In addition to the L2*-hypA strain, the parental WT strain, the ΔureB strain where a 

subunit of the urease enzyme has been deleted, the hypA∷kan-sacB strain where the hypA 
gene was interrupted, and the hypA-R strain where the hypA gene was restored after 

deletion were tested concurrently as controls (Fig. 3). Under mild acid shock conditions, all 

strains tested were able to survive with or without urea supplement (Fig. 3AB). Without urea 

supplement, harsh acid shock was lethal for all strains tested (Fig. 3C). At harsh acid shock 

conditions with urea supplement, distinct phenotypes for each strain were revealed with WT 

and hypA-R strains each exhibiting unimpaired acid survival, whereas the acid survival of 

L2*-hypA strain along with the hypA∷kan-sacB and ΔureB strains were significantly 

reduced compared to WT (p < 0.0001) (Fig. 3D). To further confirm the results obtained 

with the L2*-hypA mutant, the strain was independently remade and tested in a single 

replicate of the acid survival assay; this mutant strain displayed similar acid survival 

phenotype as the original L2*-hypA mutant strain (data not shown).

To confirm that the acid sensitive phenotype in L2*-hypA strain was a result of urease 

deficiency, urease activity of H. pylori strains was measured using a modified phenol-

hypochlorite assay for NH3 production. In 30 minutes, the clarified lysates of H. pylori 
strains produced 109, 0.47, 0.77, 86, and 0.33 nmol NH3 per μg of total protein for WT, 
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∆ureB, hypA∷kan-sacB, hypA-R, and L2*-hypA strains respectively. These results 

confirmed the trend observed in acid survival tests, with hypA-R strain having WT-like 

urease activity, whereas L2*-hypA strain along with negative control strains ΔureB and 

hypA∷kan-sacB had less than 1% of WT relative urease activity (Fig. 4). These results show 

that insertion of a single Leu residue into the N-terminal Ni-binding motif of HypA (L2*-

hypA variant) is sufficient to nearly eliminate urease activity and to severely impair urea-

dependent acid survival in vivo.

L2*-HypA retains protein-protein interaction properties but loses Ni-binding affinity

The L2*-hypA strain could induce in vivo urease deficiency by two potential mechanisms. 

Firstly, the L2*-HypA mutation could disrupt protein-protein interactions between HypA 

and the known interaction partner, UreE, in the urease maturation pathway.16

Alternatively, insertion of a Leu at the N-terminal MHE-motif could disrupt the Ni-binding 

properties of HypA directly. These mechanisms are not mutually exclusive, and both would 

result in impaired Ni delivery and the loss of urease activity and acid viability phenotype 

that is observed for the L2* hypA strain.

To assess whether the L2* mutation of HypA affected protein-protein interaction between 

HypA and UreE, binding of purified HypA to UreE was assessed using ITC. WT- or L2*-

HypA protein and WT-UreE protein were purified and buffer exchanged into the same 

Buffer GF (20 mM HEPES, 200 mM NaCl, 1 mM TCEP, pH 7.2). Concentrated WT- or 

L2*-HypA proteins were injected into WT-UreE dimers30, 37 and the change in heat from 

each injection was fitted to OneSite models using the MicroCal Analysis module in 

Origin7.0 (Fig. 5). The number of sites (N) in each case was fitted to be ~1.5 HypA per 

UreE dimer. The larger than expected value of N (HypA:UreE dimer >1) is due to the 

tendency of H. pylori UreE protein to degrade slowly over time at the C-terminal Ni-binding 

motif.30, 38 This degradation, which can be observed in SDS-PAGE as resulting in a lower 

molecular weight band (SI Fig. S7), makes the concentration of holo-UreE in a sample 

uncertain, thus complicating an accurate determination of N. The amount of degradation was 

carefully monitored using SDS-PAGE post-titration to ensure that holo-UreE is comparable 

in each titration (SI Fig. S7). The binding of monomeric WT-HypA or L2*-HypA to WT-

UreE dimer had very similar affinities (with apparent Kd values of 0.96 ± 0.09 and 0.69 

± 0.11 μM respectively, Table 2). This finding suggests that the L2* variant did not disrupt 

the protein-protein interactions with the urease maturation pathway through UreE.

Another mechanism by which L2*-HypA could hinder urease maturation is through 

lowering the ability of HypA to bind Ni. This was also addressed using ITC to measure the 

difference in Ni binding affinity between WT- and L2*-HypA. ITC titrations involving 

addition of NiCl2 solutions (~ 1 – 2 mM, see SI experimental section) to the HypA protein 

solutions were performed with the both the titrant and the titrand in the same Buffer GF. The 

relatively concentrated Ni(II) solution was titrated into either WT- or L2*-HypA protein (~ 

150 μM, where the Zn-sites were occupied and the Ni-sites were vacant, as confirmed by 

metal analysis, see SI Experimental section) and the heat of binding was monitored directly. 

WT-HypA bound one nickel per protein and had an apparent Kd = 1.0 ± 0.2 μM (Fig. 6 left, 

Table 2), which is consistent with prior studies.24 NiCl2 titration into L2*-HypA at the same 
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concentrations resulted in curves that did not reach saturation after the addition of 2 

equivalents of Ni (data not shown), indicating a much lower Ni affinity for L2*-HypA. A 

more concentrated NiCl2 solution was subsequently used for the L2*-HypA titration to push 

the titration to apparent saturation. The resulting heat of binding was best fitted with a 

OneSite model with an apparent Kd = 59 ± 12 μM and N ~ 0.5 (Fig. 6 right, Table 2).

However, it clear that the amount of heat generated by Ni binding to L2*-HypA is very 

small, making Kd and N difficult to measure. For this reason, the Ni-binding affinities of 

WT- and L2*-HypA, were also measured by Ni2+ titration into protein solutions monitored 

by changes in absorbance in the UV-Vis spectra. The absorption spectra of samples with a 

constant concentration of WT or L2*-HypA mixed with increasing concentrations of Ni2+ 

were measured, and the apparent Kd was calculated from the change in absorption maxima 

in response to [Ni] (see SI Experimental section, SI Fig. S8). The apparent Kd was 

calculated to be 1.1 ± 1.0 μM for Ni-binding to WT-HypA, corroborating the ITC data. The 

apparent Kd was calculated to be 27 ± 4 μM for Ni-binding to L2*-HypA, which is of the 

same order of magnitude as the value found using ITC, and ~ 20-fold greater than WT. Thus, 

inserting a Leu residue into the Ni-binding motif of HypA (L2*-HypA) significantly 

decreases its ability to bind Ni, rendering it unable to deliver this metal efficiently to the 

urease maturation pathway.

DISCUSSION

In vitro and in vivo studies of the N-terminal insertion variant, L2*-HypA, lead to the 

conclusion that proper Ni-binding by HypA is critical for its function as a Ni-chaperone in 

the urease maturation pathway. Proper Ni-binding requires the unmodified MHE-motif at the 

N-terminus of HypA (likely by coordinating the N-terminal amine). Deficiency in urease 

activity and acid viability of the L2*-hypA mutant strain of H. pylori does not appear to 

result from interruption of protein-protein interactions with the urease maturation pathway, 

as the apparent affinities of WT-HypA and L2*-HypA binding to WT-UreE dimer were 

found to be similar (vide supra). Instead, the apparent affinity of L2*-HypA for Ni(II) ions 

was found to be reduced by at least 20-fold compared to WT-HypA (vide supra). This “loss 

of Ni-binding affinity” mechanism to account for the observed loss of function in urease 

maturation is corroborated by the structural changes found for the Ni-binding site in L2*-

HypA (vide infra).

The identification of the proper Ni-binding site in HypA has been controversial. From 

multiple sequence analysis to mutagenesis studies, it is clear that Ni binds to HypA at the N-

terminal MHE-motif, involving His2 as one of the ligands.15, 16, 19 However, the geometry 

of the Ni-binding site and the identity of the other Ni ligands from this Ni metallochaperone 

were not clear. One report identified the unmodified WT-HypA as having a 6-coordinate all 

N/O site involving 1 – 2 imidazole ligands.18, 24 Another group, working with a N-terminal 

extended HypA but containing an intact MHE sequence (resulting from a 2-residue cleavage 

overhang of N-terminal affinity tag) proposed a 4-coordinate planar site involving the His2 

side-chain and three additional backbone amides from His2, Glu3, and Asp40.19 In the 

studies presented here, the unmodified WT-HypA protein is consistent with the 6-coordinate 

site with one His imidazole and where the scattering attributed to a putative second histidine 
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is now attributed to chelate ring formation involving backbone amide coordination. The N-

terminal extension variant protein, L2*-HypA, bound Ni at the same locus as WT-HypA, but 

having lost two N/O-donor protein ligands it adopts a pyramidal five-coordinate geometry 

with the additional ligand being a Br− contributed from the buffer system. The direct 

comparison between the Ni sites in unmodified WT-HypA and the variant protein with an N-

terminal extension (L2*-HypA) demonstrates that the N-terminal amine of HypA is clearly 

involved in Ni binding.

The L2*-HypA Ni site structure described here is also consistent with the data from the N-

terminally modified HypA protein (PDB: 2KDX), which was proposed to have a planar 

four-coordinate Ni-site based on the fact that it is diamagnetic (lack of paramagnetic line-

broadening) and on chemical shift perturbations observed by 1H15N-HSQC experiments 

upon Ni(II) titration into a sample that identified four ligands.19 In the case of the L2*-

HypA Ni(II) complex, the same set of ligands that were proposed in the 2KDX structure 

could be used to describe the best-fit for the Ni-site with the addition of a Br− in the axial 

position from the buffer system. While the NMR experiment clearly establishes that the 

Ni(II) site is diamagnetic in the N-terminally modified protein, it does not establish a four-

coordinate planar geometry because the technique is blind to non-protein ligands and, 

despite the 5-coordinate pyramidal geometry, Ni(II) binding to the L2*-HypA protein 

variant results in a diamagnetic low-spin site. In determining the ligands involved in Ni 

binding, Xia et al. would not have been able to determine the involvement of non-protein 

ligands in coordinating the Ni site using NMR and therefore concluded that the N-terminally 

modified HypA Ni site is planar in geometry.19 Xia et al. also concluded that all other 

conserved Glu, Asp, and His residues are quite far away from the N-terminus of the protein 

in the 2KDX structure and therefore are unlikely to be involved in formation of the 6-

coordinate Ni site in WT-HypA.19 However, the proximity of Glu3 and Asp40 was 

established in their experiments through backbone amide binding in forming the planar Ni 

site.19 Having established the N-terminal amine as one of the ligands in WT-HypA, in 

addition to the His2 side chain and backbone amide, the missing three ligands are proposed 

to be the sidechains of Glu3 and Asp40 as well as an additional backbone amide residue 

(most likely from Glu3). The binding of Glu3 and Asp40 sidechains and neutral amides 

would result in a charge neutral complex. The use of the N-terminal amine, and both the 

sidechain and backbone amides of His2 and Glu3 would firmly establish the rigidly 

conserved MHE-motif for Ni binding in HypA.

One crystallographically characterized example of the HypA Ni-binding site is available 

from the T. kodakarensis KOD1 (PDB ID: 5AUN and 5AUO) in a complex with the ATP-

binding form of HypB from the same organism in two distinct nucleotide-bound forms (ATP 

and ADP analogs).21 Each Ni-site features HypA in planar four-coordinate geometry with 

ligands comprised of the N-terminal amine and backbone amide of His2 and the His2 and 

His98 sidechains (His79 in H. pylori HypA), the latter of which is pushed into the Ni-

binding site by HypB binding close to the HypA Zn-site. Since the H. pylori HypA Zn-

binding region is much more compact compared to the T. kodakarensis site, it is unlikely 

that the His residues in the Zn-site would ever be able to coordinate the distant Ni site.
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The planar, and therefore diamagnetic, T. kodakarensis HypA Ni-site resembles other classic 

N-terminal Ni-binding motifs. Use of the N-terminal amine as a metal ligand is unusual in 

metalloproteins, but more common in Ni and Cu proteins. Coordination of Ni(II) in the N-

terminus of proteins and peptides has been most extensively studied in the classic amino 

terminal Cu(II) and Ni(II) (ATCUN)-motifs. The ATCUN-motif was first described in 

albumin, which is amongst the major transporters of Cu(II) and Ni(II) in serum.39 The motif 

has since been described in several other peptides such as human protamine 2, histatin 5, 

heuromedin C, and hepcidin, of which the physiological evidence of Cu(II) and Ni(II) 

binding has yet to be confirmed.39, 40 Additionally, small molecule mimics and protein/

peptide engineering studies have shown that ATCUN-motifs are associated with DNA-

cleavage activities.39, 41, 42 Despite the high stability and tight binding of the ATCUN metal 

site (Kd ~1 pM for Cu(II) and 150 nM for Ni(II)), the ATCUN metal site structure has yet to 

be crystallized in albumin and is presumed to contain multiple conformations even in 

crystals.40 Instead, most of the structural information on ATCUN motifs has been derived 

from small molecule and oligopeptide mimics,40–43 although a high-resolution crystal 

structure of the Ni-bound ATCUN motif at the N-terminus of a protein is available in SH3 

mutant domain of c-SRC histidine kinase from G. gallus (PDB ID: 4OMO).44 The classic 

ATCUN-motif has a strictly conserved His-residue in the third position and binds metals 

using the N-terminal amine, backbone amide N-donors from the second and third amino 

acid, and the His-imidazole sidechain, forming two chelate rings, one 5-membered and one 

6-membered, with the metal in a distorted four-coordinate planar geometry.39, 40, 42 This 

stable planar structure excludes sidechain coordination from the first two amino acids of the 

motif.40

Despite binding Ni(II) at the N-terminus, the WT-HypA Ni-site structure is distinct from the 

classic ATCUN-motif in several ways. Like the ATCUN-motif, Ni(II) binds to HypA with 

the N-terminal three-residue motif (MHE-) through the N-terminal amine and likely the 

backbone amides of His2 and Glu3 as well as the imidazole sidechain of His2. However, Ni-

coordination to the MHE-motif forces one of these N/O-donor ligands into an axial position, 

instead of favoring the rigid planar structure found in the classic Ni-ATCUN site. In five-

coordinate Ni(II) complexes, the relative ligand field of the ligands in the basal plane vs. the 

axial ligand determines the spin-state. The axial coordination of an N/O-donor, such as His 

imidazole, may favor a high-spin configuration, which also favors a 6-coordinate Ni(II) site, 

instead of the planar four-coordinate low-spin Ni-ATCUN structure. Like the ATCUN-motif, 

the HypA MHE-motif is associated with known Ni-transporter activity, although with a 

much more modest Kd (~ 1 μM, vide supra), which allows for more appropriate Ni 

metallochaperone activity inside the cell. With the L2*-HypA variant, the conserved His2 

residue is shifted to the third position (MLHE-) to more closely resemble the classic 

ATCUN motif.

Despite having a more ATCUN-like metal binding motif, the L2*-HypA variant did not 

exhibit the tight Ni(II) binding that is associated with the ATCUN complexes like albumin,40 

although albumin Ni-binding has not been measured under similar conditions. The reason 

for the decreased affinity is not clear; one possibility lies with the difference in protein 

structure. In HypA proteins, the N-terminus is associated with a helical structure that would 

be perturbed by Ni binding, effectively lowering the affinity relative to the unstructured N-
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termini in albumin structures.40 Another possibility is that the protonation state of the amide 

N-donors is important. If one or more amides is left protonated in the L2*HypA structure, 

this would decrease Ni affinity and enhance the binding of an additional anion, such as Br− 

or Cl−. In any case, the L2*-HypA Ni-site is low-spin, like the Ni-ATCUN site, indicating 

that it can adopt a similar planar coordination of the four protein ligands. Addition of a Br− 

ligand, a weak field ligand, leads to a pyramidal geometry, but retains the low-spin 

configuration.

In addition to the ATCUN-motif, there are several examples of proteins that bind Ni(II) at 

the N-terminus, specifically coordinating the N-terminal amine. One such example is the N-

terminal high affinity site in E. coli HypB (absent in H. pylori HypB), which binds Ni(II) 

through a CXXCGC motif at the N-terminus, coordinating the N-terminal amine and the 

three S-Cys in a planar geometry.45 Another such example is S. coelicolor nickel superoxide 

dismutase (NiSOD), which binds Ni(II) through the N-terminal amine of His1, the backbone 

amide of Cys2, and the sidechains of Cys2 and Cys6, with the sidechain imidazole of His1 

also bound in the Ni(III) state.46–48 Both the E. coli HypB N-terminal motif and NiSOD Ni 

binding sites have been referred to as “ATCUN-like” in literature due to the binding of the 

N-terminal amine and planar geometry.35, 45, 46 Another example of Ni-binding at the N-

terminus can be found in E. coli RcnR, a Ni(II)-/Co(II)-responsive transcriptional regulator, 

which binds Ni(II) with the N-terminal amine of Ser2 (Met1 is cleaved in E. coli) in a 6-

coordinate site, where there is no evidence of backbone amide binding thus far.49 Thus, 

Ni(II) binding at the N-terminal amine has been found in proteins with vastly different 

functions and metal coordination: metal transporters/chaperones (e.g., albumin (planar)40 

and HypA (6-coordinate)), both redox-active and inactive enzymes (e.g., NiSOD (planar/

pyramidal)46 and EcHypB N-terminal Ni-motif (planar)45), and a metal-responsive 

transcriptional regulator (RcnR (6-coordinate)49), demonstrating the N-terminal amine is a 

common and important ligand for Ni(II)-binding in biology overall.

One mechanism for controlling cellular urease activity in H. pylori is through modulation of 

urease maturation via nickel insertion into apo-urease.12, 50, 51 Apo-urease is produced in 

large quantities (10% of all synthesized protein9) but remains largely in the apo form.12, 14 

Increases in enzyme activity are correlated with Ni available in the media.12, 50, 51 Beyond 

Ni availability, acid conditions also strongly enhance urease activity, but urease transcription 

is only marginally increased.52, 53 Thus, nickelation of the apo-protein is employed to boost 

urease activity under acidic conditions.12 With respect to the accessory proteins involved in 

Ni incorporation, the roles of the hydrogenase proteins HypAB and the urease protein UreE 

are quite distinct. Both the Ni-binding deficient hypA H2A mutant15, 16 and the nucleotide-

binding deficient hypB K59A mutant54 were reported to lack urease activity, but this defect 

could be complemented by Ni supplementation in the media, consistent with their roles in 

Ni(II) transport and delivery, and implying that under high Ni concentration some Ni is 

available to UreE. In contrast, Ni supplementation could not rescue the urease-deficient 

phenotype in either the ΔureE mutant16 or the ureG K14A mutant (nucleotide-binding 

deficient UreG).54 Hence urease maturation specifically requires the urease cascade, but not 

HypAB when excess Ni is present.
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With Ni-binding to WT-HypA having only a modest Ni-binding affinity at (Kd ~1 μM) (vide 
supra) and H. pylori having a full cascade of urease maturation accessory proteins 

UreEFGH,55 why would the full maturation of urease require the hydrogenase maturation 

accessory proteins HypA and HypB? Specifically, why is HypA Ni-binding necessary for Ni 

transport and delivery to the urease maturation pathway? One possibility is that HypAB 

provide an additional pathway for Ni incorporation that is triggered under acidic conditions 

that supplements a low basal level provided by H. pylori UreE alone. In fact, H. pylori 
appears to restrict Ni incorporation into urease by UreEFGH by lowering in the Ni-binding 

properties of UreE. The poor Ni-sequestration ability of H. pylori UreE compared to 

homologues (such as K. aerogenes UreE, which has a poly-His tail) has been studied.56 

Incorporation of a poly-His tail into H. pylori UreE has been shown to increase the Ni-

sequestration ability and the urease activity in the absence of HypA or HypB proteins.56 

Under acidic conditions, HypAB could provide a higher level of Ni incorporation into UreE 

by 1) increasing the local concentration of Ni by formation of a complex with HypAB, or 2) 

by simply enhancing the affinity of UreE for Ni in a complex with HypAB. The former 

mechanism is suggested by the known HypA-UreE complex formation,16, 57 and by protein 

structural changes that accompany changes in the Zn site structure at pH 6.3.18, 24 The latter 

mechanism is supported by the increase in Ni affinity that occurs in the HypAB complex in 

T. kodakaraensis.21

These prior studies along with our own study point to the role of the hydrogenase maturation 

accessory proteins HypA and HypB in the acquisition and delivery of Ni to the urease 

maturation pathway under non-abundant Ni conditions (without Ni supplementation). 

Instead of enhancing the Ni-sequestration ability of the urease cascade, HypA and HypB are 

recruited from the hydrogenase maturation pathway to sequester Ni for the urease 

maturation pathway; in doing so they assert a higher level of control over Ni availability to 

the urease maturation pathway. Due to the high level of Apo-urease synthesized under both 

acidic and neutral conditions9, the higher level of Ni control could hypothetically be 

employed to finely tune the urease activity of H. pylori to prevent an alkaline internal pH or 

depletion of urea in the cytoplasm under neutral conditions. However, this fine-tuning 

mechanism would impose acid sensitivity to the strains where the ability of HypA to bind Ni 

is impaired as is the case in the H2A hypA strain15, 16 and the L2* hypA strain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

XAS X-ray Absorption Spectroscopy

XANES X-ray absorption near-edge structure

EXAFS extended X-ray absorption fine structure

ITC isothermal titration calorimetry

ICP-OES inductively coupled Plasma Optical Emission Spectroscopy
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Figure 1. 
Overlay of the Ni K-edge XANES region of the XAS spectrum of Ni,Zn-WT-HypA (in 

blue) and Ni,Zn-L2*-HypA (in green) in 20 mM HEPES, 200 mM NaBr, 1mM TCEP, pH 

7.2 with the 1s ➔ 4pz region enlarged in the inset.
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Figure 2. 
Data (in color) and best fit models (in black) of the Ni K-edge EXAFS represented in k3-

weighted unfiltered data (top) and Fourier transformed (k = 2 – 14 Å−1) data uncorrected for 

phase shifts (bottom) for (A) Ni,Zn-WT-HypA and (B) Ni,Zn- L2*-HypA in 20 mM 

HEPES, 200 mM NaBr, 1mM TCEP, pH 7.2.
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Figure 3. 
Acid viability results for the various HypA mutants in Helicobacter pylori. Wild type G27 

(WT), a ureB knockout (ΔureB), the hypA interrupted mutant (hypA∷kan-sacB), the hypA 
restorant (hypA-R), and the L2* HypA mutant were exposed to PBS for one hour at pH 6 or 

pH 2.3 with or without 5 mM urea: pH 6 (A), pH 6 containing 5mM urea (B), pH 2.3 (C), 

and pH 2.3 containing 5 mM urea (D). Each bar represents mean percent survival ± standard 

deviation. * = acid viability was significantly reduced when compared to wild type (p < 

0.0001, one-way ANOVA followed by Dunnett’s test for multiple comparisons).
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Figure 4. 
Relative urease activity of whole cell extract of Helicobacter pylori strains: Wild type G27 

(WT), a ureB knockout (ΔureB), the hypA interrupted mutant (hypA∷kan-sacB), the hypA 
restorant mutant (hypA-R), and the L2* HypA mutant. Each bar represents the averaged 

relative activity measured in three technical replicates from two independent growths 

normalized against WT ± standard deviation.
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Figure 5. 
ITC binding curves of WT- (left) or L2*-HypA (right) into UreE WT dimer in buffer with 

20mM HEPES, 200mM NaCl, 1mM TCEP, pH 7.2. The top panels show the heat response 

from each injection, which are integrated to generate the enthalpy of binding plotted on the 

bottom panels (WT = circles; L2* = stars). Binding of WT- and L2*-HypA to UreE WT 

dimer are each fitted to OneSite models as described in the text.
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Figure 6. 
ITC binding curves of Ni titration into WT- (blue) and L2*-HypA (green) in buffer with 

20mM HEPES, 200mM NaCl, 1mM TCEP, pH 7.2. The top panels show the heat response 

of each injection, which are integrated to generate the enthalpy of binding plotted on the 

bottom panels (WT = blue circles; L2* = green stars). Binding curves are graphed to the 

same scale on the y-axes for WT and L2* to emphasize the difference in enthalpy response 

with more appropriately scaled y-axis for Ni-L2* binding shown in the inset. Ni binding to 

HypA WT and L2* are each fitted to a OneSite model as described in the text.
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Table 2

Apparent binding to HypA as measured by ITC

Binding Partner HypA Kd (μM) N ΔH (kcal/mol)

UreE (dimer)
WT 0.96 ± 0.09 1.5 ± 0.1 −6.27 ± 0.06

L2* 0.69 ± 0.11 1.6 ± 0.2 −3.86 ± 0.06

Ni
WT 1.0 ± 0.2 0.88 ± 0.01 −4.99 ± 0.07

L2* 59 ± 12 0.39 ± 0.07 −1.30 ± 0.29
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