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the sidechains of Glu3 and Asp40 as well as an additional backbone amide residue (most likely 

from Glu3). This proposed Ni site structure for WT-HypA is depicted in Figure 3.13A. 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).45 Each Ni site features HypA in planar four-coordinate geometry with ligands 

comprised of the N-terminal amine, the backbone amide of His2, and the sidechains of His2 and 

His98 (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.45 Since the H. pylori HypA Zn-binding region is much more 

compact compared to the T. kodakarensis site (see multiple sequence alignment in Figure 3.1), it 

is unlikely that the His residues in the Zn site would ever be able to coordinate the distant Ni site. 

Additionally, H79A and H95A hypA variant strains did not exhibit deficiencies in acid survival, 

urease activity, or H2ase activity; which would be expected if one of the His residues at the H. 

pylori HypA Zn site was involved in Ni-coordination, either alone or as part of a functional 

protein complex. 
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Figure 3.13: Summary of proposed HypA Ni site structures 

Proposed Ni site structures for WT-HypA (A) and L2*-HypA (B) based on the analysis of XAS 

data. The Ni site structure for GSHypA (C) as proposed by Xia et. al. from NMR studies (PDB 

ID: 2KDX) of the N-terminal extension variant.10 N-terminus of the SH3 mutant domain of c-

SRC tyrosine kinase (PDB ID: 4OMO) solved by x-ray diffraction,46 demonstrating the Ni-bound 

ATCUN motif in a protein. 
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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.47 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.47, 48 Additionally, small molecule mimics and protein/peptide engineering studies have 

shown that ATCUN-motifs are associated with DNA-cleavage activities.47, 49, 50 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.48 Instead, most of the structural information on ATCUN 

motifs has been derived from small molecule and oligopeptide mimics,48-51 although a high-

resolution crystal structure of the Ni-bound ATCUN motif (depicted in Figure 3.13D) at the N-

terminus of a protein is available for SH3 mutant domain of c-SRC tyrosine kinase from G. gallus 

(PDB ID 4OMO).46 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.47, 

48, 50 This stable planar structure excluded sidechain coordination from the first two amino acids 

of the motif.48  

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 
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the MHE-motif forces one of these N/O-donor ligands into an axial position (as depicted in 

Figure 3.13A), instead of favoring the rigid planar structure found in the classic Ni-ATCUN site. 

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,48 

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-termini in albumin 

structures.48 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. 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. 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 
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planar geometry.52 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.37, 53, 54 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, 37, 52 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.12 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)48 and HypA (6-coordinate)), both redox-active and inactive enzymes (e.g., 

NiSOD (planar/pyramidal)37 and EcHypB N-terminal Ni-motif (planar)52), and a metal-responsive 

transcriptional regulator (RcnR (6-coordinate)12), 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.42, 55, 56 Apo-urease is produced in large 

quantities (10% of all synthesized protein44) but remains largely in the apo form.38, 42 Increases in 

enzyme activity are correlated with Ni available in the media.42, 55, 56 Beyond Ni availability, acid 

conditions also strongly enhance urease activity, but urease transcription is only marginally 

increased.57, 58 Thus, nickelation of the apo-protein is employed to boost urease activity under 

acidic conditions.42 With respect to the accessory proteins involved in Ni incorporation, the roles 

of the hydrogenase proteins HypA and HypB and the urease protein UreE are quite distinct. Both 

the Ni-binding deficient hypA H2A mutant4, 7 and the nucleotide-binding deficient hypB K59A 

mutant59 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 
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supplementation could not rescue the urease-deficient phenotype in either the ΔureE mutant4 or 

the ureG K14A mutant (nucleotide-binding deficient UreG).59 Hence urease maturation 

specifically requires the urease cascade, but not HypA and HypB when excess Ni is present. 

 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,60 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 HypA and HypB 

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.61 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.61 Under acidic conditions, HypA and HypB could 

provide a higher level of Ni incorporation into UreE by 1) increasing the local concentration of Ni 

by formation of a complex with HypA and HypB, or 2) by simply enhancing the affinity of UreE 

for Ni in a complex with HypA and HypB. The former mechanism is suggested by the known 

HypA-UreE complex formation,3, 4 and by protein structural changes that accompany changes in 

the Zn site structure at pH 6.3.8, 9 The latter mechanism is supported by the increase in Ni affinity 

that occurs in the HypA and HypB complex in T. kodakaraensis.45 

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

maturation accessory protein HypA 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 is recruited from the hydrogenase 

maturation pathway to sequester Ni for the urease maturation pathway; in doing so they assert a 
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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 conditions44, 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 strain4, 7 and the L2* hypA strain. 

3.4 Methods 

3.4.1 H. pylori growth conditions 

Growth of G27 background strains of H. pylori were performed at the Merrell Lab, part 

of the Department of Microbiology and Immunology at the Uniformed Services University of 

Health Sciences, Bethesda, MD. All H. pylori strains were maintained at -80°C in brain heart 

infusion broth (Becton Dickinson) supplemented with 10% fetal bovine serum (FBS) and 20% 

glycerol and were cultivated on horse blood agar (HBA) medium containing 4% Columbia agar 

base (Neogen Corp), 5% defibrinated horse blood (HemoStat Laboratories, Dixon, CA), 0.2% β-

cyclodextrin (Sigma), 10 μg/mL of vancomycin (Amresco), 2.5 U/mL of polymyxin B (Sigma), 5 

μg/mL of trimethoprim (Sigma), and 5 μg/mL of amphotericin B (Amresco). Where required, 5% 

sucrose was added to HBA for selection of sucrose sensitive strains. Liquid growth of H. pylori 

was performed in Brucella broth (Neogen Corp) with 10% FBS and 10μg/mL of vancomycin. All 

H. pylori cultures were grown under microaerobic conditions (5% O2, 10% CO2, and 85% N2) at 

37°C with 100rpm shaking for liquid cultures. H. pylori strain G27 was used for all 

experiments15. Escherichia coli Top10 cells were either grown on LB agar or in LB liquid 

medium with shaking at 225rpm. Kanamycin (25μg/mL) and ampicillin (100μg/mL) were used 

for bacterial selection. 
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Table 3.3: List of primers in this study 

Primers Sequence (5’-3’) Reference 

HypA_Up_F CCGCTTTGATTCAGATGGGGTG This study 

HypA_Up_R* TCTAGAAGCTTGCGATCGCTCGAGACTCTAAAAGTCTCAAACGCGCTC This study 

HypA_Dn_F* CTCGAGCGATCGCAAGCTTCTAGAGAATCTTTGGTGTGTAAAGACGC This study 

HypA_Dn_R GCAAAACGCTGCGGTATTGC This study 

Kan_SacB_F* GTGGGCTCGAGCCCGGGCGAACCATTTGAGGTGA This study 

Kan_SacB_R* GCGCGTCTAGATATAAGCCCATTTTCATGC This study 

HypA_Confirm_F GGCTAACGAGCGTGGATAAG This study 

HypA_Confirm_R GCACTCACTAAAATCGTGGGC This study 

HypA_seq_F CTAAAGCGGTAACCACATCCG This study 

L2_F GGGGCTAATTTAAAGATTAAGGTTTAGTATGCTCCATGAATACTCGGTCG This study 

PhypA_R GCGTTCAATTCTTCTTGCATCGGTTTTTATTCCGCTAACATTTCTAAAGAC This study 

HypA2_Up_F GCGATTGAGCAAAACGGC This study 

HypA2_Up_R ACTAAACCTTAATCTTTAAATTAGCCCC This study 

HypA2_Dn_F AAACCGATGCAAGAAGAATTGAACGC This study 

HypA2_Dn_R GGTTTTGGACTTGATAGAGCTTG This study 

HypA_L2*_F CTCCATGAATACTCGGTCGTTTC This study 

HypA_L2*_R2 CGAGTATTCATGGAGCATATGTATATCTCC This study 

HypA_C74A_F GGTTGAATTAGAAGCCAAGGATTGTTCGCATGTTTTTAAGCCTAACGCG 9, This study 

HypA_C74A_R CGCGTTAGGCTTAAAAACATGCGAACAATCCTTGGCTTCTAATTCAACC 9, This study 

HypA_C74D_F GGTTGAATTAGAAGACAAGGATTGTTCGCATGTTTTTAAGCCTAACGCG 9, This study 

HypA_C74D_R CGCGTTAGGCTTAAAAACATGCGAACAATCCTTGTCTTCTAATTCAACC 9, This study 

HypA_C77A_F GAATTAGAATGCAAGGATGCTTCGCATGTTTTTAAGCCTAACGCGC 9, This study 

HypA_C77A_R GCGCGTTAGGCTTAAAAACATGCGAAGCATCCTTGCATTCTAATT 9, This study 

HypA_C77D_F GAATTAGAATGCAAGGATGATTCGCATGTTTTTAAGCCTAACGCGC 9, This study 

HypA_C77D_R GCGCGTAGGCTTAAAAACATGCGAATCATCCTTGCATTCTAATTC 9, This study 

HypA_H79A_F GCAAGGATTGTTCGGCTGTTTTTAAGCCTAACGCGCTAG 9, This study 

HypA_H79A_R GTTAGGCTTAAAAACAGCCGAACAC This study 

HypA_C91A_F GCGCTAGATTATGGGGTGGCTGAGAAATGCCACAGC 9, This study 

HypA_C91A_R GCTGTGGCATTTCTCAGCCACCCCATAATCTAGCGC 9, This study 

HypA_C91D_F CGCCGTAGATTATGGGGTGGATGAGAAATGCCACAGC 9, This study 

HypA_C91D_R GCTGTGGCACTTTCTCATCCACCCCATAATCTAGCGCG 9, This study 

HypA_C94A_F GGTGTGTGAGAAAGCCCACAGCAAG This study 

HypA_C94A_R AACATTCTTGCTGTGGGCTTTCTCAC This study 

HypA_C94D_F GGGGTGTGTGAGAAAGACCACAGCAAGAATGTTATTATCAC 9, This study 

HypA_C94D_R GTGATAATAACATTCTTGCTGTGGTCTTTCTCACACACCCC 9, This study 

HypA_H95A_F GTGTGTGAGAAATGCGCCAGCAAGAATGTTATTATC 9, This study 

*Restriction enzyme sites are italicized (XhoI or XbaI) 

Underline denotes nucleotide changes made to the pJI110 (wild type hypA) plasmid 

Table combined from previous publications [Johnson, et. al. Metallomics, 7, 674-682 (2015) [11] 

reproduced with permission of The Royal Society of Chemistry, and [Hu, et. al. Biochemistry, 56, 1105-

1115 (2017) [14], copy right 2017 American Chemical Society. 
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Table 3.4: List of plasmids and H. pylori strains in this study 

Strains Description Reference 

DSM1 G27 WT 62 

DSM43 G27 ΔureB KanR 63, This study 

DSM1283 G27 hypA::kan-sacB KanR SucS This study 

DSM1295 G27 hypA restorant This study 

DSM1296 G27 hypA C74A This study 

DSM1297 G27 hypA C94D This study 

DSM1298 G27 hypA C91A This study 

DSM1299 G27 hypA C91D This study 

DSM1300 G27 hypA H95A This study 

DSM1301 G27 hypA C74D This study 

DSM1363 G27 hypA C77A This study 

DSM1364 G27 hypA C77D This study 

DSM1365 G27 hypA H79A This study 

DSM1366 G27 hypA C94A This study 

DSM1475 G27 hypA L2* This study 

Plasmids Description Reference 

pDSM3 pKSF-II 64 

pDSM32 pEJ22 63 

pJI110 pET22b(+) vector with hypA WT coding sequence 8, 9, This study 

pET22b-HypA(C74A) pET22b(+) vector with hypA C74A coding sequence This study 

pET22b-HypA(C74D) pET22b(+) vector with hypA C74D coding sequence This study 

pET22b-HypA(C77A) pET22b(+) vector with hypA C77A coding sequence This study 

pET22b-HypA(C77D) pET22b(+) vector with hypA C77D coding sequence This study 

pET22b-HypA(H79A) pET22b(+) vector with hypA H95A coding sequence This study 

pET22b-HypA(C91A) pET22b(+) vector with hypA C91A coding sequence This study 

pET22b-HypA(C91D) pET22b(+) vector with hypA C91D coding sequence This study 

pET22b-HypA(C94A) pET22b(+) vector with hypA C94A coding sequence This study 

pET22b-HypA(C94D) pET22b(+) vector with hypA C94D coding sequence This study 

pET22b-HypA(H95A) pET22b(+) vector with hypA H95A coding sequence This study 

pET22b-hypA(L2*) pET22b(+) vector with hypA L2* coding sequence This study 

Table combined from previous publications [Johnson, et. al. Metallomics, 7, 674-682 (2015) [11] 

reproduced with permission of The Royal Society of Chemistry, and [Hu, et. al. Biochemistry, 56, 1105-

1115 (2017) [14], copy right 2017 American Chemical Society. 
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3.4.2 Mutant hypA Construction 

Construction of H. pylori hypA strains were performed at the Merrell Lab, part of the 

Department of Microbiology and Immunology at the Uniformed Services University of Health 

Sciences, Bethesda, MD. H. pylori G27 genomic DNA was used as the template for mutant 

construct development. A hypA mutant strain containing a kan-sacB cassette insertion was 

constructed as follows. The HypA_Up_F and HypA_Up_R primers (Table 3.3) were used to 

amplify a 556-base pair segment of DNA that spanned 398 base pairs upstream of hypA 

(HPG27_832) and 158 base pairs into the hypA coding region. Additionally, the HypA_Dn_F and 

HypA_Dn_R primers (Table 3.3) were used to amplify a 532-base pair region that began at 

nucleotide position 160 of hypA and spanned 337 base pairs downstream of the hypA stop codon. 

The HypA_Up_R and HypA_Dn_F primers were designed to contain identical flanking 

sequences, which contained XhoI and XbaI restriction enzyme sites. Thus, the upstream and 

downstream amplicons were next fused together utilizing splicing by overlap extension (SOE) 

PCR65. The resulting spliced product was cloned into the pGEM-T easy vector (Promega) and 

transformed into E. coli Top10 cells. The kan-sacB cassette64, which confers resistance to 

kanamycin and sensitivity to sucrose, was amplified from pKSF-II64 using primers Kan_SacB_F 

and Kan_SacB_R, which were designed to incorporate a XhoI and XbaI restriction site, 

respectively. The resulting fragment was digested with XhoI and XbaI and was then inserted 

between the spliced hypA fragments that had been similarly digested. The resulting construct was 

then transformed into H. pylori G27 and transformants were selected on HBA plates containing 

kanamycin. Successful insertion of the kan-sacB cassette into the hypA gene was confirmed by 

PCR and sequencing using the HypA_Confirm_F/R and HypA_seq_F/R primers, respectively. 

The resulting mutant strain was named DSM1283. 

3.4.3 Site-directed mutagenesis 

Site-directed mutagenesis constructed within pET-22b(+) vectors for the purpose of 

protein overexpression were performed at the Maroney Lab, part of the Department of Chemistry 
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and Program of Molecular and Cellular Biology at the University of Massachusetts Amherst, 

Amherst, MA. Mutagenesis performed within the G27 H. pylori genome were performed at the 

Merrell Lab, part of the Department of Microbiology and Immunology at the Uniformed Services 

University of Health Sciences, Bethesda, MD.  

Mutations of the cysteines in the HypA CXXC motifs (Cys71, Cys74, Cys91 and Cys94) 

to alanine or aspartic acid and the flanking histidines (His79 and His95) to alanine were 

constructed by polymerase chain reaction (PCR) using the PJI110 plasmid (wild type hypA 

sequence carried on the pET-22b(+) vector, Table 3.4) as a template.66 The PJI110 plasmid was 

transformed into NovaBlue (Novagen) competent cells and then re-isolated using the Axyprep 

Plasmid MiniPrep Kit (Axygen) and used as the DNA template in all subsequent PCR reactions. 

PCR primers were designed to incorporate the desired mutations and are listed in Table 3.3. 

Reactions were carried out in 50μL volumes using 1ng of template DNA and 2.5ng or 2μM of 

each primer per reaction. Successful PCR amplifications were confirmed by 0.8% agarose gel 

electrophoresis, and then methylated PJI110 template was digested with 20 units of DpnI (New 

England Biolabs) for 1 hour at 37C. The resulting PCR mixture was transformed into NovaBlue 

competent cells. Single colonies were selected and grown to saturation in 5mL liquid cultures of 

LB-Miller (Fisher Scientific) media supplemented with ampicillin at 37C. Cells were pelleted by 

centrifugation at 6,000 g for 5 minutes and plasmids were isolated using the Axyprep Plasmid 

MiniPrep Kit. Successful mutations were confirmed by plasmid sequencing (GENEWIZ, Inc.) 

and listed in Table 3.4 

The L2* mutation was also constructed on the PJI1108 plasmid background using two 

rounds of sequential polymerase chain reactions (PCR) with the Q5 High-Fidelity DNA 

polymerase (New England Biolabs). In the first round of PCR, 0.5μM of HypA_L2*_F primer 

(Table 3.3) was used to amplify the forward strand of the template DNA containing the L2* 

mutation. The second primer, HypA_L2*_R2 (Table 3.3), was added to the product of the first 
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round of PCR mixture for a second round of PCR to amplify the complimentary strand of the 

DNA template. The presence of linear double stranded PCR product was confirmed by 0.8% 

agarose gel electrophoresis. The resulting mixture was digested with DpnI (New England 

Biolabs) for 1 h at 37˚C to remove methylated PJI110 plasmid DNA, and then ligated for 30 min 

at 25˚C using T4 ligase (New England Biolabs). The resulting reaction mixture was transformed 

into NovaBlue (Novagen) competent cells and multiple single colonies were isolated from LB-

Agar plates supplemented with 100 μg/mL ampicillin (Amp) and then amplified in liquid 

cultures. The mutated plasmid DNA from three separate single colonies were purified using the 

GeneJET plasmid DNA miniprep kit (Thermos Scientific) and then sequenced (Genwiz) to 

confirm the presence of the L2* mutation and successful creation of the pET22b-hypA(L2*) 

plasmid (Table 3.4) for this study. 

We utilized the wild-type or mutant HypA pET-22b (+) plasmids, which each contained 

the entire HypA coding region, to move the mutant constructs of interest into the H. pylori 

chromosome. Each of the constructs was individually transformed into DSM1283, and double 

crossover events in which the kan-sacB cassette was replaced by the mutagenized hypA gene 

carried on the pET-22b (+) vector were selected for based on sucrose resistance. Sucrose resistant 

transformants were screened for kanamycin sensitivity and proper integration of the hypA 

construct was confirmed by PCR and sequencing using the HypA_Confirm_F/R and 

HypA_seq_F/R primers, respectively. In total, H. pylori mutant strains were made that contained 

the following hypA mutations (Table 3.4): C74A (DSM1296), C74D (DSM1301), C77A 

(DSM1363), C77D (DSM1364), H79A (DSM1365), C91A (DSM1298), C91D (DSM1299), 

C94A (DSM1366), C94D (DSM1297), and H95A (DSM1300). In addition, a hypA-restorant 

(hypA-R; DSM1295) in which the kan-sacB cassette was replaced by the wild type hypA gene 

was also created in order to control for any defects that may have resulted due to genetic 

manipulation. 
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The L2*-hypA mutant, which contains a leucine insertion in between the methionine and 

histidine in the conserved MHE nickel binding motif, was constructed in a similar fashion with 

slight modifications.11 Briefly, the hypA gene containing the L2* mutation was initially PCR 

amplified from the pET22b-hypA(L2*) vector with the L2_F and PhypA_R primers (Table 3.3), 

which were each designed to have extensions to be used in subsequent splicing by overlap 

extension (SOE) reactions.67 To increase the likelihood of recombination events before and after 

the 2nd amino acid position of L2*-hypA, a 442 base pair upstream DNA fragment and a 451 

base pair downstream DNA fragment were added to either end of the mutated hypA amplicon 

using SOE PCR.67 Wild type H. pylori G27 (DSM1) genomic DNA was used as template to PCR 

amplify the upstream and downstream regions using the HypA2_Up_F / HypA2_Up_R and 

HypA2_Dn_F / HypA2_Dn_R primer pairs, respectively. These products were then spliced to the 

L2*-hypA fragment by SOE reaction. The resulting “upstream-L2*-hypA-downstream” SOE 

construct was then transformed into the interrupted hypA mutant (DSM1283). Replacement of the 

kan-sacB cassette in DSM1283 with the mutated hypA gene was selected for by plating on HBA 

agar containing 5% sucrose. Sucrose resistant colonies were subsequently screened for 

kanamycin sensitivity. Proper integration of the mutated hypA gene was confirmed by PCR and 

sequencing using the HypA_Confirm_F and HypA_Confirm_R primers and HypA_seq_F and 

HypA_seq_R primers. The newly created L2*-hypA strain was named DSM1475 (Table 3.3). 

3.4.4 Acid resistance testing 

Acid survival of G27 background strains of H. pylori were performed at the Merrell Lab, 

part of the Department of Microbiology and Immunology at the Uniformed Services University 

of Health Sciences, Bethesda, MD. Each of the ten hypA Zn site H. pylori mutants were tested for 

acid resistance. Additionally, the wild type H. pylori strain, the hypA::kan-sacB mutant, and the 

hypA restorant were included as controls. Furthermore, a urease-deficient mutant of H. pylori 

(DSM43) in which the kanamycin resistance cassette replaced the ureB subunit was used as a 

positive control for acid sensitivity; DSM43 was created by transforming wild type H. pylori with 
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vector pEJ22 as previously described.17 Assays were conducted as follows: 20mL liquid cultures 

of H. pylori were inoculated to an optical density (600nm) of 0.05 from overnight liquid grown 

bacterial cells and then allowed to grow for approximately 19 hours. 1mL aliquots were removed 

from the culture and pelleted by centrifugation. The supernatants were removed and the bacterial 

pellet was re-suspended in 1mL of phosphate buffered saline (PBS) at pH 6 or 2.3, with or 

without supplementation with 5mM urea. Immediately after the bacterial pellets were re-

suspended, an aliquot was removed, serially diluted in Brucella broth and plated on HBA plates 

to determine colony forming units (CFU) per milliliter. The cultures were then incubated in 

1.5mL capped tubes for 1 hour at 37°C. At this point, a second aliquot was removed from the 

cultures, immediately serially diluted, and plated to determine CFU/mL as described above. 

Percent survival after 1-hour incubation in the various PBS solutions was determined for each 

bacterial strain. At least three biological replicates were performed for each strain. 

Additionally, the L2*-hypA mutant (DSM1475), Wild type G27 (DSM1), the interrupted 

hypA mutant (DSM1283), the hypA restorant (DSM1295), and urease-deficient mutant of H. 

pylori (DSM43) was tested for acid survival as described above. At least three biological 

replicates were performed for each strain. Furthermore, to ensure reproducibility, a second, 

biologically independent L2* hypA mutant was created in H. pylori G27 in an identical fashion as 

described above and tested for acid viability also. Similar phenotypes were found for each 

independently derived strain. 

3.4.5 Urease activity 

Urease activities were determined for each of the ten hypA Zn site variants, the wild type 

H. pylori strain, the hypA::kan-sacB mutant, and the hypA restorant strain. For each strain, 8mL 

liquid cultures of H. pylori were inoculated to an optical density (600nm) of 0.05 from overnight 

liquid grown bacterial cells and then allowed to grow for approximately 22 hours. At that point, 

1mL aliquots were removed from the culture and pelleted by centrifugation (~108 cells). The 

supernatants were removed and the bacterial pellets were stored at -20C until ready for urease 
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assays. The frozen cells were thawed and then re-suspended in 750μL of ice-cold HEPES buffer 

(pH 7.0), 1mM phenylmethylsulfonyl fluoride (PMSF) (MP Biomedicals, LLC), and 1X protease 

inhibitor cocktail (Sigma-Aldrich) and then lysed by sonication at 70% power for 6 pulses (2-

second each) on ice. Lysate was centrifuged at 15,000-g for 10 minutes to remove insoluble 

fractions from soluble whole cell extracts. Soluble whole cell extracts were kept at 4C for up to 

one month and insoluble fractions were stored at -20C. Total protein concentration in soluble 

whole cell extract was assessed by Bradford Assay using the Coomassie Protein Assay Kit 

(Thermo Scientific). 

Urease activities for each strain were determined using a modified phenol-hypochlorite 

method to assay the amount of ammonia released in the soluble whole cell extract of H. pylori 

lysate in the presence of urea68, 69_ENREF_24. For each strain, 5μL of whole cell extract was 

added to 245μL of urease reaction buffer (50mM HEPES, 25mM Urea, pH 7.0), and incubated at 

37C for 20 minutes to allow for ammonia production. The reaction was quenched with the 

sequential addition of 375μL of phenol-hypochlorite buffer A (100mM phenol, 167.8μM sodium 

nitroprusside) and then the addition of 375μL of phenol-hypochlorite buffer B (125mM NaOH, 

0.044% NaClO); samples were mixed with quick vortexing after the addition of each buffer. The 

assay mixture was incubated at 37C for 30 minutes to allow for color development (the 

conversion of ammonia to indophenol) and the absorbance was evaluated at 625nm. Assays were 

performed alongside a standard curve created using known amounts of ammonium chloride (0.24 

– 500nmol) in place of whole cell extract.  

The urease activity of ΔureB strain was set as background and subtracted from the 

activity of each hypA Zn site variant and corresponding control strains. After background 

subtraction, the relative urease activity (% hypA-R) of the hypA Zn site variants and 

corresponding control strains were normalized to the hypA-restorant (hypA-R; DSM1295) H. 
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National Accelerator Laboratory using the dedicated ring conditions and optics at beamline 7-3. 

For XAS collected at NSLS, data were collected on frozen samples in kapton-taped 

polycarbonate holders immobilized in an aluminum sample clamp under vacuum and cooled to 

~40 K with a helium displex cryostat. XAS was collected under ring conditions of 2.8 GeV and 

120 – 300 mA with a sagittally focused Si (111) double crystal monochromator. X-ray 

fluorescence was collected with a 31-element Ge fluorescence detector (Canberra) with a 3 μm Z-

1 filter installed between the detector and the sample to minimize scattering.  

For XAS data collected at SSRL, frozen samples in kapton-taped polycarbonate holders 

were immobilized by aluminum prongs and cooled to ~10 K using a liquid helium cryostat. XAS 

was collected under ring conditions of 3 GeV and 450 – 500 mA with a Si (220) double-crystal 

monochromator. X-ray fluorescence data were collected with a 30-element Ge detector 

(Canberra) with a 3 μm Z-1 filter and Soller slits installed between the detector and the sample to 

minimize scattering. 

X-ray fluorescence data for Ni and Zn K-edges of WT- and L2*-HypA were collected 

concurrently with the relevant metal foil in transmission mode for energy calibration. X-ray 

Absorption Near Edge Structure (XANES) data were collected from -200 to +200 eV relative to 

the metal K-edge, and Extended X-ray Absorption Fine Structure (EXAFS) were collected to 15k 

above the K-edge.  

3.4.9 XAS data reduction and analysis 

XAS data processing and normalization were performed using the Sixpack71 software 

package for the Ni K-edge and the Athena program (part of the Demeter72 suite of XAS analysis 

software package) for the Zn K-edge spectra. The data are an average of 8 – 10 scans at the Ni K-

edges and 5 – 8 scans at the Zn K-edges. Fluorescence channels from each scan were visually 

scrutinized and bad channels were deleted. K-edge energy calibrations were performed for each 

scan by assigning the first inflection point in the first-derivative spectra of the metal foils to 
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the free amines on the surface of the protein, and then free fluorophores were removed using a 

desalting column. The labeled NHS640-HypB were diluted into the binding buffer (20 mM 

HEPES, 200 mM NaCl, 1 mM TCEP, 0.02% Tween20, at pH 7.2 or 6.3) to check for fluorescent 

response. Unlabeled HypA is then serially diluted and then mixed with a constant concentration 

of the NHS640-HypB protein and then the fluorescence of the mixtures in the dilutions series 

were read by the NT.115. These mixtures were typically excited at a consistent power, and the 

fluorescence of the mixture was monitored while the IR laser is powered on and off at regular 

intervals to capture the thermophoresis of the fluorescent molecules in each mixture (Figure 

A1.7). The change in thermophoresis plus T-jump of each mixture was plotted to evaluate for the 

occurrence of a binding event. The thermophoresis plus T-jump is defined as the accumulated 

fluorescence intensities from one second of the hot/cold, where the “cold” fluorescence was taken 

immediately prior to turning on the IR laser, and “hot” fluorescence was taken immediately prior 

to turning off the IR laser (Figure A1.7). 

Of the three sets of HypA titration into NHS640-HypB that was performed, the response 

from thermophoresis was inconsistent, resulting in three vastly different Kd values from the fitted 

data. Example binding curves from each set of data are shown in Figure A1.8, with the summary 

of all binding data collected shown in Table A1.2. The binding of unlabeled apo-ZnHypA to 

NHS640-HypB at pH 7.2 (Figure A1.8, Jun 2015) initially produced well-defined binding curves, 

however, attempts to repeat this initial data failed to produce data with similar quality. Instead, 

low amplitude and noisy curves were observed, including reversal of the direction of the binding 

curve in one instance (Figure A1.8, Aug 2016). The corresponding Kd values from the fits of 

these curves are equally unreliable. This inconsistency was also true for experiments conducted at 

pH 6.3 (Table A1.2). These inconsistencies may have resulted from the fluorescent labeling of 

HypB. The HypB protein have been known to form homodimers under certain conditions, and it 

is unclear whether fluorescent labeling of the monomeric form would have prevented some of 
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Table A2.4: Best fits for EXAFS of Zn-complexes with WT- and L2*-HypA (in buffer with 

NaBr) 

HypA Shell r (Å) σ
2 

(x 10
-3

 Å
2

) ΔE
o
 (eV) R factor Reduced χ

2

 

WT 

4S 2.33 (5) 4 (0) 

-4 (1) 1.89% 569.52 1 N 

(1 imid2˚) 
2.18 (2) 4 (4) 

  

3S 2.34 (1) 2 (0) 

-4 (1) 2.45% 759.10 1 N 

(1 imid2˚) 
2.12 (2) 2 (2) 

  

4S 2.33 (1) 3 (1) -6 (1) 3.57% 978.25 

 

L2* 

4S 2.34 (1) 4 (0) 

-4 (1) 1.73% 281.58 1 N 

(1 imid2˚) 
2.18 (2)  2 (3) 

 
3S 2.34 (1) 2 (0) 

-3 (1) 2.34% 375.00 1 N 

(1 imid2˚) 
2.13 (2) 2 (3)  

 
4S 2.33 (5) 4 (0) -6 (1) 3.50% 538.16 

Uncertainties in the fitted parameters are shown in parentheses (see Section 3.4.9 for detailed fit methods). 

The best fit is highlighted in orange. Alternative good fits are highlighted in yellow. 

  


