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The transition metal nickel plays a central role in the human gastric pathogen Helicobacter pylori because it
is required for two enzymes indispensable for colonization, the nickel metalloenzyme urease and [NiFe]
hydrogenase. To sustain nickel availability for these metalloenzymes while providing protection from the
metal’s harmful effects, H. pylori is equipped with several specific nickel-binding proteins. Among these, H.
pylori possesses a particular chaperone, HspA, that is a homolog of the highly conserved and essential bacterial
heat shock protein GroES. HspA contains a unique His-rich C-terminal extension and was demonstrated to
bind nickel in vitro. To investigate the function of this extension in H. pylori, we constructed mutants carrying
either a complete deletion or point mutations in critical residues of this domain. All mutants presented a
decreased intracellular nickel content measured by inductively coupled plasma mass spectrometry (ICP-MS)
and reduced nickel tolerance. While urease activity was unaffected in the mutants, [NiFe] hydrogenase activity
was significantly diminished when the C-terminal extension of HspA was mutated. We conclude that H. pylori
HspA is involved in intracellular nickel sequestration and detoxification and plays a novel role as a specialized
nickel chaperone involved in nickel-dependent maturation of hydrogenase.
oxidation of molecular hydrogen and permits the utilization of
hydrogen as an energy source during respiration-based energy
production in the mucosa (21). Both enzymes are important
for host colonization, as shown with several animal models (9,
10, 28, 42, 43). To sustain nickel availability for urease and
hydrogenase while providing protection from the metal’s
harmful effects, H. pylori possesses an elaborate and strictly
controlled nickel metabolism.
The incorporation of nickel ions into apohydrogenase requires the participation of the HypAB (HP0869 and HP0900)
accessory proteins; for apourease, both the UreEFGH
(HP0070-0067) accessory proteins and HypAB are necessary
(4, 29). Besides these widely distributed accessory proteins, H.
pylori possesses several specific proteins that are present in all
H. pylori strains, namely, the histidine-rich proteins Hpn
(HP1427) and Hpn-like (HP1432). These cytoplasmic and
abundant proteins (Hpn represents 2% of the total protein
content) bind nickel ions (five Ni2⫹ ions per monomer; dissociation constant [Kd] for nickel of 7.1 M) and protect H. pylori
against metal overload (15). Furthermore, it has recently been
proposed that Hpn and Hpn-like can compete for nickel ions
with the urease enzyme and thus regulate its enzymatic activity.
In vivo and in vitro experiments indicate that Hpn and Hpn-like
sequester nickel ions at neutral pH but donate them for urease
activation under acidic pH conditions (14, 35, 44). Hydrogenase activity was unchanged in the ⌬hpn and ⌬hpn-like mutants (35).
In addition to these proteins, H. pylori possesses a particular
chaperone, HspA (HP0011), that is a homolog of the highly

Helicobacter pylori is a Gram-negative, microaerophilic bacterium that is the only persistent inhabitant of the human
stomach. Its presence in humans is associated with a variety of
pathologies, ranging from gastric and duodenal peptic ulcers to
the development of gastric adenocarcinoma and mucosa-associated lymphoid tissue (MALT) lymphoma (1, 39). Indeed, H.
pylori is the only formally recognized bacterial carcinogen for
humans (17), infecting half of the world’s population (19).
In H. pylori, metal ions play a central role, since the transition metal nickel is the cofactor of the urease enzyme and is
also required for [NiFe] hydrogenase. Urease catalyzes the
hydrolysis of urea into the buffering compounds bicarbonate
and ammonia, enabling H. pylori to persist in the acidic environment of the stomach. This enzyme accounts for up to 6% of
the soluble cellular proteins and requires 24 nickel ions per
active enzymatic complex (16). The uptake-type hydrogenase
of H. pylori is a nickel-dependent enzyme containing a binuclear [NiFe] active site. This [NiFe] hydrogenase catalyzes the
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conserved and essential bacterial heat shock protein GroES
(40). No other gene encoding a GroES homolog is found in the
genome of H. pylori. GroES is the cochaperonin of the heptameric GroEL-GroES barrel complex, which mediates the
correct folding of a variety of cellular proteins and which is
conserved and essential in prokaryotes and eukaryotes (30). In
addition to the conserved GroES chaperonin domain (domain
A, amino acids 1 to 90) (Fig. 1A), HspA contains a C-terminal
extension of 28 amino acids (domain B, amino acids 91 to 118)
(Fig. 1A and B) that contains 8 His and 4 Cys residues. Based
on this high number of His and Cys residues known to bind
transition metal ions, the purified recombinant HspA protein
specifically binds two nickel ions per molecule (Kd of 1.1 to 1.8
M) (7, 18). This domain also contains an HX4DH motif
(boxed in Fig. 1B) that is considered to be a nickel-binding
signature sequence in the nickel-cobalt (NiCoT) transporter
family (11). In addition, Loguercio et al. (20) observed that in
vitro, the HspA C-terminal domain is folding into two vicinal
disulfide bounds engaging two cysteine pairs that form a
unique closed-loop structure. However, since HspA is a cytoplasmic protein, the in vivo relevance of this structure is uncertain.
The domain B sequence is conserved in and restricted to H.
pylori and the closely related Helicobacter acinonychis species
but is absent from all other available sequenced Helicobacter
species (see Fig. S1 in the supplemental material). When expressed in Escherichia coli, HspA protected bacteria from
nickel overload (7) and increased urease activity 4-fold from
the coexpressed H. pylori urease gene cluster (18). Therefore,
HspA was hypothesized to function in nickel sequestration and

as a specialized nickel donor protein for urease (18). However,
no functional characterization of the C terminus was carried
out for H. pylori due to the essential nature of HspA (40).
In this study, we investigated the role of the nickel-binding C terminus of HspA in H. pylori. We found that the
unique C terminus of HspA is involved in nickel sequestration and protection against nickel overload. Contrary to
previous data from heterologous studies of E. coli, HspA
seemed not to provide nickel ions for urease activation. In
contrast, we have found an unexpected and specific function of
the HspA C-terminal region in the nickel-dependent maturation of the important colonization factor hydrogenase.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The H. pylori strains employed in this
study were 26695 (41) and X47-2AL (12) and their respective mutants. H. pylori
was grown on blood agar base 2 (Oxoid) plates supplemented with 10% defibrinated horse blood and an antibiotic/fungicide cocktail consisting of vancomycin (12.5 g ml⫺1), polymyxin B (0.31 g ml⫺1), trimethoprim (6.25 g ml⫺1),
and Fungizone (2.5 g ml⫺1). Kanamycin (30 g ml⫺1) or chloramphenicol (30
g ml⫺1) was added for selection when needed. For growth in liquid medium,
Brucella broth (Difco) supplemented with 0.2% ␤-cyclodextrin (Sigma) plus the
antibiotic/fungicide cocktail was used; this medium (BB␤) was adjusted to either
pH 7 or 5 (by adding HCl). Nickel sensitivity was monitored by following the
growth of serial dilutions of bacterial suspensions during 4 to 5 days on Brucella
broth agar (1%; Difco) supplemented with 10% fetal calf serum, the antibiotics/
fungicide cocktail, and increasing concentrations of NiCl2 (Sigma). Plates and
flasks were incubated under microaerobic conditions (Campygen gas pack; Oxoid) at 37°C. Escherichia coli strain MC1061 (6) grown at 37°C on solid or liquid
Luria-Bertani medium (25) was used as a recipient for cloning and as a host for
the preparation of the plasmids employed to transform H. pylori.
Molecular techniques and construction of H. pylori mutant strains. DNA
manipulations were carried out following standard procedures (32). Chromo-
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FIG. 1. (A) Representation of the HspA protein of H. pylori with the GroES-like domain A and the nickel-binding domain B. (B) Amino acid
sequence of domain B of wild-type HspA and of three mutants: HspA-⌬C, with a complete deletion of this domain, and HspA-NB and -CC, each
carrying two substitutions that are underlined. Cysteine and histidine residues are in blue and red, respectively. The HX4DH motif, which in the
nickel-cobalt (NiCoT) transporter family is considered to be a nickel-binding signature sequence, is boxed. (C) Immunoblot experiment with
whole-cell lysates from the H. pylori wild-type strain and from the three hspA mutants after denaturing SDS-PAGE and using the monoclonal
antibody P1-1, which specifically recognizes a conserved epitope of HspA domain A. The predicted molecular mass of the wild-type HspA
monomer is 13 kDa, and that of HspA-⌬C is 9.8 kDa. The monomeric (M) and dimeric (D) forms of the HspA wild type (WT) are indicated on
the left side of the blot. A cross-reacting unspecific protein band is marked with a star (*) and served as a loading control. Molecular mass standards
are indicated at right.
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Measurement of [NiFe] hydrogenase activity in H. pylori strains. Hydrogen
uptake activity was determined spectrophotometrically at 604 nm by following
the color change of methyl viologen (MV) from a colorless oxidized form to a
dark-violet reduced form. All enzyme assays were performed at 30°C under
anaerobic conditions in a glove box to preserve the hydrogenase enzyme from
oxygen inhibition. The reaction mixture, containing gas-free 50 mM Tris (pH 8.5)
and 1 mM MV in a final volume of 1 ml, was first saturated with gaseous
hydrogen (H2) in an assay cuvette. Fifteen ml of H. pylori cultures were harvested
by centrifugation at an OD600 of 1.5 and resuspended in 1 ml of 50 mM Tris (pH
8.5). After two cycles of freezing/thawing, 100 l of cell suspensions were injected
into the assay cuvette and the absorbance at 604 nm was followed. Rates of MV
reduction were calculated using an absorption coefficient of 13.6 mM⫺1 䡠 cm⫺1.
Protein content in each sample was calibrated using the Bradford assay for
protein determination (Bio-Rad). One unit (U) of hydrogenase activity was
defined as the amount of enzyme that catalyzes the oxidation of 1 nmol H2 per
min per mg of total proteins.
Mouse infection with H. pylori strain X47-2AL. H. pylori bacteria were grown
on blood agar plates for 24 h and suspended in peptone broth at a concentration
of 109 bacteria/ml. Female NMRI mice (4 weeks old; Iffa-Credo) were inoculated
orogastrically with 108 bacteria (100 l) as described previously (13). Six mice
were inoculated with peptone broth as a negative control. The precise inoculated
dose was determined by enumeration of CFU on blood agar plates. Mice were
sacrificed after 4 weeks of infection, and the gastric tissue was homogenized in
peptone broth. Bacterial infection efficacies were determined by enumeration of
CFU on blood agar plates containing the antibiotic/antifungal cocktail, 200 g/ml
bacitracin, and 10 g/ml nalidixic acid.

RESULTS
Construction of H. pylori hspA mutant strains. In order to
elucidate the specific function of the nickel-binding domain
and because HspA is essential (40), we constructed H. pylori
mutants that either lacked the C-terminal extension (hspA⌬C) or contained modifications in the His or Cys residues
known to bind nickel. We targeted the following: (i) the predicted His-containing nickel-binding motif (boxed in Fig. 1B)
that is considered to be a nickel-binding signature sequence in
the nickel-cobalt (NiCoT) transporter family (mutant hspANB) or (ii) the first Cys pair (mutant hspA-CC) of the Cterminal domain (Fig. 1B). In the hspA-NB mutant (NB for
nickel binding), HX4DH was changed into HX4AA, and in the
hspA-CC mutant, the first CC pair was altered into AA (Fig.
1B). With use of a nonpolar kanamycin (Km) resistance cassette (24), the C-terminal extension could be successfully deleted in the sequenced H. pylori strain 26695 (41). This demonstrated that the C-terminal extension of HspA was not
essential for growth of H. pylori. The hspA-NB and hspA-CC
mutants were obtained by replacing the wild-type 3⬘ end of
hspA with site-specific modified sequences and selection with
the above-mentioned nonpolar Km resistance cassette.
To assess the protein synthesis level of HspA in all constructed mutant strains, immunoblot experiments were performed. We used the monoclonal antibody P1-1 (Kansau and
Labigne, unpublished), which recognized a conserved GroES
epitope of domain A present in both wild-type HspA and the
mutant HspA versions. In addition to the monomeric and
dimeric HspA forms that were visible on the immunoblot (at
13 kDa and 26 kDa, respectively), the P1-1 antibody recognized an unspecific protein (ⴱ) that served as a loading control.
We observed that complete deletion of the C-terminal extension led to a 10-fold-decreased amount of the monomeric and
dimeric forms of the HspA-⌬C protein, which both run at a
lower molecular weight than the wild-type protein (Fig. 1C; see
also Fig. S2-A in the supplemental material). This decrease in
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somal DNA of H. pylori strain 26695 was used as a template for all PCR
amplifications, and the primers are listed in Table S1 in the supplemental material. PCR was carried out according to the manufacturer’s recommendations
using the Expand High Fidelity DNA polymerase kit (Roche). DNA cassettes to
target specific genomic loci of H. pylori were constructed following two strategies.
For the hspA-⌬C mutant, the sequence encoding amino acids 1 to 90 of HspA
(270 bp) was amplified by PCR with the primers KS1/KS2 and the product was
cloned using EcoRI/BamHI into vector pUC18 (New England Biolabs). The
antibiotic resistance cassette aphA-3 (37) was amplified with primers KS3/KS4
and inserted after this fragment with BamHI/XbaI. To ensure the native expression of the HspB protein, which is encoded in an operon with hspA, the 3⬘
sequence downstream of the hspA gene that contains the entire intergenic region
sequence between hspA and hspB, as well as hspB sequence 1 to 106 (318 bp), was
amplified with primers KS5/KS6 and cloned using XbaI/HindIII downstream of
the aphA-3⬘ cassette. The absence of a polar effect on hspB was verified (see Fig.
S2 in the supplemental material). The resulting plasmid was named pILL2201.
For the hspA-NB and hspA-CC mutant strains, the hspA-⌬C sequence of
pILL2201 was first replaced by the entire hspA wild-type sequence, which was
amplified with primers KS1/KS228 and cloned using EcoRI/BamHI. This plasmid was used as a template for the introduction of point mutations using the
QuikChange site-directed mutagenesis protocol (Stratagene, Inc.) and the Expand Long template polymerase (Roche). For the hspA-NB mutant, the mutagenic primers used were KS229/KS230, which changed DH (amino acids 101 and
102) into AA. For the hspA-CC mutant, the mutagenic primers used were
KS231/KS232, which changed CC (amino acids 94 and 95) into AA. The ⌬hpn
mutant was constructed using a three-step PCR procedure as described in reference 38. In the first step, the H. pylori genomic DNA was used to amplify the
500-bp fragments flanking the target sequence with primer pairs KS57/KS122
and KS123/KS60. In the second step, a chloramphenicol resistance gene (pCM4
Cartridge; Pharmacia) was introduced by PCR between these two fragments. H.
pylori mutants were obtained by natural transformation as previously described
(5) with approximately 2 g of either plasmid DNA or the three-step PCR
product. Midi Qiagen columns were employed for large-scale plasmid preparations. The hspA-⌬C/⌬hpn double mutant strain was constructed by deletion of
the hpn gene in the hspA-⌬C mutant strain. Clones that had undergone allelic
exchange were selected after 4 to 5 days of growth on plates containing the
appropriate antibiotic. Genomic DNA of the recombinant H. pylori mutants was
isolated using a QIAamp DNA minikit (Qiagen). All insertions into the chromosome were verified by PCR and sequenced using an ABI 310 automated DNA
sequencer (Perkin-Elmer).
Immunoblotting. Immunoblotting was performed on crude extracts (sonication followed by centrifugation to eliminate cell debris) according to standard
protocols. The protein amounts of the crude extracts were calibrated using the
Bradford assay (Bio-Rad) with bovine serum albumin (BSA) as a standard.
Extracts were migrated in denaturing SDS-PAGE. The H. pylori HspA protein
was specifically detected with the monoclonal P1 antibody (I. Kansau and A.
Labigne, unpublished data), used at a dilution of 1:100. Horseradish peroxidase
(HRP)-conjugated antimouse antibodies were used as secondary antibodies, and
detection was achieved using the ECL reagent (Pierce).
Nickel content measurements by inductively coupled plasma mass spectrometry (ICP-MS). Overnight cultures of H. pylori bacteria were diluted to an optical
density at 600 nm (OD600) of 0.5 in fresh BB␤ medium without added nickel or
with 1 or 10 M NiCl2, each adjusted to pH 5. Bacteria were incubated for 6 h,
and then 6 ml of culture was centrifuged at 400 ⫻ g at 4°C for 5 min through 0.3
ml of a 1:2 mixture of the silicone oils AR20/AR200 (SPCI) in order to separate
the cells from the medium. Cells were lysed with 400 l 0.2 M NaOH-1% SDS
for 60 min at 90°C. Protein contents were calibrated with standard series of cell
cultures using the Bradford assay for protein determination (Bio-Rad). The
samples were acidified with ultrapure 65% nitric acid (Normatom quality grade;
Prolabo) and diluted in ultrapure water to 2%. Nickel concentrations were
measured by ICP-MS using an X7 series quadrupole instrument (Thermo Electron Corporation, Cergy-Pontoise, France). Calibration curves were obtained by
analysis of a range of Spex certiPrep nickel standards (Metuchen), and yttrium
was used as an internal standard (1 g liter⫺1). Measurement of each strain
under every condition was performed in triplicates.
Measurement of urease activity in H. pylori strains. Urease activities were
measured as previously described (8, 36) on crude bacterial extracts prepared by
lysis with cell lysis buffer (Sigma). One unit (U) of urease activity was defined as
the amount of enzyme required to hydrolyze 1 mol of urea (producing 2 mol
of ammonia) per min per mg of total protein. The amount of ammonia released
was determined from a standard curve. The protein concentration was determined using a commercial version of the Bradford assay (Sigma Chemicals) using
BSA as a standard.
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the protein amount is probably due to a partial loss of protein
stability in the absence of the C-terminal domain. Despite the
diminished amount of the truncated HspA protein, the growth
rate of the hspA-⌬C mutant strain in liquid medium was not
affected (see Fig. S3).
In contrast, the expression levels of the mutated HspA-NB and
HspA-CC proteins in the respective H. pylori strains did not differ
from that of the wild-type strain, indicating that their stability was
not affected by the introduced mutations (Fig. 1C).
Intracellular nickel concentration of HspA mutants. Because HspA was shown to bind nickel ions in vitro and is a
highly abundant protein in H. pylori, its role in global nickel
homeostasis was first investigated. We analyzed the nickel content of lysed H. pylori wild-type and mutant bacteria that were
grown in acidic Brucella broth either without added nickel or
with 1 M or 10 M NiCl2 by inductively coupled plasma mass
spectrometry (ICP-MS) (Fig. 2). Under this condition, H.
pylori has been shown to actively acquire nickel ions (33).
When grown in the presence of increased concentrations of
nickel, wild-type bacteria accumulated this metal up to 1,126.4
(⫾9.3) g nickel/g total protein at 10 M NiCl2.
In contrast, the three HspA mutant strains presented a
strongly diminished nickel content, even in the presence of
increasing concentrations of this metal in the growth medium.
The hspA-⌬C mutant almost completely lacked the ability to
accumulate nickel, whereas the hspA-NB and hspA-CC mutants showed a highly significant decrease in nickel accumulation compared to the wild-type strain. Indeed, the nickel contents of the hspA-NB and hspA-CC mutant strains were 21%
and 28% of that of the wild-type strain, respectively. This result
indicated that the C terminus of HspA binds nickel and plays
an important role in nickel homeostasis in vivo.
Tolerance of the HspA mutants toward nickel. To analyze
whether the nickel-binding capacity of HspA may protect H.
pylori from nickel toxicity, growth assays on Brucella agar in
the presence of high nickel concentrations (1, 2, and 5 mM
NiCl2) were performed (Fig. 3). Growth of wild-type bacteria
started to be affected at 2 mM NiCl2 supplementation (Fig. 3,
middle panel), while growth of the three hspA mutants was
already inhibited at 1 mM NiCl2, with a stronger sensitivity of
the hspA-⌬C strain than of the hspA-NB and hspA-CC mutants (Fig. 3, left and middle panels). This result was consistent

FIG. 3. Sensitivity to increasing amounts of nickel chloride for the
wild-type H. pylori strain 26695 and for different isogenic mutants,
hspA-⌬C, hspA-NB, hspA-CC, the ⌬hpn mutant, and the hspA-⌬C/
⌬hpn double mutant. Growth of serial dilutions of exponentially growing bacteria (108, 107, 106, 105, or 104 bacteria per spot) was tested on
Brucella broth agar plates with 10% fetal calf serum that contained
increasing toxic nickel concentrations (1, 2, and 5 mM NiCl2) or no
added metal as a control. Growth was followed for 4 days; the data are
from an individual assay but are representative of three independent
experiments.

with the nickel content analysis, demonstrating that the Cterminal domain of HspA is important in vivo for resisting
nickel overload.
Because the Hpn protein was reported to protect from
nickel overload, we additionally analyzed nickel tolerance in H.
pylori strains deficient in hpn or in an hspA-⌬C/⌬hpn double
mutant. We constructed a ⌬hpn mutant by replacement of the
gene with a nonpolar chloramphenicol (Cm) resistance cassette. The double hspA-⌬C/⌬hpn mutant was constructed by
the interruption of the hpn gene in the hspA-⌬C mutant strain.
In the ⌬hpn mutant, growth inhibition by nickel was more
important than that of the hspA-⌬C mutant. The most pronounced phenotype of nickel sensitivity was observed with the
hspA-⌬C/⌬hpn double mutant (Fig. 3, left panel). Thus, HspA
and Hpn are both required for nickel detoxification in H.
pylori, and their functions are overlapping and partially redundant.
Role of HspA in urease and hydrogenase enzymatic activities. The C-terminal extension of HspA was shown to increase
urease activity in E. coli strains expressing both H. pylori hspA
and urease genes (18). Therefore, we assayed urease activity in
the H. pylori hspA-⌬C mutant under various conditions. Unexpectedly, urease activity of the hspA-⌬C mutant did not
differ significantly from that of the wild-type strain at neutral
pH or under nickel-replete (100 M NiCl2) and acidic conditions (pH 5), under which urease is activated (Fig. 4). This
result indicated that at least under these conditions, HspA is
not involved in nickel incorporation into urease.
We measured [NiFe] hydrogenase uptake activity in H. pylori
bacteria grown at pH 7 (Fig. 5). The wild-type strain presented
hydrogenase activity of 8.8 (⫾0.8) U/mg of protein, which was
comparable to previous results (28). Very interestingly, all
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FIG. 2. Nickel content of wild-type H. pylori strain 26695 and of the
isogenic mutants hspA-⌬C, hspA-NB, and hspA-CC without nickel
(black bars) or with increasing NiCl2 concentrations, 1 M (gray bars)
and 10 M (white bars). The nickel content was measured in cell
lysates using ICP-MS and is expressed in g of nickel per g of proteins.
Measurements were performed in triplicate.
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hspA mutants showed strongly diminished hydrogenase activity. While the hspA-⌬C and hpsA-CC mutants presented marginal activities at the detection limit of the assay of 0.1 U/mg
protein, hydrogenase activity of the hspA-NB mutant
amounted to 22% of the wild-type value. Thus, lack of or
mutations in the C terminus of HspA strongly affected the
activity of H. pylori hydrogenase.
To analyze whether the effect of mutations in the C-terminal
extension of HspA can be compensated by the addition of
nickel, we grew the wild-type strain and HspA mutants in
medium supplemented with 10 M NiCl2. It was previously
shown that mutations in hydrogenase accessory genes are suppressed by high nickel concentrations in the growth medium.
Hydrogenase activity of the wild-type H. pylori strain did not
significantly increase in the presence of 10 M NiCl2 (Fig. 5),
as reported previously (28). Interestingly, when hspA mutant
strains were grown in the presence of 10 M nickel, hydrogenase activity of the hspA-NB mutant increased to wild-type
levels whereas the hydrogenase activity of the hspA-⌬C and
hspA-CC strains showed only partial restoration. Together
these results demonstrated that HspA was required for hydrogenase activity in H. pylori. Furthermore, the nickel-binding
motif is required to sustain full hydrogenase activity under
nickel-restricted conditions but could be compensated by the
addition of nickel.
Colonization capacity of the hspA-⌬C mutant. Finally, we
tested whether the C-terminal extension of HspA might play a
critical role in vivo by assessing the mouse colonization capacity. Because strain 26695 does not colonize mice, we have
constructed an hspA-⌬C mutant in the mouse adapted strain
X47-2AL. We did not find any difference between the phenotypes of 26695 hspA-⌬C and X47-2AL hspA-⌬C (data not
shown). Eight NMRI female mice were infected with 108 bacteria per mouse. The colonization rate was analyzed 4 weeks
postinfection. Colonization by the X47-2AL hspA-⌬C mutant
was similar to that of the parental strain (see Fig. S4 in the
supplemental material). This showed that the lack of the Cterminal extension of HspA, as well as a lower protein expression level, did not prevent in vivo colonization of the mouse
model.

FIG. 5. Hydrogenase uptake activity of wild-type H. pylori strain
26695 and of isogenic mutants hspA-⌬C, hspA-NB, and hspA-CC
without nickel (black bars) or with 10 M nickel (gray bars). One unit
(U) of hydrogenase activity was defined as the amount of enzyme that
catalyzes the oxidation of 1 nmol H2 per min per mg of total proteins.
Error bars represent the standard deviations for at least three independent cultures.

DISCUSSION
In this study, we have analyzed the function of the unique
C-terminal nickel-binding domain of HspA in H. pylori. We
found that the C terminus played a major role in nickel sequestration and nickel detoxification and was required for hydrogenase activity.
In vivo nickel-binding activity of HspA. We found that the
nickel-binding domain of HspA binds nickel ions in vivo and
provides H. pylori with a protective mechanism against nickel
overload. A good correlation between the decrease in the
intracellular nickel content of the three hspA mutants and their
nickel sensitivity was observed. The hspA-⌬C mutant strain
sequestered less nickel and was most sensitive to nickel ions
(Fig. 3), whereas the hspA-CC and hspA-NB mutants showed
intermediate phenotypes. The stronger sensitivity of the
hspA-⌬C mutant likely resulted from diminished amounts of
the HspA protein (Fig. 1C). Together, these results indicated
that we have identified residues that are crucial for nickel
binding in the HspA C-terminal extension that allow H. pylori
HspA to sequester nickel ions upon nickel overload.
Estimations from 63Ni2⫹ uptake experiments suggest that H.
pylori accumulates about 50 times more nickel than E. coli (2)
due to the unique TonB-dependent nickel uptake system
through the outer membrane protein FrpB4 (33, 34) and the
high-affinity nickel transporter NixA (26). Thus, the presence
of a nickel-binding tail on the highly abundant and constantly
expressed GroES proteins could enable H. pylori to balance
efficient nickel uptake and to deal with the constant intracellular presence of nickel ions. We have found that nickel binding by HspA has a role similar to the nickel sequestration
function of the Hpn protein (14, 15, 27, 35). However, the hpn
deletion strain showed a greater sensitivity to nickel overload,
in agreement with the fact that Hpn binds 2 to 3 more nickel
ions per monomer than HspA, having-binding affinities of the
same range. Remarkably, the functions of HspA and Hpn in
protection from nickel overload are overlapping and partly
redundant, since the lack of these two sinks for nickel ions
strongly reduced nickel tolerance.
Nickel incorporation into urease and [NiFe] hydrogenase.
Initially, it was proposed that HspA is a specialized nickel-
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FIG. 4. Urease activity of wild-type 26695 H. pylori strain (black
bars) and its isogenic hspA-⌬C mutant (gray bars) grown in liquid
Brucella broth at pH 7 or pH 5 in unsupplemented medium or medium
with added NiCl2 (100 M). Error bars represent the standard deviations for three to four independent cultures.
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sory proteins, since deletion of ureE and ureG has no effect on
hydrogenase activity (3, 23). HypA and UreE were found to
interact in vitro in a biochemical protein cross-link assay (4).
Recently we found that the urease accessory protein UreG
physically interacts with the hydrogenase accessory protein
HypB in vivo (38). However, despite this interconnectivity, it
seems that different nickel-binding proteins of H. pylori specifically sustain nickel incorporation into either urease or hydrogenase. Hpn and Hpn-like proteins have been shown to act as
nickel reservoirs that under certain conditions supply this
metal to urease but not to hydrogenase (3, 23, 35). In the
present study, we demonstrated that the nickel-binding domain
of HspA is required for hydrogenase activation and not for
urease activity. This indicates that the nickel homeostasis in H.
pylori is complex and precisely controlled.
Colonization experiments using the mouse model demonstrate that the hspA-⌬C mutant has the same colonization
ability as a wild-type strain. Deletion of the hydrogenase structural genes led to decreased colonization ability; however, several H. pylori bacteria were recovered from stomachs of infected mice (28). Thus, the partial hydrogenase activity
measured for the hspA mutant strains seems to be sufficient for
the colonization of the mouse model. Alternatively, the known
strain variability of H. pylori (X47-AL in this study and SS1 in
reference 28) might account for the observed differences.
Conclusion. We conclude that the C-terminal domain of
HspA is involved in intracellular nickel sequestration and detoxification. In addition, HspA plays a critical role as a specialized nickel chaperone in achieving hydrogenase maturation. Because nickel ions play a crucial role during H. pylori
colonization but seem not to be utilized by humans, the nickel
metabolism of H. pylori is an attractive therapeutic target,
particularly in the age of increasing microbial antibiotic resistance. Our study thus provides key insights for the development of alternative antimicrobials.
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