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Individual gene-targeted hpn and hpn-like mutants and a mutant with mutations in both Apn genes were
more sensitive to nickel, cobalt, and cadmium toxicity than was the parent strain, with the hpn-like strain
showing the most metal sensitivity of the two individual His-rich protein mutants. The mutant strains
contained up to eightfold more urease activity than the parent under nickel-deficient conditions, and the parent
strain was able to achieve mutant strain activity levels by nickel supplementation. The mutants contained 3-
to 4-fold more and the double mutant about 10-fold more Ni associated with their total urease pools, even
though all of the strains expressed similar levels of total urease protein. Hydrogenase activities in the mutants
were like those in the parent strain; thus, hydrogenase is fully activated under nickel-deficient conditions. The
histidine-rich proteins appear to compete with the Ni-dependent urease maturation machinery under low-
nickel conditions. Upon lowering the pH of the growth medium from 7.3 to 5, the wild-type urease activity
increased threefold, but the activity in the three mutant strains was relatively unaffected. This pH effect was
attributed to a nickel storage role for the His-rich proteins. Under low-nickel conditions, the addition of a
nickel chelator did not significantly affect the urease activity of the wild type but decreased the activity of all
of the mutants, supporting a role for the His-rich proteins as Ni reservoirs. These nickel reservoirs significantly
impact the active urease activities achieved. The His-rich proteins play dual roles, as Ni storage and as metal

detoxification proteins, depending on the exogenous nickel levels.

Helicobacter pylori is a well-studied, gram-negative, motile,
microaerophilic pathogen that colonizes the human gastric
mucosa and causes chronic gastritis, duodenal ulcers, and cer-
tain kinds of gastric cancers (4, 18, 22, 23). H. pylori produces
the Ni enzymes urease and hydrogenase (10, 17). Urease ac-
counts for up to 10% of the total cellular protein made and is
essential for colonization and virulence (1, 13, 32, 33). The
hydrogen-utilizing hydrogenase provides the bacterium an al-
ternative respiratory-based energy generation mechanism in-
dependent of carbon substrates (17). These two enzymes rep-
resent the major final sinks for nickel within the cell. Other
than the nickel enzymes, H. pylori also possesses a NixA nickel-
specific permease (2); accessory proteins, UreEFGH and
HypABCDEF (some of which bind nickel), required for
proper maturation of the two nickel enzymes (19, 30); a nickel-
dependent regulator, NikR (6, 8, 35, 36); a recently identified
nickel efflux system (CznABC) (28); and a histidine-rich heat
shock protein, HspA, which is a GroES homologue (14).

A protein rich in histidine residues (47% histidine residues;
TIGR annotation HP1427) was named Hpn because it was first
identified in H. pylori and had affinity for nickel ions (12). The
presence of Hpn was also noted in the ferret and cat gastric
pathogens Helicobacter mustelae and Helicobacter felis, respec-
tively (12). H. pylori mutants lacking spn were less tolerant to
nickel and bismuth than was the wild type (20). Recent bio-
physical characterizations showed that Hpn exists mainly as a
multimer in solution, with each monomer of 7 kDa reversibly
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binding five nickel ions at pH 7.4. Nickel is released by a
decrease in pH or in the presence of nickel-chelating agents
such as EDTA (11). The level of nickel in the H. pylori strain
26695 cytoplasm was also found to be slightly higher than in an
hpn deletion mutant (11), and nickel levels in Escherichia coli
cells expressing H. pylori Hpn from an inducible plasmid were
higher than in cells lacking the plasmid (11). No difference in
urease activity in the spn mutant compared to the wild type
was noted (11, 12).

The H. pylori sequence reveals the presence of another
His-rich protein, termed the “Hpn-like protein,” which is an-
notated as a histidine- and glutamine-rich protein (HP1432)
(30). Sequence analysis indicates that 25% of the amino acids
are histidine residues, including a stretch of six consecutive
histidine residues, while 30 of the 72 amino acid residues are
glutamine residues (42%). The N-terminal sequence (46 resi-
dues) of HP1432 shows 56% identity to Hpn; the protein was
thus termed Hpn-like. The H. pylori 43504 Hpn-like protein is
slightly different from HP1432 and JHP1321. It was sequenced,
and the GenBank accession number is EF203427.

Both the Hpn and Hpn-like proteins are transcriptionally
activated in the presence of nickel by the nickel sensor NikR
(6). Additionally, the Hpn-like protein was shown to be up-
regulated at pH 5.0, in comparison to pH 7.0, by the two-
component system ArsRS (HP165-HP166) (5, 24, 25). Studies
thus far suggest that Hpn may be involved in nickel detoxifi-
cation and/or nickel storage for use at nickel-deficient times.
Our results extend a role for detoxification to the Hpn-like
protein and indicate that both proteins play a role in storing
nickel that significantly affects urease expression when nickel
supplies are highly limited. Under low-nickel conditions, che-
lation of extracellular nickel significantly decreased the urease
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TABLE 1. Strains, plasmids, and primers

Strain, plasmid, or primer

Genotype, description, or sequence

Source or reference”

Helicobacter pylori strains

43504 (wild type) H. pylori ATCC 43504 ATCC
hpn mutant Kan"; 43504 with Apn kanamycin resistance cassette This study
hpn-like mutant Cm"; 43504 with hpn-like chloramphenicol resistance cassette This study
Double mutant Kan" Cm"; 43504 with Apn kanamycin resistance cassette and spn-like This study
chloramphenicol resistance cassette
Escherichia coli DH5« Cloning strain Invitrogen
Plasmids
pHP1 Plasmid containing the kanamycin resistance gene aphA3 15
pUC20cat Plasmid containing the chloramphenicol acetyltransferase gene cat 37
pGEM-T Amp"; cloning vector Promega
pGEM-hpn pGEM-T vector with the Apn gene from H. pylori 43504 This study
pGEM-hpn-like pGEM-T vector with the Apn-like gene from H. pylori 43504 This study
pGEM-hpn: kan® pGEM-hpn with the Kan" cassette inserted into the Xcml site of ipn This study
pGEM-hpn-like: cm® pGEM-hpn-like with the Cm" cassette inserted into the BlplI site of the ipn-like gene This study
Primers
HPN-F 5'-TGTTGCGGTTGGATTGG-3' IDT
HPN-R 5'-CAAGTGGGTTGCTCGTTTTGTTTC-3’ IDT
1432-F 5'-AGCCAACGCCTTTTCTTTCAG-3' IDT
1432-R S"-TTTTACACCCCATTACGACCACTC-3’ IDT

¢ IDT, Integrated DNA Technologies, Inc., Coralville, IA.

activities in the mutant strains but not in the wild type, sup-
porting a nickel storage role for these proteins. Also, the re-
sults herein imply that H. pylori synthesizes much more
(apo)urease than its nickel reserves can satisfy.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains used in this study are
described in Table 1. H. pylori ATCC strain 43504 was used as the wild-type
strain and for mutant strain construction. This strain was used as the parent
strain, as many nickel metabolism mutant strains are in this genetic background
(3, 21). H. pylori cells were grown on brucella agar plates supplemented with 10%
defibrinated sheep blood (BA) at 37°C. The plates were supplemented with
either 30 wg ml~! of chloramphenicol or 30 wg ml~! of kanamycin when needed.
Cultures were grown in a 5% CO, incubator with 4% O, or were grown in
anaerobic jars with anaerobic mix (5% CO,, 10% H,, balance N,).

For liquid cultures, cells were inoculated at an optical density at 600 nm of 0.07
into serum vials containing 20 ml of brain heart infusion (BHI) broth supple-
mented with 5% fetal bovine serum. The bottles were sparged with anaerobic mix
for 15 min, and 5% oxygen was added to the sealed bottles via a sterile needle
and syringe. The cultures were grown at 37°C with shaking at 200 rpm. The pH
of the culture medium was set to either 7.3 or 5.0 as desired; after growth, the pH
was about 6.8 and 5.3, respectively. A nickel-free medium was obtained as
described previously by the addition of dimethyl glyoxime (22).

Escherichia coli strain DH5«a was grown at 37°C on Luria-Bertani plates sup-
plemented with no antibiotic, 100 wg ml~! ampicillin, 30 wg ml~! of chloram-
phenicol, 30 wg ml~' of kanamycin, or a combination of these antibiotics as
required.

Mutant construction. The sequence of sipn from H. pylori 43504 is identical to
that of the hpn gene from the genome-sequenced strain H. pylori 26695. For the
hpn-like gene, the sequence differs slightly. An approximately 1.2-kb region
containing the ipn gene (183 bp) or the Apn-like gene (214 bp) and a 500-bp
flanking region on either side was amplified by PCR using the primer pairs
described in Table 1 and cloned into the pPGEM-T vector to give plasmid pGEM-
hpn or pGEM-hpn-like, respectively. A kanamycin resistance cassette, aphA3,
was introduced into the Xcml site of the ipn gene, and a chloramphenicol
acetyltransferase cassette (cat) was inserted into the BlpI site within the hpn-like
gene. The plasmids containing the disrupted genes were introduced into H. pylori
by natural transformation to promote allelic exchange via homologous recom-
bination, and antibiotic resistance was used to select colonies that contained the
disrupted genes. The insertion of the cassette in each gene was confirmed by
PCR using DNA from each mutant as a template (data not shown). The double

mutant was obtained by introducing the pGEM-hpn-like: cm® plasmid into the
H. pylori hpn mutant background; colonies resistant to both antibiotic markers
were isolated, and the presence of the antibiotic cassette in both loci was con-
firmed by PCR (data not shown).

Metal toxicity. A starting cell suspension of ~5 X 10® cells/ml of each strain
was suspended in sterile phosphate-buffered saline (PBS) and was incubated with
either 1 mM nickel chloride (NiCl,), 20 uM cobalt chloride (CoCl,), 10 pM
cadmium chloride (CdCl,) or no metal. The tubes were sealed with stoppers and
sparged with anaerobic mix (5% CO,, 10% H,, balance N,) by use of inflow and
outflow needles; oxygen was then added from a 100% O, tank via syringe to a
final 4% partial pressure. The sealed test tubes were incubated at 37°C, and
dilutions were plated from the suspensions at regular intervals over a 12-h period
onto BA plates.

Urease activities. Cell extracts from 2-day-old cultures grown on BA plates or
on BA plates with the indicated nickel supplementation were used. When the
urease activities of liquid cultures were assessed, 24-h-old cultures were centri-
fuged at 7,000 X g and urease assays were carried out. Briefly, cells were washed
and resuspended in 50 mM HEPES buffer, pH 7.5. Supernatants from cells
broken by two passages through a French pressure cell (12,000 1b/in®) were
incubated for 20 min with the same buffer containing 25 mM urea, and the
ammonia evolved was measured via a phenol hypochlorite assay as described
previously (38). A standard ammonium chloride concentration curve was used to
convert the absorbance at 625 nm to nanomoles of ammonia.

Urease immunoblots. Crude cell extracts were treated with sodium dodecyl
sulfate (SDS) buffer, boiled for 5 min, and subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) according to the method of Laemmli (16). Separated
proteins were transferred electrophoretically onto a nitrocellulose membrane, as
described previously (31). Immunoblotting was carried out as described previ-
ously, with the only difference being that Anti-UreA antibody was used as the
primary antibody at a dilution of 1:1,000 (19).

Nickel content in urease fractions. Urease was purified as described previously
(21), with the exception that YM10 centricons (Millipore, Bedford, MA) were
used to concentrate the urease fractions and to exchange the high salt content in
the elution buffer for a lower salt content. Purification was carried out with
identical protocols for each strain, and the elution profiles obtained for each
strain were identical (data not shown). The peak fractions were subjected to
SDS-PAGE; the UreA and UreB bands were the most prominent bands from all
strains and were judged to represent at least 95% of the total protein (data not
shown). Equal protein amounts of each fraction were subjected to graphite
furnace atomic absorption spectrophotometry, and the nickel content of the
various samples was calculated as described previously (21). Briefly, this involved
creating a standard curve with various known nickel concentrations (0 to 0.5 uM
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FIG. 1. Viability loss due to metal toxicity. Strains: H. pylori 43504 (), hpn (M), hpn-like (A), and the double-mutant strain (X). (A) Survival
in PBS with no added metals. The experiment was performed in triplicate, and the data shown are means from all three data sets for each strain.
No significant differences among strains were observed. (B) Survival in the presence of 1 mM NiCl, The data are from four independent
experiments, each one sampled three times; thus, each data point is the mean of 12 readings. The standard deviation ranged between 3 to 20%
of the mean values; all zpn mutant strain results are significantly different (P < 0.05) from the wild type at 6 h and all later time points, while the
other two mutant strains are significantly different from the wild type (P < 0.05) at 4 h and all later plating points. (C) Survival in the presence
of 10 uM CdCl, The data are from two independent experiments, each one sampled twice; thus, each point is the mean of four values. The values
for the hpn-like mutant and the double mutant are significantly different (P < 0.05) from the wild type at 6 h and later, whereas the Apn mutant
is different at the 9- and 12-h time points (P < 0.05). (D) Survival in the presence of 20 wM CoCl,, The data are from two independent experiments,
each one sampled twice; thus, each point is the mean of four values. The His-rich protein mutants are significantly less tolerant than the wild type
at the 9- and 11-h points (P < 0.05), and the double mutant is significantly less tolerant than the wild type at 6 h and later sampling points.

nickel) and measuring the nickel content of the various urease-containing sam-
ples within this standard curve. Where nickel was added to the growth medium,
relatively high but not toxic levels (500 nM) were used, to attempt to obtain the
greatest amount of Ni-activated enzyme. Levels as high as 2 mM have been
previously used to study H. pylori Ni physiology (20).

RESULTS

Mutant construction. To explore the roles of the hpn and
hpn-like genes, we created individual gene disruption mutants
in H. pylori ATCC strain 43504. Since the Apn and hpn-like
genes may have overlapping roles in the cell, and the presence
of one of the genes might mask the effects of disrupting the
other, we also created a double mutant deficient in both Apn
genes. The growth rates of the three mutants were determined
in BHI medium supplemented with 5% fetal bovine serum by
monitoring the absorbance at 600 nm over a 24-h period. No
differences in growth rates were observed between the mutants
and the parent, indicating that the disruption of the Apn genes
did not affect products that are essential for growth (data not
shown).

Reduced metal tolerance in the mutant strains. In order to
examine the possible roles of the hpn and hpn-like genes in
nickel detoxification, we determined the survival ability of the
hpn, hpn-like, and hpn/hpn-like double mutant strains in the
presence of added nickel in comparison to wild-type H. pylori.
This was accomplished by suspending equal numbers of cells in
nongrowing conditions with excess nickel (PBS with 1 mM
NiCl,). Samples were taken at regular intervals, serially di-
luted, and plated onto BA plates. The colony counts were then

determined, and the results are expressed as log,, CFU ml~!
(Fig. 1B). The results show that the nickel tolerance of the hpn
mutant is less than that of the wild type. Decreased tolerance
of the Apn mutant to nickel was also reported by Mobley et al.
(20). We observed a greater Ni-dependent viability loss for the
hpn-like mutant and the double mutant. The effects could be
connected to nickel, as all four strains showed similar survival
rates (in PBS) in the absence of nickel stress (Fig. 1A). Also, a
chloride ion effect was ruled out, as CaCl, (1 mM) did not
cause a viability loss in the strains (data not shown). The nickel
stress experiment suggests that along with Hpn, the Hpn-like
protein also has a role in nickel detoxification in H. pylori.

To determine whether the Hpn and Hpn-like proteins play a
role in tolerance of other divalent metal ions, similar experi-
ments were carried out with zinc (data not shown) and with
cadmium and cobalt (Fig. 1C and D, respectively). As with
nickel, loss of viability was observed for the hpn, hpn-like
protein, and double mutants in the presence of cobalt and
cadmium but not when exposed to excess zinc. The Hpn-like
protein appears to play a larger role in metal resistance, at
least for cadmium and nickel. Nevertheless, both Hpn and the
Hpn-like protein play a role in nickel, cobalt, and cadmium
detoxification.

Urease activities are higher in the mutant strains. To assess
whether mutations in the putative nickel detoxification/nickel
storage proteins have an effect on the major nickel sink in the
cell (each UreB subunit can bind two Ni™ ions), the urease
activity of the mutant strains was compared to that of the wild
type (Fig. 2A). After growth in non-Ni-supplemented medium,
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FIG. 2. Urease activities and protein as a function of the nickel content of the medium. (A) Urease activities of cells grown without nickel
supplementation on BA plates. The results shown are means and standard deviations of six replicate samples (these six represent three
measurements from each of two independent cultures); the experiment was performed four additional times, with similar results. Among the five
experiments, the double-mutant strain mean exceeded the Hpn strain in all cases, by a total range of 5 to 65%. All three mutant strains have
significantly greater urease activities than do the wild type (P < 0.01), based on Student ¢ test analysis. (B) Urease activities of cells grown with
(1 or 5 uM NiCl,) or without nickel supplementation. Cells were grown on BA plates. The strains are as follows: wild-type H. pylori (black), the
hpn strain (white), the Apn-like strain (striped), and the double-mutant strain (gray). The measurements were performed in triplicate (one culture
assayed three times); the wild-type urease activities are greater under Ni supplementation conditions than without Ni supplementation (P < 0.01),
based on Student ¢ test analysis, and the mutant strain activities exceed the wild-type activity under zero nickel conditions (P < 0.05). The entire
experiment was done two other times, with results similar to those shown. (C) Anti-UreA immunoblots performed on gel-resolved peptides of
crude cell extracts from cells grown in non-Ni-supplemented medium. Crude extracts were loaded (5 pg protein) with the double-mutant (lane 1),
hpn-like (lane 2), hpn (lane 3), or wild type (lane 4) strain. Lane M is the low-range prestained molecular mass marker, with sizes indicated on

the right. Densitometric scanning of each lane revealed no significant differences in (UreA) protein amounts between strains.

urease activity was increased over wild-type levels by at least
eightfold in the s#pn mutant, threefold in the /spn-like mutant,
and more than eightfold in the Apn/hpn-like double-mutant
strain. Upon 1 M nickel supplementation, urease activities of
the mutants increased slightly, whereas the urease activities of
the wild-type strain increased about fourfold with 1 uM or 5
pwM nickel supplementation (compared to unsupplemented
conditions [Fig. 2B]). Supplemental nickel commonly induces
H. pylori urease expression (35, 36). The decreased activity in
the Apn mutant at 5 WM compared to 1 uM is likely due to the
increased susceptibility of this strain to nickel toxicity.

As a nickel storage role is ascribed to these His-rich pro-
teins, we presumed that gene disruption may display a urease-
deficient phenotype. Thus, the observed urease activity results
were not expected. The higher urease activities in the mutants
could be due to the availability of a larger cytoplasmic nickel
pool for the urease maturation enzymes; this would create a
higher amount of active urease species in comparison to the
(nickel-deficient) wild-type strain. Alternatively, the increase
in urease activities could be due to Hpn and the Hpn-like
protein affecting (increasing) urease transcription. These pos-
sibilities were explored by comparing urease protein levels and
nickel levels in the urease fractions from various strains.

Hydrogenase activity is not affected in the mutant strains.
Hydrogenase is the other nickel-containing enzyme in H. pylori
(17). To assess whether mutations in the Apn and hpn-like
genes were affecting the hydrogenase activities in the cell,
hydrogenase assays were performed amperometrically by de-
tecting the hydrogen uptake activities in whole cells, as previ-

ously described (17). Significant differences in hydrogenase
activities were not observed in the various mutant strains com-
pared to the wild-type strain (data not shown). Hydrogenase is
a minor Ni sink compared to urease, as it is made in much
lesser amounts and contains much less nickel per enzyme mol-
ecule than does urease. Also, the two Ni enzyme sinks (hydro-
genase and urease) contain different accessory maturation
proteins; these would be expected to affect nickel allocation
between the two Ni enzymes based on their individual affinities
for the metal. The absence of a hydrogenase phenotype effect
by loss of the nickel-sequestering proteins (i.e., in the mutants)
likely means that hydrogenase is fully nickel activated even
under low-nickel conditions in all of the strains.

Urease protein levels are similar in all strains. To explore
whether the increase in urease activities in the mutant strains
was due to a corresponding increase in the amount of urease
produced, immunoblotting was done, as previously described
(19). Anti-UreA antiserum was used to immunoblot crude
extracts from the wild-type, Apn, hpn-like, and double-mutant
strains (Fig. 2C). From the results, it was determined that the
amount of urease protein made by the mutants is not greater
than that made by the parent strain. This suggested that the
differences in urease activities were not due to differences in
urease protein synthesis.

Nickel in the urease fractions is higher in the mutant
strains. Urease activities in the mutant strains were higher
than for the wild type, and yet there was not an increase in the
amount of urease protein made in the cell. It was possible that
the urease activity differences could be accounted for by the
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TABLE 2. Nickel content in the urease fraction

Strain” Ni (ng/mg of protein)®

Wil EyPE™ ..o 324
Wild typei 11+2
Wild type (with nickel

supplementation)f ......cooeverererrininninennne s 69 *6
API TULANE ..ot 139 = 11
hpn-like mutant® 104 = 11
Double MUtantd .......ccoeeeieviieieeeeeeeeeeee et 109 = 12

@ Symbols: *, cells grown under non-nickel-supplemented conditions; 1, H.
pylori wild-type cells grown with 500 pM NiCl, in the growth medium; ¥, nickel
urease content of the double mutant determined in comparison to the wild type
in an independent experiment. The difference between the values for the two
wild-type strains is likely due to variations in the nickel levels of the different
sources of (blood) media. The value for the double mutant is significantly greater
(P < 0.05) than that for the wild type.

’ Results are means + standard deviations from at least three measurements.
Both results for the mutant strains (hpn and hpn-like) are significantly greater
than that for the wild type (P < 0.05 [Student’s ¢ test]).

amount of nickel associated with the urease pool in the strains.
If this was true, the amount of nickel bound per unit of urease
protein would be higher in the mutants than in the wild type.
Indeed, the urease fractions from the two single-mutant strains
showed threefold- to almost fourfold-greater nickel content
per milligram of urease protein. The amount of nickel mea-
sured in our studies for wild-type H. pylori is 32 ng/mg protein
(Table 2), which is very close to the nickel content reported for
wild-type H. pylori in a previous study from our laboratory (21).
In a separate experiment (Table 2), the double mutant was
found to contain almost 10-fold more Ni per milligram of
urease protein than did the parent. A similar result (higher
nickel content in the urease of mutant strains) was observed in
experiments performed by adding radioactive ®*Ni to the liquid
growth medium (Mueller-Hinton Broth with 5% fetal bovine
serum in sealed serum vials); the vials were incubated in an
atmosphere composed of 4% O,, 5% CO,, and 10% H, (bal-
ance N,), and the counts per minute among the strains were
compared by scintillation spectrometry of the partially purified
urease fractions (data not shown).

The nickel content in the urease fractions from wild-type H.
pylori cells grown with 500 wM nickel supplementation (see
Materials and Methods) was found to be about threefold
greater than the nickel content of urease from cells grown on
the regular (non-Ni-supplemented) growth medium. This in-
dicates that without supplementation the wild type synthesizes
more apo-urease than its nickel pools can satisfy. It has been
proposed previously that, at Ni-deficient times, only a minor
percentage of H. pylori urease is Ni activated (29) and nickel
can be a factor sometimes limiting urease activity rather than
activity being limited by the amount of urease protein (35). It
was previously observed that the addition of 1 uM nickel to the
growth medium increased the urease activities but did not
cause an increase in urease expression levels (36), and disrup-
tion of H. pylori genes encoding a metal efflux pump (czn4ABC)
led to an increase in urease activity (28), presumably by making
cytosolic nickel available.

Effects of His-rich proteins on urease activities as a function
of pH. It is known that Hpn releases nickel upon lowering the
pH (11). Therefore, upon lowering of the pH of the medium,
one may expect to see an increase in urease activities in the

J. BACTERIOL.

wild-type strain (due to the availability of nickel) but no effect
or a lesser effect on urease in the hpn or hpn-like strain. Figure
3 shows that the wild-type urease was threefold greater at pH
5 than at pH 7.3, whereas the strains lacking spn, the hpn-like
gene, or both did not have increased activity at the preferred
pH for Ni accessibility. The greater absolute activities here
(compared to the data in Fig. 2) are attributed to the use of
broth cultures. The pH experiment shown (Fig. 3) was also
conducted in BHI medium with 50 mM 3-(N-morpholino)pro-
panesulfonic acid and 50 mM potassium acetate to closely
maintain the desired pH. The pH of this well-buffered medium
after growth had changed only slightly (pH 5 to 5.08 = 0.08 and
pH 7.3 to 7.18 = 0.12, based on eight measurements at each
pH). The results were similar to those in Fig. 3, but all activities
were lower than the activities from the regular BHI medium.

Chelator effects. Dimethyl glyoxime is a chelator with high
affinity for nickel. The chelator had little effect on the urease
activity achieved in the wild type (Fig. 3). This was also true for
the wild type when the chelator was added at pH 5.0 (data not
shown). However, the mutant strain activities were significantly
affected by the chelator (Fig. 3). These results support a role
for the Hpn and Hpn-like proteins in nickel storage, as the
mutant strains’ Ni urease activities were much more dependent
on exogenous (available) nickel than was that of the wild type.

DISCUSSION

Previous studies of H. pylori hpn deletion mutants reported
no change in urease activities compared to the parent strains
(11, 12). However, even slightly higher amounts of available
nickel in the complex growth medium (which also contains
Ni-sequestering serum components) could abolish phenotypic
differences observed in the urease activities. The parent strains
from which the pn mutants were obtained previously (various
clinical strains [12] and H. pylori ATCC 26695 [11]) are also
different from ours, and variation in results with regard to
urease activities with different strains is well known in the H.
pylori field. Due to an efficient high-affinity Ni permease, Ni
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FIG. 3. Effects of pH and dimethyl glyoxime on urease activities.
Urease activities of strains grown in BHI medium with 5% fetal bovine
serum at pH 7.3 (white) or pH 5 (black) or with the nickel chelator
dimethyl glyoxime at pH 7.3 (gray) are shown. The results shown are
means and standard deviations of six replicate samples; these six rep-
licates are from two independent cultures, each sampled three times.
The entire experiment was performed two additional times (again with
two cultures for each experiment), with results similar to those shown.
At pH 5, the urease activities of the wild type (WT) are significantly
higher (P < 0.05) than at pH 7.3, and the chelator-added condition was
not different from that without chelator (pH 7.3). The activities of the
chelator-added condition for the mutants are significantly lower than
without chelator (P < 0.01).



VoL. 189, 2007

levels were able to reach toxic levels, and the His-rich proteins
are proposed to then render nickel tolerance to H. pylori. Even
under low-Ni conditions, stringent sequestering of (limiting)
nickel rather than allowing activation of all available apo-
ureases may have nickel storage advantages.

Under some conditions, H. pylori apparently synthesizes
more urease apo-enzyme than it can (Ni) activate (24). For
example, a three- to fourfold increase in urease activity upon
decreasing the pH for 2 to 3 h was demonstrated previously
(27). Also, the Hpn protein releases nickel under low-pH con-
ditions, and E. coli cells expressing Hpn contain fourfold-
higher nickel levels than E. coli containing vector alone (11).
These results suggest that Hpn proteins may play an important
role in sequestering nickel for the cell. In addition, the studies
herein demonstrate that both Hpn and the Hpn-like protein
play a role in cobalt and cadmium tolerance. The greatest
metal tolerance was attributed to the Hpn-like protein. Also,
we observed a striking increase in urease activities in the hpn,
hpn-like, and hpn/hpn-like double-mutant strains than in the
wild type, but there was no corresponding increase in the
amount of urease protein in the different mutant strains.
The urease activity differences could be attributed to the nickel
level associated with purified urease, so that these Hpn pro-
teins appear to compete with Ni-dependent urease maturation
under nickel-deficient conditions.

We found that at a lower pH, the urease activity of the
wild-type strain increased, probably due to release of nickel
from the intact His-rich proteins. Urease activity did not in-
crease in the single mutants or the double mutant. This means
that the His-rich nickel proteins serve as stores for the metal,
probably in a pH-dependent manner. A pH dependence is
expected if the His-rich proteins bind Ni at neutral pH and
release Ni at pH 5.0. For Hpn, the nickel was reported to be
less than half saturated at pH below 6.3 (11). Although the pH
experiments can be explained from the perspective of the
nickel binding properties of pure Hpn (11), these physiology
experiments must be subject to other interpretations. For ex-
ample, our experiments involve whole-cell physiology in which
many other Ni metabolism parameters (NixA, intracellular pH
regulation affecting Ni availability, urease transcription rates)
could change during growth. Such physiological changes could
be affected by the lack of Hpn or Hpn-like protein. Also, each
Hpn or Hpn-like protein is subject to independent regulation,
and one of these two is of course still present in each single
mutant. Certainly, other Ni level-influencing models and
mechanisms need to be considered to obtain an integrated
picture of nickel metabolism and urease activity in the gastric
pathogen.

In the presence of a nickel chelator, the wild-type urease
activity (in contrast to that of the mutants) was not significantly
reduced compared to the no-chelator condition, indicating that
internal Ni reservoirs supply nickel to urease in the parent
strain. Chelation had a significant inhibitory effect on the ure-
ase activities of the mutants, indicating that they are dependent
on exogenous nickel for urease activation. Therefore, the Hpn
and Hpn-like proteins are important for supplying nickel to
urease. The results provide physiological evidence that the
His-rich proteins act as nickel stores for Helicobacter pylori.

The work presented here answers some questions about Ni
homeostasis and detoxification, while raising others. For in-
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stance, while we have shown that the Hpn and Hpn-like pro-
teins play a role in nickel (and other metal) detoxification, the
role of these proteins in concert with other metal toxicity
prevention mechanisms is not understood. High nickel levels
repress expression of the NixA transporter and the other Ni-
responsive outer membrane protein studied (7, 9, 39), presum-
ably to aid in preventing nickel toxicity; perhaps the His-rich
proteins provide a more rapid (detoxification) response to
transient nickel fluctuations before the (transporter) expres-
sion changes can have an affect. Also, Ni efflux pumps
(CznABC) that are proposed to pump out excess nickel have
been identified (28); this adds another feature to the overall Ni
homeostasis/detoxification picture. Why multiple mechanisms
are needed is not clear. Also, whether intracellular Ni (or other
metal) concentrations become high enough in vivo that the
Hpn and Hpn-like proteins are crucial for survival is not yet
known.

Strains that are deficient in functional Hpn, the Hpn-like
protein, or both have higher urease activity. This can be ex-
plained if Ni binds with a higher affinity to the His-rich proteins
than to Ni binding urease maturation enzymes at neutral pH.
This could represent a mechanism to limit, via nickel levels, the
amount of active urease inside the cell at physiological pH.
Upon encountering acidic pH, as in the gastric mucosa during
the initial stages of colonization, an increase in the amount of
apo-urease is observed (26, 27). Yet NixA and the nickel-
responsive outer membrane protein HP1512 are both down-
regulated at pH 5 in comparison to pH 7 (5, 34). This is where
the His-rich proteins would be expected to play a key role as
nickel storage reservoirs. Our data that support such roles for
Hpn and the Hpn-like protein are shown in Fig. 3, where
urease activity is significantly greater in the wild type at low pH
than at neutrality, while the activity of mutants is decreased or
remains the same at low pH incubation compared to neutrality.
Still, the mechanism of Ni release from the Hpn and Hpn-like
proteins and whether Ni affinity is regulated by factors other
than pH need to be addressed. It would be interesting to
determine whether Ni is directly released from the His-rich
proteins freely into the cytoplasm or if other proteins are
involved in (directed) nickel transfer/sequestering processes.

The His-rich proteins play dual roles depending on the
nickel level: nickel storage and nickel detoxification. Neverthe-
less, these proteins are just two of the many Ni binding pro-
teins H. pylori uses to maintain Ni homeostasis and Ni enzyme
function.
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