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Helicobacter pylori is dependent upon the production of the highly abundant and active metalloenzyme urease
for colonization of the human stomach. Thus, H. pylori has an absolute requirement for the transition metal
nickel, a required cofactor for urease. To investigate the contribution of genes that are factors in this process,
microarray analysis comparing the transcriptome of wild-type H. pylori 26695 cultured in brucella broth
containing fetal calf serum (BBF) alone or supplemented with 100 pM NiCl, suggested that HP1512 is
repressed in the presence of 100 uM supplemental nickel. When measured by comparative real-time quanti-
tative PCR (qPCR), HP1512 transcription was reduced 43-fold relative to the value for the wild type when
cultured in BBF supplemented with 10 pM NiCl,. When grown in unsupplemented BBF, urease activity of an
HP1512::cat mutant was significantly reduced compared to the wild type, 4.9 = 0.5 pmol/min/mg of protein
(n =7) and 17.1 = 4.9 pmol/min/mg of protein (n = 13), respectively (P < 0.0001). In silico analysis of the
HP1511-HP1512 (HP1511-1512) intergenic region identified a putative NikR operator upstream of HP1512.
Gel shift analysis with purified recombinant NikR verified nickel-dependent binding of H. pylori NikR to the
HP1511-1512 intergenic region. Furthermore, comparative real-time qPCR of four nickel-related genes sug-
gests that mutation of HP1512 results in reduced intracellular nickel concentration relative to wild-type H.
pylori 26695. Taken together, these data suggest that HP1512 encodes a NikR-nickel-regulated outer membrane

protein.

The neutralophilic gastric pathogen Helicobacter pylori col-
onizes the gastric mucosa, an environment marked by poten-
tially rapid and drastic fluctuations in pH. The highly abundant
and active urease nickel-metalloenzyme is central to the ability
of H. pylori to colonize the gastric mucosa (12, 20). When left
untreated, this bacterium may cause lifelong infection. Urease,
which is both acid and nickel inducible in H. pylori, catalyzes
the hydrolysis of urea into bicarbonate and ammonia, buffering
the surrounding microenvironment and offering protection
against the inhibitory effects of low pH (2, 22, 23, 27, 32, 42,
43). Thus, H. pylori has an absolute requirement for the tran-
sition metal nickel for the production of catalytically active
urease.

The uptake, storage, and utilization of nickel pose significant
challenges for H. pylori. On one hand, sufficient nickel is re-
quired to maintain the activities of urease and hydrogenase,
both of which are required for efficient colonization (13, 31,
40). However, excess intracellular nickel concentrations can
produce toxic effects resulting from the generation of free
radicals (26, 29, 35). Thus, H. pylori must tightly regulate in-
tracellular nickel concentrations.

The transport of nickel across the inner membrane, its stor-
age in the cytoplasm, and its incorporation into active urease
via accessory proteins have been well characterized (45).
Nickel destined for urease crosses the inner membrane, in
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part, through the high-affinity nickel permease NixA (25).
Once in the cytoplasm, nickel can be directed to and subse-
quently incorporated into the urease apoenzyme via urease
accessory proteins UreE, UreF, UreG, and UreH. To safe-
guard against the accumulation of toxic concentrations of in-
tracellular nickel, cytoplasmic nickel can be stored in the his-
tidine- and cysteine-rich protein Hpn (HP1427) and possibly
the Hpn-like protein HP1432 (17, 26).

Nickel metabolism is regulated by the nickel-dependent
transcriptional regulatory protein NikR which can act as both
a transcriptional repressor, as in the case of nixA4, and a
transcriptional activator, as in the case for the urease
operon (15, 48). This dual role represents an expanded
regulatory function of H. pylori NikR relative to its Esche-
richia coli homolog, which acts solely as a nickel-dependent
repressor of the E. coli Nik operon (7, 41, 43, 48). To date,
one seemingly critical component of a nickel transport net-
work absent in H. pylori is a nickel-regulated outer mem-
brane transport mechanism. Given the essential role of
nickel as a micronutrient for H. pylori, it seems reasonable
to hypothesize that there would be a specific mechanism for
transporting nickel across the outer membrane, perhaps in a
manner analogous to that described for iron acquisition.

Iron acquisition has been well characterized in H. pylori,
which contains putative iron-regulated outer membrane pro-
teins (OMPs) homologous to E. coli ferric citrate transport
proteins, encoded by fecA1, fecA2, and fecA3, and homologs of
the Neisseria gonorrhoeae ferric enterobactin receptor FrpB,
encoded by fipB1, fipB2/3, and fipB4 (39). Interestingly, two of
the putative iron-regulated OMPs, encoded by fec4A3 (HP1400)
and fipB4 (HP1512), are unaffected by iron concentration and
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TABLE 1. Oligonucleotide primers used in this study

Direction of

Locus (gene) primer® Primer? Sequence (5'—3")
HP1512 (frpB4) F HP1512.1 GTTTGTCTCTTGTATTGTCG
R HP1512.2 CCACATATTGCTTCTTAAAG
HP1338 (nikR) F NikR-1 ACTAGTCCATGGATACACCCAATAAAGAC
R N4 Notl GCGGCCGCCGCTCAACAGTACCCTATCTATCCC
HP1511-1512 intergenic region F 1G1511-12-1 TCACGAACAGTGCTTGATTCAG
R HP1511-12-2 CGATACGAAATTGATTTCTAAGC
HP1512 (frpB4) F HP1512RTF TCTAGCTGCAACGACTGGGAATGT
R HP1512RTR AGCGCGAGAGCCAGGTTAGGATA
HP1400 (fecA3) F HP1400RTF TTGAGCGATCGCATTGAAGCTTGG
R HP1400RTR AAGCCAATGTTGGTTGAGGGCATC
HP1010 (ppk) F HP1010RTF GCGCGTTAGTCGTTTATGGCGTTT
R HP1010RTR AGCGCTCAAAGGGTTGTAATTGCC
HP1077 (nixA) F HP1077RTF CGTTTGATGCGGATCACATCGCTT
R HP1077RTR TCTTCTAGCATCGGCGTGTGTTCT
HP1338 (nikR) F HP1338RTF CGCCGTGCTTGTGGTGATTTATGA
R HP1338RTR CCATGTGAATGTGCGTGGTGCATA
HPO0073 (ureA) F HP0073RTF CTGAATTGATGCAAGAAGGGCGCA
R HPO073RTR CCACTTCATGGATCATGCTTGCCA

“F, forward; R, reverse.

® Primers HP1512.1 and HP1512.2 were used for construction of the HP1512::cat mutants. Primers NikR-1 and N4_NotI were used for expression of recombinant
NikR in pET30a. Primers used for real-time PCR are designated with RTF (real-time forward) and RTR (real-time reverse) in the primer name. HP1010 (ppk) served

as a housekeeping gene for the quantitative real-time PCR experiments.

by mutations in fur, which encodes the global iron regulatory
protein Fur (9, 44).

During a preliminary screen for nickel-responsive genes in
H. pylori 26695, HP1512 (fipB4) was identified as a gene of
interest, as it was down-regulated at the transcriptional level in
response to nickel supplementation. In this study, we verify
and then characterize the nickel-responsive regulation of
HP1512, which was originally annotated as encoding a putative
iron-regulated OMP (39). The contribution of HP1512 to the
synthesis of catalytically active urease was assessed by compar-
ing urease activities of wild-type H. pylori 26695 and an iso-
genic HP1512::cat mutant. Finally, a role for NikR in the
regulation of HP1512 was demonstrated.

MATERIALS AND METHODS

Bacterial strains and growth. Helicobacter pylori strain 26695 was maintained
on Columbia blood agar (CBA) base (Difco, Detroit, MI) supplemented with
10% defibrinated sheep blood (Hemostat Laboratories, Dixon, CA) under 7%
CO, at 37°C. Liquid H. pylori cultures were grown in brucella broth (Difco,
Detroit, MI) supplemented with 10% fetal bovine serum (BBF) (Gibco, Carls-
bad, CA) with shaking (200 rpm) in a hypoxic chamber (Coy Laboratories and
Products Inc., Grass Lake, MI) in an atmosphere containing 10% CO, and 5%
O,. Both agar plates and BBF were supplemented with antibiotics, 20 pg/ml
chloramphenicol and/or 25 pg/ml kanamycin, when necessary. Liquid cultures
used for experiments were inoculated at an optical density at 600 nm (ODy) of
~0.01 from an overnight culture, inoculated from fresh CBA plates.

H. pylori microarrays. cDNA was synthesized from 2 pg of total RNA with
SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA). Briefly, a mix-
ture containing 2 pg total RNA and 6 pg random hexamers (Invitrogen, Carls-
bad, CA) was heated at 70°C for 5 min and then cooled on ice. Synthesis was
carried out overnight at 42°C in a 30-pl reaction mixture consisting of 1X
synthesis buffer, 0.01 M dithiothreitol, 0.5 mM (each) deoxynucleoside triphos-

phates (containing a 2:3 molar ratio of aminoallyl dUTP:dTTP), 40 U RNas-
eOut, and 400 U SuperScript IIT reverse transcriptase (Invitrogen, Carlsbad,
CA). The reaction was stopped by the addition of 10 wl of 0.5 M EDTA and 10
wl of 1 M NaOH, followed by a 15-min incubation at 65°C and subsequent
neutralization with 25 pl of 1 M Tris (pH 7.0). Aminoallyl dUTP-labeled cDNA
was purified with a Microcon YM-30 column (Millipore Corp, Billerica, MA)
and dried to completion. Amine-modified cDNA was resuspended in 5 wl water
and labeled with either Alexa Fluor 555 or Alexa Fluor 647 per the manufac-
turer’s protocol (Molecular Probes, Eugene, OR). Labeled cDNA was combined,
purified over a QIAquick column (QIAGEN, Valencia, CA), eluted twice with
60 pl supplied elution buffer (QIAGEN, Valencia, CA), concentrated in a
Microcon YM-30 column, and dried to completion.

H. pylori whole-genome microarrays were provided by the Pathogen Func-
tional Genomics Resource Center. The microarray consists of 2,572 70-mer
oligonucleotides, printed in triplicate, representing open reading frames from
Helicobacter pylori 26695 and strain J99. Labeled cDNA was resuspended in 50
wl filter-sterilized hybridization buffer (50% formamide, 5X SSC [1X SSCis 0.15
M NacCl plus 0.015 M sodium citrate], 0.1% sodium dodecyl sulfate, 0.1 M
dithiothreitol, and 0.6 wg/ul salmon sperm DNA), heated to 95°C for 5 min,
mixed, and heated to 95°C for an additional 5 min. Labeled probe was applied to
prehybridized microarrays and placed in a hybridization chamber (Corning,
Acton, MA), which was submersed in a 42°C water bath for 16 to 20 h. Arrays
were scanned on a Perkin-Elmer ScanArray Express microarray scanner. Mi-
croarray analyses were conducted with the TM4 software suite (33).

Construction of H. pylori mutants. HP1512 was PCR amplified from H. pylori
26695 chromosomal DNA using primers HP1512.1 and HP1512.2 (Table 1) with
the Expand Tag Long Template PCR system (Roche Diagnostic Corp., India-
napolis, IN). The resulting amplicon was ligated into Invitrogen pCR2.1 vector
and transformed into electrocompetent E. coli TOP10 cells (Invitrogen Corpo-
ration, Carlsbad, CA). Transformants were screened for an insert via PCR and
then verified by restriction digestion. H. pylori HP1512 was inactivated by insert-
ing a chloramphenicol acetyltransferase (cat) cassette (46) into a unique Stul
restriction site within HP1512. pCR2.1 plasmid containing the HP1512::cat con-
struct was electroporated (800 (, 2.5 kV, 25 pF) into H. pylori, recovered on
nonselective blood agar plates for 17 to 24 h, and then transferred to BBF plates
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supplemented with chloramphenicol (20 pg/ml). Transformants were screened
via PCR to verify incorporation of HP1512::cat into the H. pylori chromosome.
Mutations in strains other than strain 26695 were generated using the H. pylori
26695 HP1512::cat construct resulting in mutants with a disrupted copy of H.
pylori 26695 HP1512 in place of their respective wild-type HP1512 homolog.
Immediately upstream of HP1512 is a 327-bp hypothetical protein (HP1511).
Downstream, HP1513 encodes a putative selenocysteine synthase (SelA) protein.
Both HP1511 and HP1513 are transcribed in the same direction as HP1512;
however, on the basis of the operon prediction tools on The Institute for
Genomic Research (TIGR) website, these genes do not form an operon. H. pylori
strain 26695 HP1512::cat nixA::aphA3 double mutants were generated using
electrocompetent H. pylori 26695 nixA::aphA3 as recipient cells. Construction of
the H. pylori nixA mutant has been previously described (4, 30).

Whole-cell lysate preparation for urease activity. H. pylori strains and their
isogenic mutants were cultured in 5 to 7 ml of BBF medium alone or supple-
mented with different NiCl, concentrations in a 50-ml conical tube. Cultures
were incubated for 18 to 21 h with shaking (200 rpm) and harvested by centrif-
ugation at 4,000 X g, for 20 min at 4°C. Cells were washed once in 20 ml of 50
mM ice-cold HEPES buffer (pH 7.5), once with 1 ml of 50 mM ice-cold HEPES
buffer (pH 7.5), and resuspended in 150 pl of 50 mM HEPES buffer (pH 7.5).
Cells were lysed in a chilled water bath sonicator (Sonicator 3000; Misonix,
Farmingdale, NY) with approximately three 30-s pulses (with equivalent
“pulse off” times). Sonicated lysate was centrifuged (12,000 X g for 12 min at
4°C), and the supernatant was transferred to chilled microcentrifuge tubes
and placed on ice.

Total protein concentration was determined with the bicinchoninic acid assay
(BCA protein assay; Pierce Chemical Company, Rockford, IL) using the 30-
minute microtiter plate protocol. Urease activity was measured using the phenol-
hypochlorite assay (47) modified for a 96-well microtiter plate by incubating 10
wl of protein lysate (0.1 pg/ul) with 90 pl urease buffer (50 mM HEPES, pH 7.5,
25 mM urea) on ice, followed by 5-, 12-, and 20-min incubations at 37°C. After
incubation, 10 pl of the urease reaction mixture was mixed with phenol-sodium
nitroprusside and alkaline hypochlorite (47), 150 wl each, and incubated for an
additional 30 min at 37°C. Absorbance (ODsy5) was measured with a Universal
microplate reader ELx800 (Bio-Tek Instruments, Inc., Winooski, VT). A stan-
dard NH,4CI concentration curve was generated for each assay. Urease activity
was expressed as micromoles of urea hydrolyzed per minute per milligram of
total protein.

RNA isolation and comparative, quantitative real-time PCR. Total RNA was
isolated from 18-hour cultures using a combination of TRIzol reagent (Invitrogen,
Carlsbad, CA) followed by QIAGEN RNeasy column purification (QIAGEN,
Valencia, CA). Cells were harvested by centrifugation for 1 min at 13,000 X g at
room temperature, cell pellets were resuspended in 500 pl TRIzol at 65°C, and
the suspensions were incubated at room temperature for 5 min. After incubation,
the TRIzol solution was extracted twice with 100 pl chloroform. Supernatant was
removed, 250 pl of 100% ethanol was added and mixed by pipetting, and the
solution was applied to an RNeasy column. The manufacturer’s protocols were
followed once the solution was applied to the RNeasy column, and RNA was
eluted in 50 pl RNase-free water. DNA was removed from RNA preparations by
DNase I digestion with 40 U RNase-free DNase I for 30 min at 37°C followed by
a second RNeasy (QIAGEN, Valencia, CA) column purification. Total RNA was
eluted in 30 pl RNase-free water, quantified on a NanoDrop (NanoDrop, Wil-
mington, DE) spectrophotometer and visualized on an ethidium bromide-
stained agarose gel.

Total RNA served as a template for cDNA synthesis using the SuperScript IT
first strand synthesis kit (Invitrogen, Carlsbad, CA). Synthesis reactions were
carried out following manufacturer’s protocol, starting with 2 pg total RNA and
500 ng random hexamers per 40-ul reaction mixture. cDNA was purified on a
QIAGEN QIAquick (QIAGEN, Valencia, CA) column per the manufacturer’s
protocol and eluted in 30 pl supplied elution buffer. Purified cDNA was quan-
tified on a Nanodrop (Wilmington, DE) spectrophotometer and diluted to 6
ng/pl. RNA transcripts were quantified on a Stratagene MX3000P real-time
PCR machine using Stratagene’s Brilliant SYBR green QPCR master mix
(Stratagene, La Jolla, CA) in 25-pl reaction mixtures containing 30 ng of total
cDNA. Optimal primer concentrations were determined empirically. Table 1
lists the genes of interest and their respective primer sequences. For each
experiment, the transcript level was normalized to the level of HP1010 (ppk,
polyphosphate kinase), and changes were determined relative to an experi-
ment-specific calibrator using the Stratagene MXPro v 3.00 software package
(Stratagene, La Jolla, CA).

Cloning, expression, and purification of H. pylori 26695 NikR. H. pylori 26695
nikR (HP1338) was amplified via PCR with cloned Pfu polymerase (Stratagene,
La Jolla, CA) from chromosomal DNA using primers NikR-1 and N4-NotI
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(primers modified from reference 9) (Table 1). The resulting amplicon was
digested with Ncol and NotI and ligated into pET30a (Novagen, Madison, WI)
digested with the same enzymes. This construct expresses recombinant H. pylori
NikR (HpNikR) with a N-terminal His tag and S tag and no C-terminal fusions.
Ligated plasmid was electroporated into Invitrogen TOP10 cells (Invitrogen
Technologies, Carlsbad, CA) and plated on kanamycin, screened via PCR with
T7 primers for the presence of nikR, and purified using a QIAprep Spin Mini-
prep kit (QIAGEN, Valencia, CA). The nikR sequence was verified by DNA
sequencing, and the pET30a_nikR plasmid construct was electroporated into E.
coli BL21(DE3)pLysS (Novagen, Madison, WI) and plated on Luria agar con-
taining 20 pg/ml chloramphenicol and 25 pg/ml kanamycin.

Recombinant H. pylori nikR was expressed in Luria broth (1 liter) containing
chloramphenicol (20 pg/ml) and kanamycin (25 wg/ml) inoculated at a dilution
of 1:100 from an overnight culture of E. coli BL21(DE3)pLysS containing
pET30_nikR. Expression cultures were incubated at 37°C with shaking (200 rpm)
until they reached an ODg, of ~0.4 at which time isopropyl-B-p-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.4 mM. Upon induc-
tion, the culture was shifted to room temperature and incubated, with shaking,
for an additional 5 h. After incubation, cells were harvested by centrifugation at
12,000 X g for 20 min at 4°C and washed once in 50 ml ice-cold HEPES, and the
pellets were frozen at —80°C. Frozen cells were thawed at room temperature and
resuspended in 20 ml of lysis buffer (50 mM NaH,PO,, 300 mM NacCl, 20 mM
imidazole, 50 uM NiCl,; pH 8.0) containing 10 U benzonase (Sigma-Aldrich, St.
Louis, MO). The resuspended pellet was pulled through a 16-gauge syringe
several times and then passaged twice through a French pressure cell at 20,000
Ib/in%. Cellular debris was pelleted by centrifugation at 10,000 X g for 25 min at
4°C, and the supernatant was transferred to a clean tube.

Recombinant protein was purified by Ni-nitrilotriacetic acid (Ni-NTA) affinity
purification under native conditions by adding 5.0 ml of 50% Ni-NTA agarose
(QIAGEN, Valencia, CA) per liter of starting culture followed by gentle shaking
for 60 min at 4°C. The Ni-NTA slurry was applied to a column and sequentially
washed with 20 ml lysis buffer followed by 4- to 10-ml sequential washes with lysis
buffer containing 56 mM, 96 mM, 128 mM, and 164 mM imidazole. Bound
recombinant NikR was eluted in 20 ml elution buffer (50 mM NaH,PO,, 300 mM
NaCl, 250 mM imidazole; pH 8.0) and collected in approximately 0.5-ml frac-
tions. Elution fractions were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis under denaturing conditions, followed by staining with Coo-
massie blue R-250. Fractions containing the recombinant protein, with no con-
taminating bands, were pooled and concentrated with a Centricon YM-10 col-
umn (Millipore, Billerica, MA). Following the manufacturer’s protocol, tagged
protein was subjected to recombinant enterokinase digestion/capture (Novagen,
Madison, WI), which removed both fusion tags, leaving a single N-terminal
alanine on the recombinant HpNikR protein.

Gel shift assay. Target DNA from the HP1511-HP1512 (HP1511-1512) inter-
genic region was amplified from H. pylori 26695 chromosomal DNA via PCR
with cloned Pfu polymerase (Stratagene, La Jolla, CA) using primers HP1511-
12-1 and HP1511-12-2 (Table 1). The approximately 200-bp amplicon was gel
isolated, labeled with digoxigenin (DIG) according to the manufacturer’s proto-
col (Roche Diagnostics, Mannheim, Germany), and used in gel shift assays with
the recombinant H. pylori NikR. Binding reaction mixtures consisted of approx-
imately 15 fmol of DIG-labeled target DNA and fourfold dilutions of recombi-
nant NikR protein ranging from 16 uM to 63 nM. Reactions were conducted in
1X binding buffer (20 mM Tris, pH 8.0, 100 mM KCI, 3 mM MgCl,, 0.1%
Nonidet P-40, 5% glycerol, and 100 pM NiCl,) for 30 min at room temperature
in a total volume of 20 pl. The entire binding reaction mixture was electropho-
resed on a 7% nondenaturing polyacrylamide gel in a Tris-borate buffer (25 mM
Tris, 300 mM borate; pH 7.6). Nickel was added to the polyacrylamide gel and
running buffer to a final concentration of 100 uM NiCl,. The gel was prerun for
30 min at 100 V prior to loading; once the gel was loaded, it was run at ~32 mA,
while migration was monitored with a bromophenol blue marker. Proteins and
DNA were electroblotted onto a positively charged Hybond-N+ nylon mem-
brane (GE Healthcare) for 30 min at 400 mA in 0.5X Tris-borate-EDTA.
DIG-labeled DNA was UV cross-linked to the membrane and detected accord-
ing to the manufacturer’s protocol (Roche Diagnostics, Mannheim, Germany).

RESULTS

Effect of nickel supplementation on HP1512. Using whole-
genome microarrays, we identified Helicobacter pylori 26695
HP1512 as a potential nickel-responsive gene of interest.
This gene was down-regulated when H. pylori 26695 was
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FIG. 1. HP1512 transcript is significantly down-regulated in the
presence of nickel as measured by real-time qPCR. H. pylori 26695 was
grown in BBF supplemented with 0, 1, 5 or 10 wM NiCl,. The tran-
script level was determined relative to the transcript levels from cul-
tures with no additional nickel added. The values (changes [n-fold])
represent the averages from three independent assays. As the nickel
concentration increased, the HP1512 transcript level decreased in a
stepwise fashion relative to the HP1512 transcript level for cells grown
in unsupplemented BBF. With the addition of 10 uM NiCl,, the
HP1512 transcript level decreased approximately 43-fold.

Fold Change Relative to
Unsupplemented BBF

5 M NICH, TO M NiCT,

cultured in the presence of 100 wM NiCl,. To verify our
initial findings and measure the effects of nickel supplemen-
tation on HP1512 transcription, wild-type H. pylori 26695
was cultured in the presence of supplemental nickel (0 to 10
pM), and the level of transcripts was determined by com-
parative qPCR. The level of transcripts in the presence of
nickel was determined relative to that of HP1512 transcript
in unsupplemented BBF (0 pwM supplemental nickel).
HP1512 transcript decreased in a stepwise fashion as NiCl,
concentration was increased (Fig. 1). With 10 pM supple-
mental NiCl,, the level of HP1512 transcripts was decreased
by 43-fold (n = 3) relative to the level measured in un-
supplemented BBF. These data support our original find-
ings that HP1512 transcript is significantly down-regulated
in the presence of nickel.

Urease activity of H. pylori HP1512::cat mutant. To deter-
mine the contribution of HP1512 (frpB4) to the production of
catalytically active urease, the urease activities of wild-type H.
pylori strain 26695 and an isogenic HP1512::cat mutant were
compared following culture in unsupplemented BBF (Fig. 2).
Urease activity for the HP1512::cat mutant is presented as the
average urease activity from three independent colonies se-
lected from a plate of transformants. When cultured in un-
supplemented BBF, urease activity of the H. pylori 26695
HP1512::cat mutant was significantly reduced compared to the
wild type, 4.9 = 0.5 pmol/min/mg protein (n = 7) and 17.1 =
4.9 pmol/min/mg protein (n = 13), respectively (P < 0.0001).
The same trend was observed in three additional H. pylori
strains (UMAB41, 43504, and SS1; data not shown).

To further explore the contribution of HP1512 to urease
activity in H. pylori 26695, a nixA::aphA3 HP1512::cat double
mutant was constructed. Urease activity of the nixA::aphA3
HP1512::cat double mutant was significantly less than that of
the wild type (P < 0.001), as was the nix4::aphA3 mutant (P <
0.01) (Fig. 2). Urease activity of the double HP1512:cat
nixA::aphA3 mutant was not significantly different from that of
the nixA::aphA3 single mutant (Fig. 2). However, urease activ-
ity of the HP1512::cat single mutant was significantly less than
both the nixA4::aphA3 mutant (P < 0.05) and the double mu-
tant (P < 0.01) (Fig. 2). These data suggest that HP1512 and
nixA do not act synergistically; that is, the urease activity of the
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FIG. 2. Urease activity of wild-type H. pylori 26695, nixA::aphA3
mutant, HP1512::cat mutant, and nixA4::aphA3 HP1512::cat double mu-
tant strains. In addition to an HP1512::cat mutant, a nixA::aphA3
mutant and a nixA::aphA3 HP1512::cat double mutant were con-
structed. Urease activity was measured via the phenol-hypochlorite
urease assay after approximately 18 h of growth in unsupplemented
BBF. The urease activities of the HP1512:cat (n = 13) and
nixA::aphA3 (n = 3) single mutants were significantly less than that of
the wild type (n = 7) (P < 0.001 and P < 0.01, respectively). The
urease activity of the H. pylori 26695 HP1512::cat nixA::aphA3 (n = 3)
double mutant was significantly less (P < 0.001) than the wild type but
not significantly different that that of each single mutant.

double mutant is not less than each individual mutation, con-
sistent with a model to be presented below.

Growth, MIC, and MBC of H. pylori 26695 HP1512::cat
mutant. Insertional inactivation of HP1512 resulted in a re-
duced growth rate of the HP1512 mutant relative to wild-type
H. pylori 26695 (Fig. 3). However, the MIC and minimum
bactericidal concentration (MBC) to NiCl, of the HP1512 mu-
tant were similar to those of the wild type (750 uM and 1,750
uM NiClL, respectively), which is not surprising, since cytoplas-
mic nickel concentrations are dictated by NixA-mediated
transport across the inner membrane. Thus, while the ability of
the mutant to transport nickel across the outer membrane may
be impaired, transport across the inner membrane can be in-
creased to compensate. Comparison of nixA transcript abun-
dance in the HP1512::cat mutant relative to the wild type

10" 1.4
—1512::cat
5 C=—aWild-Type 1.2
10 sV ild-Ty pe —
- - &- .1512:cat 1
E 10° o
5 0.8 op
L <1
O 107 06 °
o
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0 16 20 25 40
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FIG. 3. Growth curve of the HP1512::cat (1512::cat) mutant com-
pared to the wild type. Insertional inactivation of the HP1512 gene
resulted in reduced growth relative to the wild-type H. pylori 26695
strain cultured in unsupplemented BBF. The optical density at 600 nm
(indicated by the lines) was monitored in three independent cultures.
At each time point, the number of CFU per milliliter was determined
by combining the independent cultures in equal volumes and plating
for viable colonies; thus, each bar represents the CFU/ml from a single
pooled culture.
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reflects this up-regulation. At all NiCl, concentrations, the
level of nixA transcripts is increased in the HP1512 mutant
relative to the wild type (Fig. 4). Thus, the cytoplasmic nickel
concentration, while reduced (as evidenced by decreased ure-
ase activity in the HP1512::cat mutant), is not low enough to
abrogate the toxic effects of nickel accumulation. A slight dif-
ference in MIC and MBC between the wild type and the
HP1512::cat mutant cannot be ruled out, but it was not evident
in our assay.

Effects of nickel concentration on transcription of select
ion-related genes. In addition to measuring the effects of nickel
supplementation on HP1512 transcription, the levels of four
additional nickel-related gene transcripts were compared in
the wild-type H. pylori 26695 strain and the HP1512::cat mu-
tant (Fig. 4). These nickel-related genes were largely chosen on
the basis of previous work; however, our microarray analysis
identified ureA as significantly up-regulated in the presence of
100 wM supplemental NiCl,. nixA, ureA, and nikR have been
shown to respond to the nickel concentration at the transcrip-
tional level (1,9, 10, 15, 42, 43, 48). fecA3 (HP1400) was chosen
as a gene of interest on the basis of its pattern of iron-respon-
sive gene expression; it displayed a pattern of expression iden-
tical to that of HP1512 (44).

For each transcript measured, three comparisons were
made. First, for each gene investigated, its response to
nickel supplementation was determined by comparing the
relative levels of transcripts in wild-type H. pylori 26695
grown in 1, 5, and 10 wM supplemental NiCl, to the tran-
script level in unsupplemented BBF (Fig. 4, left three bars).
Second, to determine whether mutation of HP1512 affected
the ability of H. pylori to respond to nickel supplementation,
comparisons were made between transcript abundance in
the HP1512::cat mutant with nickel supplementation of 1, 5,
and 10 pM NiCl, relative to unsupplemented BBF (Fig. 4,
right three bars). Finally, at each nickel concentration, rel-
ative transcript abundance in the HP1512::cat mutant was
compared to that of wild-type H. pylori 26695 to measure the
effect of HP1512 mutation on nickel responsiveness (Fig. 4,
middle four bars).

Transcription of ureA (HP0073), encoding the UreA urease
structural subunit, was increased in both the wild type and the
HP1512::cat mutant in response to nickel supplementation.
Thus, mutation of HP1512 does not affect H. pylori’s ability to
regulate ureA transcript in response to nickel. When compar-
ing ureA transcription in the HP1512::cat mutant relative to
wild-type H. pylori 26695, ureA transcription is down-regulated
approximately twofold at supplemental NiCl, concentrations
of 0, 1, and 5 pM, and only at 10 uM NiCl, does the ureA
transcript in the mutant approach wild-type levels. Assuming
that the ureA transcript is an indirect indicator of cytoplasmic
nickel availability, decreased ureA transcript abundance sug-
gests reduced cytoplasmic nickel concentrations in the
HP1512::cat mutant.

Transcription of nix4A (HP1077), which encodes the high-
affinity nickel transport protein NixA (25), has been shown to
be repressed in response to nickel supplementation (15, 48). In
both wild-type H. pylori 26695 and the HP1512::cat mutant,
nickel supplementation resulted in an incremental and dra-
matic repression of nixA transcription relative to growth in
unsupplemented BBF, 19-fold and 25-fold at 10 uM NiCl,,
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FIG. 4. Effects of nickel supplementation on the transcription of
selected genes in wild-type H. pylori 26695 and the HP1512::cat mu-
tant. The levels of transcripts of four nickel-related genes were quan-
tified after 18 h of growth in BBF supplemented with three different
concentrations of NiCl, (1, 5, and 10 uM). HP1010, encoding polypho-
sphate kinase (ppk), served as a housekeeping gene control. For each
transcript measured, three comparisons were made. First, for each
gene investigated, its response to nickel supplementation was deter-
mined by comparing the relative levels of transcripts in wild-type H.
pylori 26695 grown in 1, 5, and 10 pM supplemental NiCl, to the
transcript level of cells grown in unsupplemented BBF (left three
bars). Second, to determine whether mutation of HP1512 affected the
ability of H. pylori to respond to nickel supplementation, comparisons
were made between transcript levels in the HP1512 mutant with nickel
supplementation of 1, 5, and 10 wM NiCl, relative to that in cells
grown in unsupplemented BBF (right three bars). Finally, at each
supplemental nickel concentration (0, 1, 5, 10 wM), the relative tran-
script level in the HP1512 mutant was compared to that of wild-type
(wt) H. pylori 26695 to measure the effect of HP1512 mutation on
nickel responsiveness (middle four bars). The values (changes [n-fold])
are reported as the averages from three independent assays.
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FIG. 5. NikR binds the HP1511-1512 intergenic region. (A) In silico analysis identified a putative NikR consensus sequence (10) upstream of
HP1512 within the 154-bp HP1511-1512 intergenic region (proposed operator regions in bold). (B) The nikR sequence was cloned into
pET30a_nikR plasmid and expressed in E. coli BL21(DE3)pLysS. Recombinant protein was purified by Ni-NTA affinity purification under native

conditions (tagged NikR) followed by recombinant enterokinase digestion/capture to remove fusion tags. The resulting recombinant H. pylori NikR
(rNikR) protein (~17 kDa) contains a single N-terminal alanine from the expression vector. Target DNA, encompassing the HP1511-1512
intergenic region, was amplified from H. pylori 26695 chromosomal DNA via PCR, labeled with digoxigenin (DIG), and used in gel shift assays
with the recombinant H. pylori NikR. Binding reaction mixtures consisted of approximately 15 fmol of DIG-labeled target DNA and fourfold
dilutions of recombinant NikR protein ranging from 16 uM to 63 nM. Binding reaction mixtures were electrophoresed on 7% nondenaturing
polyacrylamide gels; nickel was added to the gel and running buffer to a final concentration of 100 wM NiCl,. (C) Proteins and DNA were electroblotted
onto a positively charged nylon membrane and visualized via chemiluminescence detection with alkaline phosphate and disodium 3-(4-methoxyspiro[1,2-
dioxetane-3,2'-(5'-chloro)tricyclo]3.3.1.1(3,7)]decan]-4-yl) phenyl phosphate (CSPD).

respectively (Fig. 4). Comparison of the level of nix4 transcript
in the HP1512 mutant relative to the wild type revealed in-
creased transcription in the mutant relative to the wild type at
each NiCl, concentration tested (0, 1, 5, and 10 uM). Taken as
an indirect indicator of cytoplasmic nickel concentration, the
nixA data suggest reduced cytoplasmic nickel concentrations in
the HP1512 mutant relative to the wild type. Thus, the tran-
scriptional responses of both ure4 and nixA4 are in agreement
and indicative of reduced cytoplasmic nickel concentrations in
the HP1512 mutant.

H. pylori FecA3 (encoded by HP1400) is annotated as a
putative iron(III) dicitrate transport protein; however, fecA3
transcription is unaffected by iron supplementation and fur
mutation (44). In fact, fecA3 presents the same transcriptional
profile in response to iron as does HP1512 (44), making it an
interesting candidate as an additional nickel transport protein.
Transcription of fecA3 was repressed in a nickel-dependent
manner in both the wild type (9-fold at 10 uM NiCl,) and an
HP1512 mutant (13-fold at 10 uM NiCl,) relative to their
transcription in unsupplemented BBF (Fig. 4).

Finally, transcription of HP1338, encoding the transcrip-
tional regulator NikR, was measured. Nickel supplementation

up to 10 wM NiCl, had no measurable affect on HP1512
transcription in the wild type, HP1512 mutant, or in the mutant
relative to the wild type. NikR has been demonstrated to act as
a transcriptional repressor of its own transcription in vitro;
however, the binding of NikR to its promoter was seen only
at high nickel concentrations and thus may not act as an
autorepressor at the nickel concentrations used in this study
(1, 10).

Mobility shift DNA-binding assay. Studies mapping the
NikR operators for ureA, exbB, nikR, and fur proposed a pu-
tative NikR operator consensus sequence (10). In silico anal-
yses of the 154-bp intergenic region between HP1511 and
HP1512 identified a sequence that perfectly matched the pu-
tative NikR consensus sequence (Fig. 5A). The putative NikR
operator consists of 28 bp, spanning a region from —88 bp to
—60 bp upstream of the HP1512 start codon. The ability of
NikR to bind the HP1511-1512 intergenic region was demon-
strated using purified recombinant H. pylori NikR (Fig. 5B) in
an in vitro mobility shift DNA-binding assay (Fig. 5C). In the
presence of 100 wM NiCl,, recombinant HpNikR at >1 uM
was able to shift a PCR amplicon containing the putative NikR
operator consensus sequence (Fig. 5C).
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DISCUSSION

In this study, we demonstrate that the Helicobacter pylori
26695 outer membrane protein HP1512 (encoded by fipB4) is
regulated by nickel. HP1512 is repressed at the transcriptional
level by NikR in the presence of nickel. Insertional inactivation
of HP1512 produces a significant reduction in urease activity
relative to the wild-type level, suggesting that HP1512 is re-
sponsible for the transport of nickel across the outer mem-
brane. Furthermore, transcriptional profiling of select nickel-
related genes suggests that inactivation of HP1512 reduces
intracellular nickel concentrations. Identification of an outer
membrane nickel transport protein adds an additional compo-
nent to the NikR regulatory network, while providing a mech-
anism for nickel transport into the periplasm for its subsequent
transport, via NixA, into the cytoplasm where is it incorporated
into the urease apoenzyme.

H. pylori is unique in its ability to colonize and persist in the
harsh environment of the stomach, where it colonizes the gas-
tric mucosa close to the epithelial cell surface (5, 24, 38).
Within the gastric mucosa, a pH gradient is established ranging
from slightly acidic (pH of ~6.5) at the epithelial surface to
highly acidic (pH of ~2.0) in the gastric lumen (34). By sensing
and responding to this pH gradient, H. pylori is able to main-
tain its spatial orientation within the gastric mucosa and colo-
nize the less acidic region close to the gastric epithelium (34).
While capable of surviving exposure to pH 1.0 for several hours
(36, 37), localization to the epithelial surface generally protects
against prolonged exposure to the harsh conditions of the
gastric lumen. While controversial, the mucosal region colo-
nized by H. pylori is thought to be approximately pH 5.0, with
occasional bouts of lower pH at regions of tissue damage.
Thus, acid shock is likely the most significant environmental
stress encountered by Helicobacter pylori.

The 1.1-MDa urease nickel-metalloenzyme (19) is the cor-
nerstone of H. pylori’s ability to respond to acid shock. The
urease enzyme is both highly active and abundant, comprising
up to 6% of total cellular protein (12, 20). In the cytoplasm,
urease catalyzes the conversion of urea to ammonia and bicar-
bonate, which then buffer the surrounding microenvironment
(22, 23, 27, 36). The urease operon is present as a single copy
and consists of the structural subunit genes, ure4 and ureB, and
the urease accessory protein genes encoded by urel[EFGH (39).
The urease operon is arranged into two transcriptional units,
ureAB and ure]EFGH (2). Urease transcription, as well as its
subsequent ability to respond to pH, is mediated through at
least two regulatory systems, the HP0166-HP0165 (ArsRS) two-
component system and the nickel-responsive transcriptional
regulator NikR (15, 32, 43).

NikR is a member of the ribbon-helix-helix family of tran-
scriptional regulators which acts as a nickel-dependent tran-
scriptional repressor in E. coli (8). E. coli NikR is responsible
for regulation of nickel uptake through a nickel-specific ATP-
dependent transport system encoded by the nikABCDE operon
(11, 28, 49). When the nickel concentration in the cytoplasm is
elevated, the C-terminal region of the tetrameric NikR protein
bind Ni**, which allows the N-terminal DNA-binding domain
to interact with the nikABCDE operator (7, 8, 11, 49). Thus, in
response to high intracellular nickel concentrations, the nik
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operon is repressed with the net result being decreased nickel
import (11, 49).

In comparison, the NikR homolog in H. pylori can act as
both a transcriptional activator and repressor (15, 43). In its
role as an activator, nickel-bound H. pylori NikR binds an
operator region in the ureA promoter, inducing transcription
of the urease operon (10, 15, 42, 43). The role of NikR as a
transcriptional activator appears to be unique to H. pylori, and
it has been hypothesized that the positional relationship be-
tween the NikR binding region and the promoter determines
whether NikR acts as a repressor or activator (15). Consistent
with our results (Fig. 3), H. pylori not only increases urease
transcription in response to increased intracellular nickel avail-
ability but also decreases the further transport of nickel into
the cytoplasm by repressing transcription of nix4, which en-
codes the high-affinity nickel permease NixA (15, 48). The net
result of these actions, coupled with the demonstrated nickel
storage capacity of the cytoplasmic histidine-and cysteine-rich
protein Hpn (HP1427) (16, 17, 26), is an overall reduction in
intracellular nickel concentration.

Much of what is currently known about the H. pylori NikR
regulatory network has been determined through the use of
whole-genome microarray comparisons of wild-type H. pylori
to isogenic nikR mutants (9). nikR mutants are more suscep-
tible to higher nickel concentrations (9, 43) and are attenuated
in the mouse model (5). Mutation of nikR affected expression
of genes related to iron transport and metabolism, chemotaxis,
hydrogenase, motility, and respiration (5, 9, 41). However, one
potential component of H. pylori’s nickel metabolism network
noticeably missing from previous work is a nickel-regulated
OMP. Given the role of urease as a virulence factor and its
dependence upon nickel for catalytic activity, it seems reason-
able to hypothesize that H. pylori would utilize specific nickel-
regulated OMPs in much the same manner as those previously
characterized for iron transport.

H. pylori contains six putative iron-regulated OMPs (3, 39).
These OMPs can be divided into two groups on the basis of
homology. Three are homologous to E. coli ferric citrate trans-
port proteins, encoded by fecA1 (HP0686), fecA2 (HP0807),
and fecA3 (HP1400), and the remaining are homologs of the
Neisseria gonorrhoeae ferric enterobactin receptor FrpB, en-
coded by fipBI (HP0876), frpB2/3 (HP0915/0916), and fipB4
(HP1400) (39). While conducting a survey of nickel-responsive
genes, HP1512 (frpB4) was identified as a gene of interest. The
presence of HP1512 in membrane preparations has been doc-
umented in studies specifically targeting H. pylori OMPs (3, 6,
14). Previous work characterizing the iron transport and stor-
age genes of H. pylori 26695 demonstrated that while two of the
fipB alleles, frpB1 (HP0876) and fipB2/3 (HP0915/0916), were
iron responsive, fipB4 (HP1512) was not responsive to either
the iron concentration or fur mutation (14, 44). Furthermore,
HP1512 transcription was derepressed in a nikR mutant, a
response attributed to indirect regulation via Fur (9). Consis-
tent with studies at the transcriptional level, proteomic analysis
of a H. pylori fur mutant did not reveal an effect of fur mutation
on the expression of HP1512 at the protein level (21).

If HP1512 were in fact an outer membrane nickel transport
protein, it follows that inactivation by allelic exchange mu-
tagenesis would result in decreased intracellular nickel concen-
trations. Reduced intracellular nickel concentrations should be
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FIG. 6. Regulation of nickel transport across the H. pylori inner and outer membranes. The addition of HP1512 to the nickel regulatory network
of H. pylori allows for the development of a model to explain nickel trafficking from the extracellular environment to the cytoplasm. Basal levels
of nixA, HP1512, and urease expression can be adjusted to adapt to fluctuating nickel concentrations. As cytoplasmic nickel concentrations
increase, nickel ions associate with cytoplasmic NikR, which confers DNA binding capabilities to NikR. Nickel-bound NikR is able to repress
transcription of nix4, HP1512, and HP1400, resulting in decreased nickel uptake capacity. While the capacity to import nickel into the cytoplasm
is reduced, the transcription of urease subunits is increased, resulting in the ability to utilize accumulating cytoplasmic nickel.

reflected both in urease activity and in transcription of nickel-
responsive genes. Thus, one might expect that relative to the
wild type, the HP1512 mutant would display reduced urease
activity, decreased ureA transcript abundance, and increased
nixA transcript abundance. While these indicators are indirect
estimates of nickel concentration, they provide an assessment
of intracellular nickel availability.

Reduction, but not complete abolition, of urease activity in
both nixA and HP1512 mutants suggests a role for alternative
nickel transport mechanisms acting across both the outer and
inner membranes. One possible candidate as an additional
outer membrane nickel transport protein is FecA3 (encoded
by HP1400). HP1400 has been identified in H. pylori outer
membrane preparations (14), and while annotated as an iron-
responsive OMP, HP1400 transcription is unaffected by the
iron concentration and fur mutation in a fashion similar to that
of HP1512 (14, 44). Comparative qPCR of HP1400 transcript
levels in the wild-type H. pylori 26695 demonstrates that
HP1400 transcription is reduced in the presence of nickel (Fig.
4). While the HP1400 transcript decreases significantly and in
a stepwise fashion as the nickel concentration is increased, the
repression is not as dramatic as that measured for HP1512
(10-fold versus 43-fold at 10 wM NiCl,, respectively). Our
observations are in agreement with those of Ernst et al. (14),
who independently demonstrated NikR-mediated transcrip-
tional repression of HP1400 and then mapped the NikR op-
erator located upstream of HP1400.

The role of H. pylori NikR in the regulation of nickel ho-
meostasis, coupled with the demonstrated regulation of
HP1512 at the transcriptional level, suggests that NikR may
directly regulate HP1512 transcription. The NikR regulatory
network and mechanisms of regulation by NikR have been
studied extensively in H. pylori (1, 9, 10, 15, 41, 48). While there
does not appear to be a strong NikR consensus sequence in H.
pylori, alignment of several mapped NikR binding regions led
to the identification of a putative consensus sequence (10). In
silico analysis of the 154-bp HP1511-HP1512 intergenic region

identified a perfect match to the putative NikR binding region
60 bp upstream of the HP1512 start codon (Fig. 5SA). DNA
shift analysis (Fig. 5C) demonstrated that recombinant H.
pylori NikR is capable of binding and subsequently shifting
target DNA containing the HP1511-1512 intergenic region.
These findings provide evidence for a direct role of NikR in the
nickel-dependent repression of HP1512 transcription. In an
independent study, Ernst et al. (14) demonstrated nickel-de-
pendent NikR transcriptional repression and mapped the
NikR binding region of HP1512. The spatial relationship
among the NikR operator region and the promoters of nixA4,
HP1400, and HP1512 are consistent with NikR’s ro