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The transition metal nickel plays an important role in gastric colonization and persistence of the important
human pathogen Helicobacter pylori, as it is the cofactor of the abundantly produced acid resistance factor
urease. Nickel uptake through the inner membrane is mediated by the NixA protein, and the expression of NixA
is controlled by the NikR regulatory protein. Here we report that NikR also controls the nickel-responsive
expression of the FecA3 (HP1400) and FrpB4 (HP1512) outer membrane proteins (OMPs), as well as the
nickel-responsive expression of an ExbB-ExbD-TonB system, which may function in energization of outer
membrane transport. Transcription and expression of the frpB4 and fecA3 genes were repressed by nickel in
wild-type H. pylori 26695, but they were independent of nickel and derepressed in an isogenic nikR mutant. Both
the frpB4 and fecA3 genes were transcribed from a promoter directly upstream of their start codon. Regulation
by NikR was mediated via nickel-dependent binding to specific operators overlapping either the �1 or �10
sequence in the frpB4 and fecA3 promoters, respectively, and these operators contained sequences resembling
the proposed H. pylori NikR recognition sequence (TATWATT-N11-AATWATA). Transcription of the HP1339-
1340-1341 operon encoding the ExbB2-ExbD2-TonB2 complex was also regulated by nickel and NikR, but not
by Fur and iron. In conclusion, H. pylori NikR controls nickel-responsive expression of the HP1400 (FecA3) and
HP1512 (FrpB4) OMPs. We hypothesize that these two NikR-regulated OMPs may participate in the uptake
of complexed nickel ions and that this process is energized by the NikR-regulated ExbB2-ExbD2-TonB2 system,
another example of the specific adaptation of H. pylori to the gastric lifestyle.

The human gastric pathogen Helicobacter pylori colonizes
the mucous layer overlaying the gastric epithelial cells in the
human stomach. If not removed by antibiotic treatment, the
infection usually remains lifelong and may progress to peptic
ulcer disease or the development of adenocarcinoma of the
distal stomach (22). In its niche H. pylori is exposed to hostile
environmental conditions, caused by acid and changes in
nutrient availability. Since about half of the world popula-
tion is infected with H. pylori (22), the bacterium is clearly
well adapted to the hostile conditions occurring in the gas-
tric mucosa.

The nickel-cofactored urease and hydrogenase enzymes are
major factors in gastric colonization by H. pylori (14, 26). When
cytoplasmic nickel availability is insufficient, the urease and
hydrogenase systems cannot be fully activated (37), leading to
acid sensitivity and decreased survival and colonization of H.
pylori in the gastric mucosa (14, 26). However, the bacterium
also needs to prevent toxicity from high intracellular concen-
trations of nickel (24, 37). The intracellular concentration of
nickel is therefore carefully controlled by regulation of nickel
uptake and usage. In H. pylori, nickel homeostasis is controlled

by the NikR (HP1338) protein, which mediates transcriptional
regulation of expression of the NixA nickel uptake system and
the urease operon (11, 17, 40, 46).

Nickel uptake in gram-negative bacteria is complicated by
the two membrane barriers. Soluble nickel compounds can
enter the periplasm via the outer membrane porins and are
subsequently transported by the NixA cytoplasmic membrane
protein (4, 19, 23, 45). However, it is conceivable that nickel
can be complexed to eukaryotic proteins or it may be present
in poorly soluble complexes, and thus, these complexes cannot
reach the periplasm via the porins. Thus, the situation is similar
to iron transport (2), where the soluble ferrous iron is trans-
ported by the cytoplasmic membrane FeoB transporter, but
insoluble ferric iron complexes require specific, high-affinity
iron uptake outer membrane transporters (2). The H. pylori
genome contains six genes encoding such outer membrane
proteins (OMPs) (1, 36), three annotated as orthologs of the
Escherichia coli ferric citrate receptor FecA protein (47) and
three annotated as orthologs of the Neisseria meningitidis FrpB
protein (27). While the exact functions of the H. pylori FecA
and FrpB proteins are currently unknown, analysis of their
expression has shown that two out of three copies of both FecA
and FrpB orthologs (HP0686, HP0807, HP0876, and HP0916/
0915) display iron- and Fur-regulated expression (15, 41), as
expected for iron uptake systems (2), whereas expression of the
HP1400 (FecA3) and HP1512 (FrpB4) copies was iron and Fur
independent (41), suggesting that these proteins may not be
involved in iron transport.

Transport of complexes through the outer membrane is an
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energy-consuming process, and this energy is generated from
the proton motive force and transduced to the OMP via the
TonB-ExbB-ExbD protein complex (20, 30). H. pylori contains
two genes encoding TonB orthologs, of which the tonB2
(HP1341) gene is located in an operon with genes encoding
ExbB (exbB2 and HP1339) and ExbD orthologs (exbD2 and
HP1340) (1, 9, 11, 36). In transcriptome studies on NikR-
responsive gene regulation in H. pylori, it was reported that
transcription of frpB4 and fecA3 was altered in a nikR mutant
(9), but these array results were not independently confirmed
and the molecular mechanism was not further investigated,
and thus, it remained possible that regulation of fecA3 and
frpB4 was indirect via a regulatory cascade (7, 37, 38). In the
present study, it is demonstrated that expression of the FrpB4
and FecA3 proteins is repressed by nickel and that this regu-
lation is mediated at the transcriptional level via binding of
NikR to the frpB4 and fecA3 promoter regions.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. H. pylori strain
26695 (36) and its isogenic nikR (40) and fur (41) mutants were routinely cultured
on Dent agar (39) at 37°C under microaerophilic conditions (10% CO2, 5% O2,
and 85% N2). Broth cultures were grown in brucella broth (Difco, Sparks, MD)
supplemented with 0.2% �-cyclodextrin (Fluka) (BBC) and shaken at 37°C with
40 rpm for a maximum of 24 h. NiCl2 (Sigma) was used to supplement BBC
medium to achieve various nickel concentrations. Iron restriction was achieved
by supplementing brucella broth with desferal (deferoxamine mesylate; Sigma)
to a final concentration of 20 �M (41) before adding �-cyclodextrins. Iron-
replete conditions were achieved by supplementing desferal-treated BBC with
ferric chloride (Sigma) to a final concentration of 100 �M (41). E. coli strains
were grown aerobically at 37°C in Luria-Bertani medium (33). When needed,
growth media were supplemented with ampicillin, kanamycin, or chloramphen-
icol to a final concentration of 100 �g/ml, 20 �g/ml, or 20 �g/ml, respectively.

Membrane fractionation and protein analysis. Approximately 4 � 109 H.
pylori cells resuspended in 10 mM Tris-HCl, pH 8.0, were sonicated, and the
supernatant was cleared from nondisrupted cells by centrifugation. The mem-
branes present in the supernatant were subsequently pelleted in an ultracentri-
fuge (Beckman Optima L-080, rotor type 42.2 Ti, 155,000 � g), and subsequently
the pellet was resuspended in 40 �l solubilization buffer (10 mM Tris-HCl, pH
7.5, 7 mM EDTA, 0.6% sarcosyl) (42). After a second ultracentrifugation step,
the pellet containing the outer membrane fraction was resuspended in 25 �l of
10 mM Tris-HCl, pH 8.0, and was separated by sodium dodecyl sulfate
(SDS)-6% polyacrylamide gel electrophoresis and stained with Coomassie bril-
liant blue. The two nickel-regulated OMPs from wild-type H. pylori 26695 were
subsequently cut out from the SDS- polyacrylamide gel after Coomassie blue
staining and used for protein identification. The proteins were trypsin digested
and analyzed by matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry as described previously (41).

Purification and analysis of RNA. Total RNA was isolated from 4 � 109 H.
pylori cells using TRIzol (Gibco), according to the manufacturer’s instructions.
For Northern hybridization experiments, RNA was separated on 2% formalde-
hyde-1.5% agarose gels in 20 mM sodium phosphate buffer (pH 7), transferred
to positively charged nylon membranes (Roche), and covalently bound to the
membrane by cross-linking with 0.120 J/cm2 of UV light of 254-nm wavelength
(39). Directly after transfer, the membranes were stained with methylene blue to
confirm the integrity of the RNA samples and to confirm loading of equal
amounts of RNA on the basis of the relative intensities of the 16S and 23S
rRNA. The sizes of the hybridizing RNA species were calculated from com-
parison with a digoxigenin (DIG)-labeled marker (RNA marker I; Roche).
The DIG-labeled specific RNA probes were synthesized by in vitro transcrip-
tion using T7 RNA polymerase (Roche), and PCR products were amplified
using the primers listed in Table 1. Detection of RNA was carried out as
described previously (15, 17, 39).

Recombinant DNA techniques. Restriction enzymes and DNA-modifying en-
zymes were used according to the manufacturer’s instructions (Promega). Plas-
mid DNA was prepared using the Wizard system (Promega), and PCR was
carried out using Taq polymerase (Promega).

Primer extension. To map the transcriptional start site of the H. pylori frpB4
and fecA3 genes, primer extension was carried out as described previously (16).
The digoxigenin-labeled primers frpB4-DFP-rev and fecA3-DFP-rev were an-
nealed stepwise to 10 �g of total RNA from H. pylori strain 26695, and cDNA
was synthesized after the addition of 5 U of avian myeloblastosis virus reverse
transcriptase (Promega) and incubation for 1 h at 42°C. Nucleotide sequencing
reactions were carried out with the f-mol DNA cycle sequencing system (Pro-
mega) using primer frpB4-DFP-rev on a fragment created with primers frpB4-
DFP-for and frpB4-DFP-rev, as well as using primer fecA3-DFP-rev on a frag-
ment created with primers fecA3-DFP-for and fecA3-DFP-rev (Table 1).
Sequence reactions were separated on a 7% acrylamide-8 M urea sequencing gel,
and then blotted onto a nylon membrane (Roche), followed by chemilumines-
cence DIG detection (16).

Expression and purification of H. pylori NikR. The recombinant NikR protein
was overexpressed as a fusion protein with an N-terminal Strep tag and purified
using streptactin columns as described previously (17). The recombinant protein
(designated Strep-NikR [17]) was over 90% pure as determined by staining with
Coomassie blue following electrophoresis on SDS-12% polyacrylamide gels (8).
The Strep-NikR protein preparation was stored at �80°C in small aliquots which
were not refrozen after use and were used without further purification in DNase
I footprinting assays.

DNase I footprinting. Primers frpB4-DFP-for and frpB4-DFP-rev (Table 1)
were used to amplify a 228-bp digoxigenin-labeled fragment of the promoter
region of the frpB4 gene (PfrpB4), and primers fecA3-DFP-for and fecA3 DFP-
rev (Table 1) were used to create a 351-bp digoxigenin-labeled fragment of the
promoter region of the fecA3 gene (PfecA3). DNase I footprinting was per-
formed using 721 pM and 469 pM of PfrpB4 and PfecA3, respectively. DNA
fragments were incubated without or with 2.86 �M Strep-NikR protein in the
presence or absence of 100 �M NiCl2 in binding buffer (10 mM HEPES [pH 7.6],
100 mM KCl, 3 mM MgCl2, and 1.5 mM CaCl2) for 30 min at 37°C. Subse-
quently, the DNA was digested with 0.25 U DNase I (Promega) for 1 min, and
the reaction was stopped as described previously (12). Fragments were separated
on a 7% acrylamide-8 M urea sequencing gel (Bio-Rad). Gels were blotted onto
a positively charged nylon membrane (Roche), and then chemiluminescence
DIG detection was performed (17).

RESULTS

NikR regulates transcription and expression of the fecA3
(HP1400) and frpB4 (HP1512) genes in H. pylori. To examine
the roles of NikR and nickel in the regulation of both frpB4
and fecA3, RNA from wild-type H. pylori and nikR mutant
strains was isolated and hybridized to probes specific for the

TABLE 1. Oligonucleotide primers used in this study

Primer Sequence (5�33�)

frpB4-F4...........................AGCCGTCTCTTAAGGGTAAC
frpB4-R-T7a.....................ctaatacgactcactatagggagaTCGCTATTGCTT

GGATCTTG
frpB4-DFP-for.................TGCTTGATTCAGCCGCTCAG
frpB4-DFP-revb ...............TGCTAGCGACAATACAAGAG
fecA3-F3 ..........................GATTACCGCGCCTAAGAGTT
fecA3-R4-T7a ..................ctaatacgactcactatagggagaCTGCCTCCACCC

TTGATCAC
fecA3-DFP-for ................GCGTCAAAGAGTGTCTTGTG
fecA3-DFP-revb...............TCCTTAGCGAACAAAGACTC
Hp1339-F .........................AGCTTTGTGGTTTGCGATTG
Hp1339-R-T7a .................ctaatacgactcactatagggagaGTGGGAATCGC

CACAGCAAG
Hp1340-F .........................AGCATCAGAAGAGGCGATGG
Hp1340-R-T7a .................ctaatacgactcactatagggagaCTGAGCTTGCG

TGGAGATGG
Hp1341-F .........................AATGCTGAGTCGGCTAAACC
Hp1341-R-T7a .................ctaatacgactcactatagggagaGTCCGTAACGC

TCCCATCAG

a Primer contains a 5� extension with T7 promoter sequence (in lowercase
letters) for the creation of an antisense RNA probe.

b Primer is digoxigenin labeled.
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frpB4 and fecA3 genes (Fig. 1A). Transcription of both genes
was repressed by nickel in the wild-type strain, since the tran-
script was not detected when the wild-type strain was grown in
nickel-supplemented medium (Fig. 1A). In contrast, in the
nikR mutant, transcription of both genes was constitutively
high and independent of NiCl2 supplementation (Fig. 1A). The
transcriptional pattern is identical to that of the NikR-regu-
lated nixA gene (17), and this suggests that NikR may directly
mediate regulation of both the fecA3 and frpB4 genes.

To prove that FecA3 and FrpB4 are indeed nickel- and
NikR-regulated OMPs, we isolated and compared the outer
membrane fraction of the wild-type H. pylori and the nikR
mutant strains. The outer membrane fraction of wild-type H.
pylori 26695 contained two nickel-repressed proteins of ap-
proximately 95 kDa, and expression of these two proteins was
no longer nickel repressed in the nikR mutant (Fig. 1B). The

two nickel-regulated proteins of wild-type H. pylori 26695 were
subsequently positively identified as FrpB4 and FecA3 by
MALDI-TOF mass spectrometry (Fig. 1B).

NikR mediates repression of HP1512 (frpB4) transcription
by nickel-dependent binding to the HP1512 promoter region.
The transcription start site (TSS) of the frpB4 gene was iden-
tified with the help of primer extension (Fig. 2A). Transcrip-
tion of frpB4 started at the A residue 54 bp upstream of the
ATG start codon of the frpB4 gene, and the primer extension
product was detected only when H. pylori 26695 was grown
without nickel supplementation (Fig. 2A). The �1 position is
preceded by a possible �10 promoter sequence (AATAAT)
and an extended �10 region (TG at position �14) (6), whereas
the �35 sequence does not resemble the E. coli consensus
sequence (Fig. 2C).

Direct nickel-dependent binding of the NikR protein to the
frpB4 promoter was demonstrated using DNase I footprinting
(Fig. 2B). In the presence of nickel, recombinant Strep-NikR
protein blocked DNase I degradation of a single 36-bp se-
quence (AAATTTAAGGTATTATTAAATAGAATAATGT
AATAA). This sequence is located from �43 to �8 relative to
the transcription start site (Fig. 2B and C) and overlaps with
the putative �10 promoter region (Fig. 2B and C). The �43 to
�8 region was not protected against DNase I degradation by
Strep-NikR in the absence of nickel (Fig. 2B).

NikR mediates repression of HP1400 (fecA3) transcription
by nickel-dependent binding to the HP1400 promoter region.
The transcription start site of the fecA3 gene was identified
with the help of primer extension (Fig. 3A). Transcription of
fecA3 started at the A residue 113 bp upstream of the GTG
start codon of the fecA3 gene (Fig. 3A), and the primer exten-
sion product was detected only when H. pylori 26695 was grown
without nickel supplementation (Fig. 3A). The �1 position is
again preceded by a suitable �10 promoter region (TAAAAT
[Fig. 3C]) and an extended �10 region (TG at position �14),
but no discernible �35 sequence.

Direct nickel-dependent binding of the NikR protein to the
fecA3 promoter was demonstrated using DNase I footprinting.
In the presence of nickel, Strep-NikR protein blocked DNase
I degradation of a single 38-bp sequence (ATTCCGCACATT
ATTAAGTTTTTTTTGTTTTTATTACT) in the promoter of
the fecA3 gene (Fig. 3B). This sequence is located from �7 to
�31 relative to the transcription start site (Fig. 3B and C) and
thus overlaps with the �1 sequence. Strep-NikR did not bind
to the fecA3 promoter in the absence of nickel (Fig. 3B).

The regulation of the exbB2-exbD2-tonB2 operon is depen-
dent on nickel and NikR, but not iron and Fur. On the basis of
the homology of FrpB4 and FecA3 proteins with TonB-depen-
dent receptor proteins of other bacteria and the presence of a
plug and a TonB-dependent receptor domain, as revealed by a
search in the Pfam database, we predicted both FrpB4 and
FecA3 proteins to be TonB-dependent transporter proteins (3).
Therefore, the link between NikR and transcription of the H.
pylori exbB2-exbD2-tonB2 operon (HP1339-HP1340-HP1341) was
also investigated. The roles of nickel and iron on transcription of
the tonB2 gene as well as those of the linked exbB2 and exbD2
genes were analyzed at the transcriptional level in H. pylori 26695
and its isogenic nikR and fur mutants. Transcription of the exbB2-
exbD2-tonB2 gene cluster displayed NikR-dependent nickel-re-
sponsive repression (Fig. 4A) (9, 11), similar to the frpB4 and

FIG. 1. Transcription and expression of the H. pylori fecA3 and
frpB4 genes are repressed by nickel and NikR. (A) Northern hybrid-
ization of RNA from H. pylori 26695 wild-type strain and its isogenic
nikR mutant. The cells were grown in BBC medium supplemented with
0 and 20 �M NiCl2. The positions of the frpB4 and fecA3 transcripts
are indicated on the right side, whereas the positions of the probes
used and relevant marker sizes are shown on the left side. (B) Com-
parison of expression of the FrpB4 and FecA3 proteins by SDS-poly-
acrylamide gel electrophoresis of the outer membrane protein fraction
from H. pylori 26695 wild-type and nikR mutant strains, grown in BBC
medium supplemented with 0 and 20 �M NiCl2. Proteins were stained
with Coomassie blue, and the FrpB4 and FecA3 proteins were iden-
tified by MALDI-TOF mass spectrometry from H. pylori strain 26695
grown without nickel supplementation.
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fecA3 genes (Fig. 1A). In contrast, all three genes were constitu-
tively transcribed in the wild-type strain and the fur mutant, in-
dependent of iron availability (Fig. 4B).

DISCUSSION

One of the adaptations of H. pylori to its gastric lifestyle has
been the high-level expression of the nickel-dependent urease
enzyme, which allows H. pylori to survive the acidic pH in the
gastric environment, both during initial infection and chronic
colonization (32). This has resulted in making scavenging and
acquisition of sufficient levels of nickel a very important activity
for H. pylori, and it can therefore be predicted that H. pylori has
multiple mechanisms for the transport of nickel. However,
uncontrolled acquisition of transition metals like nickel may
lead to toxicity, as they may participate in the generation of
toxic oxygen radicals or block incorporation of cofactors into
enzymes (24). Therefore, acquisition, utilization, and storage
of transition metals need to be carefully monitored and actively

controlled, and this function is usually mediated by metal-
responsive regulatory proteins. Three such proteins have been
identified in H. pylori: the iron-responsive regulatory protein
Fur (12, 41), the copper-responsive two-component regulatory
system CrdRS (43), and the nickel-responsive regulator NikR
(11, 17, 40).

The NikR protein belongs to the ribbon-helix-helix family of
transcriptional regulators, which bind to the DNA as tetramers
(8, 11). It was recently demonstrated that H. pylori NikR can
function both as a nickel-dependent repressor and activator of
gene transcription by binding to the promoter region of its
target genes (11, 17). Activation of transcription occurs when
NikR binds upstream of the ureA promoter at positions �50 to
�90 (11, 17), whereas repression occurs when NikR binds to
the promoter region overlapping the �10 and �1 region of the
nixA (17), fur, and exbB2 (11) promoters. Binding to this region
is believed to prevent transcription due to competition of the
regulator with RNA polymerase (8, 13). The nickel- and NikR-

FIG. 2. NikR directly represses frpB4 transcription by nickel-dependent direct binding to a specific operator in the H. pylori frpB4 promoter
region. (A) Determination of the transcriptional start site of frpB4 by primer extension, with RNA from H. pylori 26695 wild-type cells grown in
medium supplemented with 0 and 20 �M NiCl2. The position of the primer extension fragment of frpB4 is marked with an arrow, and the sequence
reaction products are displayed in lanes A, T, G, and C. (B) Identification of the NikR operator sequence in the frpB4 (PfrpB4) promoter by DNase
footprinting in the absence (�) and presence (�) of recombinant Strep-NikR protein in the absence (�) or presence (�) of NiCl2. The protected
region is indicated by a black bar on the left side of the panel. The locations of the TSS and �10 residue are also indicated. (C) Graphical
representation of the frpB4 promoter region with the TSS, �10 box, extended (ext) �10 box, �35 box, ribosomal binding site, and ATG start codon
of the frpB4 gene. The location of the NikR binding site is indicated by a black bar, and the sequence is shown below. �43 indicates the boundary
of the NikR binding site.
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dependent regulation of frpB4 and fecA3 is similar to that of
the nixA and exbB2-exbD2-tonB2 genes, since NikR binds at
positions �43 to �8 in the promoter region of the frpB4 gene
(Fig. 2) and at positions �7 to �31 in the promoter region of
the fecA3 gene (Fig. 3). Therefore, in both genes either the
�10 or �1 site is protected by NikR and thus blocked from
binding of RNA polymerase (17). The NikR-protected opera-
tors in the frpB4 and fecA3 promoter sequences resemble the
H. pylori NikR consensus sequence (TATWATT-N11-AATW
ATA) (Fig. 5) (11).

In the annotation of the H. pylori genome sequences, the
three fecA genes are annotated as ferric iron dicitrate trans-
porters, whereas the frpB genes are annotated as predicted
iron-regulated OMPs (1, 5, 36). However, only two copies of
each displayed the typical Fur-mediated iron-responsive regu-
latory pattern usually associated with iron acquisition systems
(12, 15, 41). Since uncontrolled uptake of iron by the FrpB4
(HP1512) and FecA3 (HP1400) proteins would probably lead
to iron toxicity, it could therefore be envisaged that these

proteins may function in the transport of other compounds, as
has been shown for TonB-dependent OMPs in other bacteria
(20, 35). Indeed, in the present work it is demonstrated that
both FecA3 and FrpB4 are nickel- and NikR-regulated OMPs
with the help of fractionation (Fig. 1B).

The H. pylori fecA3 gene shares homology with metal-citrate
uptake genes, and in Bacillus subtilis, it was demonstrated that
the metal-citrate transporter CitM imports not only Ni2�-ci-
trate but also Ni2�-isocitrate complexes (21, 44). Consistent
with earlier reports (9, 11), it is also demonstrated in the
present study that the exbB2, exbD2, and tonB2 genes are
transcribed as an operon and that regulation of the operon is
dependent on nickel and NikR (Fig. 4A), but not by Fur and
iron (Fig. 4B). This complements the description of NikR
binding to the exbB2 promoter (11), thus demonstrating that
the exbB2-exbD2-tonB2 operon is regulated by nickel and
NikR. The tonB2 operon therefore may be specific for the
nickel- and NikR-dependent regulated genes. A similar system
with regard to receptor specificity of multiple TonB orthologs

FIG. 3. NikR directly represses fecA3 transcription by nickel-dependent direct binding to a specific operator in the H. pylori fecA3 promoter
region. (A) The transcriptional start site of fecA3 determined by primer extension with RNA from H. pylori 26695 wild-type cells grown in medium
supplemented with 0 and 20 �M NiCl2. The primer extension fragment of fecA3 is marked with an arrow, and the sequence reaction products are
displayed in lanes A, T, G, and C. (B) Identification of the NikR operator sequence in the fecA3 (PfecA3) promoter by DNase footprinting in the
absence (�) and presence (�) of recombinant Strep-NikR protein in the absence (�) or presence (�) of NiCl2. The protected region is indicated
by a black bar on the left side of the panel, and the locations of the TSS and the �10 residue are indicated on the right side. (C) Graphical
representation of the fecA3 promoter region with the TSS, �10 box, extended (ext) �10 box, and �35 box, ribosomal binding site, and GTG start
codon of the fecA3 gene. The location of the NikR binding site is indicated by a black bar, and the sequence is shown below. �31 indicates the
boundary of the NikR binding site.
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has been described for Vibrio cholerae (25, 34). To date, the
TonB complexes are known to be important for the transport
of iron complexes through the outer membrane into the
periplasm, which is an energy-dependent process (2, 30). As
the outer membrane does not have a proton motive force, due
to its permeability through pores, the proton motive force of
the inner membrane is used to power many outer membrane
transporters (30). It is thought that TonB is responding to the
proton motive force by binding a proton and thereby changes
conformation in an energized form. Energized TonB subse-
quently transduces the energy to the outer membrane trans-
porter by binding to a TonB box (30).

In view of the concerted regulation observed for FrpB4,
FecA3, and the ExbB-ExbD-TonB system, we currently favor
the model where FecA3 and FrpB4 function in nickel acquisi-
tion, as is outlined in Fig. 6. This model is hypothetical and is
partially based on assumptions for which we currently lack
direct experimental support, but it is consistent with the data
from an independent, concurrent study of Davis and coworkers
(10). They have independently identified the nickel- and NikR-
responsive regulation of the frpB4 (HP1512) gene and showed
that mutation of the HP1512 gene in H. pylori strain 26695
resulted in a significant decrease in urease activity and an
increase in transcription of other nickel-responsive genes.

FIG. 4. Repression of transcription of the tonB2 operon is dependent on nickel and NikR but is not regulated by iron and Fur. (Left) Northern
hybridization of RNA from H. pylori 26695 wild-type and nikR mutant cells grown in medium supplemented with 0 and 20 �M NiCl2. (Right)
Northern hybridization of RNA from H. pylori 26695 wild-type and fur mutant cells grown in medium in the absence (�) or presence (�) of iron.
Transferred RNA was stained by methylene blue and is included for comparison of RNA amounts. The positions of the exbB2, exbD2, and tonB2
transcripts are indicated by the black arrows between the left and right panels.

FIG. 5. Alignment of the putative NikR operator sites, based on the consensus sequence proposed in reference 11. The two parts of the
palindrome are boxed. The black background indicates conserved bases compared to the consensus sequence. The numbers surrounding the
sequences indicate the position of the NikR binding site with respect to the �1 transcriptional start site. The W in the consensus sequence
represents an A or T residue.
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Taken together, this suggests a decrease in cytoplasmic nickel
availability in the HP1512 mutant compared to the wild-type
strain (10). Overall, this supports our working model where
FecA3 and FrpB4 are involved in transport of nickel com-
pounds through the outer membrane (Fig. 6), but additional
data are required to further establish the link between TonB-
energized outer membrane transport of nickel compounds.

The regulation of transcription of frpB1, frpB2, fecA1, and
fecA2 was previously demonstrated to be dependent on iron
and Fur, whereas frpB4 and fecA3 were not regulated by Fur
and suggested to be constitutively transcribed (41). In a sub-
sequent transcriptome analysis study, it was suggested that
both frpB4 and fecA3 were NikR regulated (9), but these find-
ings were not further investigated, and thus, it remained pos-
sible that the observed role of NikR was indirect, via regulation

of the fur gene (7, 37, 38). In this study we have elucidated the
molecular mechanism of NikR-mediated regulation of the
fecA3 and frpB4 genes and have shown that NikR binds to
regions overlapping either the �1 or �10 region of the respec-
tive promoters (Fig. 2 and 3). In addition, we demonstrate on
the level of transcription and protein expression that NikR
regulation results in nickel-responsive transcription and nickel-
responsive expression (Fig. 1A and B), as was predicted but
not investigated. Taken together, this not only confirms but
significantly extends the previous report (9).

In conclusion, H. pylori NikR regulates transcription of the
genes encoding the FecA3 and FrpB4 OMPs. So far, all genes
for which NikR regulation has been confirmed at the molecu-
lar level have been demonstrated or implicated to play a role in
nickel metabolism (summarized in Fig. 6). The urease system
uses the majority of transported nickel, whereas the NixA
protein is the major cytoplasmic membrane transporter for
nickel. Furthermore, the FecA3 and FrpB4 proteins may trans-
port complexed nickel compounds through the outer mem-
brane, a process energized by the TonB2-ExbB2-ExbD2 com-
plex. Finally, the nickel- and NikR-regulated fur gene (7, 11,
38) controls expression of the hydrogenase system and is in-
volved in regulation of the HP0166-0165 regulatory system,
which participates in regulation of urease and the Hpn nickel
storage proteins (18, 28, 29). This allows NikR to control
nickel metabolism both directly and indirectly and displays
the extended repertoire of the NikR regulator compared to
its E. coli counterpart, where its main function is regulation
of nickel uptake in anaerobic conditions (8, 31). This adap-
tation may have an important function in long-term coloni-
zation by H. pylori of hostile environmental niches like the
human stomach.
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