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Here we describe that the Helicobacter pylori sensor kinase produced by HP1364 and the response regulator
produced by HP1365 and designated CrdS and CrdR, respectively, are both required for transcriptional
induction of the H. pylori copper resistance determinant CrdA by copper ions. CrdRS-deficient mutants lacked
copper induction of crd4 expression and were copper sensitive. A direct role of CrdR in transcriptional
regulation of crd4 was confirmed by in vitro binding of CrdR to the crd4 upstream region. A 21-nucleotide
sequence located near the crd4 promoter was shown to be required for CrdR binding.

Helicobacter pylori colonizes the human gastric mucosa and
can cause severe gastric diseases (2, 10). In the hostile ecolog-
ical niche, maintaining proper metal ion metabolism (38) is of
critical importance for the pathogen. This has previously been
shown for the homeostasis of iron, which turned out to be
required for effective gastric colonization in animal models (38,
39). Copper ions play an important role in bacterial metabo-
lism, because they function as cofactors for electron transport,
oxidases, and hydroxylases (18, 19). On the other hand, copper
catalyzes the generation of toxic hydroxyl radicals via Fenton-
like reactions (20), and this necessitates mechanisms to keep
the concentration of cytoplasmic copper ions below toxic lev-
els. Whereas copper import occurs nonspecifically (13, 38),
H. pylori controls the cytoplasmic copper concentration by ef-
flux via the P-type ATPase CopA (14), which transports copper
ions from the cytoplasm into the periplasmic space. Accumu-
lating copper ions are detoxified via the copper resistance de-
terminants CrdA (from HP1326), CrdB (from HP1327), and
CzcB (from HP1328), which form together with the CzcA
homolog from HP1329 a Czc-like metal export system, which
was shown to contribute substantially to H. pylori copper re-
sistance (40). The genetic organization of the H. pylori Crd
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system is orthologous to the Escherichia coli four-component
copper export system Cus, which is proposed to transport
Cu(I) ions from the periplasm across the outer membrane
(12). Genome-wide RNA profiling revealed that H. pylori re-
sponds actively to changes in the environmental copper con-
centration and that the copper resistance determinant CrdA is
strongly induced by copper at the transcriptional level (40).
However, the underlying regulatory mechanisms were not in-
vestigated (40). Homologs of E. coli (24, 33), Pseudomonas (21,
22), or Ralstonia (35) copper regulators are absent in the H. py-
lori genome (1, 34), and the H. pylori metal regulator proteins
Fur (6, 7, 38) and NikR (36, 37) are also not involved in crdA
regulation (B. Waidner, F. N. Stédhler, S. Bereswill, A. H. M.
van Vliet, unpublished results). However, the transcriptional
copper induction of E. coli Cus by CusRS, a two-component
regulatory system (24) composed of a histidine kinase sensor
protein and a cognate response regulator (23, 32), supported
the idea that copper regulation of H. pylori crdA might be
mediated by a similar type of regulator. The H. pylori genome
contains only a small set of two-component signal transduction
systems (1, 29, 34), and to date the regulated target genes have
been defined for two of them (5, 9, 11). In the present study, we
used mutational analysis and in vitro DNA/protein binding
experiments to show that the H. pylori two-component regula-
tory system HP1364 (sensor homolog)/HP1365 (regulator ho-
molog) is essential for transcriptional copper induction of crdA
and for H. pylori copper resistance. Thus, we designated the
HP1364 and HP1365 proteins as CrdS and CrdR, respectively.
The putative sensor CrdS (from HP1364) was classified earlier
as a member of an orthodox histidine kinase family (5, 9), and
CrdR (from HP1365) was grouped into the OmpR family of
response regulators (1, 5, 9, 29, 34). The CrdRS system was
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FIG. 2. The role of CrdR (HP1365) and CrdS (HP1364) in copper-
mediated induction of crdA transcription. Copper-induced crdA tran-
scripts, marked on the right (mRNAs 1 and 2), were visualized by
hybridization of total RNA (15 pg), isolated from H. pylori strains that
were grown in BBF supplemented with copper with a specific antisense
RNA probe. (A) Induction of crdA transcription in the H. pylori wt
strain 26695 and in its isogenic HP1365 mutant (26695-1365) grown for
48 h in BBF (0) and in BBF supplemented with 50 and 100 wM copper
chloride. The lower panel shows methylene blue stains of the same
RNA samples after blotting to the nylon membrane prior to hybrid-
ization. (B) Copper-induced crdA transcription in H. pylori strain
G27-2 and its isogenic HP1364 mutant. The upper panel shows total
RNA (15 pg) isolated from bacteria incubated without (—) or with (+)
1 mM copper chloride for 1 h. The lower panel shows methylene blue
stains of the same RNA samples after blotting to the nylon membrane
prior to hybridization. Sizes of crd4 mRNAs were determined by using
the digoxigenylated RNA length standards from Roche Diagnostics
(Set I, No. 1526529).

and crdR genes, respectively, were selected on Dent blood agar
with 20 mg/liter chloramphenicol. Analysis of copper-induced
crdA transcription by Northern blot hybridization (performed
according to standard procedures as described in references 3,
6, and 39) revealed that mutant strains 26695-1365 (Fig. 2A)
and 26695-1364 (not shown) both completely lacked the cop-
per-mediated increase of the small crd4 mRNAs observed in
the wild-type (wt) strain 26695 (Fig. 2A), indicating that CrdRS
acts as a copper regulator of CrdA. Previous studies reported
pronounced differences in the transcriptional regulation of
two-component systems in different H. pylori strains (9, 11).
Thus, we studied copper induction of crdA in the well-charac-
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terized H. pylori mutant strains G27/HP1364::(km and G27/
HP1365::km (5, 41; kindly provided by Dagmar Beier, Wiirz-
burg, Germany). Kinetic analyses revealed that copper-induced
crdA transcription (40) occurred within minutes in the H. pylori
wt strain G27 and was completely abolished in the crdS (Fig.
2B) and crdR (not shown) mutants.

Subsequently, we investigated by growth inhibition experi-
ments whether the CrdRS-mediated copper induction of crdA
transcription is required for H. pylori copper resistance. To this
end, H. pylori wt strain 26695 and mutants that were normally
cultured on Dent blood agar (36) were grown in brucella broth
with 5% fetal calf serum (BBF) (total copper content, 0.5 pM
[6]). At an optical density at 600 nm (ODgq,) of 1.0, these
precultures were diluted to a ratio of 1:150 in BBF supple-
mented with copper chloride (CuCl,) (C6641; Sigma). Bacte-
rial growth was determined by reading the ODg, after 48 h.
Experiments were performed in triplicate and were repeated at
least three times. Results from growth experiments demon-
strated that ¢rdS and crdR mutations generally do not limit
bacterial fitness but that both genes are required for copper
resistance (Fig. 3). Similar results were obtained for crdS (see
above) and crdR (not shown) mutants of H. pylori strain G27.

To test whether CrdR can directly interact with the crdA4
promoter, we performed DNA-binding experiments with a pu-
rified recombinant version of the H. pylori CrdR protein pro-
duced in E. coli using the Strep-Tag (30) protein expression
system from IBA (Gottingen, Germany) according to the
manufacturer’s instructions. The HP1365 coding sequence
of H. pylori strain 26695 was amplified using the primer pair
1365ASK3-L1/1365ASK3-R1 (Table 2) and cloned via Bsal
restriction sites added as 5’ extensions into the plasmid
pASKIBA-3 (IBA-Gottingen). Solubilization and purification
of the resulting inclusion bodies were performed according to
the method of Sambrook et al. (27). Various parts of the DNA
region upstream of crdA4 were amplified by PCR from genomic
DNA of H. pylori strain 26695 with primers P1326-L1, -L2, and
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FIG. 3. The role of the HP1364 and HP1365 genes in copper re-
sistance. The H. pylori wt strain 26695 (black) and the isogenic mutants
26695-1364 (white) and -1365 (grey) were cultivated for 48 h in BBF
medium, and growth inhibition was determined by measuring the
ODyqos. The medium was supplemented with copper at increasing
concentrations as indicated on the x axis. The data represent mean
values of three independent determinations. Standard deviations are
indicated.
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FIG. 4. Binding of the recombinant CrdR protein to the crd4 promoter region. Different regions in front of the crd4 gene were analyzed for
binding of the recombinant CrdR (rCrdR) protein by EMSA. (A) EMSA with crdA upstream DNA generated by PCR with primers P1326-L3 and
1326-R2. The positions of the crdA DNA probe (DNA) and the protein complex with CrdR are indicated. PCR products were incubated without
(—) and with (+) CrdR. The picture represents a black-and-white image of the ethidium bromide-stained agarose gel visualized under UV light.
(B) Schematic overview of the sequence in front of the crd4 gene. Primers P1326-L3 and -L2, depicted by arrows, and primers P1326-L2A and
-L2B, depicted by dotted and dashed lines, respectively, were used for the generation of PCR products for determination of the CrdR binding site.
Putative —35 and —10 binding sites for RNA polymerase are indicated. The ATG start codon is marked by a black arrowhead. The DNA region
required for binding of CrdR is shown in grey. (C) Determination of the HP1365 binding site in the crdA promoter using PCR products generated
with primers P1326-L2, -L2A, and -L2B (localizations and sequences are marked in panel B). The positions of the crd4 DNA probe (DNA) and
the protein complex with CrdR are indicated. PCR products were incubated without (—) and with (+) rHP1365 protein. The picture represents
a black-and-white image of the ethidium bromide-stained agarose gel visualized under UV light.

-L3 (Fig. 4A; Table 2) in combination with primers 1326-R2 or
P1326-DIG (Table 2). The formation of HP1365 protein-DNA
complexes with the crd4 DNA was analyzed by electrophoretic
mobility shift assays (EMSA). Recombinant HP1365 protein
(2,000 nM) was incubated for 20 min in 20 pl fivefold-concen-
trated binding buffer (10 mM Tris-HCI, pH 8.0, 5 mM dithio-
threitol, 5% glycerol, 50 mM acetyl phosphate). Then, 0.14 pM
of the target DNA, 30 pl glycerin (50%), and distilled water
were added. After 30 min, the samples were electrophoresed
on a 7% nondenaturing polyacrylamide gel, and protein-DNA
complexes were visualized by staining with ethidium bromide
or were blotted to a membrane and detected with the digoxi-
genin detection kit (Roche) if primer 1326-DIG was used for
amplification. The results showed that the mobility of the PCR
product generated with primer P1326-L3 was strongly retarded
in the presence of CrdR (Fig. 4A), indicating that CrdR binds

to crdA DNA. The addition of acetyl phosphate (50 mM),
which can act as a phosphoryl donor for many response regu-
lators (17), did not influence CrdR binding to the crd4 DNA
probe (not shown). The fact that CrdR binding was not ob-
served with a shorter PCR product (Fig. 4B) generated with
primer P1326-L2 and lacking the DNA region between primers
P1326-L3 and -L2 (Fig. 4B and C) indicated that CrdR binding
is sequence specific and that the target sequence is located in
a short stretch of nucleotides directly upstream of the crdA4
coding sequence (Fig. 4B). Further analysis of the binding site
by using PCR products generated with the prolongated prim-
ers P1326-L2A and -L2B (Fig. 4B) revealed that the binding of
CrdR to the crdA promoter region depends on the presence of
a 21-nucleotide region located directly upstream of the —35
RNA polymerase binding site (Fig. 4C).

We conclude that the transcriptional induction of the H. py-
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lori CrdA copper resistance determinant by copper ions is
directly mediated by the CrdRS two-component system en-
coded by the HP1365/1364 genes. The average daily copper
intake, which is in the range of 1 mg (4), and the copper
content of up to 200 mg/kg of body weight in copper-rich foods
allow the estimate that H. pylori is exposed to copper ions in
the micromolar range. Together with the finding that H. pylori
CrdS and CrdR mutants are not able to colonize the stomach
in mice (25), this indicates that H. pylori copper homeostasis
plays a crucial role in the adaptation to the gastric environ-
ment. In this context, the first description of an H. pylori copper
regulator and an environmental stimulus sensed by an H. pylori
two-component regulatory system supports the importance of
these regulation systems in gastric adaptation. The CrdR bind-
ing region is located directly upstream of the crd4 promoter
and contains a sequence signature in the form of a mirror
repeat (AACACC-ATTT-CCACAA) (Fig. 4B). The CrdR
binding region is not homologous to copper regulator binding
sites in other bacteria and was not detected in other H. pylori
promoters by a genome-wide screen, indicating that CrdR
function might be limited to crdA4 regulation. The fact that in
vitro binding of CrdR was not influenced by acetyl phosphate
leads to the assumption that CrdR, like other response regu-
lators (8, 16, 31), is able to interact with the crd4 promoter
even in the unphosphorylated form. However, the role of phos-
phorylation in CrdS and CrdR regulation remains to be ana-
lyzed in more detail. Earlier studies showed that the deletion
of the input domain of HP1364 did not result in autophosphor-
ylation and that HP1365 could be phosphorylated neither by
HP1364 nor by the other H. pylori histidine kinases (5). In
summary, the results presented here clearly support a direct
functional relation between CrdR and CrdS (5) and demon-
strate that CrdS most likely acts as a sensor for environmental
copper ions. This is further supported by the fact that copper
added at a concentration of 1 mM to CrdR DNA binding
reactions did not influence the interaction of CrdR with its
binding site (data not shown). The discovery of a copper reg-
ulator in H. pylori will support further studies on the role of
metal ion homeostasis in gastric adaptation.
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