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Abstract

Helicobacter pylori ATCC43504 responds chemotactically to aspartic acid and serine, but not to arginine, nor to sodium bicarbonate. In
contrast, H. pylori ATCC700392 (strain 26695) shows chemotaxis to all four attractants. Open reading frame HP0099 from H. pylori
26695 is predicted to encode one of three methyl-accepting chemotaxis receptor proteins (MCPs). When Escherichia coli is transformed
with a plasmid carrying HP0099 from strain 26695, the recombinants acquire chemotaxis to arginine, bicarbonate, and urea. In H. pylori
43504, the HP0099 gene is interrupted with a mini-IS605 insertion, which accounts for its inability to recognize arginine and bicarbonate
as attractants. Together, these results argue that the H. pylori HP0099 gene encodes an MCP for arginine and bicarbonate.
© 2003 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The colonization of the human host by many bacterial
pathogens is dependent on flagella. Flagellated bacteria
swim toward chemical attractants and away from repel-
lents by a mechanism known as chemotaxis. As yet, we
know little about how these microorganisms use the ability
to swim to their advantage, to colonize their human host.
Chemotaxis is an adaptive response to microenvironmen-
tal changes, and is regulated by a complex signal trans-
duction mechanism [1]. Flagellated bacteria express four
sets of genes necessary for chemotaxis. These include the
fla and other genes involved in the assembly of flagella, the
mot genes encoding components of the flagellar motor, the
che genes involved in the regulation of chemotactic re-
sponses, and the mcp genes encoding the methyl-accepting
chemotaxis proteins (MCPs). MCPs are membrane-span-
ning proteins that interact with specific ligands, and trans-
duce information across the cell membrane to the intra-
cellular Che proteins. The Che proteins relay signals from
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the MCPs to the flagellar motor, which drives flagellar
rotation.

Helicobacter pylori is a microaerophilic Gram-negative
pathogen, and has a bundle of unipolar flagella [2].
H. pylori can penetrate the gastric mucous layer, and
causes gastric ulcers, adenocarcinomas, and lymphomas
[2-4]. The colonization of the gastric mucosa by H. pylori
depends on its ability to make urease, as well as on its
flagella, and chemotaxis [5-7]. H. pylori produces large
amounts of cytoplasmic urease constitutively [5], and re-
leases urease due to autolysis [8]. Presumably, the main
role of urease is to neutralize the acidic microenviron-
ments colonized by H. pylori, by producing ammonia
and carbon dioxide from urea. H. pylori flagella are a
mosaic of two flagellins, FlaA and FlaB [9]. Both flagellin
subunits are necessary for full motility on soft agar plates
and for full colonization of gnotobiotic piglets. An aflagel-
lated strain of H. pylori colonizes the stomach less fre-
quently [6].

In the stomach of infected patients, H. pylori resides
mainly in the surface mucous layer [10]. Because this ge-
latinous layer has a rapid turnover [11], bacteria prolifer-
ating in this layer must retain the ability to move toward
the stomach epithelial cell surface, and against the mucous
flow toward the duodenum. For this reason, the motility
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of H. pylori should be important for bacterial growth,
colonization, and persistent infection.

The complete genome sequences of two H. pylori strains
have been determined, strains 26695 [12], and J99 [13].
Three H. pylori open reading frames (ORFs), HP00S2,
HP0099, and HP0103, in the genome sequence of strain
26695 (ATCC700392), are predicted to encode MCPs,
with homology to those of other bacteria. To understand
how the motility of H. pylori contributes to its virulence,
we have identified a subset of the attractants to which
H. pylori responds, and the MCP responsible for a subset
of these chemotactic responses. Our results show that the
H. pylori HP0099 gene encodes an MCP for the attrac-
tants arginine and sodium bicarbonate. This is the first
report in which the substrate specificity of an MCP from
H. pylori has been identified.

2. Materials and methods
2.1. Bacterial strains and growth conditions

Bacterial strains and plasmids used in this work are
listed in Table 1. Frozen stocks of H. pylori were incuba-
ted in biphasic cultures on H. pylori selective supplement
(Dent from Oxoid) trypticase soy agar supplemented with
5% horse serum under microaerobic conditions using a
Gaspack jar and a Campygen atmosphere generator
pack (Oxoid), at 37°C for 24 h. Bacteria were then trans-
ferred to plates and incubated for 24-48 h in an incubator
with 5.5% CO, and 80% humidity [14]. Escherichia coli
strains were grown in Luria—Bertani (LB) medium supple-
mented with ampicillin (Amp; 100 pg ml~!) and/or kana-

mycin sulfate (Kan; 20 pg ml™!), when appropriate. Me-
dia were from Difco and Becton-Dickinson.

2.2. Motility assays

Bacterial cells grown microaerobically at 37°C for 2 days
on H. pylori selective supplement (Dent from Oxoid) tryp-
ticase soy agar plates were stabbed with toothpicks into
0.3% agar plates containing trypticase soy broth supple-
mented with 5% horse serum.

2.3. Chemotaxis assays

Chemotaxis assays were carried out by the method of
Mazunder et al. [15]. Cells were scraped from plates, sus-
pended in chemotaxis buffer (10 mM potassium phos-
phate, pH 7; 3% w/v polyvinylpyrrolidone) to a concen-
tration of 3 X 10% cells ml™!, and 100 ul of the bacterial
suspension was drawn into a disposable 200 ul pipet tip.
Solutions of compounds to be tested (10 mM, unless oth-
erwise noted) for a chemotactic response (100 pl in che-
motaxis buffer) were drawn up through a 25-gauge needle
into a 1-ml syringe, and the point of the syringe—needle
combination was submerged into the bacterial suspension.
After incubation of the test apparatus horizontally for 45
min at 30°C, the syringe was removed from the bacterial
suspension, its contents were diluted serially in chemotaxis
buffer, and the dilutions were plated onto agar serum
plates. The titers of cells that had accumulated in the
syringe were measured as colony forming units. Syringes
containing chemotaxis buffer alone were included in each
experiment as controls. Test compounds were identified as
attractants if the relative chemotaxis response (RCR), cal-

Table 1
Bacterial strains and plasmids
Strain/plasmid Characteristics Source/
reference
H. pylori
ATCC700392 strain 26695 Tomb [12]
ATCC43504
E. coli
RP437 {thr(Am)-1 leuB-6 his-4 metF(Am)-59 eda-50 rpsL136 [thi-1 ara-14 lacY-1 mtl-1 xyl-5 tonA-31 tsx-78]} Parkinson
RP4372 {thr(Am)-1 leuB-6 his-4 metF(Am)-59 eda-50 rpsL136 [thi-1 ara-14 lacY-1 mtl-1 xyl-5 tonA-31 tsx-78]} A(tar-tap) Parkinson
RP5700 {thr(Am)-1 leuB-6 his-4 metF(Am)-59 eda-50 rpsL136 [thi-1 ara-14 lacY-1 mtl-1 xyl-5 tonA-31 tsx-78]} A(tsr) Parkinson
RP2361 {thr(Am)-1 leuB-6 his-4 metF(Am)-59 eda-50 rpsL136 [thi-1 ara-14 lacY-1 mtl-1 xyl-5 tonA-31 tsx-78]} A(tar) Parkinson
RP4372/pHA99 RP4372 transformed with pGP1-2 and pHA99 This work
RP 4372/pHA699 RP4372 transformed with pGP1-2 and pHA699 This work
RP 5700/pHA99 RP5700 transformed with pGP1-2 and pHA99 This work
RP 2361/pHA99 RP2361 transformed with pGP1-2 and pHA99 This work
Plasmids
pUCI9 AmpR Gibco BRL
pET21a AmpR T7lac fl-ori His-Tag Novagen
pGP1-2 Kan® T7 RNApol Py cI-857 Tabor [20]
pHP99 HP0099 ORF from ATCC43504 ligated to pUC19 This work
pHP9915 HP0099 ORF from ATCC700392 ligated to pUCI19 This work
pHA699 HP0099 ORF from ATCC43504 ligated to pET21a This work
pHA99 HP0099 ORF from ATCC700392 ligated to pET21a This work
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culated as the ratio of the bacteria that entered the test
needle-syringes to those in the control needle-syringes,
was =2 [15-17]. Test compounds with an RCR =0.5
were identified as repellents. Results are expressed as the
means of at least five independent experiments involving
duplicate test and control assays. Data were considered to
be statistical significant if the differences between control
and test titers had P values of <0.05, as determined by
the Student’s 7-test.

2.4. DNA manipulations and genetic techniques

Primers (CGATTGGACGTCTTTTTAATCC and CC-
CGCAAAAGCTTCTTTAGC) were designed to amplify
HP0099, one of the three genes predicted to encode MCPs,
using the genome sequence of H. pylori strain 26695 [12]
as our starting sequence. Conditions used for PCR were
those of the Expand® Long Template PCR system
(Boehringer Mannheim), with chromosomal DNA pre-
pared from H. pylori strains 43504 and 26695 as templates
[18]. PCR products were subcloned into pUC19 to make
plasmids pHP99 from H. pylori 43504 and pHP9915 from
H. pylori 26695 (Table 1). Additional primers (CCCCA-
TATGTTGTCTAAAGGTTTGAGTATCGG and CCC-
CTCGAGTAATCGCCCTCGAGCAATTC) were used to
amplify these inserts, the products were cleaved with Ndel
and Xhol, then ligated to plasmid pET21a (Novagen), to
make plasmids pHA99 and pHA699, respectively. Inserts
were sequenced by the method of Sanger et al. [19], to
confirm that PCR amplification had not introduced addi-
tional mutations in the HP0099 sequences.

2.5. Expression of HP0099 in E. coli

To construct derivatives of E. coli expressing HP0099,
E. coli was first electroporated with pGP1-2 [20], then with
plasmid subclones of the gene in vector pET21a (Table 1).
To express HP0099, electroporants were grown to expo-
nential density in LB Amp Kan medium at 30°C, shifted
to 42°C for 30 min to induce the expression of T7 RNA
polymerase, and incubated at 37°C for 30 min. Cells were
collected by centrifugation, resuspended in chemotaxis
buffer and sonicated, and intracellular proteins were ana-
lyzed by polyacrylamide gel electrophoresis [21]. Cells were
also assayed for their chemotactic responses to a variety of
substrates before and after heat induction, using the meth-
od of Mazunder et al. [15].

3. Results

3.1. Strains of H. pylori show different chemotactic
responses to arginine, bicarbonate, and urea

To characterize the chemotactic responses of H. pylori,
we first determined whether the two type strains of

H. pylori with which we work, 26695 and 43504, are mo-
tile. Both strains spread extensively when stabbed into soft
agar plates, behavior characteristic of flagellated bacteria
with chemotactic responses.

Second, we designed a quantitative assay to measure the
chemotactic responses of these strains. In this assay, che-
motaxis is measured as the ability of resuspended cells to
swim up a needle and into a syringe carrying a solution of
attractant. We tested several potential attractants, includ-
ing urea and sodium bicarbonate, which the bacteria pro-
duce to neutralize the acidic microenvironment, Ni* ion,
a urease cofactor, and the amino acids required for the
growth of H. pylori. As shown in Fig. 1, H. pylori strains
26695 and 43504 both respond to aspartate and serine as
attractants, and to urea and Ni** as repellents. Neither
strain responds to alanine, cysteine, glutamate, histidine,
leucine, methionine, or tryptophan, additional auxotro-
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Fig. 1. H. pylori responds chemotactically to aspartate, serine, arginine,
bicarbonate and Ni**. Open bars correspond to H. pylori 43504 and
filled bars to H. pylori 26695. The chemotactic response is expressed as
RCR, as described in Section 2. Each bar represents the average data
from five or more independent experiments. A: Both strains recognize
aspartate and serine as attractants. B: Whereas strain 26695 recognizes
arginine and bicarbonate as attractants, strain 43504 does not. C: Both
strains recognize nickel chloride as a repellent.
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phic requirements of H. pylori (not shown). These two
strains differ in their responses to arginine and bicarbon-
ate. Strain 26695 responds to both as attractants, whereas
strain 43504 shows no significant response to arginine, and
may recognize bicarbonate as a repellent.

To understand the differences in the chemotactic re-
sponses to arginine and bicarbonate between these two
H. pylori strains, we explored the possibility that a genetic
difference between their MCP-encoding genes might ac-
count for these differences.

3.2. The MCP-encoding gene, HP0099, is interrupted by an
insertion sequence in H. pylori strain 43504, but not in
strain 26695

To characterize the MCP-encoding genes in H. pylori
strains 26695 and 43504, we amplified, subcloned and se-
quenced the HP0099 gene from each strain, as described in
Section 2. As expected, we found that the sequence of the
HP0099 gene from H. pylori strain 26695 is identical to
that in its complete genome sequence. In contrast, when
we compared the sequence of HP0099 from 43504 with
that from 26695, we found a surprising difference. The
strain 43504 HP0099 gene has an insertion 371 bp long
at nucleotide bp 318 within this ORF, with respect to the
26695 sequence. This insertion is that of a mini-IS605
element, a small IS specific to H. pylori, and is flanked

A

Left end of 1IS605

ACCACCCAAGCAGAAATCCCAAACATCTTTAGTGTTTGGGATGAATGCT

L T e
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by 49-bp and 41-bp ends. The left end of the mini-IS605
element in HP0099 is identical to that of full-length IS605
(GenBank ACO000108) [22], and the right end shares 83%
identity with that of a mini-IS605 element reported by
Censini et al. [23] (Fig. 2). BLAST analysis of this mini-
IS605 element shows that it shares significant identity with
internal sequences of rdxA (100%), encoding an NAD(P)H
nitroreductase that catalyzes the conversion of metronida-
zole from a prodrug to an antibiotic; vac4 (94%), encod-
ing a vacuolating cytotoxin; and cagl (93%), encoding a
pathogenicity determinant (Fig. 2).

Together, these results argue in support of the hypoth-
esis that HP0099 encodes an MCP that recognizes the
attractants arginine and bicarbonate, and the failure of
strain 43504 to respond to these attractants is due to the
inactivation of the HP0099 gene by a mini-IS605 insertion.

3.3. Expression of H. pylori gene HP0099 in E. coli confers
the ability to respond to arginine, sodium bicarbonate,
and urea as chemoattractants

E. coli produces two major MCPs, Tar, which responds
to aspartic acid as an attractant and Ni’* as a repellent,
and Tsr, which recognizes serine as an attractant [24].
E. coli does not respond to arginine or bicarbonate as
attractants. To test the hypothesis that the H. pylori
HPO0099 gene encodes an MCP that responds to arginine

ACCACCCAAGCAGAAATCCCAAACATCTTTAGTGTTTGGGATGAATGCTGCTAATTTGTAGTATAATATCTCCATACATTTGTATCTAGCGTAGGAAGTACGC

AAAGTTACGCCTTTGGAGATATGATGTGTGAGACCTGTAGGGAATGCGTTGGAGATCAAACTCTGTAAAATCCCTATGATTAGGGACACAAAGTGAGAACCAAA

CTTTCCCTATGGGCAACATCAGCAAGAAAAAGCCCAATCGCTTTAGCGGTTGGG-TAATTCAC

*k kK

T T

HhhkR

GC-CGAGGAAGCCCAATCGCTTTAGCGTTTGGGGTGCTTCACGA
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GAGATCAAACTCTGT
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31 45
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Fig. 2. Mini-IS605 insertions are found in a variety of H. pylori genes. At the top (A) is shown the nucleotide sequence of the mini-IS605 insertion in
ORF HP0099 of H. pylori strain 43504 aligned with the sequences of the left and right ends of the full-length IS605 element. Asterisks indicate identity
between the sequences of full-length 1S605 and mini-IS605 from HP0099 of H. pylori 43504. B: Alignment of the internal sequence of the mini-IS605 el-
ement in HP0099 with those found in the cagl, vacA and rdxA genes; differences between these latter sequences and the element in HP0099 are indi-

cated in boldface.
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and bicarbonate as attractants, we expressed this gene in
mutant derivatives of E. coli missing one or more MCPs,
and tested whether these recombinant strains have ac-
quired the ability to recognize arginine and bicarbonate
as attractants. Because we have shown that H. pylori
also responds to aspartic acid and serine as attractants
(Fig. 1), we also tested the responses of the recombinant
strains to these compounds.

The E. coli strains we used in this experiment are the
otherwise isogenic derivatives of parent strain RP4372
(Atar-tap), RP5700 (Atsr) and RP2361 (Atar) (Table 1).
Each strain was transformed with plasmid pGP1-2, which
expresses T7 RNA polymerase from the inducible phage
A P promoter. Plasmid pGP1-2 also carries the gene en-
coding a temperature-sensitive A repressor (cI-857) ex-
pressed constitutively from the lac promoter. In this strain,
A repressor inhibits transcription from the Py promoter
at low temperature (30°C). At high temperature (42°C),
A repressor is inactivated, resulting in the expression of
T7 RNA polymerase, which can drive the expression of
a target gene from the T7 early promoter present on a
second plasmid.

RCR

Buffer Urea HCO3~ Arg Asp

C

RCR

Plasmids pHA99 and pHAG699 carry the HP0099 genes
from strains 26695 and 43504, respectively, and place ex-
pression of these genes under the control of the phage T7
early promoter. These plasmids were introduced into de-
rivatives of E. coli RP437 with plasmid pGP1-2 by electro-
poration. After heat induction, strains with plasmid
pHA99 (with an intact HP0099 gene), but not those with
pHA699 (with HP0099 interrupted by a mini-IS605 inser-
tion), were found to express a new protein with an appar-
ent molecular mass in agreement with that predicted from
the HP0099 sequence (results not shown).

To assay the chemotactic responses of these recombi-
nant strains, we compared samples of cells grown at
30°C with those prepared after heat induction, using the
capillary assay [15]. All the E. coli strains carrying plasmid
pHA99 displayed chemotaxis to arginine, bicarbonate, and
urea after heat induction (Fig. 3). In contrast, E. coli
RP4372 carrying plasmid pHA699 did not show chemo-
taxis to arginine, bicarbonate, or urea. E. coli strains with
deletions of tzar or tsr were not complemented by plasmid
pHA99 for chemotaxis toward aspartic acid or serine as
attractants (Fig. 3). Because the expression of H. pylori

D
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Buffer Urea
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Buffer Urea HCO3;~  Arg Asp

Buffer Urea

HCO;z~  Arg Ser

Fig. 3. Expression of H. pylori HP0099 in E. coli results in a gain of function, chemotaxis toward arginine, bicarbonate, and urea. The figure shows the

RCR of strains of E. coli carrying plasmid pGP1-2 and a second plasmid with or without an active HP0099 gene to aspartate, serine, arginine, urea,
and sodium bicarbonate. Open bars correspond to cells grown at 30°C, and filled bars to cells following heat induction. A: Control strain RP4372
(Atar-tap) with pGP1-2 and pET2la plasmids. B: Strain RP4372 (Atar-tap) with pGP1-2 and pHA699. C: Strain RP4372 (Atar-tap) with pGP1-2 and
pHA99. D: Strain RP2361 A(tar) with pGP1-2 and pHA99. E: Strain RP5700 A(zsr) with pGP1-2 and pHA99.
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HP0099 in E. coli results in a gain of function, chemotaxis
toward arginine, sodium bicarbonate, and urea, we con-
clude that HP0099 encodes an MCP that recognizes argi-
nine and bicarbonate as attractants in H. pylori.

4. Discussion

In this report, we have shown that H. pylori strain
26695 displays chemotaxis toward the attractants aspartic
acid, serine, arginine, and sodium bicarbonate, and away
from the repellents Ni** and urea. The complete genome
sequence of this strain includes three ORFs predicted to
encode MCPs, HP0082, HP0099, and HP0103. We have
amplified, cloned, and expressed one of these three ORFs
in E. coli, and have shown that the expression of HP0099
from a plasmid in E. coli results in a gain of function, the
ability to respond to arginine, bicarbonate, and urea as
attractants. In contrast, the expression of a mutant
HP0099 gene with a mini-IS605 insertion from an other-
wise isogenic plasmid in E. coli does not result in this gain
of function. These results show that HP0099 encodes an
MCP for these substrates.

Expression of HP0099 in mutants of E. coli defective in
MCPs necessary for its responses to aspartate and serine
does not confer the ability to recognize these chemicals as
chemoattractants. This result suggests that these amino
acids are not substrates of HP0099, but rather are sub-
strates of HP0082 and/or HP0103 in H. pylori. Consistent
with this idea, we have found that H. pylori strain 43504,
which carries an insertion of a mini-IS605 element in its
HP0099 gene, does not respond to arginine or bicarbonate
as attractants, but retains chemotactic responses to aspar-
tate and serine.

Mizote et al. [25] have shown that H. pylori strain
CPY3401 has the ability to swim toward urea, sodium
bicarbonate, and sodium ions. Under the conditions of
our assay, we could not detect the significant chemotaxis
of strain 26695, nor of two other clinical isolates of
H. pylori, toward urea as an attractant. Rather, for strain
26695, urea appears to act as a repellent. Conversely, the
overexpression of HP0099 from strain 26695 in E. coli
results in a gain of function, chemotaxis toward urea, in
this heterologous host. Taken together, these results show
that HP0099 encodes an MCP that also recognizes urea.
Whether an individual isolate of H. pylori recognizes urea
as an attractant or repellent likely depends on the inter-
actions of the HP0099 MCP with the ensemble of Che
proteins and/or the presence of other MCPs, which appear
to be functionally polymorphic among different H. pylori
isolates.

Sequence comparisons among H. pylori isolates have
shown them to be highly polymorphic [26]. We have found
an additional factor that contributes to this extensive, in-
traspecific genetic variability, a family of mini-insertion
sequences related to transposon 1S605. These mini-IS605

elements retain the unique ends of the larger IS605 ele-
ments, but appear to have lost the functions required in
trans for transposition. They are found in a variety of
genes involved in the interaction of H. pylori with its hu-
man host, including rdxA, vacA, cagl, and HP0099.

Recently, Andermann et al. [7] have shown that mutant
strains of H. pylori with inactive HP0099 or HP0082 genes
can colonize mice as well as the wild-type strain, but are
defective in competition with the wild-type strain upon
coinfection of mice. They concluded that the MCPs en-
coded by these genes likely assist in the colonization of the
stomach.

It is not surprising that chemotaxis toward bicarbonate
and arginine might be important in the process of stomach
colonization by H. pylori. Bicarbonate is secreted into the
gastric mucosa by chloride-bicarbonate exchangers local-
ized in parietal cells and Nat-H* exchangers distributed
in mucous neck, chief, and surface mucous cells [27]. A
chemotactic response to bicarbonate may contribute to the
persistence of H. pylori in the gastric epithelia and in the
gastric mucous layer, by facilitating its evasion of the
acidic periphery of the mucous layer and movement to-
wards the epithelial cell surface. A chemotactic response to
arginine may play two important roles in survival and
colonization. First, H. pylori does not synthesize L-argi-
nine, and must obtain this amino acid from extracellular
sources. Second, the chemotaxis of H. pylori toward argi-
nine may help maximize substrate turnover by its arginase.
H. pylori arginase inhibits nitric oxide (NO) production by
activated macrophages at physiological concentrations of
L-arginine, the common substrate for NO synthase and
arginase. Mutations that inactivate the gene encoding the
constitutively expressed arginase in H. pylori permit the
high-level production of NO by macrophages, and stimu-
late the NO-dependent killing of H. pylori by macrophages
[28]. Arginase also catalyzes the first step in the conversion
of arginine to urea, the substrate of urease [29], a critical
colonization factor.
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