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Carbon dioxide occupies a central position in the physiology of Helicobacter pylori owing to its capno-
philic nature, the large amounts of carbon dioxide produced by urease-mediated urea hydrolysis, and the
constant bicarbonate supply in the stomach. Carbonic anhydrases (CA) catalyze the interconversion of
carbon dioxide and bicarbonate and are involved in functions such as CO2 transport or trapping and pH
homeostasis. H. pylori encodes a periplasmic �-CA (�-CA-HP) and a cytoplasmic �-CA (�-CA-HP). Single
CA inactivation and double CA inactivation were obtained for five genetic backgrounds, indicating that H.
pylori CA are not essential for growth in vitro. Bicarbonate-carbon dioxide exchange rates were measured
by nuclear magnetic resonance spectroscopy using lysates of parental strains and CA mutants. Only the
mutants defective in the �-CA-HP enzyme showed strongly reduced exchange rates. In H. pylori, urease
activity is essential for acid resistance in the gastric environment. Urease activity measured using crude
cell extracts was not modified by the absence of CA. With intact CA mutant cells incubated in acidic
conditions (pH 2.2) in the presence of urea there was a delay in the increase in the pH of the incubation
medium, a phenotype most pronounced in the absence of H. pylori �-CA. This correlated with a delay in
acid activation of the urease as measured by slower ammonia production in whole cells. The role of CA in
vivo was examined using the mouse model of infection with two mouse-adapted H. pylori strains, SS1 and
X47-2AL. Compared to colonization by the wild-type strain, colonization by X47-2AL single and double CA
mutants was strongly reduced. Colonization by SS1 CA mutants was not significantly different from
colonization by wild-type strain SS1. However, when mice were infected by SS1 �(�-CA-HP) or by a SS1
double CA mutant, the inflammation scores of the mouse gastric mucosa were strongly reduced. In
conclusion, CA contribute to the urease-dependent response to acidity of H. pylori and are required for
high-grade inflammation and efficient colonization by some strains.

Carbonic anhydrases (CA) (carbonate dehydratase; EC
4.2.1.1) are zinc-containing metalloenzymes that catalyze the
interconversion of carbon dioxide and bicarbonate: CO2 �
H2O 7 H� � HCO3

�.
CA are present in most living organisms and have been

classified in five phylogenetically unrelated categories (30, 57,
64): (i) �-CA, present in mammals and about 30 Eubacteria
and not present in Archaea; (ii) �-CA, present in invertebrates,
photosynthetic eukaryotes, Eubacteria, and Archaea; (iii)
�-CA, present in Archaea and Eubacteria; (iv) �-CA of the
marine diatom Thalassiosira weissflogii (TWCA1) and the coc-

colithoporid alga Emiliana huxleyi (58); and, (v) ε-CA of
chemolithoautotrophic bacteria and some cyanobacteria.

The reactions catalyzed by CA are involved in various bio-
chemical processes (56), including: (i) transport of CO2 or
HCO3

�, in some cases in antiport with other compounds, such
as chloride in mammals (55); (ii) trapping of CO2 or HCO3

� to
maintain their intracellular levels in order to optimize carbox-
ylation reactions by enzymes, such as pyruvate carboxylase, or
CO2 fixation by ribulose 1,5-bisphosphate carboxylase-oxygen-
ase in autotrophic organisms; and (iii) degradation of other
substrates, such as degradation of esters by �-CA or degrada-
tion of carbamate by some �-CA. In animals, CA play a major
role in metabolic and physiological processes, such as acid-base
equilibrium (pKa of CO2/HCO3

�, 6.1), ion transport, or onco-
genesis (15). The roles of CA in eukaryotes have been well
documented, but less is known about their function in pro-
karyotes despite their wide distribution; often two or more
different CA are present in a single microbial species. Notably,
a predicted �-CA gene (mig5) of Salmonella enterica serovar
Typhimurium is up-regulated when this bacterium is in mac-
rophages, and the protein encoded by this gene is involved in
adaptation to mouse colonization (65). Escherichia coli and
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Ralstonia eutropha contain a �-CA encoded by the can gene
(previously yadF in E. coli) which is essential for growth at
ambient CO2 concentrations under standard conditions
(33, 38).

The bacterium Helicobacter pylori colonizes the gastric
mucosa of almost one-half the world’s population, and its
persistence is associated with chronic gastritis, which, de-
pending on environmental factors, can evolve into peptic
ulcer disease or neoplasia (23). H. pylori is a microaerophile
which grows under atmospheres with low O2 partial pres-
sures and, as a capnophile, requires a CO2-enriched atmo-
sphere (5 to 10% CO2). Thus, carbon dioxide appears to be
an important component of the physiology of H. pylori, and
it may also have a role in the pathogenicity of this organism
since the urease of the bacterium produces large amounts of
CO2 by degradation of urea (42). Two predicted CA have
been identified by analysis of the sequenced genomes of H.
pylori strains 26695 (62) and J99 (3). The open reading
frame (ORF) designated HP0004 in strain 26695 encodes a
�-CA-type enzyme (�-CA-HP) which shares 30% identity
with E. coli CynT (28) and 48.5% identity with its close
homologue, the predicted �-CA of Helicobacter hepaticus
(60). H. pylori is one of the few bacteria that possesses an
�-CA-type enzyme (�-CA-HP), which is encoded by ORF
HP1186 in strain 26695. This enzyme shares 24 and 28%
identical residues with the �-CA of Neisseria gonorrhoeae
(16) and the predicted �-CA of H. hepaticus (60), respec-
tively. Comparison of the published sequences of the
�-CA-HP genes of strains 26695 and J99 initially suggested
that strain 26695 encoded an inactive truncated form of
�-CA. This was contradicted by Chirica et al. (18), who
identified two errors in the sequence of the 26695 HP1186
gene. These authors characterized in vitro the enzymatic
activity of a recombinant �-CA-HP expressed in E. coli (18).
This �-CA-HP possesses a characteristic N-terminal signal
peptide sequence predicted to be cleaved between residues
18 and 19 (7) and no “cytoplasmic retention signal” as
proposed by Marcus et al. (37), a structure known to be
restricted to eukaryotes. While the known prokaryotic �-CA
are periplasmic, data on the actual localization of the �-CA
in H. pylori are inconsistent. �-CA-HP has been reported to
be secreted into the extracellular milieu (8), to be at the cell
surface of H. pylori (50), possibly in association with the
outer membrane (18), or to be in the periplasm in associa-
tion with the inner membrane (37). In contrast, �-CA-HP is
intracellular (18). Interestingly, Campylobacter jejuni (47)
and Wolinella succinogenes (4), which are phylogenetically
close to H. pylori, both possess a �-CA and no �-CA. The
two CA of H. pylori have attracted considerable interest
since these enzymes were inhibited in vitro by several sul-
fonamide and sulfamate inhibitors and therefore have been
proposed to be alternative therapeutic targets for the man-
agement of patients infected by drug-resistant H. pylori (44,
45). Strikingly, data showed previously that CA inhibitors
enhanced the healing of peptic ulcers (48). The first pilot
study testing the CA inhibitor acetazolamide on volunteers
with active H. pylori infection did not reveal any significant
effect on colonization (52). Despite this interest, no study on
the role of the CA of H. pylori during colonization of animal
models has been reported until now.

Regarding the function of the CA in H. pylori, participation
of these enzymes in the capnophily of this organism has been
proposed previously but has never been demonstrated (31). A
role for �-CA of H. pylori in acid acclimation has been shown
(37), while another group concluded that �-CA, but not �-CA,
was involved in acid resistance (59). To investigate the role of
H. pylori CA more systematically, we constructed single and
double CA mutants in five different H. pylori genetic back-
grounds, measured for the first time the contribution of each
CA to bicarbonate-carbon dioxide exchange rates in this bac-
terium, and studied the roles of these enzymes in H. pylori
physiology. Finally, H. pylori strains SS1 and X47-2AL, which
have been reported to have different gastric tropisms, were
used to evaluate the impact of CA deficiency on the capacity of
H. pylori to colonize the mouse stomach and to generate in-
flammation of the gastric mucosa.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strain MC1061 (13) grown at
37°C on solid or liquid Luria-Bertani medium (40) was used as a host for
preparation of the plasmids employed to transform H. pylori. The antibiotics used
for selection of recombinant E. coli strains were kanamycin (20 �g ml�1),
spectinomycin (100 �g ml�1), and gentamicin (30 �g ml�1). The H. pylori strains
employed in this study were SS1 (36), X47-2AL (22), 26695 (62), J99 (3), and N6
(24), as well as CA mutants of these strains (Table 1). H. pylori was grown on
blood agar base 2 (Oxoid) plates supplemented with 10% defibrinated horse
blood and with an antibiotic-fungicide mixture consisting of vancomycin (12.5 �g
ml�1), polymyxin B (0.31 �g ml�1), trimethoprim (6.25 �g ml�1), and ampho-
tericin B (2.5 �g ml�1). Plates were incubated at 37°C for 24 to 48 h at 37°C
under microaerobic conditions (7% O2, 10% CO2; Campigen gas pack; Oxoid).
To determine growth kinetics, plate-grown H. pylori strains were inoculated at an
initial optical density at 600 nm (OD600) of 0.1 into liquid brain heart infusion
(BHI) (Oxoid) or brucella broth (Difco) supplemented with 0.2% �-cyclodextrin
or 10% fetal calf serum (FCS) and with the antibiotic-fungicide mixture. When
mentioned specifically below, filter-sterilized NaHCO3 was added to the liquid
medium at concentrations of 10 to 30 mM, or filter-sterilized NiCl2 was added at
a concentration of 250 �M. Growth under moderately acidic conditions was
assessed in BHI liquid medium containing 0.2% �-cyclodextrin, whose initial pH
was adjusted to 5 with HCl.

Molecular techniques, PCR, and sequencing. Standard procedures were used
for small-scale plasmid preparation, endonuclease digestion, ligation, agarose gel
electrophoresis, and elution of DNA fragments from agarose gels (51). Midi or
maxi Qiagen columns were employed for large-scale plasmid preparation. A
QiaAmp DNA extraction kit (Qiagen) was used to extract chromosomal DNA
from H. pylori. PCR was carried out according to the manufacturer’s recommen-
dations using a Taq DNA polymerase kit (Amersham). The procedure comprised
an initial 2-min denaturation step at 94°C, followed by 30 cycles of 30 s at 94°C,
1 min at 55°C, and 1 min at 72°C. PCR were used to define the genetic organi-
zation upstream and downstream of HP0004 and HP1186. The following primer
pairs were used: for HP0004, IA5S/H117 and IA3S/H120; and for HP1186,
XIIIA11S/H124 and XIIIB1R/H125 (Table 2 and Fig. 1). The expected allelic
exchange events in the mutants were checked by performing PCR with primer
pairs H119/H17, H116/H50, and H116/H119 for HP0004 and with primer pairs
H123/H121 (or H154/H121 for SS1 strains), H126/H122, and H123/H126 for
HP1186 (Table 2 and Fig. 1).

Insertion of the nonpolar kanamycin cassette in HP0004 was verified by se-
quencing with an ABI 310 automated DNA sequencer (Perkin-Elmer) as previ-
ously described (11).

Construction of H. pylori mutants. Plasmids were constructed to generate the
H. pylori mutants shown in Table 1. Plasmid pILL485 (Fig. 1) was derived from
the vector pILL570-1 (19) by inserting the nonpolar aphA-3 kanamycin resis-
tance cassette (54) between BamHI and EcoRI sites generated after cloning of
a 318-bp fragment corresponding to the HP0004 5� end and a 304-bp fragment
corresponding to the HP0004 3� end by amplification with primer pairs H116/
H117 and H119/H120, respectively (Table 2). Primer H120 contained a ribosome
binding site necessary to generate a nonpolar insertion. Plasmid pILL486 (Fig. 1)
was also a derivative of the pILL570-1 vector (19), in which an apramycin/
gentamicin resistance cassette [aac(3)-IV (10)] was inserted at a unique BamHI
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restriction site generated after cloning of a 320-bp fragment corresponding to the
HP1186 5� end and a 288-bp fragment corresponding to the HP1186 3� end by
amplification with primer pairs H123/H124 and H126/H125, respectively (Table
2). The H. pylori mutants were obtained by natural transformation as previously
described (11) with approximately 2 �g of plasmid DNA (prepared with maxi
Qiagen). Clones that had undergone allelic exchange were selected after 4 to 5
days of growth on plates containing 20 �g ml�1 kanamycin for pILL485 or 5 �g
ml�1 gentamicin for pILL486. Double mutants were obtained by transformation
of the 	(�-CA-HP) mutant by pILL485 and selection with both gentamicin and
kanamycin.

Measurement of exchange rates by 13C-NMR spectroscopy assays. Bacterial
lysates were prepared from H. pylori strains J99, SS1, and X47-2AL, the corre-
sponding 	(�-CA-HP) and 	(�-CA-HP) single mutants, and the 	(���-CA-
HP) double mutants grown on plates as described above. Cultures were subcul-
tured every 28 to 32 h and incubated under microaerobic conditions (5% CO2,
10% O2, 80% N2) with 95% relative humidity at 37°C. Cells were harvested after
24 h in 0.9% (wt/vol) NaCl, the purity was checked by phase-contrast microscopy,
and the preparations were tested for urease and catalase activities. Cell suspen-
sions were centrifuged at 17,000 
 g for 8 min at 6°C. Each pellet was washed
twice in NaCl. Cells were lysed by freezing them in liquid nitrogen and thawing
them at room temperature three times. The exchange rates of CA were deter-
mined at 37°C using H. pylori whole-cell lysates suspended in a buffer containing
HEPES (85 mM, pH 7.5), Tris-HCl (16 mM, pH 8.5), NaCl (50 mM), and KCl
(13 mM) and placed in 5-mm tubes (Wilmad, Buena, NJ). The reaction was
initiated by adding H13CO3

� at a final concentration of 100 mM. A column of
mineral oil was added on top of each sample to prevent 13CO2 from diffusing
away. Enzyme activities were determined using 13C nuclear magnetic resonance
(13C-NMR) spectroscopy and using the selective inversion magnetization trans-
fer technique (34, 35). The intensities of the bicarbonate and CO2 resonances
were measured after the bicarbonate resonance was inverted and partial relax-
ation/exchange was allowed at various times. Information about the exchange
rates for the two metabolites was present in the magnetization exchanged be-
tween the nuclei of both compounds. One-dimensional 13C-NMR spectra were
acquired at 150.93 MHz using a Bruker DMX-600 spectrometer equipped with
a dual 13C/1H probe operating in the Fourier transform mode with quadrature
detection. The following instrument parameters were used: spectral width,
17,361 Hz; number of time domain points, 32,000; acquisition time, 0.943 s; pulse
angle, 90° (5.4 �s); and relaxation delay, �5 times the spin-lattice relaxation time

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Characteristics Reference

E. coli MC1061 F� araD139 	(ara-leu)7696 galE15 galK16 	(lac)X74 rpsL (Strr)
hsdR2(rK

� mK
�) mcrA mcrB1

13

H. pylori strains
26695 Parent wild-type strain 62
X47-2AL Parent wild-type strain 22
SS1 Parent wild-type strain 36
N6 Parent wild-type strain 24
J99 Parent wild-type strain 3
26695 	(�-CA-HP) 26695 HP0004�aphA-3 This study
X47-2AL 	(�-CA-HP) X47-2AL HP0004�aphA-3 This study
SS1 	(�-CA-HP) SS1 HP0004�aphA-3 This study
N6 	(�-CA-HP) N6 HP0004�aphA-3 This study
J99 	(�-CA-HP) J99 HP0004�aphA-3 This study
26695 	(�-CA-HP) 26695 HP1186�aac(3)-VI This study
X47-2AL 	(�-CA-HP) X47-2AL HP1186�aac(3)-VI This study
SS1 	(�-CA-HP) SS1 HP1186�aac(3)-VI This study
N6 	(�-CA-HP) N6 HP1186�aac(3)-VI This study
J99 	(�-CA-HP) J99 HP1186�aac(3)-VI This study
26695 	(���-CA-HP) 26695 HP0004�aphA-3 HP1186�aac(3)-VI This study
X47-2AL 	(���-CA-HP) X47-2AL HP0004�aphA-3 HP1186�aac(3)-VI This study
SS1 	(���-CA-HP) SS1 HP0004�aphA-3 HP1186�aac(3)-VI This study
N6 	(���-CA-HP) N6 HP0004�aphA-3 HP1186�aac(3)-VI This study
J99 	(���-CA-HP) J99 HP0004�aphA-3 HP1186�aac(3)-VI This study

Plasmids
pILL485 pILL570-1 suicide plasmid containing HP0004�aphA-3 This study
pILL486 pILL570-1 suicide plasmid containing HP1186�aac(3)-VI This study

TABLE 2. Oligonucleotides used in this study

Target gene Oligonucleotide Sequence (5� to 3�)a

HP0004 H116 CCATCGATGAGTGAAAGCGTT
TTTAGGAG

H117 GGAATTCCCGCAAGCCCCACA
ATCGC

H119 AACTGCAGGAAGTTTTCATGA
CTTTTCC

H120 CGGGATCCCCTTACATTGCAAA
CTGG

IA5S CUACUACUATTAACAATCCTTT
AAAAGCTC

IA3S CUACUACUATTCCTTTAAAATA
AATTTTGG

HP1186 H123 CCATCGATCGCTTTAGCGCTTA
CGGC

H124 CGGGATCCAACACATAGTCAT
GCCC

H125 CGGGATCCGTGCATTTCCACGC
CCCTATG

H126 AACTGCAGCTAATCACAAACC
ATGCCACC

H154 CGCAGCGGTATTTTTCGATC
XIIIA11S CUACUACUACTCTTTATGTTTT

TTTAAACT
XIIIB1R CAUCAUCAUAATATGACTATA

TACACTACA

aphA-3 H17 TTTGACTTACTGGGGATCAAG
CCTG

H50 CCGGTGATATTCTCATTTT
AGCC

aac(3)-IV H121 GGCTTTTCGCCATTCGTATTGC
H122 GACGTTGGAGGGGCAAGGTCG

a Restriction sites are underlined.
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(typically 120 s). Exponential multiplication with line broadening of 1.5 Hz was
applied prior to Fourier transformation. For the inversion transfer experiments,
the selective 180° pulse was a 1,000-point IBURP2 pulse that was 9.04 ms long
and was applied to the bicarbonate 13C nuclei on resonance. Typically, between
18 and 22 experiments were performed, and the exchange delays were between
10 ms and 52 s, with successive delays that were 1.5 times the previous delay. The
order of collection of the different time points was randomized. Rates of bicar-
bonate exchange were obtained by using the CIFIT program (5). The relaxation
rate of CO2 was not fitted into the calculations but was kept constant at 0.4 to 0.1
s�1 scaled with the relaxation rate of the bicarbonate. The exact value used for
the CO2 relaxation rate has a negligible effect on the calculated rate constant
since there is always a large excess of the bicarbonate. The errors were expressed
as standard deviations.

In vitro assays of survival to acidity in the absence of urea. Strains SS1 and
X47-2AL were grown in BHI liquid medium as described above. Bacteria were
harvested either after one generation time (4 h) or in early stationary phase (24
h). Bacterial cells were washed once in phosphate-buffered saline (PBS) (pH 7.4)
(Roche), the concentration was adjusted to 2 
 108 bacteria ml�1, and the
bacteria were incubated in PBS adjusted to pH 7 or 3. After 15 min of incubation
at room temperature under aerobic conditions, the surviving bacteria were enu-
merated by serial dilution on blood agar plates.

Measurement of urease activity and kinetics of ammonia production by H.
pylori strains. Urease activities were measured using crude extracts prepared by
sonication as previously described (20, 53). One unit of urease activity was
defined as the amount of enzyme required to hydrolyze 1 �mol of urea (pro-
ducing 2 �mol of ammonia) per min per mg of total protein. The amount of
ammonia released was determined from a standard curve. The protein concen-
tration was determined with a commercial version of the Bradford assay (Sigma
Chemical Co.) using bovine serum albumin as a standard.

For measurement of ammonia production, bacteria were washed once in PBS,
and the concentration was adjusted to 2 
 108 bacteria ml�1 in 5 ml PBS at an
initial pH of 2.2 with 5 or 10 mM urea. PBS was chosen because it mimics the

buffering capacities of the stomach (low at an acidic pH and higher at a neutral
pH) and allows direct and rapid estimation of urea consumption by measurement
of the pH. After 15 or 30 min of incubation at room temperature, the pH of a
bacterial suspension filtrate was determined. After 5, 15, and 30 min and 1 h,
0.5-ml aliquots were centrifuged to pellet bacteria, and the supernatant was
saved on ice. Ten microliters was used to measure the extracellular ammonia
concentration with a specific enzymatic assay based on glutamate dehydrogenase
activity (Sigma), as previously described (11).

Mouse model for colonization. H. pylori SS1 and X47-2AL parental or mutant
strains were grown on blood agar plates, harvested after 24 h, and suspended in
peptone broth. The bacterial concentrations were adjusted to 108 cells ml�1, and
the numbers of CFU per milliliter were subsequently determined. Aliquots (100
�l) of a bacterial suspension were administered orogastrically to seven female
NMRI mice (4 weeks old; provided by Iffa-Credo) per strain as described pre-
viously (25). In each experiment, five mice were inoculated with peptone broth
as a negative control (not shown). Mice were sacrificed 4 weeks after inoculation.
The stomach was removed from each mouse and cut longitudinally along the
greater curvature, and the forestomach was removed. The antrum and the corpus
of the remaining stomach were separated using macroscopic criteria as described
by Akada et al. (2). For histology, a longitudinal segment approximately 5 mm
wide was removed. Quantitative cultures of H. pylori were grown separately for
the antrum and the corpus of each sample on blood agar plates with the usual
antibiotic-fungicide mixture in the presence of bacitracin (200 �g ml�1) plus
nalidixic acid (10 �g ml�1), as described previously (25). These cultures were
grown (i) without additional antibiotics for the mice infected with the parental
strains or on plates supplemented with (ii) 20 �g ml�1 kanamycin for mice
infected with the 	(�-CA-HP) mutant, (iii) 5 �g ml�1 gentamicin for mice
infected with the 	(�-CA-HP) mutant, or (iv) both kanamycin and gentamicin
for mice infected with the 	(���-CA-HP) double mutant. Data confirmed that
the presence of one or two antibiotics did not affect the numbers of CFU of the
mutant strains.

FIG. 1. Insertional mutations of the HP0004 and HP1186 genes in H. pylori strains. Restriction maps of pILL485 and pILL486 are shown. For
each construction, the vector is represented by a thin line. Genes are represented by boxes with arrows indicating the direction of transcription.
SpR indicates the gene conferring resistance to spectinomycin. The aac(3)-IV gene confers resistance to gentamicin, and the aphA-3 gene confers
resistance to kanamycin. The chromosomal organization of the resulting mutant strains is shown with the adjacent genes. Specific primers,
indicated by small arrowheads, were used to verify the constructions and the genetic organization of the HP0004 and HP1186 regions in different
H. pylori strains. wt, wild type.
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Histology. Gastric tissue samples were taken from uninfected and infected
mice, and for each sample the antrum was separated from the corpus. Tissue
sections were fixed in formalin and embedded in paraffin wax. Serial 4-�m
sections were cut and stained with hematoxylin and eosin, Giemsa stain, periodic
acid-Schiff stain, and alcian blue using standard procedures (63). Tissue sections
were examined in order to (i) verify the quality of the macroscopically based
separation of the antrum and corpus of each sample and (ii) evaluate blindly the
gastric lesions. The severity of gastritis in all groups of mice was evaluated
semiquantitatively by examining the recruitment of polymorphonuclear (PMN)
cells, lymphocytes, and plasma cells as previously described for the mouse model
(21, 63). The grading procedure involved evaluation of the recruitment of in-
flammatory cells (PMN and mononuclear cells) and also the changes in the
architecture of the mucosa. The morphological changes in both the antrum and
the corpus were classified into four groups: none, mild, moderate, or severe.

Statistical analyses. The Wilcoxon signed-rank test was used to compare H.
pylori density and inflammation in the corpus and antrum (paired samples) in
every mouse. The Mann-Whitney U test was used to analyze the differences
between the groups of mice infected with the different CA mutants and the
corresponding groups of mice infected with the wild-type strains (unpaired
samples). P values of 0.05 were considered significant.

RESULTS

Construction and growth phenotypes of single and double
CA mutants of H. pylori. In strain 26695 (62), the HP0004
gene encoding �-CA-HP is followed immediately by genes
encoding proteins having unrelated functions, with which it
might form an operon (Fig. 1). In contrast, the HP1186 gene
encoding �-CA-HP seems to be monocistronic in strain
26695 (Fig. 1). Similar gene organizations have been found
in strain J99 (3). PCR was used to examine the ORF flank-
ing these two genes in three different H. pylori strains, SS1
(36), X47-2AL (22), and N6 (24). In these three strains, the
regions around HP0004 showed a syntenic genetic organi-
zation with that of strains 26695 and J99. The regions sur-
rounding HP1186 in strains 26695, SS1, X47-2AL, and J99
have similar genetic organizations. In strain N6, the region
downstream of HP1186 could not be amplified with the
primers employed for the other four strains, suggesting ei-
ther that there is microdiversity or that the genetic organi-
zation is different from that of strain 26695 (Fig. 1).

To avoid potential polar effects on the expression of genes
downstream from HP0004, this gene was inactivated with a
nonpolar kanamycin cassette (54) employing plasmid pILL485
(Fig. 1). To inactivate �-CA-HP, plasmid pILL486 was em-
ployed; in this plasmid the HP1186 gene is interrupted by the
aac(3)-IV cassette, conferring gentamicin resistance (10) (Fig.
1). Single and double CA mutants could be generated in the H.
pylori SS1, X47-2AL, 26695, J99, and N6 backgrounds with
comparable transformation efficiencies for single and double
mutants, indicating that the CA, individually or together, were
not essential for in vitro growth of H. pylori.

Growth of the CA-HP single and double mutant strains in
BHI liquid medium supplemented with �-cyclodextrin was
monitored for 48 h. No significant differences between the
26695, X47-2AL, and N6 parental strains and their isogenic
mutants were observed. Only the SS1 CA mutants had a sig-
nificantly reduced growth rate. The generation times in expo-
nential phase were as follows: 1.8 h for wild-type strain SS1,
2.6 h for the SS1 	(CA-HP) single mutants, and 3 h for the SS1
	(��� CA-HP) mutant. In addition, a premature decline was
observed after 24 h of growth of the single and double SS1 CA
mutants. For these strains, the OD600 of the cultures correlated

with the number of viable bacteria (1 OD600 � 109 bacteria
ml�1) in exponential (4 h) or early stationary (24 h) growth
phase. Addition of nickel (250 �M), of bicarbonate at a phys-
iological concentration (10 or 30 mM), or of CO2 (30%) did
not affect the growth phenotype (data not shown). Higher
concentrations of bicarbonate, like those used in the study of
Stähler et al. (59) (50 and 75 mM), were not tested as they are
much greater than the concentrations encountered by H. pylori
in the stomach and should cause cell toxicity due to excessive
alkalinization of the medium.

Similar results were obtained when �-cyclodextrin was re-
placed by FCS or when brucella broth was used instead of BHI
broth.

CA activities in H. pylori parental and mutant strains. The
13C-NMR method was used to measure CA exchange rates in
the complex milieu of H. pylori lysates.

To establish the validity of the test, bicarbonate-to-carbon
dioxide chemical exchange rates were measured for samples
with various chemical compositions. In aqueous HEPES-Tris
buffer at initial bicarbonate concentrations ranging from 25 to
100 mM and with 0.5 mg ml�1 bovine serum albumin, the rates
were 11 
 10�3 � 3 
 10�3 and 12 
 10�3 � 2 
 10�3 s�1,
respectively. At protein concentrations between 0.1 and 0.4 mg
ml�1, similar background exchange rates (11 
 10�3 � 2 

10�3 s�1) were obtained with heat-denatured lysates of H.
pylori strains J99 and X47-2AL suspended in the buffer. Thus,
the selective inversion magnetization transfer technique
yielded low basal rates of bicarbonate-to-carbon dioxide chem-
ical exchange (11 
 10�3 � 3 
 10�3 s�1) and was suitable for
measuring enzyme exchange rates in H. pylori lysate suspen-
sions.

The bicarbonate exchange rates determined for lysates of
strains J99, SS1, and X47-2AL and their CA-deficient mutants
in suspensions adjusted to obtain a protein content of 0.2 mg
ml�1 are shown in Table 3. Similar rates (within experimental
error) were obtained for wild-type strains and mutants lacking
the �-CA-HP encoded by the HP0004 gene. Weak activities
greater than the background exchange rate were obtained for
mutants lacking �-CA-HP. Surprisingly, the exchange rates
obtained for the double mutants lacking both enzymes were
significantly higher than the rates obtained for the �-CA-HP
single mutants but were only one-half the rates obtained for
the corresponding parental strains.

Resistance to acidity of H. pylori parental and CA mutant
strains. The resistance to acidity of the SS1 and X47-2AL
parental strains and double CA mutants was determined in the
absence of urea by counting viable bacteria after 15 min of

TABLE 3. Bicarbonate exchange rates at 37°C for H. pylori lysates
suspended in HEPES-Tris buffer

Strain
Rate (10�3 s�1)a

Wild type 	(�-CA-HP) 	(�-CA-HP) 	(���-CA-HP)

J99 88 � 14 17 � 3 85 � 11 42 � 6
SS1 78 � 12 18 � 3 70 � 10 34 � 5
X47-2AL 93 � 14 14 � 2 88 � 10 36 � 5

a Rates are given as measurements without subtraction of the background
chemical exchange rate, which under the conditions used was estimated to be 11

 10�3 � 3 
 10�3 s�1. The initial �13C�bicarbonate concentration was 100 mM.
The values are means � standard deviations.
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incubation in PBS at pH 3 and comparing the number of
surviving bacteria to the number of surviving bacteria incu-
bated at pH 7. Wild-type and mutant strains showed similar
resistance to such a stress.

The role of each CA in the urease-dependent response to
acidity was also examined. First, the urease activities of crude
extracts of the parental strains and single and double CA
mutants were measured. Significant differences were observed
in the basal urease activity levels between the H. pylori parental
strains (SS1, 9 IU; N6, 11 IU; X47-2AL, 5.3 IU; 26695, 2.2 IU),
but the enzyme activities of the parental strains and their
isogenic CA mutants did not differ significantly.

Strains SS1, N6, X47-2AL, and 26695 and their CA mutants
were incubated at pH 2.2 with 5 or 10 mM urea, and the
changes in the extracellular medium pH, reflecting urea hy-
drolysis, were determined after 15 and 30 min (Table 4). In-
dependent of the genetic background, the external pH was
significantly lower for the mutants defective in �-CA-HP and
in both �-CA-HP and �-CA-HP than for the corresponding
parental strains. In addition, lower values were observed with
strain SS1 in the absence of �-CA-HP. The time and the urea
concentration at which the effect was maximal depended on
the strain; the phenotype was more pronounced for strains N6
and SS1 than for strains X47-2AL and 26695. This may be
related to the higher urease activity found in strains N6 and
SS1 (see below).

The extracellular pH and ammonia concentration were mea-
sured as a function of time for suspensions of wild-type SS1
and CA mutant cells incubated in the presence of 5 mM urea.
A delay in the increase in pH and in ammonia production was
observed for the CA mutants with an inactivated HP1186 gene
encoding �-CA-HP (Fig. 2). Finally, the survival after exposure
to an acidic medium supplemented with urea was tested for
strains 26695, X47-2AL, and SS1 and their single and double
CA mutants. The protocol described by Marcus et al. (37) with

108 bacteria/ml was used, but the medium used was brucella
broth (Difco) because, in contrast to the observations of
Marcus et al., we found that a wild-type strain did not survive
incubation at pH 2 with 10 mM urea in BHI medium (Oxoid).
Surviving bacteria were enumerated after incubation at pH 7
or at pH 2 in the presence of 10 mM urea. No difference was
observed between the survival of the wild-type strains and the
survival of the mutants at pH 7 or at pH 2 with urea (100%
survival) even when the incubation time was extended from 30
min to 2 h. Thus, these test conditions did not reveal a role of
the CA during in vitro exposure to acidity, clearly showing the
limits of performing such experiments in poorly defined com-
plex media and the importance of the analysis of the role of the
enzymes during in vivo colonization.

Colonization of mouse gastric mucosa by CA mutant
strains. The mouse model of colonization by H. pylori was used
to evaluate the role of the two CA-HP enzymes in vivo and
their impact on gastric colonization tropism. Mice were in-
fected with two different strains, SS1 (36) and X47-2AL (22),
which in some mouse lines (C57BL/6J and BALB/cJ NMRI)
have been reported to colonize preferentially the antrum and
the corpus (a more acidic region of the stomach), respectively
(2). One month after orogastric inoculation, the colonization
loads of each parental H. pylori strain and its single and double
CA mutants were measured separately using the gastric an-
trum and corpus of Swiss outbred mice (NMRI), a model of
infection that is well established and has been validated (25).
In addition, histological analysis was performed for every por-
tion of the stomach (see below).

In the NMRI mouse line, the wild-type SS1 strain preferen-
tially colonized the antrum, while the two stomach regions
were colonized equally by the wild-type X47-2AL strain (Fig.
3). The relative distribution of each single and double CA
mutant in the two gastric regions was similar to that of the
corresponding parental strain (data not shown). Most interest-

TABLE 4. Extracellular pH values of the medium after 15 or 30 min of exposure of H. pylori strains in PBS at an initial pH of 2.2 in the
presence of 5 or 10 mM urea

Strain
pH valuea

15 min and 5 mM urea 30 min and 5 mM urea 15 min and 10 mM urea 30 min and 10 mM urea

SS1 3.94 (0.85) 5.26 (0.42) 6.21 (0.13) 6.40 (0.08)
SS1 	(�-CA-HP) 2.75 (0.14) 4.41 (1.00) 2.97 (0.34) 6.32 (0.25)
SS1 	(�-CA-HP) 2.56 (0.10) 3.12 (0.39) 2.57 (0.01) 4.94 (0.84)
SS1 	(���-CA-HP) 2.61 (0.25) 3.24 (0.91) 2.53 (0.03) 4.41 (1.17)

N6 5.04 (0.26) 5.61 (0.43) 6.37 (0.06) 6.60 (0.12)
N6 	(�-CA-HP) 4.24 (1.51) 5.63 (0.31) 6.28 (0.16) 6.55 (0.12)
N6 	(�-CA-HP) 2.92 (0.12) 5.46 (0.23) 4.69 (1.47) 6.58 (0.11)
N6 	(���-CA-HP) 2.93 (0.33) 4.50 (0.50) 3.92 (1.39) 6.44 (0.10)

X47-2AL 2.58 (0.10) 2.86 (0.28) 2.62 (0.17) 5.75 (0.32)
X47-2AL 	(�-CA-HP) 2.43 (0.10) 2.86 (0.44) 2.52 (0.12) 5.70 (0.26)
X47-2AL 	(�-CA-HP) 2.39 (0.04) 2.58 (0.07) 2.42 (0.05) 2.98 (0.46)
X47-2AL 	(���-CA-HP) 2.41 (0.01) 2.52 (0.17) 2.47 (0.04) 3.18 (0.76)

26695 2.57 (0.07) 3.78 (0.24) 2.68 (0.24) 6.01 (0.17)
26695 	(�-CA-HP) 2.42 (0.06) 3.33 (0.49) 2.48 (0.10) 5.25 (1.45)
26695 	(�-CA-HP) 2.39 (0.10) 2.68 (0.06) 2.47 (0.06) 2.89 (0.24)
26695 	(���-CA-HP) 2.42 (0.09) 2.70 (0.21) 2.51 (0.03) 3.11 (0.50)

a Values significantly different from the wild-type value are indicated by bold type (P  0.05, Student t test). The data are results from at least three independent
experiments. The values in parentheses are standard deviations.
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ingly, the colonization by the X47-2AL single and double CA
mutants was strongly diminished compared to the colonization
by the parental strain; this result was reproduced in four inde-
pendent experiments, including the experiment whose results

are shown in Fig. 4. The number of mice infected with the
mutants was lower, and the gastric colonization loads were
smaller (Fig. 4). In contrast, no statistically significant changes
in colonization loads were observed with the SS1 single and

FIG. 2. Extracellular ammonia production by the H. pylori SS1 parental strain and CA single and double mutants incubated in PBS with 5 mM
urea at an initial pH of 2.2. The pH values of the medium and the standard deviations for incubation times of 30 min and 1 h are indicated. The
results are representative of at least four independent experiments. Standard deviations for ammonia production are indicated by error bars.

FIG. 3. Distribution of the H. pylori SS1 and X47-2AL parental strains in regions of the stomach of NMRI Swiss mice. Each symbol indicates
the H. pylori colonization titer in the corpus or antrum of a single mouse. The horizontal bars indicate the geometric mean for each group of data.
The results for the single and double H. pylori CA mutants were similar to those for the corresponding wild-type strains (WT) shown. The
colonization density of the SS1 strain was statistically significantly higher in the antrum (P � 0.018, Wilcoxon signed-rank test).
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double CA mutants, although three mice were not colonized by
the SS1 	(�-CA-HP) mutant (Fig. 4).

Inflammation of the mouse gastric mucosa upon infection
by H. pylori strains SS1 and X47-2AL and their CA mutants.
To obtain better insight into the in vivo behavior of the H.
pylori CA mutants, inflammation scores were determined for
every gastric section. The gastritis scores included evaluation
of the recruitment of inflammatory cells (PMN cells and lym-
phocytes) and changes in the architecture of the mucosa on a
scale from 0 to 4, according to the system proposed by Eaton
et al. (21) (Fig. 5 and 6). For mice infected with strain X47-
2AL, the inflammation scores were very low (0.5 to 1), and
there were no statistically significant differences between in-
fected and noninfected mice (data not shown). In contrast, the
inflammation scores were higher (1 to 2.5) after infection with
the SS1 wild-type strain or with SS1 	(�-CA-HP), revealing
that there was acute diffuse gastritis (presence of PMN cells) in
the mucosal and submucosal regions of these mice compared
to those of uninfected animals (Fig. 5B, 5C, and 6).

For the infected animals, the mean scores for the antrum
and the mean scores for the corpus were not significantly
different. Interestingly, inflammation was significantly dimin-
ished (P  0.05) in mice infected with SS1 	(�-CA) (Fig. 5D
and 6) or the double mutant SS1 	(��� CA-HP) (Fig. 5E and
6), and there was mild recruitment of lymphocytes without
PMN cells, an effect observed in both the antrum and the
corpus.

DISCUSSION

Carbon dioxide and bicarbonate have important roles in H.
pylori physiology manifested by the dependence of the bacte-
rium on CO2 for growth in vitro (capnophily) and supported by
the abundance of these metabolites in its ecological niche, the
human stomach, owing to urease activity and gastric epithelial
cell secretion. A chemotactic response of H. pylori to bicarbon-
ate through a methyl-accepting chemotaxis receptor protein
has been reported (14, 41). Thus, CA which catalyze the in-
terconversion of carbon dioxide and bicarbonate were ex-
pected to be important in the metabolism of H. pylori, and the

roles of the two CA in the physiology of this organism were
investigated. Mutants defective in one or both CA were con-
structed in five different H. pylori genetic backgrounds, dem-
onstrating that the enzymes were not essential in vitro. These
data were in agreement with those reported by Chirica et al.
(18), who observed that H. pylori strains 26695 and J99 can
grow in the presence of the CA inhibitor acetazolamide at a
concentration of 5 �M. In addition, a double CA mutant of
strain 26695 was obtained by Stähler et al. (59), but the pos-
sibility of a polar effect of the cassette that these workers used
to disrupt HP0004, encoding �-CA, could not be excluded.

CA activities in H. pylori lysates of three strains and their
single and double CA mutants were measured by 13C-NMR
spectroscopy (Table 3). The measured activities indicated that
under the experimental conditions used, almost all of the CA
activity of H. pylori was provided by �-CA-HP. Chirica et al.
found that the exchange rate of purified �-CA-HP from strain
26695 was 240 
 10�3 � 10 
 10�3 s�1 at pH 8.9 (17). The
rates measured in the present study at pH 7.5 were approxi-
mately threefold lower. This difference is reasonable consider-
ing that the activity of the purified enzyme decreased with pH
and was reduced to approximately 60% at pH 7.5 (17) and that
the activity of the CA may be modulated in complex mixtures,
such as whole-cell lysates.

Surprisingly, the CA activity of the mutants deficient in both
H. pylori CA was higher than that of the corresponding 	(�-
CA-HP) single mutant. It is possible that the absence of both
CA induced compensatory changes in the activity and/or ex-
pression of other enzymes involved in bicarbonate metabolism.
Uncharacterized suppressors of an E. coli CA mutant (	can,
	cynT) were obtained by screening for its recovered ability to
grow in air (38). Compensatory metabolic changes might in-
volve enzymes similar to members of the �-CA group reported
in E. coli (38) or zinc-containing enzymes which ordinarily do
not catalyze bicarbonate/carbon dioxide exchange but which
have esterase activities and can catalyze hydrolysis or closely
related transfer reactions.

The fact that some CA-defective mutants exhibited only
reduced stomach colonization suggested that at least in strain
X47-2AL, both CA-HP enzymes were expressed and active in

FIG. 4. Effects of deficiency of one or both CA-HP enzymes on mouse gastric colonization by H. pylori strains SS1 and X47-2AL. The bacterial
strains used to inoculate mice are indicated on the x axis. The detection limit of the method is indicated by the dashed horizontal lines. Each point
corresponds to the gastric colonization load (antrum plus corpus) for one mouse, and the horizontal bars indicate the geometric mean for each
group of mice. Statistically significant differences (using the Mann-Whitney test) between mutant and parental strains are indicated by two asterisks
(P  0.01). WT, wild type.
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vivo. The CA activities measured were compatible with the
hypothesis that the expression of the enzymes and/or their
activities are subject to regulation. In many organisms, CA are
expressed at low basal levels and induced under specific con-
ditions, e.g., diminished pCO2 in Neisseria spp. (43), the pres-
ence of cyanate in E. coli (28), or enhanced or decreased pO2

in yeast (26) and Rhodopseudomonas palustris (49), respec-
tively. In H. pylori, the amounts of �- and �-CA-HP measured
by Western blotting in 2-day-old H. pylori cultures with 0.1 or
10% CO2 were constant, suggesting that the expression of the
two CA genes is not regulated by pCO2 (18). Inconsistent
results for acid regulation of the expression of the HP1186

FIG. 5. Histological analysis of the antrum mucosa of mice infected by the SS1 wild-type strain and the single and double CA mutants:
representative stained (hematoxylin and eosin) sections of (A) normal gastric mucosa from a naive mouse, (B) gastric mucosa from a mouse
infected by the SS1 wild-type strain, (C) gastric mucosa from a mouse infected by the SS1 	(�-CA-HP) mutant, (D) gastric mucosa from a mouse
infected by the SS1 	(�-CA-HP) mutant, and (E) gastric mucosa from a mouse infected by the SS1 	(���-CA-HP) mutant. The arrows indicate
infiltrates. Magnification, 
100.
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gene encoding �-CA-HP showed repression at low pH (39) or
up-regulation (68). A more recent study implicated the ArsRS
acid-responsive two-component system in the acid-induced ex-
pression of the HP1186 gene (67). In a global analysis of the
genes regulated during growth in moderately acidic conditions,
no significant modifications in HP1186 or HP0004 gene expres-
sion were measured (12). The disparity in the results could be
due to variation in CA expression depending on the various
strains and acidic conditions used in these studies. This inter-
pretation is supported by the observation that in H. pylori
strains 26695 and ATCC 43504 expression of the HP1186 gene
relies on two distinct promoters: TSP1, which is subject to
pH-dependent regulation by ArsR, and TSP2, which may be
responsible for the basal transcription level of this gene (67).

The molecular basis of the capnophily of H. pylori is not
understood, but it has been proposed that enzymes with low
affinity for CO2, such as the acetyl coenzyme A carboxylase (9),
require elevated partial pressures of this gas. The role of the
two CA-HP enzymes on H. pylori growth was investigated using
the five genetic backgrounds to circumvent potential strain-
dependent effects. Only the SS1 CA mutants showed a signif-
icant and reproducible growth defect, indicating that other
factors which depend on the genetic background were impli-
cated in this phenotype. Supplementation with HCO3

�, CO2,
Ni2�, or FCS did not restore a wild-type growth phenotype to
the SS1 CA mutants. In microorganisms, inactivation of CA
often leads to growth defects (26, 28, 29), and �-CA have a
crucial role in preventing bicarbonate depletion for metabolic
carboxylation reactions (for example, in E. coli during cyanate
degradation [28, 32] or in Neisseria sicca incubated at low
pCO2 [1]). E. coli or R. eutropha strains deficient in the con-
stitutive �-CA encoded by can (previously yadF in E. coli) are

unable to grow at atmospheric partial pressures of CO2. In E.
coli, this defect leads to a capnophile-type phenotype since it
can be compensated for by addition of 2% CO2 (38), suggest-
ing that under the conditions in which the E. coli CA is essen-
tial, the rate of an uncatalyzed hydration reaction converting
CO2 into bicarbonate is too low to meet the demand for bi-
carbonate.

The roles of CA-HP enzymes in the response of H. pylori to
acidity and in the regulation of urease activity were investi-
gated. In vitro tests of acid shock resistance in the presence or
absence of urea revealed that the absence of one or both
CA-HP enzymes had no effect on viability. A role for CA in
maintaining urease activity under nickel-limiting conditions
has been described previously (59). However, our results and
those of Marcus et al. (37) convincingly show that CA has no
effect on in vitro urease activity under standard conditions.
This is in contrast to the results of Stähler et al., who observed
a reduction in urease activity in both CA mutants studied (59).
Surprisingly, we noticed that the basal urease activity measured
by Strähler et al. for the 26695 wild-type strain was about
fivefold lower than the activity obtained by others and by us
(see Results) for the same strain and that this level was at the
limit of sensitivity of the urease assay. Therefore, we suggest
that the data of Stähler et al. (59) reveal an effect of CA on in
vitro urease activity that is apparent only under nonoptimal
urease activity conditions and thus difficult to interpret.

In contrast, measurements obtained with whole cells re-
vealed that CA-HP enzymes are involved in the urease-depen-
dent response of H. pylori to acidic pH. In five different genetic
backgrounds, inactivation of the CA-HP enzymes resulted in
delays in the increase in the pH of the acidic medium during
incubation in the presence of urea; little or no effect was
observed in the absence of �-CA-HP, and significant effects
were observed in the absence �-CA-HP (Table 4). CA inacti-
vation resulted in a phenotype with delayed production of
ammonia from urea, and the level depended on the strain
tested, the urea concentration, and the exposure time. The
delay in ammonia production by the mutants lacking �-CA-HP
(Fig. 3) correlated with the significantly lower CA exchange
rates observed for these mutants (Table 3). Thus, the data
suggested that �-CA-HP regulated the urea-dependent re-
sponse to acidity of H. pylori. This result is consistent with a
study showing that H. pylori strain ATCC 43504, which was
deficient in �-CA activity due to either deletion of the HP1186
gene or addition of the CA inhibitor acetazolamide, presented
an impaired capacity to survive acidic pH exposure in the
presence of urea (37).

Together, these data supported the hypothesis that there is
a link between CO2, CA, and resistance to acidity in microor-
ganisms, as suggested by other reports. In S. enterica serovar
Typhimurium, a putative CA gene (mig5) is induced during
survival in the acidic environment inside macrophages. The
mig5 gene is regulated by the PhoP/PhoQ two-component sys-
tem (65) involved in the pH response in enterobacteria (6). In
addition, the synthesis of inducible decarboxylases, which is the
main response of enterobacteria to acidity, is induced by a
lower pCO2 (61).

Several hypotheses for the mechanism responsible for the
delayed ammonia production by H. pylori CA mutants were
considered. The first hypothesis is that CO2 is needed for in

FIG. 6. Inflammation of the mucosa of mice infected by the SS1
wild-type strain and the single and double CA mutants. The intensity
of the lesions on gastric sections from every mouse infected by the SS1
wild-type strain (WT) and single and double mutants and from the
negative controls (Neg control) was evaluated semiquantitatively using
two inflammation scoring criteria. Infiltrates of PMN and lymphocytes
were scored as follows: 0, no infiltrate; 1, mild multifocal infiltration; 2,
mild widespread infiltration; 3, mild widespread and moderate multi-
focal infiltration; and 4, moderate widespread infiltration. The submu-
cosal inflammation was scored as follows: 1, mild multifocal; 2, mild
widespread; and 3, moderate multifocal. Mean values of the scores are
shown. Statistically significant differences (determined using the
Mann-Whitney test) between the scores for mutant strains and the
parental strain scores are indicated by an asterisk (P  0.05).
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vitro nickel incorporation into mature active urease (46) and
might be limiting in the CA mutants. This hypothesis was
discarded because the urease activities measured for H. pylori
crude extracts were not significantly lower than those mea-
sured for the CA mutants. The second hypothesis is that the
potential intracellular accumulation of bicarbonate in the CA
mutants may generate product inhibition effects on urease
activity. This hypothesis was rejected because addition of high
concentrations of bicarbonate (up to 100 mM) in the in vitro
assays did not impair urease activity. Finally, considering that
CA are involved in proton capture and CO2 production, it was
possible that under extracellular acidic conditions the H. pylori
CA mutants had a decreased capacity to buffer the periplasmic
and/or intracellular pH. This hypothesis was consistent with
data of Marcus et al. (37), who, using pH-sensitive fluorescent
probes, showed that at a low pH the increase in the cytoplasmic
and periplasmic pH with urea was abolished in the absence of
�-CA-HP activity.

The mechanism proposed is that the lack of CA activity
results in a transiently lower cellular pH, which indirectly leads
to decreased urea hydrolysis and consequently to delayed am-
monia production. Supporting this view are the observation
that changes in the intracellular pH could modify urease en-
zymatic activity (optimum pH, between 7.5 and 8.2), as sug-
gested for Yersinia enterocolitica (69), and the observation that
in H. pylori the specific urea channel, UreI, opens when the
extracellular pH falls below 5 (11, 66). Alternatively, changes
in the periplasmic pH could influence UreI activation and thus
urea availability, resulting in a delayed increase in urease ac-
tivity and ammonia production.

The role of CA-HP enzymes in colonization of the mouse
gastric mucosa was investigated using two H. pylori mouse-
adapted strains, SS1 and X47-2AL, which have been reported
to colonize preferentially the antrum and the corpus, respec-
tively, in some mouse lines (2). In the NMRI Swiss mouse
strain, the antrum tropism of strain SS1 was reproduced, while
strain X47-2AL was distributed equally in the two regions. The
absence of CA did not affect these distributions. The capacities
of the SS1 CA mutants to colonize mice were not significantly
affected, in contrast to the capacities of the strain X47-2AL �-
and �-CA mutants, which were severely affected. Despite the
weak activity that was attributed to �-CA by in vitro measure-
ment (Table 3), the colonization data suggest that the HP0004
gene encoding �-CA is expressed under in vivo conditions in
strain X47-2AL. A significant difference between these two
strains is their basal urease activities, 10 IU for SS1 and 5 IU
for X47-2AL, which correlated with the greater resistance of
SS1 to growth on acidic medium plates (2). The observation
that strain X47-2AL mutants have an impaired colonization
capacity could be explained by the CA mutants lowering the
“in vivo” resistance to acidity to a level below that compatible
with efficient colonization of the acidic environment of the
stomach.

Although the SS1 mutants did not exhibit a deficiency in
colonization or modified tropism, the inflammation caused by
the 	(�-CA-HP) and double CA mutants was strongly re-
duced. This decrease in inflammation involved both poor in-
filtration by inflammatory cells and diminished modification of
the mucosal structure. However, a complete understanding of
this new relationship between CA activity and inflammation

requires additional studies. A possible hypothesis is that in
order to incorporate enough carbon dioxide, these mutants
need to colonize regions of the mucus layer that are farther
from the epithelial cells than the regions colonized by the
wild-type strain, generating at those sites a less intense inflam-
matory response. Consistent with this proposition is the fact
that the bicarbonate/carbon dioxide ratio (which is strongly pH
dependent) is not uniform in the mucus layer, with higher
carbon dioxide concentrations in the more acidic regions that
are distant from the epithelial cells. Interestingly, antibodies
directed against H. pylori CA have been proposed to have a
molecular mimicry role in the postulated link between gastric
infection by H. pylori and autoimmune pancreatitis (27).

The results of this study revealed a role for the �-CA-HP in
the urease-dependent response to exposure to low pH and the
involvement of both CA-HP enzymes in the adaptation of H.
pylori to the gastric environment, thus opening new perspec-
tives on the biological roles of CA in H. pylori and in bacteria
in general.
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