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Infection with the human gastric pathogen Helicobacter pylori can give rise to chronic gastritis, peptic ulcer,
and gastric cancer. All H. pylori strains express the surface-localized protein HpaA, a promising candidate for
a vaccine against H. pylori infection. To study the physiological importance of HpaA, a mutation of the hpaA
gene was introduced into a mouse-adapted H. pylori strain. To justify that the interruption of the hpaA gene did
not cause any polar effects of downstream genes or was associated with a second site mutation, the protein
expression patterns of the mutant and wild-type strains were characterized by two different proteomic ap-
proaches. Two-dimensional differential in-gel electrophoresis analysis of whole-cell extracts and subcellular
fractionation combined with nano-liquid chromatography-Fourier transform ion cyclotron resonance mass
spectrometry for outer membrane protein profiling revealed only minor differences in the protein profile
between the mutant and the wild-type strains. Therefore, the mutant strain was tested for its colonizing ability
in a well-established mouse model. While inoculation with the wild-type strain resulted in heavily H. pylori-
infected mice, the HpaA mutant strain was not able to establish colonization. Thus, by combining proteomic
analysis and in vivo studies, we conclude that HpaA is essential for the colonization of H. pylori in mice.

Helicobacter pylori is a gram-negative bacterium that colo-
nizes the human gastric and duodenal mucosa of more than
half of the world’s population, with the majority of infections
occurring in the developing world (26). Infection with the bac-
terium can give rise to chronic gastritis, peptic ulcer, and gas-
tric cancer in a subpopulation of individuals (6). Both bacterial
and host genetic determinants may contribute to these various
disease outcomes. Due to the important role of membrane
proteins in adhesion and survival in the host, membrane pro-
teins are known to play an essential role in the pathogenicity of
the bacteria and are potential targets in vaccine development.

In order to establish and maintain infection, H. pylori ex-
presses a variety of different types of colonization and viru-
lence factors. This includes the urease enzyme that neutralizes
gastric acidity in order to create a favorable environment for
the bacterium and the flagella, which provide motility. Animal
studies have shown that urease and flagella are essential for
colonization, because strains lacking any of these proteins can-
not colonize mice (13, 33). Additionally, H. pylori produces a
number of factors harmful to the host, e.g., the CagA patho-
genicity island, H. pylori neutrophil-activating protein, and the
VacA cytotoxin. However, infection studies in animal models
with H. pylori strains lacking either cagA or vacA have shown
that they are not important for colonization (31, 38).

Many H. pylori proteins have been implicated to have a role
in the attachment of the bacteria to epithelial cells, for exam-
ple, the blood group antigen binding adhesin (BabA) and the

sialic acid binding adhesin (SabA), which bind to Lewis b (Leb)
and sialyl Lex receptors, respectively, on epithelial cells in the
gastric mucosa (10, 16, 18)

H. pylori adhesin A (HpaA) is a surface-located (7, 14, 20)
lipoprotein (25) that was initially described as a sialic acid
binding adhesin, but supportive evidence is still lacking. It is
recognized by antibodies from H. pylori-infected individuals
(23, 39), and the expression of the HpaA protein has previously
been found to be highly conserved among H. pylori isolates (9,
39). Furthermore, genomic studies (2, 32) show no significant
sequence homologies of HpaA with other known proteins.
Taken together, this makes HpaA a putative candidate as a
vaccine antigen against H. pylori infection.

In this study, we have constructed an HpaA mutant in the
mouse-adapted H. pylori Sydney strain 1 (SS1) to examine the
role of HpaA in colonization. Because of cotranscription, con-
structed gene mutations have the potential to cause polar ef-
fects, i.e., inhibiting expression of downstream genes in an
operon. In addition, it has been shown that knocking out one
gene can affect other genes in an unpredicted manner (30).
Thus, when studying a mutant, proteomic analysis offers a
convenient method to monitor changes in protein expression
without prior knowledge of what those changes might be.

Studies of protein expression profiles are usually obtained by
two-dimensional (2-D) gel analysis of cell extracts from the
cells or tissue of interest. However, despite a wealth of exper-
imental progress, critical limitations, such as discrimination
against low-abundance and highly hydrophobic proteins, are
still a problem in standard 2-DE gels.

The introduction of differential in-gel electrophoresis (DIGE)
(34), which allows separation of two sets of protein mixtures from
different sources (e.g., wild type and mutant), has minimized
previous difficulties with reproducibility associated with 2-D gels.
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den. Phone: 46 31 773 3049. Fax: 46 31 41 61 08. E-mail: elisabeth
.carlsohn@medkem.gu.se.

† E.C. and J.N. made equal contributions.

920



Moreover, recent studies that focused on subproteome analysis
combining subcellular fractionation with 2-D gel analysis or non-
gel-based proteomic techniques, such as liquid chromatography
(LC) coupled with mass spectrometry (MS), have shown impres-
sive results regarding improved dynamic range and identification
of hydrophobic proteins (3, 8, 40). Several previous studies have
focused on the identification of outer membrane proteins
(OMPs) from H. pylori (5, 12, 15, 24).

The first aim of this study was to examine the overall protein
profile, including the protein expression of the genes located
downstream of hpaA, of the mouse-adapted SS1 strain and its
isogenic HpaA mutant. This was achieved by a proteomic
approach where whole-cell extracts of the bacteria were com-
pared by DIGE analysis. We also combined subcellular frac-
tionation and one-dimensional sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) analysis with
nano-LC Fourier transform (FT) ion cyclotron resonance
(ICR) (FT-ICR) MS and tandem MS (MS/MS) analyses in
order to compare the OMP profiles of the SS1 wild-type and
mutant strains. To determine whether HpaA is essential for
survival in the host, mice were infected with either H. pylori
SS1 or the HpaA mutant strain, and the colonization levels and
immune responses were assessed.

MATERIALS AND METHODS

Construction of SS1 hpaA-negative/deficient mutant SS1(�hpaA). The hpaA
mutant was originally constructed in H. pylori strain CCUG 17874 by a two-step
amplification resulting in a 450-bp deletion of the hpaA gene (kindly provided by
P. Doig et al., Astrazeneca Research Centre, Boston, MA) and insertion of a
1.4-kb kanamycin cassette (25). The mutation was transferred from H. pylori
CCUG 17874 to the mouse-adapted SS1 strain by natural transformation. Five
kanamycin-resistant transformants were analyzed by PCR with two HpaA-spe-
cific primers (forward primer, 5�-GGCGTAGAAATGGAAGCG-3�; reverse
primer, 5�-CCCAAGCTTCATCAGCCCTTAAATACACG-3�) (21) to confirm
that the kanamycin cassette was inserted in the hpaA gene, resulting in a larger
PCR product than of that of the wild-type SS1 strain. One of the transformants
with the correct insertion was further characterized by SDS-PAGE and immu-
noblotting with the monoclonal antibody HP30-1:1:6, specific for HpaA (9). This
strain, SS1(�hpaA), was negative in the immunoblot.

Strains and culture conditions. The mouse-adapted H. pylori strains SS1
(CagA� VacA� Ley) (19) and SS1(�hpaA) were used in all experiments and
stored at �70°C as stock cultures. For preparation of antigens from SS1 and
SS1(�hpaA), the bacteria were grown on Colombia-Iso agar plates to confluence
for 3 days under microaerophilic conditions (10% CO2, 6% O2, and 84% N2).
SS1(�hpaA) was cultured in the same way as SS1 throughout the experiment,
with the exception of the cultures being supplemented with 25 �g/ml kanamycin.

Growth curves. SS1 and SS1(�hpaA) were first grown on Colombia-Iso plates
to confluence for 2 to 3 days and then resuspended in 2 ml Brucella broth (Difco
Laboratories) to an optical density at 600 nm (OD600) of 0.3 (1.5 � 109 bacteria/
ml). The bacteria were then transferred to a 250-ml flask containing 25 ml
Brucella broth supplemented with 10 �g/ml vancomycin and 5 �g/ml tri-
methoprim for 7 days. The liquid culture was exposed to a gas mixture consisting
of 10% CO2, 6% O2, and 84% N2 and incubated in a rotary shaker at 150 rpm.
Samples were taken at several time points over 7 days, and the OD600 was
determined as a measure of the growth of bacteria. The viable count of the
bacteria was also performed by making serial dilutions from the liquid culture,
and 100 �l of the diluted suspensions was spread on horse blood agar plates and
incubated under microaerophilic conditions. The bacterial colonies were then
counted.

Sample preparation for 2-D DIGE. Bacterial cells from culture dishes (Co-
lombia-Iso plates) were dissolved in sample buffer {7 M urea, 2 M thiourea, 4%
3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 10
mM Tris-HCl, pH 8.5}, lysed by sonication (five 15-s pulses on ice), and centri-
fuged at 12,000 � g for 10 min. Protein extracts from three unique preparations
for each strain were pooled, and the protein concentrations of the samples were
determined by the Coomassie Plus protein assay as recommended by the man-
ufacturer (Pierce, Rockford, IL). Stock cyanine fluorescent dyes (Cy2, Cy3, or

Cy5) (34) (1 nmol/�l; GE Healthcare, Uppsala, Sweden) were reconstituted in
anhydrous N,N-dimethylformamide (Fluka, Buchs, Switzerland) to 400 pmol/�l,
and 8 pmol dye was added per �g protein in the cell lysate. The sample was
vortexed, centrifuged briefly, and left on ice in the dark for 30 min. The reaction
mixture was quenched by the addition of 10 mM lysine followed by incubation on
ice for a further 10 min.

According to the instructions from the manufacturer (GE Healthcare, Upp-
sala, Sweden), two out of four samples from the wild-type strain were labeled
with Cy3, and the other two samples were labeled with Cy5; the same was done
for the mutant. An internal standard composed of equivalent amounts of pro-
teins from the wild-type strain and the mutant was labeled with Cy2, mixed with
the labeled wild-type and mutant lysates, and run in one gel. One additional
preparative gel that contained 500 �g of the pooled samples was also run, so a
total of five gels were run within the same set.

2-D electrophoresis. Prior to isoelectric focusing (IEF), the sample was mixed
with rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 1% IPG buffer
[pH 3 to 10], 13 mM dithiothreitol) before being applied to 24-cm DryStrips (pH
3 to 10 [nonlinear]; Amersham Bioscience, Uppsala, Sweden) in a strip holder
for active rehydration. The first-dimension separation was carried out with an
isoelectric focusing system (IPGphor; Amersham Bioscience, Uppsala, Sweden).
The total focusing time was 60 kVh. After equilibration, second-dimension
electrophoresis was performed in an ETTAN Dalt (Amersham Bioscience) at 15
mA/gel for 15 h on 12% polyacrylamide gels cast in 20- by 24-cm glass plates.
After 2-DE, gels were scanned with the 2920 Master Imager (Amersham Bio-
science) using excitation/emission wavelengths specific for the different CyDyes.

Image analysis. 2-D images were created and analyzed by DeCyder (GE
Healthcare) software. The differential in-gel analysis module was used to define
spot boundaries and to filter out spots resulting from nonprotein sources (e.g.,
dust particles). The gels were normalized against the internal standard and
grouped. The biological variation analysis mode of DeCyder was then used to
match all images for comparative cross-gel statistical analysis of the two groups
(wild type and mutant) using a Student’s t test. Comparison of test spot volumes
with the corresponding standard spot volumes gave a standardized abundance
for each matched spot; these values were averaged across the four replicates and
compared between the SS1 strain and its isogenic hpaA mutant. Spots displaying
P values of less than 0.05 were selected for identification by MS.

OMP preparation. The sarcosine-insoluble outer membrane fraction of H.
pylori was prepared as described previously (5), with minor modifications. H.
pylori cells were harvested by centrifugation (5,000 � g, 10 min) and washed with
20 mM Tris-HCl (pH 7.5). The cells were suspended in 20 mM Tris-HCl (pH 7.5)
and then disrupted with an ultrasonicator. DNase (Benzonase; Sigma-Aldrich,
Steinheim, Germany) and protease inhibitors (Complete EDTA-free; Roche
Diagnostics, Mannheim, Germany) were added to the cell suspension, and the
mixture was incubated at room temperature for 30 min. Unbroken cells were
removed by centrifugation (12,000 � g, 20 min, 4°C). Total membrane proteins
were collected by centrifugation (45,000 � g, 30 min, 4°C), resuspended in 20
mM Tris-HCl (pH 7.5) containing 2.0% (wt/vol) sodium lauryl sarcosine (USB,
Cleveland, OH), and incubated at room temperature for 30 min. OMPs were
collected by centrifugation (45,000 � g, 30 min, 4°C).

The OMP pellet was dissolved in SDS sample buffer and separated by SDS-
PAGE (10% Bis-Tris gel; Novex, San Diego, CA). After staining of the gels with
either Sypro ruby (Molecular Probes, Eugene, OR) or Bio-Safe Coomassie
(Bio-Rad), all visual protein bands were excised for further analysis.

The method described previously by Shevchenko et al. (29) was applied, with
some minor modifications. Briefly, the gel pieces were destained by washing
three times with 25 mM NH4HCO3 in 50% CH3CN. Gel pieces were dried in a
vacuum centrifuge and incubated with digestion buffer (50 mM NH4HCO3, 10
ng/�l trypsin) at 37°C overnight. Peptides were extracted in 50% CH3CN–1%
CH3COOH, and the supernatant was evaporated to dryness in a vacuum cen-
trifuge.

Nano-LC FT-ICR MS and MS/MS analyses. Protein digests were reconsti-
tuted in 0.1% HCOOH (Merck, Darmstadt, Germany) and separated by chro-
matography in a 17-cm fused silica column (50-�m inner diameter) packed
in-house with reverse-phase C18-AQ 3-�m porous particles with a 50-min gra-
dient from 0 to 50% CH3CN (Merck)–0.1% HCOOH at a flow rate of approx-
imately 100 nl/min. A tapered fused silica (20-�m inside diameter) was used as
an emitter.

Mass analyses were performed with a hybrid linear ion trap FT-ICR mass
spectrometer equipped with a 7-T ICR magnet (LTQ-FT; Thermo Electron,
Bremen, Germany). The mass spectrometer was operated in the data-dependent
mode to automatically switch between MS and MS/MS acquisition. Survey MS
spectra (from m/z 400 to 1,600) were acquired in the FT-ICR, and the three most
intense doubly or triply charged ions in each FT scan were fragmented and
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analyzed in the linear ion trap. Proteins were identified by automated database
searching (Matrix Science, London, United Kingdom) of all tandem mass spectra
using the NCBI database. The search parameters were set as follows: MS accu-
racy, 15 ppm; MS/MS accuracy, 0.5 Da; one missed cleavage allowed; fixed
propionamide modification of cysteine; and variable modification of oxidized
methionine.

Infection of mice with H. pylori. (i) Animals. Six- to eight-week-old C57BL/6
female mice were purchased from B&K Universal (Sollentuna, Stockholm, Swe-
den) and housed in microisolators at the Laboratory for Experimental Biomed-
icine, Göteborg University, Göteborg, Sweden, during the study. All experiments
were approved by the Ethical Committee for Laboratory Animals in Göteborg
(92/03).

(ii) Bacteria and culture conditions for infection. H. pylori strain SS1 (19) was
prepared for infection of mice as previously described (28).

(iii) Infection. Sixteen female C57BL/6 mice were orally infected with approx-
imately 109 CFU of H. pylori SS1 or SS1(�hpaA) in Brucella broth under anes-
thesia (Isoflurane; Abbott Scandinavia Ab, Solna, Sweden) as previously de-
scribed (27).

Detection of H. pylori SS1 (wild type) and SS1(�hpaA) in infected mice. (i)
Quantitative culture. The kinetics of SS1 in the colonization of mice have been
well characterized, showing stable colonization between 2 and 8 weeks of infec-
tion (27). To determine the kinetics of colonization by SS1(�hpaA) in mice,
animals were killed at various time points after infection (3 days, 3 weeks, and 8
weeks). The stomachs were removed and washed with phosphate-buffered saline
to remove food residues. One half of the stomach was used for quantitative
culture as previously described (27), and the other half was used for detection of
H. pylori-specific genes by PCR. The stomach homogenates from the
SS1(�hpaA)-infected mice were cultured on blood Skirrow plates both with and
without kanamycin to examine if they had lost their antibiotic resistance during
the gastric infection.

(ii) H. pylori-specific PCR. For detection of H. pylori-specific DNA from the
infected mice, the mucus layer was removed from the other half of the stomach
by using a glass slide and put into an extraction buffer (20 mM Tris, pH 8.0, 0.5%
Tween 20, 0.5 mg/ml proteinase K). The tubes were incubated for 1 h at 55°C and
thereafter for 10 min at 98°C before they were centrifuged for 5 min at maximum
speed. The supernatants were then transferred to a new tube. The sample was
stored at �20°C before analysis by an H. pylori ureA-specific PCR performed as
previously described (11).

Detection of Omp18 (HP0796) mRNA by RT-PCR. RNA was isolated from
SS1 and SS1(�hpaA) isolates cultured in Brucella broth for 24 h by using an
RNeasy kit (QIAGEN GmbH, Hilden, Germany) according to the manufactur-
er’s instructions. Reverse transcription (RT) was performed on DNase-treated
total RNA using a Sensiscript RT kit (QIAGEN) with a reverse primer specific
for the omp18 (HP0796) gene (5�-ACC CAA TTC TAT CGC CCA ATT C-3�).
The cDNA was thereafter amplified with the primer used in the RT step and a
forward primer (5�-ACC AGC GGT TTT TAG CCA AGA-3�). An RT reaction
without RNA and the same sample not subjected to RT were used as negative
controls in PCR. PCR was done with an annealing temperature of 55°C for 2 min
and a 2-min elongation step for 30 cycles. Samples were analyzed on a 2%
agarose gel.

RESULTS

Comparison of the major proteome components in H. pylori
strains SS1 and SS1(�hpaA). To identify that no specific pro-
tein expression change had followed the construction of the
HpaA mutant, we analyzed the proteome of H. pylori strain
SS1 and its isogenic mutant by the 2-DE-based DIGE system.
By use of cell lysis buffer compatible with the DIGE technology
and isoelectric focusing at a pH interval of 3 to 10, over 800
distinct protein spots from each sample in the four replicates
were detected by the DeCyder software and subsequent man-
ual correction. The analysis of the expression profiles in strain
SS1 and the SS1(�hpaA) mutant resulted in the identification
of a minor number of spots (13) with a significantly changed
level (P � 0.05). Of these spots, eight were found to be down-
regulated and five spots were found to be upregulated in the
SS1(�hpaA) mutant (Fig. 1). For identification of proteins, one
preparative gel was stained with Sypro ruby, and spots were
digested in gel and analyzed by nano-LC FT-ICR MS and
MS/MS. We successfully identified the proteins shown in Table

FIG. 1. DIGE analysis. Protein spots with changes in expression levels between wild-type and mutant strains are marked and identified by mass
spectrometry (Table 1). The upper inserts show the presence of the trigger factor (tig) in both the wild-type and mutant strains. The insert below
illustrates the presence of the HpaA protein in the gel from the wild type and the lack of HpaA in the corresponding area in the gel from the
mutant.
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1. Notably, the trigger factor encoded by the tig gene located
downstream of hpaA showed similar levels of expression in
both strains (Fig. 1 and 2). However, Omp18 (HP0796) was
detected in neither the wild-type strain nor the mutant. Thus,
to ascertain that the disruption of the hpaA gene had not
affected the transcription of its downstream gene, omp18, an
omp18-specific RT-PCR was performed on SS1 and the
SS1(�hpaA) mutant strain, which showed that Omp18 was
transcribed in both strains (data not shown).

Analysis of surface-exposed proteins. It is well known that
2-DE gel analysis is not the method of choice for studies of
hydrophobic and low-abundance proteins (i.e., OMPs). There-
fore, we combined subcellular fractionation of the sarcosine-
insoluble outer membrane and one-dimensional SDS-PAGE
analysis with nano-LC FT-ICR MS and MS/MS analyses in
order to compare the expression of outer membrane proteins
in H. pylori strain SS1 and its isogenic mutant.

The separation of the OMP fraction by SDS-PAGE revealed
an almost-identical protein pattern between the two strains
(Fig. 3). We identified over 50 proteins with considerable over-
lap from each of the strains. Of these proteins, 25 are known to
be outer membrane proteins or putative outer membrane pro-
teins, 15 are hypothetical proteins with unknown function and
localization, 7 are flagellar proteins, and 1 additional protein is
involved in flagellar motility (Table 2). In addition, several
cytoplasmic proteins known to be localized at the bacterial
surface, including urease, catalase, Hsp60, Nap, and VacA,
were identified in both strains. The HpaA protein was identi-
fied in the OMP fraction from the SS1 strain.

Furthermore, a Western blot performed on SS1 and
SS1(�hpaA) OMP fractions using an HpaA monoclonal anti-
body (9) clearly confirmed the presence of HpaA in the prep-
aration from SS1 but not in the preparation made from
SS1(�hpaA) (data not shown).

Growth of bacteria in vitro. To ensure that the mutant strain
had not significantly altered its growth properties compared to
SS1, both strains were cultured in liquid shaking culture for a
week. Samples were taken at various time points, and the OD
and viability of the bacteria were measured. As shown in Fig.
4, no obvious differences in growth properties in vitro were
seen when the mutant strain was compared with wild-type SS1.
The viabilities of the two strains were also comparable (data
not shown).

Detection of bacteria in infected mice. Colonization of H.
pylori was detected both by quantitative culture and by H.
pylori-specific PCR. To evaluate the colonization pattern for
SS1(�hpaA), mice were infected with either SS1(�hpaA) or
SS1 as a reference and then killed at various time points rang-
ing from 3 days to 2 months. Mice infected with SS1 showed a
massive colonization at all time points studied, but bacteria
could not be detected in the stomachs of mice infected with
SS1(�hpaA) either by culture (Fig. 5) or by H. pylori-specific
PCR at any time point (data not shown). To ascertain that
SS1(�hpaA) had not lost its kanamycin resistance during the
colonization in the stomach, the bacteria were grown on plates
with and without kanamycin. However, no bacteria could be
detected after culture on plates without kanamycin either (data
not shown).

TABLE 1. Protein spots showing altered expression levels by use of DIGE technology

Gene locus Protein name Function Molecular mass
(kDa) pI Avg ratioa

HP1118 Gamma-glutamyltransferase Transpeptidation reaction 61.1 9.27 2 0.65
HP0649 Aspartate ammonia lyase Amino acid biosynthesis 52.5 6.37 2 0.68
HP0649 Aspartate ammonia lyase Amino acid biosynthesis 52.5 6.37 2 0.60
HP0586 2-Oxoglutarate oxidoreductase Oxidoreductase activity 41.7 5.98 2 0.32
HP1238 Aliphatic amidase Hydrolase activity 38.5 6.20 2 0.36
HP0310 Hypothetical protein Hydrolase activity 33.6 5.42 2 0.42
HP0653 Nonheme ferritin protein Iron storage protein 19.3 5.40 2 0.42
HP0243 Neutrophil-activating protein Neutrophil activation 16.8 5.69 2 0.52
HP0010 Chaperone and heat shock protein Chaperone and heat shock protein 58.3 5.55 1 1.43
HP1205 Elongation factor EF-TU Elongation factor 43.7 5.17 1 2.09
HP1205 Elongation factor EF-TU Elongation factor 43.7 5.17 1 2.56
HP0170 Hypothetical protein Unknown 28.7 4.63 1 1.47
HP0068 UreG Incorporating Ni to Urease 22.1 5.03 1 2.27

a Protein expression level in the SS1(�hpaA) mutant compared to that of the wild-type strain. Unchanged protein expression is set to 1.

FIG. 2. Gene location of hpaA (HP0797). The gene order and sizes
of genes have been obtained from the H. pylori TIGR genome data-
base (http://www.tigr.org). nt, nucleotide.

FIG. 3. SDS-PAGE analysis of the outer membrane fractions.
Lane 1, SS1; lane 2, SS1(�hpaA); lane 3, molecular mass marker. The
arrow indicates 31 kDa.
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DISCUSSION

Many colonization and virulence factors have been evalu-
ated as protective antigens in immunization studies in animal
models (17, 22). For a bacterial protein to be considered as a
candidate vaccine antigen, it should preferably be conserved
(i.e., present in all strains), secreted or surface localized, and
immunogenic (i.e., capable of stimulating the immune system).
HpaA fulfills all these criteria; the gene encoding HpaA is
present in and expressed by all H. pylori isolates (9, 39), indi-
cating that it is valuable for the bacterium. Furthermore, H.
pylori-infected subjects mount serum antibody responses
against HpaA, which decline after eradication of the bacterium
(23, 37), and HpaA induces maturation and antigen presenta-

tion of dendritic cells, showing its immunogenicity (36). In
addition, it has been shown that HpaA is expressed both in-
tracellularly and on the bacterial surface (20, 25).

To investigate the importance of HpaA in H. pylori infection,
a previously described mutation of HpaA (25) was introduced
into the mouse-adapted strain SS1, and the mutant strain was
tested for its colonization ability and immunogenicity in a
well-established animal model.

In order to verify that the mutation had not caused any
damage on downstream genes or second-site mutations, we
performed 2-D DIGE analysis to examine the overall protein
expression pattern of H. pylori strain SS1. All the detected
protein spots in the wild-type strain, with the exception of
HpaA, were found in the mutant strain. However, 13 spots
corresponding to 11 unique proteins showed small changes in
expression levels in the mutant compared to the wild-type
strain; of these, seven proteins were found to be down-regu-
lated and four proteins were up-regulated. These identified
proteins do not seem to be related on either the genetic or the
functional level. In addition, it has been shown that minor
changes in the protein expression level normally occur within a
bacterial strain (35) (E. Carlsohn et al., unpublished data). The
most important finding in the DIGE analysis of the wild type
and its isogenic mutant was that the trigger factor encoded by
the tig gene located downstream of hpaA showed similar levels
of expression in both strains.

It is well known that OMPs tend to be discriminated in
standard 2-DE displaying total cell extract. This is due both to
poor solubility and low expression levels of the proteins of
interest, and it is therefore important to design an appropriate
isolation procedure for this protein species. We performed
subcellular fractionation of OMPs in combination with one-
dimensional PAGE analysis and nano-LC FT-ICR MS and
MS/MS analyses of tryptic peptides. By use of this novel ap-
proach, we identified over 20 outer membrane proteins and 8
flagella-associated proteins in both investigated strains. All
OMPs present in the wild-type strain, with the exception of
HpaA, were also expressed in the mutant strain. The cotrans-
cription of hpaA and the downstream gene omp18 has previ-
ously been described (20). It was therefore of interest to study
the expression of the omp18 gene product in the constructed
HpaA mutant to investigate possible polar effects on surround-
ing genes in the mutant. Unfortunately, the Omp18 protein
was not detected in any of the strains. However, RT-PCR
analysis of omp18 mRNA from the wild-type and mutant
strains clearly showed that omp18 was transcribed in both
strains, indicating that disruption of hpaA did not have any
polar effects on its downstream genes (data not shown). In
addition, to the best of our knowledge, the Omp18 protein has
never been detected, suggesting that it might not be translated
but that it might only be present on the mRNA level. Because
no major differences between the two strains could be de-
tected, we proceeded to an animal model for evaluation of the
physiological importance of HpaA.

In vivo studies showed that while mice infected with the
wild-type SS1 strain were heavily colonized, its isogenic mutant
failed to colonize the mice at all time points examined. Thus,
the fact that the mutant did not show significant differences in
growth under laboratory conditions suggests that the observed
phenotype is strictly in vivo dependent.

TABLE 2. Selected subset of identified proteins from the enriched
outer membrane fractions of H. pylori strain SS1 and its isogenic

mutant, SS1(�hpaA)

Protein name Gene locus
Protein identitya

SS1 SS1(�hpaA)

Adhesin-thiol peroxidase
(TagD)

HP0390 • •

Catalase HP0875 • •
Flagellar basal-body rod

protein (FlgG)
HP0547 • •

Flagellar hook FlgE HP0870 • •
Flagellar hook-associated

protein 1 (HAP1)
HP1119 • •

Flagellar hook-associated
protein 2 (HAP2)

HP0752 • •

Flagellar hook-associated
protein 3 (HAP3)

HP0295 • •

Flagellin A HP0601 • •
Flagellin B HP0115 • •
H. pylori adhesin A (HpaA) HP0797 •
HofC HP0486 • •
Iron-regulated outer

membrane protein
HP1512 • •

Membrane-associated
lipoprotein lpp20

HP1456 • •

Neutrophil-activating
protein (Nap)

HP0243 • •

Omp1 (HopZ) HP0009 • •
Omp2 HP0025 • •
Omp5/Omp29 HP0227/1342 • •
Omp6 HP0229 • •
Omp10 HP0324 • •
Omp11 HP0472 • •
Omp12/Omp22 HP0477/0923 • •
Omp14 HP0671 • •
Omp15 (HopE) HP0706 • •
Omp16 HP0722 • •
Omp21 (AlpB) HP0913 • •
Omp23 HP1107 • •
Omp25 HP1156 • •
Omp27 (HopQ) HP1177 • •
Omp28 (BabA) HP1243 • •
Omp30 HP1395 • •
Omp31 HP1469 • •
Secreted protein involved in

flagellar motility
HP1462 • •

Urease � HP0073 • •
Urease 	 HP0072 • •
Urease accessory protein

(UreG)
HP0068 • •

a A • indicates protein identity significant at the 99% level.
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HpaA was originally pointed out as a putative N-acetyl-
neuraminyllactose-binding hemagglutinin, and several studies
have tried to elucidate the function of HpaA in in vitro adhe-
sion studies, but the results are not conclusive. For example,
bacterial binding to gastric cell lines in vitro was not affected by
an inactivated hpaA gene (25). However, epithelial cell lines
have been demonstrated to respond quite differently to bacte-
rial stimulations compared to freshly isolated epithelial cells
(4). Furthermore, deletion of the hpaA gene did not influence
the glycosphingolipid recognition pattern of the bacteria, as
evaluated by binding of the bacteria to previously identified H.
pylori-binding glycosphingolipids on thin-layer chromatograms
(1). Thus, both the parent SS1 strain and the HpaA knockout
mutant bound to lactosylceramide, gangliotetraosylceramide,
lactotetraosylceramide, and Leb-terminated glycosphingolipids
(S. Teneberg et al., unpublished data). One may therefore
speculate whether HpaA itself directly mediates receptor bind-
ing or whether it is involved in facilitating the adhesin trans-
port and folding, or if it exerts regulatory functions. The role of
HpaA needs to be elucidated in further investigations.

In conclusion, we have shown that the disruption of the
HpaA-encoding gene did not induce any major differences in
the protein expression pattern in the mutant compared with
the wild-type strain. We have also demonstrated that HpaA is
essential for bacterial colonization in the gastric mucosa of
mice, establishing for the first time a physiological role of
HpaA in vivo.
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