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Comparative proteome analysis of Helicobacter pylori
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Summary

Helicobacter pylori, the causative agent of gastritis,
ulcer and stomach carcinoma, infects approximately
half of the worlds population. After sequencing the
complete genome of two strains, 26695 and J99, we have
approached the demanding task of investigating the
functional part of the genetic information containing
macromolecules, the proteome. The proteins of three
strains of H. pylori, 26695 and J99, and a prominent
strain used in animal models SS1, were separated by a
high-resolution two-dimensional electrophoresis tech-
nique with a resolution power of 5000 protein spots. Up
to 1800 protein species were separated from H. pylori
which had been cultivated for 5 days on agar plates.
Using matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) peptide mass fingerprinting
we have identified 152 proteins, including nine known
virulence factors and 28 antigens. The three strains
investigated had only a few protein spots in common.
We observe that proteins with an amino acid exchange
resulting in anet change of only one charge are shifted in
the two-dimensional electrophoresis (2-DE) pattern. The
expression of 27 predicted conserved hypothetical open
reading frames (ORFs) and six unknown ORFs were
confirmed. The growth conditions of the bacteria were
shown to have an effect on the presence of certain
proteins. A preliminary immunoblotting study using
human sera revealed that this approach is ideal for
identifying proteins of diagnostic or therapeutic value.
H. pylori 2-DE patterns with their identified protein
species were added to the dynamic 2D-PAGE database
(http://www.mpiib-berlin.mpg.de/2D-PAGE/). This basic
knowledge of the proteome in the public domain will be
an effective instrument for the identification of new
virulence or pathogenic factors, and antigens of poten-
tially diagnostic or curative value against H. pylori.
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Introduction

The presence of bacteria in the stomach mucosa was
described by Bizzozero as early as 1893 (Bizzozero,
1893). Only 90 years later Warren and Marshall (Warren,
1983; Marshall and Warren, 1984) succeeded in cultivat-
ing bacteria, later named Helicobacter pylori, which had
been isolated from the gastric epithelia of active chronic
gastritis patients. With the detection of H. pylori in the
stomach, a paradigm shift in medical microbiology
occurred. Epidemiological studies revealed a statistically
significant correlation between the presence of H. pylori
and stomach carcinomas (Forman et al., 1991; Nomura
et al., 1991; Parsonnet et al., 1991). It is now recognized
that H. pylori is a major cause of inflammation leading to
dyspepsia, duodenal or gastric cancer or gastric mucosa-
associated lymphoid tissue lymphoma (MALT). In 1994,
the WHO declared H. pylori to be a definitive carcinogen
(IARC Working Group on the Evaluation of Carcinogenic
Risks to Humans, 1994).

Diagnosis of H. pyloriis performed by invasive and non-
invasive methods. Invasive methods include biopsies,
urease test, histology, direct microscopy, culture and PCR
from biopsy material. Non-invasive tests are the '3C-urea
breath test and serological tests like ELISA and immuno-
blots. PCR, ELISA and immunoblotting require the
identification of gene or protein targets characterizing H.
pylori presence (Megraud, 1997). The genes cagA and
ureC can be detected directly in biopsies by PCR (Lage
et al., 1995). Blots of one-dimensional SDS—PAGE gels
revealed several diagnostically relevant antigens, includ-
ing CagA, VacA, urease a subunit, heat shock protein B
and 35 kDa antigen. Others were only characterized by
their apparent molecular mass (Nilsson et al, 1997;
Aucher et al., 1998; Lamarque et al., 1999).

H. pylori infection can be successfully treated by ‘triple
therapy’ combining a proton pump inhibitor with two
antibiotics (Goddard and Logan, 1995; Labenz and
Borsch, 1995; Moayyedi et al., 1995). The high cost of
antibiotic treatment, the likelihood of the development of
antibiotic resistance and potential reinfection have pro-
vided impetus for the development of a therapeutic and/or
prophylactic vaccine against H. pylori. In small animal
models such as the mouse, the H. pylori urease was the
first protein shown to provide protective immunity to a
Helicobacter infection (Michetti et al., 1994). Since then,
VacA (Marchetti et al.,, 1995; 1998; Crabtree, 1998;),
CagA (Crabtree, 1998; Marchetti et al., 1998), catalase
(Radcliff et al., 1997), a nickel-binding heat shock protein
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Fig. 1. Two-DE gel of total cell protein of (A) H. pylori 26695 (B) H. pylori J99 and (C) H. pylori SS1. The original gel size is 23 x 30 x 0.075 cm.

The proteins were detected by silver staining.

(Gilbert et al., 1995) and a citrate synthase homologue
(Dunkley et al., 1999) have also been used successfully
as vaccines in mouse models. In addition, the Lewis
antigen-binding adhesin BabA (llver et al, 1998) and
HP0175, an open reading frame (ORF) with some
homology to Campylobacter jejuni cell binding protein 2,
were proposed as vaccine candidates (McAtee et al.,
1998a). Given the enormous heterogeneity of H. pylori
strains there is a great need for additional vaccine
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candidates conserved between strains and antigens of
diagnostic value.

In animal models, several strategies have been applied
to gain protective immunization. In 1992, Chen et al.
(1992) reported induction of protective immunity in mice
after oral vaccination with whole cell sonicates, this was
later confirmed by Czinn et al. (1993). Workers in our
laboratory reported 100% protection after single oral
immunization with an attenuated Salmonella typhimurium
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Fig. 1. Continued.

live vaccine expressing UreA and UreB (Gomez-Duarte
et al, 1998). The high efficacy in the mouse model,
combined with remarkable immunogenicity, safety and
low-cost production, makes attenuated live recombinant
Salmonella a promising vaccine strategy for the control of
H. pylori-related diseases in humans (Gomez-Duarte
et al., 1999).

To date, the complete genome of 26 microorganisms
has been sequenced, including two strains of H. pylori
26695 (Tomb et al., 1997) and J99 (Alm et al., 1999).
Two-dimensional gel electrophoresis (2-DE) of proteins

6.0 6.9 8.2 9.0

allows the separation of up to 10 000 protein species in
one electrophoretic run (Klose and Kobalz, 1995). This
resolution is clearly exceeding the number of genes
predicted for the two H. pylori strains sequenced [26695,
1590 predicted genes (Tomb et al, 1997); J99, 1495
predicted genes (Alm et al, 1999)] and is therefore
sufficient for proteome analysis of this microorganism.
The combination of 2-DE with mass spectrometry enables
the identification of proteins on 2-DE patterns in a large
scale (Muller et al, 1996; Shevchenko et al, 1996).
Comparison of different biological situations may be

© 2000 Blackwell Science Ltd, Molecular Microbiology, 36, 710-725
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Fig. 1. Continued.

monitored on the protein level by subtractive analyses
(Aebersold and Leavitt, 1990). In preliminary attempts to
combine 2-DE with immunoblotting (Dunn et al., 1989),
small gel 2-DE and immunoblotting were applied to detect
antigens (McAtee et al., 1998b). We have constructed a
2-DE database containing information on pathogenic
microorganisms (Mollenkopf et al, 1999) (http:/
www.mpiib-berlin.mpg.de/2D-PAGE/). This database is a
federated member of the world 2-DE database (http://
www.expasy.ch/ch2d/2d-index.html) and contains data on
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Mycobacterium tuberculosis (Jungblut et al., 1999a) and
Borrelia garinii (Jungblut et al., 1999b).

Here we present the first attempt at a systematic
analysis of about 1800 H. pylori proteins, the identification
of 152 proteins by peptide mass fingerprinting matrix-
assisted laser desorption/ionization mass spectrometry
(MALDI-MS) and the organization of these data in a
dynamic 2-DE database which is accessible via the
Internet. This comprehensive analysis is the basis for
comparative proteome analyses as exemplified by a
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Table 1 Comparison of 10 assigned spots in strains 26695 and J99.

Amino acid
26695 changes Shift

ORF pl ORF pl Identity 26695 —J99 Predicted 2-DE

HP0824 5.16 jhp763 5.16 Thioredoxin Identical No shift No shift
TrxA

HP00112 6.12 jhp9 6.12 Co-chaperone Identical No shift No shift
GroES

HP00722 5.64 jhp67 5.64 Urease B subunit Identical No shift No shift
UreB

HP11612 4.45 jhp1088 4.45 Flavodoxin V—I; S—G; T—N; No shift No shift
FIdA S—A

HP1458 7.72 jhp1351 7.72 Thioredoxin S—L; M—-V; I-T No shift No shift

HP0480% 5.30 jhp432 5.30 GTP-binding R—K; I-L; A—T; No shift No shift
protein, fusA- T-A
homologue YihK

HP11992 5.22 jhp1122 5.00 Ribosomal protein K—E J99—left J99—left
L7/L12 Rpl7/112

HP0010? 5.55 jhp8 5.50 Chaperone and H—D; E—Q J99—left J99—left
heat shock protein
GroEL

HP0389 5.77 jhp992 6.04 Superoxide D—A; G—E; J99—right J99—right
dismutase Sod B Q—K; E—G;

-V

HP1563 5.88 jhp1471 5.98 Alkyl A—-T; T-S; Q—H J99—right J99—right

hydroperoxide

reductase TsaA

Spots with a comparable intensity at the same position or with a horizontal shift of up to 2 cm were assigned to the same protein. The pl given in the
table was calculated from the sequence of the TIGR gene sequence database with the help of the pl calculation program of Expasy. The theoretical

pl values and the resulting predicted pH shift were compared with those found on the 2-DE patterns.

a. Detected in this study as antigen.

comparison of the protein composition of three different
strains of H. pylori, the comparison of different biological
situations and identification of antigens.

Results
Protein separation and identification

The protein composition of H. pylori 26695, SS1 and J99
was resolved on large 2-DE gels (Fig. 1). In all three
strains, the protein spots are spread over the whole pl
range of 4—10 and the whole M, range 5-150 kDa. There
is a tendency for an increased number of protein species
in the basic range of the gel and several of them are
accumulated at the basic end of the gel. In total 1863,
1448 and 1622 spots were detected on the patterns of H.
pylori 26695, SS1 and J99 respectively. The comparison
of the three patterns reveals a high genetic variability.
Whereas several main spots are found at the same
position, many positional shifts and differentially present
or absent spots are observed. Peptide mass fingerprinting
using MALDI-MS allowed us to identify 10 spots, which
were assigned easily between the two strains 26695 and
J99 (Table 1). Three protein species were identical as
predicted from the genome sequence and indeed they
were at the same position within the 2-DE patterns.

Flavodoxin, thioredoxin and FusA have four, three and
two amino acid exchanges respectively, without a net
charge change and therefore appear at the same position
in the 2-DE pattern. Four protein species with amino acid
exchanges resulting in a net charge change of at least 1
show the predicted shift. As expected the shift obtained
from 1 net charge results in a larger shift for low M,
proteins as compared with high M, proteins. In the M,
range, up to 60 kDa a net charge shift of 1 discriminates
two protein species on large, high-resolution 2-DE gels,
as shown for GroEL and TsaA.

Peptide mass fingerprinting using MALDI-MS was used
to identify 152 spots of strain 26695. The complete pattern
was digitized and subdivided in six sectors. Sector B of
strain 26695 is shown in Fig. 2. All of the spots marked
with numbers were identified. The web-site of this journal
(http://www.blackwell-science.com/mmi) contains all of
the sectors with all of the identified proteins (web-site
Figure 1) and a systematic protein list, in which the
numbers of the spots lead to the protein name and if
known to the function of the protein (web-site Table 1).
For this web-site table the classification of H. pylori
proteins of the TIGR database (http://www.tigr.org/tdb/
mdb/mdb.html), which was derived from the classification
of Escherichia coli (Riley, 1993), was used.

The 152 identified protein spots represented 126

© 2000 Blackwell Science Ltd, Molecular Microbiology, 36, 710-725
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Fig. 2. Sector B of the 2-DE pattern of H.
pylori 26695 cell proteins. Identified proteins
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genes. Several proteins appeared in horizontal spot
series resulting from protein species of one protein with
differently charged side groups caused by post-transla-
tional modifications. One hundred of the identified protein
species (67% of all identified proteins) were within the
10% most intense silver-stained spots of the 26695 strain.
Except for two, all of the 20 most intense spots were
identified (Table 2). The two spots not identified were not
stained by Coomassie brilliant blue. The first five most
intense spots clearly dominated the pattern and were, in
order of decreasing intensity: GroEL, UreB, TsaA, GroEL
and CagA. GroEL and UreB contributed four and three
spots respectively, which correspond to different protein
species, these were all included in the list of the 20 most
intense spots.

The 126 identified proteins represent about 8% of the
total number of 1590 genes predicted from the genome
(Tomb et al., 1997). The identified proteins are dispersed
over nearly all the protein classes. One pair of paralogous
proteins was identified: CeuE HP1561 and CeukE HP1562.
The following protein classes are underrepresented by the
identified 126 proteins, with a percentage below 8% of the
predicted number of ORFs: biosynthesis of cofactors,
prosthetic groups and carriers, transport and binding
proteins, DNA metabolism, cell envelope, cellular pro-
cesses and other categories. More than 20% of the
predicted proteins of a certain protein class were found in
the following protein classes: central intermediary meta-
bolism, energy metabolism, transcription, protein fate and
unknowns. More than 40% of the predicted members of a

© 2000 Blackwell Science Ltd, Molecular Microbiology, 36, 710-725

protein family were found in the following protein families:
pyridoxine; glutathione; anaerobic proteins; TCA cycle;
chromosome-associated proteins; DNA-dependant RNA
polymerase; transcription factors, translation factors;
protein folding and stabilization; degradation of proteins,
peptides and glycopeptides; surface structures; detoxifi-
cation. Several well-known virulence factors were identi-
fied (Table 3) and contribute to the most intense spots of
the 2-DE pattern of H. pylori 26695 under the chosen
growth conditions.

PH dependent protein composition

H. pylori is a microorganism capable of growing under
extreme acidic conditions in the presence of urea (Segal
et al., 1992; Solnick et al., 1995). We studied the effect of
pH on protein composition by growing H. pylori on agar
plates with pH values between 5 and 8. Several differences
in the protein composition of bacteria grown at these
conditions were observed. Five of the differences detected
are shown in Fig. 3. The spot intensities were measured
after scanning the images, performing spot detection with
the evaluation program Topspot and adding the pixel
intensities within one spot (Table 4). Patterns were normal-
ized on 10 spots predicted to be constant in intensity. The
mean intensity value and variation coefficient were
calculated from three experiments each, starting with
three independent H. pylori cultivations per pH value.
Spot 1 decreased in intensity with decreasing the pH value
from 8 to 5. It was identified as serine protease HtrA
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Table 2. The 20 most abundant protein species of the 2-DE pattern of
H. pylori 26695.

Spot M, Short

no. Intensity kDa  pl Identity name ORF

A390 1899.53 59.4 5.5 Chaperone and GroEL  HPO0010
heat shock protein

A343 1432.48 64.7 5.6 Urease B subunit UreB HP0072

D341 1355.94 23.7 6.0 Alkyl TsaA HP1563
hydroperoxide
reductase

A194 1209.85 60.0 5.4 Chaperone and GroEL  HP0010
heat shock protein

B126 1193.57 132.4 6.6 Cag pathogenicity Cag26 HP0547

island protein
A192 834.17 60.0 5.4 Chaperone and
heat shock protein

(GroEL) HP0010

D322 791.85 28.9 8.6 Urease, a subunit UreA HP0073
D329 765.38 26.7 9.1 Ribosomal protein Rps4 HP1294
E35 735.28 10.0 5.1 S4 general stress Ctc HP1496
protein
Ribosomal protein Rpl7/112 HP1199
L7/L12
D281 727.92 16.0 6.8 Adhesin- TagD HP0390

thiol peroxidase
A388 704.27 59.7 5.6 Chaperone and
heat shock protein

(GroEL) HP0010

F16 691.56 11.5 6.4 Co-chaperone GroES  HPO0O11
A323 682.03 64.8 5.7 Urease B subunit UreB HP0072
E54 673.21 12.3 5.6 Neutrophil NapA HP0243
activating protein
A325 667.99 65.1 5.6 Urease B subunit UreB HP0072
F44 667.53 114 83 - - -
F52 64092 11.8 86 - - -
D142 635,50 17.5 8.8 Conserved - HP1286
hypothetical
secreted protein
B537 576.40 52.2 6.7 Aminopeptidase PepA HP0570
ali
A477 567.52 46.6 5.2 Translation TufB HP1205
elongation factor
EF-Tu

The intensity was determined by adding the optical densities of all of
the pixels within each spot. M, and pl were estimated from the 2-DE
position. The spots were identified by peptide mass fingerprinting
MALDI-ms. Protein names in brackets represent proteins in series
where the main spot was identified by peptide mass fingerprinting.

(HP1019). Decreasing the pH from 8 to 5 decreased spot 5
in intensity and spots 2—4 were completely absent at pH 5.
These proteins were identified as different protein species
of the vacuolating cytotoxin (HP0887).

Table 3. Known virulence factors identified on the 2-DE pattern of H.
pylori 26695.

Spot no. Short name ORF

A323, A325, A343 UreB HPO0072
B126 Cag26 HP0547
B251 VacA HP0887
B318 Cag8 HP0528
B437, B439 Catalase HP0875
C134, C197 SodB HP0389
D121, D132, D345 HpaA HP0410
D200, D316, D318, D322, D323, D326 UreA HP0073
F6, F9, F16 GroES HP0O11
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Fig. 3. Part of sector B with protein species differing in spot intensity
depending on pH during cultivation. Six spots are marked with
database numbers, which showed clearly different intensities. Five of
them were identified (Table 4). B184 had not previously been
identified. A, H. pylori 26695 cultivated at pH 8; B, H. pylori 26695
cultivated at pH 5.

Antigens detected by human sera

SDS-PAGE is a common method for the detection of
antigens. Unfortunately its resolution power is optimal for
protein mixtures of up to only 100 protein species.
Therefore a clear assignment to a certain protein species
is often not possible if the expected complexity is above
100. H. pylori extracts contain at least 1800 protein
species (Fig. 1) therefore high-resolution 2-DE is required
to detect and identify antigens on the protein species
level.

Sera from three patients were used to detect antigens

© 2000 Blackwell Science Ltd, Molecular Microbiology, 36, 710-725
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Mean value of intensity

Coefficient of variability

(sum of pixel OD) (%)
Spot no. pH 6 pH 7 pH 8 pH 5 pH 6 pH 7 pH 8 Identity ORF
1 631.5 777.3 832.7 28.1 6.6 5.8 21.0 Serine protease Hp1019
B429 HtrA
2 245 123.9 138.9 - - 49.6 31.8 Vacuolating Hp0887
B231 toxin VacA
3 53.2 2141 216.4 - 53.7 19.7 15.8 Vacuolating Hp0887
B240 toxin VacA
4 73.6 2941 275.9 - 8.5 14.6 18.0 Vacuolating Hp0887
B251 toxin VacA
5 109.1 242.3 217.3 35.4 19.7 11.8 31.0 Vacuolating Hp0887
B258 toxin VacA

H. pylori 26695 was cultivated for 5 days on agarose plates adjusted to pH values between 5 and 8. Three cultures per pH value and spot no. were
analysed by 2-DE and evaluated by the software program Topspot. Spot intensity was normalized on 10 spots with predicted identical intensity.
Mean values for five spots evaluated as clearly different were calculated and are presented together with their coefficients of variability. OD, optical

density.

Table 5. Identified antigens of H. pylori 26695 detected by immunoblotting with human sera.

Spot no.
A194

A323
A325
A343
A349

A390

A431
B2
B17

B126

B210
B320
B439
B455
B483
C109

D230

D249
D265
D281
D287

D295
D313

D316
D322
E27
E35
E43

Identity

Chaperone and heat shock

protein GroEL

Urease B subunit UreB

Urease B subunit UreB

Urease B subunit UreB
GTP-binding protein,
fusA-homologue YihK

Chaperone and heat shock

protein GroEL

Glutamine synthase GInA
Aconitase B AcnB

Fumarate reductase flavoprotein
subunit FrdA

Cag pathogenicity island

protein Cag26

Isocitrate dehydrogenase Icd
Signal recognition particle protein Fth
Catalase

Processing protease YmxG
Citrate synthase GItA
Hydrogenase expression/formation
protein HypB

Oxygen insensitive NAD(P)H
nitroreductase

Cell binding factor 2

Penicillin tolerance protein LytB
Adhesin-thiol peroxidase TagD
Pyruvate ferredoxin oxidoreductase
v unit

3-ketoacyl-acyl carrier protein
reductase FabG

Iron (II)ABC transporter,
periplasmic iron-binding protein CeuE
Urease, a subunit UreA

Urease, a subunit UreA
Ribosomal protein L7/L12 Rpl7/112
Ribosomal protein L7/L12 Rpl7/112
Hypothetical protein

Flavodoxin FIdA

Co-chaperone GroeS
Co-chaperone GroeS
Co-chaperone GroeS

ORF
HP0010

HP0072
HPO0072
HP0072
HP0480

HP0010

HP0512
HP0779
HPO0192

HP0547

HP0027
HP1152
HP0875
HP0657
HP0026
HP0900

HP0954

HPO0175
HP0400
HP0390
HP1108

HP0561

HP1562

HP0073
HP0073
HP1199
HP1199
HP0697
HP1161
HPOO11
HP0O11
HPOO11

Mpid0

x|

Mpid4

X X X X

x X X X X X X

X X X X

X X X | X X X X X

Mpi54

| X x

X X X X

After protein separation by 2-DE the resulting protein pattern was blotted onto PVDF. The antigens immobilized on the membrane reacted with
antibodies of sera from an adenocarcinoma patient (Mpi44) and from an ulcus ventriculi patient (Mpi54). The serum of a patient with clearly no H.
pylori history (Mpi40) was analysed to detect potential unspecific immune reactions. x, positive reaction; -, no reaction.

© 2000 Blackwell Science Ltd, Molecular Microbiology, 36, 710-725
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on blots of 2-DE separated H. pylori 26695 proteins. The
first patient (Mpi54) suffered from ulcus ventriculi and
gastritis and was H. pylori positive as determined by
histology, urease test, culture and a high ELISA titre. The
second patient (Mpi44) had a clinical diagnosis of
adenocarcinoma of the stomach and stomach cardia,
the Helicobacter status was unclear because of a positive
urea test, negative histology and culture, a non-specific,
directed against IgG, high ELISA titre and a specific,
directed against H. pylori IgG and IgA negative ELISA
titre. The third serum was from a patient who was clearly
H. pylori negative by all of the above criteria and had a
clinical diagnosis of chronic antrum gastritis.

Antibodies bound to antigens were detected with a
secondary antibody against human Ig and visualized with
an ECL system. The serum of the H. pylori negative patient
reacted only with some of the most abundant H. pylori
proteins on the 2-DE pattern including GroEL, urease a
subunit and catalase (Table 5). The intensity of these spots
on the ECL blots was very low. The other two immunoblots
had several additional spots in common (Fig. 4A and B).
The identified antigens are shown in Table 5. The main
antigens GroEL and the ribosomal protein L7/L12, both
present with several spots in horizontal series, occurred as
high-intensity spots in both immunoblots. Three GroES
spots were detected by both sera (Mpi44 and Mpi54), but
with a clearly higher intensity on the blot using serum from
the ulcer patient. A series of about 60 spots directly below
GroEL with high to low intensity common to both
immunoblots could only partly be assigned to spots on
the silver stained pattern. Only one of them has been
identified: spot A431, glutamine synthase. A spot group
below the ribososomal protein L7/L12 has the same
constellation as in the silver stained pattern but is shifted
relatively to the ribosomal protein to the basic side of the
pattern. This protein (E41 and E59) is a common antigen of
the two sera tested and was identified as thioredoxin. The
third component (E45) was not identified. The serum of the
patient with adenocarcinoma reacted uniquely with strong
signals with GTP binding protein TypA/Bipa, urease « and
B subunit, catalase, isocitrate dehydrogenase and the
hypothetical protein HP0697. Only flavodoxin (FIdA) with
middle intensity was unique for the serum of the ulcer
patient.

Discussion
Protein separation and identification

In contrast to other microorganisms, e.g. Mycobacterium
tuberculosis (Jungblut et al., 1999a) and Borrelia garinii
(Jungblut et al., 1999b), basic proteins are dominant in all
of the 2-DE patterns of H. pylori strains investigated. This
is in agreement with the high pl values calculated from the

protein sequences deduced from the genes of H. pylori.
More than 70% of the predicted proteins in H. pylori have
a calculated pl greater than 7.0 compared with about 40%
in Haemophilus influenzae and E. coli (Tomb et al., 1997).
Despite the fact that only 98 genes of strain 26695 are
absent in J99, there are only 41 with perfect identity and
only 310 with more than 98% amino acid conservation
between these two strains (Alm et al., 1999).

Alm et al. predicted 1552 and 1495 ORFs for strain
26695 and J99 respectively. The protein patterns revealed
1863 and 1622 protein species, respectively, for these two
strains. Within 152 identified spots, 126 (83%) ORFs were
represented. If the same percentage is assumed for the
total detected spot number a gene number represented on
the 2-DE patterns of 1546 and 1346 for 26695 and J99,
respectively, may be predicted. This is only slightly below
the totally predicted gene numbers. However, one should
be aware of the fact that not all of the proteins will be
present in the biological situation studied here and that a
high dynamic range of protein amount is to be expected for
the different protein species, which may not be covered by
silver staining. For a middle-sized protein, if 107 cells are
applied to the gel, about 1000 molecules per cell are
necessary for detection using silver staining on a 2-DE gel.
It has to be expected that a considerable number of protein
species with a copy number below 1000 per cell are
present in the cell. Therefore, the estimation of the number
of genes to be represented on the 2-DE gels shown above
seems to be too high.

The significance of the proteome approach for confirma-
tion of predicted protein species has been emphasized
(Humphery-Smith et al., 1997). To date our study has
revealed expression of 27 conserved hypothetical proteins
and six unknowns not described previously at the protein
level.

Genetic variability at the proteome level

A comparison of 10 spots with the same or nearly the same
position on the 2-DE pattern has shown that one amino
acid exchange causing a change of pl of 0.05 units results
in a clearly detectable shift in the 2-DE pattern. The
influence of the proteins on the pH gradient in ampholyte
isoelectric focusing under non-equilibrium conditions is
irrelevant. Proteins with identical sequence occur at the
same position within the two compared patterns, as was
the case for the three proteins thioredoxin, GroES and
urease B subunit. Thus, these patterns may serve as
references for the assessment of post-translational mod-
ifications and virtual patterns of ORFs determined by DNA
sequencing from other strains may be established.

The extreme genome plasticity predicted by pulsed-field
gel electrophoresis (PFGE) (Jiang et al, 1996) was
relativated by the overall conservation in genomic
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organization and gene order (Alm et al, 1999). The
proteome analysed by 2-DE shows now at a first glance
again a high variability. But considering the high sensitivity
of isoelectric focusing against exchanges of single amino
acids this variability may reflect the exact chemical structure
of the protein species and not the differential presence of
the protein as defined by its function. The 2-DE approach
analyses the genetic variability at the protein species level.
Further identifications of protein species of different H. pylori
strains will reveal the variability at the protein level.

PH dependent protein composition

H. pylori has the capability to survive under extremely
acidic conditions. This survival is mediated by the
production of urease (Evans et al., 1991; Clyne et al.,
1995). However, both urease negative mutants survived a
60 min exposure at pH 3.5 (Clyne et al., 1995) and
urease positive, acid sensitive mutants exist (Bijlsma
et al., 1998) showing the existence of additional mechan-
isms for acid resistance. Proteome analysis will help to
reveal factors at the protein level, which contribute to the
survival of H. pyloriin the stomach. These factors are per
definitionem virulence factors. Decreasing the pH of the
growth medium from pH 8 to pH 5 decreased the amount
of vacuolating cytotoxin VacA (Hp0887) and serine
protease HtrA (Hp1019). Whereas VacA is a well-known
virulence factor (Cover and Blaser, 1992), HirA has not
been described before to have this role/activity. An
increased secretion of these proteins may explain the
decrease of protein amount within the cell during
acidification. VacA is activated by decreasing the pH to
5.5 (de Bernard et al., 1995). This activation may also be
accompanied by an increased secretion and therefore
decrease of VacA concentration within the cell. Both
vacuolization of the surface epithelium and the destruction
of the protective mucus layer by proteases are important
activities during the pathogenesis of H. pylori. These two
proteins represent only two obvious differences in the
patterns obtained from different pH during cultivation. The
detection and identification of further variants will give
more detailed information on the molecular mechanisms
of the survival of H. pylori within an acidic surrounding.

Antigens detected by human sera

The aim to correlate antibody recognition of certain H.
pylori antigens with clinical manifestations of disease and
to identify vaccine candidates has prompted several
groups to undertake immunoblot analyses using panels
of sera from infected and non-infected patients [Faulde
et al., 1992; 1993; Klaamas et al., 1996; Nilsson et al.,
1997; Mattsson et al., 1998) for original publications and
(Zevering et al., 1999) for a comprehensive overview].
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Given the complexity of the H. pylori genome, it is to be
expected that conventional SDS—-PAGE and immunoblot
analyses yielded mostly information on the molecular
weight of immunoreactive bacterial proteins and not on
sequence information. Methodological differences and the
use of antigen preparations of different H. pylori strains
hamper a comparison between the different studies.
Nonetheless, several proteins with the respective M,
recognized by serum antibodies were identified including
CagA (110-120 kDa), VacA (87 kDa), urease « and B
subunit (67 kDa and 31 kDa, respectively), GroEL
(60 kDa), flagellins (50 kDa), p35 (35 kDa) and a 26 kDa
antigen. Antibodies against CagA, VacA and the 35 kDa
antigen suggested infection with a type | strain (Xiang et al.,
1995) and were likely correlated with development of ulcers
(Telford et al., 1994; Weel et al., 1996; Atherton et al.,
1997; Aucher et al., 1998; Lamarque et al., 1999).

We detected numerous antigenic proteins in Hp26695
with individual sera from patients with a history of H. pylori
and were able to determine the identity of a subgroup using
a proteomics approach (Table 5). Recently, similar 2-DE
analyses of H. pylori ATCC 43504 (McAtee et al., 1998c)
and H. pylori G27 (Kimmel et al., 2000) was employed to
identify antigens by immunoscreening using pooled or
individual sera from infected patients. Three known
antigens, urease B subunit, chaperonin GroEL and
isocitrate dehydrogenase lcd were detected in all three
studies and 15 of the antigens in at least two of the studies.
The fact that some of these proteins were used with
success in vaccination studies in animal models of H. pylori
infection (Kleanthous et al., 1998) strongly supports 2-DE
as an approach for identification of vaccine candidates.
This reasoning led to the identification of a protein with
homology to Campylobacter jejeuni cell binding protein 2
(McAtee et al.,, 1998a) an ORF that was also present in H.
pylori 26695, HP0175. The antigenicity of this gene product
was confirmed here. However, only one of the sera
recognized the spot corresponding to this protein, indicat-
ing either that not all patients react to this protein or that H.
pylori strains exist that lack the respective gene or have an
orthologous gene with modified sequence. The enormous
genetic variation in H. pylori suggests that the latter two
explanations are more likely. The sera used in the present
study, reacted with a characteristic pattern of proteins with
apparent molecular weights in the range of 40—60 kDa and
pls of 4,9-6,4. Proteins with similar relative co-ordinates
were also identified by McAtee et al. (1998c) and Kimmel
et al. (2000). Similarly, a set of three antigens is detected
displaying a M, below 10 and a pl of 5.1. We have identified
these proteins as candidate vaccine antigens for further
study. These results prompted us to perform an extended
analysis of antigenic proteins recognized by a large
number of individual sera that will lead to the identification
of proteins of diagnostic value and also potential vaccine
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Fig. 4. Antigens of H. pylori 26695 detected by immunostaining on 2-DE blots. Spots marked with numbers were identified and the numbers
correspond to the 2-DE database numbers. The protein name may be found in the 2-DE database or in Table 5.A. patient serum Mpi54, peptic ulcer.

B. patient serum Mpi44, adenocarcinoma.

candidates (G. Haas et al., in preparation). It is of note that
all proteins with vaccine efficacy tested in animals to date
are abundant proteins that are also detected by immuno-
blot analyses (compare with Table 2). This suggests that
the frequency of a protein is a key criterion to identify it as a
vaccine candidate and that despite the fact that antibodies
may not be protective they discriminate between bacterial

proteins accessible to the immune system and those that
are not.

Virulence factors

Virulence factors are defined as gene products that are
indispensable for colonization and host to host transmission
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Fig. 4. Continued.

competence of a pathogen, and may include gene
products that are important pathogenic factors (for review
see McGee and Mobley, 1999). The growing list of those
identified for H. pylori includes: (i) proteins involved in
adhesion, such as BabA, which mediates binding to
Lewis® antigen and might be a key factor in the
pathogenesis of duodenal ulcer and adenocarcinoma
(liver et al., 1998; Gerhard et al., 1999), AlpA and AlpB
(Odenbreit et al., 1999), which are members of a large
family of related outer membrane proteins (Tomb et al.,
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1997), the sialic acid lectin HpaA (HP0410), a lipoprotein
(Evans et al., 1993) which may contribute to adherence
factors detected by haemagglutination or adherence
assays; (ii) proteins required for motility (Bijlsma et al.,
1999) such as flagellins; (iii) factors involved in acid
neutralization such as urease or detoxification of aggres-
sive oxygen metabolites, such as catalase and super
oxide dismutases; (vi) proteins involved in iron uptake and
storage, such as a lactoferrin-binding protein, sidero-
phores and potential periplasmic iron binding proteins
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such as CeuE or ferritin orthologs such as NapA or Pfr
(Doig et al., 1993; Frazier et al., 1993; Evans et al., 1995);
and (v) proteins involved in pathogenicity such as the cag
pathogenicity island encoded proteins or the vacuolating
toxin VacA.

The reference strain 26695 is deficient in several of the
above mentioned virulence factors: it does not produce
functional BabA (llver et al., 1998), lacks immunoreactive
flagellins (McAtee et al., 1998c) and we have observed
some subclones with very variable levels of catalase
activity. Many proteins belonging to the aforementioned
classes of virulence factors were easily identified in our 2-
DE analysis (Table 3) and the urease subunits, Cag26,
catalase and GroES were also recognized by at least one
of the sera. Although there is no paucity in the detection of
cell envelope proteins, the class of outer membrane
proteins both on silver stained gels and on immunoblots is
only represented by outer membrane protein HP1564
within the identified proteins. The list of the 20 most
abundant proteins (Table 2) contains additionally to
known virulence factors the protein TagD, which is
described in the NCBI sequence database as an adhesin
and NapA, which was mentioned as immunogenic H.
pylori protein by Kimmel et al. (2000).

Genome sequencing is the first step for the under-
standing of complex molecular events in medicine and
biology. Whereas the complete genome of an organism
may be determined, a proteome of an organism will never
be completely described. Proteomics allows us to view the
interaction between the genetic information and the
environment by the comparison of different biological
situations. The use of standardized 2-DE technology,
mass spectrometry and 2-DE databases will enable in
comparative proteome analyses of pathogenic microor-
ganisms the detection of functionally interesting proteins
as a prerequisite for the elucidation of antigens, virulence
and pathogenicity factors.

Experimental procedures
H. pylori strains and growth conditions

In this study, the proteomes of three different H. pylori strains
were compared. Hp26695 and J99 were used because their
genome has been entirely sequenced (Tomb et al., 1997;
Alm et al, 1999) and this made it possible to identify
individual 2-DE protein spots by mass fingerprinting (see
below). A mouse-adapted H. pylori strain the ‘Sydney strain’
SS1 (Lee et al, 1997), that has been used for preclinical
vaccine testing (Corthesy-Theulaz et al., 1997; Radcliff et al.,
1997; Gomez-Duarte et al., 1998) was also analysed.

All H. pylori strains were grown on serum plates (Odenbreit
et al., 1996) at 37°C in a microaerobic atmosphere (5% O,
85% N, and 10% CO,) for 2 or 5 days for the pH variations
investigated. The bacteria were harvested, washed twice in
ice-cold PBS containing proteinase inhibitors (1 mM PMSF,

0.1 pM pepstatin, 2.1 wM leupeptin and 2.9 mM benzamidin)
and lysed by resuspension in half a volume of distilled water.
The resulting volume in wl was multiplied by (i) 1.08 to obtain
the amount of urea in mg to be added and (ii) 0.1 to obtain the
volume in pl of 1.4 M DTT and 40% Servalyte (Serva) pl 2—4
to be added. CHAPS was added to obtain an end
concentration of 1%. The end concentrations of DTT and
urea were 70 mM and 9 M respectively. Solubilization of the
proteins occurred within 30 min at room temperature. A
protein concentration of 15 g wl~! + 25% was obtained.

Two-dimensional electrophoresis

For the resolution of the H. pylori proteome, we used a
23 cm x 30 cm 2-DE gel system (Jungblut et al., 1994;
Klose and Kobalz, 1995) with a resolution power of about
5000 protein species. For subtractive analyses (Aebersold
and Leavitt, 1990) and database construction, we applied
50-100 pg of protein to the anodic side of the IEF gel. In the
second dimension we used 0.75 mm thick gels. The proteins
were detected by silver staining optimized for these gels
(Jungblut and Seifert, 1990). For identification of proteins,
200-300 ng of protein were applied and in the second
dimension 1.5 mm thick gels were used. The proteins were
stained by Coomassie brilliant blue R250 (Eckerskorn et al.,
1988) or G250 (Doherty et al., 1998), or negative staining
(Fernandez-Patron et al., 1995).

Peptide mass fingerprinting

The first 20 proteins were identified by in-gel tryptic digestion
using a peptide collecting device to concentrate and wash the
peptide mixture (Otto et al, 1996). The original procedure
was improved during this investigation (S. Lamer and P. R.
Jungblut, in preparation). Working with volatile buffer,
decreased trypsin concentrations and in volumes below
20 pl allowed the identification of weakly stained Coomassie
Blue G-250 protein spots starting with only one excised spot.
The peptide solution was mixed with an equal volume of a
saturated «-cyano-4-hydroxy cinnamic acid solution in 50%
acetonitrile, 0.3% TFA and 2 pl was applied to the sample
template of a MALDI-MS (Voyager Elite, Perseptive). Data
were obtained using the following parameters: 20 kV accel-
erating voltage, 70% grid voltage, 0.050% guide wire voltage,
100 ns delay and a low mass gate of 500.

Peptide mass fingerprints were searched using the
program wms-FIT (http://prospector.ucsf.edu/ucsfhtml/msfit.htm)
reducing the proteins of the NCBI database to the Helico-
bacter proteins and to a molecular mass range estimated
from 2-DE + 20%, allowing a mass accuracy of 0.1 Da for
the peptide mass. In the absence of matches the molecular
mass window was extended. Partial enzymatic cleavages
leaving two cleavage sites, oxidation of methionine, pyro-
glutamic acid formation at N-terminal glutamine and mod-
ification of cysteine by acrylamide were considered in these
searches.

Dependency of pH
H. pylori was cultivated on serum plates as described above.
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The pH of the medium was adjusted to 5, 6, 7 and 8. For each
pH value, three independent cultivations were performed and
from each one the proteins were separated by a small gel 2-
DE method (Jungblut and Seifert, 1990). The spot intensities
were determined by scanning and spot detection (Topspot,
Algorithmus). To confirm four of the detected variants large 2-
DE gels of pH 5 and pH 8 samples were analysed.

Immunoblotting

For immunostaining, the proteins were transferred from the 2-
DE gels onto PVDF membranes (ImmobilonP, Millipore) by
semidry blotting (Jungblut et al., 1990) using a blotting buffer
containing 100 mM borate, 20% methanol and pH 9.0. The
blotting time was 2 h with a current of 1mA/cm?. The gels
were divided in two equal-sized parts (13 x 19 cm) to avoid
too high temperatures during blotting. Antigens were
detected by incubation of the membranes with human sera
in a dilution of 1:200, a secondary antibody (anti-human
polyvalent immunoglobulins, G, A, M, peroxidase conjugated,
Sigma A-8400) at a dilution of 1:10000. Before the addition of
serum, the membrane was blocked with 5% skim milk, 0.05%
Tween-20 in PBS for at least 1 h at room temperature. All
washing steps were performed with PBS, 0.05%Tween 20.
After blocking the membrane was washed three times for
5 min, the sera were incubated with the membrane for 1 h at
room temperature. Before and after the addition of the
secondary antibody the membranes were washed four times
for 15 min in PBS, 0.05% Tween 20. The washed membrane
was incubated with 30 ml per membrane of a 1:1 mixture of
Enhanced Luminol Reagent and Oxidizing Reagent for 1 min
[Renaissance Western Blot Chemiluminescence Reagent for
ECL Immunostaining (NEN)]. The detection reagent was
drained off and the membrane wrapped in a foil. The foil was
overlaid with Kodak BioMax MR1 film for an exposure time of
5 min. For localization the proteins were stained on the
membranes by Coomassie brilliant blue R-250.

Database construction

Gels were digitized after scanning with a UMAX Mirage llse
scanner using the TopspoT software (Algorithmus). Before
spot detection the gels were divided into six sectors, which
were automatically spot detected and afterwards interactively
corrected. The resulting map files were introduced together
with gif files and identification data collected within an access
database into the 2-DE database (Mollenkopf et al., 1999).
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