
JOURNAL OF BACTERIOLOGY, Jan. 1991, p. 505-513 Vol. 173, No. 2
0021-9193/91/020505-09$02.00/0
Copyright © 1991, American Society for Microbiology

Isolation and Biochemical and Molecular Analyses of a
Species-Specific Protein Antigen from the Gastric

Pathogen Helicobacter pylori
PAUL W. O'TOOLE,l* SUSAN M. LOGAN,2 MAGDALENA KOSTRZYNSKA,2

TORKEL WADSTROM,1 AND TREVOR J. TRUST2

Department of Medical Microbiology, University of Lund, Solvegatan 23, S-223 62 Lund, Sweden,'
and Department of Biochemistry and Microbiology, University of Victoria,

Victoria, British Columbia V8W 3P6, Canada2

Received 25 May 1990/Accepted 22 October 1990

A protein of Mr 26,000 which was present in large quantities in extracts of cells of Helicobacter pyloni was
purified to homogeneity by ammonium sulfate precipitation followed by gel filtration and reversed-phase
chromatography or anion-exchange chromatography. The protein appeared to be associated with the soluble
fraction of the cell, and antibodies raised against the protein were reactive with whole-cell lysates of a variety
of H. pylori strains in a simple immunodot blot assay. This reaction was species specific. Protein sequence
determination of the amino terminus and internal cyanogen bromide fragments and amino acid composition
analysis were performed. An oligonucleotide derived from these data was used to clone a fragment encoding
most of the coding sequence. Expression in Escherichia coli was dependent on vector promoters. The DNA
sequence of the fragment was determined. DNA probes derived from the cloned fragment hybridized to
genomic DNA of all H. pylon strains tested, but not to DNAs of Helicobacter mustelae, Wolinella succinogenes,
various Campylobacter species, and a panel of gram-negative enteric bacteria. The apparent uniqueness of this
protein may be exploited for the development of species-specific diagnostics for this gastric pathogen.

Helicobacter (Campylobacter) pylori (11) is a curved or
spiral gram-negative microaerophilic bacterium which was
first isolated from a human gastric biopsy specimen in 1983
(46). Since this first isolation, it has become apparent that
this organism may be one of the most common bacterial
pathogens of humans. Epidemiological evidence has shown
that H. pylori colonizes the upper gastrointestinal tract of
more than one in two individuals during their lifespan; in
many of these persons, the organism is associated with
disease of the gastrointestinal tract (12, 13, 22). Indeed, H.
pylori appears to be causally associated with active and
chronic gastritis as well as with peptic and duodenal ulcers
(4, 5, 7, 12, 22) and may also be associated with carcinoma of
the stomach (17, 21). Additional evidence for the pathogenic
activity of H. pylori has been provided by studies with
gnotobiotic and barrier-born pigs (18, 20) and studies with
two human volunteers (29, 35).
Because of the clinical importance of this pathogen and

the large number of laboratory identifications being routinely
undertaken around the world on a daily basis, there is a need
for the development of rapid diagnostic test protocols.
Liberation of 14C from labeled urea by the potent bacterial
urease is reliable for detection of an active H. pylori infec-
tion (30, 33) but has disadvantages in cost, time, and
exposure to undesirable radiation. Cell extracts or purified
cell-surface components have been evaluated as antigens in
the development of serological tests for infection (9, 36).
DNA-based approaches have included restriction endonu-
clease analysis for typing (28, 42) and the development of
specific probes (6, 34). We have identified a protein that
appears to be unique to H. pylori. We have isolated this
protein and characterized it biochemically. In this paper we
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report on the biochemical characteristics of the protein and
show that antibodies to the protein can be used to serologi-
cally identify H. pylori. We have also cloned and sequenced
part of the gene coding for this protein. This is among the
first gene sequences reported for H. pylori, and we also
present evidence that this sequence may provide the basis
for a species-specific DNA-based identification test.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains used in this study are
listed in Table 1. H. pylori strains were grown on chocolate
blood agar (CBA) plates containing 0.001% vancomycin,
0.005% trimethoprim, and 0.00075% polymyxin in an atmo-
sphere containing 10% carbon dioxide. Cultures of Campylo-
bacterfetus, Campylobacterjejuni, Campylobacter coli, and
Campylobacter laridis were also grown in this atmosphere
on CBA. Campylobacter cinaedi, Campylobacterfennelliae,
and Helicobacter mustelae strains were cultured on Diag-
nostic Sensitivity Test agar supplemented with 7% horse
blood in a microaerophilic environment (83% nitrogen, 2%
hydrogen, 5% oxygen, 10% carbon dioxide). Wolinella suc-
cinogenes was cultured anaerobically on gonocococcal agar
base (BBL Microbiology Systems, Cockeysville, Md.) incor-
porating 0.05% (wt/vol) cyteine hydrochloride, 8.5% hema-
tinized horse blood, 10% heat-inactivated horse serum, and
0.35% IsoVitaleX (BBL). All other strains were grown on
Trypticase soy agar (BBL). Escherichia coli TB1 (48) was
used in cloning experiments as the host for recombinant
plasmids. All cultures were grown at 37°C. Stock cultures
were maintained at -70°C in 15% (vol/vol) glycerol-Trypti-
case soy broth.

Isolation and purification of antigen. Cells were harvested
from 12 culture plates (85 mm, vented) that had been heavily
inoculated with H. pylori 915 and incubated for 60 h. The
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TABLE 1. Bacterial strains

Strain Source or reference

Helicobacter pylori
17874
915

52

66

95

253

1139

5155

5294

5442

5646
5650
5790

Helicobacter mustelae
23950
23951
25715

Campylobacter fetus
VC1
VC78
VC202

Campylobacter coli
VC143
VC146
VC212

Campylobacterjejuni
VC26
VC27
VC28
VC36
VC74
VC209

Campylobacter laridis
VC81
VC213
VC214

Campylobacter cinaedi
18818
18819
19218

Campylobacter fennelliae
18820

Wolinella succinogenes
12550
13145

Escherichia coli
1593
E1049-a-13
E438
TB1

CCUGa, Sweden (NC]
Clinical isolate, Lund 1

Hospital
Clinical isolate, Lund 1

Hospital
Clinical isolate, Lund 1

Hospital
Clinical isolate, Lund 1

Hospital
Clinical isolate, Lund 1

Hospital
Clinical isolate, Lund I

Hospital
A. Lee, University Sou

Australia
A. Lee, University Sou

Australia
A. Lee, University Sot

Australia
H. Lior, NERC,b OttaM
H. Lior, NERC, Ottaw
H. Lior, NERC, Ottaw

CCUG, Sweden
CCUG, Sweden
CCUG, Sweden

University of Victoria,
University of Victoria,
University of Victoria,

University of Victoria,
University of Victoria,
University of Victoria,

University of Victoria,
University of Victoria,
University of Victoria,
University of Victoria,
University of Victoria,
University of Victoria,

University of Victoria,
University of Victoria,
University of Victoria,

CCUG, Sweden
CCUG, Sweden
CCUG, Sweden

CCUG, Sweden

CCUG, Sweden
CCUG, Sweden

University of Victoria,
University of Victoria,
University of Victoria,
48

rc 11637)
University

University

University

University

University

TABLE 1-Continued

Strain Source or reference

Salmonella enteritidis 2b.1 University of Victoria, Canada

Salmonella illinois S.1093

Shigella flexneri Shlal

University of Victoria, Canada

University of Victoria, Canada

a CCUG, Culture Collection, University of Gothenburg, Sweden.
b NERC, National Enteric Reference Centre, Ottawa, Canada.

cells (0.8 g [wet weight]) were washed in phosphate-buffered
Jniversity saline (pH 7.2) and gently resuspended in 0.6% (wt/vol)

octyl-p-D-glucopyranoside (octylglucoside; Serva Fineuth Wales, Chemicals, Heidelberg, Federal Republic of Germany). Ex-

ith Wales, traction of surface proteins was allowed to take place for 60min at the ambient temperature with gentle agitation. Cells
Lth Wales, were removed by centrifugation at 6,000 x g for 15 min and

then reextracted. The pooled supernatants were cleared by
wa, Canada centrifugation at 35,000 x g for 20 min, and ammonium
ta, Canada sulfate added to 50% saturation. After overnight incubation
ta, Canada at 4°C, the sample was spun at 35,000 x g for 30 min, and the

pellet was suspended in 3 ml of 0.05 M Tris hydrochloride
containing 0.145 M NaCl (Tris-saline [pH 7.5]). After dialy-
sis against the same buffer, the sample was crudely fraction-
ated by molecular sieving on a 70- by 1.5-cm Sephadex G100
column (Pharmacia, Uppsala, Sweden), equilibrated, and
run with Tris-saline buffer. Fractions were examined by

Canada sodium dodecyl sulfate-polyacrylamide gel electrophoresis
Canada (SDS-PAGE) under reducing conditions, and those contain-
Canada ing a subunit Mr-26,000 protein were pooled, lyophilized,

and suspended in Tris-saline. Purification was achieved by
Canada using a ProRPC HR5/10 column (Pharmacia). Chromatogra-
Canada phy conditions were as follows. Solvent A was 0.1% triflu-
Canada oroacetic acid in high-pressure liquid chromatography qual-

ity water and solvent B was 100% acetonitrile. The flow rate
was 0.7 ml/min, and chromotography was performed at room

Canada temperature. Elution of proteins was achieved by using a
Canada gradient of 0 to 60% acetonitrile in 60 min.
Canada As an alternative to reversed-phase liquid chromatogra-
Canada phy (RPLC), pooled Sepharose G100 fractions containing
Canada the Mr-26,000 protein were subjected to ion-exchange chro-

matography on a MonoQ column (Pharmacia) that had been
preequilibrated with 0.05 M Tris hydrochloride (pH 7.5).Canada After application of the sample, the column was washed with

Canada the equilibration buffer and developed with a gradient from 0
Canada to 1.0 M NaCl in the same buffer. The peak eluting around

0.14 M NaCl contained the protein of interest.
Purification of peptides. Cyanogen bromide (CNBr) cleav-

age of purified proteins was performed as previously de-
scribed (26). Peptides were purified by RPLC as described
for the intact polypeptide above. Peptides purified in this
manner were dried under vacuum on a Speed-Vac (Savant
Instruments Inc., Hicksville, N.Y.) and stored at -20°C.

Antibodies. Polyclonal antiserum was raised in adult New
Zealand White rabbits by intramuscular injections. The
rabbits were immunized with approximately 50 ,ug of fast-
protein liquid chromatography-purified protein in Freund
complete adjuvant. Booster doses were given in Freund

Canada incomplete adjuvant on days 14 and 28. On day 42 the rabbits

Canada were exsanguinated, and the serum was collected and stored
at -20°C. Control nonimmune serum was obtained before
the first injection.

Continued Electrophoresis. SDS-PAGE was performed by the
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method of Laemmli (19) in a mini-slab apparatus (Bio-Rad
Laboratories, Richmond, Calif.). Protein solubilized in sam-

ple buffer was stacked in a 4.5% acrylamide gel (100 V,
constant voltage) and separated by using 12.5% acrylamide
(200 V). Protein was stained with Coomassie brilliant blue
R-250. Standard conditions for agarose gel electrophoresis of
DNA (41) were employed.
When required, separated proteins or peptides were trans-

ferred from the slab to nitrocellulose paper (NCP) by the
meth4pol-Tris-glycine system of Towbin et al. (45). Elec-
troblotting was carried out in a Bio-Rad transblot apparatus
for 18 h at 60 V. Nondenaturing isoelectric focusing gels
were run in a mini-slab gel apparatus by the method of
Robertson et al. (39) and were stained with Coomassie blue.
Amino acid composition analysis. The purified protein was

dialyzed extensively against distilled water, lyophilized, and
then hydrolyzed in 6 N HCl at 100°C for 18 h. Amino acid
composition was determined on a Beckman 119CL amino
acid analyzer. The method used was as described by the
manufacturer for a 90-min single-column procedure.

N-terminal sequence analysis. Amino acid analysis was

performed on an Applied Biosystems model 470A gas-phase
sequenator (Applied Biosystems, Foster City, Calif.) run-

ning a standard operation program. Phenylthiohydantoin
derivatives were separated on an IBM cyanocolumn (4.6 by
250 mm) as described by Hunkapiller and Hood (16) fitted to
a Beckman model 32 high-pressure liquid chromatograph
equipped with a Hewlett-Packard integrator (Hewlett-Pack-
ard Co., Palo Alto, Calif.).
Western immunoblotting. After electroblotting, unreacted

sites on the NCP were blocked with a 1% solution of gelatin
in 10 mM Tris hydrochloride-0.9% NaCI (pH 7.4) (GTS) for
1 h at room temperature. The NCP was then incubated with
an appropriate dilution of antiserum in the same buffer for 2
h. The NCP was washed five times with GTS. Goat anti-
rabbit immunoglobulin conjugated to alkaline phosphatase
(Caltag Labs) was then added in GTS buffer and incubated
for 1 h at room temperature. After incubation, the NCP was

washed five times in GTS. The reactive bands were visual-
ized as described by Blake et al. (3) with 5-bromo-4-chloro-
3-indolyl phosphate (Boehringer Mannheim, Federal Repub-
lic of Germany) as the alkaline phosphate substrate and
Nitro Blue Tetrazolium (Sigma Chemical Co., St. Louis,
Mo.) as the color development reagent.
Immunodot blotting. Dot blotting was performed by trans-

ferring 10 ,ug of whole-cell lysate of each strain to be tested
to NCP. After the NCP was dried at 37°C for 1 h, it was
blocked with GTS, treated with antiserum, washed, and
developed by the procedure described for Western blotting.

Cell fractionation. Glycine extraction of 48-h Helicobacter
cells was performed by the method of McCoy et al. (31). The
periplasmic fraction was prepared by the osmotic shock
procedure of Willis et al. (47); cell envelopes and membranes
were prepared by differential centrifugation as previously
described (25). To prepare the cytoplasmic fraction, cell
suspensions were passed through a French press at 16,000
lb/in2, and intact cells were removed by two centrifugations
at 3,000 x g for 30 min. The cell envelope was removed by
centrifugation at 43,000 x g for 30 min, and the supernatant
used as the cytoplasmic fraction. The outer membrane
fraction was isolated from cell envelopes by the sodium
lauryl sarcosinate procedure of Filip et al. (10). Cell cultures
were also treated with trypsin and trypsin inhibitor as

previously described (25).
Slide agglutination. The ability of antisera to agglutinate

live Helicobacter cells was tested by the method of Lior et

al. (23). The presence or absence of agglutination was
determined after 1 min.

Electron microscopy. Samples were routinely negatively
stained with a solution of 1% (wt/vol) ammonium molybdate
and 1% (vol/vol) glycerol on Formvar-coated grids. For
immunogold electron microscopy, a grid covered with Form-
var film was coated on a 50-,ul drop of bacterial cells
suspended in 100 mM Tris hydrochloride (pH 7.5) containing
150 mM NaCl, 0.05% Tween 20, and 0.5% bovine serum
albumin (Tris-NaCl-TW-BSA) for 5 min. The grid was then
removed from the drop and floated on a drop of Tris-NaCl-
TW-BSA containing 10% (vol/vol) antiserum. After 1 h of
incubation, the grid was removed, and nonspecifically bound
immunoglobulin was removed by floating the grid on two
drops of Tris-NaCI-TW-BSA. The grid was then floated on a
drop of Tris-NaCI-TW-BSA containing a 1:10 dilution of
15-nm colloidal gold particles coated with protein A (Jannsen
Biotech, Olen, Belgium). After incubation for 1 h, the
nonspecifically bound colloidal gold particles were removed
by floating the grid on two drops of Tris-NaCI-TW-BSA and
one drop of distilled water. The grids were stained by
floating on a drop of 1% (wt/vol) ammonium molybdate
containing 0.1% glycerol (pH 7.5) and were examined in a

Philips EM-300 electron microscope (Philips Electronic In-
struments, Inc., Mahwah, N.J.) operated at an accelerating
voltage of 60 kV. Images were recorded on 70-mm Fine
Grain Release Film (Kodak, Rochester, N.Y.).

Indirect fluorescent antibody testing. Indirect fluorescent
antibody testing was performed as previously described (26).
Recombinant DNA procedures. Reagents and restriction

enzymes used for molecular cloning were from Boehringer
or Sigma. Standard techniques were used for molecular
cloning, transformation in E. coli, and hybridization (41).
The plasmid vectors pK18/19 (38), pUC18/19 (48), and
pKK233-2 (1) were employed.

Extraction of genomic DNA from H. pylori. The complete
range of H. pylori strains examined showed varied sensitiv-
ities to lysozyme, ranging from good lytic activity to appar-
ent resistance. We therefore adapted the following proce-
dure, which, being independent of enzymatic murolytic
attack, was applicable with equal success to all isolates
tested. Cells were harvested by scraping from five culture
plates (0.3 g [wet weight]), washed twice in phosphate-
buffered saline, and suspended gently in 1 ml of 50 mM Tris
hydrochloride (pH 8.0). After the addition of 100 ,ul of 10%
(wt/vol) SDS, 100 p,1 of Tween lysing mix (2% [vol/vol]
Tween 20-62 mM EDTA in 50 mM Tris hydrochloride [pH
8.0]), and 50 ,ul of proteinase K (50 mg/ml in water), the
sample was incubated for 16 h at 50°C. Effective proteolytic
digestion was marked by a reduction in coloration and
viscosity. The volume of the sample was increased to 4.5 ml
with TE buffer (10 mM Tris hydrochloride, 1 mM EDTA),
and 4.5 g of cesium chloride was added and gently mixed.
The sample was spun at 55,000 rpm for 14 h in a Beckman
VTi65.1 rotor, after which the chromosomal DNA could be
visualized as a white mass. The DNA was removed, dialyzed
extensively against TE buffer, and frozen in aliquots at
-20°C until required. It was found that several gentle phenol
extractions could be substituted for ultracentrifugation, but
the average mass of the resulting product, although suitable
for hybridization studies or plasmid cloning, was too small
for cosmid cloning.

Oligonucleotide synthesis. Synthetic oligonucleotides were

generated on a Biosearch Bio Sam One DNA synthesizer
(Biosearch, San Rafael, Calif.) and purified by PAGE.
DNA sequence determination. Double-stranded chain-ter-
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FIG. 1. Elution profile of the Mr-26,000 protein (arrow) from a

MonoQ ion-exchange column. The 0 to 1.0 M NaCl gradient is
indicated. The inset shows Coomassie blue-stained 12.5% SDS-
PAGE gels of the fraction eluted from Sephadex G-100 column
containing partially purified Mr 26,000 protein (lane 1) and the
Mr-26,000 protein purified by ion-exchange chromatography on

MonoQ Sepharose (lane 2) (peak in elution profile). Arrowheads on
left indicate standards at Mr 97,400, 66,200, 45,000, 31,000, 21,500,
and 14,400.

mination DNA sequencing was performed after alkali dena-
turation by using [35S]dATP (Amersham Corp., United
Kingdom) and Sequenase or Taq polymerase (U.S. Bio-
chemical Corp., Cleveland, Ohio) according to the manufac-
turer's instructions. Template plasmid DNA was generated
by the method of Misra (32) with exonuclease BAL 31 to
generate ordered sets of deletions in a 900-bp fragment
carrying the gene for the Mr-26,000 protein. Template DNA
was purified by ultracentrifugation in ethidium bromide-
cesium chloride.

Hybridization analysis. Filters for hybridization were pre-
pared by the method of Southern (43) after standard electro-
phoresis of digested genomic DNA. For dot blot analysis,
standardized suspensions of the bacterial strains were ap-
plied to NCP in a dot blot apparatus. After gravity filtration
of the buffer, the wells were dried and the bacteria were
lysed by the method of Grunstein and Hogness (14). Filters
were then probed with either the cloned HindlIl fragment or
an intragenic fragment extending from an XbaI site at
residue 589 (see Fig. 5) downstream to the HindlIl site. Both
probes were purified by excision from agarose gels and
labeled by the digoxigenin antigen system from Boehringer.
After hybridization, filters were subjected to two 5-min
washes in 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M
sodium citrate)-0.1% SDS at room temperature and two
15-min washes in 0.1% SSC-0.1% SDS at 68°C. Filters were
blocked and developed as recommended by the manufactur-
ers.

Nucleotide sequence accession number. The coding se-
quence shown in Fig. 5 has been submitted to the GenBank
data base under accession number M55507.

RESULTS

Purification of H. pylori 915 protein. Initial studies showed
that relatively large amounts of a protein with an apparent
Mr of 26,000 were readily removed from cells of H. pylori
915 by extraction with 0.2 M glycine hydrochloride (pH 2.2)
or mild detergent extraction with 0.6% octylglucoside (8).
This ability to remove the protein from cells with octylglu-
coside was exploited for preparative scale isolation. After
octylglucoside extraction and concentration by 0 to 50%
ammonium sulfate precipitation, the Mr-26,000 subunit pro-
tein was initially separated from contaminating proteins by
molecular sieving. Under the nondenaturing conditions used
for the Sephadex G100 fractionation, the Mr-26,000 subunit
eluted in the void volume. SDS-PAGE analysis of this
material showed a major polypeptide of apparent subunit Mr
26,000, with small amounts of a Mr-55,000 protein and
several other minor bands. The M,-26,000 protein was
purified to homogeneity by RPLC with a ProRPC Hr5/10
column on a Pharmacia fast-protein liquid chromatography
apparatus or by anion-exchange chromatography with a
MonoQ HR 5/5 column (Fig. 1).

Biochemical characterization. Amino acid composition
analysis of the Mr-26,000 protein purified from H. pylori
showed that the protein contained approximately 232 resi-
dues per molecule (Table 2). The predicted Mr of 25,304 is
close to the value of 26,000 estimated by SDS-PAGE.
Asparagine, glutamine, lysine, glycine, alanine, valine, and
leucine were prominent. The calculated relative hydropho-
bicity was approximately 39.2%. When isoelectric focusing
was performed in a minigel system under nondenaturing
conditions, the protein focused into two bands with pIs of
5.9 and 6.0.
The electrophoretic mobility of the protein was not af-

fected by the temperature of solubilization in SDS. The
Mr-26,000 protein appeared to be fully solubilized at all
temperatures between 20 and 100°C. However, in the ab-
sence of P-mercaptoethanol in the solubilization buffer, the
protein migrated with an apparent Mr of 46,000, compared

TABLE 2. Amino acid composition of the Mr-26,000
antigen of H. pylori 915a

Amino acid No. of
residues

Asx ............................................ 29
Thr............................................ 7
Ser ............................................ 13
Glx .............................................. . . . . . . . . . . . . 26
Pro .............................................. . . . . . . . . . . . . 8
Gly............................................ 20
Ala............................................ 19
Val ............................................ 19
Met ............................................ 6
lie ............................................ 11
Leu ............................................ 18
Tyr............................................ 4
Phe ............................................ 13
His ............................................ 9
Lys ............................................ 21
Arg ............................................ 11
Cys ..................................................... NTb
Try............................................ NT

a There was a total of 232 residues per mole. The Mr was 25,304. The
percentage of hydrophobic residues (Val, Met, Ile, Leu, Ala, Phe, Trp, and
Pro) was 39.2%.

b NT, Not tested.
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1 2 3 4 0

FIG. 2. SDS-PAGE analysis the Mr-26,000 protein. Lanes 1
through 3 contained protein purified by fast-protein liquid chroma-
tography and stained with coomassie blue: 1, protein solubilized in
sample buffer without ,B-mercaptoethanol for 10 min at 100°C; 2,
protein solubilized in sample buffer with ,B-mercaptoethanol for 10
min at 20°C; 3, protein solubilized in sample buffer with ,-mercap-
toethanol for 10 min at 100°C. Lanes 4 through 6 were immunoblot-
ted with a 1:5,000 dilution of antiserum raised against the Mr-26,000
protein of strain 915: 4, whole-cell lysate of strain 915; 5, cell
envelopes; 6, supernatant of cells disrupted by passage through a

French pressure cell after sedimentation of cell envelopes (cyto-
plasm). Arrows on left indicate standards at Mr 97,400, 66,200,
45,000, 31,000, 21,500, and 14,400.

with the single band at Mr 26,000 under reducing conditions,
suggesting the presence of interchain disulfide bonds (Fig.
2). Aggregation properties were also apparent upon storage
and dialysis.
The N-terminal amino acid sequence of the protein from

strain 915 was determined for the first 46 residues (Table 3).
A search of the National Biomedical Research Foundation
and the Swiss protein sequence libraries failed to reveal any

sequences with significant homology to the N terminus of the
Mr-26,000 protein (24), suggesting that it may be a protein
unique to H. pylori. The protein was susceptible to chemical
cleavage by CNBr because of methionine residues. Of the
digest products, the three most easily purified were isolated
by RPLC in sufficient quantity to allow N-terminal sequence

analysis (Table 3). The N-terminal sequence analysis of the
intact protein and CNBr peptides provided sequence infor-
mation on 113 amino acids (47% of the total sequence of the
protein).
Immunochemical analysis. The Mr-26,000 protein was a

good immunogen in rabbits. Western blotting of whole-cell
lysates and glycine extracts of eight H. pylori isolates from
diverse geographic sources and with different phenotypic
characteristics with antisera to the purified Mr-26,000 pro-

tein of strain 915 showed that an antigenically cross-reactive
protein of approximate subunit Mr 26,000 was present in all
H. pylori strains tested (Fig. 3). This was confirmed by
immunodot blot analysis (Fig. 4). Antigenically cross-reac-

tive proteins were not detectable by dot immunoblotting of

b _

1 2 3 4 5 6 7 8 9 10 11 12

FIG. 3. Western blot analysis of whole-cell lysates reacted with
a 1:5,000 dilution of antiserum raised against RPLC-purified Mr,
26,000 protein of H. pylori 915. (A) Lanes: 1, H. pylori 915; 2, H.
pylori 17874; 3, H. pylori 5294; 4, H. pylori 5442; 5, E. coli TB1
harboring pK26K; 6, E. coli TB1 harboring pKK233-2 (vector plas-
mid); 7, C. fetus VC78; 8, C. fetus VC202; 9, C. jejuni VC36; 10, C.
jejuni VC74; 11, C. coli VC212; 12, C. laridis VC81. (B) Lanes: 1, H.
pylori 5650; 2, H. mustelae 23950; 3, H. mustelae 23951; 4, H.
mustelae 25715; 5, C. cinaedi 18818; 6, C. cinaedi 18819; 7, C.
cinaedi 19218; 8, C. fennelliae 18820; 9, W. succinogenes 12550; 10,
W. succinogenes 13145; 11, E. coli 1593.

the strains of H. mustelae, C. cinaedi, C. fennelliae, W.
succinogenes, C. fetus, C. jejuni, C. coli, C. laridis, E. coli,
Salmonella enteritidis, Salmonella illinois, and Shigella flex-
neri tested (Table 1).

Localization. The Mr-26,000 protein of H. pylori 915 was

readily removed from the cells after relatively mild treatment
by either eluting in buffer of low pH or by adding detergent,
suggesting that the protein might be located on the cell
surface. Although the purified Mr-26,000 protein was suscep-

tible to treatment with trypsin, the protein was not removed
from the cells by trypsin. Moreover, monospecific antiserum
failed to agglutinate cells of the homologous strain, and
indirect fluorescent antibody testing and immunogold elec-
tron microscopy with this antiserum failed to reveal antibody
binding to the cell surface, indicating that the protein was not
surface exposed. Cell fractionation experiments showed that
the protein could be best recovered from the cytosol (Fig. 2).

Cloning the gene encoding the M,-26,000 protein. The
following mixture of synthetic oligonucleotides capable of
encoding amino acid residues 22 to 26 of the protein was

synthesized: GACGA(A/G)CA(C/T)TT(T/C)GA(A/G)TT.
Complete digests of genomic DNA by SalI, EcoRI, and
Hindlll were electrophoresed, blotted to NCP, and probed
with the labeled oligonucleotide. A single band of approxi-
mately 900 bp in the HindlIl-digested sample reacted with
the probe. Fragments in this size range were excised from an

agarose gel, ligated to pK18 linearized with HindlIl, and
transformed into strain TB1. Clones carrying the desired
fragment were identified by colony hybridization. The result-
ing plasmid, called p26K, was shown to carry a 900-bp
fragment that reacted with the oligonucleotide in Southern
hybridization analysis.

Expression of the Mr-26,000 protein in E. coli. Cells har-
boring p26K were lysed by boiling in final sample buffer and

TABLE 3. N-terminal amino acid sequences of the Mr-26,000 H. pylori-specific protein and internal peptides

Sample Residues'

Intact protein MLVTKLAPDF KAPAVLGNNE VDEHFELSKN LGKNGVILFF XPKDFT

CNBr peptides
CNBr 1 VADITKSISR DYDVLFEEAI ALRGAFLIDL N
CNBr 2 KVRHAVINDL PLGRNADE
CNBr3 VDALLHFEEH GEVXPAGWR

a Amino acid residues are designated by the single-letter nomenclature. X, Not identified.
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FIG. 4. Immunodot blot of whole-cell lysates reacted with
1:5,000 dilution of antiserum raised against RPLC-purified Mr-
26,000 protein of H. pylori 915. Dots: al, H. pylori 915; a2, H. pylori
17874; a3, H. pylori 5155; a4, H. pylori 5294; aS, H. pylori 5442; a6,
H. pylori 5646; a7, H. pylori 5650; a8, H. pylori 5790; bl, H. pylori
52; b2, H. pylori 66; b3, H. pylori 95; b4, H. pylori 253; bS, H. pylori
1139; b6, C. jejuni VC36; b7, C. jejuni VC74; b8, C. coli VC212; cl,
C. laridis VC81; c2, E. coli 1593; c3, E. coli E1049-a-13; c4, E. coli
E438; cS, S. enteritidis 2b.1; c6, S. illinois S.1093; c7, S. flexneri
Sh. lal.

tested for production of the antigen by Western immunoblot-
ting. No expression could be detected. The insert of p26K
was excised with HindIlI and recloned in the expression
vector pKK233-2 cut with the same enzyme. The resulting
plasmid, pK26K, directed expression of levels of the Mr-
26,000 protein readily detectable by Western immunoblot-
ting (Fig. 3), and the product comigrated with the polypep-
tide produced by H. pylori under the gel conditions shown.
DNA sequence determination. Ordered sets of deletions

entering the cloned H. pylori DNA from both extremities
were generated by exonuclease BAL 31 and recloned into a
pUC vector cut with appropriate restriction enzymes, allow-
ing both strands to be sequenced. Sequenase was routinely
used for sequencing reactions, and Taq polymerase was
employed when local secondary structure in particular
clones caused problems.
A single long open reading frame composed of 225 codons

was found in the cloned fragment (Fig. 5). The amino-
terminal residue identified by sequencing of the protein
occurs at position 28 in the translated sequence. This coding
sequence was still open at the 3' end of the anticoding
strand, and it was apparent that the coding sequence had
been truncated at the Hindlll site used for cloning. The
possibility of an in-frame fusion with sequences flanking the
pK18 multiple cloning site would mean the addition of 45
amino acid residues to the H. pylori protein expressed in E.
coli. Such a chimeric protein would have an Mr of 27,100.
The TGAAA-18-TAAAAT motif beginning at residue 88

resembles closely the consensus sequences for known pro-
moters of E. coli (15), and the spacing of 18 residues is within
the known limits for function. The ATG codon at position
262 is presumably the initiation codon. It is preceded by a
putative ribosome binding site, AGGA, optimally spaced at
seven nucleotides from the start codon. The 27-residue
polypeptide potentially coded by the upstream sequences
lacks a possible translation initiation site.
Base composition analysis indicates an overall G+C con-

tent of 36.5% in the cloned fragment and 41% within the
truncated open reading frame coding the Mr-26,000 protein.
These values compare with 37.7% G+C for the C. coli
flagellin gene and 30 to 35% for the C. coli genome (2, 27,
37).

Hybridization analysis. Southern blot hybridization was

performed with total genomic DNA of eight H. pylori
isolates and a panel of strains of C. laridis, C. jejuni, and C.
coli. DNA was digested with HindIll and probed with either
the entire cloned HindlIl fragment or the intragenic XbaI-
Hindlll fragment. Either probe showed the same specificity
and hybridized only to H. pylori DNA (Fig. 6). Additional
dot blot hybridizations with the panel of strains shown in
Table 1 failed to detect sequences homologous to either
probe (data not shown).
Many H. pylori strains, including those tested above,

contain plasmids. Hybridization analysis with undigested
genomic DNA and purified plasmid DNA showed that the
gene encoding the Mr-26,000 protein was chromosomally
located (data not shown).

DISCUSSION

Relatively little is known about H. pylori at the molecular
level. We initiated the present study both to identify poten-
tial virulence determinants and to isolate species-specific
DNA probes. We first became interested in this cryptic
protein because of its relative abundance in cell extracts
generated by relatively mild treatments. The protein ap-
peared not to be surface expressed, however, and cell
fractionation experiments showed that the protein was not
associated with the particulate fraction of the cell. The
protein sequence data derived biochemically concurred with
that subsequently available from the DNA sequence. Com-
puter analysis of the derived amino acid sequence (although
only corresponding to approximately 70% of the mature
protein) with a number of models failed to detect membrane-
spanning segments or potential transmembrane helices, in
agreement with subcellular localization. DNA sequence
analysis also showed that the signal sequence typically found
in exported proteins was absent. Under nondenaturing con-
ditions, the protein appeared to exist as a dimer with
interchain disulfide bridges, presumably resulting from one
or more of the cysteine residues present in the amino or
carboxy terminal of the polypeptide. It is apparent from its
behavior in gel filtration experiments that the protein also
forms large aggregates in the buffer conditions used. The
relevance, if any, of this to biological function is as yet
unclear.
The protein appears to be antigenically conserved in H.

pylori and antigenically unique to the species. Importantly,
the protein can be detected immunologically in whole-cell
lysates in a simple dot blot assay with monospecific poly-
clonal antibody. This assay is easy to perform and may be a
useful addition to those currently employed in the rapid
identification of these important pathogens.
The cloned open reading frame for the Mr-26,000 protein

was expressed in E. coli only when a strong promoter was
provided. This infers that the translation initiation signals of
this H. pylori gene are functional in E. coli but that the
promoter sequences are either missing or not recognized by
E. coli RNA polymerase. The former is unlikely, since more
than 260 residues of the upstream flanking sequences were
present in the cloned fragment. We have other unpublished
data suggesting lack of expression of H. pylori genes in
genomic libraries in phage lambda replacement vectors.
Clayton et al. (6) reported poor expression ofH. pylori genes
in E. coli and that production of urease components was
dependent on promoter sequences in the plasmid vector.
Curiously, a sequence with strong homology to consensus
promoter sequences of E. coli was present upstream of the
gene encoding the Mr-26,000 protein. Analysis of transcripts
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FIG. 5. DNA sequence and translation product of a fragment encoding part of the Mr-26,000 protein. Residues after position 854 are from
the pK18 vector sequence. The methionine at position 28 is the N-terminal residue identified by chemical protein sequence determination.

and definitive promoter mapping will investigate the unlikely
possibility that mRNA is transcribed from this point in E.
coli but not translated. It is also noteworthy that the protein
produced in E. coli comigrated with that purified from H.
pylori, when the size of the protein predicted from the DNA
sequence is only Mr 22,000. We are presently purifying the
protein from E. coli lysates to determine whether the 27-
residue hydrophobic leader is retained in this host, which
would yield a polypeptide of Mr 25,400. This is a possible
explanation for the observed behavior in electrophoresis.

Probes derived from the structural gene for the Mr-26,000
polypeptide hybridized to all H. pylori strains tested so far.
Genomic DNA samples from many of these have striking
restriction fragment length polymorphisms readily visible
directly from the gels (data not shown), in accordance with a

previous report of considerable subspecies variation (28).
Nevertheless, the gene for the Mr-26,000 protein is present in
all strains, suggesting that it is involved in some essential

function. There were at least three groups of strains based
upon the size of the HindIII digest fragment carrying the 5'
end of the gene, but we have not been able to correlate this
subdivision with known phenotypic markers such as lectin
specificity.
None of the other bacterial species tested was detected

with these probes. It has been shown previously that the
most closely related species are W. succinogenes, C. fennel-
liae, and C. cinaedi and that the true campylobacters are
genetically more distantly related (40, 44). H. mustelae was
included in the same genus as H. pylori on the basis of
similarity of five major taxonomic features (11), but DNA-
DNA hybridization was sufficiently low to warrant separate
species. Thompson and co-workers (44) have argued that the
weight of evidence of 16S rRNA sequence data and pheno-
typic characterization is sufficient to justify inclusion of C.
cinaedi and C. fennelliae in the same genus as W. succino-
genes and H. pylori, but this has been disputed by later,
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FIG. 6. Southern blot hybridization of DNA from Campylobac-
ter spp. and H. pylori with the gene encoding the Mr-26,000 protein.
DNA was digested with Hindlll, separated on a 1% agarose gel, and
transferred to NCP. Hybridization was with the cloned Hindlll
fragment carrying most of the coding sequence for the Mr-26,000
protein. Lanes: A through F, C. jejuni VC26, VC27, VC28, VC36,
VC74, and VC209, respectively; G through I, C. coli VC143, VC146,
and VC212, respectively; J and K, C. laridis VC213 and VC214,
respectively; L through R, H. pylori 915, 17874, 52, 66, 95, 253, and
1139, respectively; S, Hindlll digest of p26K. Size markers (in
kilobase pairs) are indicated on the right.

more comprehensive investigations (11). It is apparent from
our study that the gene we have cloned is derived from
sequences truly unique to H. pylori; although this fails to
elucidate taxonomical questions, it supports the applicability
of the sequence as a specific probe. Since we have not found
homologous sequences, either protein or DNA, in the vari-
ous data bases, it is likely that the function of the Mr-26,000
protein is also peculiar to this species, with the reservation
that there may be homologous domains in the carboxy
terminus missing from our sequence.
DNA-based diagnostic procedures are finding widespread

routine application in bacteriological laboratories. We are
currently evaluating oligonucleotides based on the DNA
sequence of the Mr-26,000 protein for the specific detection
of H. pylori in clinical samples by using the polymerase
chain reaction technique.
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