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Abstract—Helicobacter pylori bacteria colonize the gastric mucosa of more than half of the world’s human population and its infec-
tion may instigate a wide spectrum of gastric diseases in the host. At the moment, there is no vaccine against H. pylori, a microor-
ganism recognized as a category 1 human carcinogen, and treatment is limited to antibiotic management. Pioneering antigenic
studies carried out by Penner and co-workers, which employed homologous H. pylori antisera specific for cell-surface lipopolysac-
charide (LPS), revealed the presence of six distinct H. pylori serotypes (O1 to O6). Subsequent studies have shown that H. pylori
serotype O1 expressed LPS with lengthy O-chain polysaccharide (PS) composed of Lewis blood-group structures (‘Lewis O-chains’),
serotype O3 LPS produced ‘Lewis O-chains’ attached to a heptoglycan domain, serotype O4 LPS possessed LPS with glucosylated
‘Lewis O-chains’ and serotype O6 LPS expressed the heptoglycan domain capped by a short ‘Lewis O-chain’. These LPSs were ter-
minated at the reducing-end by a core oligosaccharide and lipid A of conserved structures. With the intent of formulating a multi-
valent H. pylori LPS-based vaccine, we are studying the structural variability of H. pylori cell-surface glycans. Here, we describe the
novel LPS structure produced by H. pylori serotype O2 that differed markedly from the typical H. pylori ‘Lewis O-chain’ structures,
in that its main component was an elongated PS composed of alternating 2-, and 3-monosubstituted o-D-Glcp residues [—2)-o-D-
Glep-(1—3)-0-D-Glep-(1—],. These findings revealed the bio-molecular basis for the observed serospecificity of H. pylori serotype
02, and that this unique bacterial PS must be included in the formulation of a multivalent LPS H. pylori vaccine.

© 2005 Elsevier Ltd. All rights reserved.
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negative bacteria,” lipopolysaccharides (LPSs) are a
main component of the cell-surface of H. pylori and

1. Introduction

Helicobacter pylori is a widespread Gram-negative bac-
terium that infects the stomach of humans leading to
the onset of several gastric disorders, such as, gastritis,
gastric ulcers, and cancers.! Indeed, H. pylori is recog-
nized as a category 1 (definite) human carcinogen.”> As
of yet, there is no vaccine to control H. pylori related ill-
nesses and control of infection is accomplished by vari-
ous combinations of antibiotic regimes,> a treatment
that may be gradually losing effectiveness due to the rise
of antibiotic resistant strains.* Similar to other Gram-
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have been correlated with virulence factors.® In general,
biosynthetically complete L.PSs can be divided into three
structural domains, a polysaccharide (PS) known as O-
chain, an oligosaccharide (OS) termed core, and a
fatty-acid rich endotoxin moiety named lipid A (O-
Chain—Core—Lipid A ~ cell).

In the early stages of H. pylori research, Penner and
co-workers developed a serotyping system based on dif-
ferent antigenicity of LPS molecules’ whereby they de-
fined six distinct H. pylori serotypes (Ol to 06).
Subsequently, detailed structural® and serological® stud-
ies have shown that the LPSs of H. pylori are unique in
that they express structures homologous to mammalian
histo-blood group antigens in their O-chain PS region,
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with Lewis X, r-Fuc-(1—3)-[p-Gal-(1—4)]-D-GlcNAc-
(1—, being the most prevalent, and, in view of this, these
O-chain PSs have been coined ‘Lewis O-chains’.® H.
pylori LPSs were also observed to express unique lipid
A% and core OS regions8 and, in some strains, an
extra LPS domain in the form of a heptoglycan (a PS
composed of D-glycero-o-D-manno-heptoses) between
the ‘Lewis O-chain’ and core regions (O-Chain— Hepto-
glycan—Core—Lipid A).® H. pylori serotype Ol strains
were shown to produce LPS composed of elongated
‘Lewis O-chains’ connected to the core OS'? (Fig. 1),
serotype O3 LPS was also observed to express long
‘Lewis O-chains’, but were linked to the heptoglycan
domain® (Fig. 1), serotype 04 LPS was composed of
glucosylated ‘Lewis O-chains’ (Fig. 1),® and serotype
06 strains produced LPS with a heptoglycan that may
be capped by a short ‘Lewis O-chain’ (a single Lewis
antigen)'® (Fig. 1). Structural studies suggest that H.
pylori serotype Ol-like LPS are the most frequently
found.® The just described LPSs were completed at the
reducing-end by a core OS (Fig. 1) and a lipid A moiety
of conserved structures.

With the objective of developing a multivalent LPS H.
pylori vaccine, which would comprise of important anti-
gens of all known serotypes, we are engaged in studying
the LPS structures of H. pylori. Here, we describe the

S. Britton et al. | Carbohydrate Research 340 (2005) 16051611

chemical structure of H. pylori serotype O2 LPS, which
contained as the main constituent an extended O-chain
PS composed of alternating 2- and 3-substituted glucose
(o-D-Glcp) residues.

2. Experimental
2.1. Bacterial growth

H. pylori serotype O2 was grown on brain heart infusion
yeast extract plates under microaerobic conditions as de-
scribed previously.'* Bacterial identity was confirmed by
urease, catalase, and oxidase tests, and phase contract
microscopy.'* In preparation for LPS isolation, bacteria
from several hundred plates were gently emulsified (no
vortexing) using a spreader and approximately 2 mL
0.9% NaCl per plate, collected by centrifugation at
approximately 5000 rpm for 5 min, resuspended gently
(no vortexing) in a total of 50 mL of 0.9% NaCl, and
pelleted again.

2.2. LPS extraction, purification, and Lipid A removal

H. pylori O2 LPS was isolated by hot phenol-water
extraction."> The aqueous layer containing the LPS
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Figure 1. Core, heptoglycan, and ‘Lewis O-chain’ domains of H. pylori serotypes O1, O3, O4, and O6.
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was dialyzed against water overnight and lyophilized.
Ultracentrifugation did not yield any significant pellet
as the LPS remained in the supernatant. For chemical
and NMR experiments, the crude LPS was treated with
1% acetic acid at 100 °C to cleave the lipid A moiety
from the remainder of the LPS through the acid-labile
ketosidic linkage. The insoluble lipid A was removed
by gentle centrifugation. The hydrolysate was purified
by passing it through a Bio-Gel P-4 column
(I mx 1 cm) with one fraction eluting at the void-vol-
ume (O-chain PS—core OS). No lower M, fraction
was detected.

2.3. Sugar composition analysis and linkage site analysis

Sugar composition analysis of H. pylori O2 PS (0.5 mg)
was performed by the alditol acetate method.'® The gly-
cosyl hydrolysis was done in 4 M trifluoroacetic acid at
100 °C for 4h followed by reduction in H,O with
NaBD, at room temperature; subsequent acetylation
was accomplished by Ac,O treatment with residual so-
dium acetate as the catalyst at 100 °C for 1 h. Alditol
acetate derivatives were analyzed by GLC using a Var-
ian 3400 gas chromatograph equipped with a 30-m
DB-17 capillary column (210 °C (30 min)—240 °C at
2 °C/min), and by GLC-MS in the electron impact
mode, which was recorded using a Hewlett Packard
5890 mass spectrometer. Enantiomeric configurations
of the individual sugars were determined by the forma-
tion and characterization of the respective 2-(S)- and
2-(R)-butyl chiral glycosides.!” Sugar linkage analysis
(1 mg) was carried out by the methylation procedure'®
(NaOH/Me,SO/CH3;]) procedure and with characteriza-
tion of permethylated alditol acetate derivatives by
GLC-MS in the electron impact mode (DB-17 column,
isothermally at 190 °C for 60 min).

2.4. Nuclear magnetic resonance spectroscopy and mass
spectrometry

'H and "°C, *'P NMR spectra of H. pylori O2 PS were
recorded on a Bruker AMX 400 spectrometer at 293 K
using standard Bruker software. Prior to performing
the NMR experiments, the samples were lyophilized
three times with D>O (99.9%). The HOD peak was
used as the internal reference at oy 4.821 for 'H
NMR spectroscopy, and orthophosphoric acid (dp
0.0) as external reference for *'P NMR experiments.
Just before the NMR experiments were carried out, a
D,0 sample containing TMS (dy 0.00) was run to
reference the HOD signal. For fast atom bombard-
ment-mass spectrometry (FAB-MS), a fraction of the
methylated sample was used for positive ion FAB-
MS, which was performed on a Jeol JMS-AXS505H
mass spectrometer with glycerol (1): thioglycerol (3)
as the matrix.

2.5. Serological studies with Lewis X monoclonal antibody

For the acrylamide gel electrophoresis and immunoblot
studies, whole cells extracts of H. pylori strains UA948
(positive control), UA1182 (negative control), and sero-
group O:2 were prepared as described by Hitchcock and
Brown.'” Electrophoresis was conducted with a con-
stant current of 35 mA for 1 h. These gels were either
silver-stained according to the method of Tsai and
Frasch?® or electroblotted onto a nitrocellulose mem-
brane (Micron Separations Inc. Westboro, MA; pore
size, 0.22 um) according to the methods described by
Towbin et al.! The nitrocellulose membranes were then
probed with antibody anti-Lewis X (mAb BG-7) from
Signet Laboratories Inc. (Dedham, MA). The anti-
Lewis X mAb was diluted 1:100 and used as the primary
antibody, and goat antimouse IgG plus IgM conjugated
to horseradish peroxidase diluted 1:2000 was the sec-
ondary antibody. Reactions were visualized using an
enhanced chemiluminescence kit (Amersham Pharmacia
Biotech) according to the manufacturer’s specifications,
and blots were developed on BioMax film (Eastman
Kodak Co.).

3. Results
3.1. Structural characterization of O-chain PS

Monosaccharide composition analysis (approximate
molar ratios in brackets) of H. pylori O2 PS (de-lipi-
dated LPS; O-chain PS—core OS) revealed that p-Glc
(25) was the overwhelming constituent of H. pylori sero-
type O2 LPS, with L-Fuc (1), p-Gal (2), p-GlcNAc (1),
D-glycero-D-manno-heptose (DD-Hep) (2), and L-glycero-
D-manno-heptose (Lb-Hep) (1.5) being present in lesser
concentrations. Accordingly, Glc was found to be pres-
ent in two dominant linkage types in H. pylori O2 PS, 2-
and 3-substituted, in equimolar concentrations. Of the
H. pylori LPSs studied so far,® serotype O2 LPS is the
first observed to produce large amounts of these two
Glc linkage types, which indicated that a new H. pylori
PS was expressed by serotype O2. The other sugar link-
age types detected of Gal, Glc, pp-Hep, and Lp-Hep
were similar to those previously detected in the inner-re-
gions of H. pylori LPSs (Fig. 1).%

The "H nuclear magnetic resonance (NMR) spectrum
(Fig. 2) of H. pylori O2 PS showed that the two domi-
nating Glc linkage types described above, —2)-Glc-
(1— and —3)-Glc-(1—, possessed the o configuration
as observed by the presence of two major a-anomeric
resonances at 6 5.63 (2.5 Hz) (residue A) and ¢ 5.25
(3.8 Hz) (residue B). A 2D '"H-'3C heteronuclear sin-
gle-quantum coherence (HSQC) experiment also showed
two distinct carbon anomeric resonances at oc 96.72
(residue A) and ¢ 96.15 (residue B). By combining data
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Figure 2. 'H NMR spectrum of H. pylori O2 PS showing two major o
anomeric resonances (residues A and B) belonging to the two Glc
residues.

from 2D '"H-'"H COSY and TOCSY experiments we
were able to assign ring protons of the two Glc residues
(A and B): for Glc residue A, dy.1 5.63, 0y 3.75, du-3
389, 6H—4 354, (SH—S 409, and 51—[—6,6’ 3.88 and for Glc
residue B, 5H—1 525, 5H—2 374, 5]_1_3 401, 5H—4 369,
0115 4.02, and dyy.6¢ 3.84. A 2D 'H-'H NOESY exper-
iment (Fig. 3) showed inter-spatial connectivities
between H-1 of Glc residue A (dy.; 5.63) and H-3 of
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Glc residue B (dp.;3 4.01), and between H-1 of Glc
residue B (dy.; 5.25) and H-2 of Glc residue A (dn-»
3.75). The latter resonates very closely with the reso-
nance furnished by the expected intra-spatial connectiv-
ity between H-1 and H-2 (dy., 3.74) of Glc residue B.
The other anticipated H-1/H-2 intra-spatial connectivity
between H-1 (6 5.63) and H-2 of Glc residue A can also
be observed at § 3.75. To corroborate the sugar-linkage
results obtained by the just-described 2D 'H-'H
NOESY experiment, a 2D "H-'C heteronuclear multi-
ple bond correlation (HMBC) experiment (Fig. 4) was
performed and yielded through-bond resonances
belonging to connectivities between C-1 of unit A (0
96.72) and H-3 of unit B (6 4.01), and between C-1 of
unit B (96.15) and H-2 of unit A (dy.» 3.75). In line with
the chemical analysis, the observed inter-spatial
(NOESY) and through-bond (HMBC) connectivities
indicated that the 2- and 3-linked Glc residues were
sequentially linked forming and elongated O-chain PS,
[—2)-0-D-Glcp-(1—3)-a-D-Glep-(1—],,. Hence, the o-
anomeric resonance A at dy.; 5.63 (dc 96.72) belongs
to the 3-linked Glc unit (2-substituted) and the o-
anomeric resonance at dy.; 5.25 (0c 96.15) belongs to
the 2-linked Glc residue (3-substituted). A fast atom
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Figure 3. '"H-'H NOESY showing through-space evidence for the [—2)-Gle-(1—3)-Gle-(1—] sequence.
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Figure 4. "H-'3C HMBC spectra of H. pylori O2 PS showing through-bond evidence for the [—2)-Glc-(1—3)-Gle-(1—] sequence.

bombardment-mass spectrometry (FAB-MS) experi-
ment carried out on the methylated PS showed A-type
primary glycosyloxonium ions, and corresponding
secondary ions from loss of methanol (32 amu), at m/z
219—187 for Hex™, 423—391 for Hex—Hex", 627—595
for Hex-Hex-Hex"*, and at 831—799 for Hex-Hex—
Hex-Hex", which underlined the elongated character
of the H. pylori O2 O-chain PS.

3.2. Structural analysis of core OS

The remainder of the H. pylori O2 LPS was shown to
be composed of sugar residues (Table 1) previously
detected in other H. pylori LPSs® and that compose
the core OS region (Fig. 1), namely, 2- and 3/7-substi-
tuted Lp-Hep (traces) units, 7- and 2/7-substituted pp-
Hep residues, 4-substituted Gal unit (co-elutes on the
right shoulder of 3-Glc peak) and terminal Glc (Fig.
2B). The GLC trace (flame ionization detector) of these

permethylated alditol acetate derivatives showed
approximately two molar units of terminal Glc, one
from the outer-core terminus and the other from the
O-chain PS terminus. In other H. pylori strains, the
inner-most LD-Hep unit of the core OS (Fig. 1) has been
observed to carry a monoester phosphate or/and a 2-
amino-ethylphosphate (AEP; NH,-CH,-CH,-PO,) at
its exocyclic O-7 position. Correspondingly, a >'P
NMR experiment carried out at pD 6.9 on H. pylori
02 PS clearly showed two resonances at ¢ 0.57 and ¢
0.41 in line with the presence of these two phosphate
moieties (position O-7 of 3,7-disubstituted Lb-Hep) as
in other H. pylori strains. At pD 4.0, the *'P NMR
experiment yielded resonances at ¢ 0.56 (AEP) and ¢
0.26 (monoester phosphate). The presence of AEP was
also underlined by the presence in the 'H NMR spec-
trum (Fig. 2) of the methylene protons (NH,—CH,»-) at
0 3.32, and by the corresponding methylene carbon res-
onance at dc 41.2 in the "H-"3C HSQC spectrum.

Table 1. Sugar linkage types present in H. pylori O2 (approximate molar ratios in brackets)

O-chain PS units Blood-group units

Core OS units

Gle-(1— 1) Fuc-(1—

—2)-Gle-(1— (12) Gal-(1—

—3)-Gle-(1— 12) — 3)-Fuc-(1—
—3)-Gal-(1—

—3)-GleNAc-(1—

(€))] Gle-(1— (¢))]
(€))] — 4)-Gal-(1— (€))]
[€))] —2,3)-Gle-(1— (€))]
(1) —2)-pp-Hep-(1— (1)
(€))] —2)-Lp-Hep-(1— (€))]

—2,7)-pp-Hep-(1— (1)

—3,7)-Lp-Hep-(1— (0.5)
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3.3. Structural analysis of blood-group units

In addition to the core OS residues, single units of termi-
nal and 3-substituted Fuc, terminal and 3-substituted
Gal, and 3-substituted GIcNAc were also detected
(Table 1). These Fuc, Gal, and GlcNAc ‘blood-group’
derivatives, were residues in line with the presence of
difucosylated [Fuc-(1—3)-Fuc-(1—3)-GlcNAc-(1—]
and di-galactosylated [Gal-(1—3)-Gal-(1—3)-GIlcNAc-
(1—] structural moieties, the latter known as the linear
B blood group antigen that have been observed in other
strains® to be attached to the O-7 position of the side-
branch pp-Hep residue (Fig. 5). A FAB-MS experiment
confirmed the presence of the just-described di-fucosy-
lated and di-galactosylated GlcNAc structures by pro-
ducing primary ions of defined composition at m/z 608
for  Fuc-(1—3)-Fuc-(1—3)-GlcNAc"™  [189 + 174 +
245 = 608] and at m/z 668 for Gal-(1—3)-Gal-(1—3)-
GIcNAc™ [219 + 204 + 245 =668]. A secondary ion
resulting from B-elimination of the di-glycosyl moieties
from GIcNAc was observed at m/z 228 [608-380(Fuc-
Fuc-OH); 668-440(Gal-Gal-OH)]. No mi/z ions indica-
tive of Lewis X or any other Lewis antigens were ob-
served. The 1D 'H (Fig. 2) and 2D 'H-">C NMR
spectra also supported the existence of GIcNAc and
Fuc residues with resonances at oy 2.11/6¢ 22.05 for

OUTER-CORE
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GIcNACc’s N-acetyl’s methyl moiety and at dy 1.205/6¢
15.51 for the deoxy signals of Fuc units. Serological data
with Lewis monoclonal antibodies also revealed that in-
deed H. pylori strain O2 did not express any Lewis
blood-group structures.

4. Discussion

The LPS of H. pylori serotype O2 differs from the previ-
ously reported H. pylori LPS structures in the following
aspects: (i) it produces an elongated O-chain PS com-
posed of 2- and 3-substituted a-D-Glcp residues (Fig. 5)
(not found in other H. pylori serotypes); and (ii) it does
not express ‘Lewis blood-group’ O-chain PS nor hepto-
glycan (found in other H. pylori strains). Therefore, the
immunologically based serospecificity of H. pylori sero-
type O2 noted by Penner and co-workers’ is due to the
expression of this novel H. pylori O-chain PS: [—2)-a-
p-Glep-(1—3)-a-p-Glep-(1—],,. Penner and co-workers’
have published a gel electrophoresis (SDS-PAGE) of H.
pylori O:2 LPS that displayed a ladder-like pattern, which
indicated that H. pylori O:2 produced a true LPS mole-
cule. No evidence was obtained that would suggest that
the glucan described here exists as a sole entity separate
from the LPS. Structurally, the similarities between H.
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Figure 5. Core OS and O-chain PS domains of H. pylori serotype O2. The connection shown of the O-chain to the core via the 2,3-Glc residue was

not unambiguously characterized, but it is exclusively the most plausible supposition.
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pylori serotype O2 O-chain and core regions and other
previously studied H. pylori LPSs reside solely in the core
OS (Figs. 1 and 5). No side chain of 6-linked Glc units,
present in other serotypes (Fig. 1), was detected in sero-
type O2. With respect to blood-group structures, H.
pylori serotype O2 solely expressed a di-fucosylated
GIcNAc antigen and a linear B blood-group (Fig. 5).
The Ilinear B blood-group [Gal-(1—3)-Gal-(1—3)-
GIcNAc-(1—] observed in H. pylori O2 is also commonly
known as the xenoantigen, responsible for a majority of
organ (from pigs) transplant failures in humans.** In
some humans, approximately, 1% of antibodies in human
sera are directed against the xenoantigen,” Gal-(1—3)-
Gal-(1—3)-GIcNAc-(1—, and it may be that with per-
sons host to H. pylori strains, such as, serotype O2, may
be carriers of higher levels of xenoantigen antibodies.

Collectively, the data showed that H. pylori strain O2
did not produce the familiar H. pylori ‘Lewis blood-
group O-chains’ and thus it does not follow the model
of molecular mimicry between H. pylori LPSs and host’s
gastric epithelial cells that express Lewis antigens. Com-
paring the sugar linkage ratios (Table 1) between the
core units and the Glc residues of the new O-chain PS,
the average length of this H. pylori O2 O-chain PS is
approximately 24 Glc residues (12 repeating OS blocks).
The covalent connection of this new H. pylori O-chain
PS to the core OS region could not be unambiguously
characterized. However, a new branched residue charac-
terized here, 2,3-disubstituted Glc (Table 1), not previ-
ously detected in H. pylori LPSs, is the most plausible
point of attachment, at the O-2 position of the outer-
core Glc unit (Fig. 5).

Immunological studies’**> have described the detec-
tion of human antibodies in H. pylori infected patients
that recognize regions of LPSs from various strains.
This is a good indication that a prophylactic LPS-based
vaccine may afford some protection against this type of
infection and thus we are presently synthesizing a multi-
valent vaccine that contains a mixture of essential H.
pylori LPS antigens, such as those form serotypes Ol,
03, 04, and O6. Although, there are no studies about
the incidence of H. pylori serotype O2 strains, the struc-
tural studies described here have revealed that serotype
02 possessed a distinct and serospecific O-chain PS
and therefore should be included in a H. pylori carbohy-
drate-based vaccine.
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