
Helicobacter pylori is an important pathogenic

microorganism [1], which causes chronic gastritis in

humans. Infection with bacterium is associated with a

broad spectrum of clinical outcomes [1, 2], including

development of peptic ulcers and increased risk of gastric

cancer. Like other Gram-negative bacteria, H. pylori con-

tains lipopolysaccharide (LPS) on its outer membrane,

which is the major target of the host immune system. LPS

usually consists of three distinct regions: lipid A, core

oligosaccharide, and O-polysaccharide.

The structures of the lipid A moiety [3] and core

oligosaccharide [4] of H. pylori LPS have been estab-

lished. A low degree of phosphorylation and an unusual

acylation pattern in lipid A contributes to the low endo-

toxic activity and low immune response observed with

H. pylori LPS [5]. Generally, O-polysaccharides of

H. pylori strains are built of (β1→3)-poly(N-acetyllac-

tosamine) (polyLacNAc) decorated with multiple α-L-

fucose residues or, in some strains, with additional glu-
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Abstract—Helicobacter pylori is an important human pathogen that causes gastritis, gastric and duodenal ulcers, and gastric

cancer. O-polysaccharides of H. pylori lipopolysaccharide (LPS) are composed of (β1→3)-poly(N-acetyllactosamine)

(polyLacNAc) decorated with multiple α-L-fucose residues. In many strains, their terminal LacNAc units are mono- or di-

fucosylated to mimic Lewis X (Lex) and/or Lewis Y (Ley) oligosaccharides. The studies in rhesus macaques as a model of

human infection by H. pylori showed that this bacterium adapts to the host during colonization by expressing host Lewis

antigens. Here, we characterized LPS from H. pylori strains used in the previous study, including the parental J166 strain

and the three derivatives (98-149, 98-169, and 98-181) isolated from rhesus macaques after long-term colonization.

Chemical and NMR spectroscopic analyses of the LPS showed that the parent strain expressed Lex, Ley, and H type 1 ter-

minal oligosaccharide units. The daughter strains were similar to the parental one in the presence of the same LPS core and

fucosylated polyLacNAc chain of the same length but differed in the terminal oligosaccharide units. These were Lex in the

isolates 98-149 and 98-169, which corresponded to the Lea phenotype of the host animals, and Ley was found in the 98-181

isolate from the macaque characterized by the Leb phenotype. As Lea and Leb are isomers of Lex and Ley, respectively, the

observed correlation confirmed adaptation of the expression of terminal oligosaccharide units in H. pylori strains to the

properties of the host gastric mucosa. The 98-181 strain also acquired glucosylation of the polyLacNAc chain and was dis-

tinguished by a lower expression of fucosylated internal LacNAc units (internal Lex) as a result of decoration of polyLacNAc

with β-glucopyranose, which may also play a role in the bacterial adaptation.
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cose or galactose residues [6-11]. The terminal units of

H. pylori O-polysaccharides are formed by mono- or di-

fucosylated N-acetyllactosamine (LacNAc) and mimic

Lewis X (Lex) and/or Lewis Y (Ley) antigens (Fig. 1) [6-

12]. Some other H. pylori strains contain Lewis a (Lea),

Lewis b (Leb), and H type I (H-1) antigens (Fig. 1) [13].

Helicobacter pylori cells are able to switch their Lewis

antigen phenotype during long-term colonization of rhe-

sus macaques (Macaca mulatta) in order to adapt to their

host, thus providing the evidence for the selection of bac-

terial phenotypes [14]. However, no structural studies

have been performed to clarify the molecular basis of this

adaptation. Here, we present the results of chemical,

NMR spectroscopic, and electrospray ionization (ESI)

mass spectrometric analyses of the O-polysaccharides,

including internal and terminal oligosaccharide units,

and core oligosaccharides in H. pylori strains isolated

after long-term colonization of rhesus macaques as com-

pared to the parental strain used for the infection. These

data confirm the evolution of Lewis antigen expression by

H. pylori strains in rhesus macaques.

MATERIALS AND METHODS

Bacterial strains and their cultivation; LPS isolation

and degradation. Inoculating strain J166 and three isolates

(98-149 and 98-169 from macaques expressing Lea and 98-

181 from a macaque expressing Leb) recovered 40 weeks

post-colonization were used in the experiments. The strains

were grown on blood agar to produce bacterial biomass as

described previously [15]. LPS samples were isolated by

extraction with hot aqueous phenol [16] and degraded with

0.1 M sodium acetate buffer, pH 4.2, for 2 h at 100°C. The

water-soluble carbohydrate portion was fractionated by gel-

permeation chromatography on a Sephadex G-50 Super-

fine column (70 × 2.6 cm, void volume 200 ml) in 0.05 M

pyridinium acetate, pH 4.5, at a flow rate of 0.5 ml/min

(Fig. 2). Elution was monitored with a Waters (USA) differ-

ential refractometer, and 10-ml fractions were collected.

The products obtained from each LPS sample were poly-

saccharides (fraction I) and truncated core oligosaccharide

(fraction III); additional core oligosaccharides (fraction II)

were isolated from the LPS of strains J166 and 98-169.

Fig. 1. Structures of type 2 and type 1 oligosaccharides. Lewis X, Lewis Y, and H type 1 antigens were found in the LPS of studied H. pylori

strains.
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Sugar and methylation analyses. Hydrolysis was per-

formed with 2 M trifluoroacetic acid (120°C, 2 h), and

resulting monosaccharides were identified by gas-liquid

chromatography (GLC) as alditol acetate derivatives

using a Hewlett-Packard 5880 instrument (USA) on a

DB-5 fused-silica capillary column (25 m × 0.25 mm)

using a temperature gradient of 160°C (1 min) to 250°C

at 3°C/min.

Methylation was performed using methyl iodide in

dimethyl sulfoxide in the presence of sodium methyl-

sulfinylmethanide (CH3SOCH2Na) [17]. Hydrolysis was

performed as in sugar analysis; partially methylated

monosaccharides were reduced with NaBD4, converted

to alditol acetates, and analyzed by GLC-MS on a

Hewlett Packard 5890 chromatograph (USA) equipped

with a NERMAG R10-10L mass spectrometer (France)

using the above DB-5 column and a temperature gradient

of 130°C (1 min) to 250°C at 3°C/min.

Smith degradation. O-polysaccharide (2 mg) from

the 98-181 strain was oxidized with 0.1 M NaIO4 (0.3 ml)

at 20°C for 48 h in the dark; the excess of the oxidant was

removed by adding ethylene glycol (0.05 ml). The product

was reduced with NaBH4 (6 mg) at 20°C for 2 h, desalted

by gel-permeation chromatography on a Fractogel TSK

HW-40S column (24 × 1 cm) in water, and hydrolyzed

with 2% acetic acid (2 h, 100°C); the resulting modified

polysaccharide was isolated using the same Fractogel col-

umn.

NMR spectroscopy and mass spectrometry. NMR

spectra were recorded in 99.96% D2O at 60°C using a

JEOL EX-270 instrument. Prior to the measurements,

the samples were deuterium-exchanged by freeze-drying

twice from 99.9% D2O. Chemical shifts are reported in

ppm relative to the internal standard sodium 3-tri-

methylsilylpropanoate-2,2,3,3-d4 (δH 0.00).

Electrospray ionization mass spectrometry (ESI MS)

was performed in the negative ion mode using a VG

Quattro triple quadrupole mass spectrometer

(Micromass, UK) with acetonitrile as a mobile phase at a

flow rate of 10 µl/min. The samples were dissolved in 50%

aqueous acetonitrile at a concentration of ~50 pmol/µl,

and 10 µl was injected via a syringe pump into the elec-

trospray source.

RESULTS AND DISCUSSION

LPS degradation and characterization of core

oligosaccharides. Mild acidic degradation of LPS samples

from H. pylori J166 and three daughter strains (98-149,

98-169, and 98-181) followed by gel-permeation chro-

matography on Sephadex G-50 (Fig. 2) yielded

polyLacNAc-type O-polysaccharide (fraction I) and one

or two core oligosaccharide fractions (fraction III from

strains 98-149 and 98-181 and fractions II and III from

strains J166 and 98-169). All products were studied by

sugar analysis; the oligosaccharides were analyzed by ESI

MS; O-polysaccharides were studied by methylation

analysis (table) and NMR spectroscopy.

Sugar analysis indicated that the major constituents

of oligosaccharides in fractions III from each strain were

glucose, galactose, D-glycero-D-manno-heptose (DD-

Hep), and L-glycero-D-manno-heptose (LD-Hep). Their

ESI mass spectra showed the presence of a main com-

pound with the molecular mass of 1242.4 Da. Taking into

account that data of sugar and ESI MS analyses, it was

concluded that this compound was truncated core

oligosaccharide GlcGal(DD-Hep)(LD-Hep)2KdoPEtn,

where Kdo is 3-deoxy-D-manno-oct-2-ulosonic acid in

the anhydro form, and PEtn is 2-aminoethyl phosphate.

A compound of the same composition has been derived

earlier from LPSs of other H. pylori strains, and its struc-

ture 1 has been established (Fig. 3) [7, 13].

Major fraction II oligosaccharide obtained from the

LPSs of H. pylori strains J166 and 98-169 differed from

that of fraction III by the presence of fucose and GlcNAc

and a higher content of DD-Hep. Its sugar composition

and molecular mass (1946.6 Da) determined by ESI MS

corresponded to the core oligosaccharide from H. pylori

a

b

min

Fig. 2. Sephadex G-50 elution profiles of the LPS carbohydrate

products from H. pylori strains 98-149 (a) and 98-169 (b). Fraction

I is polyLacNAc-type O-polysaccharide attached to the core; frac-

tions II and III are core oligosaccharides (see Fig. 3 for the corre-

sponding structures).
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strains 26695 and Sydney (structure 2 in Fig. 3) [4, 18].

Fraction II also contained compounds with one or sever-

al additional hexose and ribose residues that had similar

composition to H. pylori core oligosaccharides reported

earlier [4].

Sugar and methylation analyses of fraction I O-poly-

saccharides from each strain (table) showed the presence

of all core constituents, including terminal glucose, 4-

substituted galactose, 2-substituted LD-Hep, 7-substitut-

ed DD-Hep (site of core elongation), 2,7-disubstituted

DD-Hep, 3-substituted GlcNAc, and 3-substituted

fucose. These components were minor, so we suggested

that fraction I represented O-polysaccharide attached to

the LPS core.

Characterization of O-polysaccharides. Sugar and

methylation analyses of fraction I polysaccharide from

the LPSs of H. pylori strains J166, 98-149, and 98-169

(table) revealed typical (1→3)-polyLacNAc-based struc-

ture 3 with some LacNAc units fucosylated at position 3

of GlcNAc (Fig. 3) (compare to the published data [7,

18-20]). As judged from the ratio between 4-substituted

and 3,4-disubstituted GlcNAc residues (table), the

degree of fucosylation was 54, 69, and 65% in the J166,

98-149, and 98-169 strains, respectively, and hence,

fucosylated LacNAc units were predominant. The ratio

between methylated derivatives of 3-substituted Gal of

LacNAc units and heptose residues in the core indicated

the presence, on the average, of 10 to 11 interior LacNAc

units in each polysaccharide. The 1H NMR spectra of

the O-polysaccharides showed major signals for anomer-

ic protons of β-GlpcNAc (δ 4.74, J1,2 8.5 Hz), β-Galp

(δ 4.49, J1,2 8 Hz), and α-Fucp (δ 5.04, J1,2 3 Hz) (com-

pare to the published data [7, 18-20]). These results con-

firmed the poly(α-fucosylated) polyLacNAc structure 3

(Fig. 3).

Whereas no significant structural difference was

observed between the fraction I polysaccharides from

strains J166, 98-149 and 98-169, the O-polysaccharide

from H. pylori 98-181 differed in a significantly higher

content of glucose (82% vs. 22-29% in the three other

strains). Its methylation analysis showed the presence of

terminal glucose and 3,4-disubstituted galactose as the

major components, whereas 3-substituted galactose,

which dominated in the O-polysaccharides with structure

3, became a minor component (table). In addition to the

signals from the anomeric protons observed in the O-

polysaccharides from the strains J166, 98-149, and 98-

169 (see above), the 1H NMR spectra of the polysaccha-

ride from the strain 98-181 showed a major signal for H1

of β-Glcp (δ 4.88, J1,2 7.5 Hz).

Taken together, these data indicated that the O-poly-

saccharide from H. pylori strain 98-181 had structure 4,

which is distinguished by the decoration of LacNAc units

with β-glucose attached at position 4 of the galactose

residue (Fig. 3). As judged from the ratio of 3-substituted

to 3,4-disubstituted galactose residues (table), the degree

Methylation analysis of fraction I of O-polysaccharides. GLC retention times for partially methylated alditol acetates

are referred to 2,3,4-tri-O-methylfucose (2,3,4-Me3-Fuc, 1.00) and glucitol hexaacetate (2.67)

Content (detector response) in strain:
Partially methylated

monosaccharide

2,3,4-Me3-Fuc

3,5-Me2-Rib

2,4-Me2-Fuc

2,3,4,6-Me4-Glc

2,3,4,6-Me4-Gal

2,4,6-Me3-Glc

2,3,6-Me3-Gal

2,4,6-Me3-Gal

2,6-Me2-Gal

3,4,6,7-Me4-LD-Hep

2,3,4,6-Me4-DD-Hep

3,4,6-Me3-DD-Hep

2,3,6-Me3-GlcNAc

2,4,6-Me3-GlcNAc

2,6-Me2-GlcNAc

Relative retention time

1.00

1.01

1.27

1.33

1.38

1.66

1.67

1.73

1.96

2.31

2.37

2.71

2.81

2.97

3.13

J166

0.43

0.10

0.12

0.13

<0.05

0.13

0.24

1.15

<0.05

0.13

0.13

0.12

0.39

0.15

0.46

98-149

0.39

0.11

0.15

0.13

0.13

0.12

0.25

1.17

<0.05

0.11

0.13

0.11

0.28

0.11

0.61

98-169

0.31

0.17

0.12

0.10

0.10

0.11

0.23

1.23

<0.05

0.12

0.13

0.10

0.32

0.08

0.60

98-181

0.16

0.13

0.09

0.71

<0.05

0.13

0.15

0.33

0.86

0.06

0.18

0.10

0.68

0.09

0.20
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of glucosylation was ∼70%. The length of the

polyLacNAc chain in the strain 98-181 was similar to that

in the three other studied strains, whereas the degree of

fucosylation was lower (∼30%).

Structure 4 was confirmed by Smith degradation of

the O-polysaccharide, which resulted in the destruction

and subsequent removal of terminal fucose and glucose

residues, yielding linear polyLacNAc identified by

methylation and 1H NMR spectroscopy (data not

shown). Glucosylation of polyLacNAc at position 4 of β-

Galp is a new feature of H. pylori LPS, whereas glucosy-

lation or galactosylation of β-GlcpNAc at position 6 has

been reported before [9].

Characterization of terminal oligosaccharide units

and correlation with the host phenotype. The structures of

the terminal non-reducing units of the O-polysaccharides

were studied using two-dimensional 1H,1H correlation

spectroscopy (COSY) as described by us earlier [7, 18].

This approach based on the analysis of the characteristic

patterns of Fuc H5/H6 correlations was found to be use-

ful for the identification of terminal oligosaccharide units

in the O-polysaccharides of H. pylori.

Fucose residues at conserved positions in the core

region (C) (H5/H6 at δ 4.33/1.14) and interior fucosylat-

ed LacNAc unit (I) (H5/H6 at δ 4.80/1.13) were identi-

fied in O-polysaccharides of all strains studied in this

work (Fig. 4). In the parental strain J166, additional

fucose residues were present to form terminal Ley

(H5/H6 at δ 4.87/1.22 and 4.24/1.25) and H-1 (H5/H6

at δ 4.29/1.24) (Fig. 4a). None of the daughter strains

showed the same Fuc H5/H6 correlation pattern as the

parent strain, being devoid of one or two terminal

oligosaccharide units. Thus, H-1 was lost from all the

three strains (Fig. 4, b-d), and only the strain 98-181

retained Ley (Fig. 4d). The strains 98-149 and 98-169

expressed Lex in place of Ley (Fig. 4, b and c).

Expression of Ley by the isolate 98-181 does not con-

tradict the secretion status of the host macaque character-

ized by the Leb phenotype. The lack of expression of the

terminal Lex by the 98-181 strain was accompanied by a

lower level of expression of fucosylated internal LacNAc

units, which can be considered as internal Lex.

Accordingly, the isolates 98-149 and 98-169 were charac-

terized by higher expression of both terminal and internal

Fig. 3. Structures of fraction III truncated core oligosaccharide from all studied H. pylori strains (1), major fraction II core oligosaccharide

from H. pylori strains J166 and 98-169 (2), and fraction I O-polysaccharides from H. pylori strains J166, 98-149, 98-169 (3), and 98-181 (4).

In oligosaccharides 1 and 2, Kdo is present in the anhydro form. Distribution of glycosylated and non-glycosylated LacNAc units in polysac-

charides 3 and 4 was not determined.
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Lex units, which corresponded to the Lea phenotype of the

host animals. Therefore, because Lea and Leb are isomers

of Lex and Ley (Fig. 1), respectively we suggested that the

observed correlations were adaptations (or selection) of

H. pylori strains to the gastric mucosa of a particular host.
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