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bone of S-lipid Ay, and that this position was not phosphor-
ylated in R-lipid Ay

Analysis by >*'P-NMR confirmed the above conclusions (Fig.
4). The analysis revealed a signal (2.96 ppm) for a glycosidic
phosphomonoester and a second for a phosphodiester (1.32
ppm) in R-lipid Ay,ac- Since acidic treatment (0.1 M HCI,
100°C, 30 min) of R-lipid Ay, led to the loss of both signals
and the liberation of phosphate and ethanolamine-phosphate,
the signals were deduced to correspond to glycosidic phos-
phate and ethanolamine-phosphate, respectively. In addition
to these signals, analysis of S-lipid Ay, revealed a further
signal which corresponded to an ester-bound phosphomono-
ester (4.52 ppm) which was not affected by acidic treatment
and hence was attributed to 4'-phosphate.

Nature, quantity, and type of linkage of fatty acids. All of
the lipid A preparations derived from H. pylori R- and S-LPS
contained 16:0, 18:0, 16:0(3-OH), and 18:0(3-OH) as the major
fatty acids, with minor amounts of 12:0 and 14:0 (Table 1). As
determined previously (36), the 3-hydroxy fatty acids possessed
the (R)-configuration. The molar ratios of fatty acids in the
lipid A preparations derived from R-LPS (R-lipid Ay, and
R-lipid Ay,) differed from those of lipid A derived from
S-LPS (S-lipid An,ac and S-lipid Ay,) (Table 1). However, in
our previous investigation (42), we showed that quantitatively
similar fatty acid profiles were present in H. pylori LPS and the
respective lipid A preparations, showing that differences do not
result from the hydrolysis conditions used to liberate free lipid
A. Nevertheless, the observed differences in molar ratios sug-
gested greater substitution by certain fatty acids in lipid A of
S-LPS than in R-LPS (Table 1).

Analysis of the products of R-lipid Ay and S-lipid Ay
after methanolysis and permethylation (described above)
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FIG. 3. Fragmentation patterns of permethylated and N-acylated glucos-
amine derivatives from H. pylori LPS. (A) Permethylated glucosaminitol
N-acylated by 3-methoxyoctadecanoic acid [18:0(3-OMe]. (B) Permethylated
glucosamine N-acylated by 3-methoxyoctadecanoic acid. (C) Permethylated glu-
cosamine-4-phosphate N-acylated by 3-methoxyoctadecanoic acid.

showed the presence of permethylated derivatives of reduced
and nonreduced GIcN N-acylated by 18:0(3-OMe) (Fig. 3).
Thus, these data indicated that 18:0(3-OH) residues are amide
bound to the reducing and nonreducing GlcN units of the back-
bone of both R-lipid Ay, and S-lipid Ay In order to iden-
tify potential amide-bound 3-acyloxyacyl groups, R-lipid Ay,
and S-lipid Ay were subjected to a procedure known to
cleave amide bonds preferentially (62). On GLC and GLC-MS
analysis, one peak was detected in both preparations, which by
comparison with available mass spectrometric data (54, 63) was
identified as 3-(octadecanoyloxy)octadecanoic acid [3-(18:0-
0)-18:0]. Quantitatively, 0.8 mol (811 nmol/mg) and 0.9 mol
(1,035 nmol/mg) of the product were detected in S-lipid Ay
and R-lipid Ay, respectively. These results show that in lipid
A of H. pylori, approximately 1 mol of amide-linked 18:0(3-
OH) can be substituted by 18:0.

Ester-linked fatty acids were investigated by treatment of
R-lipid Ay and S-lipid Ay, with sodium methylate (Table
3). This treatment of R-lipid Ay, released quantitatively 18:0
(1.0 mol) and 16:0(3-OH) (1.1 mol) as their methyl esters,
showing that they had been exclusively ester linked. In the
alkaline methanolysate, only trace amounts of 16:0(3-OMe)
were detectable, indicating the predominant absence of ester-
bound 3-acyloxyacyl groups in this lipid A. Sodium methylate
treatment of S-lipid Ay, released quantitatively 18:0 (1.1 mol)
and 16:0(3-OH) (1.0 mol), and in addition, a nonstoichiometric
amount of 16:0 (0.1 mol), as their methyl esters. In contrast to
R-lipid Ay, 16:0(3-OMe) (0.6 mol) was present in the meth-
anolysate of S-lipid Ay, and methyl esters of 12:0 (0.6 mol)
and 14:0 (0.5 mol) appeared after diazomethane treatment of
the methanolysate (i.e., carboxymethylation). Hence, based on
previous experience of the behavior of variously linked fatty
acids in transmethylation and B-elimination reactions (50), it
was deduced that ester-bound 3-acyloxyacyl groups consisting
of 3-(dodecanoyloxy)hexadecanoyl [3-(12:0-0)-16:0] and 3-
(tetradecanoyloxy)hexadecanoyl [3-(14:0-0)-16:0] residues
were present in this lipid A. In addition, the 18:0 (and the
nonstoichiometric amounts of 16:0) released as methyl ester
was likely to have been the ester-bound substituent of amide-
bound 3-acyloxyacyl residues (described above).

Distribution of fatty acids on the lipid A backbone. Free
dephosphorylated and de-O-acylated lipid A preparations de-
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FIG. 4. 3'P-NMR spectrum of H. pylori free lipid A (S-lipid Angaac)-

rived from R- and S-LPSs of H. pylori were subjected to LD-
MS, after cationization by the Nal admixture, and were ana-
lyzed in the positive-ion mode. The LD mass spectra of both of
these materials yielded identical spectra (not shown) with a
quasimolecular ion ([M + Na]") at m/z = 928 corresponding
to a GleN disaccharide carrying two amide-bound 18:0(3-OH)
residues.

Subsequently, free dephosphorylated lipid A preparations
derived from R- and S-LPSs of H. pylori (dephosphorylated
R-lipid A and S-lipid A, respectively) were analyzed in a sim-
ilar manner. These two lipid A preparations yielded differing
spectra, as shown in Fig. 5. The assignments of ions for de-
phosphorylated R-lipid A and S-lipid A are shown in Tables 4
and 5, respectively, and the fragmentation scheme and pro-
cesses compatible with these assignments are shown in Fig. 6.
The depicted m/z values represent quasimolecular ions derived
from the acylated GlcN disaccharide (M) and fragment ions
including those derived from the acylated reducing and non-
reducing GIcN units (M; and My, respectively). Also, analysis
of dephosphorylated S-lipid A by LD-MS after admixture of
Csl gave a similar fragmentation pattern, and in addition
showed the presence of nonstoichiometric amounts of amide-
bound 3-(16:0-0)-18:0 replacing 3-(18:0-0)-18:0 on the non-
reducing GlcN unit of the lipid A backbone (data not shown).

Collectively, these data and the results of chemical studies
show that the predominant lipid A molecular species in H. py-
lori R-LPS is tetraacyl, whereby the reducing GIcN of the
backbone carries amide-bound 18:0(3-OH) and ester-linked
16:0(3-OH), and the nonreducing GIcN carries only amide-
bound 3-(18:0-0)-18:0. Likewise, tetraacyl lipid A may be pres-
ent in S-LPS, but hexaacyl lipid A is also present, whereby the
nonreducing GlcN has ester-bound 3-(12:0-0)-16:0 or 3-(14:0-
0)-16:0. To resolve this issue of heterogeneity, which had been
observed in our previous analysis of free lipid by thin-layer
chromatography (42), free dephosphorylated lipid A prepara-
tions derived from R- and S-LPSs of H. pylori were subjected to

silica-gel chromatography as described previously (39). Upon
fractionation of the dephosphorylated material, one predomi-
nant fraction was obtained from R-LPS, and one major and a
second minor fraction were obtained from S-LPS. Analysis of
the major fractions from R- and S-LPSs by LD-MS confirmed
the presence of tetraacyl lipid A, whereas analysis of the minor
fraction derived from S-LPS showed the hexaacyl distribution
of fatty acids as described above.

Discussion

In the present study, the lipid A components of H. pylori R-
and S-LPS were isolated and chemically characterized. The
proposed structures of the molecular species in both of these

TABLE 3. Nature and amount of fatty acid methyl esters released
from free lipid A of H. pylori by sodium methylate

Amt of methyl ester in nmol/mg (mol/2 mol of GIcN)”
detectable before and after CH,N, treatment”

Fatty acid
methyl ester R-lipid Ay S-lipid Ay
Before After Before After
12:0 0(—-)° 7 (Tr)d 0(-) 328 (0.6)
14:0 0(—) 24 (Tr) 0(—) 262 (0.5)
16:0 18 (Tr) 20 (Tr) 48 (0.1) 50 (0.1)
18:0 558 (1.0) 561 (1.0) 537 (1.1) 553 (1.1)
16:0(3-OH) 632 (1.1) 626 (1.1) 482 (1.0) 500 (1.0)
16:0(3-OMe) 0(—) 14 (Tr) 279 (0.6) 298 (0.6)
18:0(3-OH) 0(-) 0(-) 0(-) 0(-)

“ The GlcN values of 1,150 and 1,014 nmol were the basis of the calculation of
molar ratios in R-lipid Ay and S-lipid Ay, respectively.

b Diazomethane treatment results in carboxymethylation of free acids liber-
ated by B-elimination and hence their detection as methyl esters.

¢ —, none detected.

4 Tr, trace (<0.05 mol).
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FIG. 5. Positive-ion LD mass spectra of free dephosphorylated lipid A prep-

arations derived from R-LPS (A) and S-LPS (B) of H. pylori after admixture of
Nal.

lipid A’s from H. pylori R- and S-LPSs are shown in Fig. 7.
Despite variations in acylation and phosphorylation patterns,
the structure of H. pylori lipid A possesses the common archi-
tectural and structural principles encountered in many distinct
bacterial groups (33, 44, 48, 51, 64). The predominant molec-
ular species in both lipid A components are identical and are

TABLE 4. Assignment of peaks in the LD mass spectrum of free
dephosphorylated lipid A derived from H. pylori R-LPS*

Peak Cleavage

(mlz) process Structure®
1,477 [M — 16:0H(3-OH) + 18:0H(3-OH) + Na|*
1,449 M + Na]*
1421 [M — 18:0H(3-OH) + 16:0 + Na]*
1,177 B [M — 16:0H(3-OH) + H + Na]*
853 [My, + 102 + Na]*
793 M, + 42 + Na]"
751 [My, + Na]*
739 [M, + Na]"
587 H [My; + 102 — 18:0 + H + Na]*
527 G My + 42 — 18:0 + H + Na|"
485 F [My — 180 + H + Na]*
466 B [M, — 16:0(3-OH) + H + Na]*

“ The relevant cleavage process and the resultant structure are shown in Fig. 6.
®M, quasimolecular ion derived from the acylated GlcN disaccharide; My,
fragment ion derived from the acylated nonreducing GIcN unit of the backbone;
My, fragment ion derived from the acylated reducing GlcN unit of the backbone.
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TABLE 5. Assignment of peaks in the LD mass spectra of free
dephosphorylated lipid A derived from H. pylori S-LPS*

m/z Cleavage Structure?
process
1,914 [M — 12:0 + 14:0 + Na]*
1,886 [M + Na]*
1,858 [M — 18:0 + 16:0 + Na]*
1704 A [M — 12:0 + H + Na]*
1614 B [M - 16:0(3-OH) + H + Na]*
144 C [M — 12:0 — 16:0(3-OH) + H + Na]*
1432 D [M - 12:0 — 16:0(3-OH) + H,0 + NaJ*
1230 G [M,, + 42 + Na]*
1196 CE  [M - 16:03-OH) + H — 12:0 — 16:0(3-OH) +
H + Na]*
1,188 [M,, + Na]*
L18¥ G F [M — 18:0 + H — 12:0 — 16:0(3-OH) + H + Na|"*
1,108 A H  [My + 102 — 12:0 + H + Na|*
1,048 AG M, +42— 120+ H + Na]*
1,006 A [My — 12:0 + H + Na]*
853 CH  [My,+ 102 — 12:0 — 16:0(3-OH) + H + NaJ*
79% GG [My + 42 — 120 — 16:0(3-OH) + H + NaJ*
751°  C [M,, — 12:0 — 16:03-OH) + H + Na|"*
739 [M, + NaJ*
587° G, F,H [My+ 102 — 180 + H — 12:0 — 16:0(3-OH) +
H + Na]*
527 G F G [My+42 — 180 + H + 12:0 — 16:0(3-OH) +
H + Na]*
485 CF [M,, — 18:0 + H + 12:0 — 16:0(3-OH) + H + Na|*
466 B [M, — 16:0(3-OH) + H + Na]*

“ The relevant cleavage process and the resultant structure are shown in Fig. 6.

®M, quasimolecular ion derived from the acylated GlcN disaccharide; My,
fragment ion derived from the acylated nonreducing GIcN unit of the backbone;
My, fragment ion derived from the acylated reducing GIcN unit of the backbone.

¢ Peak that can be derived from tetraacyl lipid A as well as from cleavage of
acyl chains from hexaacyl lipid A. Compare with Table 4.

tetraacylated in an asymmetric manner (Fig. 7A). In addition,
a second molecular species which is hexaacylated, also in an
asymmetric manner, is present in lipid A from S-LPS (Fig.
7B). Despite differences in substitution, the backbone of the
molecules consists of a B(1,6)-linked GlcN disaccharide with a
glycosidically linked phosphate at position 1. Because of micro-
heterogeneity, nonstoichiometric amounts of ethanolamine-
phosphate may also be linked to the glycosidic hydroxyl group.

A significant finding of the present investigation is the ab-
sence of an ester-bound phosphate group at position 4’ of the
nonreducing GIcN unit of the backbone disaccharide of lipid A
from R-LPS (Fig. 7A). Although the hydroxyl group at posi-
tion 4’ on the backbone disaccharide of lipid A from S-LPS was
predominantly free and unsubstituted, phosphorylation at po-
sition 4" was present in this lipid A in nonstoichiometric
amounts. It was not possible in the present study to determine
whether 4'-phosphate was present on the backbone of the
tetraacyl or hexaacyl molecular species in lipid A of S-LPS.
However, because of the nonstoichiometric nature of this
phosphate substitution and by analogy with lipid A of R-LPS,
it is more likely that the minor hexaacyl species in S-LPS,
rather than the predominant tetraacyl species, is phosphory-
lated at position 4’ (Fig. 7B). An ester-bound phosphate group
bound to the hydroxyl group at position 4’ of the backbone
disaccharide is a common constituent of lipid A of other bac-
terial species, particularly enterobacterial lipid A’s (33, 44, 48,
64). However, this phosphate group is absent from lipid A’s of
Bacteroides fragilis, Bacteroides intermedius, and Rhodomicro-
bium vannielii (17, 19, 60). In R. vannielii lipid A, the 4-O-
phosphoryl group is positionally replaced by p-mannose (17).
Similar to lipid A from H. pylori S-LPS, the predominant mo-

1sonb Aq 6T0Z ‘2z JequanoN uo /610 wseql//:dny woll papeojumoq


http://jb.asm.org/

6460 MORAN ET AL. J. BACTERIOL.

A

OH

HO

HO NH

FIG. 6. Interpretations of the fragmentation patterns of free dephosphorylated lipid A derived from R-LPS (A) and S-LPS (B) of H. pylori. Numbers in circles refer
to the number of carbon atoms in acyl chains, and letters indicate the designated cleavage process. Refer to Tables 4 and 5 for details of the formation of positive ions.

lecular species in lipid A of the oral pathogen Porphyromonas
gingivalis lacks a phosphate group at position 4’ of the back-
bone disaccharide, but a minor constituent is phosphorylated
at this position (26).

Another significant finding of the present investigation is

that although hexaacyl lipid A is present in S-LPS, tetraacyl
lipid A predominates in both R- and S-LPSs of H. pylori.
Although heterogeneity was observed in the lipid A prepara-
tions, it is unlikely to derive from conditions used to liberate
lipid A or from other treatments used during analysis, since
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FIG. 7. Proposed chemical structures of the predominant lipid A molecular species found in both R-LPS and S-LPS (A) and a minor lipid A molecular species found
in S-LPS (B) of H. pylori. Numbers in circles refer to the number of carbon atoms in acyl chains, and shaded lines indicate partial substitution due to microheterogeneity.
Polar headgroups are indicated by R’ (phosphate or phosphorylethanolamine) and R” (H or phosphate).
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treatment conditions had been optimized and the natural het-
erogeneity in lipid A had been verified in our previous study
(42). The asymmetric acylation pattern in H. pylori hexaacyl
lipid A is similar to that found in a number of bacterial species
of diverse origins, e.g., Escherichia coli, Salmonella minnesota,
Campylobacter jejuni, Haemophilus influenzae, Pectinatus spp.,
and Proteus mirabilis (15, 16, 33, 39, 54, 64). However, the
predominant fatty acids, particularly the 3-hydroxy fatty acids,
are relatively long and are not common constituents of LPS.
Like H. pylori, however, Brucella abortus and Legionella pneu-
mophila have collectively 18:0, 16:0(3-OH), and 18:0(3-OH) in
their LPSs and also possess low endotoxic activity (32, 55).
Although nontoxic Rhodobacter capsulatus contains predomi-
nantly pentaacyl lipid A (24), a tetraacyl lipid A has been found
in this organism, but with acyl chains of 10 to 14 carbons in
length only (48). Thus, the predominance of a tetraacyl lipid A
with long acyl chains of 16 to 18 carbons in length is an unusual
property of H. pylori lipid A.

The relationships between the chemical structure of lipid A
and the endotoxic and immunological activities of lipid A and
LPS have been examined by many investigators using both
natural and chemically synthesized lipid A analogs. In partic-
ular, studies of synthetic S. minnesota- and E. coli-like lipid A
partial structures and analogs have shown that phosphorylation
patterns (12, 18, 20, 22, 23), fatty acid composition (21, 27),
and the presence of acyloxyacyl groups (49, 51) are important
for the full expression of a range of biological activities. Based
on these findings, it has been deduced that certain structural
prerequisites in lipid A are needed for full expression of
endotoxicity and biological activities by LPS. These include
a molecule with a B(1,6)-linked pD-hexosamine disaccharide
backbone which is bisphosphorylated and carries six fatty acids
in a defined arrangement as it is present in E. coli lipid A (33,
51, 64). Because synthetic lipid A partial structures that are
monophosphorylated and lipid A analogs that carry acyl chains
of increased chain length have been shown to exhibit decreased
biological activity (18, 23, 27), it is likely that the underphos-
phorylation and underacylation patterns in H. pylori lipid A
would produce an LPS with low endotoxic and biological ac-
tivities.

Consistent with this, the lower endotoxic and immunological
activities of H. pylori LPS have been well documented (34, 35).
Compared with Salmonella typhimurium LPS, the pyrogenicity
and mitogenicity of H. pylori LPS are 1,000-fold lower, and the
lethal toxicity is 500-fold lower (40). H. pylori LPS exhibits a
100- to 500-fold lower activity when tested in the Limulus
amebocyte lysate assay (42). The induction of cytokines, nitric
oxide, and prostaglandin E, by H. pylori LPS is significantly
lower than that by enterobacterial LPS (4, 9, 42, 43). Also, the
ability of H. pylori LPS to induce the production of procoagu-
lant activity is 1,000-fold lower than that of S. typhimurium LPS
(53). Unlike enterobacterial LPS, H. pylori LPS does not abol-
ish the expression of suppressor T-cell activity (3) or induce
E-selectin expression or significant natural killer cell activity
(10, 58).

With some analogy to the tetraacyl lipid A of H. pylori, a
tetraacyl lipid A partial structure which constitutes a precur-
sor in lipid A biosynthesis is produced by an S. typhimurium
mutant strain and has been termed “precursor Ia,” or, alter-
natively, lipid IV, (46, 64). Synthetic precursor Ia, which is bis-
phosphorylated and contains four fatty acids but no acyloxyacyl
groups (45, 47), exhibits high toxicity but low pyrogenicity and
mitogenicity compared with intact lipid A (12, 18, 20, 22, 23).

Comparisons have been made between B. fragilis, which is a
long-lived commensal of the human gut, and the ability of H.
pylori to cause chronic infection in the stomach. In particular,
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it has been suggested that the lipid A and LPS of H. pylori may
have evolved to avoid or minimize the host defense (28). Sup-
porting this, like the LPS of H. pylori that of B. fragilis also
expresses low pyrogenicity and toxicity and has a lipid A with
a B(1,6)-linked GlcN disaccharide backbone phosphorylated at
position 1 only, with long 3-hydroxy fatty acids whose chain
length is 15 to 17 carbons (61). In addition, the repeating units
of the O side chains of H. pylori LPS may mimic Lewis blood
group antigens that are found in the gastric mucosa (1, 2, 52),
thereby potentially camouflaging the organism and minimizing
the host defence (37). Therefore, these findings support the
view that the primary role of H. pylori LPS and lipid A should
not be considered endotoxicity, but that it is to provide a
functional macromolecular matrix through which the bacte-
rium interacts with its environment.
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