


















for bacterial binding. Orcinol staining demonstrated the pres-
ence of glycolipids in the organic extract of the mucus sepa-
rated on TLC plates (Fig. 9B). Probing of these glycolipids with
antibodies against both Lewisb and sialyl Lewisx revealed that
both glycans were expressed on the glycolipids (Fig. 9C). Fur-

thermore, overlay assays with H. pylori and C. jejuni revealed
that the organisms could bind to glycolipids isolated from
HT29-MTX-E12 mucus (Fig. 9D). These results highlight the
importance of non-mucin-based glycan interactions in medi-
ating bacterial colonization of mucus.

TABLE 2 Structures of O-glycans released from E-12 mucins, described by HILIC-HPLC and exoglycosidase digestion arrays

Peak no. GUa Structureb Enzymatic digestion(s) (GU)c

1 1.00 Monosaccharides (galactose)
2 1.73 BTG (partial)

3 1.99 ND BTG digest (1.00) (proposed: contaminant lactose)
4 2.23 ABS (1.00), NAN1 (1.00)

5 2.41/2.48/2.54 ND Not digestible by enzymes
6 2.78 GUH, no BTG

7 2.88 GUH (1.73)

8 2.99 ABS (1.73), NAN1 (1.73)

9 3.04 ND Not digestible by enzymes
10 3.24 ABS (1.73), no NAN1

11 3.44 GUH (2.78)

12 3.60 BTG (2.78)

13 3.71 ABS (2.78), NAN1 (2.78)

14 4.24 GUH (3.60), GUH � SPG (2.73), GUH � BTG (2.73)

15 4.34 ABS (3.58, partial), NAN1 (3.58, partial), ABS � BTG (2.78, 3.44), ABS �
SPG (2.78), no ABS � BTG � BKF, no ABS � BTG � AMF

16 4.4 ABS (1.73), NAN1 (3.24)

17 4.85 GUH (3.58), GUH � BTG (2.78)

18 5.03* BTG (4.17), BTG � GUH (2.73) (no ABS)

19 5.21* BTG (3.44), BTG � GUH (2.78)

20 5.33 ABS (3.58), NAN1 (3.58), BTG (2.78)

21 5.73* BTG (4.85), GUH � BTG (2.78)

22 6.33* BTG (4.85), BTG � GUH (2.78)

23 6.44* SPG (5.6), BTG (5.6), BTG � GUH (2.78)

a Glucose unit (GU) values are averages of triplicates, with a standard deviation of 0.06. Asterisks indicate proposed isomeric structures.
b Structures are represented using the Oxford system for monosaccharides and linkages (Fig. 6, key) (59). ND, not determined.
c The enzymes used were bovine testis �-galactosidase (BTG), Arthrobacter ureafaciens sialidase (ABS), Streptococcus pneumoniae sialidase (NAN1), Streptococcus pneumoniae �-N-
acetylglucosaminidase (GUH), Streptococcus pneumoniae �-galactosidase (SPG), bovine kidney �-fucosidase (BKF), and almond meal �-fucosidase (AMF).
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DISCUSSION

The gastrointestinal tracts of animals and humans are rich sources
of glycans (46, 47) due to the presence of highly glycosylated mu-
cin molecules in the mucus layer overlying the epithelial cells.
These glycans are often exploited by pathogens to facilitate colo-
nization and disease (46, 48, 49). The expression and glycosylation
of mucins differ depending on a number of factors, including the
species, the location within the body, inflammation, and the pres-
ence of microbes (48, 50, 51). To further the study of bacterial
interactions with complex glycoproteins, a mucin microarray was
developed containing a wide range of natural mucins, including
those from a number of gastrointestinal sites in several animal
species (22). A major strength of this technique is that the binding

chemistry of the array slides allows for optimal presentation of the
glycans, thereby maximizing the access of the bacteria to potential
glycan receptors. This enables a quantitative analysis of the inter-
action of bacteria with secreted mucins in a high-throughput for-
mat. Indeed, this improved access to potential binding sites may
explain why we observed a degree of binding of H. pylori to mucin
from the HT29-MTX-E12 cells on the array that was not detect-
able when mucin immobilized on a PVDF membrane was used.

These natural mucin arrays have been shown previously to be
an effective tool for the profiling of mucin glycoepitopes (22). Our
analysis indicated that C. jejuni and H. pylori each interact directly
with a specific subset of mucins. Each pathogen showed a marked
preference for mucins from specific sites in certain animal species.

FIG 6 HILIC profile of fluorescently labeled O-glycans released from HT29-MTX-E12 mucins. O-glycans present in this sample were structurally characterized
by HILIC-HPLC and exoglycosidase digestion patterns (see Materials and Methods). O-glycans are represented using the Oxford system for monosaccharides
and linkages (59). A complete description of all structures can be found in Table 2; structures represented in this figure correspond to major peaks in the sample,
for which numbers are italicized. Peak 4 is not a natural O-glycan but a peeling product obtained due to the chemical degradation of sialylated structures, most
probably from structure 8 (sialyl-T antigen). The scale of glucose units (GU) is based on the elution of the 2-AB-labeled glucose ladder.

FIG 7 Weak anionic-exchange chromatography of O-glycans released from HT29-MTX-E12 mucins. Separation by charge results in different fractions of
glycans, from neutral (retention time, 4.5 min) to charged (retention time, 11 to 28 min) species. The peak at 5.5 min corresponds to excess 2-aminobenzamide.
The retention times of the different O-glycans are compared to those of the fetuin N-glycans, used as standards, where S1 corresponds to monosialylated
N-glycans, and S2 to S4 correspond to di-, tri-, and tetrasialylated N-glycans, respectively. (B) Prevalence of sialylated structures in the acidic fraction of
O-glycans from HT29-MTX-E12 mucins. This panel shows a zoom-in of the chromatogram in panel A (area between 11 and 30 min) before and after A.
ureafaciens sialidase (ABS) digestion.
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While the interaction of H. pylori with gastric mucins has been
extensively studied, little is known about the mechanisms used by
C. jejuni to interact with mucins from either the human or the
chicken gut. C. jejuni is most commonly identified as a commensal
of chickens, which are the primary source of human infection,
although it has been found in other species, including cattle,
swine, and sheep (52, 53). However, despite the importance of C.
jejuni colonization of chickens in the transmission of the organism
to humans, there are no studies examining directly the interaction
of C. jejuni with chicken mucins. C. jejuni showed a marked tro-
pism for mucin obtained from chicken intestine. In addition to
this species preference, C. jejuni also showed a preference for mu-
cin from specific sites in the chicken gut (in descending order of
preference: the large intestine, proximal small intestine, and ce-
cum). While a previous study demonstrated an interaction be-
tween C. jejuni lipopolysaccharide (LPS) and rabbit intestinal mu-
cus (54), this is the first study to report this tropism of C. jejuni for
chicken mucin. In light of the current interest in bacteria and how
they interact with mucosal surfaces (3–5), our results highlight the
importance of selecting an appropriate species for the collection of
mucus for such studies. The finding that the binding of C. jejuni to
chicken mucin is influenced by the anatomical location from
which the mucus was sourced echoes the results of our previous
studies showing a gradient of inhibition of C. jejuni invasiveness
by chicken mucin, with large intestinal mucus and mucin having
the most profound effect (16, 17). Coupled with recent data sug-
gesting differences in the presence or accessibility of glycans
and/or differing proportions of sulfated glycans in different parts
of the chicken intestine (22), these data point to the fundamental
role of mucin glycosylation in dictating C. jejuni tropism and life-
style (commensal versus pathogenic).

The strong interaction of C. jejuni with chicken mucin suggests

that this is an important colonization factor for the organism.
Therefore, alteration of the glycosylation profile of the chicken
intestinal tract may be a viable means of decreasing the Campylo-
bacter burden in chickens in order to reduce the risk of transmis-
sion to humans. In support of this, previous studies have shown
that constituents of poultry feed alter mucin carbohydrates of the
chick intestinal tract and that these alterations result in reduced
numbers of C. jejuni bacteria colonizing the chicks (55).

Natural infection with H. pylori occurs only in humans and
nonhuman primates. Perhaps, therefore, it is not surprising that
the interactions between H. pylori and mucins from different an-
imals were not as strong as that between C. jejuni and chicken
mucin. It is of interest that H. pylori bound best to mucin isolated
from porcine stomach mucus, since the gnotobiotic piglet was one
of the first animal species to be experimentally infected with H.
pylori (56). The BabA adhesins of H. pylori strains J99 and G27
were demonstrated to interact with porcine stomach mucin.
However, strain 26695, though able to interact with porcine stom-
ach mucin, did not appear to have a functional BabA adhesin, as
assessed both by the mucin overlay blotting experiment and by
testing of direct binding to an NGC array. This finding is in agree-
ment with other studies (12). While the predicted protein se-
quences of the BabA adhesins are 	91% identical (using BLAST
algorithms from GenBank and the Institute for Genomic Re-
search, now the J. Craig Venter Institute) for all three strains, the
gene locations differ (11). In strains G27 and J99, babA is located at
what is termed the babA locus, while in 26695, it is at a locus
normally associated with a BabA paralogue, BabB (11). Despite
the lack of a functional BabA protein, 26695 did not show a reduc-
tion in binding to mucins. This is in contrast to strain G27�babA,
which had significantly lower levels of binding to mucins than the
wild-type strain G27. The BabA mutant was not complemented,
and therefore, the possibility that spontaneous mutation or phase
variation played a role in the reduction in binding cannot be ruled
out. Nevertheless, these findings suggest that while BabA is an
important H. pylori adhesin, other adhesin-glycan interactions
must also occur (as in the case of 26695) to fulfill a similar func-
tion. The binding of H. pylori to sialyl-Lewisx is mediated by the
OMP SabA (10). However, strain 26695 showed low binding to
sialyl-Lewisx on the NGC arrays. A previous study showed that
strain 26695 contains predominately out-of-frame sabA alleles
that do not express functional SabA protein (57). What adhesins
mediate the binding of strain 26695 to mucin has yet to be eluci-
dated.

We have shown previously that HT29-MTX-E12 cells can be
infected by both H. pylori and C. jejuni (20, 21). In this study, C.
jejuni infection was enhanced in, but not dependent on, the pres-
ence of mucus, whereas H. pylori required the presence of the
adherent mucus layer for effective infection. This suggests that
either the mucus layer on HT29-MTX-E12 cells offered additional
H. pylori receptors not present on the other cell lines or the mucus
induced an alteration in adhesins produced by the organism that
enabled interaction with the cells. Gastric mucins have been
shown to promote the proliferation of H. pylori and to alter gene
expression by the organism (58). Recently, we have shown that the
interaction of H. pylori with the trefoil peptide TFF1, present in
the adherent mucus layer of HT29-MTX E12 cells, promotes in-
fection (21). This finding highlights the role of nonmucin compo-
nents of mucus in mediating the colonization of mucosal surfaces
and warrants their further investigation.

FIG 8 Expression of Lewisb and sialyl-Lewisx by HT29-MTX-E12 cells. Im-
munofluorescence with specific antibodies was used to assess the expression of
the Lewisb or sialyl-Lewisx antigen by HT29-MTX-E12 cells grown for 21 days
on Transwell filters. DAPI staining was used to visualize cell nuclei. Arrow-
heads indicate staining of the extracellular mucus layer, and arrows indicate
cellular staining.
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While C. jejuni bound strongly to purified E12 mucin, we de-
tected markedly reduced interaction of H. pylori with E12 mucins.
Structural analysis showed a paucity of fucosylated structures on
mucin from HT29-MTX-E12 cells, despite the strong immunore-
activity of the adherent mucus layer with an antibody to Lewisb

blood group antigen. CsCl gradient fractionation suggested that
the Lewisb immunoreactive fractions colocated with glycolipids, a
finding corroborated by the detection of both Lewisb and sialyl-
Lewisx on purified glycolipids (Fig. 9). Moreover, both H. pylori
and C. jejuni could interact with these glycolipid fractions. These
findings emphasize the importance of considering mucus-bound
glycolipids as a reservoir of microbial receptors that can be ex-
ploited by mucosal pathogens.

In summary, this study highlights the role mucus can play in
promoting bacterial infection. It demonstrates that two closely
related organisms interact very differently with mucins from var-
ious sources, most likely reflecting the site-specific nature of gly-
cosylation. Further analysis of the glycans present in mucus may
lead to the identification of unique ligands for these interactions

and, subsequently, to the development of novel therapeutic or
prophylactic compounds to reduce the burden of infection.
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