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It had been suggested that the flagella of enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic
E. coli (EHEC) might contribute to host colonization. In this study, we set out to investigate the adhesive
properties of H7 and H6 flagella. We studied the abilities of EHEC EDL933 (0157:H7) and EPEC E2348/69
(0127:H6) flagella to bind to bovine mucus, host proteins such as mucins, and extracellular matrix proteins.
Through several approaches, we found that H6 and H7 flagella and their flagellin monomers bind to mucins
I and II and to freshly isolated bovine mucus. A genetic approach showed that EHEC and EPEC fliC deletion
mutants were significantly less adherent to bovine intestinal tissue than the parental wild-type strains. In
addition, we found that EPEC bacteria and H6 flagella, but not EHEC, bound largely, in a dose-dependent
manner, to collagen and to a lesser extent to laminin and fibronectin. We also report that EHEC O157:H7
strains agglutinate rabbit red blood cells via their flagella, a heretofore unknown phenotype in this pathogroup.
Collectively, our data demonstrate that the H6 and H7 flagella possess adhesive properties, particularly the
ability to bind mucins, that may contribute to colonization of mucosal surfaces.

Enteropathogenic Escherichia coli (EPEC) and enterohem-
orrhagic E. coli (EHEC) are both causes of diarrheal disease
and death worldwide (47). EPEC infections are an important
source of potentially fatal diarrhea in infants (47). EHEC
causes nonbloody and bloody (hemorrhagic colitis) diarrhea
(57). A key virulence factor that distinguishes EHEC from
EPEC is the production of Shiga toxin (Stx). Stx is produced by
EHEC in the colon and later travels to the kidney, where it
triggers the hemolytic uremic syndrome (38, 50, 64). Both of
these organisms produce an outer membrane protein called
intimin, which potentiates a tight attachment to host epithelial
cells, leading to the loss of brush border microvilli and thus
creating a histopathology known as the attaching and effacing
(AE) lesion (25, 44). Thus, EPEC and EHEC are collectively
called AE E. coli (AEEC). The genetic elements responsible
for the production of AE lesions are carried in a pathogenicity
island called the locus of enterocyte effacement (41). However,
in EPEC and EHEC there are other genes outside the locus-
of-enterocyte-effacement region that take part in the establish-
ment of these organisms in the gut and contribute to bacterial
virulence (5, 17, 21, 24).

Analysis of the genomic sequences of EPEC and EHEC
reveals the presence of numerous putative fimbrial operons;
however, only a few of them have been characterized, and thus,
their function remains to be elucidated. The bundle-forming
pilus of EPEC is known to mediate localized adherence (21).
Other factors, such as the EspA fiber and flagella, have also
been proposed to mediate nonintimate adhesion of EPEC (22,
30). As for EHEC O157:H7, bacterial components such as the
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outer membrane protein OmpA, long polar fimbriae, and li-
popolysaccharide have been suggested to mediate host coloni-
zation (27, 52, 63). It has also been shown that the flagella of
EHEC O157:H7 isolates play a role in persistent colonization
of chicks (4). However, to this point it is still unknown as to
how EHEC colonizes the human or bovine gut.

Flagella and motility are critical elements in the virulence
strategies of many bacterial pathogens. For example, for Vibrio
cholerae, Salmonella enterica, Campylobacter jejuni, and Heli-
cobacter pylori the presence of flagella and motility are re-
quired for host colonization and induction of inflammation (1,
3, 12, 45, 68). Flagella have also been shown to play a role in
biofilm formation in Stenotrophomonas maltophilia, E. coli, and
Aeromonas (10, 29, 67). The adhesive properties of bacterial
flagella have been further supported in studies demonstrating
that the flagella of Pseudomonas aeruginosa and Clostridium
difficile promote adherence to mucus (2, 62). A clinical E. coli
strain (O25:H1) associated with bacteremia and meningitis was
observed to bind plasminogen, a glycoprotein abundant in hu-
man plasma and intracellular fluids, via its flagella (33).

The adhesive properties of flagella most likely lie within
their molecular structures. Flagella are composed of several
thousand copies of flagellin subunits (40). Flagellins of entero-
bacteria contain highly conserved sequences in the amino and
carboxyl termini, while their middle regions are significantly
variable (54). The conserved end regions remain hidden in the
polymeric structure, whereas the hypervariable middle region
is exposed on the flagellum (54). The flagella of EHEC
EDL933 O157:H7 and EPEC E2348/69 O127:H6 portray high
sequence similarity, 93% in the amino termini and 92% in the
carboxy termini; however, the middle hypervariable region re-
mains significantly different. While the hypervariable region
provides antigenic differences in diverse flagellins and contrib-
utes to the unique adhesive properties of flagella in distinct
serotypes, the conserved region of flagellins is responsible for
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inducing synthesis of proinflammatory molecules in host cells
via recognition of Toll-like receptor 5 (19, 43, 69).

Mucins are high-molecular-mass (200- to 2,000-kDa) glyco-
proteins that are composed of a peptide backbone linked to
carbohydrates and have been shown to act as receptors for
bacterial adhesins promoting adherence, as in the case of P.
aeruginosa (2). Mucins secreted by specialized epithelial cells
form a mucosal surface that acts as a first line of defense
against infectious agents (48). Consequently, it is not surprising
that previous reports have shown mucins to reduce adhesion to
epithelial cells by EPEC (35, 39, 60). Like mucins, the extra-
cellular matrix (ECM) proteins laminin, collagen, and fi-
bronectin have been demonstrated to be receptors for many
bacterial pathogens, such as E. coli, S. enterica, Haemophilus
influenzae, Neisseria meningitidis, and Staphylococcus aureus
(13, 16, 31, 47). In this study, we report new adhesive attributes
of EPEC H6 and EHEC H?7 flagella. Our data support the
notion that the adherence mechanisms of these pathogens are
multifactorial, involving fimbrial and nonfimbrial adhesins, and
that flagella, in addition to driving motility, play a role in the
interaction of these organisms with host cells.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and antibodies. We employed prototype
EPEC strain E2348/69, which belongs to the classical serotype O127:H6, and
EHEC strain EDL933, which belongs to the O157:H7 serotype. Increased
amounts of flagellum production were observed in these strains when they were
grown on 1% tryptone (pH 7.2) agar plates. In consequence, bacterial strains
were grown routinely on 1% tryptone agar plates overnight at 37°C. fliC mutants
were grown in media supplemented with 0.01% kanamycin. Antisera against
EHEC H7 and EPEC H6 flagella were raised by immunization of chickens with
purified flagella (Lampire, Pipersville, PA).

Construction of bacterial mutants. The EPEC E2348/69 (O127:H6) fliC mutant
(AGTO01) and AGTO1 complemented with plasmid harboring fliC (AGT02) were
available from a previous study (22). The EHEC EDL933 (O157:H7) fliC mutant
was constructed as described earlier (7). Briefly, the chromosomal fliC gene in
EDL933 was replaced with a kanamycin antibiotic resistance gene amplified from
pKD4 by using forward primer G72 (AATATAGGATAACGAATCATGGCACA
AGTCATTAATACCAACTGTAGGCTGGAGCTGCTTCG) and reverse primer
G73 (TTAATCAGGTTACAACGATTAACCCTGCAGCAGAGAC AGAACCA
TATGAATATCCTCCTTA). The amplified gene segment was electroporated into
bacterial cells carrying the X Red recombinase plasmid (pKD46). Mutants were
grown on selective media, followed by verification of the fliC mutation via PCR
utilizing primers G94 (TCCCAGCGATGAAATACTTGC) and G95 (GAGTTAT
CGGCATGATTATCC).

Purification of flagella. Bacteria grown on tryptone agar were harvested, and
the flagella were detached by shearing them three times in an Omnimixer (Du-
pont Sorvall, Newton, CT) (22). The bacteria were then separated by centrifu-
gation at 9,000 X g for 20 min, and the supernatant was centrifuged at 12,000 X
g for 30 min to remove outer membranes and bacterial debris. To precipitate the
flagella, solid ammonium sulfate was added to the supernatant until 50% satu-
ration was reached. The flagella were recovered by centrifugation, extensively
dialyzed against distilled water, and then loaded onto a cesium chloride-1%
sarcosyl gradient (density, 1.2 g/ml) (22). The gradient was centrifuged at
230,000 X g for 18 h at 18°C, forming an opaque, thick band in the middle of the
gradient. The putative flagellum band was pulled out and extensively dialyzed
against water and phosphate-buffered saline (PBS). To break down flagella into
flagellin monomers, the flagella were treated with 1% sodium dodecyl sulfate
(SDS) at 37°C for 30 min and then boiled for 5 min.

TEM. For transmission electron microscopy (TEM), bacteria grown overnight
on 1% tryptone agar plates were suspended in sterile distilled water, applied onto
carbon-Formvar copper grids, and then negatively stained with 1% phospho-
tungstic acid (pH 7.4) before being viewed under a CM12 Philips TEM (22).

SDS-PAGE and Western blotting. Confirmation of the presence of purified
flagella was done by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by Coomassie blue staining (32). Purified H7 and H6 flagella were resus-
pended in sample buffer, heated at 100°C for 5 min, and loaded onto 16%
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polyacrylamide gels. After electrophoresis, flagellin proteins were visualized with
a 0.25% Coomassie blue solution. To determine ECM binding, purified H6 and
H7 flagella were electrophoresed in 12% denaturing polyacrylamide gels. The
proteins were transferred onto polyvinylidene difluoride membranes, and the
immobilized flagellins were incubated with 5 pwg/ml each of the ECM proteins
collagen, laminin, fibronectin, and vitronectin and then reacted with primary
antibodies against the individual ECM proteins followed by secondary anti-rabbit
or anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase
(Sigma). The blots were developed with ECL Plus Western blotting detection
reagents (GE Biosciences).

Mucus preparations. Isolation and preparation of crude mucus from bovine
colon, obtained from the Meat Science Laboratory, University of Arizona (Tuc-
son, AZ), was carried out as previously described (36). The colon was cut into
sections and split open with a scalpel, followed by flushing with HEPES-Hanks
buffer (pH 7.4) to remove debris. The mucosal surface of each section was gently
scraped with a microscope slide into the buffer. The mucosal scrapings from each
section were pooled and then centrifuged twice at 27,000 X g for 15 min to
remove solids. The resulting supernatant, containing crude intestinal mucus, was
used in binding assays with flagella and flagellins.

Adherence to cow intestinal explants. Intestinal tissue from a cow was cut into
8-by-8-mm squares (0.8 g of weight). After being washed thoroughly with PBS,
the tissues were incubated for 6 h with 10 pl of 10° bacteria in 1 ml Dulbecco’s
modified Eagle’s medium. After infection, unbound bacteria were removed by
washing and the adherent bacteria were detached by vortexing them for 10 min
with glass beads. Tenfold serial dilutions were plated onto MacConkey agar to
obtain CFU. The results shown are the means for three experiments performed
in triplicate. Statistical analysis was performed using Student’s ¢ test.

Immunodot blotting. Serial dilutions of mucin I or IT (Sigma) (1,000 to 0.01
pg/ml) and mucus (1:10 to 1:10,000) were applied onto a nitrocellulose mem-
brane in a vacuum. After being blocked with 1% bovine serum albumin (BSA),
the nitrocellulose membrane was incubated with H7 or H6 flagella or flagellins
(1 pg/ml) to enable binding and then probed with primary antibody raised
against H7 or H6 flagella in chickens. Subsequently, the membrane was reacted
with secondary antibody conjugated to horseradish peroxidase against chicken
IgG (Sigma). The colony blot was developed with ECL Plus Western blotting
detection reagents (GE Biosciences).

Immunofluorescence. Mucins I and II and bovine mucus were immobilized
onto glass coverslips and fixed with 2% formalin and then blocked with 1% BSA.
The control slide was precoated with BSA rather than mucin. One hundred
microliters of 1 pg/ml purified H7 flagella was incubated with mucins for 30 min
at room temperature, followed by treatment with primary chicken antibodies
against H7 flagellin (Lampire) and secondary goat anti-chicken IgG antibodies
conjugated to Alexa Fluor 594 (Invitrogen). The coverslips were mounted and
visualized with an Axio Imager 1.0 Zeiss microscope.

Binding assay. To further confirm the binding of flagella to mucins, equal
concentrations of purified flagella and mucin (0.2 mg/ml) were incubated over-
night in sodium phosphate dibasic buffer (pH 7.8) at 4°C. The proteins were
applied onto a molecular exclusion chromatography column (Sephadex G-100;
Sigma) and eluted with sodium phosphate dibasic buffer (pH 7.8). The optical
densities (ODs) of the resulting elutions were read at 280 nm, and the two peaks
were depolymerized in a 12% SDS-PAGE gel and then stained with Coomassie
blue.

Bacterial binding to ECM proteins. One hundred microliters each of the ECM
proteins collagen, fibronectin, laminin, and vitronectin (Sigma) at 1 pg/ml was
immobilized onto a glass coverslip and fixed with 2% formalin. After a wash with
PBS-Tween (PBST), 50 ul of bacterial cultures grown to an ODg, of 1.1 was
applied in 1 ml of PBS to the substrate-coated coverslips and incubated for 3 h.
The coverslips were washed three times with PBST, fixed with methanol, and
stained with Giemsa (Sigma) before observation by light microscopy.

ELISA-based binding of flagella to host proteins. Purified H6 and H7 flagella
(~1 ng/well) were coated onto enzyme-linked immunosorbent assay (ELISA)
plates in carbonate buffer (pH 9.8) at 4°C for 18 h. The plates were washed and
blocked for 1 h with 3% BSA in PBST. After the wash, 10-fold dilutions of matrix
proteins (0.01 to 100 pg/ml) were added in quadruplicate for 1 h and washed with
PBST, followed by 1 h of incubation with antibodies against the individual
anti-ECM proteins collagen, laminin, fibronectin, and vitronectin (diluted
1:5,000). After being washed, the plates were incubated for 1 h with anti-rabbit
or anti-mouse IgG-alkaline phosphatase conjugate (1:10,000) before addition of
the phosphatase substrate. Wells with no flagella were used as negative controls.
The plates were read at OD,(s in an ELISA multiscan reader.

HA assays. Red blood cells (RBC) obtained from rabbit, horse, sheep, and
bovine samples (Lampire) were assayed for agglutination by EPEC and EHEC
strains and purified flagella in the presence of 1% p-mannose as previously
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FIG. 1. Purification of EHEC H7 flagella. A transmission electron micrograph of EPEC E2348/69 (O127:H6) (A) and EHEC EDL933
(O157:H7) (B) grown in 1% tryptone expressing flagella (arrows) is shown. (C) Transmission electron micrograph of purified flagella from
EDL933. (D) SDS-PAGE analysis of purified H7 and H6 in 16% SDS-PAGE gel. Both flagella are composed of an approximately 60-kDa subunit.
Immunogold labeling of EPEC H6 (E) and EHEC H7 (F) flagella is shown. The inset is a high magnification of the decorated flagella. (G) Western
blot analysis of whole bacterial cells by use of antibodies against H6 or H7 flagella demonstrating the specificity of antibodies utilized. Molecular

mass markers (in kDa) are indicated on the left.

described (9, 20). Hemagglutination (HA) assays were performed with 96-well,
round-bottom microtiter plates. Bacteria were adjusted to 10° cells per ml in
PBS. Twofold serial dilutions of the bacteria or purified flagella (~1 mg/ml) were
incubated with 1% RBC suspensions and incubated on ice for 2 h. HA was
recorded when a pellet of RBC was observed in the well containing only PBS and
RBC. The highest dilution showing HA was considered 1 HA unit.

For HA inhibition tests, twofold serial dilutions of anti-H7, anti-H6, and
anti-lipopolysaccharide antibodies were incubated with equal volumes of 1 HA
unit of purified flagella followed by 1% rabbit RBC. In addition, HA inhibition
tests were performed with twofold serial dilutions of different substrates, includ-
ing mucins I and II, N-acetylglucosamine, N-acetylgalactosamine, chondroitin
sulfate, sialoganglioside GM,, asialoganglioside GM;, monoganglioside GM,,
collagen, laminin, and fibronectin stocks at 1 mg/ml (Sigma).

RESULTS

H6 and H7 flagella bind to mucins I and II. It has been reported
that the FliD cap protein of the flagella of P. aeruginosa binds to
mucin, a mechanism that could be important in colonization of ep-
ithelial surfaces in the airways (2). We previously demonstrated that
flagella mediate adherence of motile EPEC strains to cultured epi-
thelial cells (22), suggesting that EPEC flagella possess adhesive
domains. We wanted to know if H6 or H7 flagella bound mucins.
First, we purified flagella from wild-type strains EPEC E2348/69
(O127:H6) and EHEC EDL933 (O157:H7) (Fig. 1A and B) as
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FIG. 2. Binding of H6 and H7 flagella and flagellin monomers to mucins I and II. Different concentrations of mucins I and II were immobilized
onto nitrocellulose membranes and then incubated with purified H7 or H6 flagellum filaments (A) or flagellin monomers (B). Note the

dose-dependent binding of flagella and flagellins to mucins.

indicated in Materials and Methods. Second, the presence of
flagella was confirmed by TEM (Fig. 1C), and its purity was
analyzed by SDS-PAGE under denaturing conditions. The fla-
gella of both organisms migrated with apparent molecular
masses of 60 kDa (Fig. 1D). To test the reactivities of the
anti-flagellum antibodies, we performed immunogold labeling
with whole bacterial cells of EPEC (Fig. 1E) and EHEC (Fig.
1F), which showed flagella decorated with gold particles and
no reactivity with the bacterial cell. To further demonstrate the
specificities of the antibodies employed against H6 and H7
flagella, a Western blot was conducted with the parental wild-
type EPEC and EHEC strains and their fliC mutants (Fig. 1G).
A band corresponding to flagella was observed only with the
purified flagella and in the wild-type strains. Next, purified H7
and H6 flagella or flagellins were used in an immunodot assay
to test their affinities for immobilized mucins I and II. We
observed that both flagella types (Fig. 2A) and their flagellin
monomers (Fig. 2B) bound to mucins in a dose-dependent
manner; however, H7 flagella showed more affinity for mucin
I than H6 flagella, whereas both flagellum types seemed to
have similar affinities for mucin I (Fig. 2). Nonetheless, these
data collectively suggest that both H7 and H6 flagella carry

binding sites for mucins I and I1. Next, we determined whether
AEEC flagella possessed affinity for bovine mucus via dot
blotting. Interestingly, we observed that both flagellum types
(data not shown) and flagellin monomers (Fig. 3A) were ca-
pable of binding bovine mucus. Subsequently, we performed
adherence assays utilizing bovine intestinal tissue to determine
whether the presence of flagella would affect the level of bac-
terial binding. As expected, fliC mutants of EHEC O157:H7
and EPEC O127:H6 showed significant reductions (P = 0.0009
and P = 0.016, respectively) in adherence to bovine tissue
compared to the wild-type strains (Fig. 3B).

Other undertaken approaches, such as immunofluorescence
and molecular exclusion chromatography, further demon-
strated the interaction between mucins and AEEC flagella
(Fig. 4 and 5). Since similar results were obtained for H6 and
H7 flagella and to avoid redundancy, only the data obtained for
H7 flagella are shown. We observed binding of native H7
flagella to mucins I (Fig. 4A) and II (Fig. 4B) and bovine
mucus (Fig. 4C) immobilized onto glass coverslips. Coverslips
precoated with albumin instead of mucin were used as negative
controls, and as expected, no flagellum binding was observed
(Fig. 4D). In addition, the binding between flagella H7 and
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FIG. 3. AEEC flagella mediate binding to cow intestinal mucus. (A) H7 and H6 flagellins binding to 10-fold serial dilutions of crude bovine
mucus immobilized onto nitrocellulose membranes. (B) Quantification of bacteria adherent to bovine intestinal tissue, demonstrating the
difference in adherence between the wild-type strains and their respective aflagellate fliC mutants. The results shown represent the averages for
three separate experiments. *, P < 0.05.
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FIG. 4. Demonstration of binding of H7 flagella to mucins and bovine mucus. Purified H7 flagella were incubated with mucins I (A) and II (B) and
bovine mucus (C) immobilized onto glass coverslips. Flagella were stained by immunofluorescence using primary antibodies against flagella from chicken
and secondary goat anti-chicken antibodies conjugated to Alexa Fluor 594 (red). The control slide was precoated with albumin only (D).

mucins was analyzed by molecular exclusion chromatography.
First, the mucins and flagella were separately subjected to
chromatography to determine the elution pattern of each pro-
tein. Mucins eluted between fractions 10 and 19, while flagella
eluted later between fractions 22 and 29 (Fig. SA and B).
These fractions were run in a 12% SDS-PAGE gel (Fig. 5C).
With their dilution patterns established, H7 and mucin I or II
were mixed at equimolar concentrations (0.2 mg/ml) and in-
cubated overnight, after which the complexed and single pro-
teins were separated by molecular exclusion chromatography
using a Sephadex column. Fractions (500 wl) of eluted proteins
were collected, and absorbance was read at OD,g,. Two pro-
tein peaks were obtained (Fig. 5D), of which the early peak
corresponded to the H7 flagellum-mucin I complex while the
second peak contained unbound mucin I alone, as shown by
SDS-PAGE (Fig. 5E). Similar results were obtained for H7

flagella and mucin II (data not shown). This experiment was
repeated with a higher concentration of H7 flagella (0.5 mg/
ml), and in this case, only one elution peak, which contained all
of the mucin I bound to H7 flagella, was observed (Fig. 5F).
Collectively, these are compelling data that reveal the affinities
of EHEC H7 and EPEC H6 flagella for mucus and mucins I
and II and strongly suggest that this property could be of
biological relevance in the host gut mucosa.

EPEC E2348/69 binds to immobilized ECM proteins via
flagella. Bacterial adhesion to epithelial and subepithelial tis-
sue is an important event in colonization of the host intestine
and other tissues. ECM proteins such as fibronectin, laminin,
collagen, and vitronectin have been shown to serve as receptors
for various bacterial pathogens. For example, staphylococci
and streptococci bind fibronectin, N. gonorrhoeae binds vitro-
nectin, and uropathogenic E. coli binds type IV collagen (23,
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FIG. 5. Molecular exclusion chromatography of mucin I and H7 flagella. Elution patterns of mucin I (A) and H7 flagella (B) are shown.
(C) SDS-PAGE Coomassie staining of protein peaks obtained from the elution of mucin I (lane a), mucin II (lane b), H6 flagella (lane c), and
H?7 flagella (lane d). (D) Protein elution pattern after interaction of H7 flagella and mucin I. Note the presence of two peaks, where peak 1 is mucin
I bound to H7 flagella (0.2 mg/ml) and peak 2 is only mucin I. (E) SDS-PAGE Coomassie staining of peak 1 (lane 1) and peak 2 (lane 2).
(F) SDS-PAGE Coomassie staining of mucin I bound to H7 flagella (0.5 mg/ml) (lane 1). Note that all mucin was bound by flagella. M, mass
standards (kDa). An asterisk indicates mucin I, and an arrowhead indicates H7 flagella.
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FIG. 6. Dose-dependent binding of purified H6 and H7 flagella to ECM proteins. Purified H6 () and H7 (A) flagella (1 ng/well) were immobilized
onto 96-well plates and incubated with 10-fold dilutions of collagen (A), laminin (B), fibronectin (C), and vitronectin (D). Binding was quantified by
ELISA at an absorbance of 405 nm. The data are a representative of three identical experiments performed in quadruplicate. H6 flagella showed affinity
for collagen, laminin, and fibronectin, whereas H7 did not have an affinity for any of these ECM proteins tested. For panels E and F, immobilized flagellins
were reacted with collagen or laminin. The binding was detected with anti-collagen (a-collagen) and anti-laminin (a-laminin) antibodies. Note the strong
affinity of H6 flagellin for collagen. Molecular mass markers (in kDa) are indicated on the left.

26, 66). We sought to determine whether EPEC E2348/69
(O127:H6) or EHEC EDL933 (0157:H7) would bind to ECM
proteins. We found that E2348/69 bound more to collagen
than to laminin and fibronectin, while no binding to vitronectin
was noted. In contrast to E2348/69, EDL933 did not show
affinity for any of the immobilized ECM proteins (data not
shown).

To corroborate these results and to provide genetic evidence
of the role of EPEC H6 flagella in ECM recognition, the
E2348/69 fliC mutant AGTO1 and the complemented strain
AGTO02 (22) were tested for their abilities to bind to ECM
proteins immobilized onto glass coverslips. In contrast to the
wild-type, AGTO01 showed only a few bacteria binding to any of
the immobilized ECM proteins, suggesting that the decrease in
adherence was due to the loss of flagella. Binding to ECM
proteins was restored in the complemented fiC mutant strain
AGTO02 (data not shown).

Next, we investigated whether purified H6 flagella of EPEC
and H7 flagella of EHEC were directly responsible for the dis-
played affinity for ECM proteins. An ELISA-based assay in which
immobilized H6 or H7 flagella (1 ng/well) were incubated with
10-fold dilutions of collagen, fibronectin, laminin, or vitronectin
proteins between 0.01 and 100 pg/ml was performed. Binding to
ECM proteins was probed with antibodies against individual
ECM proteins. In line with the observations above, H7 flagella
showed nearly no affinity for any of the ECM proteins tested. In
contrast, H6 flagella bound in a dose-dependent manner to col-
lagen and with less affinity to laminin and fibronectin (Fig. 6A, B,
and C). The level of binding to collagen was approximately dou-
ble that of binding to laminin and fibronectin, suggesting that H6
has a higher affinity for collagen than for the other ECMs. In
agreement with our previous observations, vitronectin was not
recognized by any of the flagellum types (Fig. 6D). The strong
correlation between the results obtained with bacteria and puri-

fied flagella suggest that, under the conditions tested, H6 but not
H7 flagella mediate binding to ECM proteins. To further confirm
the flagellum-ECM protein association, a Far-Western experi-
ment was performed. Purified H6 and H7 flagella were electro-
phoresed and transferred onto a polyvinylidene difluoride mem-
brane and then incubated with ECM proteins collagen, laminin,
fibronectin, and vitronectin at 5 pg/ml each. Among these ECMs,
only collagen and laminin bound to native H6 flagellin whereas
H7 bound weakly to collagen and laminin (Fig. 6E and F). In sum,
it appears that H6 flagella have binding sites for ECM proteins,
while H7 flagella have almost no selectivity for ECM proteins.

EHEC O157:H7 strains agglutinate rabbit RBC. The abili-
ties of bacterial pathogens to agglutinate human and animal RBC
correlate with the presence of pili, as in the case of the coloniza-
tion factors of enterotoxigenic E. coli (15) and flagella in Vibrio
fischeri (42). We sought to determine whether EPEC and EHEC
strains showed HA of animal RBC. Mannose-resistant HA was
observed only between EHEC EDL933 (O157:H7) bacteria and
rabbit RBC (Fig. 7A), while EPEC E2348/69 (O127:H6) did not
cause HA of any of the blood types tested (data not shown). To
support this notion, we tested eight EHEC O157:H7 strains
[275F1, 85-170, 23380-85, 34(4)AKAN F4, 93-111, 37(1), 279F1,
and 278F2] from our laboratory collection for agglutination of
RBC and confirmed this heretofore unknown property of EHEC.
We also noted that for the same eight EHEC O157:H7 strains,
HA of rabbit RBC was inhibited in a dose-response manner with
antibodies against H7 flagella (Fig. 7A) but not with antibodies
against H6 flagella or O157 lipopolysaccharide (Fig. 7A), strongly
suggesting that the observed HA reaction was specific and due to
H7 flagella. We tested two EHEC strains carrying a null mutation
of the flagellin f#iC gene for HA of rabbit RBC. The isogenic fliC
mutants showed decreases in HA titer compared to the wild-type
strains (data not shown), confirming that H7 flagella play a role
in HA.
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FIG. 7. HA assays. (A) EHEC EDL933 (O157:H7) hemagglutinates rabbit RBC (positive control). For inhibition of HA, whole bacteria were
incubated with rabbit RBC, followed by the addition of twofold serial dilutions of anti-H7, anti-O157, or anti-H6 antibodies. (B) HA mediated by
purified H7 and not H6 flagella. (C) Inhibition of HA by mucins I and II. Twofold serial dilutions of mucins were incubated with rabbit RBC and
1 HA unit of purified H7 flagella. A dose-dependent inhibition of H7-mediated HA by mucins was observed. For all HA assays, wells containing

RBC with PBS were used as negative controls.

H7 flagella are hemagglutinins. We wanted to know if pu-
rified EHEC O157:H7 flagella agglutinated rabbit RBC. We
performed HA assays with twofold serial dilutions of purified
H7 with 1% rabbit RBC. RBC alone were used as a negative
control. As expected from the results obtained with whole
bacteria, we observed that H7 but not H6 flagella caused ag-
glutination of rabbit RBC (Fig. 7B). Based on these results, we
conclude that H7 flagella of EHEC have the ability to bind and
agglutinate rabbit RBC.

In addition, we were also interested in studying other molecules
that might be acting as receptor analogues for EHEC H7 and
EPEC H6 flagella. Thus, we performed HA assays to test mucins
I and II, laminin, fibronectin, collagen, N-acetyl-D-galactosamine,
N-acetyl-D-glucosamine, chondroitin sulfate, sialoganglioside
GM,, asialoganglioside GM,, and monoganglioside GM, as pos-
sible receptors of flagella, since they have been shown to act as
receptors for several bacterial hemagglutinins (6, 9, 18, 37, 56, 59,
65). The results revealed that only mucins I and II (Fig. 7C)
inhibited HA mediated by H7 flagella, confirming the interaction
between H7 flagella and mucins.

DISCUSSION

Bacterial colonization is a multifactorial process that in-
cludes the participation of distinct adhesins. Flagella not only
contribute to bacterial motility but also are involved in biofilm
formation, binding to host proteins, adherence, invasion, and
colonization of host cells (2, 10, 22, 34, 51, 53). It was recently
suggested that the flagella of EPEC contribute to adherence to
cultured epithelial cells (22); however, the mechanism of ad-
herence via flagella is not clear. A study by Lahteenmaki et al.
demonstrated that flagella of a bacteremia- and meningitis-

associated E. coli strain bind plasminogen (33). Tasteyre et al.
reported that FliC and FliD of C. difficile mediated attachment
to the mucus layer of the intestine (62). In this study, we sought
to examine the adhesive properties of EHEC H7 and EPEC
H6 flagella.

We undertook several approaches to determine the interac-
tion of AEEC flagella and flagellins with mucins I and II, all of
which led us to conclude that these flagellum types possess
affinity for these molecules. The interaction of mucins with
native flagella strongly suggests that the tertiary and quater-
nary conformations of flagellins either carry exposed receptors
for mucins or are simply trapped by mucins. Additionally, the
fact that flagella bind to mucus isolated from bovine intestine
further demonstrates the importance of this interaction. This
may have relevance as to how these organisms colonize the gut
or as to how they are eliminated from the gastrointestinal tract.

Mucins are high-molecular-mass glycoproteins that are com-
posed of a peptide backbone linked to carbohydrates. In the
gastrointestinal tract, specialized epithelial cells (i.e., goblet
cells) express mucins, forming a mucosal surface. This surface
is positioned strategically between the apical intestinal epithe-
lial membrane and the intestinal lumen, thus acting as a first
line of defense against infectious agents (48). Consequently, it
is not surprising that previous reports have shown mucins to
reduce adhesion to epithelial cells by EPEC (35, 60). Mucin I
has also been proposed to act as a barrier against bacterial
pathogens, as demonstrated in human breast milk and the
female reproductive tracts of mice (11, 58), and is recognized
as a receptor for FliD, the flagellar cap protein of P. aerugi-
nosa, which colonizes inside the airways of cystic fibrosis pa-
tients (2). Furthermore, Mack et al. hypothesized that through
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the induction or addition of mucin II and other intestinal
mucins, adherence of AEEC could be abolished (39). Thus, it
is reasonable to assume that mucins I and II serve a protective
role by trapping bacteria via binding to their flagella. This
could have a beneficial affect on the innate immune system of
the gut by restricting the motility of microbes and prompting
their removal by peristaltic flow action. Conversely, bacterial
binding to mucus could favor intestinal colonization. This was
suggested from our results demonstrating that the presence of
flagella was important in bacterial adherence to bovine tissue.
Mutations in the fliC genes of both EPEC and EHEC strains
showed significant decreases in adherence, underlining the im-
portance of flagella in the interaction with mucins.

We found that EPEC bound to ECM proteins collagen,
laminin, and fibronectin via flagella. Vitronectin was not a
binding substrate for EPEC. In contrast, the fliC mutant
AGTO1 did not bind to these ECM proteins. These results
correlate with the finding that purified H6 flagella bind ECM
proteins in the following order of increasing affinity: fibronec-
tin, laminin, and collagen. On the other hand, purified H7
flagella showed almost no affinity for any of the ECM proteins
tested. In all, these findings suggest that EPEC H6 flagella, but
not EHEC H7 flagella, possess binding sites for most ECM
proteins. The differences between EPEC and EHEC flagella in
their affinities for ECM molecules are likely due to differences
in the hypervariable regions of the flagellin subunits (54). The
abilities of enteric pathogens to bind ECM proteins could
contribute to host colonization when the intestinal barrier is
disrupted.

In the gut, cells and ECM constituting the epithelial tissue
form barriers to prevent microorganisms from penetrating
these tissues. Bacteria have evolved mechanisms for breaking
these epithelial barriers so as to benefit from nutrients found in
deeper tissue and evade the immune system (8, 16). Epithelial
cells infected with EPEC show disruption of tight junctions, an
event mediated by the type III secreted protein EspF (46).
Therefore, one can speculate that EPEC might have evolved
mechanisms for breaking tight junctions that lead to flagellum-
mediated binding to ECM in the basal lamina.

We observed that EHEC O157:H7 strains agglutinate rabbit
RBC via their flagella. While this is a well-known pilus-medi-
ated property of enterotoxigenic E. coli and uropathogenic E.
coli, this is to our knowledge the first report on the HA of RBC
by EHEC O157:H7 (14, 61). While a significant reduction in
HA was observed in the EHEC fliC mutant compared to what
was observed in the wild-type strain, it is clear that in addition
to flagella other hemagglutinins that mediate HA exist. It is
possible that the absence of flagella decreases steric hindrance
caused by flagella, allowing other components on the bacterial
surface to interact with RBC, resulting in their agglutination.

Consistent with these results, purified H7 flagella, but not
H6 flagella, caused HA in a dose-dependent manner. Our HA
data strongly suggest that EHEC H7 flagella have hemagglu-
tinating properties. Several chemicals were subsequently tested
as putative receptors for H7 flagella. Among a variety of sub-
strates, which included carbohydrates, proteins, and glycopro-
teins, only mucins I and II inhibited HA mediated by H7
flagella. These data correlate with our previous experiments
demonstrating the interaction between H7 flagella and these
host proteins.
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The interaction of AEEC with host epithelial cells is a mul-
tifactorial process involving fimbrial and nonfimbrial adhesins
(21, 25, 28, 49, 55). The adhesive properties of H6 and H7
flagella highlighted here, particularly the binding to mucus and
mucins, may be biologically relevant within the context of col-
onization of the host.
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