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FIG. 2. Transmission electron photomicrographs demonstrating reconstituted flagellar filaments from E. coli O157:H7 (A) and S.
enteritidis (B) after disruption from intact bacteria and purification as described in Materials and Methods.

electrophoresis of flagellin purified in the absence of the
proteinase inhibitor phenylmethylsulfonyl fluoride resulted
in a shift of the predominant protein band to a lower
apparent M, of approximately 21,000 (Fig. 4). The major
protein band for E. coli 0157:H7 flagellin was still larger in
size than that of S. enteritidis flagellin extracted in the
absence of proteinase inhibitors. The presence of a single
protein band rather than a series of proteins of various

FIG. 3. Flagellin subunits of flagella purified from E. coli sero-
type O157:H7 (lane 2) and S. enteritidis (lane 3) after gel electro-
phoresis in 10% polyacrylamide in the presence of 0.1% sodium
dodecyl sulfate and 0.5 M urea as described previously (6). Major
flagellin bands are indicated by the adjacent arrows. Lane 1 contains
known molecular weight standards (10%).

molecular masses suggests that the action of proteinases is
quite specific rather than cleaving flagellin protein randomly
at multiple sites.

After electroelution from polyacrylamide gels and isoelec-
tric focusing, flagellin extracted from E. coli 0157:H7 in the
presence of proteinase inhibitor had a plI of 5.42 in compar-
ison with a pl of 5.59 for the flagellin of the S. enteritidis
reference strain. The lower isoelectric point for E. coli H7
flagellin is likely due to the relatively greater molar concen-
trations of acidic amino acids aspartic acid and glutamic
acid. The amino acid composition of extracted flagellin is
shown in Table 1. The abundance of the acidic amino acid
residues aspartic acid and glutamic acid in flagellin prepara-
tions has been noted previously in analyses of other purified
flagellin proteins (5, 14, 20). Similar to previous findings (14),

FIG. 4. Sodium dodecyl sulfate-polyacrylamide gel electropho-
resis of flagellins purified from E. coli O157:H7 (lane 2) and S.
enteritidis (lane 3) in the absence of the proteinase inhibitor phen-
ylmethylsulfonyl fluoride. The major protein band (arrowhead) is
approximately 21,000 molecular weight. Lane 1 contains molecular
weight standards (10°).
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TABLE 1. Amino acid composition of flagellin isolated from
E. coli O157:H7 strain CL-56 and S. enteritidis
reference number 1267

mol%
Amino acid
E. coli¢ S. enteritidis®

Aspartic acid 9.78 5.81
Glutamic acid 6.17 5.03
Alanine 9.72 14.40
Serine 12.55 9.53
Threonine 12.94 7.22
Glycine 21.77 22.28
Valine 7.67 5.70
Methionine 1.38 1.19
Isoleucine 1.86 3.89
Leucine 3.42 6.11
Tryrosine 1.86 1.84
Phenylalanine 0.24 2.44
Lysine 0.09 1.95
Arginine 2.54 3.58
Proline 7.55 8.36
Histidine 0 0.26
Tryptophan 0 0

Cysteine 0.43 0.06

“ Mean of two separate experiments.
® Results of one experiment.

neither E. coli nor S. enteritidis flagellin contained detect-
able tryptophan. E. coli H7 flagellin did not contain histidine
residues, in contrast to a low level of histidine in flagellin
from the S. enteritidis reference strain, findings that are
consistent with those reported previously (14).

In addition to electron microscopic evidence of reconsti-
tuted flagella shown in Fig. 2A, the material purified from E.
coli O157:H7 strain CL-56 was confirmed as flagellar fila-
ments by two other complementary methods. First, purified
material reacted in a dot blot immunoassay with a rabbit
antiserum prepared to H7 flagella (Fig. S, bottom half of lane
1 and lane 2). The antiserum did not react nonspecifically
with BSA (Fig. 5, top half of lanes 1 and 2) or with
heterologous antigens such as bacterial outer membrane
extracts, 0157 lipopolysaccharide, and flagellar filaments of
S. enteritidis (data not shown). Second, immunogold label-
ing of intact E. coli O157:H7 showed that the H7 flagellar

FIG. 5. Dot blot immunoassay with BSA (top half of each lane)
and purified H7 flagellar filaments (bottom half of each lane). Rabbit
antisera, one raised by us to the H7 flagellin preparation (lane 1) and
a second commercially available H7 antiserum (lane 2), were
incubated on nitrocellulose strips on which BSA and H7 flagellar
filaments had been placed as antigens. A positive reaction with
protein A-peroxidase conjugate is shown with flagellar preparations
in the bottom half of each lane. Nonspecific binding of antisera to
BSA (top half of each lane) was not observed.
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antiserum raised by us in rabbits localized to flagella pro-
truding from the cell surface of intact organisms (Fig. 6A). In
contrast, localization of gold particles to flagella was not
observed when preimmune rabbit serum or heterologous
antiserum was incubated with organisms placed onto grids
(data not shown). Incubation of S. enteritidis with H7
antiserum did not result in immunogold labeling of flagella
(Fig. 6B).

To determine the immunogenicity of flagellin constituents
of H7 flagella, we next performed Western immunoblots.
Antiserum raised in rabbits to intact E. coli O157:H7 (24)
(Fig. 7, lane 3) bound to protein in the flagellin preparation
that was the same molecular size as the flagellin protein with
which a commercial H7 flagellar antiserum reacted (Fig. 7,
lane 2). Furthermore, serum obtained from a patient previ-
ously ill with E. coli 0157:H7-associated hemorrhagic colitis
also bound to flagellin proteins on Western immunoblots
(Fig. 7, lane 4).

DISCUSSION

We demonstrated that flagella isolated and purified from
E. coli O157:H7 can be dissociated and reconstituted. Re-
constituted flagellar filaments were observed by electron
microscopy after negative staining. These filaments were
antigenically recognized by a commercially available H7
flagellar antiserum, and by using immunogold labeling, we
showed that rabbit antiserum raised to the purified material
localized to flagellar filaments on intact E. coli O157:H7.

In this study, the flagella of E. coli O157:H7 were charac-
terized ultrastructurally, biochemically, and antigenically.
H7 flagellar filaments were shown to differ in several re-
spects from those isolated from a reference S. enteritidis
strain. Our results indicated that H7 flagella of E. coli
serotype O157:H7 are composed of flagellin subunits with an
apparent molecular weight of 66,000. The subunits are,
therefore, larger than the 58-kilodalton subunits that make
up flagellar filaments on S. enteritidis (8). Since flagellins
synthesized by gram-negative bacteria are nonglycosylated
proteins (10, 25), the differences in molecular weight must be
related to varying amino acid sequences.

The apparent molecular weight of H7 flagellin subunits
determined by us is larger than that previously reported for
flagellin purified from laboratory E. coli K-12, for which the
M, was variously reported as 51,172 (14) and 60,000 (13).
Lower-molecular-weight protein bands shown on the gel in
Fig. 4 may be fragments of flagellin rather than nonflagellar
contaminants since many of these bands were also observed
after gel electrophoresis of the electroeluted 66,000-M, band
(data not shown). Similar findings have also been observed
by others (8). The small amount of cysteine found to be
present in flagellin by amino acid analysis (Table 1) could
indicate the presence of a small amount of contaminating
proteins since purification of flagellin from E. coli and other
gram-negative bacteria has not indicated the presence of
potential sulfhydryl bonds (14, 21).

Antiserum raised to flagellin was shown by immunoelec-
tron microscopy (Fig. 6) to react with multiple antigenic sites
along the length of the flagellar filament on intact E. coli
0157:H7. Lack of aggregation of gold particles at either the
tip or the base of the flagellar filament indicates that the
antiserum was raised to the repeating flagellin subunits that
form the filament rather than to copurified basal bodies or
hook-associated proteins that attach the filament to the
bacterial cell surface.

The findings with immunoblots also indicated that flagellin
of H7 flagella is immunogenic. Flagellin subunits of H7
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FIG. 6. Immunogold labeling of flagella after incubation of E. coli O157:H7 (A) and S. enteritidis (B) with rabbit anti-H7 antiserum
followed by immunogold conjugated to goat anti-rabbit immunoglobulin G. Gold particles are clustered along the length of the flagellar

filament on E. coli O157:H7.

flagella were recognized by antibodies contained in antise-
rum from a rabbit immunized with whole E. coli 0157:H7. In
addition, serum obtained from a patient after an acute illness
characterized by hemorrhagic colitis and in whom E. coli
0157:H7 was isolated in stool specimens contained antibod-
ies to flagellin subunits of H7 flagella. Although this is the
first report of the immunogenicity of H7 flagella, antigenicity
of flagellin purified from other gram-negative enteric patho-
gens has been reported previously (18).

The functional role of H7 flagella in promoting virulence of
E. coli O157:H7 infection in humans is not yet defined.
However, expression of flagella by other enteric pathogens
such as Campylobacter jejuni (19) and Vibrio cholerae (28)
appears to be an important virulence factor. Increased
motility allows organisms to both colonize and penetrate the
surface mucous layer which overlies the lining of the gastro-
intestinal tract (16). Penetration of the mucous layer results
in increased exposure of organisms to the surface ente-
rocytes and renders the organisms less susceptible to clear-
ing from the bowel by normal peristaltic activity (19, 28). In
addition to virulence associated with motility properties of
bacteria, certain flagella may also function as bacterial
attachment factors, or adhesins, that promote binding of
pathogenic organisms to receptors present on the surface of
enterocytes and colonocytes (1, 2, 21).

Using a tissue culture adherence assay we previously
demonstrated that adherence of E. coli O157:H7 strain
CL-56 to human epithelial cells is inhibited by extracts of
bacterial outer membranes. In contrast, equal concentra-
tions of H7 flagella and 0157 lipopolysaccharide did not
inhibit adherence of organisms to human epithelial cells
(Sherman and Soni, in press). Nevertheless, H7 antigens
appear to be an important factor in the pathogenesis of
human disease because nonmotile, aflagellar E. coli strains
of the 0157 serogroup are much less frequently isolated in
stool specimens from symptomatic patients than are E. coli
strains of the O157:H7 serotype.

FIG. 7. Western immunoblotting of flagellar filaments extracted
from E. coli 0157:H7 demonstrating antigenicity of intact flagella.
Flagellar filaments that were transferred to nitrocellulose paper were
incubated with whole-cell 0157:H7 rabbit antiserum (lane 2), com-
mercially available H7 rabbit antiserum (lane 3), and serum obtained
from a patient previously ill with hemorrhagic colitis and in whom E.
coli 0157:H7 was isolated in the stools (lane 4). The arrowhead
indicates a positive reaction of antiserum with flagellin proteins in
each lane. Molecular weight standards (10%) transferred to nitrocel-
lulose paper and stained with amido black are shown in lane 1.
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Expression of flagella by bacteria is subject to phase
variation. For example, certain aflagellar strains can revert
to expression of flagellar antigens under the appropriate
environmental conditions (3). Therefore, generation of E.
coli O157 isogenic mutants that are deficient only in the
chromosomal genes coding for H7 flagella is necessary to
establish more definitively the functional significance of
these surface structures in the pathogenesis of disease asso-
ciated with these newly recognized enterohemorrhagic E.
coli strains.
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