








essary for in vitro intimin binding suggested that EHEC and
EPEC intimins may thus bind interchangeably to EPEC Tir
and EHEC Tir, which are not equally posttranslationally mod-
ified in the host cell. We therefore used an ELISA to measure
the relative affinities of these Tir-intimin interactions. ELISA
wells were coated with culture supernatants from either EHEC
or EPEC/pCVD450 (28) and incubated with increasing con-
centrations of either T7-EHEC intimin or T7-EPEC intimin.
Both T7-EHEC intimin and T7-EPEC intimin were ligands for
EPEC Tir and bound with similar affinities, with a half-maxi-
mal concentration in the low nanomolar range (1 to 10 nM)
(Fig. 6A). Surprisingly, this was not the case for EHEC Tir,
which had an approximately 20-fold-higher affinity for its own
T7-intimin than for T7-EPEC intimin (Fig. 6B). No specific
intimin binding was observed with supernatants from EHEC or
EPEC tir deletion strains, suggesting that both EHEC and
EPEC intimins bound to the same protein (Tir) in the super-

natants. These data indicate that EHEC and EPEC intimins
can cross complement each other in vitro, albeit with different
binding affinities.

We next investigated the ability of EHEC and EPEC in-
timins to bind to EHEC Tir and EPEC Tir delivered to HeLa
cell membranes. Tir was delivered to HeLa cells in the absence
of intimin by use of the intimin mutants UMD619 (EHEC) and
CVD206 (EPEC). The bacteria were killed with gentamicin,
followed by the addition of equal amounts of T7-EHEC in-
timin and MPB-EPEC intimin fusion proteins. Bound fusion
protein was detected by immunofluorescence microscopy. No
binding of either fusion protein to uninfected cells was de-
tected (Fig. 7, top panels). However, both T7-EHEC intimin
and MBP-EPEC intimin bound to UMD619- and CVD206-
infected cells (Fig. 7, middle and bottom panels). These data
suggest that EHEC and EPEC intimins can bind to both
EHEC Tir and EPEC Tir residing in the host cell membrane.

FIG. 3. Immunofluorescence microscopy of HeLa cells following a 6-h infection with wild-type EHEC O157:H7 strain 86-24 or EHECDtir or a 9 h infection with
EHECDtir/T7-Tir. Fixed and permeabilized cells were colabelled with either anti-PY antisera and Texas red-phalloidin (B, C, E, F, H, and I) or anti-T7 antisera and
Texas red-phalloidin (K and K) or singly labelled with anti-O157 antisera (M and N) to illustrate bacterial adherence. Arrowheads in J, K, and L indicate the localization
of anti-T7 antisera with the actin pedestals. (A, D, G, and J) Phase-contrast images of the sections used for immunofluorescence.
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The above experiments demonstrated that EHEC and
EPEC intimins can bind to EHEC Tir and EPEC Tir indepen-
dently of their phosphorylation states, but did not address
whether actin rearrangements still occurred. To address this
question, HeLa cells were coinfected with the EHEC or EPEC
intimin mutants (to deliver Tir) and EHECDtir or EPECDtir
(to provide intimin). We used the EPEC intimin mutant
UMD207, which lacks the bundle-forming pilus, as it adheres
to the host cell in a diffuse, EHEC-like adhesion pattern.
Under these conditions, actin structures should be evident
beneath EHECDtir or EPECDtir only if the intimin they pro-
vide can interact functionally with the Tir delivered by the
intimin mutants. When used alone, none of the strains focused
actin or tyrosine phosphorylated proteins beneath adherent
bacteria (Fig. 3G and H and Fig. 8E and F) (28). In all cases,
coinfection with tir and intimin deletion strains restored the
ability to induce cytoskeletal rearrangements and pedestal for-
mation. Coinfection with EHECDtir and either the EPEC or
the EHEC intimin mutant resulted in the formation of small
bacterial colonies on the HeLa cell surface (Fig. 8A and B), in
a manner similar to that for wild-type EHEC. This result is
consistent with our observation that EHEC can adhere to the
host cell only if a functional Tir-intimin interaction takes place.

Actin structures were evident directly beneath all adherent
EHECDtir bacteria and were indistinguishable from those
formed when wild-type EHEC was used.

Coinfection with EPECDtir to provide intimin and either
EHEC UMD619 or EPEC UMD207 to deliver Tir resulted in
actin rearrangements beneath the adherent bacteria, but the

FIG. 4. EHEC Tir is translocated to the host cell but not tyrosine phosphor-
ylated. HeLa cells were infected with either EHEC UMD619 or EPEC CVD206,
and Triton X-100-soluble membrane fractions were prepared, treated with alka-
line phosphatase (Alk Phos), and resolved by SDS–8% PAGE. After being
blotted to nitrocellulose, the samples were probed with anti-EHEC Tir (a),
anti-EPEC Tir (b), or anti-PY (c) antisera. Molecular mass markers are in
kilodaltons.

FIG. 5. Intimin binds to secreted EHEC Tir. Gel overlay of diluted EHEC
culture supernatants treated with equal amounts of HeLa cell membrane ex-
tracts. (Left) Samples were resolved by SDS–12% PAGE, transferred to nitro-
cellulose, overlaid with 100 mg of EHEC T7-intimin fusion protein, and probed
with anti-T7 antisera. (Right) The same blot was reproved with anti-EHEC Tir
antisera. Dilutions of EHEC culture supernatants are indicated above the panels,
and molecular mass markers are in kilodaltons.

FIG. 6. Intimin binds interchangeably to EHEC Tir and EPEC Tir. ELISA
wells were coated with EPEC- or EHEC-secreted proteins, incubated with in-
creasing concentrations of intimin, and visualized with o-phenylenediamine. (A)
EPEC-T7 intimin (triangles) or EHEC-T7 intimin (diamonds) binding to culture
supernatants from EPEC/pCVD450 (open symbols) or EPECDtir (filled sym-
bols). (B) EHEC-T7 intimin (squares) or EPEC-T7 intimin (circles) binding to
EHEC 86-24 (open symbols) or EHECDtir (filled symbols). Data are presented
as means 6 standard deviations for triplicate points from one representative
experiment.

FIG. 7. Immunofluorescence microscopy of epitope-tagged intimin binding
to EHEC- or EPEC-infected cells. HeLa cells infected with either EPEC
CVD206 or EHEC UMD619 were incubated with equal amounts of both T7-
EHEC intimin and MBP-EPEC intimin. Bound fusion proteins were visualized
with anti-T7 and anti-MBP antisera labelled with either fluorescein isothiocya-
nate (EHEC intimin) or Texas red (EPEC intimin).
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adherence patterns were not identical. Coinfection with
EPECDtir and EHEC UMD619 resulted in the formation of
microcolonies on the HeLa cell surface, with rearranged actin
evident beneath some but not all microcolonies (Fig. 8C). In
contrast, when HeLa cells were infected with EPECDtir and
EPEC UMD207, actin rearrangements were observed beneath
adherent bacteria within each microcolony, in a manner similar
to that seen with wild-type EPEC (Fig. 8D). These differences
in actin rearrangements may be due to either less efficient Tir
delivery by EHEC or lower-affinity binding of EPEC intimin to
EHEC Tir (Fig. 6B).

Tir tyrosine phosphorylation was examined by labelling with
anti-PY antiserum and was only evident beneath adherent
bacteria when EPEC Tir was delivered. Anti-PY antiserum
labelling was observed beneath both EHECDtir and EPECDtir
when coinfected with EPEC UMD207 (Fig. 8A and D), sug-
gesting that EPEC Tir tyrosine phosphorylation is not altered
by binding EHEC intimin. Additionally, we were unable to
stimulate EHEC Tir tyrosine phosphorylation with any coin-
fection conditions tested. In HeLa cells coinfected with EHEC
UMD619 and EPECDtir, there was no accumulation of phos-

photyrosine beneath adherent bacteria (Fig. 8C). These data
also indicate that EPEC signalling to the host cell does not
stimulate the tyrosine phosphorylation of EHEC Tir and that
EHEC Tir is not a substrate for tyrosine phosphorylation.

DISCUSSION

Intimate attachment to the host cell leading to the formation
of A/E lesions is an essential feature of EHEC pathogenesis.
This feature has been shown in the related pathogen EPEC to
be dependent upon translocation of the intimin receptor, Tir,
which becomes tyrosine phosphorylated within the host cell. In
EHEC, the accumulation of tyrosine-phosphorylated proteins
beneath adherent bacteria does not occur, leading to questions
about whether EHEC uses the same Tir-based mechanism for
adherence and A/E lesion formation as EPEC. In this report,
we demonstrate that EHEC O157:H7, like EPEC, produces a
Tir protein which is translocated to the host cell membrane,
where it binds intimin and focuses the cytoskeleton beneath
the pathogen. Although EHEC Tir shares these functions with
EPEC Tir, there are some significant differences between these

FIG. 8. Heterologous Tir-intimin binding results in A/E lesion formation. HeLa cells were infected with either the EHEC or the EPEC intimin mutant UMD619
or UMD207 alone (E and F) or coinfected for 6 h with EPEC UMD207 plus EHECDtir (A), EHEC UMD619 plus EHECDtir (B), EHEC UMD619 plus EPECDtir
(C), or EPEC UMD207 plus EPECDtir (D). Cells were fixed for fluorescence microscopy and labelled with either Texas red-phalloidin to visualize actin rearrangements
(middle panels) or anti-PY antisera (right panels). (Left panels) Phase-contrast images of the same sections as those used for immunofluorescence.
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two proteins. EHEC Tir is not tyrosine phosphorylated, and it
is required for adherence to the host cell. Additionally, we
show that both EHEC and EPEC intimins are functionally
interchangeable with regard to Tir binding and the induction
of cytoskeletal rearrangements in epithelial cells.

Tir proteins from EHEC and EPEC share several common
features. Secretion and translocation of both EHEC Tir and
EPEC Tir are facilitated by an intact type III secretory appa-
ratus (Fig. 1) (28). Both EHEC Tir and EPEC Tir are pre-
dicted to be integral membrane proteins that contain two
transmembrane domains. The proteins show a high degree of
amino acid identity, particularly in their amino termini, but are
most divergent in their carboxy-terminal domains. This region
of the protein contains tyrosine residues that in EPEC Tir are
potential substrates for phosphorylation. EHEC Tir, which is
not tyrosine phosphorylated, lacks one of these residues. In
EPEC Tir, these residues are predicted to reside in an intra-
cellular domain due to their inaccessibility to labelling with
anti-PY antiserum unless cells are permeabilized in immuno-
fluorescence microscopy experiments (40). Based on this in-
formation, the prediction of two transmembrane domains, and
our observations suggesting that the EHEC Tir amino termi-
nus may be intracellular, we propose a “hairpin” model for Tir
topology (Fig. 9). In this model, the amino and carboxy termini
are intracellular, and the intimin binding domain is predicted
to be the extracellular loop. We are presently undertaking
experiments to test the validity of this model and to explore the
role of the type III secretion system in Tir delivery to the host
cell.

Tir is probably a common feature of A/E pathogens. Se-
quences encoding tir have been identified from a variety of A/E
pathogens, including several strains of Shiga toxin-producing
E. coli (STEC), Hafnia alvei, and the rabbit pathogen RDEC-1
(7, 37) (GenBank accession no. AF045568). Tir translocation
to the host membrane has been described for another A/E
pathogen, a STEC O26:H2 strain (7). Unlike EHEC O157:H7
Tir, STEC O26:H2 Tir is tyrosine phosphorylated and con-
tains the same number and sequence distribution of tyrosine
residues as does EPEC Tir.

A role for Tir tyrosine phosphorylation is not immediately
obvious. Tir phosphorylation is not necessary for in vitro in-
timin binding, as indicated by our ELISA and gel overlay
results demonstrating that EHEC and EPEC intimins can bind
to the unphosphorylated forms of EHEC Tir and EPEC Tir.
Although EHEC Tir is not tyrosine phosphorylated, infection

with EHEC induces the formation of pedestal structures that
are indistinguishable from those elicited by EPEC. Under no
conditions did we observe the accumulation of tyrosine-phos-
phorylated proteins within the actin structures beneath adher-
ent EHEC, even when we coinfected them with an EPEC tir
deletion strain, suggesting that EHEC Tir is not a substrate for
tyrosine phosphorylation. This result is in contrast to work by
Ismaili and coworkers, who reported that phosphotyrosine-
containing proteins accumulate beneath EHEC when HEp-2
cells are coinfected with an EPEC intimin mutant strain (24).
As the study was performed before the identification of EHEC
Tir and EPEC Tir, a possible explanation for the data is that
EHEC intimin binds to Tir translocated by the EPEC intimin
mutant strain, which is tyrosine phosphorylated. Taken to-
gether, the results from this and other studies strongly suggest
that Tir tyrosine phosphorylation is not essential for intimin
binding and pedestal formation.

EHEC forms actin-rich pedestals that are indistinguishable
from the ones elicited by EPEC, although they appear to form
at a slower rate. In EPEC, Tir translocation is evident 2 to 3 h
postinfection, and pseudopods form after 6 h (28, 40); in
EHEC, Tir translocation is not observed until 5 to 6 h postin-
fection, and pseudopods appear after 9 h. These results are
most likely due to differences in the regulation of Tir expres-
sion and translocation observed between EHEC and EPEC,
rather than to differences in Tir phosphorylation. Unlike
EPEC, EHEC cannot be preinduced to rapidly form A/E le-
sions by subculturing in tissue culture medium for several
hours prior to infection of host cells (39; this study; and data
not shown), suggesting that conditions regulating gene expres-
sion or translocation of proteins involved in A/E lesion forma-
tion differ between EHEC and EPEC. Once Tir is translocated
to the host cell, pedestal elongation occurs over the same time
frame in both pathogens. Although the initiation of pedestal
formation requires de novo bacterial protein synthesis, bacte-
rial viability is not required for pedestal elongation in both
EPEC and EHEC, suggesting that these events are wholly
dependent on host cell processes (40).

It is not surprising that EHEC Tir and EPEC Tir expression
and secretion may be regulated differently. EHEC Tir secre-
tion can be induced by culturing in M9 medium, while that of
EPEC cannot (this study; 28). EPEC, but not EHEC, contains
the pEAF virulence plasmid encoding the per/bfpTVW genes,
one of which encodes a member of the AraC family of tran-
scriptional regulators (22, 43). Overexpression of the per/bf-
pTVW genes in EPEC enhances Tir and Esp secretion (28, 30).
The sequence of the EHEC large virulence plasmid has just
recently been published (GenBank accession no. AB011549)
and does not appear to encode genes having homology to
known transcriptional regulator genes. Protein secretion from
EPEC, STEC, and the rabbit pathogen RDEC-1 is known to
be tightly controlled by environmental conditions. Secretion of
EspA and EspB from all three bacterial species is greatly
enhanced at the normal host body temperature (2, 14, 30) and,
for EPEC, induced by conditions similar to those found in the
host gastrointestinal tract (27). As EHEC and EPEC colonize
different regions of the intestine (36), the regulation of protein
secretion may be fine-tuned to the different microenviron-
ments encountered by these pathogens.

EHEC Tir plays an essential role in promoting bacterial
adhesion by binding its ligand intimin. Deletion of Tir, intimin,
or both results in a profound decrease in bacterial adhesion to
the host cell, suggesting that EHEC requires an intact Tir-
intimin pair for adhesion to HeLa cells. Our studies examining
EHEC adherence in the absence of the receptor, Tir, comple-
ment work examining the effect of deletion of the ligand, in-

FIG. 9. Hairpin model for EHEC Tir structure. EHEC Tir is predicted to be
an integral membrane protein with two transmembrane domains (TMD’s). Both
the amino and carboxy termini are predicted to reside within the host cell, and
intimin is thought to bind to a putative extracellular loop.
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timin (10, 34). McKee and coworkers demonstrated that an
EHEC O157:H7 intimin deletion strain did not adhere either
to HEp-2 cultured epithelial cells or to the intestines of gno-
tobiotic piglets, nor did it form A/E lesions (34). Transforma-
tion with a plasmid encoding EHEC intimin restored the wild-
type phenotype. This result differs from what has been
observed with other A/E pathogens, where adherence in vitro
is not affected by mutations in the intimin gene, tir, or genes
required for Tir delivery. For example, in EPEC, RDEC-1, and
rabbit O103 EPEC, strains containing mutations in espA, espB,
or the type III secretory apparatus genes adhere normally to
epithelial cells both in vitro and in vivo without forming A/E
lesions (1, 2, 11, 28, 31). In these pathogens, initial adherence
is believed to be mediated by other adhesins, such as BFP
(EPEC), AF/R1 (RDEC-1), and AF/R2 (rabbit O103 EPEC)
(3, 4, 16, 21, 45), whereas Tir and intimin mediate intimate
adherence and pedestal formation. To date, no adhesins of this
type have been identified for EHEC O157:H7.

Recently, novel filamentous organelles containing the se-
creted protein EspA have been identified in both EPEC and
STEC O26:H2 (15, 33). These organelles form a bridge be-
tween the bacterium and the host cell and are hypothesized to
be involved in the translocation of EPEC and STEC virulence
proteins into the host cell. Although these structures have not
yet been reported for EHEC O157:H7, an EHEC EspA ho-
mologue has been identified (14). espA mutant strains do not
translocate Tir or form A/E lesions (28) and, in the case of the
STEC strain, no longer adhere to the host cell (15). Whether
the lack of adherence observed is due to the inability of espA
mutant strains to translocate Tir or to a role played by the
EspA filaments is unknown.

We have shown that actin pedestals elicited by EHEC and
EPEC appear similar and that EHEC and EPEC intimins are
functionally interchangeable with regard to Tir binding and
pedestal formation. Heterologous Tir-intimin binding elicited
actin pedestals that were indistinguishable from those formed
by same-species Tir-intimin binding pairs, despite the differ-
ences observed in the in vitro binding affinities. However, one
major difficulty in fully assessing differences in the pedestals
formed in response to EHEC or EPEC binding either their
own or each other’s intimin is that we only examined the
recruitment of one cytoskeletal component (actin) to the ped-
estal structure. We are just beginning to determine the com-
position of the EPEC pedestal which, along with actin, con-
tains at least ezrin, tailin, a-actinin, myosin light chain, and
villin (17, 41). The cytoskeletal composition of the EHEC
pedestal is still uncharacterized, there still may be differences
in cytoskeletal proteins recruited to EHEC and EPEC pedes-
tals, and these proteins may be differentially recruited to the
pedestal in response to heterologous intimin binding. How-
ever, we conclude that both EHEC and EPEC, despite their
differences in Tir tyrosine phosphorylation, form actin-rich
pedestals and that heterologous intimin binding does not affect
pedestal formation.

The in vivo consequences of heterologous Tir-intimin bind-
ing are unclear. EPEC intimin has been shown to functionally
complement the EHEC intimin mutant UMD619 in adherence
to the piglet intestine and in eliciting diarrhea (44). Surpris-
ingly, the localization of the bacteria within the intestine was
found to be directed by the species from which intimin was
expressed (44). Wild-type EHEC adheres to the large intes-
tine, whereas EHEC UMD619, expressing plasmid-encoded
EPEC intimin, adheres to both the large and the small intes-
tines, in a manner representative of that of wild-type EPEC.
The localization differences were attributed to the sequence
divergence in the carboxy-terminal cell binding domains of

EHEC and EPEC intimins; it was hypothesized that this di-
vergence may direct intimin binding to different host receptors
(44). It is difficult to reconcile this idea with our knowledge that
both EHEC and EPEC insert their own intimin receptors into
the host cell and that EHEC and EPEC intimins can bind
interchangeably to both EHEC Tir and EPEC Tir. Possibly,
the tissue specificity observed is due to an additional intimin
receptor. EPEC intimin has been reported to bind to b1 inte-
grins in vitro (20), although the contribution of this binding
event to adhesion to host tissues is unknown.

We have shown that E. coli O157:H7 produces a functional
Tir that is inserted into host cell membranes, where it then
functions as an intimin receptor. EHEC Tir is not tyrosine
phosphorylated and plays a role in bacterial adherence to ep-
ithelial cells. Intimin binding to EHEC Tir and EPEC Tir
results in cytoskeletal rearrangements within the host cell, in-
dicating that tyrosine phosphorylation is not needed for ped-
estal formation. EHEC and EPEC intimins can functionally
cross complement each other by binding to Tir from either
EHEC or EPEC and inducing A/E lesion formation, although
EHEC Tir has a higher affinity for EHEC intimin than for
EPEC intimin. These findings highlight some of the differences
between EHEC and EPEC adherence mechanisms and ped-
estal formation.
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