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Escherichia coli strains expressing Dr fimbriae are able to enter epithelial cells by interacting with a
complement-regulatory protein, decay-accelerating factor. This model of bacterial internalization, with a
well-characterized bacterial ligand and host receptor, provides a unique opportunity to investigate the early
stages of invasion. We used immunofluorescence staining techniques to examine the distribution of receptor
and cytoskeletal proteins in HeLa cells infected with E. coli recombinant strains that expressed Dr family of
adhesins: Dr, Dr-II, F1845, AFA-I, and AFA-III. A major rearrangement of decay-accelerating factor was found
at the adherence sites of recombinant strains expressing Dr, Dr-II, and F1845 adhesins. The changes in the
distribution of receptor were significantly smaller on HeLa cells infected with E. coli bearing AFA-I or AFA-III
afimbrial adhesins. Receptor aggregation was associated with the redistribution of cytoskeleton-associated
proteins such as actin, a-actinin, ezrin, and occasionally tropomyosin. Purified Dr fimbriae coated on poly-
styrene beads were capable of triggering clustering of receptor and accumulating actin at the adhesion sites of
beads to HeLa cells. Using scanning and transmission electron microscopic techniques, we have shown that
beads coated with Dr fimbriae, as opposed to beads coated with bovine serum albumin, were enwrapped by
cellular microvilli and ultimately internalized into HeLa cells. This indicates that interaction of Dr fimbriae
with decay-accelerating factor is associated with redistribution of receptor and is sufficient to promote bacterial
internalization.

Escherichia coli bearing Dr fimbriae or the related adhesins
afimbrial adhesin I (AFA-I), afimbrial adhesin III (AFA-III),
or F1845 adhesin is associated with urinary tract infections and
diarrhea (5, 18). Despite similar genetic organization, the phe-
notypic expression among the Dr family of adhesins is associ-
ated with either fimbrial or afimbrial morphology. These mor-
phological differences are attributed to the amino acid
sequence of the major structural subunit. All members of the
family display a similar pattern of binding to the natural re-
ceptor, decay-accelerating factor (DAF; CD55) (17). DAF, a
complement regulatory protein expressed on most mammalian
cells, consists of four 60-amino-acid short consensus repeat
(SCR) domains and a serine/threonine-rich region followed by
a carboxyl-terminal domain that allows the association with
glycophosphatidylinositol anchor (GPI) (14). DAF protects
cells from autologous complement-mediated damage by pre-
venting the formation of C3 convertases. Recently, DAF has
been recognized as a cell attachment receptor for coxsackievi-
rus A21 and a number of hemagglutinating enteroviruses (1,
11, 21). One characteristic feature of GPI-anchored proteins is
their lateral membrane mobility, which facilitates coupling to
signaling molecules (20). Binding of the antibody to GPI-an-
chored protein can lead to cell activation. This effect is en-
hanced by anti-immunoglobulin antibodies, which promote
clustering of cell surface immune complexes. Studies in which
DAF is used as a model GPI-anchored protein demonstrated
that DAF redistributes to a pole of T lymphocytes after incu-

bation with anti-DAF monoclonal antibodies and anti-mouse
immunoglobulin G (10). The redistribution (capping) of DAF
was associated with cytoskeleton reorganization. GPI-an-
chored molecules associate with protein tyrosine kinases,
which are important regulators of signal transduction (23). A
DAF complex with the two src family protein tyrosine kinases
p56lck and p59fyn was found in the murine thymoma EL-4 cell
line transfected with DAF (22). The association between DAF
and protein tyrosine kinases has also been found in the HeLa
epithelial cell line (22). These studies pointed out a possible
signaling pathway after DAF was cross-linked.

We have recently shown that the expression of E. coli Dr
fimbrial operon allows bacteria to invade the epithelial cells
(7). The Dr-positive clinical strain E. coli IH11128 and recom-
binant strain BN406 were able to enter cultured HeLa cells;
the DraE-negative mutant was not. Binding of Dr-positive E.
coli is a result of the interaction between bacterial adhesin and
the short consensus repeat 3 (SCR3) domain of DAF. The
monoclonal anti-SCR3 antibody is a potent inhibitor of recep-
tor binding and subsequent invasion mediated by Dr fimbriae
(17). Immunoelectron microscopy studies revealed morpho-
logic interactions between DAF expressed on HeLa cells and
bacterial ligand at the initial stages of internalization (7). The
cellular cytoskeleton was involved in the process of internal-
ization, since bacterial entry was prevented entirely by the
microtubule inhibitor nocodazole and less efficiently by micro-
filament inhibitor cytochalasin D. In contrast to classic invasive
pathogens like Salmonella or Shigella, with unknown receptor
specificity, the advantage of our model of bacterial internal-
ization relies on the fact that both components of the entry
process, host receptor and bacterial ligand, are well character-
ized. This provides a unique opportunity to investigate how
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early bacterium-host cell interaction affects the distribution of
receptor, cytoskeleton proteins, and intracellular signaling.

We hypothesized that binding of bacterial ligand might
cause cross-linking of DAF. Following the clustering of DAF,
cytoskeleton proteins rearrange to provide motor forces for
bacterial entry. In this study, we used immunofluorescence (IF)
techniques to compare the receptor and cytoskeletal compo-
nent distribution in the HeLa epithelial cell line after interac-
tion with Dr fimbriae and other members of Dr adhesin family.
Electron microscopy was used to provide evidence that inter-
action of epithelial cells with purified Dr fimbriae promotes
bacterial internalization.

MATERIALS AND METHODS

Recombinant strains. The comparative studies of the interaction of E. coli
recombinant strains bearing adhesins of the Dr family with epithelial cells may
hypothetically be affected by the expression of adhesin operons in different
vectors and in various host strains. The HindIII-HindIII 11.4-kb DNA fragment
containing the Dr operon was originally expressed in the pACYC184 vector and
carried in laboratory strain EC901 (16). The BamHI-HindIII 7.5-kb DNA frag-
ment encoding the F1845 adhesin was expressed in the pUC18 vector and carried
in E. coli LE392 (2). The 8.7-kb XhoI-HindIII fragment coding for Dr-II adhesin
was expressed in pBluescript SK-II in E. coli DH5a (19). The EcoRI 6.7- and
8-kb fragments encoding AFA-I and AFA-III adhesins were originally expressed
in pBR322 in two different E. coli host strains, HB101 and MC1061, respectively
(12, 13). The DNA fragments containing operons of the Dr family of adhesins
were mobilized from original vectors, ligated in the medium- to low-copy-num-

FIG. 1. (A) Intense accumulation of DAF (arrows) outlining individual bac-
terial cells, characteristic of HeLa cells infected with recombinant E. coli strains
expressing Dr, Dr-II, or F1845 adhesins. (B) Lack of appreciable redistribution
of DAF and shadow-like staining pattern (arrows) on HeLa cells infected with
recombinant strains expressing AFA-I or AFA-III adhesins. (C) HeLa cells
infected with S. flexneri SA 100 do not exhibit any changes in the staining pattern
of DAF.
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ber vector pBR322, and transformed to laboratory host strain E. coli DH5a. All
procedures were performed by standard molecular biology methods (15).

We grew E. coli laboratory strain DH5a transformed with vector pBR322 and
new constructs expressing Dr, Dr-II, F1845, AFA-I, and AFA-III adhesins on
Luria (L) agar plates containing ampicillin (100 mg/ml). We also included the
invasive strain Shigella flexneri SA100, which does not exploit DAF, as a receptor
to evaluate DAF distribution in infected HeLa cells. We used a suspension of
each strain made in phosphate-buffered saline (PBS) from overnight cultures and
adjusted to an optical density at 600 nm (OD600) of 1.9 at to infect HeLa cell
monolayers.

MAC assay. The minimal agglutinating concentration (MAC) assay was per-
formed with and without inhibitor substances, methyl-a-D-mannoside (1.1 mM)
and chloramphenicol (5 mM) (Sigma Chemical Co., St. Louis, Mo.), to assess the
amount of adhesin expressed by recombinant strains. The solution of inhibitors
was prepared in PBS. The bacterial suspensions in PBS (OD600, 1.9) were
prepared from overnight cultures grown on L agar with ampicillin (100 mg/ml).
Twofold dilutions were made in PBS in the range from 1:2 to 1:4,096. To
determine MAC, 20 ml of bacterial suspension was mixed on an agglutination
plate with 30 ml of 3% suspension of human erythrocytes in PBS. The mixture
was incubated for 5 min in a wet chamber with gentle rotation. The plate was
examined for the highest dilutions showing hemagglutination.

Cell line. The HeLa human cervical cell line (ATCC CCL2) was maintained in
minimum essential medium Cellgro Eagle (Mediatech, Inc., Herndon, Va.) con-
taining Earle’s salts and L-glutamine and supplemented with 10% heat-inacti-
vated fetal calf serum.

Antibodies. Bodipy FL Phallacidin was purchased from Molecular Probes, Inc.
(Eugene, Oreg.), and used as recommended by the supplier. The mouse mono-
clonal anti-a-tubulin (clone DM 1A), anti-b-tubulin (clone TUB 2.1), anti-a-
actinin (clone BM75.2), antitalin (clone 8d4), antivinculin (clone hVIN-1), and
antitropomyosin (clone TM 311) antibodies were purchased from Sigma Chem-
ical Co., and monoclonal antiezrin antibody (clone 18) was obtained from Trans-
duction Laboratories (Lexington, Ky.). The monoclonal antibodies to the SCR-1
domain of DAF (clone 2D2-8) were kindly provided by John Moulds (Gamma
Biologicals Inc., Houston, Tex.). Secondary goat anti-mouse antibodies and goat
anti-rabbit antibodies conjugated with Oregon Green or Texas Red were pur-
chased from Molecular Probes, Inc., and used at a dilution of 1:100 (20 mg/ml).

Purification of Dr fimbriae. The recombinant strain bearing Dr fimbriae was
grown overnight on L-agar plates with ampicillin (100 mg/ml). The bacteria were
suspended in PBS. The suspension was vortexed for 5 min and centrifuged for 10
min at 10,000 3 g in SS-34 centrifuge tubes. The supernatants were filtered
through a 0.22-mm-pore-size membrane. Fimbrial protein was purified from the
filtrate by ammonium sulfate precipitation and size exclusion chromatography.
The column was connected to the Econo low-pressure liquid chromatography
system (Bio-Rad, Hercules, Calif.). The eluted fimbriae were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (15% acrylamide).

Coating of polystyrene beads with purified Dr fimbriae. Plain beads (Polybead
polystyrene beads composed of 2.5% solid polystyrene; diameter, 1.072 mm;
Polyscience, Inc., Warrington, Pa.) were diluted 1:10, washed three times with
centrifugation, and resuspended in 0.1 M borate buffer (pH 8.5). A thawed
fimbrial preparation containing 75 mg of purified fimbrial protein per ml was
diluted 1:10 in the suspension of polystyrene beads. The control beads were
mixed with a solution of albumin (bovine serum albumin [BSA], fraction V;
Sigma Chemical Co.) to the same final concentration of protein as in the fimbrial
sample. The suspensions were mixed end to end overnight at room temperature.
Next, the suspensions were centrifuged for 5 min, resuspended in PBS containing
1% BSA and 0.1% glycerol (storage buffer), and kept at 4°C until assayed. The
biological activity of beads coated with purified Dr fimbrial protein was con-
firmed by mannose-resistant, chloramphenicol-inhibitable agglutination of hu-
man erythrocytes. The Dr fimbria-coated beads also agglutinated with rabbit
polyclonal anti-Dr serum.

Incubation of bacterial or polystyrene bead suspensions with HeLa cells
monolayer. Bacterial suspensions in PBS (OD600, 1.9) were diluted 1:100 in

prewarmed minimal essential medium, added to HeLa cells monolayers grown
on coverslips (15 mm in diameter) in 12-well tissue culture plates, and incubated
for 3 h at 37°C under 5% CO2. The coverslips were washed three times with PBS,
fixed for 10 min with 3% paraformaldehyde in PBS, washed with PBS, and
permeabilized for 2 min with 0.1% Triton X-100. Permeabilization was omitted
with monolayers subsequently stained for DAF. Similarly, the polystyrene beads
coated with purified Dr fimbrial protein or BSA-coated control beads were
diluted 1:10 in culture medium and incubated with the monolayer for the desired
time. After being washed, the monolayers were processed in the same way as
those incubated with bacterial suspensions.

IF staining. The staining for polymerized actin was performed with Bodipy FL
Phallacidin as recommended by the manufacturer. To visualize a-actinin, ezrin,
talin, tropomyosin, tubulin, and vinculin, the paraformaldehyde-fixed monolay-
ers were incubated for 20 min with 10% normal goat serum in PBS (blocking
solution). They were subsequently incubated for 30 min with appropriate primary
monoclonal antibodies diluted 1:50 in a solution of 1% BSA and 2% normal goat
serum in PBS. In control staining, the primary antibody was replaced with
preimmune mouse serum. After two washings with PBS, the cells were incubated
for 30 min with goat anti-mouse secondary antibodies conjugated with Texas
Red. Finally, the coverslips were stained with SYTO 9 (Molecular Probes, Inc.)
to visualize cellular structures and individual bacterial cells. In some experi-
ments, the double IF staining was performed to colocalize Dr fimbrial antigen.
Slides were examined under an Eclipse 600 microscope (Nikon Inc., Melville,
N.Y.) equipped with an epifluorescence attachment, Texas Red filter, double-
pass Texas Red-fluorescein isothiocyanate filter, and U-III camera system.

Electron microscopy. (i) SEM. Monolayers on coverslips for scanning electron
microscopy (SEM) were fixed with a mixture of 1.25% formaldehyde, 2.5%
glutaraldehyde, 0.03% trinitrophenol, and 0.03% CaCl2 in 0.05 M cacodylate
buffer (pH 7.3) for at least 1 h at room temperature, postfixed in 1% OsO4 in 0.1
M cacodylate buffer, dehydrated in ethanol, treated with hexamethyldisalazane,
and air dried (8). Next, the coverslips were mounted onto the stubs and sputter
coated with palladium-gold alloy in a Bal-Tec SCD-004 Sputter Coater (Tech-
notrade International, Manchester, N.H.) at 15 mA for 2 min. Samples were
examined in a 525M scanning electron microscope (Philips Electron Optics,
Eindhoven, The Netherlands) at 15 kV and at magnifications from 33,000 to
320,000.

(ii) TEM. Monolayers for transmission electron microscopy (TEM) were fixed
as for SEM, but between the fixation steps they were washed and scraped off the
coverslips or plastic support and further processed as a pellet. They were stained
en bloc with 1% uranyl acetate in 0.1 M maleate buffer (pH 5.2), dehydrated in
ethanol, and embedded into Poly/Bed 812 resin (Polysciences, Inc). Ultrathin
sections were cut on a Sorvall MT-6000 ultramicrotome (RMC, Tucson, Ariz.),
stained with aqueous uranyl acetate and lead citrate, and examined in a Philips
201 transmission electron microscope at 60 kV.

RESULTS

The binding of recombinant E. coli expressing Dr adhesins
triggers different patterns of distribution of DAF at the site of
bacterial attachment. The interaction of an invasive bacterial
pathogen like Salmonella typhimurium with mammalian cells
may lead to significant clustering of the host cell surface pro-
teins (6). We have used an IF double-staining technique to
evaluate the changes in the DAF staining pattern at different
time points after infection with E. coli recombinant strains
bearing Dr fimbriae and other related adhesins. The double
staining allowed colocalizing of the targeted cellular proteins
and bacterial cells interacting with the monolayer. Significant

TABLE 1. Aggregation of DAF and rearrangements of cytoskeletal components associated with infection of HeLa cells with recombinant E.
coli strains expressing Dr family adhesins

Plasmid HA
titer Adhesin phenotype

Redistribution of:

DAF Actin a-Actinin Ezrin Tropomyosin Vinculin, talin,
and b-tubulinb

pSR406a 1:64 Dr 111 1 1 1 1 2
pSR411a 1:256 Dr-II 111 1 1 1 1 2
pSR1845a 1:2,048 F1845 111 1 1 1 1 2
pIL22 1:128 AFA-I 6 1 1 1 1 2
pILL115 1:64 AFA-III 6 2 2 2 2 2
pBR322 0 None 2 2 2 2 2 2

a Denotes new constructs; DNA fragments containing the operons of Dr family adhesins are expressed in plasmid pBR322 and E. coli laboratory strain DH5a.
b Stained separately.
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FIG. 2. Rearrangement of the cytoskeleton component actin (A), ezrin (B), a-actinin (C), and tropomyosin (D) outlining individual bacterial cells (arrows) in HeLa
cells infected with recombinant E. coli BN406 expressing Dr fimbriae.
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differences were observed between the members of the Dr
family. The noninfected monolayers of HeLa cells displayed an
even distribution of granule-like staining with monoclonal an-
tibodies raised to different domains of DAF (results not
shown). The infection of HeLa cells with recombinant strains
expressing Dr, Dr-II, and F1845 adhesins was associated with
a rapid (15-min infection) and extensive redistribution of the
receptor. The receptor formed tight profiles outlining the sites
of bacterial interaction with the monolayer (Fig. 1A). HeLa
cells infected with recombinant E. coli strains bearing AFA-I
or AFA-III adhesins displayed shadow-like staining patterns
corresponding to bacteria outlined by minute amounts of ac-
cumulated DAF (Fig. 1B, Table 1). The differences between
the constructs in the agglutination titer of human erythrocytes
did not affect the patterns of redistribution of DAF. For ex-
ample, E. coli bearing F1845 fimbriae with the highest MAC
(1:2,048) and E. coli expressing Dr hemagglutinin with a low
MAC (1:64) do not differ in the pattern and intensity of DAF
clustering. The DAF staining pattern on a monolayer infected
with control invasive strain S. flexneri SA 100 (Fig. 1C) or with
E. coli laboratory strain DH5a carrying the pBR322 vector
remained unchanged and did not differ from that found in
noninfected cells.

E. coli bearing adhesins of Dr family trigger different pat-
terns of accumulation of cytoskeleton proteins in infected
HeLa cells. We have tested whether the infection of epithelial
cells with recombinant E. coli strains carrying the Dr family of
adhesins is associated with the redistribution of actin and actin-
associated molecules. Infection of HeLa cells with recombi-
nants carrying Dr, Dr-II, F1845, and AFA-I resulted in an

accumulation of polymerized actin that completely or partially
outlined individual adherent bacterial cells (Fig. 2A, Table 1).
The first signs of actin redistribution were visible 10 to 15 min
after actin was added to the bacteria. There was no evidence of
actin redistribution in HeLa cells infected with E. coli express-
ing AFA-III adhesin (Table 1). A similar staining pattern was
found with antibodies to a-actinin (Fig. 2B) and ezrin (Fig.
2C). Both molecules accumulated at the sites of bacterial bind-
ing and formed tight profiles outlining individual bacterial
cells. Tropomyosin accumulated at the sites of bacterial attach-
ment on cells infected with E. coli bearing Dr fimbriae and
occasionally on HeLa cells incubated with Dr-II, AFA-I, and
F1845 adhesins (Fig. 2D, Table 1). Cytoskeleton-associated
proteins did not accumulate in monolayers infected with E. coli
carrying the pBR322 vector. In addition, the redistribution was
not seen on slides where primary antibodies were replaced with
preimmune mouse serum (results not shown). Focal contact
proteins, such as talin and vinculin, were not affected by ad-
herence of recombinant E. coli strains bearing Dr family of
adhesins (Table 1).

The microtubules are involved in the internalization of Dr-
positive E. coli but do not undergo redistribution. We have
found that internalization of Dr-positive E. coli is almost com-
pletely prevented by the microtubule inhibitor nocodazole (7).
To estimate whether interaction of E. coli expressing Dr ad-
hesins is associated with the rearrangements of microtubules,
HeLa cells were incubated with bacterial suspensions for 3 h.
Infection was interrupted at different time points, and immu-
nostaining was performed to visualize microtubules or micro-
tubules plus Dr antigen. Staining with monoclonal antibodies

FIG. 3. Ring-like accumulation of DAF staining at the sites of attachment of polystyrene beads coated with purified Dr fimbriae (arrows) (A) and lack of DAF
redistribution on HeLa cells interacting with BSA-coated beads (arrows) (B).
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to either a- or b-tubulin did not reveal any reorganization of
the microtubules during infection with E. coli expressing Dr
and related adhesins (results not shown).

DAF and actin aggregate on HeLa cells interacting with
polystyrene beads coated with purified Dr fimbriae. The plain
polystyrene beads coated with purified Dr fimbriae displayed
intense binding to HeLa cells. The control beads coated with
the equivalent amount of BSA exhibited insignificant attach-
ment. Intense circle-like staining of DAF (Fig. 3A) and less
intense staining of actin (results not shown) outlining the shape
of individual beads were observed on HeLa cells incubated
with Dr fimbria-coated particles. The DAF clusters and aggre-
gates of actin were not seen on HeLa cells incubated with
BSA-coated beads (Figure 3B).

Polystyrene beads coated with purified Dr fimbrial protein
internalize into HeLa cells. We hypothesized that interaction
of purified Dr fimbriae protein with DAF initiates the reorga-
nization of the cellular cytoskeleton and provides motor forces
for bacterial entry. To estimate whether purified Dr fimbriae
are able to promote the internalization into epithelial cells,
SEM and TEM were performed on HeLa cells incubated with
polystyrene beads coated with purified fimbriae and control,
BSA-coated beads. After 1 h of incubation, beads coated with
Dr fimbrial protein exhibited significant binding and were to-
tally wrapped by cellular microvilli, as seen by SEM (Fig. 4A).
Few adherent beads coated with BSA were found on the sur-
face of HeLa cells after the same time of incubation (Fig. 4B).
TEM confirmed the internalization of the beads with involve-
ment of microvilli (Fig. 5A) and the intracellular location of Dr

fimbria-coated beads within tight membrane-bound vacuoles
(Fig. 5B). Concentrations of microfilaments, representing actin
filaments, could be seen at the sites of internalization of the
beads (Fig. 5A).

Despite extensive examination by TEM, there was no evi-
dence of adherence or internalization of control BSA-coated
beads (Fig. 5C). Microvilli on HeLa cells incubated with con-
trol beads seemed to be less strongly expressed and were lo-
cated closer to the cell surface (Fig. 4B and 5C) compared to
those in cells interacting with adherent Dr-coated beads (Fig.
4A and 5A).

DISCUSSION

We have compared the distribution of receptors and the
accumulation of cytoskeletal components that occur when re-
combinant E. coli strains bearing the Dr family of adhesins
bind to and enter HeLa epithelial cells. Binding of recombi-
nant E. coli bearing Dr, Dr-II, or F1845 adhesin was associated
with intense accumulation of DAF, which outlined individual
adherent bacterial cells. Weak or occasional redistribution of
receptor occurred on monolayers infected with E. coli bearing
AFA-I or AFA-III adhesins. Our earlier experiments revealed
that DAF is a ligand for the Dr family of adhesins (17). The
SCR3 domain of DAF appears to be crucial since deletion of
the SCR3 domain abolished the binding of all Dr adhesins.
Deletion of SCR2 resulted in lack of binding of all adhesins
except AFA-I, which retained full binding capacity to
DAFDSCR2. The deletion in SCR4 was associated with a 50%

FIG. 4. SEM. (A) Polystyrene beads coated with purified Dr fimbriae are tightly wrapped by HeLa cell microvilli after 1 h of incubation. (B) Few beads treated
only with BSA are located at the surface of a HeLa cell, and they do not interact with its microvilli. Bars, 1 mm.
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reduction of binding of AFA-I and AFA-III. It is conceivable
that the different patterns of DAF clustering may be attributed
to the various DAF epitopes that the recombinant strains ex-
ploit for binding. Alternatively, the distinct morphology of the
Dr family of adhesins may affect the pattern and intensity of
DAF clustering. This possibility is supported by the fact that
intense DAF clustering was associated with fimbrial or fimbria-
like structures. Weak DAF accumulation occurred in HeLa
cells infected with recombinant E. coli expressing afimbrial
AFA-I and AFA-III adhesins.

The aggregation of DAF molecules in response to contact
with Dr fimbriae resembles the capping of DAF on T lympho-
cytes after cross-linking with anti-DAF monoclonal antibodies
and anti-murine IgG (10). The redistribution of DAF to a pole
of the lymphocytes was associated with reorganization of cy-
toskeletal elements. We found that both polymerized actin and
a-actinin colocalized at the sites of attachment of E. coli bear-
ing Dr, Dr-II, F1845, and AFA-I adhesins and formed tight
profiles outlining individual bacterial cells. The aggregates
were weakly visible or not visible on the monolayers infected
with E. coli expressing AFA-III adhesin. The actin and a-ac-
tinin redistribution appears to be different from that associated
with the invasion of enteropathogenic E. coli (EPEC) or S.
typhimurium into HeLa cells (3, 4). HeLa cells infected with

FIG. 5. TEM. (A) Initial steps of internalization. Four beads coated with
purified Dr fimbriae are wrapped with HeLa cell microvilli (arrow). Microfila-
ment accumulation can be seen at the sites of internalization (arrowheads). (B)
Three internalized Dr fimbria-coated beads are located in the cytoplasm within
tight membrane-bound vacuoles (arrows). (C) Control, BSA-coated polystyrene
were not found in ultrathin sections of HeLa cells. The microvilli on most of the
cells were less strongly expressed and located closer to the cell surface. Bars, 1
mm.
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EPEC display few aggregates located at the center of the
groups of adherent bacteria within the first 2 h of infection.
The rearrangement of actin caused by infection with recombi-
nant E. coli expressing Dr or F1845 adhesins occurred during
the first 10 to 15 min after addition of bacteria. The number of
aggregates that outlined individual bacterial cells was propor-
tional to the number of bacterial cells that encountered the
surface of epithelial cells and increased with time of infection.
With S. typhimurium, the redistribution of actin occurs in a
manner similar to that for E. coli expressing Dr and F1845
adhesins soon after the addition of bacteria; however, actin
aggregates are not detectable 1 h after the addition of bacteria
(4).

Ezrin, a molecule involved in linking actin filaments to trans-
membrane receptors, was also found to aggregate at the sites
of attachment of recombinants bearing Dr, Dr-II, F1845, and
AFA-I but not AFA-III (25). We found a similar but occa-
sional and less intense pattern of staining with antibodies to
tropomyosin, a molecule suggested to be involved in actin-
myosin-mediated movement (24). The adherence of Dr-posi-
tive E. coli and recombinant strains expressing related adhesins
does not appear to affect the distribution of focal contact
proteins, such as vinculin and talin.

The internalization of Dr-positive E. coli is significantly in-
hibited in the presence of the microtubule inhibitor nocoda-
zole or colchicine. Therefore, we expected that infection of
HeLa cells would result in rearranged microtubule organiza-
tion. It was interesting that the staining with monoclonal anti-
bodies to either a-tubulin or b-tubulin did not reveal a redis-
tribution of microtubules at the areas of adherent bacteria.
This finding is similar to that observed in EPEC strains (3).
Internalization of EPEC strains is blocked by colchicine; how-
ever, internalization is not associated with visible changes in
microtubule structure. In contrast, the infection of epithelial
cells with S. typhimurium is unaffected by nocodazole and is
known to be associated with the rearrangement of microtu-
bules (3).

The results of EM studies on invasion of E. coli bearing Dr
fimbriae led us to hypothesize that binding of bacterial ligand
to the surface receptor is sufficient to trigger bacterial entry
into epithelial cells (7). To provide experimental evidence sup-
porting this hypothesis, polystyrene beads coated with purified
Dr fimbrial protein were incubated with HeLa cells monolay-
ers and examined by EM techniques. The purification of the
Dr major structural subunit always resulted in a product that
migrated as a single band on sodium dodecyl sulfate-polyac-
rylamide gels with a molecular mass of 15.6 kDa. We found
that fimbrial protein-coated beads bound significantly to the
microvilli and were entrapped by the microvilli of the epithelial
cells; this process ultimately led to their internalization. The
accumulation of DAF and actin was visible at the sites of
attachment of polystyrene beads coated with Dr fimbriae.
Therefore, this interaction appears to closely mimic Dr-posi-
tive E. coli-mediated internalization with the associated clus-
tering of receptors. Studies on the invasion of E. coli carrying
AFA-III adhesin showed that the bacterium-cell interaction
involved two steps in which AfaE-III was required for adhesion
and AfaD contributed to internalization (9). No evidence of
AFA-III-mediated perturbation of actin polymerization was
found (9). In conclusion, the differences in the recognition of
DAF epitopes by Dr and related adhesins and/or differences in
adhesin morphology may stimulate distinct patterns of cellular
response. Further studies to understand how the Dr family of
adhesins exploits the domains of DAF to promote their inter-
nalization into epithelial cells are in progress.
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