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Many pathogenic bacteria subvert normal host cell processes by delivering effector proteins which mimic
eukaryotic functions directly into target cells. EspF is a multifunctional protein injected into host cells by
attaching and effacing pathogens, but its mechanism of action is not understood completely. In silico analyses
of EspF revealed two key motifs: proline-rich domains and PDZ domain binding motifs. Such functional
domains may allow EspF to act as an actin nucleation-promoting factor by mimicking host proteins. In
agreement with these predictions, we found that EspF from rabbit enteropathogenic Escherichia coli (E22)
participates in the regulation of actin polymerization by binding to a complex of proteins at the tight junctions
(TJ). EspF bound to actin and profilin throughout the course of infection. However, after 2 h of infection, EspF
also bound to the neural Wiskott-Aldrich syndrome protein and to the Arp2/3, zonula occludens-1 (ZO-1), and
Z.0-2 proteins. Moreover, EspF caused occludin, claudin, ZO-1, and ZO-2 redistribution and loss of transep-
ithelial electrical resistance, suggesting that actin sequestration by EspF may cause local actin depolymeriza-
tion leading to EspF-induced TJ disruption. Furthermore, EspF caused recruitment of these TJ proteins into
the pedestals. An E22 strain lacking EspF did not cause TJ disruption and pedestals were smaller than those
induced by the wild-type strain. Additionally, the pedestals were located mainly in the TJ. The overexpression
of EspF caused bigger pedestals located along the length of the cells. Thus, actin sequestration by EspF allows
the recruitment of junctional proteins into the pedestals, leading to the maturation of actin pedestals and the

disruption of paracellular permeability.

Many pathogenic bacteria subvert normal host cell processes
through a complex cross talk with their mammalian hosts by
delivering a collection of virulence factors named effector pro-
teins directly into target cells (8). A common and recurring
target of such effector molecules is the host cytoskeleton (13).
Although structurally divergent due to their different tasks,
these sophisticated effectors often mimic the functions of eu-
karyotic proteins (43). Both intracellular and extracellular bac-
teria that produce such targeted effector proteins often possess
the ability to produce unique actin-rich structures within dis-
tinct regions of the host cells. In contrast to intracellular bac-
teria, which subvert cellular actin dynamics to facilitate their
movement within the host cytosol and infection of neighboring
cells, the attaching and effacing (A/E) pathogens do not enter
the host cell but attach intimately to the cell surface, inducing
motile actin-rich pedestals (13, 39).

A/E pathogens comprise enteropathogenic Escherichia coli
(EPEC), enterohemorrhagic E. coli (EHEC), Citrobacter ro-
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dentium, and Hafnia alvei as well as animal EPEC strains such
as rabbit EPEC (REPEC). EPEC, a diarrheagenic pathogen of
importance in developing countries, is a gram-negative bacte-
rium that stimulates the formation of A/E lesions in order to
promote colonization of the intestine, resulting in damage to
epithelial surfaces and diarrhea (17). A/E lesions are charac-
terized by a localized loss of microvilli and intimate adherence
of bacteria to the mammalian cell plasma membrane, followed
by recruitment of F-actin to sites of bacterial attachment and
ultimately resulting in the formation of actin-rich structures
called pedestals (29). The genes necessary for A/E lesion for-
mation in EPEC map to a 35-kb chromosomal pathogenicity
island designated the locus of enterocyte effacement (LEE)
(26). The LEE encodes components of the type III secretion
system (T3SS), transcriptional regulators, chaperones, and
T3SS effector proteins; the latter are translocated directly into
host cells. One effector that is essential for actin assembly by
A/E pathogens is the translocated intimin receptor, Tir (19).
Upon entry into the cells, Tir is inserted into the plasma mem-
brane in a hairpin-loop conformation exposing a central extra-
cellular domain that binds to intimin, a bacterial adhesin of
these A/E pathogens. Intimin clusters Tir in the plasma mem-
brane and initiates pedestal formation (7).

Tyrosine-474, which is present in the cytoplasmically located
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TABLE 1. Bacterial strains used in this study

Strain General description Reference
E22 Wild-type REPEC 0103:K-:H2; rhamnose-negative strain 24
E22-red E22 transformed with pDsRed1-1 (Amp") This work
E22 AespF E22 espF::frt; EspF mutant (Kan") This work
E22(pespF-His) E22 transformed with espF from E22 cloned into pET32b* His vector (Amp" Kan") This work
E22 AespF(pespF-His) E22 AespF transformed with espF from E22 cloned into pET32b™" His vector (Amp" Kan") This work
E22 AescN E22 AescN; EscN mutant (Kan") 24

C-terminal domains of EPEC Tir, is phosphorylated by mam-
malian kinases (36), a modification required for efficient initi-
ation of actin polymerization. A phosphorylated 12-residue
peptide encompassing Y474 directly recruits the mammalian
adaptor proteins Nckl and Nck2 (5), which are known activa-
tors of the neural Wiskott-Aldrich syndrome protein (N-
WASP)-Arp2/3 pathway of actin assembly in host cells (38).
This actin nucleation activity can be triggered by the binding of
N-WASP, a member of the WASP/Scar family of cellular actin
nucleation-promoting factors (31). N-WASP has a highly mod-
ular domain structure: the C-terminal WA domain binds di-
rectly to and activates the Arp2/3 complex, while the N-prox-
imal WASP homology 1 (WH1) domain binds the proline-rich
F-actin- and Nck-binding WASP-interacting protein (WIP)
(25, 30). N-WASP and Arp2/3 localize to both EPEC and
EHEC pedestals (12, 16), and N-WASP is essential for the
local recruitment of Arp2/3 and for pedestal formation by
EPEC (16). The ability of N-WASP to stimulate the Arp2/3
complex can be activated by Rho family GTPases, but inhibi-
tors of these GTPases do not inhibit pedestal formation by
EPEC (4). However, the adapter protein Nck, which binds to
phosphotyrosine residues via a Src homology 2 (SH2) domain,
can functionally substitute for Cdc42 in stimulating N-WASP
to trigger actin polymerization in vitro (38). Furthermore, ty-
rosine-454, which is also C-terminally located within EPEC
Tir, is also phosphorylated, although inefficiently. This residue
contributes to an Nck-independent signaling cascade leading
to actin assembly at relatively low levels (6).

In addition to delivering Tir, EPEC delivers other effector
proteins, such as EspF, into the host cell via the T3SS (26). In
vitro studies have demonstrated that the EPEC effector pro-
tein EspF plays a central role in decreasing transepithelial
electrical resistance (TER) and altering the intestinal epithe-
lial tight junction (TJ) structure (28, 42, 48). Specifically,
EPEC disrupts the TJ architecture, as evidenced by a loss of TJ
protein-protein interactions, the redistribution of TJ proteins,
and the appearance of aberrant TJ strands in the lateral mem-
brane (32). Although the mechanism by which EspF perturbs
the intestinal barrier function in vitro has not been defined, it
is known that strains deficient in espF are not attenuated in
their abilities to form characteristic A/E lesions (27, 28). In
addition to these morphological and physiological changes,
EPEC also causes the dephosphorylation of occludin (42).
Zonula occludens-1 (ZO-1) distribution has also been shown
to be altered following EPEC infection (37). However, the
effects on TJ strands and individual TJ protein-protein inter-
actions have not been examined.

Thus, EspF has clearly been associated with TJ disruption
but not with pedestal formation (27). However, here we

showed that EspF contains proline-rich sequences and PDZ
domain binding motifs, domains which are relevant for protein
interactions with actin regulator proteins as well as TJ proteins,
suggesting a key role for EspF in pedestal maturation and the
disruption of paracellular permeability.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Strains used in this study
are listed in Table 1. Bacterial cultures were grown overnight in Luria-Bertani
(LB) broth in a shaking incubator (150 rpm). Depending on the plasmid (Table
1), ampicillin and/or kanamycin was added to the LB media (100 pg/ml and/or 35
pg/ml, respectively). The E. coli E22 wild-type strain was transformed with
plasmid pDsRed1-1 to obtain the red fluorescent bacteria or with pespF-His to
obtain an EspF-overexpressing strain. Other strains were transformed with a
plasmid that encodes EspF recombinant protein (pespF-His). Unless otherwise
mentioned, all the reagents used were obtained from Sigma-Aldrich, Inc.

pespF-His construction. The espF gene was amplified from genomic DNA of
E. coli E22 by use of Herculase polymerase (New England Biolabs, Inc.) and the
following primers: forward 5, GGC CCA AGC TTG ATG CTT AAT GGA
ATT AGT CAA G; and reverse 5, CGT CGA CGC GTC TGC AGT TTC TGC
CTT TTT CGA CAG TTC ATA G. The PCR product (645 bp) was purified by
use of a QIAquick PCR kit (Qiagen, Inc.) and cloned into pPGEM-T Easy vector
(Promega Corp.) according to the manufacturer’s instructions to create pGEM-
T-EspF. Subsequently, the espF gene was subcloned into the pET32b vector by
digestion with HindIII/Sall (New England Biolabs, Inc.) to obtain the polyhisti-
dine-tagged EspF fusion protein EspF-His. DH10B bacteria were transformed
with pespF-His to obtain the recombinant histidine-tagged EspF.

espF mutant construction. To generate an espF deletion mutant of strain E22,
the espF gene was replaced by a gene encoding kanamycin resistance by use of
the lambda red recombinase system (9). The kanamycin resistance gene was
amplified from pKD4 by PCR with primers espF-FRT-sense (5'-AAT TAG TCA
AGC TGT TTC TAC ACT AGG ACG GCA TAT TAC TAG TGC GGC AAT
GTA GGC TGG AGC TGC TTC G) and espF-FRT-antisense (5'-CCG GGC
GGC TTG GCT TAA GAC CTG AAG TAT CAA GAC TTT TCG ATT TTT
CAC ATA TGA ATA TCC TCC TTA G). The product was treated with Dpnl
and introduced into E22 carrying pKD46. Colonies containing the espF::Kan
knockout were then obtained as described previously (9).

Cell culture. RK13 rabbit kidney cells (CCL-37; ATCC) were propagated in
humidified 5% CO,-95% air at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM,; Invitrogen Ltd.) supplemented with 10% fetal bovine serum (HyClone
Ltd.), 0.1 mM nonessential amino acids, 2 mM L-glutamine, penicillin (1,000
units/ml), and streptomycin (100 pg/ml). The cells were serially propagated after
harvesting with 10 mM EDTA and 0.25% trypsin (Invitrogen Ltd.) in phosphate-
buffered saline (PBS; pH 7.4) solution. For experimental use, subconfluent RK13
cells were resuspended with EDTA-trypsin, plated into eight-well LabTek slides
(VWR Ltd.), and allowed to grow to 95% confluence.

Transfection of RK13 cells. RK13 cells were transfected with the plasmid
pActin-EGFP or with pEGFP as a control (BD Biosciences Clontech Ltd.) by
use of the calcium phosphate method. Transfection was performed with 10 pg of
cesium chloride-purified plasmids. The transfection efficiency was 20 or 15%,
respectively. Stable transformed RK13 cell lines (RK13 expressing actin-green
fluorescent protein [GFP] [RK13-actin-GFP] or RK13-GFP) were selected by
adding (48 h posttransfection) 350 wg/ml of Geneticin G-418 (Invitrogen Ltd.)
and then maintained in DMEM. RK13-actin-GFP cells were cloned by limiting
dilution on 96-well tissue plates and the clones selected by epifluorescence were
analyzed and sorted by fluorescence-activated cell sorting in order to obtain
clones expressing fluorescent actin. Cells containing exogenous fluorescent actin



3856 PERALTA-RAMIREZ ET AL.

maintained the sensitivity to actin-altering drugs and did not show any alteration
in the actin cytoskeleton.

Infection assay. Overnight bacterial cultures, grown in LB, were diluted (1:15)
with serum- and antibiotic-free DMEM and incubated at 37°C until the mid-log
phase of growth was achieved. RK13 cells (6 X 10°) expressing actin-GFP or
GFP were seeded on eight-well chamber slides (Nunc, Lab-Tek). When the cells
reached a confluence of 95%, the monolayer was washed with PBS and then
infected with bacteria to a multiplicity of infection of 100 in DMEM and main-
tained for 1 h in a humid incubator at 37°C with an atmosphere of 5% CO,.
Afterwards, the medium was aspirated, and the nonadherent bacteria were
removed by gentle washing with PBS. The monolayer was covered with fresh
medium and the remaining adherent bacteria were allowed to infect the cell for
6 h (or the indicated times).

Measurement of TER. TER of cultured monolayers was determined directly
using an EVOM epithelial voltohmmeter. Briefly, 1 X 10> RK13 cells or 6 X 10*
MDCK cells were seeded in 6.5-mm permeable transwell supports (3.0 um pore
size; Corning, Inc.). The electrodes were cleaned with 70% ethanol and rinsed
with sterile PBS before measurements were taken. One electrode was immersed
in the medium over the monolayers, while the other one was immersed in the
medium outside the transwell. The resistance was registered in () - cm? When
the resistance was stable, the monolayers were washed with PBS and infected as
described above with the strains listed in Table 1, and TER was quantified every
hour for periods lasting 6 h for RK13 and 12 h for MDCK experiments. The
resistance data obtained from three independently analyzed monolayers were
adjusted to those obtained for the control and are reported as relative
percentages.

Immunoprecipitation assays. Confluent monolayers of RK13 cells were in-
fected with E. coli E22 (multiplicity of infection of 100) for 1, 1.5, 2.0, 2.5, and
3.0 h. Uninfected and infected monolayers were washed with cold PBS, and then
the cells were removed with a scraper and lysed by incubation with radioimmu-
noprecipitation assay (RIPA) buffer (50 mM Tris-HCI, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 1 mM Na-vanadate, 1 mM phenylmethylsul-
fonyl fluoride, and protease inhibitor mix) for 30 min at 4°C. The cell extracts
were centrifuged at 13,000 X g for 15 min at 4°C and the supernatant fraction,
containing soluble “cytoplasmic” components, was removed and kept on ice.
Subsequently, the cell pellet was rinsed in PBS, resuspended in a buffer {5 mM
HEPES, 5 mM 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate
(CHAPS), 5 mM dithiothreitol, and 150 mM NaCl, pH 7.5}, and centrifuged
again (13,000 X g, 15 min at 4°C), and the CHAPS-soluble “membrane” fraction
was removed and kept on ice. The protein concentrations of all samples were
determined by the Bradford method and equal amounts of protein were used for
the immunoprecipitation assays. For EspF immunoprecipitation experiments, 5
pg of anti-EspF monoclonal antibody (a gift from Michael Donnenberg, Depart-
ment of Microbiology and Immunology, University of Maryland, Baltimore,
MD) and protein A beads (Sigma) were incubated with cell lysates for 3 h at 4°C
to precipitate the protein-antibody complex. The beads were washed three times
with RIPA buffer. The protein was eluted with Laemmli sample buffer (21) and
boiled for 10 min before Western blot analysis.

Western blotting. Protein samples from immunocomplexes were loaded and
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Electrophoresed proteins were transferred to nitrocellulose membranes
(45) and then blocked with 5% skim milk. Membranes were then probed with
antibodies directed against occludin (mouse monoclonal antibody, 1:200), clau-
din (rabbit polyclonal antibody, 1:200), ZO-1 (rabbit polyclonal antibody, 1:200),
Z0O-2 (rabbit polyclonal antibody, 1:200; Zymed Laboratories, Inc.), profilin
(goat polyclonal antibody, 1:100); Arp-2 (goat polyclonal antibody, 1:100),
WASP (rabbit polyclonal antibody, 1:100; Santa Cruz Biotechnology, Inc.), EspF
(mouse monoclonal antibody, 1: 200; described above), and actin (mouse mono-
clonal, 1:200; prepared in our laboratory). Primary antibodies were probed with
peroxidase-conjugated secondary antibodies (Zymed Laboratories) and detected
using the ECL chemiluminescence substrates according to the manufacturer’s
instructions (GE Healthcare).

Measurement of pedestal number and size. Pedestals were visualized as elon-
gated structures characterized by actin-GFP-enriched structures as previously
reported for EPEC infections by use of the fluorescence actin staining test (20).
For pedestal quantification, a temporal course of REPEC infection was per-
formed at 30-min intervals up to 4 h postinfection. Fixed cells were analyzed
under a confocal microscope by taking five photographs of randomly selected
fields for each time point. Each experiment represented 50 cells and was re-
peated at least three times. Each photograph was analyzed by the Image-Pro Plus
software (version 6.0) using the manual count mode and spatial calibration (um
units calibrated by using the confocal microscopy scale) to establish the number
and size of the pedestals, respectively. Pedestal number data were plotted as the
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average number of pedestals per cell. Pedestal size data were plotted as the
average size of pedestals during the temporal course of infections.

Immunofluorescence and confocal microscopy. At different times postinfec-
tion, uninfected and REPEC-infected RK13 cells expressing actin-GFP were
processed at room temperature for immunofluorescence to analyze infection
progress, pedestal formation, and the presence of TJ proteins. Cell monolayers
were fixed with 3.7% formaldehyde, permeabilized with 0.5% Triton X-100 for
10 min, and blocked with 0.1% bovine serum albumin for 20 min (all solutions
were diluted with PBS). The fixed monolayers were stained using commercially
available antibodies (mouse anti-occludin [1:20], rabbit anti-claudin [1:20], rabbit
anti-ZO-1 [1:20], and rabbit anti ZO-2 [1:20] [Zymed Laboratories]), followed by
incubation with Cy5- or rhodamine-conjugated goat anti-rabbit or goat anti-
mouse secondary antibodies (1:50) for 1 h. The samples were mounted on slides
in Gelvatol 20/30 (Monsanto, Inc.) and analyzed on a Leica TCS-P2 confocal
laser scanning inverted microscope using the 100X oil immersion plan apochro-
matic objective (numerical aperture, 1.4). Six to 10 consecutive single sections
were obtained per sample in the z-axis plane. To avoid the fluorescence filter,
each channel was captured independently. GFP was excited at 488 nm, DsRed1-1
protein or rhodamine at 560 nm, and Cy5 at 650 nm. The images obtained were
grouped, projected, and analyzed with Leica Lite software and/or Image-Pro Plus
version 6.0 software.

RESULTS

EspF has affinity for profilin, Arp2/3, and actin. Since EspF
is a multifunctional protein and many T3SS effectors mimic
actin-associated proteins, we investigated by using position-
specific iterated BLAST (PSI-BLAST), which is useful for
finding very distantly related proteins, whether the E. coli E22
allele of EspF had homology with any eukaryotic actin-associ-
ated proteins. EspF had 28% identity to human WASP, 28% to
human and mouse WAVE-Scar, 30% to human and mouse
WIP, 31% to RickA (a WASP-like protein from Rickettsia sp.),
and 32% to human and mouse N-WASP and mouse Enah
(protein defined structurally by a proline-rich core domain,
which is important for interaction with the small actin-binding
protein profilin). In fact, the homology between EspF and
these WASP-related proteins was based on their proline-rich
repeats. EspF analysis by eukaryotic linear motif software
showed that EspF from REPEC E22 has three identical pro-
line-rich sequences (RPAPPPP), each separated from the next
by 41 amino acids, which can be recognized by class I SH3
domains, such as those of proteins interacting with the WASP-
related proteins. Additionally, REPEC EspF has three identi-
cal class III PDZ domain binding motifs (KDHL) between
each proline-rich repeat, each separated from the next by 43
amino acids (Fig. 1). Furthermore, EspF from EPEC strain
E2348/69 has exactly the same motifs in the same positions
plus two other class III PDZ domain binding motifs (SETV),
each one located precisely between a KDHL motif and a pro-
line-rich repeat (Fig. 1). Interestingly, EspF from EHEC has
exactly the same motifs in the same positions as those present
in EPEC EspF (with slight sequence variations) but containing
another set of PDZ domain binding motifs (PEAL and
KDHL), with a proline-rich repeat between them. EspF from
C. rodentium is much like REPEC EspF but contains two other
sets of proline-rich repeats and KDHL motifs (Fig. 1).

Using the aligned amino acid sequences of the WASP-re-
lated proteins, RickA proteins, and E. coli EspF, we generated
a phylogenetic tree (CLC Free Workbench 4.0). In contrast to
the bacterial RickA protein, which clustered with the WASP
and N-WASP proteins (Fig. 2A), E. coli EspF clustered with
the WIP proteins (Fig. 2A), suggesting that EspF may be
functionally related to the WIP proteins. Furthermore, align-
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FIG. 1. Schematic representation of repeat motifs into EspF orthologs. EspF sequences from REPEC (E22) AAF03351, EPEC (2348/69)
AAC38400, EHEC (O157:H7, Sakai) BAB37973, and Citrobacter rodentium AAL06387 were analyzed by eukaryotic linear motif software and the
common motifs were drawn as boxes in the indicated positions into the amino acid sequences.

ment of E. coli EspF, N-WASP, and WIP showed that these
proteins share conserved motifs important for binding to pro-
filin, Arp2/3, and actin (Fig. 2B). Together, these data suggest
that proline-rich repeats may be essential for the function of

A

EspF and that the repeats may play a role in pedestal forma-
tion through recruitment of host cytoskeletal proteins.

Since EspF may possess WIP-like features, we tested by
immunoprecipitation whether EspF had affinity for WIP-inter-
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FIG. 2. Alignment of the EspF orthologs with human N-WASP and WIP. (A) Phylogram of EspF sequences and of WASP, N-WASP, WIP,
and RickA genes currently available in public databases. (B) Amino acid sequence alignment of EspF orthologs, WIP, and N-WASP. Two relevant
portions are shown and the positions of the potential profilin-, G-actin-, and Arp2/3-binding motifs are indicated over the amino acid sequences.
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FIG. 3. EspF binds N-WASP, Arp2/3, profilin, and actin. (A) Co-
immunoprecipitation of N-WASP, Arp2/3, and profilin by anti-EspF
antibody. RK13 cells were infected with wild-type E22 at various times.
After infection, cells were fractionated and the soluble fraction was
immunoprecipitated with an anti-EspF antibody. Immunocomplexes
were separated by SDS-PAGE, transferred to nitrocellulose mem-
brane, and probed with antibodies against N-WASP, Arp2, and profilin
by Western blotting (WB). Soluble fractions plus protein A-agarose
(Cytosol+ProtA) and anti-EspF antibody plus protein-A-agarose (o-
EspF+ProtA), as well as infection at time zero, were used as negative
controls. MWM, molecular weight marker. (B) Coimmunoprecipita-
tion of actin and EspF. Five-microgram portions of purified actin and
recombinant EspF-His were mixed. The mix was subjected to immu-
noprecipitation by using anti-EspF or anti-actin antibodies. As a neg-
ative control, purified EspF was mixed with commercial Hsc70 and the
immunoprecipitation was performed with anti-EspF antibodies. Addi-
tionally, soluble fractions from infected cells were mixed with 5 pg of
actin, subjected to immunoprecipitation, and then analyzed by West-
ern blotting as indicated above. IP, immunoprecipitation.

acting proteins such as profilin, Arp2/3, WASP, and actin.
RK13 cells were infected with REPEC E22 at various times. At
different time points after infection, cells were lysed and sub-
jected to immunoprecipitation with anti-EspF antibodies. The
immunoprecipitates were analyzed by Western blotting using
anti-profilin, anti-Arp2, anti-WASP, and anti-actin antibodies.
Arp2/3 and WASP clearly coimmunoprecipitated with EspF at
1 and 1.5 h postinfection and did so slightly at 2 and 2.5 h, but
no interaction was observed at 3 h postinfection (Fig. 3A).
Interestingly, profilin coimmunoprecipitated with EspF at all
time points tested (1 to 3 h postinfection) (Fig. 3A). Similarly,
actin also coimmunoprecipitated with EspF at all time points
(see Fig. 12A). Surprisingly, the anti-EspF coimmunoprecipi-
tated a significant amount of actin, suggesting that EspF may
interact directly with actin but also indirectly through profilin
(since both proteins coimmunoprecipitated with EspF through
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the course of infection). To test this hypothesis, purified actin
and EspF were mixed together and subsequently subjected to
immunoprecipitation with either anti-EspF or anti-actin before
analysis by Western blotting using either anti-EspF or anti-
actin. As a negative control, purified EspF was mixed with
commercial Hsc70, a protein unable to interact with EspF (34).
Additionally, purified actin was added to soluble fractions from
lysed REPEC-infected cells and was also subjected to the same
analysis. Both anti-actin and anti-EspF were able to coimmu-
noprecipitate EspF and actin, respectively (Fig. 3B), indicating
that EspF is able to bind actin directly. Interestingly, the anti-
EspF antibody coimmunoprecipitated actin from the cytosolic
fraction of REPEC-infected cells supplemented with an excess
of purified actin, indicating that endogenous EspF (present in
the cytosolic fraction) was also able to bind exogenous purified
actin, since the band of immunoprecipitated actin was similar
to that observed in the in vitro experiment, where a mixture of
5 pg of EspF-actin purified proteins was used. In contrast,
immunoprecipitation of EspF by the anti-actin antibody was
significantly reduced by the presence of an excess amount of
actin (Fig. 3B). All of these data suggest that EspF binds
directly to actin and also indirectly to actin by binding profilin.

REPEC induces A/E lesions in actin-GFP-transfected RK13
cells. An experimental cellular model was used to investigate
the role of EspF as a mimic of actin-associated proteins during
an EPEC infection. RK13 cells from rabbit kidneys were trans-
fected with the plasmid p-actin-GFP, and these transfected
cells were subsequently used in infection assays with E. coli
E22 cells that had been transformed with the plasmid
pDsRed1-1 to obtain red fluorescent bacteria (E22-RFP). Actin-
GFP-transfected RK13 cells (Fig. 4C) were stained with phal-
loidin-rhodamine (Fig. 4B) to determine the formation of ex-
ogenous actin filaments, which were detected in yellow in
merged images from transfected cells (Fig. 4A), while untrans-
fected cells showed red actin filaments. Transfected RK13 cell
clones were selected with 350 wg/ml of Geneticin G418 to
obtain stable clones expressing actin-GFP. These actin-GFP-
transfected cells (green) were infected with E22-RFP (red) for
6 h and then fixed and directly observed by confocal micros-
copy. Under these conditions, the pedestals (green) were easily
observed (Fig. 4D) beneath attached bacteria (red) throughout
the cytoplasm (Fig. 4F). Therefore, this model can be used to
study the dynamics of pedestal formation and the bacterial
effector proteins that mimic the functions of host cell proteins
during actin polymerization.

REPEC EspF redistributes TJ proteins and increases the
pedestal length. An interesting hypothesis arising from the
previous results is that actin and profilin sequestration by EspF
may influence the actin polymerization-depolymerization ac-
tivity at the TJs, thereby leading to the redistribution of TJ
proteins (46). To test this hypothesis, RK13 cells expressing
actin-GFP were infected for 4 h with wild-type E22, an isogenic
EspF mutant (E22 AespF), the isogenic mutant complemented
with pespF [E22 AespF(pespF)], or the wild-type E22 trans-
formed with pespF [E22(pespF)]. Redistribution of TJ proteins
was immunodetected by using anti-ZO-1 and anti-ZO-2 anti-
bodies. We used a T3SS mutant (E22 AescN) as a negative
control, as it was previously demonstrated that it could not
cause pedestal formation and redistribution of junctional pro-
teins such as ZO-1 and ZO-2 (Fig. 5A and B). As previously
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FIG. 4. Red fluorescent REPEC (E22) induces actin filament rearrangement and A/E lesions in RK13 cells expressing actin-GFP. (A to C)
Colocalization of stable actin-GFP expressed in RK13 cells and F-actin decorated with phalloidin. Uninfected RK13 cells expressing stable
actin-GFP (A) were fixed and stained with rhodamine-phalloidin (B), and the resultant images were merged (C). Colocalization was integrated
in stress fibers and lamellipodium structures (arrows). (D to F) Cytoskeleton rearrangements and formation of actin-rich pedestals beneath the
attached bacteria in RK13 cells expressing actin-GFP. RK13 cells expressing stable actin-GFP (D) were infected for 6 h with red fluorescent E22
(E), and the resultant images were merged (F). Arrows show actin-rich pedestals beneath the attached bacteria.

shown (24), wild-type E22 was able to cause pedestal forma-
tion, and it was also able to cause redistribution of the ZO-1
and ZO-2 junctional proteins (Fig. 5C and D). Thus, these data
suggest that these events may be related, as redistribution of TJ
proteins has been observed for all the wild-type A/E patho-
gens. EspF has been associated with TJ protein redistribution
but not associated with pedestal formation (28). However, by
using E22 AespF, we were able to find pedestals smaller than
those seen for the wild-type strain and no ZO-1 and ZO-2
redistribution, as evidenced by the absence of red marks in the
cytoplasm and their presence in the intercellular junctions
(Fig. 5SE and F). Furthermore, these smaller pedestals were
located mainly at the intercellular junctions. Complementation
of E22 AespF with the plasmid pespF reestablished the effects
observed for the wild-type strain, i.e., normally sized pedestals,
cytoplasmic redistribution of ZO-1 and ZO-2, and pedestal
formation throughout the cells (Fig. 5G and H). Additionally,
perhaps due to increased production of EspF in the comple-
mented strain, a clearer colocalization of pedestals and ZO-1
and ZO-2 was seen (Fig. 5G and H; yellow pedestals). This was
recently reported by Hanajima-Ozawa et al. (15), who showed
recruitment of ZO-1 into pedestals caused by a human EPEC
strain. Moreover, cells infected with the wild type transformed
with pespF showed pedestals bigger than those seen in cells
infected with the untransformed wild type (Fig. 5T and J).

To understand this relationship, we determined the pedestal
length and number for and recorded the electrical resistance of
an RK13 monolayer infected with these REPEC variants. The

length and number of pedestals were quantified by the relative
size (wm) of fluorescent actin bundles and the number of
pedestals per cell, respectively. Interestingly, the increase in
pedestal size depended on the presence of EspF. Thus, in a
time course experiment the pedestals were detected at 1 h
postinfection with E22 AespF, wild-type E22, and E22 AespF-
(pespF), with various sizes (0.7, 1.4, and 1.7 pm, respectively),
whereas the pedestals induced by the strain overproducing
EspF [E22(pespF)] were detected at 30 min postinfection with
sizes of about 1.2 pm (Fig. 6A). All pedestals grew to reach a
stationary phase at 2 h postinfection with various sizes [for E22
AespF, 1.2 pm; for E22, 2 pm; for E22 AespF(pespF), 2.7 pm;
and for E22(pespF), 3.2 pm]. However, the numbers of ped-
estals induced in the infected cells were almost identical for all
strains, except for the espF isogenic mutant, which had less
pedestals per cell, but only at 3 and 3.5 h postinfection (Fig.
6B). Interestingly, an increase in pedestal size for each REPEC
variant correlated with a decrease in TER induced by these
REPEC variants on RK13 cell monolayers (Fig. 6C). As RK13
cell monolayers had not been used previously to record TER
values (the TER values we found were about 300 () - cm?), we
also corroborated the effects of the REPEC variants on
MDCK cells, a classical model that forms strong TJs (with
TER values of about 1,000 {2 - cm?). We found similar results
for both cell types (Fig. 6D). It is well known that EHEC forms
smaller pedestals than does EPEC; therefore, we transformed
EHEC EDL933 with pespF and used these constructs to infect
HEp-2 cells to compare pedestal sizes against those induced by
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FIG. 5. EspF expression by E22 causes junctional protein recruitment to the pedestals and an increase in pedestal length. RK13 cells expressing
actin-GFP were infected with a T3SS mutant (E22 AescN [control]; A and B), wild-type (wt) E22 (C and D), E22 AespF (E and F), E22 AespF
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FIG. 6. Removing of junctional proteins by EspF-producing REPEC influences pedestal maturation and disrupts TJ barrier function. EspF
increases the pedestal length. RK13-actin-GFP monolayers were infected with wild-type (wt) E22, E22 AespF, E22 AespF(pespF)
(E22AespF +espF), or E22(pespF) (E22+pespF) for the times indicated in the graph. The temporal course of the infection was correlated with the
sizes of pedestals (A) as well as with the number of pedestals per cell (B). Data were obtained using the Image-Pro Plus software, version 5.1, from
three independent experiments for each infection. EspF decreases the TER. RK13 (C) and MDCK (D) monolayers were infected with the different
strains indicated above for the times indicated in the graph, after which TER was recorded and expressed as resistance changes expressed as
percentages. The data are averages of three measures from three independent experiments.

the EHEC wild type. EHEC(pespF) induced pedestals of 1.3 =
0.4 pm, while those induced by the EHEC wild type were 0.6 =
0.3 pm. The same results were found for similar experiments
with RK13 cells (data not shown).

EPEC redistributes TJ proteins to recruit them into A/E
lesions. Previous data indicated that EspF sequestered actin
and profilin, leading to actin depolymerization and TJ redis-
tribution, and suggest that TJ proteins may act as link proteins
between the plasma membrane and actin-rich pedestals. To
test this, we searched for redistribution of transmembrane
junctional proteins (which may interact with ZO-1 and ZO-2)
after REPEC infection. RK13 cells expressing actin-GFP were
infected with red fluorescent E. coli E22, fixed, and immuno-
stained with either anti-occludin or anti-claudin antibodies.
Untreated cells showed both occludin and claudin proteins in
the cell periphery (Fig. 7A to C and 8A to C, respectively). In
contrast, infected cells showed redistribution of both trans-
membrane junctional proteins from TJs to the cytoplasm (Fig.

7D to F and 8D to F). Interestingly, occludin colocalized with
the actin-rich pedestals, and the colocalization was detected
along the pedestals and beneath the infecting bacteria (Fig. 7G
to J), whereas claudin also colocalized with the pedestals but
the colocalization was mainly at the tip of the pedestal and just
under the infecting bacteria (Fig. 8G to J). These data indicate
that EspF is able to cause the recruitment of transmembrane
junctional proteins into the actin pedestals and suggest that
these junctional proteins are important for maturation of the
actin-rich pedestals, perhaps through connecting the mem-
brane and the actin bundles.

Interaction of EspF with TJ proteins. To understand the
relationship of EspF with actin pedestals or the TJ proteins in
RK13 cells infected with the REPEC strain E22, we searched
for EspF localization and its colocalization with ZO-1, ZO-2,
claudin, and actin pedestals by immunofluorescence and con-
focal microscopy. RK13 cells expressing actin-GFP were in-
fected with wild-type E22, E22 AespF, or E22(pespF) for 3 h.

complemented with pespF (E22AespF+pespF; G and H), and wild-type E22 transformed with pespF (E22+pespF; I and J) for 4 h. Infected cells
were stained with anti-ZO-1 (A, C, E, G, and I) or anti-ZO-2 (B, D, F, H, and J). The green and red channels were merged (white arrows point
out ZO protein redistribution). Note that the espF mutant (E22 AespF) was unable to cause ZO-1 and ZO-2 rearrangements; therefore, the
pedestals were formed in the intercellular junction (arrowheads). Also, the EspF-overexpressing strain [E22(pespF)] increased the recruitment of
these junctional proteins to the pedestals as well as their length (blue arrows).
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FIG. 7. REPEC induces occludin rearrangement and recruitment to pedestals in RK13 cells. (A to F) Rearrangement of occludin by REPEC
(E22). Uninfected RK13 cells expressing actin-GFP (A) were fixed and stained with anti-occludin (B), and both images were merged (C). RK13
cells expressing actin-GFP (D) were infected with red fluorescent E22 (F) and then fixed and stained with anti-occludin (E), and the images were
merged (F). (G to J) REPEC recruits occludin into the pedestals. The magnification of panel F shows the specific localization of actin-GFP
pedestals (G) beneath the attached red bacteria (I), which are enriched with occludin (H). The merged images (C, F, and J) show the colocalization

of actin-GFP pedestals and occludin.

Triple staining showed that EspF did not colocalize with ZO-1
(Fig. 9B to D), ZO-2 (Fig. 9F to H), claudin (Fig. 9J to L), or
actin pedestals (Fig. 9A, E, and I), even though the three
junctional proteins colocalized with the actin pedestals (Fig.
9D, H, and L). At 3 h postinfection, EspF was localized
throughout the cytoplasm (Fig. 9B, F, and J). EspF was not
detected in cells infected with E22 AespF (Fig. 10B, F, and J)
but small pedestals were detected (Fig. 10A, E, and I). These
small pedestals were localized mainly in the intercellular junc-
tions, and they colocalized with the junctional proteins (Fig.
10D, H, and L), suggesting a key role for the junctional pro-

teins in pedestal formation. In contrast, overexpression of
EspF did not induce colocalization of EspF with the junctional
proteins or the actin pedestals, but the three junctional pro-
teins colocalized with the actin pedestals (Fig. 11D, H, and L)
and many pedestals increased in length (Fig. 11A, E, and I). At
3 h postinfection, EspF was localized throughout the cyto-
plasm, apparently associated with vesicles or organelles (Fig.
11B, F, and J).

To further study the interaction of EspF with the junctional
proteins and its relationship with actin, RK13 cells were in-
fected with wild-type E22 at various times (every 30 min from
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FIG. 8. REPEC induces claudin rearrangement and recruitment to pedestals in RK13 cells. (A to F) Rearrangement of claudin by REPEC
(E22). Uninfected RK13 cells expressing actin-GFP (A) were fixed and stained with anti-claudin (B), and both images were merged (C). RK13
cells expressing actin-GFP (D) were infected with red fluorescent E22 (F) and fixed and stained with anti-claudin (E), and the images were merged
(F). (G to J) REPEC recruits claudin to the pedestals. The magnification of panel F shows the specific localization of actin-GFP pedestals
(G) beneath the attached red bacteria (H), which are enriched with claudin (I). The merged images show the colocalization of actin-GFP pedestals

and claudin.

1 to 3 h), and the infected cells were fractionated into soluble
(cytosol) and insoluble (membrane and cytoskeleton) frac-
tions. Both fractions were treated with anti-EspF antibody, and
the immunoprecipitates were subjected to Western blotting
using anti-ZO-1, anti-ZO-2, anti-occludin, anti-claudin, anti-
actin, and anti-EspF antibodies. In the soluble fraction, EspF
did not interact with ZO-1 at 1, 1.5, and 2 h but EspF-Z0O-1
interactions were detected at 2.5 and 3 h postinfection (Fig.
12A). In contrast, in the insoluble fraction, EspF strongly in-

teracted with ZO-1 at 1 h postincubation and this interaction
decreased with time until almost disappearing at 3 h postin-
fection (Fig. 12B). In the case of ZO-2, no interaction was
detected with EspF in the soluble fraction at all times tested
(Fig. 12A), but a weak interaction was observed in the insol-
uble fraction at 1 and 1.5 h postinfection; this weak reaction
almost disappeared at subsequent time points (Fig. 12B). Fur-
thermore, occludin and claudin were not coimmunoprecipi-
tated by the anti-EspF antibody, suggesting that these two
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FIG. 9. EspF does not colocalize with ZO-1, ZO-2, or claudin into the pedestals, but it does so in nearby sites. RK13 cells expressing actin-GFP
were infected with wild-type E22 for 3 h. Infected cells expressing actin-GFP (A, E, and I) were fixed and immunostaining by using anti-EspF (B,
F, and J) and with anti ZO-1 (C), anti-ZO-2 (G), or anti-claudin 1 (K). Panel D is a merged image from panels A, B, and C; panel H is a merged
image from panels E, F, and G; and panel L is a merged image from panels I, J, and K.

proteins do not interact directly (data not shown). Interest-
ingly, in the soluble fraction, EspF had a strong interaction
with actin at all time points tested (Fig. 12A), whereas only a
slight interaction was detected in the insoluble fraction, mainly
at 1 h postinfection, and it decreased until it disappeared 2 h
after infection (Fig. 12B). Finally, anti-EspF immunoprecipi-
tated EspF from both the soluble and the insoluble fractions of
E22-infected RK13 cells (Fig. 12A and B). However, the 13-
kDa protein species recognized by anti-EspF is not present in
the immunoprecipitates from the insoluble fraction. As previ-
ously reported, two EspF species were detected in culture
supernatants from E22-infected cells: the 23- and 13-kDa pro-
teins. It is not yet clear why EspF appears on PAGE gels as
multiple bands, but it seems that the low-molecular-weight
EspF correlates to intracellular EspF following mitochondrial
targeting signal cleavage upon mitochondrial import (33).
These two proteins were not immunoprecipitated in unin-
fected cells, but both were detected in lysates from infected
cells (data not shown). These latter results indicate that the
13-kDa protein is present only in the soluble fraction.

All of these data suggest that EspF does not interact directly

with the transmembrane proteins occludin and claudin but
does interact with the scaffold proteins ZO-1 and ZO-2 in the
first hours of infection. This latter interaction may be related to
the strong actin interaction observed at all the infection times
tested, and this may lead to actin depolymerization in the TJ
zones.

DISCUSSION

EspF is considered a multifunctional protein injected into
host cells by A/E pathogens, but the mechanism of action of
this effector is not understood completely. Here we show that
EspF may act as a nucleation-promoting factor that partici-
pates in the regulation of actin polymerization by binding to
actin directly or by binding indirectly through its interaction
with profilin. EspF is able to bind ZO-1 and ZO-2 scaffold
proteins, causing local actin depolymerization by sequestering
actin and profilin and leading to disequilibrium of the poly-
merization-depolymerization cycles. EspF-induced actin depo-
lymerization in the TJ could enable endocytosis of transmem-
brane junctional proteins (rearrangement of occludin and
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FIG. 10. An isogenic espF mutant does not cause redistribution of ZO-1, ZO-2, or claudin, and short pedestals are formed in the intercellular
junctions. RK13 cells expressing actin-GFP were infected with the EspF mutant (E22 AespF) for 3 h. Infected cells expressing actin-GFP (A, E,
and I) were fixed and immunostained by using anti-EspF (B, F, and J) and with anti ZO-1 (C), anti-ZO-2 (G), or anti-claudin-1 (K). Panel D is
a merged image from panels A, B, and C; panel H is a merged image from panels E, F, and G; and panel L is a merged image from panels I, J,

and K.

claudin). Thus, EspF favors recruitment of junctional proteins
into the pedestals by sequestering actin, leading to maturation
of actin pedestals and paracellular permeability disruption.
All the A/E pathogens containing the LEE pathogenicity
island induce actin-rich pedestals and also TJ disruption (17),
events which appear to be related. EspF is clearly associated
with TJ disruption, but it has not been previously associated
with pedestal formation (28). However, EspF contains motifs
that may be related to these two aforementioned activities.
The PDZ domain binding motifs present in EspF (Fig. 1)
may be important in the disruption of the TJ, since these motifs
might be interacting with PDZ domains present in the mem-
brane-associated guanylate kinase (MAGUK) family, which is
characterized by the presence of several protein-protein inter-
action domains and whose members function as scaffolding
factors that recruit signaling molecules to cell junctions and
synaptic termini, including the ZO-1, ZO-2, and ZO-3 junc-
tional proteins. Structural and molecular studies have shown
that PDZ domains are pivotal features of scaffolding proteins
and localize MAGUKSs and their interaction partners to spe-
cialized membrane domains of neuronal and epithelial cells
(10, 11). The domain architecture of the MAGUKSs enables
interaction with receptors, the actin cytoskeleton, and ion

channels but also allows the tethering together of different
MAGUK subfamily proteins (50), which may contain up to six
PDZ domains (44).

EspF sequences from REPEC, EPEC, EHEC, and C. roden-
tium contain conserved repeated motifs that are located in the
same position in their sequences, although the number of re-
peats can vary. These repeated sequences, proline-rich motifs
and PDZ domain binding motifs, may be related to actin re-
arrangement and TJ disruption. These motifs in EspF proteins
from different A/E pathogens may play a relevant role, since in
all these A/E pathogens the EspF proteins have similar func-
tions and are interchangeable (48). Here we showed that all
EspFs share the proline-rich motif with WASP-related pro-
teins, such as WASP, N-WASP, WAVE, and WIP, as well as
Enah. The WASP family, WIP family, and Ena/VASP family
share a related function as actin regulatory proteins in which
their proline-rich motifs play a key role. WASP and N-WASP
contain proline-rich sequences that can bind to SH3 domains
and profilin. Profilin is a small protein that binds to an actin
monomer and then supplies it to the barbed end (fast-growing
end) of an actin filament (35). WIP, CR16, and WICH/WIRE
contain between three and six potential profilin-binding sites
named ABM-2 (actin-based motility homology-2, which in-
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FIG. 11. EspF-overexpressing E22 causes enrichment of ZO-1, ZO-2, and claudin into the pedestals and increases in pedestal lengths. RK13
cells expressing actin-GFP were infected with wild-type E22 transformed with pespF for 3 h. Infected cells expressing actin-GFP (A, E, and I) were
fixed and immunostained by using anti-EspF (B, F, and J) and with anti ZO-1 (C), anti-ZO-2 (G), or anti-claudin-1 (K). Panel D is a merged image
from panels A, B, and C; panel H is a merged image from panels E, F, and G; and panel L is a merged image from panels I, J, and K.

cludes the sequence XPPPPP, where X is A, S, L, or G). In
addition, profilin binds to both G- and F-actin (3). Our align-
ment and phylogenetic analysis of these proteins and EspF
revealed that EspF is more closely related to WIP than to the
WASP family and that EspF and these actin regulatory pro-
teins share binding motifs, including APPPPP sequences, with
profilin, actin, and Arp2/3, which are important proteins in the
dynamics of actin polymerization. Interestingly, EspF was able
to bind profilin, actin, WASP, and Arp2/3.

During REPEC infection, EspF interacts with WASP and
Arp2/3 before 2 h postinfection, suggesting that these three
proteins interact at the beginning of the infection and before
the pedestal is formed; we believe that EspF is interacting
directly with both proteins or mainly with WASP (and thereby
indirectly to Arp2/3), but no experiments were performed to
confirm this. Interestingly, EspF also interacts with ZO-1 and
Z0-2 junctional proteins at the same times (before 2 h postin-
fection) in the insoluble fraction of infected cells, suggesting
that all of these proteins are interacting in the polymerization-
depolymerization cycles at the TJ (46). This idea is supported
by the fact that EspF also contains PDZ domain binding motifs
at exactly the same positions in the EspF orthologs (Fig. 1).

PDZ domains are structurally conserved modules of 80 to 90
amino acids present in intracellular proteins. Their name orig-
inates from the three proteins where they were first identified
(named PSD-95/Discs-large/Z0O-1). The ability of PDZ do-
mains to interact with proteins is well documented. They rec-
ognize motifs of 3 to 7 amino acids, termed PDZ binding
motifs, that are generally present at the C-terminal ends of
membrane proteins (51). With respect to the growing number
of components constituting the multimolecular TJ complex,
there is a group of proteins termed the TJ plaque proteins,
many of which express PDZ domains, that serve as links be-
tween the integral TJ proteins and the actin cytoskeleton and
as adapters for the recruitment of cytosolic molecules impli-
cated in cell signaling (40). Unlike the interaction of EspF with
N-WASP, Arp2/3, and ZO proteins, EspF interacts with pro-
filin and actin throughout the course of REPEC infection
(from 1 to 3 h). It this case, we were able to show that EspF
interacts with both proteins, as the immunoprecipitation ex-
periments showed that the anti-EspF antibody coimmunopre-
cipitated a large amount of actin in the soluble fraction (G-
actin) and it also coimmunoprecipitated the actin that was
binding to profilin. EspF also has homology with RickA, a
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FIG. 12. EspF interacts with ZO-1, ZO-2, and actin in RK13 cells
infected with E22. RK13 cells were infected with wild-type E22 for the
indicated times. Infected cells were lysed by three cycles of freezing
and thawing and passage through a needle. Lysed cells were centri-
fuged to obtain the soluble fraction. The pellet was washed in RIPA-
0.1% SDS for 30 min, and then this fraction was recentrifuged to
obtain the insoluble fraction (membrane proteins). Soluble (A) and
insoluble (B) fractions were subjected to immunoprecipitation by using
anti-EspF antibodies. Immunoprecipitates were separated by SDS-
PAGE and transferred to nitrocellulose membrane to be probed with
anti-ZO-1, anti-ZO-2, or anti-actin antibodies. Soluble or insoluble
fractions plus protein-A agarose (Cytosol+ProtA) and anti-EspF an-
tibody plus protein A-agarose (a-EspF+ProtA), as well as infection at
time zero, were used as negative controls. IP, immunoprecipitation;
WB, Western blotting; MWM, molecular weight marker.

Rickettsia WASP-like protein that activates the Arp2/3 com-
plex and mediates actin-based motility.

Unusual WIP behavior in actin pedestals formed by EPEC
and EHEC has been reported previously (22). Furthermore,
WIP also inhibits actin depolymerization rates in a concentra-
tion-dependent manner; thus, members of the WIP family may
increase cellular F-actin content by virtue of their ability to
stabilize F-actin (18, 25). Additionally, WIP increases the ef-
ficiency of cortactin-mediated activation of the Arp2/3 complex
in vitro and stimulates membrane protrusion in a manner de-
pendent on an intact cortactin SH3 domain, which is respon-
sible for binding the proline-rich region of WIP. Since TJs are
intimately related to the perijunctional cytoskeleton, actin
and/or profilin sequestration must cause actin depolymeriza-
tion-induced TJ disruption (46). It has been shown that actin
depolymerization disrupts TJs via caveola-mediated endocyto-
sis of TJ proteins, such as occludin (41). Interestingly, here we
show that actin depolymerization causes structural and func-
tional TJ disruption by a pathophysiological process induced
by EspF-producing bacteria, unlike what was found in studies
using pharmacological actin disruptors. This hypothesis is sup-
ported by the fact that EspF-producing REPEC, but not the
espF isogenic mutant, caused a redistribution of TJ proteins
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from the intercellular junction and a drop in TER values.
These findings also indicate the key role of TJ proteins in the
formation of pedestals due to the recruitment of these proteins
into the pedestals in the cells by the wild-type strain or in the
intracellular junctions by the isogenic mutant; these results
also support the recent finding of ZO-1 recruitment into ped-
estals by a human EPEC strain (15). Moreover, the EspF
mutant is unable to form mature pedestals and those that did
form were very short in comparison with those induced by the
wild-type strain and were even bigger when EspF was overex-
pressed by using E22 transformed with pespF, even though the
number of pedestals appeared to be similar.

TJ protein endocytosis due to actin depolymerization, which
is caused by actin and profilin sequestration by EspF, is also
supported by recent findings on TJ disruption and pedestal
formation. For instance, internalized occludin colocalizes with
caveolin-1 and dynamin II, which is blocked by dominant neg-
ative dynamin II (K44A) and inhibition of caveola-mediated
endocytosis by cholesterol extraction prevented both latruncu-
lin A-induced TER loss and occludin internalization (41). Con-
versely, for EPEC infections, other authors have found that
dynamin is required for F-actin assembly and pedestal forma-
tion by EPEC E2348/69 (47) and that EPEC E2348/69 Tir
translocation and pedestal formation require membrane cho-
lesterol (1). Recently, Alto et al. (2) also reported that that the
type III effector EspF coordinates membrane remodeling and
F-actin polymerization during EPEC pathogenesis, since EspF
activated both SNX9 and N-WASP in a coordinated spatio-
temporal pattern at clathrin-coated pits, again indicating a
relationship between endocytosis and actin polymerization.
However, even though EspF may actually represent a patho-
genic strategy to mimic a natural host SNX9/N-WASP signal-
ing complex (2), our data support the hypothesis that mem-
brane trafficking is required for epithelial TJ maintenance and
the formation of the apical/basolateral poles (49), since EspF
promotes the internalization of TJ proteins in vivo (14), po-
tentially through a membrane-trafficking phenotype. More-
over, SNX9, with an accessory role in the endocytic processes
in that it binds clathrin, was initially identified as a host cell
EspF binding partner protein; EspF specifically interacts with
membrane-bound SNX9 by using the SH3 domain and no
coimmunoprecipitation was detected with the cytosolic frac-
tion of SNX9 (23).
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