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EspC is a non-locus of enterocyte effacement (LEE)-encoded autotransporter produced by enteropathogenic Escherichia coli
(EPEC) that is secreted to the extracellular milieu by a type V secretion system and then translocated into epithelial cells by the
type III secretion system. Here, we show that this efficient EspC delivery into the cell leads to a cytopathic effect characterized by
cell rounding and cell detachment. Thus, EspC is the main protein involved in epithelial cell cytotoxicity detected during EPEC
adhesion and pedestal formation assays. The cell detachment phenotype is triggered by cytoskeletal and focal adhesion disrup-
tion. EspC-producing EPEC is able to cleave fodrin, paxillin, and focal adhesion kinase (FAK), but these effects are not observed
when cells are infected with an espC isogenic mutant. Recovery of these phenotypes by complementing the mutant with the espC
gene but not with the espC gene mutated in the serine protease motif highlights the role of the protease activity of EspC in the
cell detachment phenotype. In vitro assays using purified proteins showed that EspC, but not EspC with an S256I substitution
[EspCS256I], directly cleaves these cytoskeletal and focal adhesion proteins. Kinetics of protein degradation indicated that EspC-
producing EPEC first cleaves fodrin (within the 11th and 9th repetitive units at the Q1219 and D938 residues, respectively), and
this event sequentially triggers paxillin degradation, FAK dephosphorylation, and FAK degradation. Thus, cytoskeletal and focal
adhesion protein cleavage leads to the cell rounding and cell detachment promoted by EspC-producing EPEC.

Enteropathogenic Escherichia coli (EPEC) infection is a leading
cause of infantile diarrhea that can be severe and lethal in de-

veloping countries (1). The hallmark of EPEC infection is a histo-
pathological lesion formed at the mucosal intestinal surface that
resembles a pedestal-like structure known as the attaching and
effacing (A/E) lesion (2). The genes responsible for the A/E phe-
notype are located in a 35.6-kb pathogenicity island termed the
locus of enterocyte effacement (LEE). Other pathogens that share
this pathogenicity island are known as A/E pathogens, including
enterohemorrhagic E. coli (EHEC), rabbit EPEC (REPEC), and
Citrobacter rodentium, which infects mice (3, 4). The LEE contains
diverse genes encoding secreted proteins for the type III secretion
system (T3SS), termed EPEC-secreted proteins (Esp), and its own
translocated intimin receptor (Tir) (5). Tir is injected by the trans-
location apparatus directly into the cell and is inserted in the
membrane, exposing an extracellular domain that is recognized
by intimin, an EPEC-membrane adhesin. Intimin-Tir interaction
leads to intimate adherence and pedestal formation beneath ad-
herent bacteria (6). During infection, other effector proteins are
translocated into the cell (EspF, EspG, EspH, Map, and EspZ), and
they interfere with different aspects of cell physiology (7, 8). No-
tably, there are several identified non-LEE-encoded effectors in
A/E pathogens that are translocated by the T3SS, including Cif,
NleA/EspI, TccP/EspFU, EspJ, NleB, NleC, and NleD (9–16). The
outcomes of infection as seen in biopsy specimens from patients
include moderate to severe damage at the intestinal mucosa, irreg-
ular atrophy of surface epithelium, and subnuclear vacuolization
of crypt epithelium (17). At the structural level the biopsy speci-
mens showed intracellular damage characterized by dilatation of
rough endoplasmic reticulum, mitochondrial changes, and cyto-
plasmic pallor (18).

A second pathogenicity island of EPEC that encodes EspC, an
autotransporter protein, has been identified in pathogenic EPEC1

strains. A recent study showed that espC is one of the most prev-
alent genes among those encoding autotransporter proteins in
both typical and atypical EPEC strains (19). Unlike proteins se-
creted by the T3SS, EspC secretion is mediated by the type V
secretion system (T5SS) (20, 21). EspC shows the three classical
domains (signal sequence, passenger domain, and translocation
unit) of autotransporter proteins and has a conserved serine pro-
tease motif (22). Even thought EspC is a non-LEE-encoded pro-
tein, the regulation of espC is coupled to the global regulator Ler
encoded in LEE that controls virulence gene expression during
EPEC pathogenesis, including genes encoding the T3SS, secreted
Esp proteins, Tir, and intimin (23, 24). Previously, it was shown
that during epithelial cell infection by EPEC, the first protein
found in the supernatant is EspC (60 min), and 30 min later T3SS
translocator proteins are secreted to the supernatant (25). We
have shown that EspC is not efficiently internalized under non-
physiological conditions (i.e., as a purified protein) because no
receptor is involved in its uptake and because no intracellular
traffic is required. However, the physiologically secreted EspC by
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EPEC, which is enhanced in tissue culture medium and by cell
contact, is efficiently internalized during the interaction of EPEC
and epithelial cells (26). Recently, we also showed that during
EPEC infection, EspC is secreted from the bacteria by the type V
secretion system (T5SS), and then it is efficiently translocated into
the epithelial cells by the type III secretion system (T3SS) translo-
con (27).

We have found that purified EspC, once inside the cells, has
enterotoxic and cytotoxic activities on rat jejunum preparations
mounted in Ussing chambers and on cultured epithelial cells, re-
spectively (20, 28). Our group has also found that EspC causes
cytotoxic effects, including cytoskeletal damage that depends on
the internalization of EspC and its functional serine protease mo-
tif (28). Here, we examined the role of EspC during the infection
of epithelial cells by EPEC by characterizing its cellular targets and
the relationship with cytotoxicity, which is commonly observed in
adhesion and pedestal formation assays.

MATERIALS AND METHODS
Bacterial strains and purification of recombinant proteins. Character-
istics of the strains used in this study are listed in Table 1. All strains were
routinely grown in Luria-Bertani (LB) broth or minimum essential me-
dium (MEM) (without supplements) aerobically at 37°C. EPEC cultures
were activated for 3 h as previously described (29).

To purify recombinant proteins, strain HB101(pJLM174) or
HB101(pespCS256I) (where pespCS256I is a plasmid carrying the espC gene
that encodes a change from S to I at amino acid position 256) was grown
overnight in LB medium plus arabinose (0.2%, wt/vol) and ampicillin
(100 �g/ml) at 37°C with shaking. Supernatants were obtained by centrif-
ugation at 7,000 � g for 15 min, filter sterilized through 0.22-�m-pore-
size filters (Corning, Cambridge, MA), and concentrated 100-fold in an
Ultrafree Centrifugal Filter device with a 100-kDa cutoff (Millipore, Bed-
ford, MA). Recombinant EspC and the EspC protein with the substitution
S256I (EspCS256I) were filter sterilized again (28), aliquoted, and quanti-
fied by the Bradford method (30).

Tissue culture cells and bacterial infection. The human epithelial cell
line HEp-2 (ATCC CCL23) or rabbit kidney RK13 (ATCC CCL-37) line
was cultured in MEM supplemented with 10% fetal calf serum (FCS)
(HyClone, Logan, UT), 1% nonessential amino acids, 5 mM L-glutamine,

penicillin (100 U/ml), and streptomycin (100 �g/ml). Cells were normally
harvested with 10 mM EDTA and 0.25% trypsin (Gibco-BRL, Grand Is-
land, NY) in phosphate-buffered saline (PBS; pH 7.4), resuspended in the
appropriate volume of supplemented MEM, and incubated at 37°C in a
humidified atmosphere of 5% CO2.

HEp-2 cells grown in 60-mm petri dishes were infected with activated
cultures of EPEC (multiplicity of infection [MOI] of 10) or the indicated
isogenic mutant alone or with purified EspC for the indicated time. EPEC-
infected HEp-2 cells were incubated in the presence of D-mannose (1%)
and the appropriate antibiotic. Cells were delicately washed three times
with ice-cold PBS, pH 7.4, and scraped into a buffer consisting of Tris-HCl
(0.25 M), pH 7.5, phenylmethylsulfonyl fluoride (PMSF) (50 �g/ml),
aprotinin (0.5 �g/ml), and EDTA (0.5 �M). Then cells were lysed by three
freeze-thaw cycles (5-min incubation in a dry ice-ethanol bath and 3-min
incubation in a thermoblock at 37°C). Protein concentrations were esti-
mated by the method of Bradford. Equivalent amounts were boiled for 7
min, analyzed on sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE), and electrotransferred to nitrocellulose membranes for immuno-
blot analyses essentially as previously described (26), using anti-fodrin
(MAB1622; Chemicon International), anti-FAK (C20) (sc-558; Santa
Cruz Biotechnology), rabbit anti-phospho-FAK (Tyr397) [pFAK-
(Tyr397)] (sc-11765-R; Santa Cruz Biotechnology), and anti-paxillin (H-
114) (sc-5574; Santa Cruz Biotechnology) antibodies.

Confocal microscopy. HEp-2 or RK13 cells were seeded into eight-
well LabTek slides (VWR, Bridgeport, NJ) at a density of 3 � 104 cells/
well. Before infection with activated EPEC or REPEC cultures, cells were
washed three times with warmed PBS (pH 7.4) and incubated at 37°C in
MEM (without supplements) for 30 min. Infections were carried out at
the indicated times in the presence of 1% D-mannose (Research Organics,
Inc.). Infected HEp-2 cells were washed with PBS, fixed with 2% formalin-
PBS, washed, permeabilized by the addition of 0.1% Triton X-100 –PBS,
and stained with 0.05 �g of tetramethyl rhodamine isothiocyanate
(TRITC)-phalloidin/ml and with a polyclonal rabbit anti-EspC, as previ-
ously described (28), followed by an anti-rabbit fluorescein-labeled anti-
body. Slides were mounted on Gelvatol, covered with glass coverslips, and
examined under a Leica TCS SP8 confocal microscope.

The total number of epithelial cells attached to the glass substrate was
determined by counting their nuclei, and the percentage of detached cells
was calculated as the inverse of attached cells by using the total number of
epithelial cells from untreated cells as a reference (100%). Cell rounding
was identified by cell morphology using as a reference the ratio nucleus/
cytoplasm (globular cells) detected by optical sections. Cell rounding was
quantified in three optical fields by comparing the distended cells versus
the rounded cells.

Immunoprecipitation and degradation assays. HEp-2 cells grown in
60-mm petri dishes were delicately washed three times with ice-cold PBS,
pH 7.4, and scraped into radioimmunoprecipitation assay (RIPA) buffer
(1% Nonidet P-40, 50 mM Tris-HCl, pH 7.5. 150 mM NaCl, 0.02% SDS).
Cells were collected in Eppendorf tubes at 4°C. Cells were lysed by soni-
cation for 10 s in ice water using a Soniprep sonicator at 30% amplitude.
The supernatant was centrifuged at 14,000 � g for 15 min at 4°C.

Five micrograms of polyclonal anti-FAK (C20) (sc-558; Santa Cruz
Biotechnology) or anti-paxillin (H-114) (sc-5574; Santa Cruz Biotechnol-
ogy) antibody and protein A-agarose suspension (Roche Diagnostics,
Mannheim, Germany) was incubated with cell lysates overnight at 4°C to
precipitate the protein-antibody complex. The beads were washed three
times with RIPA buffer, and the immunocomplexes were resuspended in
525 �l of reaction buffer (250 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol
[DTT]).

Two micrograms of immunoprecipitated FAK or paxillin was mixed
with an equal volume of 2� digestion buffer (0.3 mM CaCl2, 10 mM
DTT) containing 20 �g/ml of EspC or EspCS256I. Reactions were carried
out at 37°C for different time periods (30 s and 1, 2, 5, 10, 15, and 30 min)
and then stopped by the addition of 4� SDS sample buffer. Samples were
boiled, and proteins were separated by SDS-PAGE and analyzed by im-

TABLE 1 Bacterial strains and plasmid used in this study

Strain Genotype and/or description Reference

E2348/69 Prototype EPEC isolate (O127:H6),
espC�

20, 46

�espC strain E2348/69 �espC, EspC mutant 21
REPEC REPEC O103:K-H2, LEE� espC

mutant
47

�espC(pespC) strain E2348/69 �espC(pJLM174),
complemented espC mutant

27

�espC(pespCS256I) strain E2348/69 �espC(pespCS256I),
transformed mutant with espC
mutated in serine 256

27

REPEC(pespC) REPEC O103:K-H2, LEE� espC
mutant transformed with espC

27

CVD452 E2348/69 �escN, T3SS mutant 48
HB101 Nonpathogenic strain, K-12/B

hybrid
49

HB101(pJLM174) Minimal espC clone, cloned in
pBAD30

20

HB101(pespCS256I) espC clone mutated in the residue
S256

27

BL21(pGEX-3X18531) Clone encoding GST-fodrin 50
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munoblotting using anti-paxillin antibody (H-114; 1:1,000) or anti-FAK
antibody (C20 or A17; 1:1,000). Membranes were developed by using
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary
antibody (Zymed) as indicated by the manufacturer. HRP was detected
with enhanced chemiluminescence (ECL) reagent from Amersham.

Statistical analysis. Results are expressed as means and standard de-
viations. Statistical significance was determined by a two-tailed Student t
test. A P value of �0.005 is considered significant.

RESULTS
EspC internalization causes cytotoxicity after 3 h of the epithe-
lial cell-EPEC interaction. To investigate the role of EspC in the
cytotoxicity detected during the interaction of epithelial cells
with EPEC, HEp-2 cells were infected with EPEC strain E2348/
69, and the cytotoxic effect was compared with that of an espC
isogenic mutant (�espC strain) and a complemented mutant
[�espC(pespC) strain]. After 3 h of infection, cells were immuno-

stained with anti-EspC antibodies, and the actin cytoskeleton was
stained with rhodamine-phalloidin. The EspC-producing EPEC
E2348/69 strain was able to secrete and deliver EspC inside the
cells (as analyzed by confocal microscopy in 12 optical sections),
which led to cell rounding and cell detachment (Fig. 1A), while an
EPEC strain mutated in the espC gene (�espC strain) was unable
to cause these cytotoxic effects but was capable of producing sev-
eral pedestal-like structures. Furthermore, complementation of
the �espC mutant with the espC gene [�espC(pespC) strain] re-
stored the capacity to cause cytotoxicity, and the effects were sim-
ilar to those seen with the wild-type strain. To further demonstrate
that EspC activity is responsible for the cytotoxic effects, �espC
bacteria were complemented with an espC gene containing a mu-
tation in the serine protease motif [�espC(pespCS256I) strain],
which thus lacks serine protease activity, or with the addition of
exogenous EspC during the infection (EPEC �espC � EspC). The

FIG 1 EspC is required to cause the cytotoxic effect caused by EPEC. (A) HEp-2 cells were infected by either EPEC (strain E2348/69), EPEC �espC (mutant
�espC), EPEC �espC(pespC) [complemented �espC(pespC) strain], EPEC �espC(pespCS256I) [complemented strain with espC gene mutated in the serine
protease motif �espC(pespCS256I)], or EPEC �espC supplemented with purified EspC (�espC � EspC strain) for 3 h at an MOI of 10. Infected cells were fixed and
permeabilized. Cells were immunostained with anti-EspC antibody, followed by a secondary antibody conjugated to fluorescein isothiocyanate, and the actin
cytoskeleton was detected with rhodamine-phalloidin. Untreated cells were used as negative controls. Slides were observed by confocal microscopy, and in the
case of cells treated with EPEC �espC(pespCS256I) only a middle optical section is shown to demonstrate that EspCS256I is internalized as the native protein. (B and
C) Quantification of cell rounding and cell detachment. After cell treatments as described in panel A, the numbers of rounded cells and detached cells were
quantified as described in Materials and Methods. Results are means plus standard deviations of three independent experiments. A P value of �0.005 was
considered significant. ***, P � 0.001 (E2348/69 versus �espC or �escN strain); ���, P � 0.001 (�espC strain versus �espC � EspC strain); ��, P � 0.005
[�espC strain versus �espC(pespC) or �escN strain].
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strain complemented with the espC gene encoding the substitu-
tion at S256 [�espC(pespCS256I) strain] was unable to cause cyto-
toxicity, and several pedestal structures and actin cytoskeleton
fibers were observed. In contrast, the �espC strain, as we demon-
strated before, was able to internalize exogenous EspC (27) and
also caused cytotoxic effects similar to those observed in cells
treated with the wild-type EPEC (Fig. 1A). The effects of EspC on
cell rounding (Fig. 1B) and cell detachment (Fig. 1C) were quan-
tified for all tested strains and compared among them. These data
and their statistical analyses showed a correlation with the mor-
phological damage described above (Fig. 1A and B). Together, our
results show that physiologically internalized EspC induces cyto-
toxicity of human cells via its serine protease motif.

EspC causes actin cytoskeleton disruption triggering cell de-
tachment. To determine the timing for the cell-EPEC interaction
to cause cytoskeleton disruption and cell detachment, HEp-2 cells
were infected with EPEC or EPEC �espC for different times and
then treated with an antibiotic (gentamicin) for 1 h to kill the
bacteria. After this treatment, infected cells were incubated for 8 h
in fresh medium and then fixed and stained with rhodamine-
phalloidin. Confocal microscopy analyses showed that 2 h of
EPEC-epithelial cell interaction was not sufficient to cause cyto-
toxic effects, and most of the cells were similar to those treated
with the mutant EPEC �espC, in which actin stress fibers and
pedestal-like structures were clearly observed (Fig. 2). However, 3
h of EPEC-epithelial cell interaction was sufficient to produce cell
toxicity, observed as cytoskeleton contraction and cell detach-
ment. These cytotoxic effects were not observed in cells treated
with EPEC �espC under the same conditions, and their cytoskel-
etons were preserved, allowing formation of the actin-rich pedes-
tal structures induced by attached bacteria (Fig. 2). Interestingly,
after 3 h, cell detachment depended on the interaction time. After
4 h of EPEC infection most cells were detached, whereas cells
infected with the EPEC �espC strain showed an increased quantity
of pedestal structures, and some cells started to undergo cell dam-
age, probably induced by other bacterial effectors. Finally, after 5 h
of EPEC infection, cells were almost absent on the glass substrate,
while it was still possible to observe cells that had been infected
with the EPEC �espC strain (Fig. 2).

To further demonstrate that EspC is responsible for the cyto-
skeleton disruption and cell detachment induced by EPEC after 3
h of interaction with epithelial cells, we transformed an EPEC
strain that infects rabbits (REPEC) with the espC gene from EPEC
E2348/69. REPEC does not harbor the espC gene, but it does carry
a T3SS, which is required for EspC internalization (27). HEp-2
cells were alternatively infected with wild-type REPEC or
REPEC(pespC). After 3 h of infection, REPEC(pespC) clearly
caused cytoskeleton disruption and cell detachment, while the
wild-type REPEC strain did not show these effects (Fig. 3). Cyto-
skeleton disruption and cell detachment were more evident with
time. After 4 h most of the cells were detached, and those that
remained were observed as rounded cells; after 5 h of interaction
almost no cells were observed. However, in cells infected with the
wild-type REPEC, no clear cytotoxicity was observed at 3 or 4 h,
and a slight effect was observed on the cell cytoskeleton at 5 h of
interaction (Fig. 3).

EspC-producing EPEC is able to cleave epithelial fodrin and
generates two subproducts of degradation. We have previously
shown that purified EspC is able to cleave recombinant glutathi-
one S-transferase (GST)-fodrin; therefore we tested if an EspC-

producing EPEC strain is able to cleave epithelial fodrin from
HEp-2 cells. HEp-2 cells were infected for 2 or 6 h with EPEC,
EPEC �espC, EPEC �espC(pespC), or EPEC �espC(pespCS256I).
As we showed above, at 2 h cytoskeleton disruption and cell de-
tachment were not detected, but at 6 h these effects were clearly
observed (Fig. 4A). After the infection times, cells were lysed and
analyzed by immunoblotting using anti-fodrin antibodies. As ex-
pected, at 2 h of EPEC infection, the fodrin protein band was

FIG 2 EspC is the main toxic effector that causes cytotoxicity after 3 h of EPEC
infection. HEp-2 cells were infected with either EPEC or EPEC �espC (�espC)
at different times (2, 3, 4, or 5 h). After the infection, cells were treated with
gentamicin to kill bacteria and incubated for 8 h. Infected cells were fixed and
permeabilized. Actin cytoskeleton was stained with rhodamine-phalloidin.
Untreated cells were used as negative controls. Slides were observed by confo-
cal microscopy.
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detected unbroken, as observed in untreated cells or in cells in-
fected with EPEC �espC (Fig. 4A). However, at 6 h of EPEC infec-
tion, the fodrin protein band drastically decreased, and a subprod-
uct of fodrin degradation was detected at around 90 to 120 kDa.
This was not detected in cells infected with EPEC �espC but was
recovered when cells were infected with the complemented EPEC
�espC(pespC) strain. Interestingly, the cleavage of fodrin was not
detected when cells were infected with the EPEC �espC strain
complemented with espC mutated in the serine protease motif
[EPEC �espC(pespCS256I)] (Fig. 4A).

As we have previously shown, EspC is able to cleave GST-
fodrin in vitro (28), which is a 109-kDa recombinant protein con-
taining repeats 8 to 14 of �-fodrin fused to GST; therefore we
decided to perform this degradation assay using purified proteins
in order to investigate the cleavage sites of EspC on fodrin. We
previously reported that according to the GST-fodrin structure/
sequence and the subproducts of fodrin generated (after 1 h, two
subproducts of 72 and 43 kDa; after 4 h, two additional subprod-
ucts derived from the 72-kDa band were detected as 45 and 34
kDa) since only the 72- and 45-kDa bands were detected with

anti-GST antibodies, the N-terminal (28). Thus, we decided to
determine the N-terminal amino acid sequence of the 43- and
34-kDa subproducts from recombinant GST-fodrin since these
fragments do not contain the GST N-terminal amino acids. N-ter-
minal amino acid sequences from these fragments were LAEERS
QLGS for the 43-kDa subproduct and LSAYGSSIQA for the 34-
kDa subproduct (University of California, San Diego, Division of
Biology Protein Sequencer Facility). These data and the sequence

FIG 3 EspC increases the cytotoxicity of rabbit EPEC (REPEC). HEp-2 cells
were infected with either REPEC or REPEC transformed with the espC gene
[REPEC(pespC)] for 3, 4, or 5 h. Infected cells were fixed and permeabilized.
Actin cytoskeleton was stained with rhodamine-phalloidin. Slides were ob-
served by confocal microscopy. FIG 4 EspC cleaves fodrin (alpha II spectrin) within the 11th and 9th repeti-

tive units. (A) Cleavage of epithelial fodrin by EPEC, EPEC �espC, EPEC
�espC(pespC), or EPEC �espC(pespCS256I). HEp-2 cells were infected with the
strains indicated above for 2 or 6 h. Infected cells were lysed, and the proteins
were analyzed by immunoblotting using anti-fodrin antibody. The reaction
was visualized using HRP-labeled rabbit anti-mouse antibodies and developed
using Western blotting chemiluminescence reagent. The subproducts of fo-
drin degradation are indicated with asterisks, and the original fodrin is indi-
cated with an arrow. Samples for all panels are identified at the top of each lane.
(B) Cleavage of GST-fodrin by EspC. Purified GST-fodrin (2.5 �g) was incu-
bated with EspC (1 �g) for 4 h and then separated by SDS-PAGE. Subproducts
of GST-fodrin degradation by EspC containing the amino terminus (43 and 34
kDa) were sequenced. Sequencing of the 43-kDa subproduct showed that the
first cleavage site is localized within the 11th repeat unit, between Q1219 and
L1220, while the 34-kDa subproduct showed that the second cleavage site is
localized within the 9th repeat unit, between D938 and L939.
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of GST-fodrin (Fig. 4B) indicate that EspC cleavage sites in human
fodrin occur within fodrin’s 11th and 9th repetitive units. In the
11th repetitive unit, the cleavage site occurs between Q1219 and
L1220 in helix C close to a CaM binding site, where a Pet cleavage
site is (31), and the second cleavage in the 9th repetitive unit oc-
curs between D938 and L939. According to our analysis in silico, in
the native protein, the first cleavage correspond to a 108-kDa pro-
tein, which matches the subproduct detected in HEp-2 cells seen
between 90 and 120 kDa (Fig. 4A).

EspC-producing EPEC also cleaves other proteins involved
in cell detachment: FAK and paxillin. Since cell detachment
could also be induced by disruption of focal adhesion, we sought
evidence for FAK and paxillin degradation by EspC. HEp-2 cells
were infected for 1, 2, or 6 h with EPEC, EPEC �espC, EPEC
�espC(pespC), or EPEC �espC(pespCS256I); as negative controls,
cells were untreated or infected with EPEC �escN (mutant in the
T3SS, which is unable to translocate EspC into the cells). After
infection, cells were lysed and analyzed by immunoblotting
using anti-FAK antibodies. As expected, the EPEC strain was
unable to cleave FAK at 1 or 2 h of interaction with epithelial
cells, and the FAK protein band was observed, as in untreated
cells. However, at 6 h of infection, the FAK band disappeared,
indicating its degradation by the EPEC strain. Interestingly, FAK
was not degraded when epithelial cells were infected with the mu-
tant in espC (�espC strain). Furthermore, the complemented
strain [EPEC�espC(pespC)] was able to cleave FAK, similar to the
wild-type EPEC, but the complemented strain with the serine pro-
tease motif mutant [EPEC �espC(pespCS256I)] was unable to
cleave FAK. As with fodrin, FAK is cleaved by the serine protease
motif of EspC (Fig. 5A).

On the other hand, HEp-2 cells were infected for 1, 2, or 4 h
with EPEC, EPEC �espC, and EPEC �espC(pespC), and lysed cells
were analyzed by immunoblotting using anti-paxillin antibodies
(Fig. 5B). Paxillin was also cleaved during EPEC infection, and a
35-kDa subproduct (paxillin=) was detected after 4 h; in contrast the
mutant �espC strain was unable to cleave paxillin, and the profile of
paxillin bands was similar to that in untreated cells. Complementa-
tion of the mutant with the espC gene [�espC(pespC) strain] restored
the ability to cleave paxillin, and the subproduct of 35 kDa was also
observed. The complementation strain with the serine protease motif
mutant [�espC(pespCS256I) strain], however, was unable to cleave
paxillin. All the EspC- or EspCS256I-producing EPEC strains were able
to translocate these proteins into the cells, as detected in the cytoplas-
mic fractions (Fig. 5B).

Kinetics of FAK and paxillin cleavage by EspC-producing
EPEC. Since cell detachment occurs between 3 and 4 h of interac-
tion of epithelial cells and EPEC, we hypothesized that FAK and
paxillin cleavage must occur before this phenotype appears. Thus,
we determined the kinetics of FAK and paxillin cleavage by EPEC,
EPEC �espC, and EPEC �espC(pespCS256I). HEp-2 cells were in-
fected at different times (1, 2, 3, 4, and 6 h) with the strains indi-
cated above, and lysed cells were analyzed by immunoblotting
using anti-FAK or anti-paxillin antibodies (Fig. 6). The EPEC
strain was able to cleave FAK in a time-dependent manner, start-
ing at 2 h of infection until 6 h when the FAK band disappeared
(Fig. 6A). However, FAK was not cleaved at any time when cells
were infected with the EPEC �espC or EPEC �espC(pespCS256I)
strain. On the other hand, when immunoblots were probed with
the anti-paxillin antibodies, EPEC also caused the cleavage of pax-
illin in a time-dependent manner starting at 2 h, but a period of 6

h was not enough to completely cleave the paxillin isoforms. How-
ever, a distinct paxillin subproduct of 35 kDa (indicated as paxil-
lin=) was clearly observed beginning at 2 h of infection and up to 6
h of infection (Fig. 6). As with FAK, paxillin bands were not
cleaved at any time when cells were infected with the EPEC �espC
or EPEC �espC(pespCS256I) strain; therefore, no subproduct of
paxillin degradation was seen (Fig. 6B).

Purified EspC is able to cleave immunoprecipitated FAK and
paxillin. Even though EspC-producing EPEC was able to degrade
FAK and paxillin, this effect could either be induced by EspC
through activating host enzymes or result from direct cleavage by
EspC. Therefore, we tested if purified EspC is able to cleave puri-
fied FAK or paxillin. Immunoprecipitated FAK or paxillin was
incubated with purified EspC at different times, and proteins were
analyzed by immunoblotting using anti-FAK, anti-paxillin, or an-
ti-EspC antibodies. EspC was able to cleave FAK from the first 30
s of EspC-FAK interaction. Interestingly, FAK cleavage was easily
detected by the generation of subproducts identified using anti-
bodies against the carboxy terminus or amino terminus of FAK
(Fig. 7). The amino-terminal subproduct of around 90 kDa was

FIG 5 EspC causes FAK and paxillin degradation. (A) FAK degradation.
HEp-2 cells were infected with the strains as indicated at the top of each lane
and for the indicated times. Infected cells were lysed, and proteins were ana-
lyzed by immunoblotting using anti-FAK antibody. The reaction was visual-
ized using HRP-labeled rabbit anti-mouse antibody and developed using
Western blotting chemiluminescence reagent. (B) Paxillin degradation.
HEp-2 cells were infected with the strains as indicated at the top of each lane
and for the indicated times. Infected cells were lysed, and the proteins were
analyzed by immunoblotting using anti-paxillin as described for panel A. Note
EspC detection in the cytoplasmic fraction using anti-EspC antibodies (in the
same blot), indicating EspC translocation into the cells (lower panel).
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clearly detected after 30 s until it disappeared at 15 min of EspC-
FAK interaction, while the carboxy-terminal subproduct of
around 78 kDa increased from 30 s until 5 min, when it was similar
to the 90-kDa amino-terminal subproduct at 30 s. Unlike the 90-
kDa subproduct, the 78-kDa subproduct was not further de-
graded at 15 min. These data and the fact that FAK subproducts of
degradation during the cell infection assays were not observed
indicate that FAK is quickly and completely degraded after its first
cleavage by EspC (Fig. 7). As expected, the purified EspC mutant
(EspCS256I) was unable to cleave FAK; the subproducts of FAK
degradation were not observed, and the protein band was intact,
as in untreated cells (control).

On the other hand, EspC was also able to degrade purified
paxillin (it was immunoprecipitated from HEp-2 cells using anti-
bodies that recognize all isoforms). At 5 min of EspC-paxillin
interaction, a slight difference in the paxillin isoform pattern was
detected in comparison to that of untreated cells (control cells).
This increased at 10 min, and paxillin degradation was clearly
observed at 15 min; �-paxillin was the protein band mainly de-
graded. EspCS256I was unable to cleave paxillin, and the protein
bands were similar to those in untreated cells (Fig. 8). It is clear
that the kinetics of paxillin degradation was different when puri-
fied paxillin was used since the degradation was fast, occurring

before 15 min; therefore the subproduct of 35 kDa is not seen (Fig.
8) because further degradation of it occurs in vitro using purified
proteins.

EspC from EPEC initially cleaves fodrin and then focal adhe-
sion proteins to cause cell detachment. Since both fodrin and
focal adhesion proteins are involved in cell detachment, we de-
cided to investigate which of these events, the cleavage of fodrin or
that of FAK (cytoskeleton disruption or focal adhesion disrup-
tion), triggered the cell rounding before the cell detachment. By
using the same population of cells and probing the same immu-
noblots sequentially with anti-fodrin, anti-FAK or anti-phos-
phorylated FAK, and anti-actin (as a loading control), we deter-
mined the kinetics of protein degradation of FAK and fodrin and,
at the same time, for phosphorylated FAK. As shown in Fig. 9,
during EPEC infection, the first detected event is the degradation
of fodrin, followed by dephosphorylation and degradation of
FAK. The kinetics of fodrin or FAK degradation was not observed
when HEp-2 cells were treated with EPEC �espC or a laboratory E.
coli avirulent strain, HB101. Densitometry analyses showed that,
indeed, fodrin degradation preceded FAK degradation (Fig. 9,
lower panels). After the first hour of infection, fodrin degradation
occurred faster (from 90% to around 40% at 2 h of infection) than
FAK degradation (from 95% to around 90% at 2 h). Then, fodrin

FIG 6 Kinetics of FAK and paxillin cleavage by EspC-producing EPEC strains. HEp-2 cells were infected with the strains indicated at the top of each lane and for
the indicated times. Infected cells were lysed, and the proteins were analyzed by immunoblotting using anti-FAK (A) or anti-paxillin (B) antibodies. The reaction
was visualized using HRP-labeled rabbit anti-mouse antibodies and developed using Western blotting chemiluminescence reagent. Paxillin= indicates a sub-
product from paxillin cleavage.
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decay was linear until 3 h (to 8%), while the linear FAK decay
started at 2 h of infection until 4 h (to 15%). Finally, fodrin was
completely degraded at 4 h, while FAK degradation was prolonged
until 6 h when 8% of FAK still remained.

DISCUSSION

Epithelial cell death is a well-known consequence of EPEC infec-
tion (32–37). Furthermore, in human EPEC infection cases, path-
ological evidence of intestinal damage has been found (17, 18, 38).
In the present study, we have investigated the role of EspC on cell
detachment during EPEC infection. We previously showed that
EspC is an important non-LEE-encoded enterotoxin (20) that is
also capable of causing cytotoxicity in epithelial cells (28). EspC
cytotoxic effects depend on EspC internalization and its serine
protease motif (27, 28). Here, we found that EspC is sufficient to
cause cell rounding, cell detachment, and cell death. These effects
are consequences of fodrin and focal adhesion protein degrada-
tion produced by the serine protease motif of EspC. The sequence
of these events is initiated by fodrin degradation, followed by pax-
illin degradation, FAK dephosphorylation, and FAK degradation.
EspC first cleaves fodrin within its 11th repetitive unit between
Q1219 and L1220 in helix C, close to a CaM binding site, and
immediately EspC also causes cleavage in the 9th repetitive unit
between D938 and L939; these cleavages trigger the cell detach-
ment induced by EPEC, including the focal adhesion disruption.

We have previously shown that purified EspC is able to cause

cytotoxicity in epithelial cells, but a considerable amount of EspC
is needed to cause cell damage (28). However, we have recently
found that EspC is efficiently secreted and delivered into epithelial
cells by concerted cooperation of the T5SS and T3SS (27). Thus,
here we showed that the efficient delivery of EspC by the T3SS is
sufficient to cause cytotoxicity in epithelial cells. EspC-caused cy-
totoxicity is quite effective since an EPEC MOI of 10 for 3 h was
enough to produce cell detachment, an effect that resembles the
cytotoxicity seen in the adhesion pattern or fluorescent actin
staining (FAS) assays (39, 40). Remarkably, an espC isogenic mu-
tant was unable to cause these cytotoxic effects even though the
mutant was able to cause A/E lesions and inject other virulence
factors, and the complementation of this mutant with the espC
gene restored the ability of the bacteria to cause cytotoxicity. This
recovery was also complemented when the isogenic mutant was
interacted with epithelial cells and purified EspC; exogenous EspC
was translocated by the T3SS into the cells (27). However, when
the isogenic mutant was transformed with the espC gene contain-
ing a site-directed mutation (espCS256I) in the serine protease mo-
tif, it was unable to complement the cytotoxic phenotype, sup-
porting the role of this motif in cytotoxicity caused by EspC and
our previous observations using purified protein (28).

The cytotoxic effects caused by an EspC-producing EPEC
strain were characterized by cytoskeleton contraction, cell round-
ing, and cell detachment. The kinetics of cell damage after EPEC
infection for different times, followed by gentamicin treatment for
1 h and incubation for 8 h, showed that EspC-caused toxicity
depends on the time of EspC translocation since the effects are
seen after 2 h of EPEC-epithelial cell interaction; at 3 h, most of the
cells were rounded or detached, and this effect was progressive; at
5 h almost all cells were detached. However, these effects were not
seen in the first hours after cells were infected with the espC iso-
genic mutant, but were present at 5 h, when perhaps other EPEC
effectors are involved. Thus, by using an espC mutant it is possible

FIG 7 Purified EspC directly cleaves immunoprecipitated FAK. HEp-2 cells
were lysed, and protein extracts were incubated with primary antibody anti-
FAK plus protein A-agarose overnight. Immunoprecipitated FAK was incubated
with purified EspC or EspCS256I for 30 s or 1, 5, 10, or 15 min. Reactions were
stopped with Laemmli buffer, and products were separated by SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and analyzed by immunoblotting using anti-
FAK (full-length protein), anti-FAK-NH2, anti-FAK-COOH, and anti-EspC as
primary antibodies and HRP-conjugated anti-isotype secondary antibody. The
reaction was developed using Western blotting chemiluminescence reagent. HC,
heavy chains of antibodies used for the immunoprecipitation (visualized as a load-
ing control).

FIG 8 Purified EspC directly cleaves immunoprecipitated paxillin. HEp-2
cells were lysed, and protein extracts were incubated with the primary antibody
anti-paxillin plus protein A-agarose overnight. Immunoprecipitated paxillin
was incubated with purified EspC or EspCS256I for 5, 10, and 15 min. Reactions
were stopped with Laemmli buffer, and products were separated by SDS-
PAGE, transferred to a nitrocellulose membrane, and analyzed by immuno-
blotting using anti-paxillin as a primary antibody and HRP-conjugated anti-
isotype secondary antibody. The reaction was developed using Western
blotting chemiluminescence reagent. HC, heavy chains of antibodies used for
the immunoprecipitation (visualized as a loading control).
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to have a good model for pedestal formation since several pedes-
tal-like structures were observed without cytotoxic effects over a
long period (more than 10 h). Interestingly, the cell detachment
effect caused by EspC-producing EPEC was mimicked by rabbit
EPEC (REPEC), which does not harbor the espC gene but does
have a T3SS that allows EspC translocation when it is transformed
with the espC gene (27); thus REPEC(pespC) was able to cause
cytotoxicity at the same infection times as the human EPEC wild-
type strain.

We have previously shown that purified EspC is able to cleave
recombinant fodrin in two sites within the molecule (28). Here,
we showed that EspC-producing EPEC is able to cleave epithelial
fodrin but not the espC isogenic mutant or the mutant comple-
mented with the espC gene mutated in the serine protease motif.
These data indicate that fodrin is an intracellular target of EspC.
Since fodrin is a cytoskeletal protein, this explains the cytoskeletal
disruption induced by EPEC that leads to cell detachment and cell
death. However, other EPEC target proteins can also be involved
in cell detachment, such as those involved in focal adhesion. In-
deed, Shifrin et al. showed that EPEC induces cell detachment,
modification of focal adhesion, and dephosphorylation of FAK
and that these events are dependent on a functional T3SS in the
infecting EPEC (41), but the EPEC effector responsible for these
effects was not reported. Here, we showed that EspC-producing
EPEC, but not an espC isogenic mutant, is able to cleave two main
focal adhesion proteins, FAK and paxillin, and that the serine mo-

tif of EspC was essential to complement these phenotypes, as well
as the T3SS, which allows EspC translocation. Interestingly, pax-
illin and FAK cleavage by EspC-producing EPEC preceded the cell
detachment that started around 2 h after infection and increased
with time until total degradation occurred, at around 6 h. In ad-
dition, our data suggest that paxillin cleavage occurs before FAK
cleavage but that FAK is more susceptible than paxillin to degra-
dation by the serine protease motif of EspC. Since fodrin and FAK
are also cleaved during cell death by caspase and calpain (reviewed
in reference 42), which might be induced by EspC, we showed here
that purified EspC, but not EspCS256I, is able to cleave immuno-
precipitated paxillin and FAK in vitro. Fortunately, the EspC-FAK
interaction in vitro allowed us to detect amino- and carboxy-ter-
minal degradation subproducts by using antibodies against either
of these ends, suggesting that further FAK degradation in the cells
could be occurring by means of other host proteases. It is worth
mentioning that EspC is the most prominent protein secreted by
EPEC before the T3SS translocator proteins (25), and unlike other
cytotoxic LEE effectors, such as EspF, Map, and EspH (32, 43, 44),
EspC is not subject to the T3SS timing for its secretion (45). On the
other hand, the paxillin 35-kDa subproduct detected during EPEC
infection, which appears to be derived from �-paxillin, was not
detected during the EspC-paxillin interaction in vitro, where the
main degraded isoform was �-paxillin. This suggests that the
availability (or exposure) of paxillin is important for its proteo-
lytic processing.

FIG 9 EspC-producing EPEC initially cleaves fodrin and then causes focal adhesion disruption by dephosphorylation and cleavage of FAK. HEp-2 cells were
infected with EPEC (E2348/69), EPEC �espC, and HB101 (MOI 10) at different times. Cells were lysed, and protein extracts were separated by SDS-PAGE and
transferred to a nitrocellulose membrane. Protein degradation was analyzed by immunoblotting using anti-FAK, anti-fodrin, anti-pFAK (Tyr 397), and
anti-actin as primary antibodies and HRP-conjugated anti-isotype secondary antibody. The reaction was developed using Western blotting chemiluminescence
reagent. Lower panels show densitometry data of protein bands from three independent experiments, which were performed to compare the decay kinetics of
fodrin and FAK.
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Since both the cytoskeletal fodrin protein and focal adhesion
FAK protein are involved in cell detachment, we showed here that
fodrin cleavage triggers paxillin degradation, FAK dephosphory-
lation, and FAK degradation. Therefore, EspC is a cytoskeletal
toxin that cleaves fodrin, and this event is followed by adhesion
focal disruption, events that result in cell rounding and cell de-
tachment. Thus, the focal adhesion disruption phenotypes pro-
duced by EPEC previously detected (41) appear to be a conse-
quence of fodrin degradation by EspC.

In summary, we have demonstrated that during EPEC infec-
tion, EspC is secreted by the T5SS, and then it is efficiently trans-
located into host cells by the T3SS (27). Once inside the cells, EspC
is able to cleave fodrin in two sites (within the 11th repetitive unit
between Q1219 and L1220 and then within the 9th repetitive unit
between D938 and L939), which leads to focal adhesion disrup-
tion including paxillin degradation and FAK dephosphorylation
and degradation. This cascade of events results in the cell round-
ing and cell detachment that lead to cell death.
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