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Abstract

Enterohemorrhagic Escherichia coli (EHEC) Sakai strain encodes two homologous type Il effectors, EspO1-1 and EspO1-2.
These EspO1s have amino acid sequence homology with Shigella OspE, which targets integrin-linked kinase to stabilize
formation of focal adhesions (FAs). Like OspE, EspO1-1 was localized to FAs in EHEC-infected cells, but EspO1-2 was localized
in the cytoplasm. An EHEC AespO1-1AespO1-2 double mutant induced cell rounding and FA loss in most of infected cells,
but neither the AespO7-1 nor AespO71-2 single mutant did. These results suggested that EspO1-2 functioned in the
cytoplasm by a different mechanism from EspO1-1 and OspE. Since several type Il effectors modulate Rho GTPase, which
contributes to FA formation, we investigated whether EspO1-2 modulates the function of these type Ill effectors. We
identified a direct interaction between EspO1-2 and EspM2, which acts as a RhoA guanine nucleotide exchange factor. Upon
ectopic co-expression, EspO1-2 co-localized with EspM2 in the cytoplasm and suppressed EspM2-mediated stress fiber
formation. Consistent with these findings, an AespO1-1AespO7-2AespM2 triple mutant did not induce cell rounding in
epithelial cells. These results indicated that EspO1-2 interacted with EspM2 to regulate EspM2-mediated RhoA activity and
stabilize FA formation during EHEC infection.
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Introduction

Enterohemorrhagic Escherichia coli (EHEC) strains are important
human pathogens, causing hemorrhagic colitis and hemolytic-
uremic syndrome [1-3]. When EHEC colonizes the host intestine,
it induces attaching and effacing (A/E) lesions. A/E lesions are
characterized by loss of intestinal brush-border microvilli following
intimate attachment of bacteria to intestinal epithelial cells. The
characteristic actin condensation beneath the bacteria, resulting in
formation of pedestal-like protrusions from the host cells, induces
the intimate attachment [4]. The A/E lesions are dependent on
delivery of bacterial virulence proteins, termed type III effectors,
into host cells through a type III secretion system (T3SS). Type III
effectors and the T3SS are highly conserved in many entero-
pathogenic bacteria. Some homologous type III effectors, found in
EHEC, enteropathogenic E. coli (EPEC), Citrobacter rodentium,
Shigella spp. and Salmonella spp., have been shown to have similar
functions [5-7]. During infection, EHEC takes over various cell
functions to facilitate bacterial colonization, multiplication and
survival within the host by the use of type III effectors to
reorganize the host cytoskeleton, modulate Rho GTPase signaling,
inhibit apoptosis, and interfere with inflammatory signaling

PLOS ONE | www.plosone.org

pathways and phagocytosis. Genes of T3SS and some type III
effectors and their regulators in EHEC are encoded i a patho-
genicity island termed the locus of enterocyte effacement (LEE)
[1-3,8,9]. In addition, some type III effector genes are encoded at
chromosomal loci outside the LEE and are termed non-LEE-
encoded effectors (Nles) [8,10]. The genetic structure and function
of the LEE region are well-conserved in several intestinal
pathogens that induce A/E lesions; i.e., EHEC, EPEC, C. rodentium
[11].

The members of the Rho GTPase family act as key regulators to
control the organization of the actin cytoskeleton in eukaryotic
cells. Rho GTPases cycle between an active GTP- and inactive
GDP-bound state. The Rho GTPase state is controlled by
regulatory proteins, such as guanine nucleotide exchange factors
(GEFs) that catalyze the exchange of GDP by GTP to activate
Rho, guanine nucleotide dissociation inhibitors (GDISs) that inhibit
GDP release to keep Rho inactive, and G'TPase activating proteins
(GAPs) that increase the rate at which Rho hydrolyzes GTP and
consequently is inactivated. Activated Rho GTPase interacts with
cellular effector proteins that induce reorganization of the actin
cytoskeleton followed by changes in cell shape, cell polarity, cell
movement, and cytokinesis [12,13]. In addition, the Rho GTPase-
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effector protein interaction drives a large variety of biological
responses, including transcriptional regulation, chemotaxis, axonal
guidance, cell cycle progression, cell adhesion, oncogenic trans-
formation, and epithelial wound repair [14-16] Several type III
effectors of A/E pathogens can modulate Rho GTPases and their
signaling pathways. A/E pathogen effectors Map, EspM and EspT
modulate the signaling pathways of Cdc42, RhoA and Racl/
Cdc4?2 that trigger formation of filopodia, stress fibers and
membrane ruffles/lamellipodia, respectively [17-19] In contrast
to this direct modulation of Rho GTPase signaling pathways by
Map, EspM and EspT, A/E pathogen effector EspG modulates
Rho GTPase signaling pathways by indirectly modulating Rho
GTPase signaling pathways. EspG homologs disrupt microtubule
networks and induce release of a RhoA-specific guanine nucleotide
exchange factor, GEF-H1, from the disrupted microtubules. The
released GEF-H1 activates RhoA [20].

In this study, we investigated EspO1-1 and EspO1-2, which are
OspE homologs in the EHEC Sakai strain. Shigella OspE targets
integrin-linked kinase (ILK) at focal adhesions (FAs) to reinforce
epithelial cell adherence to the extracellular matrix (ECM) [21].
Since EspO1-1 has limited amino acid similarity to EspO1-2, we
investigated whether the EHEC OspE homologs might have
different mechanisms for affecting host cell functions. Although
EHEC EspO1l-1 can localize at FAs in infected cells, EspO1-2
seems to be distributed in the cytoplasm. We investigated EspO1-2
localization, binding interactions and function in epithelial cells
during infection with the EHEC Sakai strain.

Results

EspO1-1 and EspO1-2 Stabilize FAs and the Actin
Cytoskeleton in EHEC-infected Cells

A recent study showed that OspE, a Shigella type III effector,
interacts with ILK to interfere with FA disassembly [21]. Several
OspE homologs found in Shigella, Salmonella and EHEC strains
were shown to have a similar function [21]. The EHEC Sakai
strain secretes two OspE homologs, EspOl-1 and EspO1-2
(Fig. 1A). However, these two EspOls might be functionally
distinct from each other, and perhaps from the OspEs, because the
amino acid sequence identity of the two EspOls (59%) was much
lower than that of the two Shigella OspEs (98%) (Fig. 1A). To
investigate this idea, we first examined the effect of EspO1-1 and
EspO1-2 on cell rounding of EHEC-infected cells, which involves
FA disassembly and cell detachment from the culture-dish.
Epithelial cells were infected with single and double deletion
mutants of EHEC Sakai espO7-1 and espO1-2 for 4 h and then
stained with Giemsa. Like the wild-type (WT) strain, the AespOI-1
and AespOI-2 single mutants and the AespOI-1AespOI-2 double
mutant adhered to epithelial cells and formed microcolonies
(Fig. 1B). While WT-infected cells showed spread cell morphology
like uninfected cells, cell rounding was induced in >80% of the
AespO1-1AespO1-2 double mutant-infected cells (Figs. 1B and C).
In contrast, cell rounding of AespOI-1 and AespO1-2 single mutant-
infected cells was induced in <30% of infected cells (Figs. 1B and
Q).

Based on these results, we examined the effect of EspO1-1 and
EspO1-2 on FAs and the actin cytoskeleton in EHEC-infected
cells. To visualize FAs and actin, infected cells were fluorescence-
stained with anti-vinculin antibody and phalloidin, respectively.
FAs were observed in cells infected with the WT strain, the
AespO1-1 mutant and the AespOI-2 mutant, but were reduced in
AespOI-1AespO1-2 double mutant-infected cells (Fig. 1D and S1).
In addition, although AespOl-1 and AespOI-2 single mutant-
infected cells showed formation of actin filaments similar to W'T-
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infected cells, AespOI-1AespO1-2 double mutant-infected cells
showed actin condensation and disruption of the actin cytoskeleton
(Fig. 1D). These results indicated that both EspO1-1 and EspO1-2
additively stabilized FAs and the actin cytoskeleton to prevent
detachment of EHEC-infected cells from the culture dish.

EspO1-1 Localizes at FAs and EspO1-2 Localizes in the
Cytoplasm of EHEC-infected Cells

Although cell rounding of AespOI-1 and AespOI-2 single
mutant-infected cells was induced in <30% of infected cells, the
rate was greater than the rate of cell rounding of WT-infected cells
(Fig. 1C). This result suggested that secretion of either EspO1-1 or
EspO1-2 alone was not sufficient to attach infected cells to
a culture dish. This suggested that EspO1-1 and EspO1-2 might
target the same intracellular factor in EHEC-infected cells and, by
interacting with the same intracellular factor, act cooperatively to
stabilize FA formation and actin cytoskeleton structure. To
examine this possibility, we tried to confirm that both EspOl
proteins were recruited to FA, the intracellular location where
OspE acts in infected cells. An EHEC AespO1-1AespOI-2 double
mutant carrying plasmid pEspO1-1-HA or pEspOI1-2-HA was
used to determine the location of secreted HA-tagged EspO1-1
(EspO1-1-HA) or EspO1-2 (EspO1-2-HA), respectively, in in-
fected cells (Figs. 2A and B). Immunoblot analyses with anti-HA
antibody showed that these strains secreted equivalent amounts of
EspO1-1-HA and EspO1-2-HA into the culture supernatant (data
not shown). Epithelial cells were infected with these strains for 4 h
and immunofluorescence-stained with anti-HA antibody (Figs. 2A
and B). EspO1-1-HA accumulated strongly at the ends of actin
filaments and at FA sites, as visualized by FAK staining, in the
infected cells. However, EspOI1-2-HA was scattered in the
cytoplasm, not at the ends of actin filaments, and accumulated
strongly at places other than the ends of actin filaments or FA sites
in the infected cells. This indicated that EspO1-2 might function
without FA localization in infected cells. This possibility was
supported by the observation that cells infected with the AespO1-
1AespO1-2 double mutant carrying pEspO1-2-HA maintained
a spread cell morphology without EspO1-1 (Figs. 2A and B). In
addition, localization of both EspO1-1-HA and EspO1-2-HA was
similar to that in cells infected with EHEC WT and the AespOI-1
and AespOI-2 single mutants carrying plasmid pEspO1-1-HA or
pEspO1-2-HA (Figs. 2C, D and E). These results suggested that
EspO1-1 could function at FAs in EHEC-infected cells as Shigella
OspE does, and that EspO1-2 could function in the cytoplasm.

EspO1-2 Binds Directly to the EspM2 Type Il Effector
OspE homologs in EHEC and S. typlimurium have been shown
to interact with ILK i wvitro and to localize at FAs after ectopic
expression [21]. We confirmed that EspO1-1 and EspO1-2 bound
to ILK w vitro (Fig. S2A), and that ectopically expressed EspO1-1
and EspO1-2 localized at FAs in uninfected cells (Fig. S2B).
However, the increase in the number of FAs by EspO1-2 was less
than that by EspO1-1 (Fig. S2C) and FA localization of EspO1-2
was small in the number compared with that of EspOl-1 (IFig.
S2B). Since EspO1-2 secreted into EHEC-infected cells localized
in the cytoplasm, EspO1-2 might act in the cytoplasm to stabilize
FAs and actin filaments. This suggested that EspO1-2 might
mteract with a factor other than ILK. Since stabilization of FAs
and actin filaments is regulated by a Rho GTPase signaling
pathway, EspO1-2 may be involved in regulation of Rho GTPase
signaling in EHEC-infected cells. EHEC delivers several type III
effectors (e.g., MAP, EspM1, EspM2 and EspG) into host cells to
modulate Rho GTPase [17,18,22,23]. Therefore, we investigated
whether EspO1-2 might modulate the function of these type III
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Figure 1. EspO1-1 and EspO1-2 stabilize FAs and the actin cytoskeleton in EHEC-infected cells. (A) Alignment of OspE2 homologs EspO1-
1 and EspO1-2 in EHEC strain Sakai. EspO1-1 and EspO1-2 have 59% amino-acid sequence identity, and also have extensive homology with OspE2
(29% and 25% amino acid sequence identity to OspE2, respectively). Asterisks indicate amino acid residues that are conserved in either OspE1 and
OspE2 or in EspO1-1 and EspO1-2. Black highlight indicates an amino-acid residue conserved in both OspE1 and OspE2 and either EspO1-1, EspO1-2,
or both EspO1-1 and EspO1-2. Arrowhead indicates the tryptophan, which is involved in ILK binding, at amino acid residue 77 of EspO1s and residue
68 of OspEs. (B) Morphological change in Hela cells uninfected or infected with EHEC. HeLa cells were infected with EHEC wild-type (WT), an AespO1-
1 mutant (AespO1-1), an AespO1-2 mutant (AespO71-2), an AespO1-1AespO1-2 double mutant (AespO7-1AespO1-2), an AespO1-1AespO1-2/pEspO1-1 or
an AespO1-1AespO1-2/pEspO1-2. At 4 h post-infection, the cells were fixed and Giemsa-stained. (C) Percent cell rounding in cells infected by WT,
AespO1-1AespO1-2, AespO1-1 or AespO1-2 shown in (B) and quantified (>50 cells, n=3). Data are the mean and S.D. *P<<0.001. The percent of cell
rounding of uninfected cells was <3%. (D) Formation of actin filaments and focal adhesions (FAs) in Hela cells infected with EHEC. Hela cells were
infected with WT, AespOT1-1AespO1-2, AespO1-1 or AespO1-2. At 4 h post-infection, the cells were fixed and processed for confocal laser scanning
microscopy using rhodamine-phalloidin to visualize actin filaments (red), anti-vinculin antibody to visualize FAs (green), and DAPI to visualize DNA/
chromosomes (blue).

doi:10.1371/journal.pone.0055960.g001
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Figure 2. Localization of EspO1-1 and EspO1-2 in EHEC-infected cells. (A) Hela cells were infected with AespO1-1AespO1-2 carrying pK19-
HA or AespO1-1AespO1-2 carrying a plasmid with the gene for either HA-tagged EspO1-1 (pEspO1-1-HA) or EspO1-2 (pEspO1-2-HA) and, at 4 h post-
infection, were analyzed by immunofluorescence staining. Cells infected with AespO1-1AespO7-2 carrying pEspO1-1-HA or AespO7-1AespO1-2
carrying pEspO1-2-HA were processed for confocal laser scanning microscopy using Alexa 488-conjugated phalloidin to visualize actin filaments
(green), and anti-HA antibody to visualize HA-tagged proteins (red). (B) HelLa cells were infected with WT carrying pK19-HA, or AespO1-1AespO1-2
carrying pK19-HA, pEspO1-1-HA or pEspO1-2-HA. Epithelial cells were infected with these strains for 4 h and immunofluorescence-stained with anti-
FAK antibody to visualize focal adhesions (green) and anti-HA antibody (red). (C) HeLa cells were infected with WT carrying pK19-HA, pEspO1-1-HA or
pEspO1-2-HA. (D) Hela cells were infected with AespO17-1 carrying pK19-HA or pEspO1-1-HA. (E) Hela cells were infected with AespO1-2 carrying
pK19-HA or pEspO1-2-HA. Epithelial cells were infected with these strains for 4 h and immunofluorescence-stained with Alexa 488-conjugated
phalloidin (green) and anti-HA antibody (red).

doi:10.1371/journal.pone.0055960.9g002

effectors to control Rho G'TPase signaling during EHEC infection EspM2 or EspG were used in binding assays with glutathione-S-
by testing whether EspO1-2 interacted directly with these type III transferase (GST)-tagged EspO1-2 (GST-EspO1-2). The proteins
effectors. Lysates of cells expressing Flag-tagged MAP, EspM1, bound to GST-EspO1-2 were analyzed by immunoblotting with
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an anti-Flag antibody. The results showed that EspO1-2 bound to
EspM2, but not to MAP, EspM1 or EspG (Fig. 3A). To further
map the EspM2-binding site in EspO1-2, a series of truncated
EspO1-2 peptides fused to GST was prepared and used in binding
assays with cell lysate expressing Flag-tagged EspM2. The analysis
showed that the EspO1-2 C-terminal region (residues 61-93) was
required for binding to EspM2 (Fig. 3B).

To demonstrate the interaction between EspO1-2 and EspM2
in epithelial cells, we investigated the localization of ectopically
expressed red fluorescent protein-tagged EspO1-2 (RFP-EspO1-2)
and green fluorescent protein-tagged EspM2 (GFP-EspM2) in
epithelial cells. When transfected into epithelial cells, RFP-EspO1-
2 co-localized with GFP-EspM2 in the cytoplasm at 72 h post-
transfection (Fig. 3C). Immunostaining with vinculin showed that
RFP-EspO1-2 localized at FAs (Fig. S2B). In cells expressing RFP-
EspO1-2 N-terminal region (1-60 aa) and GFP-EspM2, RFP-
EspO1-2 1-60aa was not co-localized with GFP-EspM2 at 72 h
post-transfection. GFP-EspM2 was distributed throughout the
cytoplasm at 72 h post-transfection, as previously reported [23].
These results indicated that EspO1-2 interacted with EspM2 in
the cytoplasm, rather than at FAs. We also did immunoprecip-
itation assays using cell lysate co-expressing GIFP-EspM2 and
RFP-EspO1-2, but were unable to confirm an interaction between
GFP-EspM2 and RFP-EspO1-2 because no specific GFP-EspM2
or RFP-EspO1-2 band could be detected due to the presence of
non-specific bands in the western blot assays.

Interaction between EspO1-2 and EspM2 Inhibits
Formation of Stress Fibers Induced by EspM2

EspM2 has RhoA GEF activity and induces formation of stress
fibers on both EHEC: infection of host cells and ectopic expression
of EspM2 [22]. To determine the functional significance of the
interaction between EspO1-2 and EspM2 in epithelial cells, we
investigated the effect of EspO1-2 on the formation of stress fibers
induced by EspM2. Epithelial cells transfected with EspM2 and/
or EspO1-2-expression vectors were fixed at 72 h post-transfection
and stained with rhodamine phalloidin to visualize actin (Fig. 4A,
upper panels) and the formation of stress fibers was determined as
previously reported [22]. Stress fiber formation was induced in
38% of cells transfected with only the EspM2-expression vector
(Fig. 4A, lower graph). However, formation of stress fibers
decreased to approximately 10% of cells transfected with both
EspM2 and EspO1-2 expression vectors. The formation of stress
fibers in cells transfected with only the EspO1-2-expression vector
was almost the same as in mock-transfected cells. These results
indicated that EspO1-2 suppressed the formation of stress fibers
induced by EspM2 in epithelial cells.

In addition, we tried to eliminate the effect of interaction
between EspO1-2 and host ILK on formation of stress fibers. An
OspE mutant with an amino-acid substitution for tryptophan (Trp)
at residue 68 is unable to interact with ILK and localize to FAs
[21]. Based on the sequence alignment, the Trp amino acid is
conserved in the C-terminal region of EspO1-2 at residue 77
(Trp77) (Fig. 1A, arrowhead). Therefore, to first examine the effect
of EspO1-2 Trp77 on interaction with EspM2, interaction assays
were done using GST-EspO1-2 with an alanine (W77A) or
histidine (W77H) substitution at EspO1-2 Trp77 (Fig. 4B). The
assays made no distinction between direct and indirect interac-
tions. EspO1-2 W77A and W77H did not interact with ILK, in
agreement with a previous report [21]. However, the mutants did
interact with EspM2 (Fig. 4B). This suggests that EspM2 and ILK
may interact with a different region of EspOl-2. Next, we
examined the effect of EspO1-2 W77A and W77H on formation
of stress fibers using epithelial cells transfected with EspM2 and/or
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Figure 3. Interaction of EspO1-2 with EspM2. (A) GST-EspO1-2
binding assays were performed using cell lysates expressing Flag-
tagged Map, EspM2, EspM2 or EspG. Proteins that bound to GST-EspO1-
2 and GST-alone were analyzed by SDS-PAGE followed by immuno-
blotting with anti-Flag antibody. (B) To map the EspM2-binding site in
EspO1-2, a series of truncated GST-EspO1-2 peptides was used in
binding assays with cell lysate expressing Flag-tagged EspM2. (C) Co-
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Figure 4. Interaction between EspO1-2 and EspM2 inhibits formation of stress fibers induced by EspM2. (A) Hela cells transfected with
PREP, pRFP-EspO1-2, pRFP-EspO1-2 W77A or pRFP-EspO1-2 W77H and pEGFP or pEGFP-EspM2 were immunostained with Alexa 350-conjugated
phalloidin to visualize actin filaments and stress fibers (upper panels). Percent of transfected cells in which formation of dense stress fibers, as shown
in the upper right panel, was induced (lower graph). (B) To investigate the effect of the EspO1-2 Trp77 residue on EspM2 binding, GST-EspO1-2 W77A
and GST-EspO1-2 W77H, each with an amino acid substitution for EspO1-2 Trp77, were used in binding assays with cell lysate expressing Flag-tagged

EspM2.
doi:10.1371/journal.pone.0055960.9g004

EspO1-2 W77A or W77H-expression vectors. The formation of
stress fibers in cells transfected with EspM2 and either EspO1-2
W77A or W77H-expression vectors decreased to about 20% of the
transfected cells (Fig. 4A, lower graph). Taken together, these
results suggested that EspOl-2 interacted with EspM2 and
inhibited the GEF activity of EspM2 that activated the RhoA
signaling pathway.

Enhancement of EspM2-mediated RhoA Signaling
Activity Induces Cell Rounding

Epithelial cells infected by EHEC with an espO1-2 deletion were
expected to show enhancement of RhoA signaling activity due to
the sustained RhoA GEF activity of EspM2. Therefore, we
examined the level of RhoA activity in cells infected with the
AespOI-1AespO1-2 double mutant and the AespO1-1 and AespO1-2
single mutants. Epithelial cells were infected with the EHEC WT,
AespO1-1AespOI-2 double mutant or AespOl-1 and AespOI-2
single mutants, and at 1 and 3 h post-infection an active form of
RhoA (GTP-RhoA) in the lysates of infected cell samples was
precipitated with the Rho binding domain (RBD) of rhotekin,
which only binds GTP-RhoA. The amount of GTP-RhoA and
total RhoA were determined by immunoblotting with anti-RhoA
antibody. The amount of GTP-RhoA in WT-infected cells was
comparable to that of uninfected cells at 1 h post-infection and
increased at 3 h post-infection (Fig. 5A): the 3 h result was in
agreement with that previously reported [20]. The amount of
GTP-RhoA in the AespO1-1AespO1-2 double mutant-infected cells
at 1 h post-infection was comparable to that in WT- and
uninfected cells and was greater than that in WT-infected cells
at 3 h post-infection (Fig. 5A). Therefore, the increase in RhoA
signaling activity occurred significantly after the 1 h of EHEC
infection in AespO1-1AespO1-2 double mutant-infected cells rather
than in WT-infected cells. The amount of GTP-RhoA in the
AespOI-1 single mutant-infected cells at 1 and 3 h post-infection
was lower than that in WT- and uninfected cells at 1 and 3 h post-
infection. The amount of GTP-RhoA in the AespOI-2 single
mutant-infected cells at 1 h post-infection was greater than that in
the AespOI-1 single mutant-infected cells at 1 and 3 h post-
infection and comparable to that in WT- and AespO1-1AespO1-2
double mutant-infected cells at 1 h post-infection. The amount of
GTP-RhoA in the AespOI-2 single mutant-infected cells at 3 h
post-infection was comparable to that in AespOI-1AespO1-2 double
mutant-infected cells at 3 h post-infection. These results indicate
that the amount of the GTP-RhoA in the AespOl-1AespOl-2
double mutant-infected cells at 1 and 3 h post-infection might be
influenced by the absence of EspO1-2 rather than EspO1-1.

Since cell rounding was induced in AespOI1-1AespO1-2 double
mutant-infected cells (Fig. 1B), we examined whether the increase
in RhoA signaling activity in double mutant-infected cells played
a role in cell rounding. Therefore, we treated epithelial cells with
Y27632, a specific inhibitor of ROCK (a downstream effector of
RhoA), to block RhoA-ROCK signaling activity in infected cells.
Epithelial cells were treated with Y27632 for 1 h, infected with the
AespOI-1AespO1-2 double mutant, and at 4 h post-infection were
fixed and Giemsa-stained. Y27632 treatment had no affect on
bacterial attachment to epithelial cells or on the formation of
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bacterial microcolonies (Fig. 5B). However, cell rounding was not
induced in AespO1-1AespO1-2 double mutant-infected cells treated
with Y27632 (Fig. 5B). This result indicated that Y27632 blocked
the RhoA signaling that was activated in AespOIl-1AespOl-2
double mutant-infected cells. In order to examine whether RhoA
is involved in cell rounding, we used epithelial cells transfected
with dominant-negative RhoA (T19N). The cells at 48 h post-
transfection were infected with the AespOI-1AespOI-2 double
mutant for 4 h. Expression of RhoA T19N was confirmed by
increased GFP-tagged RhoA TI9N using fluorescent confocal
microscopy (data not shown). Cell rounding was not induced in
AespOI-1AespO1-2 double mutant-infected cells expressing RhoA
TI19N (Fig. 5C). Therefore, these results showed that RhoA
signaling activity contributed to cell rounding.

EspO1-2 Regulates the EspM2-mediated RhoA Signaling
Pathway during EHEC Infection

Since EspM2 activates the RhoA signaling pathway in EHEC-
infected cells [22], EspM2 might act as a trigger for cell rounding
in AespOI-1AespOI-2 double mutant-infected cells. To examine
the contribution of EspM2 to cell rounding, epithelial cells were
infected with an AespM2 single mutant or the AespM2AespOl-
1AespO1-2 triple mutant and cell morphology was examined at 4 h
post-infection. Both mutants adhered to epithelial cells and formed
dense microcolonies on the cell surface, similar to the EHEC WT
and AespO1-1AespOI-2 double mutant strains (Fig. 6A). Since cells
that were rounded by infection with the AespOI-1AespO1-2 double
mutant showed disruption of filamentous actin and of the actin
cytoskeleton structure (Fig. 1D), the AespM2 and AespM2AespO1-
1AespO1-2 triple mutant-infected cells were stained with rhoda-
mine phalloidin to visualize actin. Cell rounding was induced in
52% of AespOI-1AespO1-2 double mutant-infected cells and the
actin cytoskeleton structure was disrupted (Figs. 6A and B).
However, only 12% of AespM2AespOI-1AespOl1-2 triple mutant-
infected cells were rounded. This indicated that the triple mutant
infection inhibited cell rounding and actin cytoskeleton structure
disruption (Figs. 6A and B). Cell rounding and actin cytoskeleton
structure disruption were not induced in AespAM2 mutant-infected
cells (Fig. 6A). These results together suggested that EspO1-2
interacted with EspM2 to control EspM2-mediated RhoA
signaling activity, thereby maintaining cell morphology and
preventing cell detachment from the extracellular matrix by
stabilizing FAs and the actin cytoskeleton during EHEC infection
(Fig. 7).

Discussion

In this study, we demonstrated a novel function for EHEC Sakai
strain EspO1-2, a homolog of Shugella OspE. We also showed that
EspO1-1 had a similar function to OspE. This was consistent with
a recent finding that OspE homologs in EHEC, EPEC, C.
rodentium, Shigella spp. and Salmonella spp. interact with ILK and
interfere with FA disassembly [21]. However, EspO1-2 was found
to interact with EspM2 to modulate host RhoA activity in EHEC-
infected cells. EspM2 has Rho GEF activity and is involved in
RhoA activation, pedestal formation and tight junction localiza-
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Figure 5. Enhancement of RhoA signaling activity induces cell rounding. (A) Involvement of EspO1-1 and EspO1-2 in the RhoA-ROCK
signaling pathway in EHEC-infected cells. HeLa cells were infected with the EHEC WT, an AespO1-1AespO1-2 double mutant, an AespO17-1 mutant or
an AespO71-2 mutant. At 1 and 3 h post-infection, a sample of cells was lysed and GTP-RhoA, the active form of RhoA, was co-precipitated with the
GST-Rho binding domain (RBD) of rhotekin. The amount of RhoA bound to RBD (GTP-RhoA) and total RhoA in each cell lysate was analyzed by
immunoblotting with anti-RhoA antibodies. The intensity of bands was quantified using the Image J program, and the results are expressed as fold
increases in the ratio for GTP-RhoA/Total RhoA in uninfected cells (n=3). (B) Effect of the ROCK inhibitor Y27632 on the morphological change of
EHEC-infected cells. Untreated Hela cells and Hela cells treated with Y27632 for 1 h were infected with EHEC WT or the AespO1-1AespO1-2 double
mutant. At 3 h post-infection, the cells were fixed and stained with Giemsa. The percent of cell rounding in cells infected by WT or AespO1-1AespO1-2
was quantified (>50 cells, n=3). (C) Effect by expression of dominant-negative RhoA (T19N) in transfected cells on the morphological change of
EHEC-infected cells. Hela cells transfected with GFP or GFP-tagged RhoA T19N were infected with EHEC WT or the AespO7-1AespO1-2 double mutant
at 48 h post-transfection. At 3 h post-infection, the cells were fixed and stained with Giemsa. The percent of cell rounding in cells infected by WT or
AespO1-1AespO1-2 was quantified (>50 cells, n=3).

doi:10.1371/journal.pone.0055960.g005

tion in EHEC-infected cells [22]. Our results showed that EspO1-
2 inhibited EspM2-mediated activation of host RhoA signaling. In
host epithelial cells, activated RhoA promotes disruption of cell

significance of EspM2 function in EHEC-infected cells remains
unknown, activation of RhoA by EspM2 in EHEC-infected
epithelial cells could result in serious disruption of host intestinal

epithelia and development of pathogenic sequelae. This suggestion
was supported by a report that a murine infection model for A/E

polarity and the epithelial barrier followed by epithelial cell
detachment from the intestine [24]. Although the biological
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Figure 6. Contribution of EspM2 to cell rounding and actin cytoskeleton structure disruption in the infected cells. (A) Hela cells were
infected with an AespO1-1AespO1-2AespM?2 triple mutant and, at 4 h post-infection, stained with rhodamine-phalloidin to visualize actin filaments. (B)
The percent of cells shown in (A) in which cell rounding was induced and the actin cytoskeleton was disrupted was quantified (>50 cells, n=3). Data
are the mean and S.D. *P<<0.001.

doi:10.1371/journal.pone.0055960.9006
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pathogens, a highly susceptible CH3/HeJ mouse strain, showed
that a C. rodentium espM2 mutant was shed at significantly lower
levels and caused less mortality than wild-type C. rodentium,
indicating that EspM2 contributes to C. rodentium virulence [25]. In
host defense against bacterial infection, disruption of host intestinal
epithelia induced by bacterial infection promotes elimination of
bacteria and prevents infection from spreading in the host. Our
results suggested that secreted EspO1-2 interacted with EspM2 in
infected cells to minimize disruption of host cell functions induced
by infection, while EHEC created a host cell environment suitable
for colonization. Furthermore, our results indicated that a type III
effector might interact with another type III effector to modulate
the effector’s function in infected cells, although a large majority of
experimentally analyzed type III effectors target host proteins to
modulate their functions in host cells.

A number of bacterial effectors or toxins capable of modulating
the host Rho pathway have been reported. A recent study showed
that a type III effector targets host Rho GEF to modulate the Rho
GTPase signaling pathway (Dong et al, 2010). EspH binds
directly to the Dbl homology-pleckstrin homology (DH-PH)
domain in several Rho GEFs. The DH-PH domain catalyses
Rho GTPase nucleotide change. EspH bound to the DH-PH
domain prevents GEF binding to Rho GTPase, thereby inhibiting
nucleotide exchange-mediated Rho GTPase activation [26].
EspM2 does not have sequence homology to a DH-PH domain.
There have been no reports of EspH bound to EspM2 so far. In
general, a Rho GEF-Rho G'TPase complex is dissociated by GTP
or GDP. However, such exogenous nucleotides do not dissociate
the EspM2-RhoA complex [17,18,22,23]. These results indicated
that EspM2 bound to RhoA by a unique mechanism and that the
function of the EspM2-RhoA complex was not blocked by GTP-
GDP exchange. Therefore, the interaction between EspO1-2 and
EspM2 appeared to play an important role in a bacterial novel
mechanism for controlling the RhoA activity.
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We showed that cell rounding of AespOI-1AespOI-2 double
mutant-infected cells was induced by EspM2-mediated RhoA
activity. Disruption of the actin cytoskeleton and loss of FAs were
observed in many rounded infected cells. Stress fibers and FAs are
known to be functionally interactive structures [27-31]. FAs
initiate the elongation of stress fibers [28]. The formation of stress
fibers connected to FAs organizes contractile actomyosin bundles
and actin assembly in response to RhoA [32,33]. The tension
generated by stress fibers enhances the growth of mechanosensitive
FAs. Interestingly, high RhoA activity and increased actomyosin
contractility have been reported to be an important ‘trigger’ for
promoting FA disassembly at the cell trailing edge [34]. EspM2-
mediated Rho activity can enhance the formation of stress fibers.
Hence, FA growth should increase in rounded infected cells, but
cell rounding actually induced loss of FAs in this study. This result
indicated that EspM2-mediated RhoA activity may have resulted
in enhanced growth of FAs, increased contractility, and rapid FA
turnover with FA disassembly. Therefore, EspM2 acted as one of
the triggers for cell rounding in AespO1-1AespOI-2 double mutant-
infected cells. During EspM2-dependent FA disassembly, the
absence of EspO1-1 should also promote FA disassembly because
EspO1-1 can interfere with FA disassembly by targeting ILK. This
hypothesis is supported by the finding that cell rounding decreased
in AespO1-2 mutant-infected cells compared to AespO1-1AespO1-2
double mutant-infected cells. We also confirmed that the partial
morphological change in AespOl-2 mutant-infected cells looked
like cell contraction induced by activation of the RhoA-ROCK
signaling pathway. The morphological change might be caused by
contractile actomyosin bundles induced by EspM2-mediated
RhoA activity. In addition, ectopically-expressed EspM2 also
appeared to have induced cell contraction in most epithelial cells.
AespOI-1 mutant-infected cells also showed a similar morpholog-
ical change. Although the detailed mechanism for the morpho-
logical change is unclear, it could be due to FA disassembly
induced by the absence of EspO1-1 [21]. Since EspG, a type III
effector, can activate host RhoA by microtubule disruption
followed by release of GEF-HI, actomyosin contractility also
might increase in AespOI-1 mutant-infected cells in an EspM2-
independent manner.

We also found that EspO1-2 has the potential to interact with
ILK to interfere with FA disassembly. In an experiment using
transfection of epithelial cells with EspO1-2, ectopically-expressed
EspO1-2 targeted FA and increased the number of FAs (Figs. S2B
and C). However, the increase in the number of FAs by EspO1-2
was less than that by EspO1-1 (Fig. S2C), although EspO1-1 and
EspO1-2 did not have a significant difference in affinity for ILK
(Fig. S2A). Since localization of EspO1-2 at FAs was observed in
cells with ectopically expressed EspO1-2 but not in infected cells
(Figs. 2 and S2B), EspO1-2 may have the means of using its effect
on other yet unidentified EHEC effectors or host proteins to
interact with EspM2 rather than with ILK during EHEC
infection. Moreover, we considered the possibility that the
interaction between EspO1-2 and EspM2 causes less efficient
localization of EspO1-2 at FAs, and investigated localization of
EspO1-2 in EHEC-infected cells in the absence or presence of
EspM2. In the AespM2AespO1-1AespOI-2 triple mutant-infected
cells efficient localization of EspO1-2 at FAs slightly-increased (Fig.
S3A), but there were no significant differences in FA localization of
EspO1-2 in the AespM2AespO1-1AespO1-2 triple mutant and the
AespO1-1AespOI-2 double mutant-infected cells (Fig. S3B). Addi-
tionally, we confirmed that EspO1-1 is also able to interact with
EspM2 because of having similar amino acid sequences to EspO1-
2 (Fig. S2D). However, compared to EspO1-2, EspO1-1 showed
a decline in the interaction ability between its C-terminal region
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and EspM?2 (Fig. S2D). Thus, these two EspOls may have
different mechanisms for affecting host cell functions in spite of
having the potential to interact with both EspM2 and ILK.

OspE homologs are widely conserved in enteric bacterial
pathogens; e.g., EPEC Espl, C. rodentium EspOl, Shigella spp.
OspEl and OspE2, and Salmonella spp. Ospl [21]. Two OspEs in
S. flexneri are functionally-indistinguishable and have 98% amino
acid identity and 100% similarity (Fig. 1A) [21]. However, in this
study, two OspE homologs in EHEC Sakai were found to have
different functions. Based on the complete genome sequences in
EHEC O157 Sakai, O26 11368 and O111 11128 strains [35], the
amino acid sequences of the C-terminal region of the OspE
homologs in these strains, which corresponds to an EspM2 binding
region, were aligned. Each strain has two OspE homologs with
limited amino acid identity (Fig. S4). The amino acid sequence
analysis classified the OspE homologs into two groups, one similar
to EspO1-1 and the other similar to EspO1-2 (Fig. S4). Therefore,
EHEC may utilize two types of EspOs during infection to
modulate the host cytoskeleton and to create micro-environments
suitable for colonization.

Materials and Methods

Bacterial Strains, Plasmids, Cell Culture, and Media

The bacterial strains and plasmids used in this study are listed in
Table 1. SKI-5142 is a lac-negative derivative of the EHEC
O157:H7 Sakai strain [36] and was used as the wild-type strain in
this study. The following deletion mutants were constructed from
strain SKI-5142 using a one-step inactivation method [37]: SKI-
5400S and SKI-5403S were AespOI-1 and AespOl-2 single
deletion mutants, respectively; SKI-5401S was an  AespOI-
1AespO1-2 double deletion mutant; SKI-5404 was an AespM2
single deletion mutant; and SKI-5402 was an AespOI-1AespOl-
2AespM?2 triple deletion mutant. PCR primer set ECs1567-P1/
ECs1567-P2 (Table 2) was used to construct strain SKI-5400S and
to insert AespO1-1 to construct an AespOI-1 single deletion mutant
strain. PCR primer set ECs1821-P1/ECs1821-P2 (Table 2) was
used to construct SKI-5403S, SKI-5401S and SKI-5402S and to
insert AespO1-2, AespOI-1/AespOI1-2 or AespOI-1/AespOl1-2/
AespM?2 to construct deletion mutant strains. PCR primer set
Ecs3485-P5/Ecs3485P6 (Table 2) was used to construct SKI-5404
and SKI-5402 and to insert AespM2 or AespOI-1/AespOl-2/
AespM?2 to construct deletion mutant strains. The EHEC strains
were grown in Dulbecco’s Modified Eagle Medium (DMEM)
containing 0.5% glycerol or on LB plates. The antibiotic
concentrations were as follows: chloramphenicol (Cm), 25 ug/
ml; ampicillin (Ap), 100 pg/ml; kanamycin (Km), 50 pg/ml.

Plasmids pEspO1-1 and pEspO1-2 were used for complemen-
tation analyses. Plasmids pEspO1-1-HA and pEspO1-2-HA were
used for infection and translocation assays. Plasmids pRFP-
EspOl1-1, pRFP-EspO1-2 and pEGFP-EspM2 were used for
transfection assays. Plasmids pGEX-5X-1, pGST-EspOl-1,
pGST-EspO1-2, pFLAG-MAC, pFLAG-EspM1, pFLAG-EspM2,
PFLAG-MAP and pFLAG-EspG were used for GST pull-down
assays and binding analyses.

HeLa cells were grown in DMEM with 10% fetal calf serum
(FCS) in a 5% CO4 incubator.

Construction of Plasmids

To construct plasmids pEspOl-1 and pEspO1-2, a PCR
product containing an intact espOI-1 or espOI-2 gene that had
been amplified from EHEC genomic DNA with primer set
ECs1567-EcoRI-1-us/ECs1567-Sall-2-ds or ECs1821-EcoRI-1-
us/ECs1821-Sall-2-ds, respectively, was inserted into the FeoRI-
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Sall sites of pTH18cr. A PCR product containing an intact espOI-1
or espO1-2 gene amplified from EHEC genomic DNA with primer
set ECs1567-EcoRI-2us/ECs1567-Sall-1"-ds or ECs1821-EcoRI-
1-us/ECs1821-Sall-1-ds, respectively, was inserted into the FEeoRI-
Sall sites of pIRES-hrGFP-2a to yield an espOI-1 or espOI-2 intact
gene fused to a hemagglutinin tag (HA), resulting in pIRES-
hrGIFP-2a-espOi1-1 and pIRES-hrGFP-2a-espO1-2, respectively.
To construct plasmids pEspO1-1-HA and pEspO1-2-HA, a PCR
product containing espOI1-1-HA or espOl-2-HA amplified from
plasmid pIRES-hrGFP-2a-espO1-1 or pIRES-hrGFP-2a-esp01-2,
respectively, with primer set IRES-Xbal-ds-1/IRES-Pstl-us-1 was
inserted into the Xbal-Pst sites of pK19. Plasmid pKI19HA was
constructed by cloning a PCR product amplified from plasmid
pIRES-hrGFP-2a with primer set IRES-Xbal-ds-1/IRES-PstI-us-
1 into the Xbal-Pst sites of pK19. To construct plasmids pREP-
EspOl1-1 and pREP-EspO1-2, a PCR product containing an
intact espOI-1 or espOI-2 gene amplified with primer set 1567-
EcoRI-2-us/1567-BamHI-1-ds or primer set 1821-EcoRI-2-us/
1821-BamHI-1-ds, respectively, was inserted into the ZFEeoRI-
BamHI sites of pDsRed-monomer Cl. To construct plasmids
pGST-EspO1-1 and pGST-EspO1-2, a PCR product containing
an intact espOI-1 or espOI-2 gene amplified with primer set
EcoRI+1567_N-2/1567_C(stop-)+Sall-2 or primer set
EcoRI+1821_N-2/1821_C(stop-)+Sall-2, respectively, was in-
serted into the EcoRI-Sall sites of pGEX-5X-1. To construct
plasmids pFLAG-EspM1, pFLAG-EspM2, pFLAG-MAP and
PFLAG-EspG, a PCR product containing an intact espM1, espM2,
map or espG gene amplified with primer set Xho+EspM1_N/
EspM1_C+Bgl2, primer set Xho+EspM2_N/EspM2_C+Bgl2,
primer set Xho+tMAP_N/MAP_C+Bgl2 or primer set
Xho+EspG_N/EspG_C+Bgl2, respectively, was inserted into the
Xhol-BglII sites of pFLAG-MAC. The structure of each construct
was confirmed by DNA sequencing and restriction enzyme
analysis.

Infection and Translocation Assays

Infection and translocation assays were performed as described
previously [38], with slight modifications. HeLa cells were
inoculated in a 6-well plate (3x10° cells/well) or a 24-well plate
(6x10* cells/well) and incubated for 24 h in DMEM in the
presence of 5% COs. The cells were then washed three times with
serum-free DMEM. EHEC strains cultured overnight at 37°C
without shaking in DMEM containing 0.5% glycerol with or
without antibiotics were added to the cells in each well at
a multiplicity of infection of 100. The plates were centrifuged at
1,000xg for 5 min and then incubated for 1 h at 37°C in the
presence of 5% COs. The cells were then washed three times with
PBS, incubated for an additional 2 or 3 h in serum-free DMEM,
and the cell monolayers were washed three times with PBS. The
cells were then fixed with methanol and stained with Giemsa
reagent, or fixed with 3.7% paraformaldehyde and stained with
appropriate antibodies for immunofluorescence.

Transfection Assays

HeLa cells were seeded on coverslips in a 24-well plate in
DMEM containing 10% FCS. The cells were washed once,
incubated with serum-free DMEM for 30 min at 37°C, and then
transfected with 1 pug of each DNA construct and 3 pl
Lipofectamine 2000 reagent (Invitrogen), in accordance with the
manufacturer’s instructions. After 24 h transfection, the cells were
incubated in DMEM containing 10% FCS for 1 or 2 d at 37°C.
The cells were fixed with 3.7% paraformaldehyde and stained
with antibodies appropriate for immunofluorescence.
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Immunofluorescence Staining

Fixed cells were treated for 5 min with 50 mM NH,Cl in PBS.
The cells were permeabilized with 0.2% Triton X-100 in PBS for
5 min at room temperature and then treated with 2% bovine
serum albumin in PBS for 30 min. For immunofluorescence
staining, Alexa 488-labeled phalloidin (Molecular Probes) and
Alexa 350-labeled phalloidin (Molecular Probes) were used to
visualize the actin cytoskeleton. DAPI (Molecular Probes) was used
to visualize DNA. Anti-vinculin (Sigma) and anti-HA (Sigma)
antibodies were used as primary antibodies. Alexa 488-conjugated
anti-mouse IgG (Molecular Probes) and Texas Red conjugated
anti-mouse IgG (Molecular Probes) antibodies were used as
secondary antibodies to visualize vinculin and HA, respectively.
Cells were observed with a confocal laser scanning microscope
LSM510 or fluorescence microscope. The number of FAs was
analyzed with Scion Image software.

Production and Preparation of Recombinant Proteins
For GST-fused proteins, Escherichia coli BL21 carrying pGEX-
5X constructs were cultivated in L-broth supplemented with
ampicillin (50 pg/ml) for 3 h at 37°C. Fused protein expression
was induced by addition of 1 mM isopropyl 1-thio-d-galactopyr-
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Table 1. Bacterial strains and plasmids used in this study.

Genotype or relevant phenotype Source or reference
SKI-5142 EHEC O157:H7 Sakai A(lacZYAl) [39]
SKI-5400S SKI-5142 A(espO1-1) This study
SKI-5403S SKI-5142 A(espO1-2) This study
SKI-5401S SKI-5400S A(espO1-2) This study
SKI-5404 SKI-5401S A(espM2)::kan This study
SKI-5402 SKI-5142 A(espM2)::kan This study
pTH18cr pSC101-ori, cloning vector; Cm" [36]
pEspO1-1 pTH18cr derivative carrying the espO1-1 gene with the lac promoter This study
pEspO1-2 pTH18cr derivative carrying the espO7-2 gene with the lac promoter This study
pIRES-hrGFP-2a cloning vector with a hemagglutinin (HA) tag gene; Ap" Stratagene
pIRES-hrGFP-2a-espO1-1 PIRES-hrGFP-2a derivative carrying the espO7-1 gene This study
pIRES-hrGFP-2a-espO1-2 pIRES-hrGFP-2a derivative carrying the espO7-2 gene This study
pK19 pMB1-ori, cloning vector; Km" [40]
pK19HA pK19 derivative carrying the HA gene with the /ac promoter This study
pEspO1-1-HA pK19 derivative carrying the espO7-1-HA gene with the lac promoter This study
pEspO1-2-HA pK19 derivative carrying the espO7-2-HA gene with the lac promoter This study
pDsRed-monomer C1 Mammalian expression vector with a red fluorescence protein (RFP) gene; Km', Neo" Clontech
PREP-EspO1-1 pDsRed-monomerC1 derivative carrying the espO7-1 gene This study
pREP-EspO1-2 pDsRed-monomerC1 derivative carrying the espO71-2 gene This study
pEGFP-C1 Mammalian expression vector with a green fluorescent protein (EGFP) gene; Km', Neo" Clontech
PEGFP-EspM2 PEGFP-C1 derivative carrying the espM2 gene This study
PGEX-5X-1 Expression vector of Glutathione S-transferase (GST)-fused proteins with the tac promoter; Apr GE Healthcare
pGST-EspO1-1 PGEX-5X-1 derivative carrying the espO7-1 gene This study
pGST-EspO1-2 PGEX-5X-1 derivative carrying the espO7-2 gene This study
PFLAG-MAC Expression vector of FLAG-tagged proteins with the tac promoter; Apr Sigma
pFLAG-EspM1 PFLAG-MAC derivative carrying the espM1 gene This study
pFLAG-EspM2 PFLAG-MAC derivative carrying the espM2 gene This study
pFLAG-MAP pFLAG-MAC derivative carrying the map gene This study
pFLAG-EspG PFLAG-MAC derivative carrying the espG gene This study
doi:10.1371/journal.pone.0055960.t001

anoside (IPTG) and incubation for 3 h at 37°C. Bacteria were
disrupted by sonication and GST-fused proteins were purified with
glutathione-Sepharose 4B beads (GE Healthcare) according to the

manufacturer’s protocol.

GST Pull-down Assays and Binding Analyses

For these experiments, 1.5 x10° HeLa cells were inoculated in
10 cm Petri dishes and incubated for 24 h in the presence of 5%
COy. The cells were then washed once with PBS, and harvested.
E. coli MC1061 carrying the pFLAG-MAC construct was cultured
in L-broth with 50 pg ampicillin/ml for 2 h at 37°C. IPTG was
then added to a final concentration of 1 mM. After incubation for
2 h at 37°C, the bacteria were harvested. The Hela cells and
bacteria were collected and lysed by sonication in 1 ml ice-cold
RIPA buffer (25 mM Tris-HCI, 150 mM NaCl, 1% (v/v) Nonidet
P-40, 1 mM AEBSF, pH 7.5). The lysates were centrifuged at
15,000 xg for 30 min at 4°C, and the supernatants (lysates) were
used for pull-down assays and binding analysis.

GST-fused protein constructs bound to 25 pul glutathione-
Sepharose 4B beads were mixed with HeLa cell lysates or a cleared
extract of MC1061 carrying pFLAG-MAC and incubated for 2 h
at 4°C. After centrifugation, the supernatants and beads were
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washed four times with ice-cold RIPA buffer. After another wash,
supernatants were removed and 25 Wl SDS-PAGE sample buffer
was added to each sample. GST-fused proteins were detected by
immunoblotting with anti-ILK (Cell Signaling) and anti-Flag
(Sigma) antibodies.

GST-RBD Pull-down Assays

For these assays, 1.5x10° HeLa cells were inoculated in 10 cm
Petri dishes and incubated for 24 h in the presence of 5% COs,.
The cells were then washed three times with serum-free DMEM
and incubated overnight in serum-free DMEM, and EHEC strains
that had been cultured overnight at 37°Ci in DMEM containing
0.5% glycerol were added to the cells at a multiplicity of infection
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Table 2. Primer sequences used in this study.

Source or
Primer name Primer sequence reference
ECs1821-P2 GAAGTTATTCATGGCTAGTGTACCAACTCTTTTCTGGGCTAATAGCATATGAATATCCTCCTTAGT This study
ECs1821-P1 ACATTAAATTGCACTATAAGAGAAAGACATAATGTGAGGATAAAAGTGTAGGCTGGAGCTGCTTC This study
ECs1567-P2 GGTGTTTCGGGTCTGTGGCTTTTTGTGTTCTCTGGTAAGTGGTTGCATATGAATATCCTCCTTAGT This study
ECs1567-P1 ACGGAATAGCATAAAAACACTTTTCATGGAGCAAAGGAGAAAACAGTGTAGGCTGGAGCTGCTTC This study
ECs3485-P5 ACTGGTCCGAAGCCGATGATGCTGAAGCAGTCCTCTCCTCTAGCCCTTACGCCCCGCCCTGCCAC This study
ECs3485-P6 CAAGTATGCAATATTGTAAACACTTTTTTATAAAAAGGAATTATACTACCTGTGACGGAAGATCA This study
IRES-Xbal-ds-1 ATTCATCTGCAGCCGCTCTAGCCCGGGCGGATCCG This study
IRES-Pstl-us-1 ATTCATTCTAGACCTATGCAGTCGTCGAGGAATTGC This study
ECs1567-EcoRI-1-us ATTCATGAATTCATATAAATATTCTTAATGATACCAAC This study
ECs1567-Sall-2-ds ATTCATGTCGACCACCTCCTGTGGAGGTGGTTGCTTGC This study
ECs1821-EcoRI-1-us ATTCATGAATTCTTTTTAGATTCATAGTTTAATGTTTC This study
ECs1821-Sall-2-ds ATTCATGTCGACGTTGTTAGGAAGTTATTCATGGCTAG This study
IRES-Xbal-ds-1 ATTCATCTGCAGCCGCTCTAGCCCGGGCGGATCCG This study
IRES-Pstl-us-1 ATTCATTCTAGACCTATGCAGTCGTCGAGGAATTGC This study
IRES-Xbal-ds-1 ATTCATCTGCAGCCGCTCTAGCCCGGGCGGATCCG This study
IRES-Pstl-us-1 ATTCATTCTAGACCTATGCAGTCGTCGAGGAATTGC This study
ECs1567-EcoRI-2us ATTCATGAATTCAAAACACTTTTCATGGAGCAAAGGAG This study
ECs1567-Sall-1"-ds ATTCATGTCGACCTTCTTTTGTGTTGTGTATCTCTGTT This study
ECs1821-EcoRlI-1-us ATTCATGAATTCTTTTTAGATTCATAGTTTAATGTTTC This study
ECs1821-Sall-1-ds ATTCATGTCGACCTGATTTGTTTGTATTATTTGTCTCT This study
1567-EcoRI-2-us ATTCATGAATTCAATGCCATTTTCAATCAAAAACAGATTTTCAAG This study
1567-BamHI-1-ds ATTCATGGATCCCTATTCTTTTGTGTTGTGTATCTCTGTTTCTATAG This study
1821-EcoRI-2-us ATTCATGAATTCAATGCCATTTTCAATAAAAAGTATTTTTTCAGGAC This study
1821-BamHI-1-ds ATTCATGGATCCCTATGATTTGTTTGTATTATTTGTCTCTGTC This study
EcoRI+1567_N-2 GCCGAATTCATGCCATTTTCAATCAAAAAC This study
1567_C(stop-)+Sall-2 GCCGTCGACTTCTTTTGTGTTGTGTATCTCTG This study
EcoRI+1821_N-2 GCCGAATTCATGCCATTTTCAATAAAAAG This study
1821_C(stop-)+Sall-2 GCCGTCGACTGATTTGTTTGTATTATTTGTCTC This study
Xho+EspM1_N GCCCTCGAGATGCCAGTAAATGCGACAGGTG This study
EspM1_C+Bgl2 GCCAGATCTTTACCCCTGTATAACACGAC This study
Xho+EspM2_N GCCCTCGAGATGCCGATGAATACTACAGGTA This study
EspM2_C+Bgl2 GCCAGATCTTCATCCCTGTATAGCACGCA This study
Xho+MAP_N GCCCTCGAGATGTTTAGTCCAATGACAATG This study
MAP_C+Bgl2 GCCAGATCTCTACAATCGGGTATCCTGTAC This study
Xho+EspG_N GCCCTCGAGATGATACTTGTTGCCAAATTG This study
EspG_C+Bgl2 GCCAGATCTTTAAGTGTTTTGTAAGTACG This study
doi:10.1371/journal.pone.0055960.t002

of 100. The culture was incubated for 1 h at 37°C in the presence
of 5% COs. The cells were then washed three times with PBS and
incubated for an additional 1 or 3 h, after which the monolayers
were washed three times with PBS. The cells were then lysed in
RIPA buffer and GST-RBD pull-down assays were done in
accordance with the manufacturer’s instructions (Cytoskeleton).
The amount of RhoA that co-precipitated with GST-RBD and the
level of RhoA expression in the whole cell lysates were measured
using immunoblotting with anti-RhoA antibodies (Cytoskeleton).
The quantified data for band intensities in different sets of
experiments was generated by analyzing by the Image J program

(Version 1.42, USA).
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Supporting Information

Figure S1 Formation of actin filaments and focal
adhesions (FAs) in HeLa cells infected with EHEC. Hela
cells were infected with WT, AespOI-1AespO1-2, AespOl-1 or
AespO1-2. At 4 h post-infection, the cells were fixed and processed
for confocal laser scanning microscopy using rhodamine-phalloi-
din to visualize actin filaments (red), anti-vinculin antibody to
visualize FAs (green), and DAPI to visualize DNA/chromosomes
(blue). Images are 2D projections of 5 optical sections spanning
1.0 um in z-depth. Arrow-heads indicate the characteristic actin
condensation beneath the bacteria. Scale bar, 20 wm.

(TIF)

Figure S2 Interaction of EspOl-1 and EspO1l-2 with
ILK. (A) Interaction of EspOl-1 and EspO1-2 with ILK was
analyzed by GST pull-down assays with HeLa cells. Proteins
bound to GST-EspOl-1, GST-EspO1-2 and GST-alone were
analyzed by SDS-PAGE followed by immunoblotting with anti-
ILK antibody. (B) Localization of ectopically-expressed EspO1-1
and EspO1-2 in Hela cells. Hela cells were transfected with
pRFP-EspO1-1 or pRFP-EspO1-2 and immunostained with an
anti-vinculin antibody (green) and phallidin (blue). Scale bar,
10 um. (C) The number of FAs in HelLa cells with ectopically-
expressed EspOl-1 and EspO1-2 was visualized using vinculin
staining as shown in Fig. SIB and quantified (>10 cells, n=3).
Data are the mean and S.D. *#P<0.05, ***P<0.01. (D) To map
the EspM2-binding site in EspO]l-1 and compare the ability of
EspO1-1 and EspOl-2 to interact with EspM2, a series of
truncated GST-EspO1-1 peptides was used in binding assays with
cell lysate expressing Flag-tagged EspM2.

(TTF)
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Figure S3 Localization of EspO1-2 at FAs in EHEC-
infected cells. (A) HeLa cells were infected with AespM2AespO1-
1AespO1-2 or AespOI-1AespOI-2 carrying pEspO1-2-HA. Epithe-
lial cells were infected with these strains for 4 h and immunoflu-
orescence-stained with Alexa 488-conjugated phalloidin (green)
and anti-HA antibody (red). (B) The percent of cells with efficient
localization of EspO1-2 at FAs shown in (A) was quantified.
(TIF)

Figure S4 Alignment of the amino-acid sequence of the
C-terminal region of OspE homologs in EHEC. Alignment
of the amino-acid sequence of the C-terminal region that
corresponds to an EspM2 binding region of OspE homologs in
EHEC O157 Sakai, O26 11368 and O111 11128 strains. The
amino-acid sequence analysis classified the OspE homologs into
two groups, one similar to EspOl-1 and the other similar to
EspO1-2. Asterisks and black background indicate an amino acid
that is similar to EspO1-1 or EspO1-2, respectively.

(TTF)
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