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SUMMARY

Actin pedestal formation by pathogenic E. coli
requires signaling by the bacterial intimin receptor
Tir, which induces host cell actin polymerization
mediated by N-WASP and the Arp2/3 complex.
Whereas canonical enteropathogenic E. coli (EPEC)
recruit these actin regulators through tyrosine kinase
signaling cascades, enterohemorrhagic E. coli
(EHEC) O157:H7 employ the bacterial effector EspFy
(TccP), a potent N-WASP activator. Here, we show
that IRSp53 family members, key regulators of
membrane and actin dynamics, directly interact with
both Tir and EspFy. IRSp53 colocalizes with EspFy
and N-WASP in actin pedestals. In addition, targeting
of IRSp53 is independent of EspFy and N-WASP but
requires Tir residues 454-463, previously shown to
be essential for EspFy-dependent actin assembly.
Genetic and functional loss of IRSp53 abrogates actin
assembly mediated by EHEC. Collectively, these data
indentify IRSp53 family proteins as the missing host
cell factors linking bacterial Tir and EspFy in EHEC
pedestal formation.

INTRODUCTION

Gram-negative, Shiga toxin-producing enterohemorrhagic
E. coli (EHEC) and the closely related enteropathogenic E. coli
(EPEC) induce actin cytoskeleton rearrangements without
invading their hosts (Hayward et al., 2006). Upon colonization
of the intestinal mucosa, EPEC and EHEC strains cause “attach-
ing and effacing” (A/E) lesions, which cause diarrhea in humans
and animals. The A/E phenotype is characterized by intimate
bacterial attachment to the epithelium, followed by a localized
loss of microvilli (effacement) and the formation of pseudopod-

like actin filament-filled structures underneath the bacteria,
termed pedestals. In vitro, EPEC and EHEC are capable of
inducing actin-rich pedestals in virtually every cell type, whereas
in vivo, EPEC preferably affect the small intestine and EHEC
affect the large intestine. Although morphologically indistin-
guishable, protein composition and molecular mechanism of
formation of EPEC and EHEC pedestals are partly distinct
(reviewed in Campellone and Leong, 2003). In our study, EPEC
and EHEC refer to typical EPEC1 (strain 2348/69) and O157:H7
EHEC (strain EDL933), respectively, as commonly used model
systems of actin rearrangements induced by these pathogens
in vitro (Frankel and Phillips, 2008).

A/E lesion formation depends on bacterial virulence factors
delivered into the host cell by a type Il secretion system
(TTSS), which is encoded on the locus of enterocyte effacement
(LEE). The LEE also harbors the gene of the bacterial surface
protein intimin and several translocated effector proteins,
termed E. coli-secreted proteins (Esp), such as EspE, the intimin
receptor also known as translocated intimin receptor (Tir). Upon
Tir delivery and plasma membrane insertion, its interaction with
intimin on the bacterial surface and clustering trigger signaling
events that ultimately lead to actin pedestal formation (Campel-
lone and Leong, 2003). Productive signaling to the actin cyto-
skeleton through Tir (but not firm attachment to the host) strictly
depends on the presence of the host cell protein N-WASP (neural
Wiskott-Aldrich syndrome protein) (Lommel et al., 2001, 2004). In
spite of differences in N-WASP recruitment by EPEC versus
EHEC-Tir, both pathogens exploit this host protein to drive
Arp2/3 complex-mediated actin assembly. N-WASP is a ubiqui-
tously expressed member of the WASP/Scar family of Arp2/3
complex activators that drives actin assembly, e.g., in endocy-
tosis or vesicle-trafficking processes (Stradal and Scita, 2006).
The C-terminal VCA domain of N-WASP directly binds actin
and activates Arp2/3 complex (Rohatgi et al., 1999), and further
N-terminal domains mediate subcellular positioning and/or
autoregulation. Consequently, pedestal formation, but not
N-WASP recruitment, depends on the presence of this VCA

244 Cell Host & Microbe 5, 244-258, March 19, 2009 ©2009 Elsevier Inc.


mailto:theresia.stradal@helmholtz-hzi.de

Cell Host & Microbe
IRSp53 in EHEC Pedestal Formation

domain in both EPEC (Lommel et al., 2001) and EHEC infections
(Lommel et al., 2004).

EPEC and EHEC Tir differ concerning the mode of host protein
recruitment. Upon binding to intimin, EPEC Tir is phosphorylated
on tyrosine 474 (Kenny, 1999) by host family kinases (Phillips
et al., 2004; Swimm et al., 2004). Although not entirely essential
(Campellone and Leong, 2005), this phosphorylation is critical
for EPEC-induced pedestal formation, as it provides a highly
specific docking site for the cellular signaling adaptor protein
Nck (Frese et al.,, 2006; Gruenheid et al., 2001), activating
signaling pathways leading to actin assembly (Campellone
et al., 2004a). In contrast, EHEC pedestal formation is indepen-
dent of Tir tyrosine phosphorylation (DeVinney et al., 1999) and
Nck (Gruenheid et al., 2001) but requires type Ill secretion-medi-
ated delivery of an additional factor because EHEC Tiris unable to
complement an EPEC Tir deletion mutant with regard to pedestal
formation (DeVinney et al., 2001). The missing bacterial protein
was independently identified by two laboratories and named
EspFy or Tir cytoskeleton coupling protein (TccP) (Campellone
et al., 2004b; Garmendia et al., 2004). EspFy is not encoded on
the LEE but can be found on the cryptic prophage CP-933U in
EHEC O157:H7, hence its name (E. coli secreted protein F-like
from prophage U) (Campellone et al., 2004b). Interestingly,
EspFy/TccP was recently also found in the unusual EPEC strain
0119:H6, and a highly homologous factor encoded by a gene
absentin O157:H7, tccP2, can contribute to the actin polymeriza-
tion pathway in atypical, sorbitol fermenting EHEC O157, most
non-0157 EHEC, and in EPEC2 strains (Frankel and Phillips,
2008). EspFy comprises N-terminal sequences mediating type
Ill secretion, probably aided by an unknown chaperone. The
C terminus is composed of several highly conserved proline-
rich repeats, 47 residues in length, the number of which can differ
from 2.5 to 6.5 (Garmendia et al., 2005). These repeats bind to
and activate N-WASP (Campellone et al., 2004b; Garmendia
et al., 2004). Moreover, in spite of significant synergism observed
for multiple EspFy repeats in inducing actin assembly (Campel-
lone et al., 2008), each individual repeat can potently drive
N-WASP activation through a hydrophobic segment, competing
away the autoinhibitory C domain of N-WASP (Cheng et al., 2008;
Sallee et al., 2008). In addition, N-WASP clustering was recently
recognized to potentiate Arp2/3-mediated actin assembly
(Padrick et al., 2008).

EspFy does not directly bind to Tir (Campellone et al., 2004b;
Garmendia et al., 2004). Deletion studies revealed the region in
Tireqec essential for pedestal formation, encompassing residues
454-463 (Allen-Vercoe et al., 2006; Campellone et al., 2006) and
also mediating indirect EspF recruitment (Campellone et al.,
2006). Because EHEC-Tir and EspFy are sufficient to drive
pedestal formation of Tir-deficient EPEC or nonpathogenic
E. coli (Campellone et al., 2004b, 2008), an as-yet unrecognized
host cell factor must link Tirgyec to the EspFy/N-WASP complex.

By using a combination of biochemical, proteomic, and cell
biological approaches, we have identified this factor as the
host protein IRSp53 (insulin receptor tyrosine kinase substrate
p53). IRSp53 family proteins are well-established regulators of
actin cytoskeleton reorganization at the plasma membrane and
have previously been implicated in signaling to Arp2/3
complex-mediated actin polymerization via WASP/Scar family
proteins (Scita et al., 2008; Takenawa and Suetsugu, 2007).

Here, we show that IRSp53 proteins directly link Tir to the
EspFy/N-WASP complex, which is essential for actin pedestal
formation induced by EHEC.

RESULTS

EspFy Repeats Bind Unknown Host Cell Linker
Independently of N-WASP

The proline-rich repeats of EspF, (TccP) mediate interaction with
N-WASP (Campellone et al., 2004b; Garmendia et al., 2006).
Whereas each individual 47 residue repeat is capable of potently
activating N-WASP in vitro, at least two repeats are required for
efficient N-WASP-dependent actin assembly in vivo (Campellone
et al., 2008; Cheng et al., 2008; Sallee et al., 2008). As N-terminal
residues were shown to be required for EspF translocation, but
not for pedestal formation (Campellone et al., 2008; Garmendia
et al., 2006), a full-length and an N-terminally truncated version
of EspFy (A79, also termed AN) were employed for pull-down
and cell-based assays (Figure 1A). EspFy-AN readily coprecipi-
tated N-WASP from fibroblast or brain tissue lysates (Figure 1B).
In addition, GFP-tagged wild-type EspF, and EspFy-AN were
equally functional in reconstituting pedestal formation of EspFy-
deficient EHEC (Figure S1 available online), as expected (Fig-
ure 1C) (Campellone et al., 2008). Furthermore, both EspFy, vari-
ants accumulated at bacteria/host cell interaction surfaces in the
absence of N-WASP and, thus, actin reorganization (Figure 1D)
(Lommel et al., 2004), similar to observations reported recently
for full-length EspFy, (Mousnier et al., 2008). These data confirmed
EspFy accumulation to be separable from N-WASP binding and
pedestal formation. They further established that the proline-rich
repeats are dual function modules capable of both interaction
with N-WASP and the unknown linker(s) recently proven to be of
host cell origin (Campellone et al., 2008). Hence, EspFy-AN
emerged as a key candidate bait for enriching N-WASP-contain-
ing protein complexes operating in EHEC pedestal formation.

Characterization of N-WASP-Containing Protein
Complexes Precipitated by EspFy-AN

Ectopic expression of N-WASP and its hematopoietic homolog
WASP can both reconstitute pedestal formation in N-WASP
knockout cells (Lommel et al., 2004). Not surprisingly, therefore,
both proteins were precipitated by EspFy-AN from different
cells and tissues (Figures 1E, S2A, and S2B). To test whether
N-WASP/WASP bind to EspF alone or in complex with one or
more of its interaction partners, we probed EspFy-AN pull-
downs from different sources for the presence of selected inter-
actors. In addition to N-WASP and WASP, EspF-AN pull-downs
from mouse spleen also contained the WASP-interacting protein
(WASPIP) family member WIP (Ho et al., 2004) and Arp2/3-
complex (Figure S2B). It was reasonable to assume that both
were coprecipitated through N-WASP/WASP and not through
direct EspFy interactions, which was corroborated, e.g., by
robust GFP-WIP precipitation in the presence, but not in the
absence, of MRFP-N-WASP (Figure S2C). In addition, EspF-AN
pull-downs did not contain coprecipitated cortactin or WAVE
complex, as exemplified by the lack of the WAVE complex
subunit Nap1 (Figure 1E). Although cortactin was proposed
previously to interact with EspFy (Cantarelli et al., 2007), accu-
mulation of EspFy in vivo was not sufficient for cortactin
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Figure 1. Characterization of EspFy-AN Recruitment and Interactions

(A) Domain organization of EspFy and the AN variant used in this study.
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(B) EspFy-AN efficiently precipitates N-WASP from lysates of tissue culture cells (HEK293T and N-WASP fl/fl) or brain.
(C and D) GFP-tagged full-length EspFy, or EspF-AN ectopically expressed in control (fl/fl) or N-WASP knockout (del/del) cells infected with EHECAEspF ;.

Colors in merge correspond to lettering.

(E and F) Pull-downs of immobilized EspFy-AN probed for the presence of different endogenous proteins (E) as indicated (a.i.) or GFP-tagged interaction
candidates and GFP alone as control (F). Endogenous Nck and dynamin-2 may weakly be coprecipitated with N-WASP.
(G) EspFy-AN precipitates from mouse brain extracts probed for endogenous IRSp53 and VASP.

recruitment to bacteria in the absence of N-WASP and actin
pedestals (Mousnier et al., 2008), precluding a significant func-
tion for cortactin as EspFy interactor. Consistently, GFP-tagged
cortactin was also not coprecipitated with EspF-AN (Figure 1F).
The SH3-containing N-WASP activator Nck (Rohatgi et al., 1999)
coprecipitated, albeit at low efficiency, perhaps through

N-WASP (Figure 1E). Because Nck adaptors are relevant for
EPEC, but not for EHEC, pedestal formation (Gruenheid et al.,
2001), they are unlikely to link EspFy and Tir. Finally, dynamin
1 (data not shown) and 2, additional prominent N-WASP interac-
tors implicated in pedestal formation (Unsworth et al., 2007),
were coprecipitated only in minute amounts (Figure 1E).

246 Cell Host & Microbe 5, 244-258, March 19, 2009 ©2009 Elsevier Inc.



Cell Host & Microbe
IRSp53 in EHEC Pedestal Formation

Identification of EspFy Interactors

To identify new EspFy interactors that may link EHEC-Tir to N-
WASP-dependent actin assembly, we separated samples from
pull-downs using EspFy-AN as bait by SDS-page and subjected
them to mass spectrometry (Figure S3A). Significant hits repeat-
edly detected in samples from different tissues are listed in
Tables S1 and S2. Apart from cortactin, dynamin, and WIP,
mass spectrometry revealed promising candidates for linking
Tireqec and EspFy. These included factors previously reported
to play roles in cytoskeleton remodeling, such as CRMP-2,
IRSp53, VASP, or the formin-binding protein 1 (FnBP1) family
member Cip4 (Kwiatkowski et al., 2003; Scita et al., 2008; Tian
etal., 2000). To confirm a specific interaction of these candidates
with the EspFy repeat region, we performed pull-down assays
from lysates of HEK293T cells ectopically expressing GFP-
tagged proteins (Figure 1F). Though both GFP-IRSp53 and
GFP-VASP were significantly enriched in the EspF-AN precipi-
tate, no binding was detected for Cip4, the related Toca-1, or
CRMP-2. The latter were excluded from further analyses,
whereas precipitation of endogenous proteins, e.g., from mouse
brain lysates, was confirmed for IRSp53 and VASP (Figure 1G).
IRSp53 and Ena/VASP family members are also known to bind
to each other (Krugmann et al., 2001; Scita et al., 2008), so these
and their interactions with EspF and Tir were explored in more
detail. However, as VASP did not bind to the EHEC-Tir peptide
essential for pedestal formation and recruiting EspF,/N-WASP
(see also Figure 3D), it cannot link Tir to the EspFy/N-WASP
complex (Figures S3B and S3C). Therefore, further experimenta-
tion focused on IRSp53 family members.

IRSp53 Targets to EHEC Independently of Both N-WASP
and EspFy

If singling out an individual factor capable of linking Tirgqec and
EspFy, this factor should bind to both EspF and Tir. Moreover,
its recruitment should be independent of N-WASP, which acts
downstream of EspFy. Finally, the interaction should be detect-
able for both Tirepyec and Tirgpec because previous domain
swap experiments revealed the region of Tir linking to EspFy/
N-WASP recruitment and activation to be conserved among
these Tir variants (Brady et al., 2007; Frankel and Phillips,
2008). We first tested whether GFP-tagged IRSp53 is recruited
to bacterial attachment sites in both N-WASP control and
knockout cells infected with either wild-type or EspFy-deficient
EHEC (Figure 2). GFP-IRSp53 was readily recruited to pedestal
tips in N-WASP-expressing control cells (Figure 2A), coincident
with EspFy and N-WASP accumulation (Campellone et al.,
2004b; Lommel et al., 2004). IRSp53 was also prominently en-
riched in the absence of N-WASP and, thus, actin assembly
(Figure 2A). To assess whether recruitment of IRSp53 to sites of
EHEC attachment depends on the presence of either EspFy or
N-WASP or both, we infected control and N-WASP knockout
cells transfected with GFP-IRSp53 with EspF-deficient EHEC
(Figure 2B). Strikingly, IRSp53 targeted to sites of EHECAEspFy
attachment in both host cell types, showing that IRSp53 accumu-
lation isindependent of both N-WASP and EspF . To exclude that
ectopically expressed GFP-tagged IRSp53 displayed activities
different than the strictly regulated and autoinhibited endogenous
protein (Disanza et al., 2006; Krugmann et al., 2001), we visual-
ized both endogenous, translocated bacterial and host proteins

in EHEC-infected epithelial cells (C127i). Monoclonal antibodies
specific for Tir, IRSp53, EspFy, and N-WASP all stained the
pedestal tip (Figure 2C). Moreover, the same components except
for EspFy were observed in EPEC-infected cells (Figure S4),
demonstrating that both EPEC- and EHEC-Tir bind the potential
linker IRSp53, as implicated previously (Brady et al., 2007; DeVin-
ney et al., 2001). These results revealed that IRSp53 recruitment
is upstream of EspFy and N-WASP signaling, potentially linking
EspF/N-WASP to Tir in EHEC pedestal formation.

The SH3 Domain of IRSp53 Binds to the Proline-Rich
Repeats in EspFy

The modular IRSp53 has previously been reported to interact
with numerous signaling or cytoskeletal regulators (reviewed in
Scita et al., 2008), including N-WASP (Lim et al., 2008), so its
enrichment in EspFy repeat pull-downs could have been ex-
plained by indirect interactions. To explore this further, we used
GST-tagged full-length IRSp53, its isolated IMD, IMD plus central
region (A364), or the isolated SH3 domain as baits in pull-down
assays using EspFy-AN as prey (for IRSp53 domain organization,
see Figure 3A). Full-length IRSp53 and the isolated SH3 domain
readily precipitated EspFy-AN, whereas A364 and IMD both
lacking SH3 did not (Figure 3B). To further narrow down the
minimal binding surface for IRSp53 on EspF,, we employed
a set of EspFy variants harboring different numbers of repeats.
All variants specifically coprecipitated with full-length IRSp53 or
the isolated SH3 domain, but not with the IMD (Figure S5A),
indicating that the SH3 domain can, in principle, bind to one
proline-containing motif. To determine the interaction motif with
IRSp53-SH3 within each 47-residue proline-rich repeat of EspFy,
we incubated an array of overlapping 15 mer peptides with
GST-tagged IRSp53-SH3 and with the second and third SH3
domain of Nck1 as control. The array covered full-length EspF,
as well as WIP and the proline-rich region of N-WASP (residues
271-390) (Table S3). Interestingly, IRSp53-SH3 recognized one
specific motifin each EspF repeat with the sequence IPPAPNW-
PAP. In this assay, IRSp53-SH3 did not significantly bind WIP or
the spotted region of N-WASP, whereas Nck SH3 domains 2 and
3 interacted with WIP and N-WASP, respectively (Anton et al.,
1998; Rohatgi et al., 2001), but not with EspFy, (Figure 3C). Collec-
tively, these data demonstrated a direct interaction of IRSp53-
SH3 with each proline-rich repeat of EspFy. However, coimmu-
noprecipitation experiments suggested increased binding
efficiency with multiple EspFy repeats, at least in the context of
a complex cellular environment (Figure S5B) and reminiscent of
EspFy-mediated N-WASP activation (Campellone et al., 2008;
Cheng et al., 2008; Sallee et al., 2008). Consistently, as opposed
to the GFP-tagged protein, endogenous N-WASP was not readily
precipitated with one EspFy repeat (Figure S5C). We conclude
that one EspFy repeat is not sufficient for effectively coupling
IRSp53 to N-WASP-mediated actin assembly in vivo.

The IMD of IRSp53 Interacts with Tir of EPEC and EHEC

EPEC- and EHEC-Tir trigger a common, Nck-independent actin
assembly pathway mediated by a core NPY motif, with the tyrosine
located at positions 454 and 458 for EPEC and EHEC, respectively
(Brady et al., 2007; Frankel and Phillips, 2008). To test whether
IRSp53 constitutes the missing binding partner for this motif, we
tested the C termini of both Tirgpec and Tirgyec (Figure 3D) or
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Figure 2. IRSp53 Is Recruited Upstream of Both N-WASP and EspFy

(A and B) Fluorescence microscopy images showing N-WASP-expressing (fl/fl) or knockout (del/del) fibroblasts transfected with GFP-tagged IRSp53 and
infected with wild-type or EspF-deficient EHEC (AEspFy) as indicated. IRSp53 is readily recruited to pedestal tips in the presence of N-WASP and EspF
(top panel) or to bacterial attachment sites in the absence of N-WASP, EspF, or both.

(C) Mouse epithelial C127i cells infected with EHEC stained for the actin cytoskeleton and translocated bacterial (Tir, EspFy) or endogenous host proteins
(N-WASP, IRSp53) as indicated.
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EspFy as control for their ability to precipitate a set of ectopically
expressed IRSp53 variants. Strikingly, both EPEC and EHEC Tir
C termini precipitated all IRSp53 variants harboring its N-terminal
IMD domain (Figure 3E). To confirm that the IMD of IRSp53 indeed
interacts with the Tir regions located around the aforementioned
NPY motif, we performed pull-downs with immobilized, short
peptides corresponding to these regions (Figure 3D). Again, full-
length IRSpPS53, its isolated IMD, and all variants harboring this
domain were readily precipitated (Figure 3F). In contrast, the
C terminus of Tirgyec did not interact with proline-rich repeats of
EspFy (Figure 3G), as previously reported (Campellone et al.,
2004b; Garmendia et al., 2004). Additional coimmunoprecipitation
experiments confirmed a robust interaction of IRSp53 and the
GFP-tagged C terminus of Tirgyec (Figure 3H). Moreover, interac-
tions between Tirgyec and IRSp53-IMD, as well as the interaction
of EspFy-AN with IRSp53-SH3, were confirmed by using purified
proteins (Figure S6A). Finally, pull-down assays using Tir peptides
and lysates of N-WASP knockout cells transfected with GFP-
tagged IRSp53 revealed a high-affinity interaction between Tir
and IRSp53, as detected by Coomassie staining and subsequent
mass spectrometric identification (Figure S6B).

Binding of IRSp53 to Tir Is Crucial for Pedestal
Formation during EHEC Infection

Specific truncations of Tirgnec have previously been described to
abolish actin pedestal formation (Allen-Vercoe et al., 2006; Cam-
pellone et al., 2006). A variant lacking almost the entire C terminus
except for the aforementioned peptide region induced pedestals,
whereas a mutant lacking 16 additional residues harboring the
NPY motif did not (Figure 4A; Campellone et al., 2006). To explore
whether these Tir variants coincided with differential IRSp53 and/
or EspFy recruitment, we transformed EHEC strains genetically
disrupted for wild-type Tir with the two Tir variants (TirA387-
451 or TirA387-467) and used them for infections of C127i murine
epithelial cells. EHEC-expressing TirA387-451 formed pedestals
and recruited both endogenous IRSp53 and translocated EspFy
to their tips (Figure 4B). The same was true for N-WASP (data not
shown). In contrast, TirA387-467 neither induced pedestals nor
mediated the enrichment of IRSp53 or EspF, although this Tir
variant was inserted into the membrane and clustered beneath
bacteria (Figure 4C). Therefore, residues 452-467 are decisive
both for pedestal formation (Campellone et al., 2006) and for
IRSp53 and EspFy recruitment.

Loss of IRSp53 Function Inhibits EHEC

Pedestal Formation

To further explore the relevance of IRSp53 in Tirgyec-mediated
and EspFy-dependent pedestal formation, we utilized cells
genetically deficient for IRSp53. IRSp53 KO cells stably trans-
fected with mock plasmid or Flag-IRSp53 (Figure 5A) were in-
fected with wild-type EHEC (Figure 5B, top panels) or EPEC
(Figure 5B, bottom panels). Significantly, pedestal formation
was observed in less than 5% of EHEC-infected cells, whereas
re-expression of IRSp53 increased robust pedestal formation
frequency over 10-fold to more than 50% (Figures 5B, top and
5C, left). Residual pedestal formation observed in IRSp53-defi-
cient cells might be explained by low-level expression of the
second IRSp53 family member IRTKS (insulin receptor tyrosine
kinase substrate) (Figure S7) because this protein is recruited

to sites of EHEC interaction in vivo and is able to bind to Tir
and EspFy in vitro (Figure S8). The third family member,
FLJ22852, which is absent in our cell lines (data not shown),
also bound EspFy, but not Tir (Figure S8), indicating functions
in EHEC pedestal formation to be restricted to the two broadly
expressed family members, IRSp53 and IRTKS. As opposed to
EHEC, EPEC pedestal formation was observed in roughly 90%
of both IRSp53 knockout and reconstituted cells (Figures 5B,
bottom and 5C, right), suggesting that at least in the presence
of the EPEC-specific Tir-Y474- and Nck-dependent pathway to
N-WASP signaling (Campellone et al., 2004a; Gruenheid et al.,
2001), IRSp53 is not necessary for pedestal formation. Impor-
tantly, IRSp53 operates in EspFy and N-WASP recruitment
downstream of EHEC-Tir, as IRSp53 KO cells failed to accumu-
late both proteins below attached wild-type EHEC, in contrast to
the clear EspFy and N-WASP targeting observed in the same
cells re-expressing Flag-IRSp53 (Figure S9).

The IMD and SH3 Domain of IRSp53 Are Both Essential
for EspFy-Dependent Pedestal Formation

To reveal the relevance of different IRSp53 domains in EHEC
pedestal formation in more detail in vivo, we subjected
IRSp53-deficient cells re-expressing mutated or truncated
versions of the protein to EHEC infections (summarized in
Figure 6B). Full-length, GFP-IRSp53 readily reconstituted
pedestal formation and localized to the actin membrane inter-
face at pedestal tips (Figure 6A, top and data not shown). A
point mutation causing a nonfunctional SH3 domain
(IRSp53ASHS3) that cannot bind, e.g., to its prominent interactor
Eps8 (Disanza et al., 2006), as well as two C-terminally deleted
variants (A364 lacking residues 365-521 and A250 comprising
only the N-terminal IMD) were prominently recruited to sites of
Tir clustering beneath attached bacteria but failed to induce
pedestal formation (Figure 6A, middle panels). Finally, the
C-terminal fragment harboring the SH3 domain (residues
365-521) did not even localize to sites of bacterial attachment
and failed to restore actin assembly, as would be expected if
the N-terminal IMD is required for linking IRSp53 to Tir. These
data show that both IMD and SH3 of IRSp53 are required for
linking Tir to the EspFy/N-WASP complex in EHEC actin
pedestal formation.

Membrane and Actin Filament Binding of IRSp53

Are Dispensable for Pedestal Formation

The IMD of IRSp53 family proteins was previously described to
mediate membrane binding and deformation or actin binding
and bundling (reviewed in Scita et al., 2008). These activities
could also influence pedestal formation induced by EHEC, in
addition to or inseparable from operating as an essential linker
protein. Thus, we compared pedestal formation induced by
wild-type IRSp53 and a variant, four arginines of which (at posi-
tions 142, 143, 146, and 147) had been mutated to glutamic acid
(IRSp53[4KE]) (Millard et al., 2005). Mutation of these residues
did not interfere with dimerization, as expected (Suetsugu
et al., 2006; Figure S10A). Unexpectedly, however, IRSp53[4KE]
prominently supported EHEC-induced pedestal formation
(Figure 6A, bottom; for quantification, see Figure 6C). Consis-
tently, IMD domains harboring the same mutations ([4KE]-IMD)
were precipitated by Tir-derived peptides in a manner
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Figure 3. IRSp53 Interacts Directly with EspFy and Tir

(A) Domain organization of IRSp53.

(B) Pull-down experiments with GST-tagged full-length IRSp53 or different truncation mutants from lysates of HEK293T cells transfected with GFP-tagged
EspFy-AN or GFP alone as control.

(C) Overlay assays with the second and third SH3 domains of Nck1 or that of IRSp53 on an array of peptides representing the proline-rich region of N-WASP
(aa 271-390), full-length EspF, and full-length WIP as depicted on the top left. Respective SH3 domains predominantly bound to spots corresponding to peptide
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indistinguishable to wild-type IMD (Figure S10B). Likewise, full-
length WT and IRSp53[4KE] could both be precipitated with
Tirenec, Tirepec, and EspFy-AN (Figure S10C), showing that the
function of IRSp53 in linking Tir and EspFy was not significantly
altered by the 4KE mutation. Although it is difficult to entirely
exclude that membrane deformation and/or F-actin binding
activities of IRSp53 contribute, to some extent, to pedestal
formation, these activities are certainly not essential. Instead,
we conclude the predominant function of IRSp53 and, presum-
ably, IRTKS to constitute the missing host cell factor linking the
two bacterial proteins Tir and EspFy. Such a scenario is
confirmed by recruitment and complete abolishment of EHEC
pedestal formation solely through moderate expression of
GFP-IMD, apparently interrupting the signaling pathway to
EspF/N-WASP-dependent actin assembly (Figure S11).

DISCUSSION

EspFy has a dual function in EHEC-mediated pedestal formation
downstream of the bacterial effector Tir. First, it directly binds to
and activates N-WASP during pedestal formation, and second, it
contributes to N-WASP recruitment to the bacterial attachment
site through at least one unknown host cell factor. In this study,
we set out to identify this missing link between the bacterial
attachment receptor Tirguec and the EspFy/N-WASP signaling
complex.

We first confirmed that the proline-rich repeats of EspF used
for subsequent pull-down experiments were sufficient to restore
EspFy functions and to link to Tir independently of N-WASP
interactions (Campellone et al., 2006, 2008; Mousnier et al.,
2008). EspF repeats (EspFy-AN) were employed for large-scale
pull-down experiments and subsequent mass spectrometry.
Pull-downs were performed in actin assembly conditions,
requiring stringent criteria for selection and ranking of candidate
linkers (for candidate lists, see Tables S1 and S2). Considerations
included previous reports on involvement in pedestal formation,
N-WASP-dependent processes, or more general types of actin
assembly. Table S2 lists candidate proteins that were analyzed
further. Most initial, promising candidates were dropped upon
more detailed experimentation. For instance, an important role
in pedestal formation induced by pathogenic E. coli was recently
ascribed to cortactin, a Tir interactor and relevant Arp2/3
complex activator (Cantarelli et al., 2006) that we had also identi-
fied in our pull-downs (Tables S1 and S2). However, unlike
N-WASP, neither EGFP-tagged cortactin nor the endogenous
protein coprecipitated with EspFy repeats from lysates of cells
(Figures 1E and 1F), speaking against an essential function in
Tirepec-induced targeting of EspF/N-WASP-dependent actin

polymerization. Moreover, cortactin was described to interact
with the N terminus of Tir (Cantarelli et al., 2007), a domain
involved in the regulation of pedestal length, whereas the region
required for pedestal formation was recently confined to 10 resi-
dues located in the C terminus of Tirgnec (Allen-Vercoe et al.,
2006; Campellone et al., 2006). Similar results were obtained
for dynamins. Thus, as suggested for cortactin recently (Mous-
nier et al., 2008), we conclude that both cortactin and dynamin
could modulate Arp2/3-dependent actin assembly in pedestals
downstream of N-WASP recruitment. Likewise, WIP family
proteins appeared to coprecipitate with EspFy repeats only
through indirect interaction via N-WASP, disqualifying them as
likely linkers of Tir and EspFy.

Ena/VASP proteins, which had been implicated in EPEC and
EHEC pedestal formation previously (Goosney et al., 2000,
2001), prominently interacted with EspF but failed to bind Tir.
These proteins, which can also bind IRSp53 (Scita et al., 2008),
may thus promote actin assembly at pedestal tips by means
other than linking the two bacterial proteins. One hit repeatedly
appearing in our MS analyses was Cip4/Trip10, which is a
member of the formin-binding protein 1 (Fnbp1) family also
comprising Fnbp1/FBP17 and the N-WASP-binding protein
Fnbp1L/Toca-1 (Ho et al., 2004; Itoh et al., 2005). However,
neither Cip4 nor Toca-1 bound to EspFy or to Tirgnec in subse-
quent high stringency experiments in which N-WASP was still
clearly enriched.

We then turned to the analysis of the BAIAP2 (brain-specific
angiogenesis inhibitor 1 associated protein 2) family of proteins
(Yamagishi et al., 2004), comprising IRSp53, IRTKS, and
FLJ22582. The overall domain organization of this protein family
is reminiscent of, but not identical to, the Fnbp1 family proteins,
with a BAR-related N-terminal IM (IRSp53 and MIM homologous)
domain (IMD) involved in membrane deformation and F-actin
binding (Scita et al., 2008). The more C-terminal SH3 domain
was shown to interact with various actin regulators, e.g., the
Arp2/3 complex activator WAVE2 (Miki et al., 2000) that cannot
mediate Arp2/3 complex activation in pedestals (Lommel et al.,
2004), but also with Eps8 (Disanza et al., 2006) or Ena/VASP
proteins (Krugmann et al., 2001).

Our experiments clearly uncover the minimal requirements to
link EHEC-Tir to N-WASP-mediated actin polymerization and
pedestal formation and pinpoint IRSp53 as the missing factor
(see also Figure 7 for a summary of interaction for all components
ofthe pathway). This signaling cascade starts off from a C-terminal
motif in Tirgnec, previously established to correspond to residues
454-563 (Allen-Vercoe et al., 2006; Campellone et al., 2006),
which bind to the N-terminal IMD of IRSp53, which, in turn—via
its C-terminal SH3 domain—binds to the proline-rich repeats of

motifs as indicated. Arrowheads are color coded: orange, Nck1-SH3 #3; blue, Nck-1 SH3 #2; red, IRSp53-SH3. Nck-SH3 domains also showed weak binding to
one related motif (white arrowheads). For a complete list of peptides and their binding properties, see Table S3.

(D) Overview of the bacterial Tir-receptor and the two N-terminally deleted Tir constructs (EPEC and EHEC) used in this study.

(E) Lysates of HEK293T cells transfected with different GFP-tagged IRSp53 fragments were subjected to pull-downs with GST alone, GST-tagged EspF-AN, or

the C termini of Tirgyec and Tirgpec.

(F) Precipitates of EPEC-Tir-derived and EHEC-Tir-derived peptides (Tirgpec: C-ATSSAVVNPYAEVGEA,; Tirgpec: C-ASIGTVQNPYADVKTS) immobilized on CNBr
Sepharose from lysates of cells expressing different GFP-tagged IRSp53 variants.

(G) Lack of direct binding between Tirgnec and EspFy-AN as revealed by Tirgpec-A334 pull-downs from lysates of cells expressing GFP-EspFy repeats. GST
alone served as negative control, and IRSp53 served as positive control. Blots in (E)~(G) were probed with anti-GFP antibodies.

(H) Coimmunoprecipitation of GFP-tagged Tirgnec C terminus and HA-IRSp53 using anti-GFP antibodies (GFP-IP) (right lane, bottom). Asterisks indicate heavy

and light chains of the antibody used in the IP.
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Figure 4. A Small, C-Terminal Tir Fragment Is Decisive for IRSp53 Recruitment and Pedestal Formation

(A) Schematic overview of the Tir variants used and their established effects on EHEC-induced pedestal formation.

(B and C) C127i cells infected with Tir-deficient EHEC re-expressing the Tir variants shown in (A) and stained for actin, IRSp53, or EspF,. Note that, in the absence
of IRSp53 recruitment (C), EspFy, is not detected as an accumulation at sites of bacteria/host cell interaction but instead weakly labels the entire bacteria.

EspFy/TccP. Furthermore, the same repeats also bind the
autoinhibitory motif in N-WASP, allowing potent activation of the
latter and, thus, of Arp2/3 complex-mediated actin assembly
(Cheng et al., 2008; Daugherty-Clarke and Goode, 2008; Sallee
et al., 2008).

Interestingly, IRSp53 is a dimer (Millard et al., 2005). The two
N termini of IRSp53 associate in an antiparallel fashion to form
a functional IMD, which may harbor one or two binding sites
for Tir. Consequently, two IRSp53 SH3 domains may signal to
at least two times five (in our case) EspFy proline-rich repeats,
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(A) IRSp53 expression in embryonic wild-type fibroblasts (WT MEFs) as compared to IRSp53 KO cells mock transfected or re-expressing Flag-tagged IRSp53.
Vinculin served as loading control.

(B) Infection experiments with EHEC or EPEC in IRSp53 KO or reconstituted cells as indicated.

(C) Quantification of pedestal formation from experiments as shown in (B) (see also Table S4). Data are arithmetic means and standard errors of means
(SEMs, error bars) from three independent experiments. n is the total number of cells analyzed. Data were statistically compared by using two-sample t test,
with a significant difference confirmed for EHEC, but not EPEC.
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each capable of activating N-WASP molecules in a synergistic
fashion (Campellone et al., 2008). Thus, IRSp53 may serve as
a bona fide signal amplification platform (Figure 7D). A better
understanding of how Tir and IMDs associate precisely may
only come from cocrystallization.

Complementary experimental approaches causing defective
IRSp53 recruitment all confirmed the significance of these
proteins for connecting Tirgpec to EspFy/N-WASP because
lack of their accumulation consistently abolished EHEC pedestal
formation (see, e.g., Figures 4, 5, 6, and S11).

In summary, we report a signaling cascade composed of alter-
nating bacterial and host cell factors designed to transduce and
amplify signals elicited by bacterial Tir receptors to drive actin
nucleation by the N-WASP/Arp2/3 complex. We uncover
IRSp53 family proteins as the missing physical link between Tir
and the EspFy/N-WASP complex. Our data add an exciting
new twist to the multitude of functions established for IRSp53
family proteins in both membrane- and actin-remodeling events.

EXPERIMENTAL PROCEDURES

cDNA Cloning, Expression Constructs, and Antibodies

The sequence encoding full-length EspFy (TccP) was obtained by PCR on
EHEC (enterohemorrhagic E. coli 0157:H7). The derived cDNA was ligated
into pCR4-Topo Blunt (Invitrogen). The resulting construct corresponded to
an EspFy variant harboring 5.5 repeats, the sequence of which had been depos-
ited (NC_002695). All further EspFy constructs used in this study were either
derived from this cDNA or synthesized (Genescript) and subcloned into
PEGFP-C (Clontech, Palo Alto) or pGEX6-P (GE Healthcare) vectors. All variants
of the IRSp53 family and CRMP-2 were cloned by PCR ampilification or restric-
tion digest using EGFP-IRSp53 or IMAGE clones BC015459, BC015619, and
BC067109 as templates, respectively, and subcloned as for EspFy. All
constructs were sequence verified. PCR primers are givenin Table S5, and addi-
tional expression constructs and antibodies are given in the Supplemental Data.

Bacterial Strains

Strains used in this study were enteropathogenic E. coli strain E2348/69
(O127:H6) (Levine et al., 1978), enterohemorrhagic E. coli strain 86-24
(O157:H7) (Griffin et al., 1988), and enterohemorrhagic E. coli strain EDL933
(O157:H7) (BCCM 15068/ATCC 43895). A knockout mutation of the espFy
gene in O157:H7 EHEC EDL 933 was obtained as described in the Supple-
mental Data. The EHEC strain genetically deficient for tir (EHECATir) and recon-
stitution constructs mediating expression of HA-tagged Tir-A387-451 and
Tir-A387-467 were kindly provided by John Leong (Campellone et al., 2006).

Cells and Transfections

N-WASP control (fl/fl) and knockout (del/del) fibroblasts were as described
(Lommel et al., 2001). For immunolocalization studies, cells were plated on
glass coverslips coated with 25 pug/ml fibronectin (Roche) prior to infection
and fixation as indicated. HEK293T cells (ATCC CRL-11268), B16-F1 mouse
melanoma cells (ATCC CRL-6323), mouse mammary gland epithelial cells
C127i (ATCC CRL-1616), and HelLa (ATCC CCL-2) were grown in RPMI
1640 (for HEK293T) or DMEM 4.5 g/I glucose (Invitrogen) supplemented with
10% FBS (PAA, Germany), 2 mM glutamine, and 50 U/ml Penicillin/Strepto-

mycin (Invitrogen). Transfections were carried out with FUGENE 6 (Roche,
Mannheim, Germany) or Superfect (for HEK293T, QIAGEN, Germany), accord-
ing to manufacturer’s protocols. IRSp53-deficient cells were spontaneously
immortalized fibroblasts prepared from homozygous E14 embryos of a mouse
carrying a GeneTrap insertion (Bay Genomics: ES cell clone Accession
Number XG757). Preparation and characterization of these, as well as Flag-
IRSp53-reconstituted cells, will be described elsewhere (A.D. and G.S.,
unpublished data).

Immunofluorescence

EPEC and EHEC infections were performed as described (Campellone et al.,
2006; Lommel et al., 2004). For fluorescence microscopy, cells were fixed
with 4% formaldehyde (PFA) in PBS for 20 min followed by permeabilization
with a mixture of 0.1% Triton X-100 and PFA for 45 s. Alexa dye-labeled
secondary reagents and phalloidin were from Invitrogen. Fluorescence
microscopy and image acquisition were as described (Lommel et al., 2004).
Images were processed with Metamorph (Universal Imaging) and Photoshop
CS2 (Adobe).

Immunoprecipitations and Pull-Down Assays

For immunoprecipitations, cells grown in 10 cm diameter dishes were washed
with PBS, lysed in 500 pl of ice-cold lysis buffer (8 mM Tris base, 12 mM
HEPES [pH 7.5], 50 mM NaCl, 15 mM KCI, 3 mM MgCl,, 1% Triton X-100,
and EDTA-free protease inhibitor cocktail Complete Mini [Roche, Germany])
for 20 min on ice. Tissues were washed in ice-cold PBS and homogenized in
a Dounce homogenizer with 1 volume/weight of tissue lysis buffer (20 mM
HEPES [pH 7.5], 50 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 0.2 mM CaCl,,
1 mM DTE, 0.5 mM ATP, 20 mM NaF, and 1 mM NaVOs). Homogenates
from cells and tissues were centrifuged for 45 min at 15.000 x g. Cleared
lysates were snap frozen in liquid nitrogen for storage. For immunoprecipita-
tions or pull-downs, lysates were incubated with the respective antibodies
as indicated for 2 hr, followed by incubation with protein G Sepharose beads
(Amersham Biosciences) for 1 hr at 4°C on a rotary wheel. Beads were washed
with lysis buffer and processed for western blot analysis. For pull-downs, re-
combinant GST-tagged proteins were expressed and purified following stan-
dard protocols (GE Healthcare) and immobilized on glutathione Sepharose
beads at 2-5 mg protein/ml slurry in PBS (10 mM NaPQ, [pH 7.5], 150 mM
NaCl, supplemented with 1 mM DTE, protease inhibitor cocktail, and 10%
glycerol), snap frozen, and stored at —70°C. Alternatively, GST was cleaved
off using PreScission Protease (GE Healthcare). Proteins were purified further
using a MonoQ ion exchange column (GE Healthcare) and covalently coupled
to CNBr-activated Sepharose 4B (GE Healthcare, Germany) according to the
manufacturer’s protocol. Beads were processed as described above. For pull-
downs, cell or tissue lysates were incubated with 30 pl of slurry for 1 hr at 4°C
on a rotary wheel. Samples were washed three times with the respective lysis
buffer, resolved on SDS-PAGE, and either processed for mass spectrometry
(see below) or resolved and analyzed by immunoblotting. Peptide overlays
were performed as described (Beutling et al., 2008).

Mass Spectrometry

Prominent individual bands or groups of less prominent bands as judged from
colloidal Coomassie-stained gels (Westermeier et al., 1997) were excised and
treated with a slightly modified method of Shevchenko (Shevchenko et al.,
2000). Proteins were identified with MALDI-TOF MS and ESI-MS/MS essen-
tially as described (Trost et al., 2005). PMF data and MS/MS fragmentation
data were analyzed with an internal MASCOT server (version 1.9; Matrix
Science, London, UK) (Perkins et al., 1999) searching against the NCBI

Figure 6. IRSp53-IMD and IRSp53-SH3 Are Both Essential for Linking Tirgnec to Actin Assembly

(A) IRSp53 KO cells re-expressing the GFP-tagged IRSp53 variants as listed in (B) were subjected to EHEC infections and examined for the actin cytoskeleton (red
in merges) and IRSp53-variant localization (green in merges). Boxed insets show bacteria stained with anti-Tir antibodies (blue in merges). IRSp53 variants
harboring the IMD domain are recruited, and those harboring both the IMD and SH3 domains are able to reconstitute pedestal formation in IRSp53 KO cells
(see also categorization in [B]). The SH3 domain is not recruited to sites of bacterial attachment. The bar is valid for all images except insets.

(B) Summary of results shown in (A).

(C) Quantification and statistics of EHEC pedestal formation in infected cells expressing GFP-tagged wild-type IRSp53 versus the 4KE mutant. Data are arith-
metic means and standard errors of means (SEMs, error bars) from three independent experiments. n is the total number of cells analyzed (see also Table S4).
Reconstitution of pedestal formation by wild-type or 4KE-IRSp53 was not statistically different, as confirmed by two-sample t test.
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Figure 7. Data Summary and Resulting Model for EHEC Pedestal Formation
(A) EHEC-Tir variants and corresponding functional data concerning their IRSp53 binding or their abilities to cluster below bacteria or to mediate pedestal forma-

tion or IRSp53 and EspFy, recruitment.
(B) EspFy and employed fragments, a summary of their binding capabilities to IRSp53 and N-WASP (center), and their abilities to localize to Tir in different

infection conditions (right).

(C) Domain structure of IRSp53 and used fragments and a summary of their interactions with EspF or Tir and of their recruitment in vivo.

(D) Model of proposed signal transduction pathway from Tirgyec to Arp2/3 complex-mediated actin polymerization during pedestal formation. Functional IMDs of
IRSp53 are dimers; hence, two SH3 domains of the IRSp53 dimer potentially recruit two EspFy molecules and, in turn, multiple N-WASP molecules, allowing
efficient and highly clustered Arp2/3 complex activation to drive focal actin assembly. Further signal amplification may derive from recruitment of additional

IRSp53 molecules through multiple EspFy repeats. Arrow, more IRSp53s.
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database. The criteria used to accept protein identifications based on PMF
data included the extent of sequence coverage, the number of peptides
matched (minimum of 5), and the score of probability (minimum of 60 for the
MOWSE score). For a list of identified proteins, including score and sequence
coverage values, see Table S1.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Experimental Procedures, 11
figures, and 6 tables and can be found with this article online at http://www.
cell.com/cell-host-microbe/supplemental/S1931-3128(09)00065-1.
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