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Background:Many bacterial pathogens reorganize the host actin cytoskeleton during infection.
Results:We show here that an enterohemorrhagic Escherichia coli (EHEC) protein, EspFU, targets themammalian host protein
TOCA1 to help drive actin “pedestal” assembly.
Conclusion: TOCA1 augments actin polymerization in these cell surface protrusions.
Significance:Our results suggest that EspFU acts as a scaffold to recruitmultiple actin assembly factors to promote colonization.

Many bacterial pathogens reorganize the host actin cytoskel-
eton during the course of infection, including enterohemor-
rhagic Escherichia coli (EHEC), which utilizes the effector pro-
teinEspFU to assemble actin filamentswithinplasmamembrane
protrusions called pedestals. EspFU activates N-WASP, a host
actin nucleation-promoting factor that is normally auto-inhib-
ited and found in a complexwith the actin-binding proteinWIP.
Under native conditions, this N-WASP/WIP complex is acti-
vated by the small GTPase Cdc42 in concert with several differ-
ent SH3 (Src-homology-3) domain-containing proteins. In the
current study, we tested whether SH3 domains from the F-BAR
(FCH-Bin-Amphiphysin-Rvs) subfamily of membrane-deform-
ing proteins are involved in actin pedestal formation.We found
that three F-BAR proteins: CIP4, FBP17, and TOCA1 (trans-
ducer of Cdc42-dependent actin assembly), play different roles
during actin pedestal biogenesis. Whereas CIP4 and FBP17
inhibited actin pedestal assembly, TOCA1 stimulated this pro-
cess. TOCA1 was recruited to pedestals by its SH3 domain,
which bound directly to proline-rich sequences within EspFU.
Moreover, EspFU and TOCA1 activated the N-WASP/WIP com-
plex in an additive fashion in vitro, suggesting that TOCA1 can
augment actin assemblywithin pedestals. These results reveal that
EspFU acts as a scaffold to recruit multiple actin assembly factors
whose functions are normally regulated by Cdc42.

A variety of intracellular microbial pathogens trigger actin
polymerization at their surface to drive directional motility
withinmammalian cells. For years, filamentous-actin (F-actin)2
“comet tail” formation by Listeria monocytogenes and Shigella
flexneri have served as powerfulmodel systems for studying the

mechanisms by which cells control cytoplasmic actin assembly
(1, 2). More recently, a group of extracellular pathogens that
adhere to the cell surface and reorganize the underlying cyto-
skeleton into dynamic F-actin “pedestals” have been used to
help decipher how cells regulate actin assembly during plasma
membrane remodeling (3). These bacteria include enterohem-
orrhagic Escherichia coli (EHEC) (serotype O157), a major
cause of bloody diarrhea and pediatric kidney failure (4, 5).
Actin pedestal biogenesis requires translocation of EHEC

effector proteins into the host cell via a type III secretion system
(6–8). Among the many effectors, only two are known to
directly drive pedestal formation: Tir and EspFU (also known as
TccP) (9). Tir acts as a plasma membrane receptor for
intimin, an adhesin expressed on the bacterial surface, and
intimin-Tir interactions result in clustering of the C-termi-
nal cytoplasmic domain of Tir. A 12-residue peptide within
this portion of Tir harbors its essential signaling function
(10–12), and it binds to the I-BAR (inverse-BAR) domains of
the membrane-deforming host cell proteins IRSp53 and
IRTKS (13, 14). SH3 domains from IRSp53 and IRTKS, in
turn, recruit EspFU (13, 14), which possesses multiple
47-residue proline-rich peptide repeats (EspFU(R1–6)) (15,
16). This repeat region is the most crucial bacterial compo-
nent of the signaling machinery that triggers actin pedestal
biogenesis, because a Tir-EspFU hybrid protein in which the
C terminus of Tir is replaced with the EspFU repeats is fully
capable of driving pedestal assembly (9).
One major function of the EspFU repeat region is to recruit

WASP and N-WASP (15, 16), a pair of actin nucleation-pro-
moting factors. WASP, which is expressed in hematopoietic
cells, and N-WASP, which is expressed ubiquitously, utilize
C-terminal WH2-connector-acidic (WCA) domains to stimu-
late the Arp2/3 complex, themajor nucleator of branched actin
filament networks in mammalian cells (17, 18). Normally,
N-WASP adopts an auto-inhibited conformation in which this
WCA region is prevented from activating Arp2/3 by an intra-
molecular interaction with a central GTPase-binding domain
(GBD). The canonical mechanism of N-WASP activation
involves binding of the small GTPase Cdc42 to a portion of the
GBD that lies adjacent to the segment that contacts the WCA

* This work was supported, in whole or in part, by National Institutes of Health
(NIH) Grants R01-AI46454 (to J. M. L.) and R01-GM59609 (to M. D. W.).

1 Previously supported by a Leukemia and Lymphoma Society career devel-
opment fellowship and is currently supported by the University of Con-
necticut. To whom correspondence should be addressed. Tel.: 860-486-
3326; E-mail: kenneth.campellone@uconn.edu.

2 The abbreviations used are: F-actin, filamentous-actin; EHEC, enterohemor-
rhagic Escherichia coli; I-BAR, inverse-BAR; GBD, GTPase binding domain;
WCA, WH2-connector-acidic; TOCA, transducer of Cdc42-dependent actin
assembly; F-BAR, FCH-Bin-Amphiphysin-Rvs.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 24, pp. 20613–20624, June 8, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20613



domain. This changes the GBD conformation, relieves auto-
inhibition, and allows the WCA domain to stimulate the
Arp2/3 complex (19).
Although Cdc42 is sufficient to activate recombinant

N-WASP in vitro, several N-WASP-interacting proteins,
including WIP, are known to influence N-WASP regulation in
the cytoplasm. For example, activation of the native N-WASP/
WIP complex by Cdc42 requires a protein named TOCA1 (20).
TOCA1 harbors an N-terminal F-BAR domain that tubulates
membranes, a central homology region-1 (HR1) domain that
binds Cdc42, and a C-terminal SH3 domain that can interact
with N-WASP. Two TOCA1 homologs, FBP17 and CIP4, also
contain this F-BAR-HR1-SH3 domain organization.
Although TOCA1, FBP17, and CIP4 each participate in

plasma membrane dynamics (21–23), their membrane tubula-
tion activities differ significantly from one another (24–26),
implying that they are regulated by divergent mechanisms or
that they have distinct cellular roles. TOCA1has been shown to
also function with N-WASP during neuronal morphogenesis
and in filopodial protrusions of the plasmamembrane (26–28).
Moreover, TOCA1 appears to recruit the N-WASP/WIP com-
plex to drive actin assembly at the tips of reconstituted filopo-
dia-like structures in vitro (29). TOCA1 additionally contrib-
utes to the formation of actin tails that drive endosomemotility
(20, 25), and can recruit N-WASP/WIP to liposomes in vitro,
where actin assembly rates might be influenced by membrane
curvature (30). Similarly, TOCA1 has been implicated in actin
tail assembly by Shigella. In the Shigella system, TOCA1
increases actin tail length, although themechanisms bywhich it
is recruited have not been defined (31).
Like Cdc42, EspFU is able to activate WASP and N-WASP.

However, in contrast to the aforementioned mechanism of
WASP activation by Cdc42, EspFU directly competes with the
WCAdomain for binding to the auto-inhibitory segment of the
GBD (32, 33). A short amphipathic helix near theN terminus of
each 47-residue EspFU repeat binds to this region of the GBD
with high affinity and therefore acts as a potent activator of
WASP and N-WASP (32, 33), as well as the N-WASP/WIP
complex (9). Importantly, actin assembly is further amplified
by the multivalency of EspFU, because the repeats synergize
in activating recombinant N-WASP derivatives and the
N-WASP/WIP complex in vitro (9, 33, 34).
Interestingly, each N-WASP-binding helix within an EspFU

repeat lies adjacent to a proline-rich sequence, suggesting that
EspFU may interact with multiple SH3 domains that could
potentially modulate N-WASP activity even further. In fact,
these proline-rich motifs are involved in binding to the SH3
domain-containing I-BAR proteins IRSp53 and IRTKS (13, 14).
However, the ability of these and other BAR protein relatives to
regulate N-WASP during pedestal biogenesis has not been
explored. Given that the SH3 domain of the F-BAR protein
TOCA1 is known to cooperatewithCdc42 to activateN-WASP
in uninfected cells, we sought to test whether the TOCA1 fam-
ily of proteins plays a role in EspFU-mediated actin assembly
during pedestal formation. We found that TOCA1 stimulates
actin pedestal assembly, whereas FBP17 and CIP4 inhibit this
process. TOCA1 is recruited to sites of pedestal biogenesis in a
manner dependent on its SH3 domain, which recognizes

EspFU, and these two proteins activate theN-WASP/WIP com-
plex in an additive manner. These results highlight an impor-
tant role for TOCA1 in pedestal biogenesis and define a key
scaffolding function for EspFU.

EXPERIMENTAL PROCEDURES

Molecular Biology—For RT-PCR of primate TOCA1, FBP17,
CIP4, and �-actin, cDNA prepared from COS7 cells with TRIzol
reagent and theM-MLV reverse transcriptase (Invitrogen) was
subsequently amplified using the following primer pairs:
gtgggatcagttcgacagct and tcgtccttcttgcagatgca, ctgggatcagttt-
gacaact and gtgctttacggccatcgtga, gtgggatcagttcgaggtgc and
aagtgcatcttcctctcctg, gctcgtcgtcgacaacggct and ggtcatcttctcgc-
ggttgg. Each product corresponds to �350 nt of 5� coding
sequences. For cloning, human TOCA1 derivatives were PCR-
amplified from plasmids (20) and inserted into the KpnI and
XbaI sites of pBTM116 to create fusions to anN-terminal LexA
DNA-binding domain (DBD) and to use with EspFU-Gal4 acti-
vation domain (GAD) fusions in yeast 2-hybrid assays (15). For
expression of GFP-TOCA1 fusions in mammalian cells,
TOCA1 derivatives were subcloned from the pBTM116 vector
into the KpnI and XbaI sites of pKC425 (35). The GFP-FBP17
plasmid (Addgene 22229) has been described previously (21).
For expression and purification of TOCA1 fusions containing
an N-terminal His6 tag, TOCA1 derivatives were subcloned
from the pKC425 vector into pKC-FastBac (36). For expression
and purification of SH3 domains containing an N-terminal
GST tag, DNA fragments encoding residues 481–546 of
TOCA1, 551–617 of FBP17, 375–440 of IRSp53, and 337–403
of IRTKS were inserted into the BamHI and NotI sites of
pGEX4T (GE Healthcare). The plasmid encoding GST-Nck-
SH3(B) has been described previously (37). Plasmids for expres-
sion and purification of EspFU derivatives containing an N-ter-
minal His10-tag and C-terminal 5myc-tag have been described
(9). The HN-Tir-EspFU(R1–6) plasmid that encodes a hybrid
effector in which the cytoplasmic C terminus of Tir has been
replaced with the repeat region of EspFU was also described
elsewhere (9), as were all other constructs (9, 12, 15, 35).
Protein Purification—His-EspFU-myc fusion proteins were

previously expressed and purified from E. coli (9). Similar to
procedures detailed elsewhere (36), His-tagged TOCA1 deriv-
atives were expressed in Sf9 cells and purified using Ni-NTA-
agarose beads (Qiagen), while GST-tagged SH3 domains were
purified from E. coli using GST-bind resin (Novagen). The
EspFU peptide (Biotin-AHA-HIPPAPNWPAPPPPVQ) was
synthesized by the Tufts University Core Facility. His-tagged
N-WASP/WIP and Arp2/3 complexes were also expressed and
purified from Sf9 insect cells as described (9, 36). To maintain
an auto-inhibited N-WASP/WIP complex, freeze-thaw cycles
and periods of storage on ice were minimized.
Transfections and Infections—COS7 cells were cultured in

DMEM with 10% FBS at 37 °C in 5% CO2, and all transfec-
tions were performed as described previously (9). TOCA1
siRNAs were acquired from Invitrogen, while FBP17 and CIP4
siRNAswere purchased fromAmbion. Commercially-available
antibodies that we used to test TOCA1 expression did not
properly recognize native or recombinantTOCA1on immuno-
blots, so we verified the potency of siRNAs by RT-PCR and by
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measuring their ability to prevent expression of GFP-TOCA1.
To experimentally cluster Tir-EspFU fusions, cells were treated
with antibodies that bind the Tir extracellular domain prior to
adding formalin fixed Staphylococcus aureus particles, as
described previously (9). Infections with non-pathogenic E. coli
expressing intimin have also been described (9). This experi-
mental system, in which Tir-EspFU fusions are expressed in
mammalian cells, allows us to specifically examine the effect of
dominant negative proteins or RNAi on EspFU-mediated sig-
naling, rather than any proximal events. It bypasses complica-
tions that may arise from inactivation of host actin assembly
factors that facilitate type III translocation (38), as well as any
problems derived from the presence of other EHEC effectors or
toxins.
Microscopy—Infected cells were fixed using 2.5% parafor-

maldehyde for 35 min and permeabilized with 0.1% Triton-X-
100 in PBS. To visualizeTir-EspFU derivatives and Staphylococ-
cus aureus particles, cells were treated with the anti-HA.11
primary antibody (Covance) and Alexa350 or Alexa488 anti-
mouse secondary antibodies (Invitrogen). F-actin was detected
using 4U/ml Alexa568-phalloidin (Invitrogen), and bacteria
were identified with 1�g/ml DAPI (Sigma). To assess the dom-
inant negative effect of GFP-N-WASP or -TOCA1 fusion pro-
teins on pedestal formation mediated by Tir-EspFU fusions,
cells co-expressing high levels of these proteins were first iden-
tified by bright GFP andHA fluorescence. Tomeasure pedestal
formation efficiencies, the percentage of cells harboring at least
15 adherent particles and 10 actin pedestals was measured. At
least 100 cells were examined per sample per experiment. To
measure pedestal intensities, individual phalloidin-stained ped-
estals were chosen randomly and outlined using ImageJ. The
mean pixel intensity of this region was then multiplied by its
2-dimensional area. This value was compared with a non-ped-
estal containing area in the same cell to yield a normalized
value. Pedestals from control samples treated with a nonspe-
cific siRNA or with a GFP plasmid were set to a value of 1, and
intensities for other experimental conditions were adjusted
proportionally. Measurements were acquired from at least 10
pedestals on at least 6 cells per condition. Statistical signifi-
cance was determined using nonparametric Mann-Whitney or
parametric ANOVA tests.
EspFU Interaction Assays—For pulldown assays, cobalt-con-

jugated magnetic particles (Invitrogen) were coated with His-
EspFU-myc derivatives for 1h. After removal of excess unbound
EspFU, beads were incubated with cell extract for 1 h in 50 mM

NaPO4 pH 7.4, 150 mM NaCl, and 0.015% Triton X-100 as
described previously (9). Bound proteins were eluted by boiling
in SDS-PAGE sample buffer. For Far-Western assays, 1 �g of
TOCA1 derivatives were subjected to SDS-PAGE, transferred
to nitrocellulose membranes, and probed with soluble His-
EspFU-myc derivatives, similar to experiments described previ-
ously (15). Bound EspFU was detected using anti-myc antibod-
ies (Sigma). Yeast two-hybrid assays and quantification of �-gal
activity and 3-AT resistance were described elsewhere (15). For
EspFU peptide-binding assays, 96-well MaxiSorp ELISA plates
(Nunc), were coated with different concentrations (10–100
�M) of GST fusion proteins in 100mM sodium carbonate buffer
(pH 9.6). Wells were washed using PBS with 0.1% Tween-20,

blocked using PBS with 3.5% BSA, and probed with the EspFU
peptide (10 �g/ml) in PBS plus 0.2% BSA. Bound peptide was
then fixed using PBS with 3% paraformaldehyde. Following
washes using PBS with 0.2% BSA and 5% milk, bound peptide
was detected using streptavidin-horseradish peroxidase (HRP;
BIOSOURCE) and the colorimetric reagent o-phenylenedi-
amine dihydrochloride (Sigma).
Immunoblotting—Toprepare extracts, transfected cells were

collected in PBS with 2mM EDTA and lysed in 50mMTris-HCl
pH 7.6, 50 mM NaCl, 1% Triton X-100, 1 mM PMSF, and 10
�g/ml of aprotinin, leupeptin, pepstatin, and chymostatin
(EMD Bioscience), prior to mixing with SDS-PAGE sample
buffer. Protein samples were boiled and analyzed by 10% SDS-
PAGE before staining with Coomassie Blue or transferring to
nitrocellulose membranes and staining with Ponceau S. Mem-
branes were blocked in PBS with 5% milk before probing with
anti-GFP or anti-Myc antibodies, as described previously (36).
Following washes, membranes were treated with HRP-conju-
gated antibodies and detected using enhanced chemilumines-
cence (GE Healthcare).
Actin Assembly Assays—Pyrene-actin assays typically con-

tained 2.0 �M actin (5% pyrene-labeled), 20 nM recombinant
N-WASP/WIP complex, and 10–20 nM Arp2/3 complex.
Polymerization and barbed end concentrations were measured
and calculated as described previously (36).

RESULTS

Multiple F-BAR-HR1-SH3 Proteins Are Expressed in Host
Cells—The observation that EspFU targets N-WASP to drive
actin assembly prompted us to explore whether TOCA1, which
normally cooperates with Cdc42 to activate the native
N-WASP/WIP complex, might promote pedestal formation.
Mammalian cells encode TOCA1 plus two closely-related
homologs, FBP17 and CIP4, each of which contains an F-BAR-
HR1-SH3 domain organization (Fig. 1A). These 3 proteins are
all thought to regulate N-WASP activity along plasma mem-
brane rearrangements such as those that occur during endocy-
tosis (21–23). Therefore, we first sought to determine which of
the F-BAR-HR1-SH3 proteins were expressed in COS7 cells, a

FIGURE 1. COS7 cells express all three members of the F-BAR-HR1-SH3
family. A, the domain organization of FBP17, CIP4, and TOCA1 is shown (20).
B, RNA isolated from COS7 cells was reverse transcribed and subjected to
15–35 cycles of PCR using primers for human FBP17, CIP4, TOCA1, and a
�-actin control. The resulting �350 bp products and a 100 bp ladder (high-
lighted band, 500 bp) were visualized on ethidium bromide-stained 1% aga-
rose gels. No PCR products were detected when the reverse transcription step
was omitted (-RT).
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commonly-employed host cell line for examining actin pedestal
formation. RT-PCR using primer pairs to amplify portions of
the 5� coding sequences of each of these transcripts yielded
products of the predicted size, indicating that TOCA1, FBP17,
and CIP4 are all expressed in this cell line (Fig. 1B).
To explore a functional role for each of these F-BAR proteins

in actin pedestal formation, we next reduced their expression
using RNAi. For measuring the efficacy of different siRNAs, we
performed RT-PCR on RNA isolated from COS7 cells treated
with independent siRNAs against TOCA1, FBP17, or CIP4, and
from control cells treated with an siRNA against GAPDH, with
a nonspecific siRNA, or without any siRNA treatment. RNAs
targetingTOCA1, FBP17, or CIP4 triggered a reduction in their
corresponding transcripts while quantities of the control �-ac-
tin transcript were unchanged (Fig. 2A). Thus, these siRNAs
silence their respective mRNA targets.
To confirm that RNAi was capable of reducing expression at

the protein level, we also tested whether siRNAs could deplete
GFP-tagged versions of TOCA1 or FBP17 in transfected cells.
Indeed, siRNA pairs targeting TOCA1 and FBP17 almost com-
pletely blocked expression of GFP-TOCA1 and GFP-FBP17,
respectively (Fig. 2B). These results provide proof-in-principle
that our RNAi-based approaches are effective for examining
the cellular roles of F-BAR family members.
TOCA1 Enhances Actin Pedestal Biogenesis, whereas FBP17

and CIP4 Inhibit This Process—To test whether TOCA1,
FBP17, or CIP4 is important for actin pedestal assembly, we
next combined siRNA-mediated gene silencing with functional
assays for actin pedestal formation. To examine EspFU-medi-
ated actin assembly while bypassing any requirements for the
actin polymerization machinery during type III effector trans-
location fromEHEC (38), we expressed a Tir-EspFU fusion pro-
tein in the plasma membrane of siRNA-treated host cells. To
trigger pedestal assembly, we then clustered this hybrid effector
by treating cells with a non-pathogenic strain of E. coli that
expresses intimin orwith anti-Tir coated S. aureus particles (9).
Just as biomimetic approaches involving ActA-coated beads
and IcsA-expressing E. coli are used to examine the actin-based
motility mechanisms of Listeria and Shigella (39–41), this
experimental system allows us to specifically study the EspFU-
mediated actin assembly mechanisms that are used by EHEC.
Quantification of the fraction of infected cells that contained

visibly detectable F-actin pedestals revealed that cells treated
with nonspecific or GAPDH control siRNAs formed pedestals
at high efficiencies (�80%). Interestingly, the percentage of
cells with pedestals was roughly one-third lower (�55%) when
treated with a pair of siRNAs to TOCA1 (Fig. 2, C and D). In
contrast, treatment with siRNAs to FBP17 or CIP4 caused a
significant increase (to �95%) in the efficiency of pedestal for-
mation (Fig. 2D). Taken together, these results suggest that
TOCA1 normally plays a positive role in actin pedestal assem-
bly, while FBP17 and CIP4 have negative roles in this process.
As a second measure of actin pedestal formation, we quanti-

fied the intensity of F-actin staining within pedestals. Surpris-
ingly, pedestals formed in cells treatedwith siRNAs to FBP17 or
CIP4weremore than twice as bright as pedestals in control cells
(Fig. 2D), implying that EspFU can drive the assembly of more
densely-packed actin networks when either of these two pro-

teins are absent. TOCA1 depletion did not have any apparent
effects on pedestal intensity (Fig. 2D), consistent with the pos-
sibility that this protein plays a role in initiating actin assembly
into pedestals but is not required for increasing the amount of
actin filaments found in pedestals at steady-state.
To further explore the role of F-BAR proteins in pedestal

formation, we also assessed actin pedestal efficiency and inten-
sity when GFP-tagged versions of TOCA1 or FBP17 were over-
expressed in host cells. When expressed at low levels by them-
selves, each fusion protein was found throughout COS7 cells
and at the plasma membrane. However, only GFP-FBP17
caused a dramatic induction of membrane tubulation (data not

FIGURE 2. TOCA1 depletion inhibits pedestal assembly whereas FBP17 or
CIP4 depletion enhances it. A, COS7 cells treated with no siRNAs, a nonspe-
cific (NS) siRNA, or independent siRNAs to GAPDH, TOCA1, FBP17, or CIP4
were subjected to RT-PCR for TOCA1, FBP17, CIP4, and �-actin (25 cycles) and
agarose gel electrophoresis. B, cells treated with an siRNA to GAPDH or with
pairs of siRNAs to TOCA1 or FBP17 were transfected with plasmids encoding
GFP-TOCA1 or GFP-FBP17 and analyzed by immunoblotting for GFP, �-tubu-
lin, or GAPDH. C, cells treated with siRNAs and transfected with HA-Tir-
EspFU(R1– 6) were infected with E. coli expressing intimin, fixed, and stained
with HA antibodies to identify transfected cells, with phalloidin to detect
F-actin, and with DAPI to visualize bacteria. D, pedestal formation efficiencies
were determined by calculating the % of infected cells harboring 10 or more
actin pedestals. Data represent the mean � S.E. from 4 –7 experiments. Ped-
estal intensities in relative fluorescent units (RFU) were determined by meas-
uring the total F-actin pixel intensity in the pedestal. Data represent the
mean � S.E. from �70 pedestals per sample across 3– 4 experiments. The
significant differences in pedestal efficiency and intensity that were observed
using siRNA pairs were verified using individual siRNAs to TOCA1 and FBP17
(data not shown). For comparisons to siNS: *, p � 0.05; **, p � 0.01; ***, p �
.0001.
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shown), similar to previous observations (21). In accordance
with depletion experiments suggesting that TOCA1 protein
levels positively correlate with pedestal assembly (Fig. 2, C and
D), GFP-TOCA1 overexpression caused a significant increase
in the efficiency of pedestal formation and more than doubled
the intensity of F-actin staining within pedestals (Fig. 3, A and
B). In addition, consistent with a negative correlation
between FBP17 protein levels and pedestal assembly, GFP-
FBP17 overexpression caused a dramatic (�8-fold) decrease
in the efficiency of pedestal formation (Fig. 3, A and B).
Overall, the combination of siRNA-mediated loss-of-func-
tion and overexpression analyses indicates that TOCA1 con-
tributes positively to EspFU-mediated actin pedestal biogen-
esis, whereas FBP17 (and probably CIP4) play inhibitory
roles in pedestal assembly.
TOCA1 Localizes to Actin Pedestals in an SH3 Domain-de-

pendent Manner—Since TOCA1 had a positive function in
actin pedestal formation, we next examined the localization of
GFP-TOCA1 during EspFU-mediated actin assembly. Interest-
ingly, GFP-TOCA1 showed a significant enrichment in pedes-
tals, compared with the rest of the cell (Fig. 4, A and B). GFP-
FBP17, even though it blocked pedestal formation, could also
be recruited to sites of EspFU clustering. However, localization
of the TOCA1 fusion was much more prominent than that of
FBP17 (Fig. 4, B and C). GFP-TOCA1 usually localized
throughout the entire pedestal, and it sometimes appeared
enriched near the pedestal tip adjacent to the bacterium (Fig.
4B, lower panels).
TOCA1 contains an HR1 domain that binds Cdc42 and an

SH3 domain that interacts with proline-rich peptides, so we
next tested whether its recruitment to pedestals could still
occurwhen such interactionswere disrupted by the previously-
characterized MGD3 IST mutations in the HR1 domain or a
W518K mutation in the SH3 domain (20). Importantly,

whereas the TOCA1 MGD3 IST mutant localized to pedes-
tals, the W518K mutant did not (Fig. 4A), suggesting that SH3
domain interactions are important for TOCA1 recruitment to
pedestals.
Given this requirement for the TOCA1 SH3 domain in

recruitment to pedestals, we predicted that overexpression of
the SH3 domain by itself might act as a dominant negative
inhibitor of actin pedestal formation. To test this possibility, we
measured the capacity of the Tir-EspFU fusion protein to
assemble actin pedestals in cells expressing high levels of GFP-
TOCA1(SH3). Consistent with the decrease in pedestal forma-
tion observed in TOCA1 siRNA-treated cells, expression of the
TOCA1 SH3 domain caused about a 2-fold reduction in the
efficiency of pedestal formation (Fig. 5, A and B), indicating
that the SH3 domain of TOCA1 is indeed capable of disrupt-
ing EspFU-mediated actin assembly. A similar (but some-
what greater) inhibition of pedestal formation was observed
when we overexpressed the best known target of EspFU, the
N-WASP GBD (Fig. 5, A and B). Thus, these dominant neg-
ative studies further support a role for TOCA1 in actin ped-
estal assembly.
To investigate the basis of the dominant negative effect of the

GFP-TOCA1(SH3) fusion, we introduced a W518K mutation
into this construct. In contrast to cells overexpressing the wild
type SH3 domain, cells overexpressing this mutant generated

FIGURE 3. TOCA1 overexpression enhances pedestal assembly while
FBP17 overexpression inhibits it. A, COS7 cells co-expressing HA-Tir-
EspFU(R1– 6) and GFP fusion proteins were infected with E. coli expressing
intimin, fixed, and stained with DAPI to identify bacteria and phalloidin to
label F-actin. The scale bar is 1 �m in length. B, pedestal formation efficiencies
were determined by calculating the % of infected GFP-expressing cells har-
boring 10 or more actin pedestals. Data represent the mean � S.E. from 3– 4
experiments. Pedestal intensities in relative fluorescent units (RFU) were
determined by measuring the total F-actin pixel intensity in the pedestal.
Data represent the mean � S.E. from �70 pedestals per sample across 3– 4
experiments. For comparisons to GFP: *, p � 0.05; ***, p � .0001.

FIGURE 4. TOCA1 localizes to EspFU-derived actin pedestals in an SH3-de-
pendent manner. A, COS7 cells were co-transfected with plasmids encoding
HN-Tir-EspFU(R1– 6) (9) and either wild type GFP-TOCA1 or mutants with inac-
tivated HR1 (MGD3 IST) or SH3 (W518K) domains. The Tir-EspFU fusion along
with S. aureus were visualized by anti-HA and anti-mouse antibody staining.
F-actin was detected with phalloidin. All scale bars are 1 �m in length. B, mag-
nified examples of GFP-TOCA1 localization to actin pedestals are shown.
C, magnified example of GFP-FBP17 recruitment to intimin-expressing bacte-
ria is shown.
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actin pedestals quite strongly (Fig. 5C), indicating that binding
to proline-rich sequences is required for the inhibitory activity
of the SH3 domain. In addition, the dominant negative effect of
the TOCA1 SH3 domain is likely specific to signaling from
EspFU, and not due to ectopic N-WASP activation or seques-
tration, because overexpression of an SH3 domain from the
adaptor protein Nck did not affect actin pedestal formation
(13). Presumably the TOCA1 SH3 domain acts in a dominant
negative fashion because it inhibits EspFU from recruiting
endogenous TOCA1.
To test whether TOCA1 SH3 overexpression affects

N-WASP recruitment, we stained transfected cells with
N-WASP antibodies. N-WASP localized to sites of clustered
EspFU in the absence or presence of the functional SH3 frag-
ment (data not shown), suggesting that the inhibitory effect of
this TOCA1 derivative is not due to any obvious defect in
N-WASP recruitment. Since it does not appear to be essential
for N-WASP localization, a function for TOCA1 in actin ped-
estal formation may reside in its ability to facilitate N-WASP
activation.

The TOCA1 SH3 Domain Binds to the Proline-rich Repeat
Region of EspFU—The observations that TOCA1 requires its
SH3 domain for recruitment to actin pedestals and that SH3
overexpression can inhibit pedestal formation raised the possi-
bility that this region of TOCA1 might associate with the pro-
line-rich sequences of EspFU. To test whether EspFU and
TOCA1 interact, we coated magnetic beads with purified
recombinant His-tagged EspFU derivatives (9) and mixed these
beadswith extracts generated fromcells expressing eitherGFP-
TOCA1wild type or theW518Kmutant. Binding of TOCA1 to
the beads was then assessed by immunoblotting for GFP.
Whereas beads coated with EspFU(N), the control N-terminal
EspFU translocation domain, did not pulldown either TOCA1
protein, EspFU(R1–6), the derivative containing the entire
EspFU C-terminal repeat region (9), pulled down wild type
GFP-TOCA1 (Fig. 6A), indicating that EspFU and TOCA1
interact in cell extracts. In contrast, EspFU(R1–6) did not pull-
down the W518K mutant (Fig. 6A), implying that the TOCA1
SH3 domain is necessary for interacting with EspFU. Interest-
ingly, EspFU(R1), a derivative containing only a single repeat
(9), did not pull down substantial amounts of GFP-TOCA1
when compared with EspFU(R1–6) (Fig. 6A), suggesting that
multiple repeats contribute to the interaction between EspFU
and TOCA1.
To determine if the association between TOCA1 and EspFU

could be direct, we purified recombinantHis-tagged versions of
wild type TOCA1 and theW518Kmutant (Fig. 6B). These pro-
teins were then subjected to SDS-PAGE, immobilized on nitro-
cellulose membranes, and probed with purified EspFU deriva-
tives harboring zero, one, or six repeats. Binding of EspFU to
TOCA1 in these Far-Western assays was then detected by
immunoblotting for theC-terminalMyc tags on the EspFU pro-
teins (9). Consistent with results from pulldown experiments,
TOCA1did not bind either EspFU(N) or EspFU(R1) in this assay
(Fig. 6C). Moreover, wild type TOCA1 bound EspFU(R1–6),
and aW518Kmutation inTOCA1 reduced the amount of bind-
ing by more than 75% (Fig. 6C). These results indicate that the
multivalent proline-rich region of EspFU can directly bind to
TOCA1, and that a functional TOCA1 SH3 domain is required
for this interaction.
To further define the interaction between TOCA1 and

EspFU, TOCA1 was fused to the LexA-DBD for examination
with a GAD-EspFU fusion in yeast two-hybrid assays (Fig. 6D).
As expected, full-length EspFU associated with full-length
TOCA1 in these studies, as determined by activation of LacZ
and His3 reporter genes. The related proline-rich EHEC effec-
tor protein EspF, which is related to EspFU and also capable of
activating N-WASP (42), did not activate reporter gene expres-
sion in the presence of TOCA1, indicating that this interaction
was specific to EspFU. EspFU(R1–6), but not EspFU(N), also
triggered reporter activation, confirming that the ability of
EspFU to interact withTOCA1 is found in its repeat region. The
central HR1 domain of TOCA1 that binds Cdc42 does not
appear to mediate binding to EspFU, because an inactivating
MGD mutation in the HR1 domain had no effect on the inter-
action with EspFU. However, as predicted from the pull-down
and Far-Western assays, aW518Kmutation in the SH3 domain
abrogated the interaction ofTOCA1with full-lengthEspFU and

FIGURE 5. The isolated SH3 domain of TOCA1 inhibits EspFU-mediated
actin pedestal assembly. A, cells co-expressing HA-Tir-EspFU(R1– 6) and
high levels of GFP fusion proteins carrying the N-WASP GBD or TOCA1 SH3
domain were treated with Tir antibodies and S.aureus, fixed, and stained with
HA antibodies to identify both transfected cells and S.aureus, and with phal-
loidin to detect F-actin. Cells expressing low levels of GFP-N-WASP(GBD) and
GFP-TOCA-1(SH3) showed strong recruitment of the GFP fusions to sites of
S.aureus adherence (data not shown). B, pedestal formation efficiencies were
determined by calculating the % of co-transfected cells harboring 10 or more
actin pedestals. Data represent the mean � S.E. from three experiments. For
comparisons to GFP: **, p � 0.01. C, cells co-expressing HA-Tir-EspFU(R1– 6)
and GFP-TOCA1 fusion proteins carrying a wild type or mutant SH3 domain
were infected with E. coli expressing intimin, fixed, and stained with DAPI to
identify bacteria and phalloidin to label F-actin.
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with its isolated repeat region. Importantly, the SH3 domain
alonewas also sufficient to interact with the EspFU repeats. The
specificity of the TOCA1 SH3-EspFU association was further
reflected by the observations that the proline-rich repeats of
EspF did not bind to the TOCA1 SH3 domain, and that the
EspFU repeats did not interact with an SH3 domain from the
adaptor protein Nck (Fig. 6D).

Aside from TOCA1, EspFU has been shown to bind other
SH3 domain-containing proteins. The best characterized of
these interactions are with the I-BAR proteins IRSp53 (14) and
IRTKS (13). In fact, a single 47-residue EspFU repeat binds to
the SH3 domain of IRTKS with a much higher affinity (�500
nM) than typical proline-rich sequences (43). Therefore, to
compare the ability of SH3 domains from different BAR family
proteins to bind to EspFU,we generatedGST-tagged versions of
the SH3 domains from the F-BAR proteins TOCA1 and FBP17
and from the I-BARproteins IRTKS and IRSp53 (Fig. 6E). Using
a modified ELISA approach, we then coated microtiter wells
with multiple concentrations of these SH3 domains and mea-
sured their ability to bind a biotinylated 16-residue EspFU pep-
tide that encompasses its entire proline-rich sequence. Neither
the SH3domain fromTOCA1nor the SH3domain fromFBP17
bound to the EspFU peptide in these experiments (Fig. 6F), con-
sistent with previous assays indicating thatmultivalency within
EspFU is required for binding to TOCA1. In contrast, the SH3
domain from IRTKS and, to a greater extent, the SH3 domain
from IRSp53 bound to the 16-residue proline-rich EspFU pep-
tide (Fig. 6F), demonstrating that, unlike the SH3 domains from
F-BAR proteins, the SH3 domains from these I-BAR proteins
are capable of binding to the monovalent EspFU sequence with
relatively high affinity.
Overall, this series of protein-protein interaction studies

defines the specific association of the multivalent repeat region
of EspFU with the SH3 domain of TOCA1, indicating that the
binding sites on TOCA1 for EspFU and Cdc42 are distinct.
Thus, just as EspFU is able to activate N-WASP in actin pedes-
tals by a mechanism that is distinct from the way in which
Cdc42 normally activates N-WASP (32, 33), EspFU can appar-
ently promote TOCA1 recruitment in a manner distinct from
the way in which Cdc42 normally recruits TOCA1.
TOCA1 Stimulates N-WASP/WIP-mediated Actin Assembly

in Vitro—TOCA1 was initially identified based on its ability to
act in concert with Cdc42 to activate the native N-WASP/WIP
complex (20), so we next explored whether TOCA1might con-
tribute to pedestal formation by augmenting N-WASP activa-
tion. To test this possibility, we first measured the activity of
recombinant TOCA1 toward N-WASP and the Arp2/3 com-
plex in pyrene-actin polymerization assays in vitro. Interest-
ingly, we found that TOCA1 by itself could promote actin
assembly with N-WASP and the Arp2/3 complex (Fig. 7A).
This activation occurred in a concentration-dependent man-
ner, with maximal stimulation occurring at �1 �M TOCA1
(Fig. 7A).
To test whether TOCA1 could also activate N-WASP in the

presence of WIP, we measured the effect of TOCA1 on actin
polymerization using the N-WASP/WIP and Arp2/3 com-
plexes. TOCA1 also activated N-WASP/WIP, with maximal
stimulation occurring at 400 nM TOCA1 (Fig. 7B). Moreover,
the recombinant W518K mutant of TOCA1 did not accelerate
N-WASP/WIP-mediated actin assembly at any of the protein
concentrations we tested (Fig. 7B). Collectively, these results
suggest that TOCA1 can act as an N-WASP/WIP activator by
itself and that this activity requires a functional SH3 domain.
SH3 domains from many proteins are known to promote

N-WASP activation, especially the adaptor proteins Grb2 and

FIGURE 6. TOCA1 binds to the proline-rich repeat region of EspFU. A, COS7
cells were transfected with GFP-TOCA1 plasmids, lysed, and either analyzed
by SDS-PAGE directly (Cell Extract) or mixed with beads coated with His-
EspFU-myc derivatives containing either the N-terminal translocation domain
(N), 6 proline-rich peptide repeats (R1– 6), or a single repeat (R1). After precip-
itation, bead-associated TOCA1 derivatives (Pulldowns) were detected by
blotting with GFP antibodies. The W518K mutant migrates through SDS-
PAGE gels slower than the wild type protein (20). B, full-length N-terminally
His-tagged TOCA1 derivatives were purified and analyzed by SDS-PAGE and
Coomassie staining. C, His-TOCA1 wild type or W518K were transferred to
nitrocellulose membranes following SDS-PAGE and probed with the His-
EspFU-myc derivatives N, R1– 6, or R1. Bound EspFU was detected by anti-myc
immunoblotting. TOCA1 was detected with Ponceau S. Densitometry indi-
cated that binding of R1-R6 to TOCA1 was reduced 4.1-fold by the W518K
mutation (data not shown). D, plasmids encoding EspFU (or EspF) derivatives
fused to the Gal4 transcriptional activation domain and TOCA1 (or Nck) frag-
ments fused to the LexA DNA-binding domain were co-transformed into a
yeast two-hybrid reporter strain. The MGD and W518K mutants were utilized
where indicated. Data represent the mean � S.D. of �-galactosidase activity
for three co-transformants for each pairwise combination. Activation of the
HIS3 reporter was determined by growth on media containing 3-AT. Similar
results were obtained in multiple transformations. E, N-terminally GST-
tagged SH3 domains were purified and analyzed by SDS-PAGE and Coomas-
sie staining. F, ELISA plates were coated with 10, 50, or 100 �M GST-SH3 fusion
proteins and probed with an N-terminally biotinylated EspFU peptide. Bound
peptide was detected using a streptavidin-HRP conjugate, binding values
were normalized to BSA-coated (control) wells and then plotted in adjusted
colorimetric units (ACU). Data represent the mean � S.E. of four samples.
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Nck1/Nck2 (37, 44). Given that TOCA1 and FBP17 from the
F-BAR family (Fig. 4), along with IRSp53 and IRTKS from the
I-BAR family (13, 14) are recruited to EspFU-driven actin ped-
estals, we next sought to compare the abilities of the SH3
domains from these proteins to activate the N-WASP/WIP
complex. Therefore, we measured the effects of the GST-SH3
domains on actin polymerization in vitro. The efficiency of
polymerization was quantified by measuring the concentration
of F-actin barbed ends (a function of the rate of actin assembly
at half of the maximal filament concentration) over a range of
SH3 concentrations. Consistent with previous results using
individual SH3 domains from other proteins in conjunction
with N-WASP (37, 44), the SH3 domains fromTOCA1, FBP17,
IRSp53, and IRTKS all activated N-WASP/WIP, albeit ineffi-
ciently (Fig. 7C). As a point of reference, the maximal barbed
end value for each reaction was comparable to that of a GST-
tagged version of an SH3 domain fromNck1 (Fig. 7C) (37). The
SH3 domains from the I-BAR proteins were slightly better
N-WASP/WIP activators than the SH3 domains from the
F-BAR proteins at most concentrations, while within the
F-BAR family member TOCA1 was marginally more potent
than FBP17when used at concentrations higher than 2�M (Fig.
7C). Thus, based on the ability of their SH3 domains to stimu-
late the actin nucleationmachinery, there does not appear to be

any dramatic advantage to recruiting any one specific BAR fam-
ilymember during pedestal formation.However, it is important
to note that full-length TOCA1was roughly 4-foldmore potent
than the minimal SH3 domain from TOCA1 (compare Fig. 8A
to Fig. 7C), so TOCA1 sequences outside of the SH3 domain
might also contribute to actin assembly during pedestal
formation.
TOCA1 and EspFU Stimulate N-WASP/WIP-mediated Actin

Assembly Additively in Vitro—The EspFU repeat region acti-
vates N-WASP with a potency that might be 100-fold greater
than that of Cdc42 in vitro (32, 33). EspFU is also an extremely
strong activator of the N-WASP/WIP complex (9), and com-
parisons of barbed end quantities in the presence of multiple
concentrations of EspFU(R1–6) or full-length TOCA1 indicate
that EspFU is also dramatically better thanTOCA1 at activating
N-WASP/WIP-mediated actin assembly (Fig. 8A). However,
sincemaximalN-WASP activity normally occurs in response to
multiple signaling inputs (20, 37, 44), we next sought to deter-
mine if EspFU and TOCA1 are capable of acting together to
drive actin polymerization.
Because of the efficiency with which EspFU and, to a lesser

extent, TOCA1, activates N-WASP/WIP, we had to use rela-

FIGURE 7. TOCA1 stimulates N-WASP/WIP-mediated actin assembly in
vitro. A, actin (2 �M) was polymerized using 10 nM Arp2/3 complex, 20 nM

N-WASP, and the indicated concentrations of TOCA1 wild type. Pyrene-actin
fluorescence was measured in arbitrary units (AU) over time. B, actin (2 �M)
was polymerized using 20 nM Arp2/3 complex, 20 nM N-WASP/WIP complex,
and the indicated concentrations of TOCA1 wild type or the W518K mutant as
in part A. C, actin (2 �M) was polymerized using 20 nM Arp2/3 complex, 20 nM

N-WASP/WIP complex, and the indicated concentrations of GST-SH3 fusion
proteins. Barbed end concentrations were calculated when F-actin reached
its half-maximal value.

FIGURE 8. TOCA1 and EspFU activate N-WASP/WIP additively in vitro.
A, actin (2 �M) was polymerized using 20 nM Arp2/3 complex, 20 nM N-WASP/
WIP complex, and the indicated concentrations of His-tagged EspFU(R1– 6),
TOCA1 wild type, or the W518K mutant. Barbed end concentrations were
calculated when F-actin reached its half-maximal value. B, actin (2 �M) was
polymerized using 20 nM Arp2/3 complex, 20 nM N-WASP/WIP complex, and
the indicated concentrations of TOCA1 and EspFU(R1– 6). Pyrene-actin fluo-
rescence was measured in arbitrary units (AU) over time. C, actin (2 �M) was
polymerized as in part B, and the time to reach half of the maximal F-actin
concentration (Halftime) and slope of assembly curves at 60% polymer
(Assembly Rate) was measured and normalized to controls containing only
actin, Arp2/3 complex, and N-WASP/WIP complex. The predicted Halftimes
and Assembly Rates were calculated based on the premise that the effects of
TOCA1 and EspFU on actin polymerization would be additive.
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tively low concentrations of each of these activators in pyrene-
actin assembly assays. In the presence of 20 nM N-WASP/WIP
and Arp2/3, 1 nM EspFU modestly increased the rate of actin
assembly (Fig. 8B). 20 nM TOCA1 also resulted in a mar-
ginal acceleration of polymerization kinetics over N-WASP/
WIP and Arp2/3 alone. Interestingly, when EspFU and TOCA1
were added to the N-WASP/WIP and Arp2/3 complexes
together, actin polymerization occurred at rates faster than
with either EspFU or TOCA1 individually (Fig. 8B). We also
utilized EspFU at an even lower concentration, 0.2 nM, which by
itself did not accelerate the time for the polymerization reaction
to reach half of the maximal F-actin concentration (halftime;
Fig. 8C). Nevertheless, this concentration of EspFU, in combi-
nation with 20 nM TOCA1, resulted in a decrease in the half-
time and a measurable increase in the maximal polymerization
rate (Fig. 8, B and C). A comparison of the halftimes and the
maximum actin assembly rates triggered by the EspFU and
TOCA1 proteins revealed that the stimulatory effects of the
EspFU and TOCA1 mixtures were consistent with (but slightly
higher than) those predicted from the simple addition of their
individual activities (Fig. 8C). Thus, the actin nucleation-pro-
moting activity of the N-WASP/WIP complex can be increased
by the combined actions of EspFU and TOCA1.

DISCUSSION

One of the best-characterized ways in which actin polymer-
ization is regulated involves activation of the nucleation-pro-
moting factor N-WASP by the small GTPase Cdc42 (19). More
recently, a bacterial molecule, the EHEC O157 effector protein
EspFU, has been estimated to activate N-WASP with a potency
that is orders of magnitude higher than Cdc42 and other indi-
vidual N-WASP-binding proteins (32, 33). EspFU is a relatively
simple protein: a type III translocation sequence followed by a
47-residue peptide repeated between 2 and 8 times (45).
Includedwithin each repeat is anN-terminal amphipathic helix
that binds to N-WASP (32, 33) and a C-terminal proline-rich
sequence that is recognized by the SH3 domains of at least 2
proteins, IRSp53 and IRTKS (13, 14). Because activation of the
native N-WASP/WIP complex by Cdc42 normally requires the
SH3 domain-containing F-BAR protein TOCA1 (20), we
explored whether TOCA1 and other closely-related factors
play a role in EspFU-mediated actin pedestal assembly.

Through a combination of protein depletion and overexpres-
sion studies, we found that TOCA1 stimulates actin pedestal
assembly, whereas surprisingly its homologs FBP17 and CIP4
inhibit this process. After 3-h infections, when pedestals have
typically reached steady-state in quantity, length, and intensity,
the frequency of pedestal formation decreased by approxi-
mately one-third when TOCA1 was depleted from cells, while
the average intensity of F-actin staining within pedestals more
than doubled when TOCA1 was overexpressed. In contrast,
when either FBP17 or CIP4 were depleted, the efficiency of
pedestal formation increased slightly, and the average intensity
of F-actin staining more than doubled. Moreover, FBP17 over-
expression caused a major decrease in the efficiency of actin
pedestal formation. We do not yet understand the mechanistic
basis for how FBP17 (and perhaps CIP4) normally inhibits ped-
estal assembly, but these results are consistent with previous

observations suggesting that TOCA1, FBP17, and CIP4 have
different abilities to promote plasma membrane remodeling
(21, 24, 25). Given that TOCA1was the only one of these factors
to have a positive effect on pedestal assembly, we further
explored its function during this process.
GFP-TOCA1 localized to actin pedestals generated by

EspFU, and the SH3 domain of TOCA1 was required for this
recruitment. TOCA1 also bound to EspFU in an SH3 domain-
dependent manner in multiple protein-protein interaction
assays. AW518K substitution that disrupts SH3 function abro-
gated both EspFU binding in vitro and the dominant negative
activity of this isolated domain in cells. Collectively, these
results suggest that EspFU is capable of directly engaging
TOCA1 via its SH3 domain during actin pedestal assembly.
Importantly, although EspFU and Cdc42 each bind to both

TOCA1 and N-WASP, they recognize different sequences in
these proteins (Fig. 9, A and B). EspFU binds to the autoinhibi-
tory portion of the N-WASP GBD, whereas Cdc42 binds to a
nearby motif called the CRIB (32, 33). In addition, while EspFU
interacts with the TOCA1 SH3 domain, Cdc42 recognizes its

FIGURE 9. Model for EspFU-mediated recruitment of TOCA1 and enhance-
ment of N-WASP activation. A, EspFU contains an N-terminal sequence (N)
important for entry into mammalian cells and multiple 47-residue peptide
repeats (R1-R6) that include an N-WASP-binding amphipathic helix and a pro-
line-rich SH3-binding sequence. Interactions between an EspFU repeat and
the N-WASP autoinhibitory (AI) motif within the GBD exposes the WCA region
to promote Arp2/3 complex activation. The EspFU repeats also bind to the
SH3 domain of TOCA1. In a simple model, one subunit of a TOCA1 homodimer
may interact with EspFU, while the SH3 domain of the other subunit may
enhance N-WASP activation by binding to the N-WASP proline-rich domain
(PRD). Other N-WASP sequences include a WASP-homology-1 (WH1) domain,
a basic (B) peptide, and a C-terminal WCA region. B, in contrast to EspFU,
Cdc42 binds to the N-WASP Cdc42/Rac-interactive-binding (CRIB) motif
within the GBD and the TOCA1 HR1 domain to promote actin assembly. The
TOCA1 SH3 domain can facilitate N-WASP activation by binding to the PRD.
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HR1 domain (20). Thus, EspFU has evolved strategies that are
parallel to, but distinct from those used byCdc42 to activate the
N-WASP/WIP actin polymerization machinery.
Interestingly, pulldown assays, Far-Western blots, and pep-

tide-binding ELISAs all indicated that multiple 47-residue
repeats are necessary for the physical association of EspFU with
TOCA1, implying that repeat cooperativity is required for
recruitment ofTOCA1during pedestal biogenesis. Cooperativ-
ity among the EspFU repeats was previously shown to result in
simultaneous engagement of multiple N-WASPmolecules and
a dramatic enhancement of subsequent Arp2/3 binding and
activation (9, 34). Taken together, these findings suggest that, in
addition to their synergistic effects on N-WASP activation, the
tandem EspFU repeats may provide a scaffold for recruiting
additional host proteins like TOCA1 that coalesce into a mul-
tisubunit complex capable of robust actin polymerization.
Notably, the number of EspFU repeat units varies among path-
ogenic E. coli isolates, but all known EspFU proteins contain at
least two repeats (45), implying that multivalent interactions,
likely with multiple binding partners, are important for actin
pedestal assembly in vivo.
Consistent with previous observations indicating that

N-WASP has higher levels of activity when it is engaged by
multiple signaling molecules (19, 20, 37, 44), pyrene-actin
assembly assays demonstrated that EspFU and TOCA1 activate
the N-WASP/WIP complex in an additive manner when pres-
ent at low concentrations. However, EspFU and TOCA1 are
each independently capable of potently stimulating assembly
when used in higher quantities. Interestingly, our observation
that TOCA1 alone activates the N-WASP/WIP complex in an
SH3-dependent manner indicates that it does not always
require coordination with other endogenous N-WASP activa-
tors such as Cdc42 to promote actin polymerization.
The findings that the SH3 domain of TOCA1 can bind EspFU

as well as activate N-WASP might be interpreted to mean that
simultaneous interactions of TOCA1 with EspFU (to promote
recruitment) and N-WASP (to promote activation) does not
occur. However, F-BAR domains like the one present in
TOCA1 dimerize, so native TOCA1 might harbor two (or
more) SH3 domains that could promote coincident binding to
EspFU and N-WASP (Fig. 9A). It is also possible that different
cellular conditions dictate whether TOCA1 is bound to EspFU,
N-WASP, both proteins, or neither protein within the pedestal.
Finally, it is important to note that the proline-rich sequences
within EspFU are additionally recognized by the SH3 domains
of IRSp53 and IRTKS, I-BAR proteins that mediate the recruit-
ment of EspFU to the EHEC transmembrane receptor, Tir (13,
14). EspFU has also been reported to bind the SH3 domain of
cortactin (46), another actin-associated factor. Thus, with
numerous potential host cell targets, the mechanisms by which
the EspFU repeat region organizes a complex signaling platform
during actin pedestal formation are only beginning to be
elucidated.
Our preliminary investigations into how the SH3 domains

from TOCA1 and FBP17, as well as IRSp53 and IRTKS, bind to
EspFU and activate the N-WASP/WIP complex have begun to
reveal some of the similarities and differences between the
F-BAR and I-BAR subclasses of the BAR superfamily of mem-

brane-deforming proteins. Interestingly, a monomeric form of
the proline-rich EspFU peptide binds to the recombinant SH3
domains of IRTKS and (to an even greater extent) IRSp53, but
not toTOCA1or FBP17.Thus, there appears to be a fundamen-
tal difference in the way in which the SH3 domains from
IRSp53/IRTKS and TOCA1 are recognized by EspFU. The SH3
domains from the I-BAR proteins also are slightly better than
the SH3 domains from the F-BAR proteins at activating the
N-WASP/WIP complex in vitro. However, it is not yet clear if
such subtle differences are manifested in any significant effects
on actin assembly in cells.
Along with activating N-WASP/WIP, TOCA1 can also bind

and deform membranes via its F-BAR domain, which recog-
nizes charged phospholipids (21–23). In fact, membrane bind-
ing byTOCA1may contribute to its ability to activateN-WASP
(30). Interestingly, the concave-shaped F-BAR dimer induces
membrane invagination, in contrast to the convex membrane
binding I-BAR domains of IRTKS and IRSp53 that induce pro-
trusive structures (47). How these opposing activities might
influence the morphology of the actin pedestal also remains to
be determined.
Bacterial comandeering of multiple host factors to promote

actin-based motility has also been demonstrated for Shigella,
which recruits both N-WASP and TOCA1 during actin tail
assembly (31). In that experimental system, TOCA1 depletion
reduces the average length of the actin tail, suggesting that
TOCA1 facilitates tail elongation (31). However, the Shigella
N-WASP activator, IcsA, does not bind TOCA1. Instead,
TOCA1 recruitment requires a second unidentified Shigella
effector protein that functions by an unknown mechanism.
Thus, in contrast to a multifaceted strategy for N-WASP acti-
vation by Shigella, our results indicate that the mechanism of
actin pedestal assembly driven by N-WASP and TOCA1 relies
solely upon the versatile EHEC effector protein EspFU. Further
characterizations of EspFU and its host protein targets will
undoubtedly continue to shed light on how cells and pathogens
control the actin assembly machinery.
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