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Enteropathogenic Escherichia coli and Vaccinia Virus Do Not Require
the Family of WASP-Interacting Proteins for Pathogen-Induced Actin

Assembly
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The human pathogens enteropathogenic Escherichia coli (EPEC) and vaccinia virus trigger actin assembly in host cells by acti-
vating the host adaptor Nck and the actin nucleation promoter neural Wiskott-Aldrich syndrome protein (N-WASP). EPEC
translocates effector molecules into host cells via type III secretion, and the interaction between the translocated intimin recep-
tor (Tir) and the bacterial membrane protein intimin stimulates Nck and N-WASP recruitment, leading to the formation of actin
pedestals beneath adherent bacteria. Vaccinia virus also recruits Nck and N-WASP to generate actin tails that promote cell-to-
cell spread of the virus. In addition to Nck and N-WASP, WASP-interacting protein (WIP) localizes to vaccinia virus tails, and
inhibition of actin tail formation upon ectopic expression of WIP mutants led to the suggestion that WIP is required for this
process. Similar studies of WIP mutants, however, did not affect the ability of EPEC to form actin pedestals, arguing against an
essential role for WIP in EPEC-induced actin assembly. In this study, we demonstrate that Nck and N-WASP are normally re-
cruited by vaccinia virus and EPEC in the absence of WIP, and neither WIP nor the WIP family members CR16 and WIRE/
WICH are essential for pathogen induced actin assembly. In addition, although Nck binds EPEC Tir directly, N-WASP is re-
quired for its localization during pedestal formation. Overall, these data highlight similar pathogenic strategies shared by EPEC
and vaccinia virus by demonstrating a requirement for both Nck and N-WASP, but not WIP or WIP family members in patho-

gen-induced actin assembly.

Manipulation of the host actin cytoskeleton is central to the
pathogenesis of a variety of intra- and extracellular patho-
gens. Enteropathogenic Escherichia coli (EPEC), and vaccinia vi-
rus are important human pathogens that stimulate actin assembly
to promote colonization and/or spread. Both pathogens mediate
actin assembly by recruiting the host adaptor protein Nck, neural
Wiskott-Aldrich syndrome protein (N-WASP), and the WASP-
interacting protein (WIP) (55). When activated by host (e.g., Nck
and Cdc42) or pathogen-encoded factors (see below), WASP fam-
ily proteins, including WASP, N-WASP, and three WAVE/Scar
molecules (49), efficiently stimulate the Arp2/3 complex to initi-
ate actin assembly (8, 14, 22, 41, 42). This activity is central to
diverse cellular processes, including formation of filopodia and
lamellipodia (55), endocytosis (7, 26, 37), cell movement (24, 44,
51), and surface receptor signaling (6, 28).

During colonization of the intestinal epithelium, EPEC strains
induce hallmark attaching-and-effacing (AE) lesions character-
ized by localized rearrangement of the actin cytoskeleton, the for-
mation of actin-rich pedestals beneath adherent bacteria, and the
destruction of adjacent microvilli (10, 12, 20, 21). To generate
actin pedestals, EPEC utilizes a type III secretion system to deliver
the translocated intimin receptor (Tir) to the apical plasma mem-
brane of the host cell, where its extracellular loop binds the bacte-
rial outer membrane protein intimin and stabilizes bacterial at-
tachment (25). The C-terminal domain of Tir, localized in the
host cell cytoplasm, initiates host signaling cascades that exploit
the actin polymerizing ability of N-WASP to form actin-rich ped-
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estals beneath adherent bacteria (21, 27, 29). EPEC Tir contains a
critical C-terminal tyrosine residue (Y474) that is phosphorylated
by host kinases upon translocation into the target cell (9). The
phosphorylation of Y474 in EPEC Tir provides a binding site for
the host adaptor protein Nck (9, 12, 21), and both Tir phosphor-
ylation and Nck binding are essential for N-WASP recruitment
and actin pedestal formation (9, 16, 17, 21, 29, 30). The related
pathogen enterohemorrhagic E. coli (EHEC) also recruits
N-WASP, but in an Nck-independent fashion (52, 53).

Vaccinia virus utilizes a similar signaling cascade to induce
actin tails and enhance intercellular movement (46, 55). The vac-
cinia virus-encoded A36R coat protein also contains a C-terminal
tyrosine (Y112), which, when phosphorylated by host kinases
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(38), provides an Nck binding site required for the recruitment of
Nck and N-WASP (18). Immunolocalization studies have re-
vealed the presence of Grb2, Nck, WIP, and N-WASP at the viral
coat protein, and more recent fluorescence recovery after photo-
bleaching (FRAP) experiments revealed that all four proteins un-
dergo dynamic and continuous turnover during actin tail forma-
tion by vaccinia virus (54). It has been suggested that WIP
mediates the recruitment of N-WASP to vaccinia virus, based on
the observation that overexpression of the WASP-binding do-
main (WBD) of WIP acts as a dominant-negative inhibitor of
vaccinia virus-induced actin tail formation and prevented
N-WASP recruitment to the viral particle (36). Notably, FRAP
studies also revealed that the baseline rates of exchange of Nck and
WIP were nearly identical and significantly more rapid than the
rate of N-WASP exchange, which is consistent with a model in
which Nck and WIP may be recruited to A36R as a complex and
together subsequently recruit N-WASP (54).

In contrast to vaccinia virus, Lommel et al. demonstrated that
overexpression of the WIP WBD had no effect on the ability of
EPEC to form pedestals on N-WASP-sufficient cells; the recruit-
ment of N-WASP to EPEC Tir was also unaffected by expression
of N-WASP lacking the WH1 domain, which is unable to interact
with WIP (32). Based on the presence of functionally analogous
phosphotyrosine motifs—Y112 and Y474 of vaccinia virus A36R
and EPEC Tir, respectively—the apparent requirement for WIP in
recruiting N-WASP to vaccinia virus-bound but not EPEC-bound
Nck was unexpected.

The generation of mice and cell lines lacking N-WASP (47) and
its interacting partners Nck (50), Cdc42 (13), and WIP (2) have
enabled us to better characterize the intracellular host signaling
cascades targeted by pathogens that manipulate the host actin
polymerization machinery. We sought to characterize here more
fully the molecular signaling events required for pathogen-in-
duced actin assembly by EPEC and vaccinia virus. Utilizing tar-
geted cell lines and immunolocalization studies, we demonstrate
that vaccinia virus and EPEC both utilize and require Nck and
N-WASP, but not WIP or WIP family members for actin assem-
bly, and that Nck and N-WASP appear to be recruited by these
pathogens in a mutually dependent manner.

MATERIALS AND METHODS

Gene targeting and cell preparations. The generation of N-WASP ™/~
and Cdc42™/'~ fibroblast-like cells (FLC) from embryonic stem cells has
been described (13, 47). WIP~/~ FLC were isolated from lung tissue iso-
lated from WIP knockout (KO) mice (2). Briefly, lung pieces from WT or
WIP KO mice were washed with phosphate-buffered saline (PBS), minced
and cultured in Iscove medium supplemented with 10% fetal bovine se-
rum and penicillin-streptomycin (50 U/ml) for several days. After the
removal of unattached debris, the adherent cells were treated with trypsin
and maintained in culture.

Bacterial and viral strains. EPEC JPN15/pMAR?7 strain and EHEC
TUV 93-0 were cultured in lysogeny broth for at least 8 h to late log phase
the day prior to infection and then diluted 1:10 and grown overnight at
37°C without agitation. For EPEC, the media were supplemented with
ampicillin (100 pg/ml). Shigella flexneri 2a strain 24577 was cultured
overnight prior to infection. Vaccinia virus was either provided by Ram-
nik Xavier (Massachusetts General Hospital, Boston, MA) or produced in
one of our laboratories (R.S.G., Children’s Hospital, Boston, MA).

Retroviruses and vectors. Retrovirus expressing rat N-WASP (19)
was generated by cloning the coding sequence into a replication-defective
retrovirus chicken matrix metalloproteinase plasmid (pCMMP) (31). N-
WASP/GFP bicistronic viruses were constructed by cloning green fluores-
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cent protein (GFP; containing an internal ribosome entry site) down-
stream of N-WASP, and recombinant virus was produced by transient
transfection of the 293-GPG packaging cell line as previously described
(39). Wild-type (WT) WIP was cloned in phase with GFP at the C termi-
nus of WIP in the vector pcDNA3 as previously described (15). pELGFP-
WIP was provided by Michael Way (36), and pEBB myc-tagged Nck SH3-
1,2,3 mutant was provided by Bruce J. Mayer (50).

Infection assays. Infection assays were described previously (13, 47).
Briefly, FLC were inoculated and grown overnight on coverslips in Dul-
becco modified Eagle medium supplemented with 10% fetal calf serum
and overlaid with the bacterial or viral suspension. In bacterial experi-
ments, to promote adhesion to the cells, the samples were centrifuged for
10 min at 2,000 X g at 23°C. The cells were incubated for 1 h at 37°C at a
multiplicity of infection (MOI) of 200 for EPEC and S. flexneri and at an
MOI of 400 for EHEC, followed by incubation in medium supplemented
with gentamicin (50 pg/ml) for 3 h. The efficiency of Shigella and EPEC/
EHEC infections were more than 10 and 90%, respectively. For vaccinia
virus invasion, cells were infected at an MOI of 20 for 8 h without genta-
micin, which resulted in an infection efficiency of 50 to 90%. After infec-
tion, coverslips were washed three to five times with PBS, fixed for 10 min
with 3.7% fresh paraformaldehyde, and stained.

CR16 Western blotting. Protein extracts from lung fibroblasts, as well
as WT testes tissue (positive control), were separated by sodium dodecyl
sulfate-gel electrophoresis and transferred onto nitrocellulose membrane
as previously described (8). Immunoblotting was performed with rabbit
polyclonal anti-CR16 (1:500) (generated in the R.S.G. laboratory), followed
by horseradish peroxidase-conjugated goat anti-rabbit secondary antibody
(1:3,000; Cell Signaling, Danvers, MA), and visualized using enhanced chemi-
luminescence (GE Healthcare Life Sciences, Piscataway, NJ).

RNAi. For WIRE knockdown, an ON-TARGETplus SMARTpool
against mouse WIRE (Thermo Fisher Scientific/Dharmacon, Lafayette,
CO) was transfected into WIP '~ and WT control fibroblasts using Lipo-
fectamine 2000 according to the manufacturer’s protocol. Control short
interfering RNAs (siRNAs) for SMARTpool RNA interference (RNAi)
included the ON-TARGETplus nontargeting pool (Thermo Fisher Scien-
tific/Dharmacon). WIRE protein levels were determined 48 and 96 h after
siRNA transfection by Western blotting and detection with rabbit poly-
clonal anti-WIRE antibody (Sigma, St. Louis, MO). Greater than 85%
knockdown was confirmed by comparison of the optical density of WIRE
bands relative to tubulin loading controls in Image] software.

Transfections. For WIP and DN-Nck expression, DNA was trans-
fected into 10° FLC 16 h prior to infection using Lipofectamine Plus (In-
vitrogen, Carlsbad, CA) or FuGENE6 (Roche Applied Science, Indianap-
olis, IN). The efficiency of transfection for each of these constructs ranged
between 20 and 40%, with an overall transfection and infection efficiency
of 2 to 15%.

Immunofluorescence microscopy. The fixed cells were permeabil-
ized with 0.5% Triton X-100 in PBS for 20 min and washed five times with
1% bovine serum albumin in PBS. Nck, N-WASP, and WIP were localized
by incubating with anti-Nck rabbit polyclonal antibody (Upstate Biotech-
nology, Waltham, MA) at a 1:200 dilution, anti-N-WASP rabbit poly-
clonal antibody (provided by Rajat Rohatgi), or anti-WIP rabbit poly-
clonal antibody (provided by Raif Geha), respectively, for 1 h at room
temperature. Subsequently, the cells were incubated with fluorescein iso-
thiocyanate (FITC)-conjugated anti-rabbit IgG antibody (Sigma) at a
1:200 dilution for 1 h. Myc-tagged DN-Nck was detected by incubation
with anti-myc mouse monoclonal antibody (Oncogene, Cambridge, MA)
ata 1:200 dilution for 1 h at room temperature. The cells were then incu-
bated with FITC-conjugated anti-mouse IgG or TRITC (tetramethyl rho-
damine isothiocyanate)-conjugated anti-mouse IgG antibody (Sigma, St.
Louis, MO) at 1:200 dilution, followed by 1 pg of rhodamine-labeled
phalloidin (Molecular Probes, Eugene, OR)/ml for 20 min at room tem-
perature for F-actin staining. To identify bacterially infected cells, perme-
abilized cells were incubated with DAPI (4',6’-diamidino-2-phenylin-
dole; Molecular Probes, Eugene, OR) at 300 nM for 3 min at room
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FIG 1 Actin pedestal formation by EPEC and EHEC does not require Cdc42.
Pedestal formation by EPEC and EHEC is independent of Cdc42. EPEC and
EHEC infection result in pedestal formation (arrows) in both WT (left panel)
and Cdc42™'~ FLCs (right panel) stained with phalloidin (F-actin, red) and
DAPI (DNA, blue). Scale bar, 5 pm.

temperature. Standard epifluorescence microscopy was performed using
an AX70 upright microscope (Olympus, Tokyo, Japan). To determine the
efficiency of pedestal formation for EPEC, the actin cytoskeleton of 100
bacterially infected cells were examined in five independent experiments
by immunofluorescence. Cells containing at least 10 bacteria by DAPI
staining were considered infected. To determine the relative tail lengths in
vaccinia virus-infected or Shigella-infected WT and WIP '~ FLC, the
lengths of 50 phalloidin-stained tails were measured using Photoshop 5.0
software (Adobe, San Jose, CA) by random sampling in three independent
experiments.

RESULTS

Cdc42 is not required for EPEC-induced actin pedestal forma-
tion. The Rho family GTPase Cdc42 interacts with the GTPase-
binding domain (GBD) of N-WASP, and it was reported that
WASP proteins lacking the GBD fail to localize to EPEC-induced
actin pedestals, raising the possibility that Cdc42 plays a role in
actin pedestal formation (27). However, inactivation of Cdc42
with Clostridium difficile toxin B or overexpression of N-WASP
GBD did not prevent EPEC pedestal formation (5, 8), and an
N-WASP mutant that is insensitive to Cdc42 activation can none-
theless mediate actin assembly by EPEC (32). To determine
whether Cdc42 is required for pedestal formation, WT and
Cdc42-deficient cells (13) were infected with EPEC. EHEC, which
translocates the effector EspF/TccP that directly activates
N-WASP (14, 43), was included as a control. EPEC, like EHEC,
efficiently formed pedestals in the absence of Cdc42 (Fig. 1), de-
finitively ruling out an essential role for Cdc42 in EPEC pedestal
formation.

WIP is recruited to sites of actin assembly by diverse micro-
bial pathogens but is not required for N-WASP recruitment or
actin assembly. Several pathogenic microbes usurp N-WASP to
promote colonization and spread (48). WIP interacts with
N-WASP and may play an important role in N-WASP-mediated
actin assembly (34). WIP localizes to sites of actin assembly in-
duced by vaccinia virus (47, 54), and Lommel et al. showed that
WIP localizes along the entire length of the EPEC pedestal (32).
WIP also localized to sites of actin assembly promoted by Shigella,
a pathogen that does not utilize Nck (47). We first tested whether
WIP was also found in actin pedestals induced by EHEC, another
pathogen that generates assembly in the absence of Nck. In WT
cells, WIP was recruited to the tips of pedestals induced by EHEC
(Fig. 2A, upper panels, and see Fig. S2 in the supplemental mate-
rial), indicating that pedestal localization of WIP does not require
Nck. As expected, in agreement with previous studies (32), EPEC
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FIG 2 WIP localizes to EPEC- and EHEC-induced pedestals but is not re-
quired for actin assembly by EPEC, EHEC, Shigella, or vaccinia virus. WT (top
row) and WIP™/~ (bottom row) fibroblasts were infected with EPEC, EHEC,
Shigella, and vaccinia virus. Bacterial and viral DNA was identified by DAPI
staining, and the sites of actin assembly were determined by staining with
rhodamine-phalloidin. (A) WIP (arrows) localizes to actin pedestals induced
by both EPEC and EHEC (upper panels); both EPEC and EHEC form actin-
pedestals on WIP™/~ cells (lower panels). (B) Shigella and vaccinia virus form
actin tails efficiently on WT and WIP~/~ FLC. Scale bar, 5 um.

also recruited WIP to pedestals (Fig. 2A, upper panels, and see Fig.
S2 in the supplemental material).

Given the localization of WIP at both EPEC and EHEC pedes-
tals and the fact that it has been suggested that WIP may mediate
the recruitment of N-WASP to pathogen-bound Nck (36, 45), we
wanted to determine whether WIP was required for actin assem-
bly induced by means of Nck-independent (EHEC and Shigella)
or Nck-dependent (EPEC and vaccinia virus) mechanisms. After
first confirming that WIP~'~ FLC express normal levels of N-
WASP and Nck (see Fig. S1 in the supplemental material), we
found that EHEC efficiently formed pedestals on WIP~/~ FLC
similar to rates on WT FLC (Fig. 2A and Table 1). Furthermore,
consistent with prior results showing no effect of WIP WASP-
binding domain overexpression on Shigella tail formation (36),
the percentages of Shigella-infected cells that had actin tails, and
the relative tail lengths, were similar between WIP~/~ FLC and
WT controls (Fig. 2B and Table 1). These results indicate that
although WIP is localized to sites of actin assembly induced by
Shigella and EHEC, its presence neither depends on Nck, nor is it
required for actin tail and pedestal formation, respectively.

TABLE 1 The absence of WIP does not affect actin pedestal or actin tail
formation by EPEC, EHEC, vaccinia virus, or Shigella

Data (mean * SD) for each
host cell genotype

Pathogen and parameter WT WIP~/~ P
EPEC
Actin pedestals (%) 99.6 + 0.57 99.7 + 0.58 0.65
EHEC
Actin pedestals (%) 90.3 = 2.51 90.1 = 4.7 0.81
Shigella sp.
Infection rate (%) 13.4 + 4.3 9.1 = 1.2 0.08
Actin tails (%) 69.3 = 4.5 66.0 = 6.0 0.32
Avg tail length (um) 11.3 £5.0 10.7 £ 4.5 0.57
Vaccinia virus
Infection rate (%) 81.2 +9.7 80.1 £94 0.77
Actin tails (%) 81.7 = 13.0 84.0 = 11.6 0.18
Avg tail length (m) 48+ 13 49 * 1.6 0.62
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FIG 3 WIP is not essential for the recruitment of Nck or N-WASP during
infection with vaccinia virus, EPEC or EHEC. F-actin (phalloidin staining,
red) and DNA (DAPI, blue) were visualized in WT and WIP~/~ FLC infected
with vaccinia virus (top row), EPEC (middle row), or EHEC (lower row).
Actin tails and pedestals are formed efficiently in WIP~/~ FLC, and N-WASP
(green) (arrows, left column) or Nck (green) (arrows, right column) are re-
cruited to EPEC and vaccinia virus in the absence of WIP. *, Lack of Nck
localization to EHEC. Scale bar, 5 pm.

In contrast to Shigella and EHEC, vaccinia virus and EPEC
utilize Nck to recruit host N-WASP, and previous reports sug-
gested that WIP, by mediating the interaction between Nck and
N-WASP, plays an important role in actin-tail formation by vac-
cinia virus (36) but, somewhat unexpectedly, not in actin pedestal
formation by EPEC (32). To clarify this apparent dichotomy in the
requirement for WIP in actin assembly, we assessed actin pedestal
or tail formation by EPEC and vaccinia virus in WIP-deficient
cells. Consistent with previous WIP mutant overexpression stud-
ies (32), EPEC efficiently formed pedestals on WIP ™/~ FLC simi-
lar to rates on WT FLC (Fig. 2A and Table 1). Moreover, we found
that the percentage of vaccinia virus-infected cells that had actin
tails was similar between WIP™'~ FLC and WT controls (Fig. 2B
and Table). There was also no difference in the relative tail length
in vaccinia virus-infected WT or WIP ™/~ cells (Fig. 2B and Table
1). Together, these results demonstrate that WIP is not essential
for EPEC-induced pedestal formation or for the actin-based mo-
tility of vaccinia virus.

Given that WIP was not required for EPEC- and vaccinia virus-
based actin assembly, we hypothesized that WIP would not be
required for either Nck or N-WASP recruitment. We first showed
that N-WASP, but not Nck, was also recruited to EHEC actin
pedestals on WIP-deficient cells, an observation consistent with
the ability of EHEC to form pedestals in an Nck-independent
manner (Fig. 3, bottom row). Importantly, N-WASP and Nck
were also normally recruited by vaccinia virus and EPEC in
WIP™'~ cells (Fig. 3, top and middle rows).

WIP is recruited to EHEC, but not EPEC or vaccinia virus,
upon ectopic expression of a dominant-negative Nck derivative.
Since WIP can bind to both Nck and N-WASP, WIP recruitment
may be dependent on a direct interaction with either Nck and/or
N-WASP. In order to test the role of Nck in WIP recruitment to
both EPEC and vaccinia virus, we utilized a dominant-negative
inhibitor of endogenous Nck (DN-Nck) that contains mutations
in each of the SH3 domains (50). We first confirmed that the
construct was effective by demonstrating that DN-Nck specifically
blocked EPEC-induced but not EHEC-induced pedestal forma-
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FIG 4 Neither N-WASP nor WIP is recruited to EPEC in the absence of Nck.
FLC transfected with a dominant-negative inhibitor of Nck (green) were in-
fected with either EPEC (upper row) or EHEC (lower row) and were analyzed
by DAPI staining of DNA and immunostained for N-WASP (left panel, red) or
WIP (right panel, red). N-WASP localizes to EHEC (closed arrowhead), but
not EPEC in DN-Nck transfected cells (open arrowhead). WIP localizes to
EHEC (closed arrowhead), but not EPEC (open arrowhead) in DN-Nck trans-
fected cells. Green anti-myc staining is omitted from the insets to improve
phalloidin and DAPI visualization. Scale bar, 10 pwm; inset scale bar, 2.5 pm.

tion (21) (see Fig. S3 in the supplemental material) and blocked
the recruitment of N-WASP to EPEC but not EHEC (Fig. 4, left
panels). WIP recruitment to EHEC pedestals did not appear to
depend on Nck because ectopic expression of the DN-Nck had no
effect on pedestal localization by WIP (Fig. 4, bottom right). In
contrast, DN-Nck expression blocked WIP recruitment to EPEC
(Fig. 4, upper right panel). Similarly, and consistent with previ-
ously published work (13, 27), DN-Nck expression blocked both
N-WASP and WIP recruitment to vaccinia virus (data not
shown).

Localization of both WIP and Nck to EPEC and vaccinia vi-
rus is N-WASP dependent. Given that the second SH3 domain
within Nck interacts with WIP (4), the observation that WIP lo-
calization to sites of attachment by vaccinia virus or EPEC was
blocked by the expression of an Nck derivative with defective SH3
domains is consistent with the simple model that Nck normally
directly recruits WIP to sites of actin assembly induced by these
pathogens. Alternatively, given that WIP and N-WASP are capa-
ble of direct interaction (15, 23, 34), it is also possible that the
expression of a dominant-negative Nck derivative inhibited WIP
recruitment by blocking the localization of N-WASP. Indeed, the
ability of EHEC to recruit WIP to sites of pedestal formation (Fig.
4), in spite of the Nck-independent nature of EHEC pedestal for-
mation, is consistent with N-WASP-dependent WIP recruitment.
In addition, we previously demonstrated that WIP is recruited to
sites of both vaccinia virus and Shigella actin tail formation in an
N-WASP-dependent manner (47).

To determine whether N-WASP is required for WIP or Nck
localization to sites of EPEC or EHEC pedestal formation, we in-
fected N-WASP-deficient cells with these bacteria. As a control, in
parallel we also infected these cells with vaccinia virus. All three
pathogens were incapable of promoting actin assembly in these
cells, an observation consistent with previous findings (21, 47). In
addition, we confirmed that WIP and Nck recruitment to vaccinia
virus actin tails required N-WASP (Fig. 5, lower row) (47). Finally,
neither Nck nor WIP was localized at sites of adherent EHEC or
EPEC in the absence of N-WASP (Fig. 5, top and middle rows).
Since EHEC does not require Nck for either N-WASP recruitment
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FIG 5 N-WASP is required for the recruitment of both Nck and WIP. N-
WASP ™/~ FLC were infected with either EPEC (upper row) or EHEC (middle
row) or vaccinia virus (lower row) and were analyzed by DAPI staining of DNA
(blue), phalloidin staining for actin (red), and immunostaining with Nck (left
panels, green) or transfection with WIP-GFP (right panels, green). Neither
Nck nor WIP localized to EPEC (arrows), EHEC (arrows) or vaccinia virus
(arrows) in the absence of N-WASP. Scale bar, 5 pm.

or pedestal formation, these data are consistent with the sugges-
tion that WIP is recruited to EHEC-induced actin pedestals indi-
rectly through its interaction with N-WASP. Importantly, to-
gether with the above finding that ectopic expression of a DN-Nck
derivative blocks N-WASP recruitment to sites of EPEC attach-
ment, these data also suggest that, as is the case for vaccinia virus,
N-WASP and Nck are dependent on each other, but not WIP, for
localization to sites of EPEC-mediated actin assembly.

WIP family members CR16 and WICH/WIRE do not con-
tribute to actin rearrangements induced by EPEC or vaccinia
virus in the absence of WIP. In addition to WIP, the WIP family
of proteins includes two additional WIP homologues that are ca-
pable of binding N-WASP and may be able to functionally substi-
tute for WIP: CR16 and WIRE/WICH (WIP related/WIP CR16
homologous) (3, 35). In order to determine whether the apparent
dispensability of WIP for actin pedestal and tail formation was a
result of functional redundancy of CR16 or WIRE for WIP, we
first confirmed by Western blotting that only WIRE, and not
CR16, was expressed in fibroblasts (see Fig. 4A in the supplemen-
tal material). We next generated WIRE knockdown and WIP ™'~/
WIRE knockdown lines by siRNA-mediated depletion of WIRE in
WT and WIP™/~ cells. We confirmed by Western blot and densi-
tometry that there was >85% knockdown of WIRE (see Fig. S4B
in the supplemental material). We found no significant differ-
ences, compared to WT cells or WIP ™/~ cells, in the rates of in-
fection, the frequency of actin tails or actin pedestals, or the mor-
phology of these actin structures during infection with EPEC or
vaccinia virus in WIRE-depleted cell lines (Fig. 6; see also Table S1
in the supplemental material). These data confirm that neither
WIP, nor CR16, nor WIRE/WICH is required for EPEC- and vac-
cinia virus-induced actin rearrangement.

DISCUSSION

In order to characterize the role of N-WASP and its interacting
partners (WIP, Cdc42, and Nck) in regulating the actin cytoskel-
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FIG 6 The WIP family member WIRE/WICH does not substitute for WIP in
WIP ™/~ cells during infection with EPEC or vaccinia virus. EPEC (upper row)
and vaccinia virus (lower row) were equally able to induce actin pedestals and
actin tails, respectively, in WIP WT (left panels) or KO cells (right panels)
depleted of the WIRE/WICH by siRNA. Red is actin staining with Alexa Fluor
594-conjugated phalloidin; insets show DAPI staining of nuclei (omitted from
the figure for clarity). Scale bar, 5 pm.

eton, we generated cell lines with germ line deletion or dominant-
negative inhibition of these proteins (1, 2, 13, 47). These cell lines
have enabled us to characterize more fully the host molecular
signaling events required for pathogen-induced actin-assembly by
EPEC, EHEC, and vaccinia virus and demonstrate conclusively
that Cdc42 is not required for EPEC- or EHEC-induced pedestal
formation.

We have demonstrated that WIP is not required for actin as-
sembly induced by either EPEC or vaccinia virus. Although both
N-WASP and WIP are recruited to sites of actin assembly by EPEC
(Fig. 2A and 4) and vaccinia virus (Fig. 3), only N-WASP, and not
WIP, was required for actin pedestal formation and actin-based
motility (Fig. 3) (32, 47). For vaccinia virus, Nck has been impli-
cated as the link between virally expressed A36R and WIP, which
in turn binds N-WASP (36, 45). Like vaccinia virus, EPEC also
utilizes Nck as a link between a bacterially expressed protein (Tir)
and downstream host signaling molecules (9, 21). We have dem-
onstrated that EPEC and vaccinia virus do not require WIP for
Nck localization or for the recruitment of N-WASP in initiating
actin polymerization. A direct interaction between Nck and N-
WASP, which has been confirmed in vitro (40, 42), is consistent
with our findings. However, reports have suggested that the region
of N-WASP previously shown to bind Nck, the proline-rich re-
gion domain, is not required for either the localization of
N-WASP to pedestals or for the formation of pedestals by EPEC
(27, 33). Given the more recent demonstration that EPEC gener-
ates actin pedestals by (at least) three pathways, only one of which
is Nck-dependent (11), the lack of discernible phenotypes associ-
ated with N-WASP deletion derivatives might be due to redun-
dancy. For example, an Nck-independent pathway involving the
N-WASP WH1 domain might facilitate N-WASP localization and
pedestal formation in the absence of the Nck-binding N-WASP
proline-rich domain.

Our results suggest that the recruitment of Nck, WIP, and N-
WASP to EPEC or vaccinia virus does not proceed in a simple linear
fashion. Despite the fact that Nck can bind to phosphorylated Tir (9,
21), we found that Nck does not localize to EPEC or vaccinia virus in
the absence of N-WASP (Fig. 5). These findings contrast with previ-

iai.asm.org 4075


http://iai.asm.org

Garber et al.

EPEC/vaccinia Shigella

Tir/A36R

O\y*E 00 Qo
»
& & N-WASP
Y«m/Ynz 5 WASP @
Nek '; é
g,
e 3oy

Ij WP

FIG 7 Model for strategies of Nck/N-WASP recruitment and activation
shared by EPEC and vaccinia virus and contrasted with EHEC and Shigella.

ous reports in which GFP-tagged Nck was observed beneath extracel-
lular vaccinia virus particles in N-WASP '~ cells (54). That we did
not see endogenous Nck staining suggests that N-WASP may be re-
quired to stabilize the nascent interaction between Tir and Nck or
may facilitate the translocation of Nck to the cytoplasmic tail of Tir,
but that GFP-Nck, ectopically expressed at relatively high levels,
might still localize to vaccinia virus in the absence of N-WASP. We
propose that EPEC Tir and vaccinia virus A36R require a complex
that contains N-WASP and Nck for recruitment to the pathogen (Fig.
7). A role for N-WASP upstream of Nck is also consistent with FRAP
studies demonstrating that the rate of N-WASP exchange is the major
determinant of both Nck and WIP turnover at the vaccinia virus coat
protein (54). Ithas been proposed that the observed differences in the
rates of Nck and N-WASP exchange may be due to additional stabi-
lizing interactions between the WASP-homology 2 (WH2) domain
of N-WASP and free barbed ends of growing actin filaments (54), and
this model is compatible with our data demonstrating that the pres-
ence of both Nck and N-WASP at the viral particle is required for
WIP recruitment to vaccinia virus. Although WIP can be found as
part of this Nck/N-WASP complex at the site of actin assembly, its
presence is not required for actin assembly induced by EPEC or vac-
cinia virus.

We also determined that it is unlikely that other WIP family
members—CR16 and WIRE/WICH—serve a functionally redun-
dant role in stabilizing the Nck/N-WASP complex. CR16 is not
expressed in the fibroblasts used in these experiments, and deple-
tion of WIRE/WICH did not affect the rates of infection or the
ability of EPEC or vaccinia virus to induce actin rearrangements in
WIP~'~ cells. Our findings are also consistent with prior studies
involving the overexpression of either the WBD of WIP or
WIPAWBD that indicated that an N-WASP/WIP interaction was
dispensable for EPEC pedestal formation (32). The observation
that overexpression of the WBD of WIP blocked vaccinia virus
actin tail formation, suggesting an essential role for WIP in this
process (36), may have resulted from reduced actin polymeriza-
tion activity through nonspecific sequestration of N-WASP.
Given that we show here that N-WASP is required for Nck recruit-
ment by vaccinia virus, the prior observation that overexpression
of the WBD of WIP also blocked the recruitment of Nck to vac-
cinia virus (36) may also have been a consequence of its effect on
N-WASP.

Overall, our studies highlight similar pathogenic strategies
shared by EPEC and vaccinia virus in the Nck-dependent recruit-
ment of an N-WASP/WIP complex to homologous phosphoty-
rosine motifs in EPEC Tir and vaccinia virus A36R. We demon-
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strate a dual requirement for both Nck and N-WASP, but not WIP
or WIP family members, in actin assembly induced by EPEC and
vaccinia virus.
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