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Summary

Enteropathogenic and enterochaemorrhagic Escherichia coli (EPEC and EHEC) are diarrheagenic
pathogens that colonize the gut mucosa via attaching-and-effacing lesion formation. EPEC and
EHEC utilize a type 111 secretion system (T3SS) to translocate effector proteins that subvert host
cell signalling to sustain colonization and multiplication. EspH, a T3SS effector that modulates
actin dynamics, was implicated in the elongation of the EHEC actin pedestals. In this study we
found that EspH is necessary for both efficient pedestal formation and pedestal elongation during
EPEC infection. We report that EspH induces actin polymerization at the bacterial attachment sites
independently of the Tir tyrosine residues Y474 and Y454, which are implicated in binding Nck
and IRSp53/ITRKS respectively. Moreover, EspH promotes recruitment of neural Wiskott—Aldrich
syndrome protein (N-WASP) and the Arp2/3 complex to the bacterial attachment site, in a
mechanism involving the C-terminus of Tir and the WH1 domain of N-WASP. Dominant negative
of WASP-interacting protein (WIP), which binds the N-WASP WH1 domain, diminished EspH-
mediated actin polymerization. This study implicates WIP in EPEC-mediated actin polymerization
and pedestal elongation and represents the first instance whereby N-WASP is efficiently recruited
to the EPEC attachment sites independently of the Tir:Nck and Tir:IRTKS/IRSp53 pathways. Our
study reveals the intricacies of Tir and EspH-mediated actin signalling pathways that comprise of
distinct, convergent and synergistic signalling cascades.

Introduction

The actin cytoskeleton plays a critical role in many cellular processes, including cell
morphology, migration, cytokinesis and apoptosis. As a result, many bacterial pathogens
hijack the host actin machinery to enhance colonization and dissemination.
Enteropathogenic Escherichia coli (EPEC), enterohaemorrhagic £. coli (EHEC) (Nataro and
Kaper, 1998; Wong et al., 2011) and the closely related mouse pathogen Citrobacter
rodentium (Mundy et al., 2005) belong to a group of mainly extracellular diarrheagenic
pathogens that colonize the gut epithelium by attaching-and-effacing (A/E) lesions (Frankel
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and Phillips, 2008). The A/E histopathology is characterized by effacement of the brush
border microvilli, intimate bacterial adherence to the enterocyte apical plasma membrane,
and the accumulation of polymerized actin beneath the attached bacteria (Knutton et al.,
1987). In cultured cells, EPEC-induced actin polymerization leads to formation of actin-rich
pedestals.

Formation of A/E legions /n vivo and actin pedestals /n vitro is dependent on the outer
membrane bacterial adhesin intimin (Jerse and Kaper, 1991) and the translocated intimin
receptor (Tir) (Kenny et al., 1997). Upon translocation, Tir is inserted into the plasma
membrane in a hairpin loop topology, with cytoplasmic N- and C-termini and an
extracellular middle loop which binds intimin (Kenny et a/., 1997; Hartland et al., 1999).
Intimin : Tir interaction results in Tir clustering and the initiation of downstream signalling
events that lead to the formation of the actin-rich pedestals (Frankel and Phillips, 2008).

EPEC-induced actin polymerization is attributed to the C-terminus of Tir. In the prototypical
EPEC strain E2348/69, phosphorylation of the Tir tyrosine residue 474 (Y474) by host cell
tyrosine kinases (Phillips et al,, 2004; Swimm et al., 2004; Bommarius et al., 2007)
generates a binding site for the mammalian cell adaptor protein Nck, which then recruits and
activates the neural Wiskott—Aldrich syndrome protein (N-WASP) leading to stimulation of
strong Arp2/3-mediated actin polymerization (Kenny, 1999; Gruenheid et a/., 2001). In
addition, Tir can also promote weak Nck-independent actin polymerization through tyrosine
residue Y454 that forms part of a conserved Asn-Pro-Tyr (NPY) motif (Campellone and
Leong, 2005; Brady et al,, 2007). The NPY motif recruits the insulin receptor tyrosine
kinase substrate p53 (IRSp53) family of proteins IRTKS (Vingadassalom et a/., 2009) and
IRSp53 (Weiss ef al., 2009) in EPEC, leading to activation of yet unknown downstream actin
polymerization signalling pathways. Importantly, we have recently reported that although
not affecting C. rodentium bacterial load and A/E lesion formation /n vivo, Tir residues
Y451 and Y471, and by extension Tir:Nck and Tir:IRTKS/IRSp53 signalling pathways,
provide the bacterium with competitive edge and higher fitness /n vivo (Crepin et al., 2009).

N-WASP consists of several domains. The C-terminal verprolin-central-acidic (VCA)
domain binds and activates the Arp2/3 complex (Rohatgi et af., 1999), while the WASP-
homology 1 (WH1), Basic (B), GTPase-binding domain (GBD) and proline-rich domain
(PRD) integrate multiple upstream signals to regulate the localization and activation of the
protein (Takenawa and Suetsugu, 2007; Padrick and Rosen, 2010). Although Nck binds
directly to N-WASP via the PRD domain (Anton et al., 1998; Rohatgi et a/., 2001), the PRD
domain is dispensable for pedestal formation. Instead, the WH1 domain of N-WASP is
required for EPEC pedestal formation (Lommel et a/., 2001). The WASP-interacting protein
(WIP) family, which comprise WIP (Ramesh et al,, 1997), CR16 (Weiler et al,, 1996; Ho et
al., 2001) and WICH/WIRE (Aspenstrom, 2002; Kato et a/., 2002), are known interacting
partners of the WH1 domain of WASP/N-WASP. WIP binds WH1 domain via its C-terminus
region, termed the WASP-binding domain (WBD) (Molkman et al., 2002; Peterson et al.,
2007).

EspH is a T3SS effector that was implicated in modulating actin dynamics. Deletion of espH
in EHEC resulted in short pedestals, while overexpression of EspH led to pedestal
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elongation (Tu et al., 2003). Although EspH is not required for A/E lesion formation, several
studies have indicated its importance in bacterial adherence and colonization (Ritchie and
Waldor, 2005; Shaw et al., 2005). Recently, Dong et al. (2010) reported that EspH is a
RhoGEF inhibitor that acts by competitively binding to the tandem Dbl-homology and
pleckstrin-homology (DH-PH) domains of Dbl-family mammalian RhoGEFs (Dong et al.,
2010). The aim of this study is to further characterize the role EspH plays in modulating
actin dynamics during EPEC infection.

EspH promotes both pedestal formation and pedestal elongation during EPEC infection

To assess the role of EspH in the kinetics of EPEC-induced pedestal formation, Swiss 3T3
fibroblasts were infected with wild-type E2348/69, E2348/69AespH or E2348/69AespH
complemented with EspH. Microcolonies (5 or more bacteria) associated with pedestals
were then enumerated by immunofluorescence microscopy at time intervals of 10, 20, 30, 45
or 90 min post infection. Actin pedestals were observed in 88.8 + 5.8% of E2348/69
microcolonies at 30 min post infection (Fig. S1A). In contrast, only 41.7 + 5.5% of
microcolonies were associated with pedestals in the espH mutant. In addition, at 90 min,
pedestals formed by the E2348/69AespH mutant were markedly shorter than those observed
in the other strains (Fig. S1B). Pedestals formed by the E2348/69AespH mutant did not
appear elongated even after 2 h of infection (data not shown). These results confirm that
EspH is involved in promoting the formation and elongation of EPEC actin pedestals (Tu et
al., 2003).

EspH triggers actin signalling pathways independently of Tir tyrosine residues Y454 and

Y474

As EspH modulates the length of the EPEC actin pedestals, we hypothesized that it could
amplify one of the Tir actin signalling pathways. We constructed E2348/69 chromosomally
expressing Tiryasaa (Mutated at the IRSp53/IRTKS binding site), Tiry474a (Mutated at the
Nck-binding site) and Tiryss4a/v4744 (double mutant), using the lambda red mutagenesis
strategy (Datsenko and Wanner, 2000; Crepin et al., 2009) involving insertion of a
kanamycin cassette in the tir-cesT intergenic region (Fig. 1A). A control mock mutant was
also generated with the insertion of the kanamycin cassette, but without modification to the
tir coding sequence (TiryT). We first assessed the ability of these Tir mutants to translocate
Tir and induce actin polymerization in infected Swiss 3T3 fibroblasts. TiryT and Tiryassa
localized under adherent bacteria and formed actin pedestals (Figs 1B and S2), while
Tirya74a and Tiryasaasya74a Were detected underneath E2348/69 but did not trigger actin
polymerization (Figs 1B and S2). Neither Tir nor actin polymerization was observed under
the attached E2348/69Atir control strain.

We then expressed HA-tagged EspH in the same strains and assessed its impact on actin
polymerization. Unexpectedly, EspH triggered localized actin polymerization in 38.5

+ 10.6% and 38.5 + 10.9% of adherent E2348/69 expressing HA-EspH and Tiry474a oOr
Tiryasansva7aa (Fig. 1B and C; Fig. S2). However, EspH-mediated actin polymerization was
different from that formed by E2349/69 expressing TiryT, as the microcolonies were
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surrounded by an actin ‘coat’, rather than associated with distinctive pedestals (Fig. 1B and
C; Fig. S2). EspH was mainly localized to the membrane surrounding F-actin, and the
plasma membrane of infected cells (Fig. 2C). In contrast, neither actin polymerization nor
EspH was detected beneath adherent E2348/69Atir expressing HA-tagged EspH (Fig. 1C),
indicating that recruitment of EspH and F-actin at the bacterial attachment site is Tir-
dependent.

EspH promotes recruitment of N-WASP to the bacterial attachment site

To investigate the mechanism of actin polymerization triggered by E2348/69 coexpressing
Tiryasapsya7aa and EspH, we determined which actin promoting factors are recruited to the
bacterial attachment site. Infection of Swiss 3T3 with E2348/69 expressing Tinyt and
Tiryasansya7aa Was used as controls. Staining for N-WASP (Fig. 2A) and the Arp2 subunit
of the Arp2/3 complex (Fig. 2B) 2 h post infection revealed that both proteins were
accumulated underneath E2348/69 expressing Tiryt and E2348/69 coexpressing
Tiryasapsva7aa and EspH. In contrast, only a few microcolonies of E2348/69 expressing
Tiryasapsya7aa Were associated with N-WASP and the Arp2 subunit. we also investigated
recruitment of IRSp53 and WAVE? by transfection of their respective Myc-tagged
constructs, but did not observe their recruitment to the bacterial attachment site, indicating
that they are not required for EspH-mediated actin polymerization (Fig. S3). These results
show that EspH promotes efficient recruitment of N-WASP and the Arp2/3 complex beneath
EPEC microcolonies independently of the Tir tyrosine residues Y454 and Y474.

EspH promotes actin polymerization independently of Nck or Rho GTPases

In order to determine if Nck plays a role in EspH-mediated actin polymerization, we
infected Nck-deficient (Nck=) fibroblasts with E2348/69 expressing TiryT or
Tiryasansya7aa, With or without coexpression of EspH-HA. While E2348/69 coexpressing
TinyT or Tiryasaasvazaa and EspH triggered localized actin polymerization, E2348/69
expressing TinyT or Tiryasaasyazaa alone did not (Fig. 3A). This result suggests that EspH
mediates actin polymerization dependently of Nck.

To assess if the repression of Rho GTPases is involved in EspH-mediated actin
polymerization, we performed siRNA knockdown of Cdc42, Racl and RhoA, and infected
Swiss 3T3 fiboblasts with E2348/69 expressing Tirysaasy474a With or without EspH.
Specificity of RNAi-mediated silencing was assessed by Western blot (Fig. 3B).
Quantification of EPEC microcolonies revealed no difference in actin-associated
microcolonies compared with the scrambled siRNA control (Fig. 3B). This suggests that
EspH-mediated actin polymerization is not a result of Rho GTPase inactivation.

EspH-mediated actin polymerization requires the C-terminus of Tir

We next determine which of the cytoplasmic Tir domains is involved in EspH-mediated N-
WASP recruitment. Towards this end, we utilized a Tir complementation assay previously
described (Campellone et al., 2004a). We obtained an HA-tagged Tir derivative that has its
N-terminus replaced with the transmembrane domain of the Newcastle Disease Virus HN
protein, followed by the intimin-binding extracellular loop and C-terminus of Tir (HA-
TirMC), and a similar construct but with a point Y474F mutation (HA-TirMCy474¢) (Kindly
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provided by J. Leong). Using HA-TirMC as a template, we deleted the C-terminus tail and
inserted the N-terminus of Tir before the HN transmembrane domain to generate HA-TirNM
(Fig. 4A). Using GFP as negative control, we transfected the Tir derivatives into Swiss 3T3
fibroblasts; 30 h later the cells were infected for 2 h with E2348/69Atir expressing EspH.
Triple staining of HA-tagged Tir, N-WASP, and intimin revealed that both HA-TirMC and
HA-TirMCya74g, but not HA-TirNM, recruited N-WASP at the site of intimin-clustered Tir
(Fig. 4B). These results suggest that EspH-mediated recruitment of N-WASP is dependent
on the C-terminus of Tir independently of Y474.

The WH1 domain of N-WASP is required for EspH-mediated actin polymerization

To investigate the role of N-WASP in EspH-mediated actin polymerization we constructed
several deletion variants of murine N-WASP fused to GFP (Fig. 5A), and transfected them
into N-WASP-deficient (N-WASP~-) mouse embryonic fibroblasts (MEFs). GFP alone was
used as a control. Immunoblotting of N-WASP~~ MEF cell lysates with anti-GFP (Fig.
S4A) or anti-N-WASP (Fig. 5B) antibodies showed that the fusion proteins were expressed
and stable. We next infected the transfected N-WASP~/~ MEFs with E2348/69 expressing
TinwT, Tiryvasaasyazaa Or coexpressing Tiryasaasya7aa and EspH-HA. No polymerized actin
was detected in GFP transfected MEFs infected with any of the EPEC strains (Fig. 5C and
D). Transfection of GFP-N-WASP restored pedestal formation by E2348/69 expressing
TinyT, With 91.9 + 1.3% of microcolonies associated with polymerized actin (Fig. 5C and
D). Only 10.8 = 0.9% of microcolonies were associated with polymerized actin in the GFP-
N-WASP transfected cells infected with E2348/69 expressing Tiryasaasya7aa (Fig. 5C).
However, infection of the GFP-N-WASP transfected cells with E2348/69 coexpressing
Tiryasapsya7aa and EspH-HA resulted in 62.7 £ 5.0% of microcolonies associated with
polymerized actin and N-WASP recruitment to the site of bacterial adherence (Fig. 5C and
D).

We then assessed the importance of the individual domains of N-WASP for EspH-mediated
actin polymerization. Deletion of the WASP-homology 1 (GFP-AWHZ1) or proline-rich
(GFP-APRD) domains of N-WASP resulted in a marked decrease in pedestal formation by
E2348/69 expressing TiryT, as 24.7 £ 7.3% and 56.1 + 2.1% respectively of EPEC
microcolonies were associated with polymerized actin (Fig. 5C). When the transfected
MEFs were infected with E2348/69 coexpressing Tiryasaa/va74a and EspH, only the
deletion of the WH1 domain of N-WASP (GFP-AWH1) resulted a significant reduction,
with 19.8 + 3.2% of EPEC microcolonies associated with polymerized actin (Fig. 5C and
D). Compared with full-length N-WASP, we did not observe a significant difference in actin
polymerization triggered by E2348/69 expressing Tiryt or E2348/69 coexpressing
Tiryasaa/yazaa and EspH-HA in N-WASP~~ MEFs expressing GFP-N-WASP deletions in
Basic (GFP-AB), Cdc42/Rac-interactive binding (GFP-ACRIB) or GTPase-binding (GFP-
AGBD) domains (Figs 5C and S4B).

To establish the role of the WH1 domain in EPEC-mediated actin polymerization, we
constructed an expression variant with the WH1 domain fused directly to the VCA domain
of N-WASP (GFP-WH1-VCA), and ectopically expressed this construct in N-WASP~~
MEFs. Infection with E2348/69 expressing Tiryyt resulted in 53.7 + 4.7% of microcolonies
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associated with polymerization actin, compared with 91.9 + 1.3% of microcolonies
associated with polymerization actin in N-WASP~~ MEFs complemented with the full
length N-WASP (Fig. 5C and D). However, the GFP-WH1-VCA construct was as functional
as the full-length N-WASP in the context of infection with E2348/69 coexpressing
Tiryasapsya7aa and EspH-HA (Fig. 5C and D). Taken together, these results show that both
the WH1 and PRD domains are required for efficient Tir-mediated pedestal formation and
elongation. Moreover, the WH1 domain of N-WASP is necessary for EspH-mediated actin
polymerization.

Disruption of WIP/N-WASP binding abolishes EspH-mediated actin polymerization

The WH1 domain of N-WASP binds the WASP/N-WASP-binding domain (WBD) of WASP
interacting protein (WIP) (Volkman et al., 2002). To investigate the role of WIP in triggering
EspH-mediated actin polymerization, we transfected Swiss 3T3 fibroblasts with GFP or a
GFP-WBD to determine if the latter exhibited a dominant-negative effect. Fluorescence
microscopy of GFP-WBD transfected cells infected with E2348/69 expressing TiryT
exhibited a marked reduction in actin polymerization (Fig. 6A), as only 40.1 + 5.2% of
microcolonies formed pedestals (Fig. 6B), which were shorter than those produced in
infected control cells (Fig. 6A). Transfection of GFP-WBD severely attenuated EspH-
mediated actin polymerization (Fig. 6A), as only 3.4 £ 0.1% of the microcolonies of
E2348/69 coexpressing Tiryssaasya7aa and EspH-HA were associated with polymerized
actin (Fig. 6B). These results suggest that WIP is involved in pedestal elongation and that N-
WASP recruitment by the EspH pathway is primarily mediated by WIP/N-WASP binding.

EspH and Tir recruit WIP to EPEC attachment sites

The observation that both efficient pedestal formation and EspH-mediated actin
polymerization requires WIP/N-WASP suggests that EPEC may utilize two distinct, yet
synergistic, actin signalling pathways that converge on WIP recruitment. To test this
hypothesis, we constructed an E2348/69AespH expressing Tiryasaasyazaa Mutant that is
deficient in Nck-dependent, NPY-dependent and EspH-mediated actin signalling pathways.
We ectopically expressed GFP-WIP in Swiss 3T3 fibroblasts, and infected them with
E2348/69 expressing TiryT, E2348/69AespH expressing Tiryasaasyazaa, Of E2348/69AespH
expressing Tiryasaasya7aa complemented with either Tir or EspH. GFP-WIP localized to the
tip of the pedestal following infection with E2348/69 expressing TirwT (Fig. 7A). Cells
infected with E2348/69AespH expressing Tiryasaasy47aa recruited neither WIP nor F-actin.
Complementation of the E2348/69AespH expressing Tiryasaasya7aa With Tir restored the
recruitment of WIP and formation of short actin pedestals (Fig. 7A). Intriguingly,
complementation of E2348/69AespH expressing Tiryasaasyazaa With EspH induced intense
actin rearrangement and formation of a protrusive structure with an actin core surrounded by
GFP-WIP. Scanning electron microscopy revealed that these structures are associated with
EPEC microcolonies (Fig. 7A). We also transfected N-WASP~~ MEFs with GFP-WIP and
infected them with E2348/69 expressing TinyT, E2348/69AespH expressing Tiryasaa/y474a
or coexpressing Tiryasaasya7aa and EspH. None of the strains recruited WIP in the absence
of N-WASP (Fig. 7B), suggesting that Tir and EspH recruit WIP in an N-WASP dependent
manner. Moreover, these results affirm our hypothesis that the actin signalling pathways
mediated by Tir Y474 and EspH converge on WIP and N-WASP.
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EspH induces colocalization of WIP, Tir and N-WASP, but not Nck

WIP has been shown to bind to Nck and N-WASP (Anton et a/.,, 1998; Rohatgi et al., 2001,
Volkman et al., 2002). To determine if Nck and N-WASP are present at the site of EspH-
mediated actin polymerization, Swiss 3T3 fibroblasts transfected with GFP-WIP and
infected with E2348/69AespH expressing Tiryasaasy47aa complemented with EspH-HA
were fixed and stained for Tir, EspH, N-WASP and Nck. Immunofluoresence microscopy
revealed that Tir, EspH and N-WASP colocalized with WIP (Fig. 8A).

Interestingly, although WIP can bind Nck /n vitro (Anton et al., 1998), Nck did not
colocalize at the site of bacterial attachment. As a control, we infected the GFP-WIP
transfected cells with E348/69 expressing TinyT and E2348/69AespH expressing
Tiryasansvazaa- Tir, Nck and N-WASP were all recruited beneath E348/69 expressing
TinwT, but only Tir was recruited beneath E2348/69AespH expressing Tiryasaasyazaa (Fig.
8B). These results reaffirm that Nck is not required for EspH-mediated actin polymerization.
Taken together, our results show that EspH recruits WIP and N-WASP independently of Nck
to trigger localized actin polymerization and promote elongation of Nck-mediated actin
pedestals (Fig. 9).

Discussion

In this paper we report that EspH promotes N-WASP recruitment and Arp2/3-mediated actin
polymerization independently of Tir residues Y454 and Y474 and by extension the Tir:Nck
and Tir:IRTKS/IRSp53 actin signalling pathways. Accordingly, EPEC triggers localized
actin polymerization by parallel mechanisms that eventually converge on WIP and N-WASP,
and that WIP is required for efficient formation and elongation of EPEC actin pedestals.

Using deletion variants of N-WASP, we identified WH1 and PRD domains as important
regions for Tir-mediated actin pedestal formation. Consistent with this observation, the
expression of a WBD construct exerted a dominant-negative effect that markedly reduced
pedestal formation and elongation. This observation differs from a previous report that the
PRD domain of N-WASP is dispensable for actin pedestal formation, and that the WBD
construct did not exert a dominant-negative effect on actin pedestal formation (Lommel ef
al., 2001). Furthermore, it was previously reported that WIP is found throughout the pedestal
length (Lommel et al., 2001), while we observed that WIP mainly localizes to the tip of
pedestals together with Tir, Nck and N-WASP, suggesting that WIP might have an active
role at the site of actin nucleation. As N-WASP is required for WIP recruitment to the
bacterial attachment site, both proteins appear to be recruited in complex. Since WIP can
also binds Nck (Anton et al., 1998; Rohatgi et al.,, 2001), our results give further evidence
for a model whereby the Tir:Nck pathway recruits a WIP/N-WASP complex via both
Nck/WIP and Nck/N-WASP interactions that synergistically trigger actin polymerization in
a process similar to Vaccinia virus actin-based motility (Moreau et al., 2000).

Intriguingly, EspH is also able to promote the recruitment of WIP and N-WASP
independently of Nck or repression of Rho GTPases. Moreover, while the CRIB domain of
N-WASP, which binds activated Rho GTPases, was dispensable, dominant-negative WIP
abolished EspH-mediated actin polymerization. Expression of GFP-WIP during infection
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with E2348/69 coexpressing Tiryasaasva7aa and EspH induced extensive actin cytoskeletal
rearrangements at the site of bacterial attachment. This unique actin structure is
characterized by the recruitment of Tir, EspH, WIP and N-WASP, but not Nck, around an
actin core. Our results suggest that EspH promotes Nck-independent WIP and N-WASP
recruitment via an unknown pathway and enhances Nck-mediated actin pedestal formation
and elongation. Indeed, WIP overexpression has previously been reported to increase F-actin
content and induce formation of subcortical actin clusters in human B cell lines (Ramesh et
al.,, 1997).

A question that remains unanswered is why endogenous levels of EspH are insufficient to
trigger localized actin polymerization during EPEC infection. This question is not limited to
EspH as phenotypes of other cytoskeletal-modulating T3SS effectors, e.g. EspV (Arbeloa et
al., 2011), EspT (Bulgin et al., 2009) and EspM (Arbeloa et al., 2008), could only be seen
using /n vitro cell models following overexpression. This might reflect the existence of a
complex regulatory mechanism of effectors expression and translocation 7 vivo, which we
do not yet understand, that the cell culture conditions do not mimic. Alternatively,
overexpression of EspH may simply shorten the length of time needed by EPEC to initiate
EspH-mediated actin polymerization, which endogenous levels could only achieve beyond
the viability of the infected monolayer. Nevertheless, EspH has previously been shown to be
important for bacterial adherence and colonization /n vivo (Ritchie and Waldor, 2005; Shaw
et al., 2005). Coupled with the observation that Tir:Nck and Tir:IRTKS/IRSp53 pathways
play a role in the /n vivo competitiveness of C. rodentium in mice and EHEC in rabbits
(Ritchie and Waldor, 2005; Crepin et al.,, 2009), our data suggest that just as TccP/EspFy in
EHEC (Garmendia et al., 2004; 2006; Campellone et al., 2004b; Cheng et al., 2008; Sallee et
al., 2008) and EPEC lineage 2 (Whale et al., 2006) strains is able to amplify the inefficient
Tir:IRTKS/IRSp53 actin polymerization pathway, EspH might contribute to competitiveness
and /n vivo fitness of A/E pathogens by intensifying actin polymerization pathways through
WIP, in a mechanism dependent on the C-terminus of Tir.

The mechanism by which EspH recruits WIP to the bacterial attachment site remains
elusive. As we were unable to co-immunoprecipitate EspH with WIP or N-WASP (data not
shown), it is unlikely that EspH directly binds WIP/N-WASP to drive actin polymerization.
Since Nck is not recruited during EspH-mediated actin polymerization, other adaptor
protein/s are likely to be involved in the EspH-mediated actin signalling upstream of WIP.
Indeed, EspH localizes to the plasma membrane and promiscuously binds DH-PH
containing RhoGEFs (Dong et al., 2010), which contain other domains such as regulator of
G-protein signalling (RGS) and Src-homology 3 (SH3) domains (Rossman et al., 2005). It is
thus possible that EspH could recruit WIP/N-WASP complex via interactions with specific
RhoGEFs. For example, intersectin is a Cdc42-specific GEF that is able to bind directly to
N-WASP via its SH3 domain to promote actin polymerization in a positive feedback loop
(Hussain et al., 2001). Interestingly, previous studies also demonstrate that the WIP/N-
WASP complex can localize and trigger actin polymerization dependent on the curvature of
the membrane (Takano et al., 2008). EspH could thus trigger actin polymerization at the
plasma membrane as an indirect result of its ability to induce dramatic changes to cell shape
(Tu et al.,, 2003; Dong et al., 2010). Further work is required to determine if membrane
dynamics play a role in modulating EspH-mediated actin remodelling.
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In assessing the role of EspH during EPEC infection, we found that like many EPEC T3SS
effectors, e.g. NleH effectors that can subvert NF-xB function (Gao et a/,, 2009) and block
apoptosis (Hemrajani et al.,, 2010), EspH is multi-functional. EspH blocks the activation of
Rho GTPases by inactivating endogenous mammalian RhoGEFs to inhibit phagocytosis
(Dong et al., 2010), but also plays an additional role in recruiting WIP to the site of bacterial
adherence to promote actin polymerization and pedestal elongation. Our results also
demonstrate the intricate complexities of Tir and EspH-mediated actin polymerization that
involves distinct, convergent and synergistic signalling cascades.

Experimental procedures

Bacterial strains and plasmids

Bacterial strains and plasmids used in this study are listed in Tables 1 and 2. Bacteria were
grown from single colonies in Luria—Bertani (LB) broth in a shaking incubator at 37°C,
except those transformed with the temperature-sensitive pKD46 plasmid (30°C). Culture
media or agar was supplemented with ampicillin (100 ug mI~1), chloramphenicol (34 ug
ml~1) or kanamycin (50 pg ml~1) as appropriate. Bacterial cultures were primed for infection
by dilution of 1:100 of overnight bacterial culture with pre-warmed in Dulbecco’s minimal
Eagle media (DMEM) high glucose (4500 mg I71) (Sigma), and incubated as static cultures
at 37°C in 5% CO», for 3 h. Static cultures were induced with 1 mM Isopropy! thio-
galactopyranoside for pSA10-effector expression 30 min prior to infection.

EPEC tir mutagenesis

E2348/69 strains expressing mutated Tir were generated using a lambda red-based
mutagenesis system (Datsenko and Wanner, 2000; Crepin et a/., 2009), via the introduction
of site-directed #ir mutagenesis into the endogenous chromosomal #rgene together with a
kanamycin cassette in the #ir-cesT intergenic region as previously described. Primers are
listed in Table 3. To mutate the C-terminus tyrosine residues of #i, the 3" end of #ir,
followed by a non-polar aph 7 cassette, and then the tir-cesT intergenic region and 5” end of
cesT were first cloned into pPGEMT vector. The 3" end of tirwas amplified using primer pair
TirC-E69-Fw/EcoRI-TirC-E69-Rv, while the intergenic region and 5" end of ces7was
amplified using primer pair EcoRI-NcesT-E69-Fw/NcesT-E69-Rv. Both fragments were then
digested with EcoRl, ligated together, and then cloned into pPGEMT. The non-polar aphT
cassette was then inserted into the EcoRI site between the two fragments and the orientation
of the guh T cassette ascertained by PCR. This plasmid, pICC530, was used to generate the
control mutant TiryT.

EPEC #irmutagenesis was carried out by inverse-PCR using pICC530. The primer pairs
TirC-E69-Y454A-Fw/TirC-E69-Y454A-Rv and TirC-E69-Y474A-Fw/TirC-E69-Y474A-Rv
were used to mutate the tyrosine residues Y454 and Y474 into alanines (Tiryagsa and
Tirya74p) generating pICC531 and plCC532 respectively. The double tyrosine mutant
(Tiryasansya7an) Was generated by superimposing Y474A on the Y454A mutant, generating
pICC533. All pGEMT derivatives were checked by DNA sequencing. To introduce #ryT,
tiryasapn, Urya7ap @Nd BiRyasapv 474, Site-directed mutants into bacterial chromosome, the
inserts in all pPGEMT derivatives were amplified using the primer pair TirC-E69-Fw/NcesT-
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E69-Rv. The PCR products were electroporated into E2348/69 containing pKD46 encoding
lambda red recombinase. Transformants were selected on kanamycin agar plates and the
insertion of site-directed #rmutants confirmed by PCR and DNA sequencing.

E2348/69AespH Tiryasaa/va7aa Mutagenesis

A 325 bp upstream region of espH was amplified using primer pair Up-EspH-E69-Fw/
BamHI-Up-EspH-E69-Ryv, and a 499 bp downstream region of esp/H was amplified using
primer pair BamHI-Dn-EspH-E69-Fw/Dn-EspH-E69-Rv. Both fragments were then
digested with BamHI, ligated together, and then cloned into pPGEMT The non-polar cat
cassette was then inserted into the BamHI site between the two fragments and the orientation
of the car cassette ascertained by PCR. This plasmid, pICC628, was then amplified using the
primer pair Up-EspH-E69-Fw/Dn-EspH-E69-Rv. The PCR products were electroporated
into E23478/69 Tiryasaasya7aa containing pKD46 encoding lambda red recombinase.
Transformants were selected on chloramphenicol agar plates and espH deletion confirmed
by PCR and DNA sequencing.

Construction of GFP-N-WASP and HA-TirNM expression variants

Construction of the different GFP-NWASP expression variants was carried out by inverse
PCR, using pEGFP-N-WASP expression vector (kindly provided by Dr. Emmanuelle Caron)
as template. The primer pairs NWASP-WH1del-Rv/INWASP-WH1del-Fw, NWASP-Bdel-
RV/NWASP-Bdel-Fw, NWASP-CRIBdel-Rv/INWASP-CRIBdel-Fw, NWASP-CRIBdel-Rv/
NWASP-GBDdel-Fw, NWASP-PRDdel-Rv/NWASP-PRDdel-Fw and NWASP-WH1del-Rv/
NWASP-PRDdel-Fw were used to delete the WH1 (1-156), B (156-200), CRIB (200-226),
GBD (226-274), PRD (274-392) and all domains except WH1 (156-392), generating GFP-
AWH1, GFP-AB, GFP-ACRIB, GFP-AGBD, GFP-APRD and GFP-WH1-VCA respectively.
All pEGFP-N-WASP expression variants were sequenced and assessed with Western blot
analysis to ensure stable expression.

Construction of HA-TirNM was carried out first by re-inserting the N-terminus of Tir (aa 1-
233) into the HindllI restriction site of pPCDNA3-TirMC to generate pICC626. Using
plCC626 as template, the primer pairs pPCDNA3-TirNM(EPEC)-Rv/pCDNA3-
TirNM(EPEC)-Fw was used to delete the C-terminus of Tir (aa 388-547), generating
pCDN3-TirNM. All pPCDNAS3-Tir expression variants were sequenced and assessed for
membrane localization by transfection.

siRNA knockdown of Rho GTPases

For siRNA knockdown of Cdc42, Racl and RhoA, siRNA pool sequences were selected
from a proprietary Rho GTPase siRNA library (Dharmacon). siRNA knockdown was
performed on Swiss 3T3 fibroblasts using HiPerfect (Qiagen) according to manufacturer’s
instructions. siRNA knockdown was allowed to proceed at 37°C in a humidified incubator
with 5% CO», for 48 h before EPEC infection. Effectiveness of RNAi-mediated gene
silencing of Rho GTPases was assessed by Western blot using the appropriate antibodies.
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Transfection and Infection of cells with EPEC E2348/69

Swiss 3T3 fibroblasts (ATCC CCL-92), Nck~/~ fibroblasts (Bladt et a/, 2003) and N-
WASP~'~ mouse embryonic fibroblasts (MEFs) were grown at 37°C in a humidified
atmosphere containing 5% CO, in DMEM high glucose (4500 mg 171) (Sigma)
supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Gibco) and 2 mM
glutamax (Sigma). Cells were grown in 24-well cell culture plates to 80% confluence. Cells
were transfected in serum-free DMEM with mammalian expression vectors using
lipofectamine2000 (Invitrogen) according to the manufacturer’s instructions. Transfected
cells were incubated at 37°C in a humidified incubator with 5% CO, for 4 h before having
their media replaced with pre-warmed serum-containing DMEM, and incubated for a further
20 h unless otherwise stated. Monolayers were washed twice with PBS and then infected
with 0.5 ml of primed bacterial culture at 37°C in a humidified atmosphere containing 5%
COy, for 2 h unless otherwise stated. Coverslips were washed three times in PBS and fixed
with 3% paraformaldehyde for 15 min before being processed for immunofluorescence
microscopy.

Immunofluorescence microscopy

Antibodies

Cells were quenched for 15 min with 50 mM NH4CI, and then permeabilized for 5 min in
PBS/0.2% Triton X-100. Coverslips were washed thrice in PBS and blocked in PBS/1%
BSA for 10 min before addition of primary antibodies. Coverslips were incubated with
primary antibodies diluted in PBS/1% BSA for 1 h. After washing thrice with PBS,
coverslips were then incubated with secondary antibodies diluted in PBS/1% BSA for a
further 1 h. Coverslips were washed thrice again PBS and once in water before being
mounted in Gold Pro-Long Anti-fade medium (Invitrogen), and examined by conventional
epifluoresecence microscopy using a Zeiss Axio LSM-510 microscope. Images were
deconvoluted and processed using Zeiss Axiovision 4.8 software and Adobe Photoshop CS4.

Actin was detected with Oregon Green conjugated Phalloidin antibody (1:100 dilution)
(Invitrogen) or TRITC-conjugated Phalloidin (1:500 dilution) (Sigma). Intimin or Tir were
labelled with polyclonal chicken anti-intimin (1:200 dilution) or anti-Tir (1:500 dilution)
antibody serum respectively (kindly provided by Dr Roberto La Ragione, Veterinary
Laboratory Agency, UK). Arp2/3 complex was visualized using mouse anti-Arp2 subunit
antibody (1:200 dilution) (kindly provided by Laura Machesky). N-WASP was visualized
using a polyclonal rabbit anti-N-WASP antibody (1:100 dilution) (Sigma). Nck was
visualized using a polyclonal rabbit anti-Nck antibody (1:100 dilution) (Millipore/Upstate).
HA-tagged proteins were labelled with monoclonal anti-HA.11 (1:500 dilution) (Covance),
while transfected cells expressing myc-tagged proteins were labelled with monoclonal anti-
myc antibody (1:500 dilution) (Millipore). Cy2, RRX or Cy5 conjugated donkey anti-mouse,
anti-chicken or anti-rabbit antibodies (1:200 dilution) (Jackson ImmunoResearch) were used
as secondary antibodies.
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Scanning electron microscopy

Cells were infected as previously described, and fixed in 2.5% glutaraldehyde PBS overnight
at 4°C. Coverslips were then washed thrice in PBS for 1.5 h with regular changes. Cells
were further post-fixed in aqueous 1% osmium tetroxide (OsOy), rinsed in water, then
dehydrated in a graded series of 50%, 75%, 85%, 95% and 100% ethanol. Samples were
processed for scanning electron microscopy using an Emitech K850 critical-point drier,
coated with gold—palladium for 90 s using a Polaron SC7620 mini sputter-coater, and
examined using a JEOL JSM-6390 scanning electron microscope.

Western blot

Proteins were extracted from cells using RIPA buffer. Samples were separated on a 12%
polyacrylamide gel, and transferred to nitrocellulose membrane (Bio-Rad). Blots were then
blocked in TBS/0.1% Tween-20 containing 5% BSA and probed with polyclonal rabbit anti-
Cdc42 (BD Biosciences), monoclonal mouse anti-Racl (Cell Signalling), polyclonal rabbit
anti-RhoA (Santa Cruz), polyclonal rabbit anti-N-WASP (Sigma) (1:1000 dilution) or anti-
GFP (Abcam) (1:1000 dilution) overnight at 4°C. After washing, immunoreactive bands
were visualized using horseradish peroxidase-linked secondary antibodies (1:10 000
dilution) (Jackson ImmunoResearch) and ECL reagent (GE Healthcare).
Chemiluminescence was detected using a LAS-3000 Fuji Imager.

Statistical analysis

Results were expressed as mean + standard deviation. Statistical significance was
determined by an unpaired two-tailed #test. A P-value of < 0.01 was considered to be
significant.

Supporting information

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. EspH localizes to plasma membrane surrounding actin pedestals and promotes localized
actin polymerization independently of Tir tyrosine residues Y454 and Y474.

A. Schematic representation of tirgpec chromosomal mutagenesis strategy. Amplified
fragments of recombinant pGEMT plasmids containing #ir Y454 and/or Y474 mutations
were used to introduce the mutations in tandem with an g/ 7 kanamycin-resistance cassette
into the endogenous #irgpec locus to generate E2348/69 Tiryasaa, Tiryazaa and
Tiryasaasya7aa Mutants. As a control recombination of #7, an 4phT kanamycin-resistance
cassette with no mutations was inserted (E2348/69 TinyT).
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B. Quantification of EPEC microcolonies associated with actin on cells infected with
E2348/69 expressing TirwT, Tiryasaa, Tiryazaa OF Tirvasaasyazaa, With or without EspH-
HA (pEspH-HA). A total of 100 microcolonies were counted in triplicates. Results are
presented as a mean * SD of three independent experiments. Asterisks indicate statistical
significance (P< 0.01).

C. Infection of Swiss 3T3 fibroblasts with E2348/69 expressing TirwT, Tiryasaarya74a OF
E2348/69Atir, with or without plasmid-expressed haemagglutinin-tagged EspH (pEspH-
HA). Actin was stained with Oregon green phalloidin (green), HA-tagged EspH was
detected with anti-HA antibody (red), Tir was detected with anti-Tir antibody (magenta) and
bacteria were visualized with DAPI staining (cyan). EspH localized to the pedestal
membrane (arrows). Ectopic expression of EspH induced localized F-actin accumulation
under E2348/69 expressing Tiryasaa/yazaa (@rrows), but not E2348/69 Tiryasan/vazan
alone. No detection of actin was observed in E2348/69At/r + pEspH. Bar = 5 pym.
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Fig. 2. EspH promotes recruitment of N-WASP and the Arp2 subunit of the Arp2/3 complex
independently of Tir tyrosine residues Y454 and Y474.

Infection of Swiss 3T3 fibroblasts with E2348/69 expressing TirwT, Tiryasaasya7aa, OF
Coexpressing Tiry454A/Y474A and EspH (E2348/69 Tiry454Ny474A + pESpH) N-WASP (A)
or the Arp2/3 complex (B) was detected with anti-N-WASP antibody or anti-Arp2 antibody
respectively (red). Actin was stained with Oregon green phalloidin (green), and bacteria
were visualized with DAPI staining (cyan). N-WASP (A) and the Arp2 subunit (B) were
both detected under adherent E2348/69 expressing TiryT and E2348/69 Tiryasaasya74a +
pEspH (arrows), but not Tiryssaasya74a alone. Bar =5 pum.
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siControl siCdc42 siRac1 siRhoA

DE2348/69 Tiry 454740 WE2348/69 Tiry 454av474n + PESPH

Fig. 3. Nck and Rho GTPases are not involved in EspH-mediated actin polymerization.
A. Infection of Nck-deficient (Nck=-) fibroblasts with E2348/69 Tiryt or E2348/69

Tiryasaarya7aa, With or without pEspH-HA. Actin was stained with Oregon green phalloidin
(green), HA-tagged EspH was detected with anti-HA antibody (red), Tir was detected with
anti-Tir antibody (magenta) and bacteria were visualized with DAPI staining (cyan).
Expression of EspH induced localized actin polymerization in both E2348/69 Tiry,T and
E2348/69 Tiryasan/ya7an (arrows). Bar =5 pm.

Cell Microbiol. Author manuscript; available in PMC 2016 August 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wong et al.

Page 20

B. Immunoblotting of Swiss 3T3 fibroblasts treated with siRNA against Cdc42, Racl or
RhoA. Scramble siRNA was used as a control (siControl). Specific RNAi-mediated
silencing was detected with anti-Cdc42, anti-Rac1 or anti-RhoA antibodies, with B-actin
used as loading control. Quantification of EPEC microcolonies associated with actin on
siRNA-treated cells infected with E2348/69 expressing Tiry4saasya74a, With or without
EspH (pEspH) revealed that the Rho GTPases play no role in formation of EspH-induced
actin coats. A total of 100 microcolonies were counted in triplicates. Results are presented as
a mean = SD of three independent experiments.
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Fig. 4. EspH-mediated N-WASP recruitment is dependent on the C-terminus of Tir.
A. Schematic representation of Tir transfection derivatives comprising HA-TirMC, HA-

TirMCy474|: and HA-TirNM.

B. Swiss 3T3 fibroblasts were transfected with the Tir derivatives, or GFP as negative
control and infected with E2348/69Atir expressing EspH (E2348/69Atir + pEspH). HA-
tagged Tir was detected with anti-HA antibody (green), N-WASP was detected with an anti-
N-WASP antibody (red) and bacteria were visualized with an anti-intimin antibody
(magenta) to indicate positive Tir clustering. N-WASP was not detected beneath adherent
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microcolonies in cells transfected with GFP or HA-TirNM. Transfection of HA-TirMC or
HA-TirMCy474r complemented recruitment of N-WASP by E2348/69Atir + pEspH
(arrows). Bar = 5 pum.
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Fig. 5. EspH-mediated actin polymerization is dependent on the WH1 domain of N-WASP.
A. Schematic representation of N-WASP deletion variants GFP-AWH1, GFP-AB, GFP-

ACRIB, GFP-AGBD, GFP-APRD and GFP-WH1-VCA.

B. Lysates of N-WASP~"~ mouse embryonic fibroblasts (MEFs) transfected with GFP or
GFP-N-WASP deletion variants were immunoblotted and probed with anti-N-WASP
antibodies. GFP-N-WASP was detected as a ~ 90 kDa protein; no N-WASP was detected on
N-WASP~~ MEFs transfected with GFP alone. Ectopic expression of GFP-AWH1, GFP-AB,
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GFP-ACRIB, GFP-AGBD, GFP-APRD and GFP-WH1-VCA resulted in accumulation of
intact fusion proteins.

C. Quantification of EPEC microcolonies associated with actin in N-WASP~~ MEFs
expressing GFP-N-WASP deletion variants and infected with E2348/69 expressing TirwT,
Tiry454Ny474A’ or coexpressing Tiry454Ny474A and EspH-HA (E2348/69 Tiry454Ny474A +
pEspH-HA). A total of 100 microcolonies were counted in triplicates. Results are presented
as a mean £ SD of three independent experiments. Asterisks indicate statistical significance
(P<0.001).

D. N-WASP~~ MEFs transfected with different GFP-N-WASP deletion variants were
infected with E2348/69 TinyT or E2348/69 Tiryasaa/va7aa + PESpH-HA. HA-tagged EspH
was detected with anti-HA antibody (green), actin was stained with TRITC phalloidin (red)
and bacteria were visualized with DAPI staining (cyan). No actin was detected beneath
adherent microcolonies in GFP-transfected cells. Actin polymerization was significantly
impaired in GFP-AWH1-transfected cells infected with either E2348/69 TiryT or
Tiryasansvazan + PESpH-HA. Transfection with GFP-WH1-VVCA was sufficient to restore
actin polymerization in E2348/69 TirywT and Tiry4s4asya7aa + PESpH-HA (arrow). Bar =5
pm.
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Fig. 6. Disruption of WIP/N-WASP binding abolishes EspH-mediated actin polymerization.
A. Swiss 3T3 fibroblasts transfected with GFP or GFP fused to the WASP binding domain

of WIP (GFP-WBD), with infected with E2348/69 expressing TirywT or Tiryssaa/va7an +
pEspH-HA. Actin was stained with TRITC phalloidin (red), HA-tagged EspH was detected
with anti-HA antibody (magenta), and bacteria were visualized with DAPI staining (cyan).
Transfection with GFP-WBD diminished actin pedestal formation and elongation in
E2348/69 TiryT, but completely abolishes EspH-mediated actin polymerization in
Tiryasapsya7aa + PESpH-HA (arrows). Bar = 5 pm.
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B. Quantification of EPEC microcolonies associated with actin in transfected cells infected
with E2348/69 TiryT or Tiryasaa/va7aa + PESpH-HA. A total of 100 microcolonies were
counted in triplicates. Results are presented as a mean + SD of three independent
experiments. Asterisks indicate statistical significance (P < 0.001).
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Fig. 7. Tir and EspH recruit WIP to EPEC attachment sites.
A. Swiss 3T3 fibroblasts transfected with GFP-WIP were infected with E2348/69 expressing

TirWT, E2348/69AespHexpressing Tiry454Ny474A or E2348/69A6’5,0HTiry454A/Y474A
complemented with either plasmid-expressed Tir (pTir) or EspH (pEspH). Actin was stained
with TRITC phalloidin (red), and bacteria were visualized with DAPI staining (cyan). WIP
is recruited to the tip of the pedestal in cells infected with E2348/69 expressing TiryT, but
not E2348/69AespH expressing Tiryasaasya7aa. Complementation of E2348/69AespH
Tiryasaasyaran With either EPEC Tir or EspH restored the recruitment of WIP (arrows). Bar

Cell Microbiol. Author manuscript; available in PMC 2016 August 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wong et al.

Page 28

=5 pm. Scanning electron microscopy of the same experiment is displayed on the far right
column (original magnification: x6000). Bar = 2 ym.

B. Infection of N-WASP~'~ MEFs transfected with GFP-WIP, with E2348/69 expressing
TirWT, E2348/69A65,0Hexpressing Tiry454Ny474A, or E2348/69A6’5,UHTiry454A/Y474A +
pEspH. Tir was detected with anti-TirEPEC antibody (magenta), actin was stained with
TRITC phalloidin (red), and bacteria were visualized with DAPI staining (cyan). Both
E2348/69 TinyT and E2348/69AespH Tiryasansvazaa + PESPH were unable to recruit WIP
or trigger actin polymerization. Bar = 5 pm.
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Fig. 8. EspH induces colocalization of Tir, WIP and N-WASP, but not Nck.
A. Swiss 3T3 fibroblasts transfected with GFP-WIP were infected with E2348/69AespH

coexpressing Tiryasaa/va7aa and HA-tagged EspH (E2348/69AespH Tiryasapsyazan +
pEspH-HA). Tir, EspH-HA, N-WASP and Nck were labelled with respective antibodies
(magenta), actin was stained with TRITC phalloidin (red), and bacteria were visualized with
DAPI staining (cyan). Tir, EspH and N-WASP colocalized with WIP, but not Nck. Bar = 5
pm.
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B. Swiss 3T3 fibroblasts transfected with GFP-WIP were infected with E2348/69 expressing
TinyT, or E2348/69AespH expressing Tiryasaasyazaa. Tir, N-WASP, and Nck were labelled
with respective antibodies (magenta), actin was stained with TRITC phalloidin (red), and
bacteria were visualized with DAPI staining (cyan). Tir, Nck and N-WASP colocalizes with
WIP at the tip of actin pedestals in E2348/69 Tiry,T. Bar =5 pum.

Cell Microbiol. Author manuscript; available in PMC 2016 August 08.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wong et al.

Page 31

IRTKS/
IRSp53

s

| | 1\

Fig. 9. EPEC induces distinctive, convergent and synergistic Tir actin signalling cascades.
A model for Tir-mediated actin signalling cascades. Upon translocation, Tir inserts into the

plasma membrane, where clustering with the bacterial adhesion intimin initiates several
actin signalling pathways. Phosphorylation at Y474 leads to Nck binding. Nck, which binds
both WIP and N-WASP, then induces actin pedestal formation. Y454 forms part of an NPY
motif that binds IRTKS/IRSp53 to induce weak actin polymerization, although the
mechanism remains unknown. In addition, EspH is recruited via the C-terminus of Tir to the
bacterial attachment site where the effector, directly or indirectly, promotes WIP and N-
WASP recruitment independently of Nck or Y454/Y474 to promote formation and
elongation of EPEC actin pedestals.
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Table 1
List of strains.
ICC No. Name Description Source/reference
E2348/69 Wild-type EPEC 1 0127:H6 strain Levine et al (1978)
ICC225  E2348/69Atir E2348/69 tirdeletion mutant Berger et al. (2009)
ICC308  E2348/69 Tirwt Control for Tir chromosomal mutants (with kanamycin cassette) This study
ICC309  E2348/69 Tiryssaa E2348/69 chromosomal mutant expressing Tiry4ssa This study
ICC310  E2348/69 Tirys7aa E2348/69 chromosomal mutant expressing Tiry47aa This study
ICC311  E2348/69 Tirysaasyazan E2348/69 chromosomal mutant expressing Tiryssaa/ya7aa This study
ICC312  E2348/69AespH Tiryasansvaran  E2348/69 chromosomal mutant expressing Tiryasaasyazaa, With espH This study

deletion
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pICC No. Plasmids Description Source/reference
pSA10 pKK177-3 containing /ac/ gene Levine et al. (1978)
pGEMT Cloning vector Promega
pKD46 Coding the lambda-red recombinase Datsenko and Wanner
(2000)
pSB315 Coding the kanamycin resistance ap/1T cassette Galan et al. (1992)
pICC618  PSB315-CM pSB315 with chloramphenicol resistance cat cassette replacing the aph7  This study
cassette
plCC619 pSA10-EspH pSA10 derivative encoding EPEC EspH This study
pICC394  pSA10-Tir pSA10 derivative encoding EPEC Tir Berger et al. (2009)
plCC528 pSA10-EspH-HA pSA10 derivative encoding haemagglutinin (HA)-tagged EspH This study
pICC530 PGEMT vector containing 3" end of tirgpee (bp 1072-1653), aphT, tir- This study
cesTintergenic region and 5" end of cesT (bp 1-369)
plCC531 pICC530 containing the firgpec Y454A mutation This study
pICC532 pICC530 containing the #irgpec YAT4A mutation This study
pICC533 pICC530 containing the #irepec YA54AIY ATAA mutation This study
pEGFP-C1 Coding a GFPmut1 variant for expression in mammalian cells Invitrogen
pPEGFP-N-WASP pPEGFP-CL1 derivative encoding N-WASP E. Caron
plCC620 pEGFP-AWH1 PEGFP-N-WASP with aa 1-156 deletion This study
pICC621  pEGFP-AB PEGFP-N-WASP with aa 156—200 deletion This study
pICC622 pEGFP-ACRIB PEGFP-N-WASP with aa 200-226 deletion This study
plCC623 pEGFP-AGBD PEGFP-N-WASP with aa 200-274 deletion This study
pICC624  pEGFP-APRD PEGFP-N-WASP with aa 274-385 deletion This study
pICC625 pEGFP-WH1-VCA PEGFP-N-WASP with aa 156-385 deletion This study
pCB6-WIP GFP fused to WIP transfection vector Moreau et al. (2000)
pCB6-WBD GFP fused to WASP-binding domain of WIP transfection vector Moreau et al. (2000)
pRK5myc-IRSp53 Myec-tagged IRSp53 construct Millard et al. (2007)
pRK5myc-WAVE2 Myc-tagged WAVE2 construct L. Machesky
pCDNA3-TirMC HA-tagged Tir derivative Campellone et al. (2004a)
pCDNA3-TiIrMCY,474 HA-tagged Tir derivative Campellone et al. (2004a)
plCC626 pCDNA3-TirNMC PCDNA3-TirMC with Tir N-terminus (aa 1-233) insertion at the Hindlll  This study
restriction site
pICC627  pCDNAS3-TirNM PCDNA-TirNMC with aa 388-547 deletion This study
plCC628 PGEMT vector containing 325 bp upstream region of espHepec, cat,and  This study

499 bp downstream region of espHgpec
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Table 3
List of primers.
Name Nulceotide sequence (5"-3") (restriction sites in bold)
EcoRI-EspH-E69-Fw CGGGAATTCATGTCGTCATCATTATCAGGTATAAC
Pstl-EspH-E69-Rv AAAACTGCAGTTAAACTGTCACACCTGATAAAG
Pstl-EspH-E69-HA-Rv AAAACTGCAGTTATGCGTAATCTGGTACATCGTATGGGTATGCTCCAA CTGTCACACCTGATAAAGAGTTTAATG

EPEC tir mutagenesis
TirC-E69-Fw
EcoRI-TirC-E69-Rv
EcoRI-NcesT-E69-Fw
NcesT-E69-Rv
TirC-E69-Y454A-Rv
TirC-E69-Y454A-Fw
TirC-E69-Y474A-Rv
TirC-E69-Y474A-Fw

EPEC espH mutagenesis
Up-EspH-E69-Fw
BamHI-Up-EspH-E69-Rv
BamHI-Dn-EspH-E69-Fw

syduosnuelA Joyiny sispun4 DA @doing ¢

TACAGCTTTCATCGGGTATTGG

CGGGAATTCTTAAACGAAACGTACTGGTCCC
CGGGAATTCATATATCTGTGAGTATTTAGTTGAG

CGTTAAGTCGATGGAAAATCTG
GGCAGGATTAACCACTTCGCTAGA
GCTGAAGTTGGGGGGGCTC
GGCTATATGCTCTTCTGGCTGATG
GATGAGGTCGCTGCAGATCCT

GGCAACCGTAAAGCTGAGC
CGCGGATCCCATACACCTCCCTATATAACG
CGCGGATCCCTCTTTATCAGGTGTGACAG

Dn-EspH-E69-Rv GTCATGAGTGGATACTTGAG
GFP-N-WASP variants
NWASP-WH1del-Rv CATGGTGTCGCCGGACTTG

NWASP-WH1del-Fw
NWASP-Bdel-Rv
NWASP-Bdel-Fw
NWASP-CRIBdel-Rv
NWASP-CRIBdel-Fw
NWASP-GBDdel-Fw
NWASP-PRDdel-Rv
NWASP-PRDdel-Fw
HA-TirNM

GCTACAGTTGACATAAAAAATCC
CATGGGTAGATTGGGACCATT
GGAACACCAAGTAATTTCCAGC
AATATCTGCCTTGGTTAATCTCTTC
CCAGAATTAAAGAATCTTTTTGATATG
CCACCACCTCCACCCTCGAG
TGGTGCTTGTCTTCGGAGTTC
CATCAAGTTCCAGCTCCTTCAG

HindllI-TirN(1-233)-E69-Fw  CCCAAGCTTCAATGCCTATTGGTAACCTTGGTAAT
HindllI-TirN(1-233)-E69-Rv  CCCAAGCTTGTTTAGGATCTGAGCGAACGCTG
pCDNAS3-TirNM(EPEC)-Rv ~ TCTATGGAGCGCAGTCGTTAC
pCDNAB3-TirNM(EPEC)-Fw ~ CGTTTCGTTTAAATATATCCGCG
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Cell Microbiol. Author manuscript; available in PMC 2016 August 08.



	Summary
	Introduction
	Results
	EspH promotes both pedestal formation and pedestal elongation during EPEC infection
	EspH triggers actin signalling pathways independently of Tir tyrosine residues Y454 and Y474
	EspH promotes recruitment of N-WASP to the bacterial attachment site
	EspH promotes actin polymerization independently of Nck or Rho GTPases
	EspH-mediated actin polymerization requires the C-terminus of Tir
	The WH1 domain of N-WASP is required for EspH-mediated actin polymerization
	Disruption of WIP/N-WASP binding abolishes EspH-mediated actin polymerization
	EspH and Tir recruit WIP to EPEC attachment sites
	EspH induces colocalization of WIP, Tir and N-WASP, but not Nck

	Discussion
	Experimental procedures
	Bacterial strains and plasmids
	EPEC tir mutagenesis
	E2348/69ΔespH TirY454A/Y474A mutagenesis
	Construction of GFP-N-WASP and HA-TirNM expression variants
	siRNA knockdown of Rho GTPases
	Transfection and Infection of cells with EPEC E2348/69
	Immunofluorescence microscopy
	Antibodies
	Scanning electron microscopy
	Western blot
	Statistical analysis

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Fig. 9
	Table 1
	Table 2
	Table 3

