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ABSTRACT Enteropathogenic Escherichia coli (EPEC) is an important human pathogen that
causes acute infantile diarrhea. The type IV bundle-forming pili (BFP) of typical EPEC strains
are dynamic fibrillar organelles that can extend out and retract into the bacterium. The bfpF
gene encodes for BfpF, a protein that promotes pili retraction. The BFP are involved in bacte-
rial autoaggregation and in mediating the initial adherence of the bacterium with its host cell.
Importantly, BFP retraction is implicated in virulence in experimental human infection. How
pili retraction contributes to EPEC pathogenesis at the cellular level remains largely obscure,
however. In this study, an effort has been made to address this question using engineered
EPEC strains with induced BFP retraction capacity. We show that the retraction is important
for tight-junction disruption and, to a lesser extent, actin-rich pedestal formation by promot-
ing efficient translocation of bacterial protein effectors into the host cells. A model is pro-
posed whereby BFP retraction permits closer apposition between the bacterial and the host
cell surfaces, thus enabling timely and effective introduction of bacterial effectors into the
host cell via the type lll secretion apparatus. Our studies hence suggest novel insights into the
involvement of pili retraction in EPEC pathogenesis.
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INTRODUCTION

Enteropathogenic Escherichia coli (EPEC) is a major cause of
acute infantile diarrhea mainly in developing countries (Taylor and
Echeverria, 1993; Nataro and Kaper, 1998; Chen and Frankel, 2005;
Marcos and DuPont, 2007). Typical EPEC strains produce proteina-

ceous fibrillar organelles that extend out from the bacterial surface,
known as bundle-forming pili (BFP), members of the type IV pili (Tfp)
family. Tfp are expressed on the surface of a variety of other Gram-
negative (e.g., Neisseria gonorrhea, Neisseria meningitidis, and
Pseudomonas aeruginosa), as well as in Gram-positive (e.g., Clostrid-
ium perfringens) pathogenic bacteria. Ample evidence suggests
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that the Tfp, including those of EPEC, are important virulence fac-
tors. In addition to their role in facilitating the initial attachment of
the microbe to its host cell surface (Milgotina, 2009), they promote
cytoskeletal rearrangements and elicit signaling events that assist
the microbe to adopt an extracellular lifestyle (Kline et al., 2009;
Boettcher et al., 2010). The ways by which Tfp influence their host
cells are still poorly understood, however.

Typical EPEC strains harbor a ~95 kb EPEC adherence factor
plasmid containing an operon of 14 genes encoding for complete
and functional BFP (Donnenberg et al., 1992; Giron et al., 1993;
Iguchi et al., 2009). BFP are postulated to initiate a long-range adhe-
sion of bacteria with the intestinal epithelium. In addition, BFP recruit
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other EPEC cells into aggregates; this recruitment results in the pres-
ence of bacterial microcolonies on the cell surface, a phenomenon
called localized adherence. Bacterial aggregation can also occur in
tissue culture medium. This process, which is termed autoaggrega-
tion, has been hypothesized to be mediated by the extension of the
pilus fiber due to biogenesis and subsequent oligomerization of its
pilin subunits (i.e., bundlin encoded by bfpA). Bacterial aggregates
can disaggregate and disperse. The dispersion phenotype is facili-
tated by the retraction of the pilus fiber, owing to dissociation of
pilin subunits and their degradation (Humphries et al., 2010). Two
genes encoding BfpD and BfpF (putative ATPases) drive pilus exten-
sion and retraction, respectively. Disruption of any of these genes
leads to anomalies in BFP functions. For instance, a bfpF mutant is
hyperpilated, and forms bacterial aggregates that fail to disperse
over time. A bfpD mutant does not express BFP, does not autoag-
gregate, and is deficient in localized adherence phenotype.

BFP is a crucial virulence factor (see next section), and as such
should be regarded in the broader context of EPEC pathogenesis.
The EPEC-induced disease is characterized by at least four histo-
pathological hallmarks: 1) intimate adherence of the microbe to
epithelial cells of the small intestine; 2) the loss of absorptive mi-
crovili (effacement); 3) formation of actin-rich pedestals beneath the
adherent bacteria; and 4) loss of tight junctions (TJs). It is clear that
these phenotypes largely depend on the expression of proteins en-
coded by genes harbored within the chromosomal locus of entero-
cyte effacement (LEE). In particular, the association between two
LEE proteins—intimin, which resides in the bacterial surface, and the
translocated intimin receptor (Tir), which is translocated into the
host cell plasma membrane (PM) by the type Il secretion system
(T3SS)-has been rigorously characterized. These molecular associa-
tions promote an intimate link between the bacterium and its host
cell and the elicitation of signal transduction pathways, which lead
to actin condensation and to the generation of actin-rich pedestals
(Rothbaum et al., 1982, 1983; Taylor et al., 1986; Jerse et al., 1990).
Intimin-Tir association and translocation of additional T3SS protein
effectors trigger complex signaling cascades that promote signifi-
cant alterations in the actin cytoskeleton, the secretion of ions (e.g.,
ClI~ and HCO37), mislocalization of aquaporins, and the disruption of
epithelial TJs. The manipulation of these processes is believed to
lead to tissue damage and the diarrheal effect (for a review, see
Guttman and Finlay, 2009).

Experiments performed in humans have clearly suggested that
the BFP is required for EPEC pathogenesis. In these experiments,
volunteers ingested a range of inocula of wild type, bfoA, bfpT
(perA), or bfpF mutant bacteria. Significantly fewer volunteers who
ingested the mutant bacteria developed diarrhea, and elicitation of
diarrhea required a 200-fold-higher bacterial dose in the bfoF mu-
tant, relative to the wild- type strain (Bieber et al., 1998). Although
these data suggest that BFP and its retraction capacity are impor-
tant virulence factors in vivo, the precise effects they have on host
cells remain unknown. Here to investigate the effects of BFP retrac-
tion on epithelial host cells we used genetically engineered EPEC
strains, which can retract their pili upon induction with arabinose.
We found that BFP retraction contributes to timely and efficient ex-
port of bacterial protein effectors into the host cell, where they exert
key functions in EPEC pathogenesis, including disruption of the
epithelial barrier and generation of actin-rich pedestals.

RESULTS

BfpF is required for disruption of TJs

A common perception suggests that disruption of epithelial TJs’
barrier functions by EPEC infection contributes to the diarrheal dis-
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ease (Guttman and Finlay, 2008). Because BfpF has been implicated
in the development of the disease (Bieber et al., 1998), we reasoned
that the bacterial protein may be involved in the breakdown of TJs.
To test this hypothesis, the TJ barrier functions of EPEC infected and
untreated MDCK cells were examined by simultaneous monitoring
of the trans-epithelial electrical resistance (TER; Figure 1A, top
panel) and cell monolayer permeability to 4 kDa fluorescein isothio-
cyanate (FITC)-dextran (Figure 1A, bottom panel). Infection with the
T3SS defective EPEC-escV (escV::Tnbkan) or pilin-deficient EPEC-
bfpA (bfpA::TnphoA), which is incapable of microcolony formation,
resulted in an increase in TER values. In both cases, cell monolayer
permeability to FITC-dextran penetration was minimal, nearly indis-
tinguishable from untreated control cells. Cell infection with wild-
type EPEC (EPEC-wt) caused a significant reduction in TER and a
concomitant increase in permeability to dextran. Both these effects
were particularly apparent after 4 h of infection. EPEC-bfpA has re-
duced capacity of host cell colonization (Donnenberg et al., 1990;
Hyland et al., 2008), and marginal capability to inject bacterial effec-
tors into the host cell (Mills et al., 2008). We hence hypothesize that
this change in TER reflects tightening of the epithelial junctions in
response to bacteria that are either defective in T3SS or have poor
cell colonization. The effect is probably counteracted by junctional
disrupting protein effectors that are translocated into the host cells
upon infection with EPEC-wt.

To further investigate the role of BFP dynamics in TJ disruption,
we used a newly engineered EPEC strain, in which pili retraction is
induced in response to arabinose (EPEC-bfpF +BfpF*?, see Materi-
als and Methods). Host cell colonization of this EPEC strain is similar
to that of EPEC-wt (Figure 2B and Supplemental Figure S1), thus
enabling specific examination of the effects of pili retraction on the
host cell. Cell infection with EPEC-bfpF +BfoF@" (i.e., BfpF expres-
sion is suppressed) prompted an increase in the TER values, albeit at
a lower extent than that observed for EPEC-escV. Nevertheless, the
levels of paracellular penetration of FITC-dextran recorded for this
EPEC strain were similar to those of EPEC-escV or of untreated con-
trols. In contrast, when cells were infected with the same strain in the
presence of arabinose (EPEC-bfpF +BfpFaat(T0; j.e., BfpF expression
was induced), a significant drop in TER, which was apparent after 1 h
of infection, and an increase in monolayer penetration of FITC-
dextran were observed. Interestingly, an identical response was
measured when cells were first infected with EPEC in the absence of
arabinose for 2 h and then exposed to the inducer for the rest of the
infection time (bfpF +BfpF2T2). Taken together, these observations
reinforce the notion that BfpF expression is required for TJ dysfunc-
tion induced by EPEC. Because BFP is involved in bacterial adher-
ence, we quantified cell-associated bacteria after 4 h of infection
(see Supplemental Figure S1). The results did not reveal significant
differences between the various EPEC strains with respect to their
capacity to adhere to the host cells. This finding suggests that the
effects on the epithelial barrier functions were not due to gross dif-
ferences in attachment to host cells.

EPEC naturally infects human enterocytes of the small intestine.
Hence, similar experiments were conducted on the Caco-2BBe en-
terocytes (Hidalgo et al., 1989; Supplemental Figure S2). Data were
essentially similar to those obtained with MDCK cells. Addition of
arabinose [bfpF +BfpFara+ ()] stimulated both a decrease in TER and
an increase in monolayer leakiness, showing levels similar to those
observed for EPEC-wt. These results are once again consistent with
the notion that BFP retraction contributes to the capacity of EPEC to
disrupt the TJs.

TJ barrier dysfunction obtained upon EPEC infection corre-
lates with the dissociation of junctional proteins, such as ZO-1
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Induced BfpF expression perturbs the functions and
morphology of TJs. MDCK cells cultured on semipermeable supports
were infected with the indicated EPEC strains, or left untreated, as
described in Materials and Methods. Infection with EPEC-bfpF +BfpF
was performed in the absence (EPEC-bfpF +BfpF#") or presence
(EPEC-bfpF +BfpFa2") of arabinose. In some experiments, arabinose
was added to the activation medium 15 min before cell infection and
throughout the entire infection time (EPEC-bfpF +BfpF224T0). In other
experiments, cells were initially infected in the absence of arabinose
for 2 h, and then arabinose was added to the infection medium for
the rest of the infection time (EPEC-bfpF +BfpFa2(2). (A) Barrier
functions. Changes in the TJ barrier functions were measured by
tracking the alterations in TER (top panels) and monolayer
permeability to FITC-dextran (bottom panels). Results are mean + SE
of at least three independent experiments, each of which was
performed in duplicate. Data are normalized to values measured at
time zero. Two-tailed Student’s t test reveals that infection with EPEC
expressing intact BfpF resulted in statistically significant reduction in
TER and increase in cell monolayer permeability after 5 h of infection

2438 | E.E.Zahavietal.

(Philpott et al., 1996) and occludin (Simonovic et al., 2000) from the
cell periphery. We used indirect immunofluorescence and confocal
microscopy to examine the distribution of these junctional proteins
following EPEC infection (Figure 1B). Polarized MDCK monolayers
were infected with EPEC-wt, EPEC-bfpF +BfpF@~, or EPEC-bfpF
+BfpFa2+T0 or were left untreated. Cells were then stained with DAPI
(to visualize bacteria), and immunolabeled with anti-ZO-1 and anti-
occludin antibodies. Confocal analyses showed the typical honey-
comb-like and continuous staining of the cell-cell junctions in the
most apical region of untreated cells, and of cells infected with
EPEC-bfpf +BfpFaa~. This pattern of staining became fragmented
upon cell infection with EPEC-wt or EPEC-bfpF +BfpFa+T0, sug-
gesting that BfpF expression is required for EPEC-mediated altera-
tions in the TJ structure.

BfpF is essential for timely and effective translocation

of EspF

EspF has been shown to play a central role in the disruption of epi-
thelial TJ (McNamara et al., 2001; Guttman et al., 2006). We have
similarly observed that the ability of EPEC to disrupt the TJ of MDCK
cells is abolished upon infection with EPEC-AespF (E. Wircer, unpub-
lished data). We hence reasoned that, upon infection with an EPEC
strain carrying dysfunctional bfpF, delivery of EspF into the host cell
is impaired, and consequently the capacity of EPEC to disrupt the TJ
barrier is reduced. To test this hypothesis, we examined the involve-
ment of BFP retraction in EspF translocation. espF fused to a
B-lactamase (blaM) reporter was introduced to the genomes of
EPEC-bfpF and EPEC-bfpF +BfpFa? strains. Hela cells were infected
with these bacterial strains, and their capacity to translocate EspF-
BlaM into the host cells was measured by tracking the accumulation
of cleaved CCF2, as described (Mills et al., 2008). The time-depen-
dent product accumulation [P] and its derivative [P'] are presented in
Figure 2A, top and bottom panels, respectively. The derivative rep-
resents the rate by which product molecules (i.e., cleaved CCF2) ac-
cumulate in the infected cells. Because CCF2 is present in excess
throughout the entire measurement time (Mills et al., 2008), [P] is
proportional to the rate of EspF-BlaM translocation into the cells.
Figure 2A clearly shows similar dynamics of [P] accumulation for
EPEC-bfpF +BfpFa® and EPEC-bfoF. Accumulation of product mol-
ecules was negligible following infection with EPEC-wt containing
the pBAD24 vector. In contrast, upon infection with EPEC-bfpF
+BfpFara+T0), [P] accumulation reached higher levels. This observation
is further strengthened by the derivative analysis of [P] (Figure 2A,
bottom panel, and Table 1), which revealed two distinct phases of
infection. The first occurred between 15 and 30 min infection times,
whereby the average [P'] for EPEC-bfpF +BfpF2?- and EPEC-bfpF
(0.37 and 0.56, respectively) was markedly lower than that of EPEC-
bfpoF +BfpFa+T19 (1.56). Moreover, the difference between the mini-
mal and maximal [P’] values for EPEC bearing inactivated bfpF (~0.6)
was small compared with those obtained for the rescued strain (~2.3).
These results suggest that, during the early phase of infection, the
rate of EspF-BlaM translocation was minimal and nearly steady for

(see Table S4). (B) Junctional morphology. Polarized MDCK
monolayers were infected with the indicated EPEC strains for 3 h at
37°C, or left untreated. Cells were then fixed and costained with DAPI
(bacteria and nuclei), anti-ZO-1 and anti-occludin antibodies.
Fluorescence labeling was analyzed by confocal microscopy. Images
are projections of x-y sections, taken along 2-3 pm from the cell’s
apex, where bacteria and junctional labeling was best visualized.
Arrowheads indicate examples of breaks in occludin and ZO-1
staining. Bar = 10 pm.
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FIGURE 2: BfpF expression is required for efficient translocationof EspF.

Hela cells were infected with the indicated

EPEC strains or the pBAD24 vector as control (see Materials and Methods). All bacteria expressed the espF-blaM
reporter gene. (A) Accumulation of cleaved CCF2 [P] (top panel) and its rate of accumulation [P'] (bottom panel)
following EPEC infection. Hela cells were infected with EPEC, and measurement of CCF2 product accumulation was
carried out throughout the indicated times. Total product [P] and the rate of its accumulation [P'] were calculated, as
explained in Materials and Methods. The dashed line in the bottom panel separates the two suggested phases of [P'] as
a function of time (see Results and Table 1). The results are mean + SE of four to eight measurements. (B) Levels of EPEC

adherence to Hela cells. Hela cells were infected with EPEC for 30 or 60

min, and the number of adhered bacteria was

determined as described in Materials and Methods and Figure S1. Data presented are mean + SE of three independent

experiments.

EPEC-bfpF +BfpF??~ and EPEC-bfpF. In contrast, the translocation
process was faster in the case of EPEC-bfpF +BfpF22*T9. The second
phase was observed between 30 and 60 min of infection, whereby
all bacterial strains showed an increase in [P']. The strains unable to
express BfpF, however, showed significantly lower [P’] values than
those of EPEC-bfpF +BfpFaa+T0), suggesting that the mutant strains
had translocated EspF-BlaM at a lower rate than the rescued strain.
Importantly, the different EPEC strains colonized the cells at similar
levels (Figure 2B). Therefore, the observed differences in transloca-
tion rates were not contributed by differences in cell colonization.
Translocation data following EPEC-wt infection are not shown be-
cause high levels of cell detachment were observed after 30 min of
infection with this strain (see also Shifrin et al., 2002), posing difficul-
ties in data analysis and interpretation. Altogether, these data impli-
cate BfpF, and its retraction capacity, in the exertion of rapid and
competent translocation of EspF and subsequent loss of TJ.

BfpF contributes to efficient assembly of actin-rich
pedestals: filamentous (F)-actin staining of fixed cells

The construction of actin-rich pedestals beneath bacterial attach-
ment sites is believed to contribute to bacterial colonization of host
cells and is a hallmark of EPEC infection (Campellone and Leong,
2003). To test whether BfpF contributes to the biogenesis of pedes-
tals, MDCK cells were infected with EPEC-wt or with EPEC-bfpF
+BfpF in the absence (ara-) or presence (ara+) of arabinose for 45 and
120 min at 37°C. Bacteria and the actin cytoskeleton were visualized
by confocal microscopy following cell staining with DAPI and Texas
Red phalloidin, respectively. After 45 min of infection, condensed
F-actin staining, which correlated with the DAPI-stained EPEC micro-
colonies, was broadly visualized in cells infected with EPEC-wt or
with EPEC-bfpF +BfpFa=T0 (Figure 3A, arrowheads). In contrast,
F-actin staining at infection sites was either invisible (Figure 3A,
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arrowheads with asterisks) or weak (Figure 3A, arrows) in cells in-
fected with EPEC-bfpF +BfpFaa-. After 120 min of cell infection, sig-
nificant F-actin staining associated with infection sites was seen in all
cases. Thus BfpF expression and the subsequent induced pili retrac-
tion seem to be important for facilitating F-actin accumulation under
EPEC infection sites at early, rather than late, infection times.

Dynamic accumulation of actin and PM fluorescent probes
To further investigate this kinetic effect, we have taken advantage of
our recently developed quantitative imaging approach (Sason et al.,
2009) to study the effect of BfpF expression on green fluorescent
protein (GFP)-actin and monomeric red fluorescent protein (mRFP)-
PM accumulation in real time beneath EPEC infection sites. It is of
note that the accumulation of GFP-actin fluorescence may represent
specific stages in the construction of actin-rich pedestals, whereas
the accumulation of mRFP-PM may reflect changes in PM architec-
ture occurring in response to microbe adhesion.

MDCK cells coexpressing GFP-actin and mRFP-PM were infected
with EPEC-wt, EPEC-escV, and EPEC-bfpF +BfpF in the absence or
presence of arabinose. The fluorescence of GFP-actin (Figure 3B,
top) and mRFP-PM (Figure 3B, bottom) at EPEC infection sites was
recorded by time-lapse confocal imaging. Infection with EPEC-wt
resulted in the previously noted profile of GFP-actin accumulation,
peaking after ~5 min of EPEC attachment (Sason et al., 2009). In
contrast, GFP-actin accumulation under EPEC-escV was negligible,
confirming that the observed accumulation is T3SS dependent. In
the absence of arabinose, EPEC-bfpF +BfpFa?~ infection resulted in
a slight but steady accumulation of GFP-actin, which initiated after
~8 min and leveled off after ~13 min of microcolony attachment. In
contrast, when EPEC infection occurred in the presence of arabi-
nose (EPEC-bfpF +BfpFara+19), the profile of GFP-actin accumulation
was nearly identical to that observed for EPEC-wt.

Type IV pili and EPEC infection | 2439



t15—30 t30-60

Strain Average Min Max Average Min Max
EspF-BlaM

bfpF 0.56 0.17 0.83 4.25 1.37 7.17
bfpF +BfpFare- 0.37 0 0.57 3.44 1.07 3.77
bfpF +BfpFara+To 1.56 0.57 2.83 7.99 3.77 11.07
Tir-BlaM

bfoF 5.55 3.41 12.45 43.67 14.76 62.74
bfpF +BfpFara- 4.67 1.84 9.98 40.46 13.9 63.85
BfpF +BfpFara+T0 11.65 3.59 22.57 44.98 27.29 52.67

Values for EspF-BlaM and Tir-BlaM were derived from data presented in Figures 2A and 5, respectively. Values are the average, minimum, and maximum of [P'] at

early (15-30 min) and late (30-60 min) phases of EPEC infection.

TABLE 1: Analysis of EspF and Tir-BlaM [P'] in early and late phases of infection.

The mRFP-PM probe accumulated under EPEC-wt to a greater
extent than EPEC-escV, suggesting that some T3SS effectors con-
tribute to its time-dependent accumulation. Infection with EPEC-
bfoF +BfpFaa- led to minor accumulation of the probe. Addition of
arabinose significantly stimulated its accumulation, yet at somewhat
lower final levels than EPEC-wt. Interestingly, only in cases whereby
EPEC expresses BfpF (i.e., EPEC-wt, EPEC-bfpF +BfpF@a*, and
EPEC-escV) the early stages (up to ~5 min following microcolony
attachment) of mRFP-PM accumulation occurred at similar rates.
These early stages may represent initial steps in EPEC association
with the host cell surface via BFP attachment and retraction. At later
time points, further accumulation of the probe is possibly depen-
dent on subsequent intimate attachments and pedestal formation.

In the experiments described so far, BfpF expression was in-
duced before and during cell exposure to the microbe (TO condi-
tion; see Figure 1). We next tested the ability of arabinose to pro-
mote the effects after initial EPEC adherence to the cell surface in
the absence of arabinose. Two basic conditions have been applied
in these experiments: Either EPEC-bfpF +BfpF microcolonies were
allowed to interact with the cells in the absence of arabinose during
the entire infection time (Figure 3C; EPEC-bfpF +BfpF®”), or the
bacteria were first permitted to associate with the cell surface for 15
min in the absence of the inducer and then were exposed to arabi-
nose for the rest of the infection time (Figure 3C; EPEC-bfpF +Bfp-
Fara+15) " |n the absence of arabinose, GFP-actin and mRFP-PM ac-
cumulated gradually, consistent with the results described earlier in
the text (Figure 3B). When bacteria were first adhered in the ab-
sence of arabinose and then exposed to the inducer, however, ac-
cumulation of both markers was observed ~7 min after induction
(Figure 3C). Similar data were obtained in another independent ex-
periment, whereby arabinose was added 2 min following bacterial
attachment (Supplemental Figure S3). These results establish a
strong temporal relationship between expression of BfpF and actin
accumulation following initial adherence of the bacteria to the host
cell. Notably again, however, the fact that actin accumulated at sim-
ilar levels under EPEC-bfpF +BfpF*@~ and EPEC-bfpF +BfpFa* fol-
lowing longer infection times (e.g., after 16 min; see Figure 3B) sug-
gests that mature actin-rich pedestals may also be formed upon
EPEC-bfpF +BfpFa™ infection.

Effects on the ultrastructure of infection sites
To determine whether pedestal-like structures are indeed induced
in response to BfpF expression, we visualized EPEC- infected api-

2440 | E.E.Zahavietal.

cal surfaces by high-resolution transmission electron microscopy
following 60 (panels A-D) and 120 min (panels E-H) of infection
(Figure 3D). Cells infected with EPEC-wt revealed typical pedestal
structures (i.e., protrusions of electron-dense and filamentous cy-
toplasmic staining, likely contributed to by condensed actin fila-
ments beneath intimately attached bacteria). Microvilli effacement
at these sites was also observed (panel A). Following 60 min of
infection, two types of bacterial interactions with the cell surface
were visualized in cells infected with EPEC-bfpF +BfpFa@™: In some
cases, bacteria were associated with host cell protrusions that re-
sembled pedestals, with little, or sparse electron-dense material
(panel B, arrow); in others, bacteria appeared to settle on top of
intact microvilli (panel B, arrowheads, and panel C). In contrast,
EPEC-bfpF +BfpFa* resided on top of protrusions filled with highly
electron-dense branched filament staining (panel D), which were
somewhat smaller in size than those observed for EPEC-wt. Follow-
ing 120 min of infection, pedestal structures were observed in all
cases (panels E-G), except in cells infected with type Ill-deficient
EPEC-escV (panel H).

To summarize, in the absence of arabinose, when BfpF expres-
sion is suppressed, bacteria attached to the apical cell surface may
form protrusions that contain low levels of condensed actin, possi-
bly representing immature pedestals. Alternatively, bacteria can as-
sociate with the apical surface in a way that does not lead to actin
condensation beneath them. The latter may reflect their settling on
top of intact microvilli without inducing effacement. Yet again, how-
ever, these effects seem to be temporal, because following pro-
longed infection times (e.g., 120 min), pedestals and microvilli ef-
facement appeared to be typical, essentially indistinguishable from
those observed for EPEC-wt. Thus pedestals can be generated
when BfpF expression is suppressed, albeit at a slower pace.

BfpF is required for efficient tyrosine phosphorylation

of Tir in polarized epithelial cells

The interaction between Tir and bacteria-associated intimin results
in the clustering of Tir-intimin complexes and the subsequent phos-
phorylation of Tir on two tyrosines located in the C-terminal cyto-
plasmic region of the protein. One tyrosine, Y474, is the predomi-
nant phosphorylation site, the phosphorylation of which prompts
the binding of Tir to the adaptor protein Nck and the subsequent
recruitment and activation of N-WASP and the Arp2/3 complex.
These events eventually lead to actin polymerization and pedestal
formation (Campellone and Leong, 2005; Caron et al., 2006). The
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Figure S3). (D) Ultrastructure of EPEC infection sites. Filter-cultured MDCK cells were infected with the indicated EPEC
strains for 60 or 120 min at 37°C. Cells were fixed and processed for observation by transmission electron microscopy;,
as described in Materials and Methods.
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second, Y454, is a minor phosphorylation site that plays a lesser role
in pedestal biogenesis.

The reduced pedestal observed in EPEC-bfpF led us to hypoth-
esize that Tir is either 1) translocated inefficiently or 2) translocated
normally but only partially phosphorylated on the critical tyrosines
due to other effects, such as ineffective clustering by intimin. To in-
vestigate these hypotheses, MDCK cells were infected with EPEC
and costained with DAPI (bacteria) and anti-phosphotyrosine (PY)
antibodies, which primarily label phosphorylated Tir. Fluorescence
images acquired by confocal microscopy and their quantitative anal-
ysis are shown in Figure 4, top and bottom panels, respectively. As
expected, intense PY staining confined to regions of adherent
EPEC-wt microcolonies was observed following 45 and 120 min of
infection. In contrast, a significantly lower PY signal confined to in-
fection foci was observed in cells infected with EPEC-bfpF +BfpFaa-
following 45, but not 120, min of infection. Induced BfpF expression
(EPEC-bfpF +BfpF@*) resulted in the restoration of intense PY label-
ing, to levels comparable to those observed for EPEC-wt. Infection
with EPEC-escV did not stimulate the accumulation of the PY signal
after 45 or 120 min of infection (unpublished data). From these ex-
periments we learn that BfpF is required for eliciting efficient ty-
rosine phosphorylation of Tir and that maximal tyrosine phosphory-
lation of Tir can be achieved in cells infected with EPEC whose BfpF
expression is suppressed.

BfpF is required for efficient translocation and tyrosine
phosphorylation of Tir

The delay in tyrosine phosphorylation of Tir may be caused by its
impaired translocation. To investigate this presumption, the dynam-
ics of Tir-BlaM translocation into Hela cells following infection with
any of the three different EPEC-bfpF strains was monitored by track-
ing the accumulation of the cleaved CCF2 product (Figure 5A, top),
and derivative analysis was performed as before (Figure 5A, bot-
tom, and Table 1). The results show that Tir was translocated
with similarly slow kinetics by EPEC-bfpF or EPEC-bfpF +BfpFa=-.
In contrast, the translocation rate of Tir was induced upon infec-
tion with EPEC-bfpF +BfpF?*. The effect was apparent at early
(t15-30), but not late (t39_¢0) times of EPEC infection.

To test the efficiency of Tir tyrosine phosphorylation, Hela cells
were infected with EPEC, cell lysates were subjected to immunopre-
cipitation with anti-PY (4G10) antibodies, and precipitated Tir was
identified by its molecular weight using immunoblotting with the
same anti-PY antibodies. As expected, tyrosine-phosphorylated
Tir (PY-Tir) was detected in cells infected with EPEC-wt but not
with EPEC-escV (Figure 5B) or EPEC that does not express Tir
(unpublished data). In cells infected with EPEC-bfoF +BfpFae,
PY-Tir levels were reduced compared with EPEC-bfpF +BfpFaa+T0 or
EPEC-wt. These data, combined with those presented in Figure 4,
reinforce the notion that BfpF expression is needed to elicit efficient
translocation and subsequent tyrosine phosphorylation of Tir.

DISCUSSION

Retractable Tfp have been shown to be crucial virulence factors,
participating in a broad spectrum of fundamental bacterial pro-
cesses, such as twitching motility, DNA transformation, and early
stages of bacterial attachment to host cells (Milgotina, 2009). After
mediating initial attachment to the host cell, pili retract. This process
is driven by a powerful force-generating machinery that results in
the depolymerization of the pilin subunits (>100 pN per retraction of
a single pilus, as measured for N. gonorrhoeae [Maier et al., 2002]).
Similar forces were reported for BFP produced by typical strains of
EPEC (Gauthier, 2009). The host cell may sense and respond to
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BfpF expression is required for efficient tyrosine
phosphorylation of Tir in MDCK cells. MDCK cells were infected with
EPEC for 45 or 120 min at 37°C. Cells were fixed and stained with
DAPI to visualize bacteria and with anti-PY antibodies. Fluorescence
was imaged by confocal microscopy, and representative images are
shown in the top panel. The intensity of PY fluorescence levels
associated with EPEC microcolonies was quantified, and data are
presented in the bottom panel. Results are the mean + SE of at least
20 infection sites imaged in two independent experiments.

these forces by generating a unique platform beneath the adherent
bacteria enriched with cortical actin (Merz and So, 2000; Merz et al.,
2000), various signal-transducing proteins (Howie et al., 2005, 2008;
Lee et al., 2005), and proteins of the junctional/polarity complex
(Coureuil et al., 2009). Despite accumulating knowledge, however,
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(A) Tir translocation. Hela cells were infected with EPEC-bfpF, EPEC-bfpF +BfpFa-, and EPEC-bfpF +BfpFara+T0)
expressing the tir-blaM reporter gene. Experiments were carried out and analyzed as indicated in Materials and
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were infected with the indicated EPEC strains or left untreated. Cells were lysed and subjected to immunoprecipitation
(IP) with anti-PY antibodies followed by SDS-PAGE and immunoblotting (IB) with the same antibodies. PY-Tir is indicated
with an arrow (top panel). Cell lysates were probed with anti-o-tubulin antibodies (middle panel, indicated with an
arrow). Densitometric analysis was performed, and the PY-Tir/Tubulin ratio is shown (bottom panel). The results are

representative of three independent experiments.

little is known about how these host cell responses are translated to
pathogenic effects.

Earlier studies have shown that the EPEC-bfpF mutant and EPEC-
wt display comparable attaching and effacing phenotypes (Anantha
et al., 1998). In this study, we used an inducible expression system
and a variety of sensitive dynamic assays to show that BfpF is re-
quired for efficient translocation of EPEC effectors, construction of
actin-rich pedestals, and the breakdown of TJs. As these effects are
hallmarks of EPEC pathogenesis, our data may explain previous in
vivo studies, demonstrating that the ability of a bfpF mutant to
cause disease is attenuated in a human experimental model (Bieber
etal., 1998).

How does BFP retraction elicit the observed host-cell responses?
We propose the following model, which links pili dynamics with ef-
fector translocation and host cell responses to infection (Figure 6). In
the absence of pili retraction, we presume that bacteria are hyper-
piliated (Figure 6A). The excessive and long pili hinder the close
contact between the bacterial and host cell surfaces. Thus these
surfaces are separated by a large space that precludes efficient in-
sertion of the T3SS injectisome and, subsequently, the bacterial ef-
fectors into the host cell. Ineffective EspF translocation (Figure 2A),
and possibly of other TJ disrupting effectors (for a review, see Gutt-
man and Finlay, 2009), may contribute to the loss of bacterial ability
to break down the TJ barrier (Figure 1) and to the attenuated EPEC
disease (Bieber et al., 1998). Ineffective Tir translocation could have
caused reduced tyrosine phosphorylation levels on host cell-in-
serted Tir (Figures 4 and 5B) and the consequent slower develop-
ment of actin-rich pedestals (Figure 3). Interestingly, whereas the
EspF translocation rate was reduced throughout the entire infection
time, the rate of Tir translocation was lower only at earlier phases
(t15_30) of EPEC-bfpF infection (see Table 1). The greater effect on
EspF could be explained by the observation that Tir is translocated
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more efficiently than EspF into cells infected with EPEC-wt (Mills
et al., 2008).

Bundlin subunits expressed by the typical EPEC strain bind N-
acetyllactoseamine in vitro and in cells, and this association can
plausibly induce BFP retraction (Hyland et al., 2008; Humphries
et al., 2009, 2010). Pili retraction by this or any other mechanism,
would promptly and effectively close the gap between the bacterial
and the host cell surfaces. This action would facilitate efficient T3SS-
dependent translocation of bacterial effectors across the host cell
PM and into the host cells (Figure 6B), resulting in effective disrup-
tion of TJs, high tyrosine phosphorylation levels of Tir, and compe-
tent construction of actin-rich pedestals. A study that concurs with
our hypothesis reveals that the length of Yersinia pestis surface-
adhesin YadA, which binds to a host cell surface receptor, deter-
mines the efficiency with which the bacteria inject their effectors into
the host cell cytoplasm (Mota et al., 2005).

EPEC seems to generate a specialized protein and lipid domain
at the bacterium-host cell interaction site. This domain resembles a
gigantic lipid raft enriched with cholesterol (Allen-Vercoe et al.,
2006), phosphoinositides (Pls; Sason et al., 2009; Campellone,
2010; Saarikangas et al., 2010), caveolin (Boettcher et al., 2010),
and elements of the actin cytoskeleton (Caron et al., 2006). It is in-
teresting to note in this context that PI3-kinase, its downstream ef-
fectors PI(3,4,5)P3, and Akt have been shown to be concentrated
beneath N. gonorrhoeae infection sites. Interestingly, the Pl has
been shown to be translocated to the outer leaflet of the PM and to
be active in stimulating the expression of PilT (an orthologue of
EPEC BfpF), pili retraction, and microcolony growth (Lee et al.,
2005). Similar processes may also be relevant for EPEC infection, as
we have recently shown that EPEC can simulate the recruitment of
PI3-kinase and PI(3,4,5)P; beneath its infection site (Sason et al.,
2009). It is possible that during retraction the pili expose hidden
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(pJAL-F1) containing an intact bfpF gene un-
der the control of an arabinose-inducible
promoter was generated as follows. The bfpF
gene was amplified from pRPA102 (Anantha
etal., 1998) using primers Infusion bfpF Fwd:
(5'-TAGCAGGAGGAATTCGGGAA-
TTCCTGATTCGGTGTGATATCATG-3') and
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EPEC— <
Initial cell Tnitial cell [
attachment TT3ss attachment
injectisome
" Zzad
[ Host cell / Host Cell

Large & ineffective distance between
cells; Hindrance of the injectisome by BFP

Close & effective distance between
cells; Effective exposure and insertion
of the injectisome

GAGGTCTAGATGCCATAATATTT-
\ TAGCTAATCAGGTT-3'), Platinum Pfx poly-
merase (Invitrogen, San Diego, CA) and 25
cycles of denaturation (95°C for 1 min), an-
nealing (58°C for 1 min), and elongation
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uct was spliced using the In Fusion method
(Clontech, Mountain View, CA) into pBAD24

N
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FIGURE 6: A working model linking pili retraction with the effectiveness of bacterial effector

translocation. The model is described in the Discussion section.

epitopes (Biais et al., 2010) that interact with specific lipids and pro-
teins associated with the host cell PM. Another possibility is that
BFP retraction brings other bacterial surface components (adhesins)
to contact the host cell surface and modulate the nearby mem-
brane environment. A third scenario suggests that modulation of
PM organization is generated in response to mechanical forces ex-
erted by the retracting pili on the host cell. This hypothesis is prin-
cipally supported by findings showing that mechanical forces artifi-
cially imposed on the cells, mimicking the forces generated by Tfp
retraction, stimulate mechanosensitive signaling pathways in the
cells (Howie et al., 2005). We predict that deciphering the molecular
basis underlying these pilus-stimulated, mechanosensitive path-
ways in the host cell will lay the groundwork for the development of
novel antibacterial drugs aimed at combatting a broad range of
Tfp-producing microorganisms.

Although the foregoing considerations apply to typical EPEC
strains that express BFP, it is worth noting that in recent years the
contribution of atypical strains that do not express BFP to human
disease has been increasingly appreciated (Trabulsi et al., 2002).
Whether and by what mechanism such strains achieve efficient ef-
fector delivery and equivalent virulence in the absence of pilus re-
traction, or are simply less virulent than typical EPEC strains, remain
questions for further investigation.

MATERIALS AND METHODS

Bacterial strains and plasmids

EPEC strains used in this study are listed in Supplemental Table S1.
UMD946 (referred to herein as EPEC-bfpF) is a derivative of the
wild-type EPEC strain E2348/69, in which the Walker A box was re-
placed with a scar sequence (unpublished data). Walker box motifs
are required for ATP hydrolysis and, in the case of Tfp systems, are
presumed to energize the extrusion and retraction of the pilus
filament. Thus this alteration of BfpF is expected to produce pili
that cannot retract, yielding bacteria considered to be hyperpili-
ated. EPEC-bfpF bacteria complemented with a plasmid encoding
for intact BfpF are predicted to have restored BFP retraction capac-
ity, and therefore to be phenotypically similar to the wild-type
strain. In this study, EPEC-bfpF complemented with a plasmid
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previously digested with EcoRl and Xbal,
\ downstream of the pBAD24 arabinose pro-
moter, and transformed into E. coli XL 10-
Gold cells (Agilent Technologies, Santa Clara,
CA). The resulting plasmid, pJAL-F1, was
confirmed by digestion with EcoRI and Xbal,
which yielded the expected fragment of ~1-
kb base pair and by sequencing with pBAD-
Fwd and pBAD-Rev standard primers. The pJAL-F1 plasmid was
then transformed into the bfpF mutant strain, UMD%46. We refer
herein to UMD946 complemented with the arabinose-responsive
pJAL-F1 plasmid as EPEC-bfpF +BfpFaa.

Cells

MDCK cells were cultured as described (Sason et al., 2009).
We used the Caco-2BBe Tet-off clone (Shen et al., 2006) as a
model for polarized human enterocytes, which morphologically
and functionally resemble the enterocytes lining the small intes-
tine (Hidalgo et al., 1989). Cells were routinely maintained in
DMEM supplemented with 10% (vol/vol) fetal calf serum (FCS),
L-glutamine, nonessential amino acids, and antibiotics (Biological
Industries, Beit-Ha’'Emek, Israel). Approximately 50,000 cells
were seeded on a 12-mm Transwell support (Corning, Acton,
MA) precoated with rat-tail collagen and grown for 19-25 d be-
fore EPEC infection, as described (Turner et al., 1997). Hela cells
were cultured routinely in DMEM supplemented with 10% FCS
and antibiotics.

Induction of BfpF expression

Expression of BfpF was suppressed when EPEC-bfpF +BfpFa
was incubated in medium lacking arabinose (EPEC-bfpF +Bfp-
Fara-); under these conditions pilus retraction is inhibited. Addi-
tion of arabinose (0.2% wt/vol; EPEC-bfpF +BfpFa?") stimulates
BfpF expression, and so the presumed capacity of pili retraction.
Evidence for these phenotypes is provided by time-lapse imag-
ing of bacterial disaggregation in solution (performed as in Anan-
tha et al., 1998, and Supplemental Figure S4A), and EPEC micro-
colony merging on the cell surface of infected cells, as described
(Supplemental Figure S4B; Supplemental Movies 1-5). Addition
of arabinose had no effect on any of the examined parameters in
cells infected with EPEC strains that do not harbor pJAL-F1
(unpublished data).

Bacterial activation and cell infection

Bacterial activation and cell infection were performed essentially as
described (Sason et al., 2009). Briefly, bacteria cultured for 18 h at

Molecular Biology of the Cell



37°C in Luria-Bertani medium were diluted 1:50 (vol/vol) into MEM-
Eagle with Hanks salts (for infection of MDCK cells) or into DMEM
(for infection of Caco-2 and Hela cells), and were incubated for 3 h
at 37°C and 5% CO, without shaking to induce expression of bfp
and LEE genes. Cells were infected with preactivated bacteria at a
multiplicity of infection of ~100. Infection was carried out in activa-
tion medium supplemented with 5% FCS (for MDCK cells) or 10%
FCS (for Caco-2 and Hela cells) at 37°C and 5% CO,.

Monitoring the barrier functions of TJs

TER and FITC-dextran permeability measurements of polarized
MDCK or Caco-2 cell monolayers were performed as described
(Sason et al., 2009). Briefly, the apical poles of the cells were in-
fected with 0.5 ml of preactivated bacteria supplemented with
FCS and 2 mg/ml of 4 kDa FITC-dextran. Prewarmed medium
(1.5 ml) with FCS was added to the basolateral chamber. Cells
were incubated in 5% CO,, 37°C, and 97% humidity. TER was
measured using the Millicell-ERS system (Millipore, Bedford, MA)
equipped with a silver/silver-chloride electrode. Measurements
were performed hourly and at 37°C. The value of a blank Tran-
swell filter (with no cells, but otherwise treated identically) was
subtracted from the resistance values of filter-cultured cells. Typi-
cal TER values recorded before cell infection (i.e., at time zero)
were 90-100 and 160-200 Qcm? for MDCK and Caco-2BBe cell
monolayers, respectively. The fluorescence intensity of a 100 l
aliquot taken from the basolateral medium was measured in a
BMG Galaxy Fluostar microplate reader (BMG Lab Instruments,
Offenburg, Germany) equipped with a 485/538 nm excitation/
emission filter pair.

Transmission electron microscopy

EPEC-infected cell monolayers were fixed, postfixed, dehydrated,
embedded in epoxy resin, thin sectioned, and viewed as described
(Orzech et al., 2000) with minor modifications. Fixation and postfix-
ation reagents were dissolved in 0.1 M cacodylate buffer, pH 7.0.
The resin used for infiltration and embedding was Agar-100 (Agar
Scientific, Stansted, Essex, England). Images were captured on a
Tecnai 12 electron microscope (FEI, Phillips, Eindhoven, The Neth-
erlands) equipped with MegaView 2 CCD camera and AnalySIS 3.0
software (Soft Imaging System, Minster, Germany).

Indirect immunofluorescence and confocal microscopy

Immunofluorescence labeling of MDCK cells was carried out as
described (Sason et al., 2009). Briefly, cells were washed three
times in phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde. Following extensive washes, cells were permeabi-
lized, washed with PBS, and incubated with blocking solution
(0.025% [wt/vol] saponin, 0.6% [wt/vol] fish skin gelatin in PBS) for
15 min at 37°C. Following washes, cells were incubated with pri-
mary antibodies (see Table S2) in blocking solution for 1 h at 37°C.
Cells were then washed five times in blocking solution with rigor-
ous shaking for 10 min each, and incubated with appropriate sec-
ondary antibodies (Table S2) for 1 h at 37°C. Cells were postfixed
with paraformaldehyde. F-actin labeling was performed by incu-
bating permeabilized cells with 0.5 U/ml Texas-Red Phalloidin (In-
vitrogen) in blocking solution for 15 min at 22°C. Bacteria and cell
nuclei were labeled with DAPI (100 ng/ml in PBS) for 1 min at 22°C.
Cells were mounted and visualized using an upright Leica TCS SP5
laser-scanning confocal microscope, equipped with 63x, NA 1.4
oil lens (Leica, Wetzlar, Germany). Confocal XY sections were taken
at z-axis intervals of 0.5 um. Wavelengths of excitation lasers and
spectral emission bands are indicated in Table S3. Image process-
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ing was done with ImageJ (http://rsbweb.nih.gov/ij/) and Adobe
Photoshop 7.0 (Adobe Systems).

Quantitative analysis of fluorescently immunolabeled
phosphotyrosine beneath attached EPEC

MDCK cells were first infected with EPEC and then costained with
DAPI, to visualize cell-associated bacterial microcolonies, and with
anti-PY mAb 4G10 followed by appropriate secondary antibodies.
The latter identifies phosphorylated tyrosine labeling, contributed
to mainly by tyrosine phosphorylation of PM-incorporated Tir. Cells
were fixed, and confocal images were acquired as mentioned earlier
in text. Quantitative image analysis of the PY signal beneath at-
tached EPEC was performed as follows: Confocal sections, in which
the microcolony-associated PY signal was maximal, were projected
using the “averaged Z-projection” ImageJ macro. The average fluo-
rescence intensity of regions encompassing membrane-associated
EPEC microcolonies was measured and normalized to regions not
occupied by bacteria. Data are the average of at least 20 measure-
ments performed in two independent experiments.

Biochemical detection of PY-Tir

Hela cells cultured on a 10-cm plate were infected with EPEC for
45 min at 37°C. Cells were washed with ice-cold (4°C) PBS and
lysed for 5 min at 4°C with 150 pl of lysis buffer (20 mM TrisCl,
pH 7.2, 150 mM NaCl, 5 mM EDTA, 1% wt/vol NP-40, 10% wt/vol
glycerol) containing phosphatase inhibitors (2 mM Na3VO,4, 1 mM
NaF, 2 mM NayPO7) and 1 mM phenylmethylsulfonyl fluoride. Cell
lysates were then centrifuged (5 min, 3000 x g, 4°C) and a 100 pl
fraction of the supernatant was subjected to immunoprecipitation,
using anti-PY mAb 4G10 bound to protein G-Sepharose beads
(GE Healthcare, Uppsala, Sweden) for 1 h at 4°C. After washing the
beads with ice-cold lysis buffer and PBS, the resulting immuno-
complexes were analyzed by SDS-PAGE and Western blotting
and subsequently probed with anti-PY (4G10) antibodies. Cell
lysates were probed with anti-o. tubulin antibodies. Protein bands
were visualized by the EZ-ECL chemiluminescence assay kit (Bio-
logical Industries). Consistent with previous reports (Rosenshine
et al., 1996; Kenny et al., 1997), PY-Tir was identified as a major
band of ~90 kDa.

Time-lapse imaging of live cells

Experiments were carried out essentially as described (Sason et al.,
2009). Briefly, MDCK cells grown on glass-bottom plates (MatTek,
Ashland, MA) were cotransfected with plasmids encoding GFP-actin
and an mRFP-PM. The mRFP-PM (provided by S. Grinstein, Hospital
for Sick Children, Toronto, ON, Canada) consists of mRFP fused to
the N-terminal 11 amino acids of the Src-family kinase Lyn that is
both myristoylated and doubly palmitoylated. These lipid moieties
target the construct to the inner leaflet of the PM, mainly to lipid
rafts (Sason et al., 2009). Protein expression was allowed for 40-48
h. EPEC infection was performed under the confocal microscope
(37°C, 5% CO,, and 97% humidity). Cell imaging and quantitative
image analyses were carried out as described (Sason et al., 2009).
Wavelengths of excitation lasers and narrow-band emission filters
are listed in Supplemental Table S3.

Real-time analysis of EspF- and Tir- BlaM translocation

The procedure was carried out as described (Mills et al., 2008).
Briefly, EPEC strains were separately conjugated with pCX446
(espF::blaM) and pCX442 (tir:blaM) by crossing with E. coli SM10
harboring the appropriate plasmid. Integration of the fusion genes
into the EPEC chromosome was verified by PCR with primers
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5'-GGCTGTATGGATGATGAGTC-3" (forward) and 5'-GATAATAC-
CGCGCCACATAG-3' (reverse) for espF:blaM and 5'- GTTGGG-
TACCATGTTTAGTCCAACGGCAATGG-3' (forward) and 5'-GATAA-
TACCGCGCCACATAG-3' (reverse) for tir::blaM. Measurement of
effector translocation is based on BlaM activity in infected Hela
cells. To insure that extracellular BlaM activity does not falsely con-
tribute to the signal, experiments were performed in the presence
of 0.45 pM BlaM inhibitor protein, which inhibits extracellular BlaM.
We used EPEC-wt containing the pBAD24 vector as a negative con-
trol. Levels of BlaM activity product [P] were obtained, and the rate
of product accumulation [P’], which is proportional to the levels of
effector-BlaM, was derived using the following expression:

=% _ [Pt(n-H)]_[Pt(n)]
[ ]t(n)+t(n+1) - t —_t
2 (n+1) (n)

Presented [P’] values are moving averages along three time points.
The number of cell-adhered bacteria was determined as described
in Figure 2B.

Statistical analysis

Results are presented as means * SE. Statistical significance was
determined by two-tailed Student’s t test. A p value < 0.05 indicates
a statistically significant difference.
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