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SUMMARY

Infection by the bacterium Listeria monocyto-
genes depends on host cell clathrin. To deter-
mine whether this requirement is widespread,
we analyzed infection models using diverse
bacteria. We demonstrated that bacteria that
enter cells following binding to cellular recep-
tors (termed ‘‘zippering’’ bacteria) invade in a
clathrin-dependent manner. In contrast, bacte-
ria that inject effector proteins into host cells in
order to gain entry (termed ‘‘triggering’’ bacte-
ria) invade in a clathrin-independent manner.
Strikingly, enteropathogenic Escherichia coli
(EPEC) required clathrin to form actin-rich ped-
estals in host cells beneath adhering bacteria,
even though this pathogen remains extracel-
lular. Furthermore, clathrin accumulation pre-
ceded the actin rearrangements necessary for
Listeria entry. These data provide evidence
for a clathrin-based entry pathway allowing
internalization of large objects (bacteria and
ligand-coated beads) and used by ‘‘zippering’’
bacteria as part of a general mechanism to in-
vade host mammalian cells. We also revealed
a nonendocytic role for clathrin required for
extracellular EPEC infections.

INTRODUCTION

Clathrin-mediated endocytosis is the main process

by which many transmembrane proteins are interna-

lized from the plasma membrane (Conner and Schmid,

2003; Kirchhausen, 2000; McNiven and Thompson, 2006).
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These transmembrane proteins recruit intracellular adap-

tor proteins that, together with clathrin, form an endocytic

coated pit at the plasma membrane that continuously

invaginates, finally pinching off the membrane to form

a clathrin-coated vesicle. Clathrin surrounding the newly

formed endocytic vesicle is rapidly disassembled (Kirch-

hausen, 2000; Massol et al., 2006; Sorkin, 2004). The

size of coated vesicles varies from 30 to 150 nm (Cheng

et al., 2007; Ehrlich et al., 2004; McMahon, 1999), indicat-

ing an upper limit of �150 nm in the size of the engulfed

objects. However, the invasion of some viruses (e.g.,

parvovirus, influenza, or reovirus), which are well known

to enter host cells by clathrin-dependent endocytosis

(Ehrlich et al., 2004; Marsh and Helenius, 2006), has

been reported to occur through vesicles larger that 150

nm (Matlin et al., 1981; Parker and Parrish, 2000). Signifi-

cantly, large clathrin assemblies have also been observed

by electron microscopy in endosomes (Raiborg et al.,

2006), in the plasma membrane (Heuser, 1989), and sur-

rounding opsonized beads (Aggeler and Werb, 1982).

Invasive bacteria induce their own uptake by nonphago-

cytic host cells using two well-differentiated mechanisms

referred to as ‘‘zippering’’ and ‘‘triggering’’ (Cossart and

Sansonetti, 2004; Veiga and Cossart, 2006). Zippering

bacteria such as Listeria monocytogenes, Yersinia

pseudotuberculosis, and Staphyloccocus aureus express

invasion proteins on their surface that interact directly or

indirectly with cellular receptors, initiating signaling cas-

cades that result in actin polymerization and membrane

extensions that zip around and engulf entering bacteria

(Pizarro-Cerda and Cossart, 2006a). Listeria invasion

proteins InlA and InlB interact with cellular E-cadherin

and Met, respectively (Gaillard et al., 1991; Lecuit et al.,

1999; Shen et al., 2000); Yersinia invasin (inv) directly binds

to b1- integrin (Isberg and Leong, 1990), while Staphyloc-

cocus express fibronectin-binding proteins allowing bac-

terial entry by indirect engagement of b1-integrin through
lsevier Inc.
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the interaction of the latter with fibronectin (Agerer et al.,

2005; Grundmeier et al., 2004). Salmonella typhimurium

and Shigella flexneri are paradigms of bacteria that use

the trigger mechanism (Cossart and Sansonetti, 2004).

These bacteria use a specialized secretory apparatus,

the type III secretion system (T3SS), to inject bacterial ef-

fector proteins into the host cytoplasm to modulate the

host actin cytoskeleton, triggering massive polymerization

of actin and membrane ruffling, resulting in bacterial inter-

nalization in a process similar to macropinocytosis (Cos-

sart and Sansonetti, 2004; Pizarro-Cerda and Cossart,

2006a). Enteropathogenic Escherichia coli (EPEC), which

remain extracellular, also use a T3SS to hijack the actin cy-

toskeleton of the host cell including N-WASP and Arp2/3

and form an actin-rich pedestal beneath the adherent

organisms (Goosney et al., 2000).

It was generally assumed that bacteria enter into host

cells by mechanisms independent of clathrin-mediated

endocytosis. Nevertheless, we recently showed that L.

monocytogenes uses the InlB/Met pathway to enter host

cells through a clathrin-dependent mechanism (Veiga

and Cossart, 2005). In the present study, we investigated

whether the clathrin-dependent Listeria entry is an ex-

ception or whether clathrin is a common target during

bacterial pathogenesis.

RESULTS

Zippering Bacteria Recruit Clathrin and Dynamin
during Invasion
To address whether bacteria exploit a clathrin-dependent

mechanism to invade nonphagocytic cells, we examined

Y. pseudotuberculosis, S. aureus, and L. monocytogenes

as models of zippering bacteria. To focus our analysis

to the invasin-integrin pathway, we used a noninvasive

E. coli strain expressing the Y. pseudotuberculosis invasin

(inv), E. coli (inv), which mimics the entry of Yersinia (Isberg

and Falkow, 1985). In the case of Listeria, to study exclu-

sively the InlA pathway, we used a nonpathogenic and

noninvasive strain, Listeria innocua, harboring a plasmid

allowing the expression of InlA, L. innocua (inlA). This

strain has been typically used to study Listeria internaliza-

tion via the InlA-E-cadherin pathway (Gaillard et al., 1991;

Lecuit et al., 1999).

Adherent human epithelial cells were infected with one

of the three bacteria: E. coli (inv), S. aureus, or L. innocua

(inlA). For E. coli (inv) and S. aureus infection, we used

HeLa cells, but, as HeLa do not express E-cadherin (and

therefore Listeria cannot enter via InlA), Listeria infections

were performed in JEG3 cells. As shown in Figures 1A–1C,

using a monoclonal antibody to visualize the clathrin

heavy chain, clathrin colocalized with entering bacteria.

The presence of clathrin was also observed in BSC1 cells

in the case of E. coli (inv) and S. aureus infections and in

Caco-2 cells during L. innocua (inlA) infections (data not

shown).

Maturation of clathrin-coated pits normally occurs

through the recruitment of a large collection of clathrin-as-

sociated proteins including the GTPase dynamin (Conner
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and Schmid, 2003; Kirchhausen, 2000), which is required

for subsequent vesicle scission (Ehrlich et al., 2004;

Hinshaw, 2000; Macia et al., 2006; Merrifield et al., 2005;

Orth and McNiven, 2003). We therefore followed the local-

ization of dynamin during bacterial infection in the same

conditions as described above. Dynamin colocalized

with E. coli (inv), S. aureus and L. innocua (inlA) during en-

try (see Figure S1 in the Supplemental Data available with

this article online). The presence of clathrin and dynamin,

hallmark proteins of clathrin-dependent endocytosis, at

the bacterial entry site suggested a possible role for

receptor-mediated endocytosis in bacterial entry.

A Functional Clathrin-Dependent Internalization
Machinery Is Necessary for Bacterial Entry
To further examine whether bacterial entry involves ele-

ments of the typical clathrin-dependent endocytic ma-

chinery, we analyzed bacterial entry into cells in which

expression of clathrin and dynamin was knocked-down

(KD) by siRNA. Cells in which clathrin expression was al-

tered were infected with E. coli (inv), S. aureus, or L. inno-

cua (inlA) for 1 hour, and extracellular bacteria were then

killed by adding gentamicin. Intracellular, invasive bacteria

were counted by cell lysate plating. As shown in Figure 2A,

a 5-fold decrease for E. coli (inv) and S. aureus invasion

was detected in clathrin-KD cells. A similar decrease in

entry was detected in dynamin-KD cells challenged with

E. coli (inv), while a more dramatic effect was detected

in the entry of S. aureus (Figures 2A and 2B). The entry

of L. innocua (inlA) was inhibited more than 2-fold in

clathrin or dynamin-KD cells.

To corroborate the role of dynamin in the entry of these

bacteria, we determined their invasion rate in the presence

or absence of dynasore, a cell-permeable specific inhibi-

tor of dynamin (Macia et al., 2006). We first demonstrated

that dynasore had no toxic effect on the bacteria and did

not inhibit bacterial multiplication (data not shown). We

then confirmed that dynasore inhibits the endocytosis of

transferrin, the prototypical ligand used to study clathrin-

dependent endocytosis. Dynasore impeded the efficient

endocytosis of fluorescent transferrin, which remained

mainly at the plasma membrane. As expected, transferrin

accumulated in endosomes in cells not exposed to dy-

nasore (Figure 2C). In agreement with the dynamin-KD

siRNA experiments, the presence of dynasore strongly

inhibited the internalization of E. coli (inv), S. aureus, and

L. innocua (inlA), (Figure 2D) as tested by gentamicin

survival assays.

We also tested the role of Cbl and Grb2 in bacterial en-

try. Cbl (for Casitas B-lineage lymphoma) is an E3 ubiquitin

ligase and multifunctional adaptor protein that is impli-

cated in the regulation of signal transduction, internaliza-

tion, and degradation of different membrane receptors

including EGF (epidermal growth factor receptor) and

Met (Dikic et al., 2003; Huang and Sorkin, 2005; Petrelli

et al., 2002; Stang et al., 2004). It has also been shown

that Cbl promotes the ubiquitination of integrins, their

endocytosis, and, hence, the detachment of osteoclasts

from fibronectin (Kaabeche et al., 2005). Growth factor
Microbe 2, 340–351, November 2007 ª2007 Elsevier Inc. 341
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Figure 1. Localization of Endogenous Clathrin during Bacterial Infection

Extracellular bacteria, immunodetected before permeabilization, are shown in blue. Total (extracellular + intracellular) bacteria were detected after

permeabilization and are shown in green. Endogenous clathrin was detected using X22 mAb (anticlathrin heavy chain) shown in red. (A) HeLa cells

were infected for 10 min with E. coli (inv). Areas indicated by the arrows are magnified to better show clathrin surrounding the bacteria. (B) HeLa cells

were infected for 20 min with S. aureus coated with fibronectin. (C) JEG3 cells were infected for 20 min with L. innocua (inlA). Scale bars, 2 mm.
receptor binding protein 2 (Grb2) is an adaptor protein that

can direct Cbl to activated receptors and is involved, in

some conditions, in cargo entry into clathrin coated pits

(Huang and Sorkin, 2005; Jiang et al., 2003; Stang et al.,

2004). However, no role for Cbl has been found in the

internalization of E-cadherin (Fujita et al., 2002). We thus

examined the effect of knocking down the expression of

Cbl and Grb2 by siRNA on E. coli (inv) and S. aureus entry.

As shown in Figure 2A, cells with reduced levels of Cbl or

Grb2 (Figure 2B) were infected much less efficiently by

both E. coli (inv) and S. aureus. The data presented here,

together with our previous data on Listeria entering by

the InlB/Met pathway (Veiga and Cossart, 2005), point to

the critical role of proteins associated with the clathrin-

dependent endocytic machinery in zippering pathogens

internalization.
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Real-Time Imaging of Clathrin and Dynamin
Recruitment during Internalization of Listeria

Typical endocytic coated pits form by continuous assem-

bly of the clathrin coat (Ehrlich et al., 2004). The size of the

vesicle harboring invading bacteria far exceeds the maxi-

mal dimensions expected for typical clathrin-coated ves-

icles. Therefore, study of the dynamics of clathrin recruit-

ment associated with Listeria invasion could reveal if

a similar or different mechanism of invagination is used.

We analyzed, by time-lapse spinning disk confocal mi-

croscopy, the entry of GFP-tagged Listeria in HeLa cells

expressing fluorescent rat clathrin light chain (tdTomato-

LCa) (Ehrlich et al., 2004). These cells do not express

E-cadherin, and therefore Listeria can only enter by using

the InlB-Met dependent pathway. We observed a burst of

clathrin accumulation surrounding the bacteria as they
lsevier Inc.
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Figure 2. Role of Endocytic Machinery in

Bacterial Entry

(A) HeLa and JEG3 cells KD by siRNA for the in-

dicated proteins were infected with E. coli (inv),

S. aureus, or L. innocua (inlA). Bacterial infec-

tion was measured by CFU (colony-forming

unit) counts following gentamicin treatment.

Cfu counts obtained from siRNA pretreated

cells were normalized to control siRNA (RNA

not targeting any cellular mRNA)-treated cells.

(B) Protein KD by siRNA was tested by west-

ern-blot. In all cases, the left lane corresponds

to the control cells and the right lane corre-

sponds to the cells treated with siRNA against

the indicated protein. Actin is shown as a load-

ing control.

(C) Cells were treated or not for 10 min with

dynasore (80 mM) and then incubated with

FITC-tagged transferrin (25 mg/ml) for 5 min,

and transferrin was detected by fluorescence

microscopy.

(D) HeLa and JEG3 cells were treated or not

(control) with 80 mM dynasore (added 10 min

before infection) and infected with the indi-

cated bacteria. Bacterial infection was mea-

sured by CFU count after gentamicin assay.

CFUs observed from dynasore treated cells

were normalized to control (untreated) cells.

Error bars represent the standard deviation of

at least 4 independent experiments.
entered the cell. This was then followed by clathrin release

into the cytosol as bacteria enter (Movie S1 and Figure 3A).

Clathrin was not evenly distributed around the bacteria,

but instead varied in amounts around the bacteria as

they entered the cells, in contrast to the continuous accu-

mulation of clathrin observed during the typical mode of

coated pit formation (Boucrot et al., 2006; Ehrlich et al.,

2004; Massol et al., 2006). The same clathrin behavior

was detected by time lapse wide-field illumination (Movies

S2, S3, and S4). The elapsed time of clathrin recruit-

ment around entering bacteria varied from 4 to 12 min

(Figure 3B; Figures S2A–S2C), significantly longer than

the 40–180 s required for endocytosis of smaller ligands

such as for LDL, transferrin, or reovirus (Ehrlich et al.,

2004). In addition, we monitored the recruitment of dyna-

min2-mRFP (Massol et al., 2006) to entering GFP-tagged

bacteria (Movie S5 and Figure S2 D). Dynamin 2-mRFP,

as shown, was also extensively recruited around bacteria

during their internalization and not limited to late time

points. AP-2 (the major clathrin adaptor at the plasma

membrane) and AP-3 (a putative endosomal clathrin adap-

tor) were not detected around bacteria during infection

(data not shown). We have recently shown using siRNA

an unambiguous role for AP-1, a clathrin adaptor involved

in the trafficking between endosomes and the trans-Golgi

network during Listeria invasion (Pizarro-Cerda et al.,

2007). However, in the present study as we previously

reported, no significant recruitment of AP-1 to entering

bacteria was detected although AP-1 containing vesicles

were observed near the bacterial invasion area during

infection (Movie S6).
Cell Host &
Real-Time Imaging of Clathrin Recruitment during
Internalization of InlB-Coated Beads
To further study the recruitment of clathrin and clathrin-

associated molecules to activated Met in the absence of

any other bacterial factor, we used InlB-coated beads

whose entry mimics Listeria internalization via Met (Braun

et al., 1998; Pizarro-Cerda et al., 2002). InlB-coated

beads of 1 mm diameter were incubated with different cells

expressing fluorescently-tagged (EGFP or tdTomato) cla-

thrin LCa (Ehrlich et al., 2004). The presence of beads

absorbed to the top surface of cells was detected by

phase contrast microscopy, and the area surrounding

specific beads was then monitored using spinning disk

time-lapse confocal microscopy. As described for bacte-

rial entry, we also detected a discontinuous and irregular

recruitment of clathrin to the beads in contact with the

membrane (Movies S7–S9; Figure 3C; Figure S3A). The

burst of clathrin associated with the entering beads lasted

on average 2–4 min (Figure 3D; Figures S3B and S3C). The

duration of clathrin disassembly varied from bead to bead

from less than 15 s (Figure 3D) to more than 1 min (Figures

S3B and S3C) following InlB-beads entry as defined by

the loss of focus when observed by phase contrast and

acquisition of clear movement. In contrast, clathrin disas-

sembly from typical clathrin-coated vesicles is always fast

(less than 10 s) regardless of their size (Massol et al.,

2006). Auxilin is an Hsc70-binding protein required for cla-

thrin disassembly from coated vesicles (Lee et al., 2006;

Massol et al., 2006). Auxilin normally accumulates as a

burst immediately after the end of clathrin coat assembly

and its recruitment coincides with the onset of clathrin
Microbe 2, 340–351, November 2007 ª2007 Elsevier Inc. 343
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Figure 3. Clathrin Dynamics around Entering Bacteria/Beads

(A) Confocal time series (images acquired every �1.6 s) from HeLa cells transiently expressing tdTomato-LCa (red) and infected with Listeria

DH-L1039 expressing GFP (green). The figure shows every other acquisition frame from Movie S1. Scale bar, 2 mm. Bacterial fluorescence decreased

during internalization.

(B) Each dot represents the relative fluorescence intensity of tdTomato-LCa surrounding the bacterium at one time point from Movie S1. The maximal

fluorescence intensity was arbitrarily considered as 100.

(C) Confocal time series (images acquired every �5.1 s) from HeLa cells transiently expressing EGFP-LCa (green). The figure shows one every other

acquisition frame from Movie S7. Scale bar, 1 mm

(D) Each dot represents the relative fluorescence intensity of EGFP-LCa surrounding the entering bead at a single time point from Movie S7. The

maximal fluorescence intensity was arbitrarily considered as 100. Time is shown in minutes (’) and seconds (’’). Time 0 corresponds to the

maximal accumulation of clathrin at the site of entry of bacteria/beads.
disassembly (Massol et al., 2006). As observed in Movie

S9, auxilin is also recruited to entering beads, but in sharp

contrast to the typical mode of coated vesicle formation,

its recruitment parallels the accumulation of clathrin as

it associates with InlB-coated beads during their entry

(Figure S3C).

In summary, clathrin and molecules belonging to the

clathrin-dependent endocytic machinery are recruited to

invading bacteria and InlB-coated beads during internali-

zation. The dynamics of their recruitment, however, differs

from the behavior observed during the formation of typical

coated pits and vesicles during clathrin-mediated endo-

cytosis of smaller cargo.

Entry of Large Ligand-Coated Beads
To further test the hypothesis that a clathrin-based mecha-

nism allows the internalization of large particles, we link-

ed ligands for receptors normally internalized by typical
344 Cell Host & Microbe 2, 340–351, November 2007 ª2007 E
clathrin coated pits and vesicles to microspheres of the

approximate size of a bacterium (1 mm) and assayed

them for cellular entry. Beads were coated with fibronec-

tin, the ligand of b1-integrin or with EGF, known to pro-

mote endocytosis of its own receptor (EGFR) (Dikic and

Giordano, 2003; Johannessen et al., 2006; Stang et al.,

2004); these beads accumulate clathrin (Figures 4A and

4B). To examine whether they also internalize, the beads

were incubated at 37�C for 2 hours, following a two min

centrifugation step with different cell types unable to up-

take uncoated microspheres. Figures 4C–4E represent or-

thogonal views of the confocal plane showing intracellular

beads (in green) and actin that delimited the cell contour

(in red). Figures 4C and 4D show 1 mm diameter EGF-

and fibronectin-coated beads, respectively, already local-

ized inside the cell. 3D reconstruction is available in the

Supplemental Data (Movies S10 and S11). Fibronectin-

coated beads as large as 5.5 mm in diameter also induced
lsevier Inc.
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Figure 4. Ligand-Induced Endocytosis

of 1 mm Diameter Particles and Larger

Microspheres of 1 or 5.5 mm diameter coated

with the indicated proteins were added to

HeLa cells. EGF-coated beads (A) or fibronec-

tin (FN)-coated beads (B) were added for 5 min

to HeLa cells expressing tdTomato-LCa. Im-

ages were acquired at the contact zone of

a bead and the cell; phase contrast images

show the beads (left panels) and fluorescent

images show clathrin (right pannels). Bars,

2 mm. (C, D, and E) Confocal orthogonal views

(xy, xz, yz from a single optical section) of intra-

cellular beads (green) and actin (red). The

squares represent the xy view corresponding

to the z plane indicated by the small arrow-

heads in the lateral rectangles. The upper and

lateral rectangles represent the xz and yz

views, respectively. The x and y planes shown

correspond to those indicated by the small

arrowhead presented in the square. In both,

the apical part of the cell looks inward and

the lower part, in contact with the slide, to the

outside of the figure. (F) Fibronectin or EGF-

coated beads were added to HeLa cells

treated or not (control) with dynasore. The

number of internalized beads is represented

with respect to the total beads counted that

was taken as 100. A minimum of 300 cells

were examined for each condition.
their own internalization (Figure 4E; Movies S12 and S13).

These internalization processes are dynamin-dependent

since presence of dynasore highly inhibited entry of both

types of beads (Figure 4F). Control (serum-coated) beads

were unable to enter in the same types of cells (Figure S4).

These data show that ligand-coated particles even

larger than an average bacterium can also enter by bind-

ing to the appropriate receptor.

The Actin Polymerization Necessary for Listeria

Entry Follows the Recruitment of Clathrin
A key event in bacterial internalization required to allow

wrapping of the plasma membrane around the entering

bacteria is the rearrangement of the actin cytoskeleton

(Cossart and Sansonetti, 2004). We, therefore, investi-

gated if there exists a connection between clathrin and

actin recruitment using as a model Listeria entering via

the InlB-Met pathway. We first examined the recruitment

of clathrin around bacteria and InlB-coated beads at sites

of invasion in cells treated with cytochalasin D (a fungal

metabolite that inhibits actin polymerization) and com-

pared them to untreated controls. Inhibition of actin rear-

rangements did not impede the recruitment of clathrin to

bacteria or InlB-coated beads (Figures 5A and 5B). In

contrast, depletion of clathrin and dynamin by siRNA sig-
Cell Host &
nificantly inhibited the recruitment of actin to the bacteria-

cell interaction sites (Figures 5C and 5D). These observa-

tions demonstrate that clathrin and dynamin recruitment is

required for the subsequent actin polymerization needed

for Listeria entry.

Internalization of Triggering Bacteria
Is Clathrin-Independent
To further examine the role of clathrin during bacterial

infections, we tested whether clathrin and other proteins

involved in clathrin-dependent endocytosis played a role

in the internalization of S. typhimurium and S. flexneri,

the paradigms of triggering bacteria. For this purpose,

we knocked down by siRNA, clathrin, dynamin, Grb2,

and Cbl and analyzed the effects on infection by S. typhi-

murium and S. flexneri using gentamicin survival assays.

The results of these experiments (performed in parallel

to those shown in Figure 2) are presented in Figure 6A;

we found that reduction in the levels of clathrin, dynamin,

or Grb2 did not affect the infection by Shigella. Depletion

of Cbl had a minor (15%) reduction in the extent of infec-

tion. In the case of Salmonella, depletion of clathrin, Grb2,

or Cbl did not reduce bacterial entry. KD of clathrin and

Grb2 even increased internalization slightly. Interestingly,

when the levels of dynamin were reduced, we observed
Microbe 2, 340–351, November 2007 ª2007 Elsevier Inc. 345
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Figure 5. Role of Clathrin in Actin Poly-

merization around Entering Bacteria

(A) InlB coated beads colocalize with clathrin

in the presence of cytochalasin D. Cells were

pretreated with cytochalasin D and incubated

for 15 min with InlB-coated beads. The figure

shows beads imaged by phase contrast (upper

panel) and fluorescent images of clathrin (lower

panel). Bar, 2 mm. (B) HeLa cells were treated

or not (control) with cytochalasin D and incu-

bated with Listeria for 5 min. The number of

Listeria colocalizing with clathrin was then

counted. Data are shown as relative values

with respect to colocalization in control cells,

considered as 100. The experiment was re-

peated four times and a minimum of 200 cells

were analyzed in each individual experiment. (C and D) HeLa cells were treated with siRNA against dynamin, clathrin, or with control siRNA and

incubated with Listeria for 5 min. Listeria colocalizing with actin was then counted. Data are shown as relative values with respect to control, consid-

ered as 100. The experiments were repeated four times and a minimum of 200 cells were analyzed in each experiment. Error bars represent the

standard deviation.
a reduction in Salmonella internalization of about 35% with

respect to control cells. This result agrees with recent

observations showing that depending on the cell type,

Salmonella is also able to partially enter by a type-III secre-

tion system-independent manner, i.e., a zipper-like mech-

anism (F. Garcia del Portillo, personal communication).

Additionally, clathrin was unable to be immunolocalized

to Salmonella during invasion (data not shown). We then

used dynasore to confirm the absence of a major role of

dynamin in the entry of triggering bacteria. Treatment

with dynasore did not inhibit the internalization of Shigella

(Figure 6B) and, in agreement with the data using dynamin

siRNA, only slightly reduced Salmonella infection. Even

though clathrin has been reported to localize with Shigella

foci (Clerc and Sansonetti, 1989), our data collectively

confirm that the clathrin-dependent machinery plays no

discernable role in the internalization of triggering bacteria.

In summary, bacteria injecting their own effectors through

a T3SS into the host cells enter independently of a clathrin-

Figure 6. Role of Endocytic Machinery in Entry of Triggering

Bacteria

HeLa cells with the indicated proteins KD by siRNA (A) or pretreated

with 80 mM dynasore (10 min before infection) (B) were infected with

S. typhimurium or S. flexneri. Bacterial infection was measured by

CFU count after gentamicin treatment. CFUs observed from siRNA

or dynasore pretreated cells were normalized to controls, i.e., RNAi

not targeting any mRNA (A) and untreated cells (B). These experiments

were performed in parallel to those shown in Figure 2. Error bars rep-

resent the standard deviation of at least 4 independent experiments.
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dependent endocytic machinery, in contrast to the pro-

cess observed for the entry of zippering pathogens.

EPEC Recruits Clathrin to Sites
of Bacterial Contact
In order to investigate whether adherent extracellular bac-

teria that hijack the actin cytoskeleton using a T3SS re-

quire clathrin recruitment to sites of bacterial attachment,

we used noninvasive EPEC as a model pathogen. Dur-

ing EPEC infections, actin-rich pedestals are generated

beneath adherent organisms that remain extracellular

(Goosney et al., 2000). These structures protrude from

the plasma membrane and, thus, push EPEC away from

the host cell. Surprisingly, clathrin localized to the tips of

these EPEC pedestals (Figure 7A and Movie S14) and

did so in a T3SS-dependent manner (Figure 7B). The

recruitment of clathrin was dependent on the translocated

intimin receptor (Tir) of EPEC and on the key tyrosine res-

idue (Y474) of Tir that becomes phosphorylated and is

required for EPEC pedestal formation (Figure 7C). In cells

with reduced levels of clathrin due to treatment with cla-

thrin siRNA (Figure 7E), pedestal formation was abolished,

demonstrating that clathrin is required for pedestal gener-

ation and highlighting that nonclassical characteristics of

clathrin function is exploited during EPEC adherence to

host cells (Figure 7D). To test whether actin was required

for clathrin localization, we followed the same procedure

as that shown in Figure 5B. In cells pretreated with cyto-

chalasin D and subsequently infected with EPEC, clathrin

was still recruited to sites of bacterial contact in the ab-

sence of actin-filament and pedestal formation (Figure 7F).

These studies demonstrate that, as observed for Listeria,

clathrin associates at bacterial contact sites before, and

independently from, actin filaments formation and is

required for the subsequent actin polymerization.

DISCUSSION

The data presented here demonstrate that zippering bac-

teria enter host cells using a form of clathrin- and dynamin-

dependent mechanism. Clathrin, dynamin, and auxilin are
lsevier Inc.
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Figure 7. Clathrin Associated with EPEC

(A) Wild-type EPEC infected HeLa cells stained

for clathrin and actin. Scale bar, 5 mm. Arrows

points to a bacterium that is not attached to the-

cell. Positive staining is not associated with the

nonattached bacterium.

(B) Clathrin immunolocalization on wild-type

and DescN EPEC infected cells. Clusters of

bacteria are visible in the middle row of panels.

Scale bar, 10 mm.

(C) Clathrin immunolocalization on Dtir EPEC,

Dtir EPEC complemented with EPEC tir (Dtir

EPEC + EPEC tir), and Dtir EPEC comple-

mented with tir that has a point mutation at ty-

rosine 474 (Dtir EPEC + tir Y474F). Clusters of

bacteria are visible in the middle row of panels.

Scale bar, 10 mm.

(D) Untreated and clathrin RNAi knocked-down

cells stained for clathrin, actin, and DAPI. Ar-

rowheads indicate the location of some

attached bacteria. Scale bar, 10 mm.

(E) Western blot of clathrin knockdown and

control RNAi treated HeLa cells. The blot was

immunoreacted with the anti-clathrin antibody

used in (A)–(D), then stripped and reprobed

with an anti-calnexin antibody to compare the

protein loading levels.

(F) Cytochalasin D pretreated HeLa cells in-

fected with EPEC and immunostained for

clathrin and actin. Arrowheads indicate the lo-

cation of some attached bacteria. Scale bar,

10 mm.
recruited to bacteria/beads at the entry sites and inhibition

of the classical clathrin-dependent endocytosis system

using siRNA against different components of the endo-

cytic machinery or the small molecule inhibitor of dyna-

min, dynasore, block bacterial entry. Unexpectedly, the

variable dynamics of clathrin, dynamin and auxilin recruit-

ment observed by live-cell imaging during entry of bacte-
Cell Host &
ria or InlB-coated beads differs from the way by which

these proteins are recruited during the process of classical

clathrin-dependent endocytosis during internalization of

smaller ligands. Beads coated with fibronectin or EGF

were also internalized in a dynamin-dependent manner,

supporting the hypothesis that this process is ligand-

induced.
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How clathrin and its associated proteins are assembled

to allow the entry of large vesicles remains unknown. The

fluorescence microscopy data presented here, although

clearly showing the presence of clathrin around entering

bacteria and beads, lack the spatial resolution required

to precisely address this important question. To examine

this, it will be necessary to perform electron tomography

studies.

Although clathrin is responsible for the internalization

of several zippering bacteria, it is also possible that other

types of clathrin-independent endocytic machineries could

also be involved. Viruses are able to enter by several types

of endocytosis (Marsh and Helenius, 2006), and one could

anticipate a similar diversity for bacteria. Previously, it has

been shown that clathrin is mobilized during S. flexneri

infections in Hep2 cells (Clerc and Sansonetti, 1989). Nev-

ertheless, our study was unable to detect a functional in-

volvement for the clathrin-dependent endocytic machinery

for the entry of triggering bacteria.

Another unexpected observation was the recruitment

of clathrin at the bacterial contact sites during EPEC in-

fections and its essential role in this process. Like with

the zippering bacteria, clathrin (shown here) and dynamin

recruitment (Unsworth et al., 2007) are also ligand (Tir)-

dependent, but contrary to what is observed during infec-

tions of intracellular zippering bacteria, it does not lead

to bacterial internalization. It remains unclear why the

bacterial receptor Tir does not induce endocytosis, in

contrast to other receptors that do so such as EGF-R, In-

tegrins, Met, and E-cadherin. EPEC is known to be anti-

phagocytic (Celli et al., 2001), and exploitation of the cla-

thrin pathway may contribute to this virulence attribute.

As clathrin is required for the generation of EPEC pedes-

tals, the interactions of clathrin with other pedestal com-

ponents will likely be a key factor in identifying how this

protein functions at this site.

The entry of zippering invasive bacteria has been exten-

sively studied during the last two decades, and the rear-

rangement of the actin cytoskeleton has been considered

a key event in this process (Cossart and Sansonetti, 2004).

Activated by bacterial ligands, cellular receptors were

shown to trigger signaling cascades that recruit and acti-

vate the Arp2/3 complex, thereby promoting the actin

polymerization at the bacterial entry site. Actin polymeri-

zation allows the cellular membrane to remodel and engulf

the entering bacteria. Inhibiting actin rearrangements us-

ing the fungal metabolite cytochalasin D or other strate-

gies such as depletion of dynamin, cortactin, or CD2AP

by siRNA prevent bacterial internalization (Cossart and

Sansonetti, 2004; Veiga and Cossart, 2005). In an effort

to understand the whole process of bacterial internaliza-

tion, we studied the relationship between actin polymeri-

zation and clathrin recruitment during bacterial invasion.

The fact that treatment with cytochalasin D did not affect

the recruitment of clathrin to the Listeria-cell contact sites

together with the observation that cellular depletion of

clathrin and dynamin impaired the actin polymerization

around bacteria reveals that accumulation of clathrin

and dynamin are necessary events that occur upstream
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of the waves of actin polymerization allowing Listeria using

the InlB/Met pathway to enter. This is similar to the situa-

tion during EPEC infections, where clathrin recruitment

seems to be independent and taking place before actin fil-

ament polymerization at bacterial/host cell contact points.

Other studies in mammalian cells show a limited degree of

association between clathrin and actin recruitment during

the endocytosis of small ligands such as transferrin (Per-

rais and Merrifield, 2005; Yarar et al., 2007). The exact

connection between the clathrin and actin-based machin-

eries remains to be determined. Possible links between

the two events are the interactions between dynamin

and cortactin, which itself can activate the Arp2/3 com-

plex. An important role may also be played by CD2AP,

a protein that links cortactin with Cbl and the endocytic

machinery (Lynch et al., 2003).

Future studies are required to elucidate the structure

of the clathrin coat surrounding the entering bacteria

and to better define the link between the actin and clathrin

systems during bacterial entry, pedestal formation, and

potentially other virulence strategies.

EXPERIMENTAL PROCEDURES

Cells, Bacteria, and Growth Conditions

The cell lines used were HeLa (ATCC number CCL-2), Caco-2 (ATCC

number HTB-37), JEG-3 (ATCC number HTB-36), MDCK (ATCC num-

ber CCL-34), BSC-1 (ATCC number CCL-26) stably expressing EGFP-

LCa (Ehrlich et al., 2004), U-373 mg astrocytes (ATCC number HTB-

17), MDCK (ATCC number CRL-2285), and murine fibroblast. They

were grown as recommended by ATCC. The bacterial strains used

were L. monocytogenes EGD BUG 600, EGDDinlB (pAT18pprot+

LRRs-IR inlB-SPA BUG 1641; Bierne et al., 2001); BUG 2378

(BUG1641 expressing GFP, this work); DH-L1039 (gift from Darren

Higgins; Shen and Higgins, 2005); L. innocua (inlA) BUG 1489 (Gaillard

et al., 1991); S. aureus ISP479r and V329 (gifts from Iñigo Lasa); E. coli

(inv) (gift from Guy van Tran Nhieu); Salmonella enterica serovar Typhi-

murium SL1344 (gift from Francisco Garcia del Portillo); and Shigella

flexneri M90T (gift from Philippe Sansonetti). Enteropathogenic E.coli

(EPEC) strains included wild-type EPEC strain E2348/69 as well as

DescN mutant from the same strain, wild-type EPEC strain JPN15

and mutant strains in that background that included Dtir, Dtir comple-

mented with EPEC tir, and Dtir mutant complemented with EPEC tir

Y474F (DeVinney et al., 2001).

The mediums used for bacterial growth were BHI for Listeria and

Staphylococcus strains, LB for E. coli (inv), Salmonella and EPEC,

and BTCS for Shigella. When necessary, 5 mg/ml of erythromycin,

7 mg/ml of chloramphenicol, or 100 mg/ml of ampicillin were added.

BUG 2378 was constructed by electroporation of nonreplicative plas-

mid pPL3 s-gfp (Shen and Higgins, 2005) on BUG 1641.

Plasmids

pPL3 s-gfp was a gift from Prof. Darren Higgins (Shen and Higgins,

2005), Plasmid encoding dynamin2-GFP was a gift from Prof. Mark

A. McNiven (Cao et al., 1998). Plasmid encoding EGFP-LCa, tdTo-

mato-LCa, EGFP-aux1 and dynamin2-mRFP were described else-

where (Ehrlich et al., 2004; Massol et al., 2006). ps1-tdTomato codifies

for the s1 subunit of AP-1 fused to td-Tomato. Plasmids containing

EPEC tir and EPEC tir Y474F are described elsewere (DeVinney

et al., 2001).

Antibodies and Reagents

The antibodies and reagents used in this study were Alexa Fluor 546-

conjugated phalloidin, Alexa Fluor 488-, 546-, and 647-conjugated
sevier Inc.
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goat anti-rabbit and goat anti-mouse antibodies (Molecular Probes).

Mouse monoclonal (mAb) anti-b-actin (AC15; Sigma), anti-Cbl (BD

pharmingen), mAb X22 anti-clathrin heavy-chain, mAb anti-clathrin

heavy-chain (BD pharmingen), rabbit polyclonal antibody (pAb), anti-

dynamin2 (Calbiochem), mAb anti-E-cadherin, pAb anti-E. coli (Biode-

sign), pAb (Z-12) anti-EGF (Santa Cruz), pAb (H-896) anti-eps15 (Santa

Cruz), pAb anti-fibronectin (Sigma), pAb (C-23) anti-Grb2 (Santa Cruz),

rabbit serum anti-Listeria (R11), pAb anti-S. aureus (Biogenesis), cyto-

chalasin D (Sigma), fluorescein-conjugated transferrin (Invitrogen-Mo-

lecular Probes). Dynasore (Macia et al., 2006) (80 mM in 0.4% DMSO

final) was directly dissolved in the cellular growth medium (typically

D-MEM or MEM; GIBCO with or without 1% Nu-Serum [BD Biosci-

ences] without significant differences).

Ligand-Coating Beads

Typically, 1 mg of streptavidin-coated microspheres of 0.93 or 5.47 mm

diameter (Bangs labs) were bound to 400 mg of the following biotiny-

lated proteins: recombinant human E-cadherin/FC chimera (R&D sys-

tems), recombinant human EGF (Sigma) and (R&D systems), fibronectin

from human plasma (Sigma).

Protein Biotinylation

The proteins described above resuspended in PBS were bound to bio-

tinamidohexanoic acid NHS ester (Sigma) for 2 hr at 22�C and then

passed through a sephadex G25 column (GE Healthcare). When

needed, samples containing biotinylated proteins were concentrated

by using centrifugal filter devices (Amicon Ultra, Millipore). InlB was

bound to carboxylated microspheres of 1.04 mm diameter (Bangs

labs) as described (Braun et al., 1998).

RNAi Assays

Double-stranded RNA against Cbl sense (s) 50-GGG AAA AGA AAG

AAU GUA Utt-30, antisense (as) 50-AUA CAU UCU UUC UUU UCC

Ctc-30; Clathrin heavy-chain s 50-GGC CCA GGU GGU AAU CAU

Utt-30, as 50-AAU GAU UAC CAC CUG GGC Ctg-30; or On-Target

SMART pool against clathrin heavy chain (Dharmacon), Grb2 s

50-GGU UUU GAA CGA AGA AUG Utt-30, as 50-ACA UUC UUC GUU

CAA AAC Ctt-30, eps15 s 50-GGU UGA UAC AGG CAA UAC Utt-30,

as 50-AGU AUU GCC UGU AUC AAC Ctg-30, Dynamin II s 50 GGA

GAU UGA AGC AGA GAC Ctt-30, as 50-GGU CUC UGC UUC AAU

CUC Ctg-30 were purchased from Ambion and Eurogentec. Control

RNA (Silencer Negative Control 1 siRNA) was purchased from Ambion

and siCONTROL nontargeting siRNA pool was purchased from Dhar-

macon. Transfections were performed using oligofectamine (Invitro-

gen) for HeLa cells and Dharmafect1 (Dharmacon) for JEG3 cells.

They were used as recommended by the manufacturers. Cells were

tested 48 or 72 hr after transfections.

Differential Immunofluorescence Labeling

Differential immunofluorescence labeling was performed as previously

described (Pizarro-Cerda and Cossart, 2006b). Briefly, extracellular

bacteria or beads were stained using specific antibodies before per-

meabilization. Second staining was performed after cellular permeabi-

lization. Using secondary antibodies with two different fluorochromes

before and after permeabilization allows discrimination between ad-

herent extracellular bacteria/beads and those that have been internal-

ized. As HeLa cells produced low amounts of fibronectin, S. aureus

was incubated with purified fibronectin before cellular challenging in

order to facilitate its entry.

Gentamicin Survival Assays

Gentamicin survival assays were performed as previously described

(Pizarro-Cerda and Cossart, 2006b). Briefly, after 1 hour of bacterial

challenge, gentamicin was added to the culture medium (20–40 mg/

ml depending of the bacteria) for two hours. The antibiotic gentamicin

is very poorly internalized in mammalian cells, killing only the extracel-

lular bacteria being the intracellular bacteria protected from the genta-
Cell Host &
micin. Bacterial internalization was measured by plating the cell lysates

in agar-containing plates and counting bacterial colonies.

Immunolabeling and Wide-Field Microscopy

For immunolabeling, cells were fixed with a PFA solution (3% in PBS)

for 15–30 min, then permeabilized (0.1% Triton X-100 for 5 min in PBS).

Antibodies were incubated for 30 min at RT or overnight at 4�C in

blocking solution. Images were acquired on a fluorescence inverted

microscope (Axiovert 135; Carl Zeiss MicroImaging, Inc.) equipped

with a cooled charge-coupled device camera (MicroMax 5 MHz;

Princetown Instruments) driven by Metamorph Imaging System soft-

ware (Universal Imaging Corp). EPEC images were acquired using

a Zeiss Axiophot microscope.

Time-Lapse Wide-Field Microscopy

Images were acquired with a motorized inverted fluorescence micro-

scope (Axiovert 200I, Carl Zeiss MicroImaging) equipped with a tem-

perature-controlled stage using 1003 lenses (Carl Zeiss, Inc). Fluores-

cent illumination was driven by an ultra-high-speed wavelength

switcher Lambda DG4 (Sutter Instrument) equipped with a 175 W

xenon arc lamp and excitation filters for GFP (Excitation = 480; Emis-

sion = 525) and DsRed (Excitation = 565; Emission = 620) (Chroma

Technology). Emission filters were selected using a high-speed

Lambda 10 filter wheel (Sutter Instrument). Images were acquired

with exposure times between 100 and 500 ms with a cooled, digital,

charge-coupled device camera (CoolSNAPHQ, Photometrics). All

devices were controlled by MetaMorph Imaging System software

(Universal Imaging).

Confocal Images from Live Samples

Confocal images from live samples were acquired with a spinning disk

confocal head (Perkin Elmer Co., Boston, MA) coupled to a fully motor-

ized epifluorescence microscope (Axiovert 200M; Carl Zeiss, Inc.;

Thornwood, NY) using 1003 lenses (Carl Zeiss, Inc.) under control of

SlideBook 4 (Intelligent Imaging Innovations, Denver, CO). Digital

images were obtained with a cool CCD camera (CoolSnapHQ, Photo-

metrics) with 2 3 2 binning and spatial resolution of 0.13 mm/pixel.

Images were acquired with exposure times between 100 and 500 ms

from cells maintained at 37�C using a heated stage (20/20 Technology,

Inc.). A krypton-argon laser (Mellets Griot) emitting at 488 and 568 nm

was used to excite EGFP and tdTomato. Images were analyzed using

SlideBook 4 (Intelligent Imaging Innovations) and ImageJ (http://rsb.

info.nih.gov/ij/). Internalization of bacteria and beads was followed

on cells in which dynamics of clathrin and dymamin recruitment to

classical vesicles behave as previously described (Boucrot et al.,

2006; Ehrlich et al., 2004; Massol et al., 2006).

Confocal Images from Fixed Samples

Confocal images from fixed samples were acquired using a laser scan-

ning confocal microscope (Zeiss LSM510) using 1003 lenses (Carl

Zeiss, Inc.) under control of LSM (Carl Zeiss, Inc.). Argon and neon-

helio lasers (Mellets Griot) emitting at 488, 543, and 633 nm were

used. Confocal slice images (0.17 mm) were acquired. The images

were treated using Osirix (http://www.osirix-viewer.com/), ImageJ,

and LSM (Carl Zeiss, Inc).

Supplemental Data

The Supplemental Data include four supplemental figures and 15 sup-

plemental movies and can be found with this article online at http://

www.cellhostandmicrobe.com/cgi/content/full/2/5/340/DC1/.
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