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SUMMARY

Shigella infection causes destruction of the human
colonic epithelial barrier. The Golgi network and
recycling endosomes are essential for maintaining
epithelial barrier function. Here we show that Shigella
epithelial invasion induces fragmentation of the Golgi
complex with consequent inhibition of both secretion
and retrograde transport in the infected host cell.
Shigella induces tubulation of the Rab11-positive
compartment, thereby affecting cell surface receptor
recycling. The molecular process underlying the
observed damage to the Golgi complex and receptor
recycling is a massive redistribution of plasma
membrane cholesterol to the sites of Shigella entry.
IpaB, a virulence factor of Shigella that is known
to bind cholesterol, is necessary and sufficient
to induce Golgi fragmentation and reorganization
of the recycling compartment. Shigella infection-
induced Golgi disorganization was also observed
in vivo, suggesting that this mechanism affecting
the sorting of cell surface molecules likely contrib-
utes to host epithelial barrier disruption associated
with Shigella pathogenesis.

INTRODUCTION

Shigella invasion of epithelial cells depends on the translocation
of around 30 effector proteins into the membrane and cytosol of

its target cells through a Type Il Secretion System (T3SS). Two of
these, IpaB and IpaC get inserted into the host cell plasma
membrane to allow injection of effector proteins (Parsot, 2009).
The C-terminal domain of IpaC, which becomes exposed to
the cell cytoplasm, triggers the actin rearrangements that allow
bacterial uptake. The effectors injected into the cytoplasm affect
an array of functions such as reorganizing the actin cytoskeleton
or modulating cell-signaling pathways to inhibit innate immune
responses (Ashida et al., 2009; Phalipon and Sansonetti, 2007).
The initial site of Shigella infection is the epithelium and invasion
triggers the inflammatory destruction of the gut barrier. lts
success as a pathogen resides in its capacity to colonize the
intestinal epithelium by subverting essential functions of epithe-
lial cells while proceeding to their invasion (Sansonetti, 2006).
The Golgi network and recycling endosomes play an essential
role on the sorting of surface molecules and thus are crucial for
the differentiation and maintenance of the barrier functions of
the epithelium. We report that Shigella invasion induces major
alteration of the recycling pathway and severe damage to the
Golgi complex in response to cholesterol redistribution. IpaB,
an essential virulence factor of Shigella known to bind choles-
terol, is necessary and sufficient to induce Golgi fragmentation
and reorganization of the recycling compartment.

RESULTS

Shigella Affects the Recycling Compartment

To test the effect of Shigella infection on recycling endosomes,
we used a wild-type invasive isolate (M90T) and an invasion-
deficient mutant in the T3SS (mxiD) to infect the human epithelial
cell line Hep2B. After 15 min of incubation, a sufficient time to
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Figure 1. Shigella Affects the Recycling Endosomes and the Golgi Complex
(A) Hep2p cells were infected with MO0OT or mxiD bacteria for 15 min at 37°C, and Tfcy3 was added for another 30 min at 37°C. Cells were then fixed,
permeabilized, and Shigella labeled with an anti-LPS.

(B) Quantification using ICY software of the data presented in (A), where the amounts of tubulated Tf were expressed as a percentage of Tf objects (mean + S.E.;
n = 25).

(C) Hep2§ cells either noninfected (NI, triangle) or infected with MOOT (diamond) or mxiD (square) bacteria were used to follow Tf recycling by performing pulse
chase experiment monitoring the intracellular TfA647 by FACS.
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complete entry of wild-type Shigella, we added transferrin (Tf)
coupled to the cy3 fluorochrome (Tfcy3), a recycling marker
that is endocytosed by a clathrin-mediated pathway, and recy-
cles back to the plasma membrane. Cells were then fixed, per-
meabilized, and bacteria were stained with an anti-LPS antibody
(Figure 1A). After 45 min of infection, we observed the formation
of a tubular compartment containing Tf in M90T-infected cells,
whereas Tf appeared in vesicular structures in mxiD- and nonin-
fected (NI) cells (Figures 1A and S1A). To quantify this effect,
we developed a plugin for ICY imaging software allowing quan-
tification of tubular versus nontubular structures (Supplemental
Information). In M90T-infected cells around 50% of Tf was in
tubules, in contrast to mxiD- or noninfected cells where only
5% was in tubules (Figure 1B). Tubulation was visible in all in-
fected cells and remained stable at least until 4 hr of infection.
To determine the nature of these tubular compartments, we
transfected Hep2f cells with either Green Fluorescent Protein
(GFP)-tagged Rab11 or GFP-tagged Rab4, infected them with
M90T or mxiD bacteria and incubated them with Tfcy3 as above.
Rab11- and Tf-positive compartments became tubular in M90T-
infected cells, but not in mxiD-infected cells (Figure S1B). In
contrast, Rab4 was not found in tubules in M90T-infected cells
(Figure S1B). The quantification of the data using ICY software,
showed that in MO0T-infected cells, 57% of Rab11 was orga-
nized in tubular structures, whereas only 5.5% of Rab4 was in
such structures (Figure S1C). We next analyzed the impact of
Shigella infection on the kinetics of Tf recycling by pulse chase
experiments (Coumailleau et al., 2004), using Fluorescence Acti-
vated Cell Sorting (FACS) on Hep2B NI, M90T- or mxiD-infected
cells (Figure 1C and Supplemental Information). We observed
a50% reduction of Tf recycling in M90T-infected cells compared
to NI or mxiD-infected cells (Figure 1C). These data demonstrate
that Shigella strongly affects the Rab11-positive perinuclear re-
cycling compartment, leading to the inhibition of Tf recycling.

Shigella Induces Fragmentation of the Golgi Complex

In Vitro and In Vivo

We then investigated the effect of Shigella infection on the Golgi
complex. Hep2p cells were infected with MOOT or mxiD bacteria
for 15 min and Tf coupled to AlexaFluor647 (TfA647) was added
and incubated at 37°C for 30 min. Cells were then fixed, permea-
bilized, and processed for immunofluorescence. The cis-Golgi
complex was labeled with an anti-GM130 antibody, the Trans
Golgi Network (TGN) was labeled with an anti-TGN46 antibody,
and bacteria with an anti-LPS antibody (Figure 1D). We observed
a total fragmentation of the cis-Golgi and TGN that appeared
dispersed throughout the cell cytoplasm in M90T-infected cells.
In contrast, the Golgi apparatus was more compact in mxiD- and
noninfected (NI) cells (Figures 1D and S1A). To quantify this
phenotype we developed another plugin in ICY software that
measures the area covered by the Golgi complex normalized
to the cell area (Supplemental Information). In M90T-infected

cells the Golgi covered around 60% of the cell area whereas in
mxiD- or noninfected (NI) cells it was restricted to 5% of the
cell area (Figure 1E). The Golgi fragmentation induced by
Shigella M90T appeared as quickly as 20 min post infection
and remained stable for several hours as shown in the Movie
S1. Importantly, microtubules were not disassembled in cells
infected with M9OT bacteria.

We then tested the effect of Shigella infection on the Golgi
complex in vivo, by using human fetal intestinal xenotransplants
that were subsequently infected either with M9OT or mxiD
strains of Shigella during 4 hr, in comparison with noninfected
tissues (Sperandio et al., 2008). Following euthanasia, intestinal
segments were collected, fixed and processed for histopatho-
logical analysis. Fluorescence labeling was carried out on
sections embedded on coverslips, i.e., Hoechst staining for
nucleus and phalloidin-TRITC for the actin cytoskeleton, and
immunofluorescence staining with relevant antibodies for the
Golgi complex (Figure 1F and Supplemental Information). MOOT
disorganized the epithelium in vivo. Cells lost their cylindrical,
linear and regular aspect, some presented with a more cuboidal
shape, inducing a scalloped aspect of the villi (Figure 1F). Strik-
ingly, the Golgi distribution was affected by M90T infection
(Figure 1F). In mxiD- or noninfected tissues, the Golgi complex
was clustered adjacent to the nucleus whereas a diffuse Golgi
labeling was seen upon M9O0T infection (Figure 1F). This result
shows that Shigella infection leads to Golgi dispersion in vivo.

Shigella Impairs Anterograde and Retrograde Transport
through the Golgi Complex

To assess whether the Golgi complex was still competent for
anterograde trafficking upon Shigella infection, we analyzed the
secretion at the plasma membrane of E-cadherin, a key molecule
for the maintenance of the epithelium barrier. Traffic of E-cad-
herin was monitored by the RUSH system (Retention Using
Selective Hooks, (Boncompain et al., 2012). E-cadherin is fused
to a SBP (Streptavidin Binding Peptide) and EGFP tags and
coexpressed with Streptavidin-KDEL, which is stably localized
in the endoplasmic reticulum (ER) (Boncompain et al., 2012). At
steady state, SBP-EGFP-E-cadherin interacts with Streptavi-
din-KDEL in the ER preventing its transport to the plasma
membrane (see “retained” in Figure S2A). After addition of biotin,
which competes out the SBP tag, SBP-EGFP-E-cadherin is
released from Streptavidin-KDEL and trafficked synchronously
through the Golgi complex toward the plasma membrane in NI
cells and cells infected with mxiD (Figures 2A and S2A). In
contrast, in cells infected with the M9OT strain, E-cadherin mole-
cules remained in the ER upon addition of biotin and did not
reach the plasma membrane (Figure 2A). The quantification of
the data revealed a drastic 3-fold reduction in the amount of
surface located E-cadherin in M90T-infected cells in contrast to
the mxiD- or noninfected cells (Figure 2B). Interestingly, we could
not see any effect of Shigella on the overall ER morphology.

(D and E) Hep2B cells were infected with M9OT or mxiD bacteria for 15 min at 37°C, and TfA647 was added for 30 min at 37°C. After fixation and permeabilization,
cells were labeled with anti-GM130, anti-TGN46 and anti-LPS. (E) shows quantification of the Golgi area using ICY on data presented in (D). The Golgi area is
measured using GM130 labeling and expressed as a percentage of total cell area (mean + S.E.; n = 25).

(F) Shigella induces Golgi dispersion in vivo in intestinal epithelium of animals. Human intestinal xenografts in mouse infected by M90T, mxiD, or NI during 4 hr
were subjected to immunofluorescence experiment labeling actin (Phalloidin-TRITC in red), nucleus (Hoechst in blue), and Golgi (anti-Golim4 in green); images

are shown enlarged 4 times. Scale bars represent 10 um. (See also Figure S1.)
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Figure 2. Shigella Affects Golgi Function

(A) Anterograde trafficking is inhibited in Shigella infected cells. HelLa cells expressing the RUSH proteins: Streptavidin-KDEL and SBP-EGFP-E-cadherin were
infected with MOOT or mxiD bacteria. Cells were then incubated for 60 min at 37°C with biotin to observe the traffic of SBP-EGFP-E-cadherin toward the plasma
membrane (60 min pulse). Cells were then fixed and the surface E-cadherin was detected with an anti-GFP (magenta) prior to cell permeabilization. After per-
meabilization, the Golgi apparatus was stained using an anti-TGN46 antibody (cyan); bacteria (and cell nuclei) were visualized using DAPI staining (white on
merge). Scale bars represent 5 pm.
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Next, we tested whether the retrograde transport was affected
by Shigella invasion. We analyzed the traffic of the Gb3-binding
B-subunit of Shiga toxin coupled to cy3 (StxBcy3) that we used
as a bona fide marker of the retrograde transport (Johannes
and Romer, 2010; Mallard et al., 1998). We first incubated
Hep2p cells with StxBcy3 for 1h at 19.5°C to let the toxin accumu-
late in early endosomes. Then, cells were infected with M9OT or
mxiD bacteria for 15 min at 37°C. TfA647 was then added and
cells were further incubated at 37°C. Cells were then fixed, per-
meabilized and GM130 and LPS were labeled as previously
described (Figure 2C and Supplemental Information). After
15 min of infection by M90T-, mxiD-bacteria, as well as in Nl cells,
StxBcy3 reached the Golgi apparatus that displayed a normal
morphology in the three conditions (Figure S2B). After 75 min of
mxiD infection, StxBcy3 was also found in the compact and
centrally localized GM130-positive Golgi complex (Figure 2C).
Strikingly, in M90T-infected cells, the Golgi complex appeared
fragmented and StxBcy3 did not colocalize with GM130 vesicles
but was mainly found associated to TfA647-positive tubules
(Figure 2C). We observed that StxBcy3 was in tubules even after
120 min of M90T infection (Figure S2C). In addition, we analyzed
the transport of StxBcy3 into the ER after 120 min of infection and
observed the presence of StxBcy3 in calnexin-positive ER struc-
tures in mxiD- and noninfected cells. StxBcy3 was not detected
in the ER of M90T-infected cells (Figure S2C). Thus, StxB did
not reach the GM130-positive Golgi fragments in M90T-infected
cells but was rerouted to the tubular recycling endosomes.

Identification of the Shigella Effector Causing the
Reorganization of the Golgi-Recycling Network

A T3SS-mutated strain (mxiD) or a translocator-mutated strain
(ipaB or ipaC) that are unable to deliver virulence effectors did
not affect the Golgi complex or the recycling networks upon
infection (Table S1). To determine if one of the effectors injected
by Shigella was responsible for the Golgi dispersion and recy-
cling inhibition, we tested a battery of Shigella mutants affected
in expression of individual effector proteins or in the master
regulator mxiE (Table S1). All mutated strains induced tubulation
of endosomes and Golgi fragmentation (Table S1). VirA is not
involved in Golgi fragmentation although ectopic expression of
a homologous protein from enteropathogenic/hemorrhagic
Escherichia coli (EPEC or EHEC), EspG, was shown to affect
the Golgi complex (Clements et al., 2011; Selyunin et al,,
2011). Altogether, these data indicated that the relevant effector
was likely to be a structural element of the TTSS, or the translo-
cator (i.e. IpaB, C and D).

Cholesterol Delocalization by Shigella Entry Is Involved
in the Golgi-Recycling Reorganization

A key factor of Shigella invasion is plasma membrane cholesterol
(Lafont et al., 2002). It controls the insertion of the translocator
(IpaB, IpaC), via IpaB-cholesterol interaction (Epler et al., 2009;
Hayward et al., 2005). Cholesterol is a key player in intracellular

trafficking (Lippincott-Schwartz and Phair, 2010). Eukaryotic
cells maintain a gradient in cholesterol concentration, with the
ER having a low concentration, the Golgi having an intermediate
concentration and the plasma membrane having the highest
concentration (Mesmin and Maxfield, 2009). This gradient of
cholesterol concentration is essential for endomembranes and
animbalance of cholesterol in the Golgi complex leads to its frag-
mentation (Lebreton et al., 2008; Simons and Ehehalt, 2002).
Following overloading or depletion of cholesterol in Hep2p cells
we observed a Golgi disruption that spanned around 60% of
the cell area (Supplemental Information, Figures S3A and S3B).
Therefore, proper cholesterol balance among the membranes
embracing the various cell compartments and organelles is
necessary to maintain the Golgi complex. Although depletion
or overloading of cholesterol did not lead to a typical tubulation
of recycling endosomes, Tf-positive vesicles appeared much
bigger (1.6 to 2 times, as determined by ICY software) than those
observed in non treated cells (Figure S3C). We then tested
whether Shigella modified the cholesterol distribution in infected
cells. At early times of infection, when Shigella induced actin
recruitment for its entry (until 20 min of infection), we observed
a massive delocalization of cholesterol, labeled by filipin, in
actin-containing foci (Figure 3A). In contrast, mxiD-infected cells
showed a strictly balanced distribution of cholesterol, visible in
the Golgi complex and at the plasma membrane (Figure 3A).
We then tried to antagonize Golgi fragmentation and Tf tubula-
tion by adding cholesterol to cells 30 min after their infection
with M90T. In the presence of additional cholesterol, Tf was
partly localized in vesicular structures as only 28% of Tf was in
tubules in contrast to 50% in MO0T-infected control cells (Figures
3B and 3D). Moreover, the Golgi complex was more compact
after cholesterol addition as it covered 30% of the cell area in
contrast to 62% in M90T-infected cells (Figures 3B and 3E).
The addition of cholesterol thus decreased the tubulation of recy-
cling endosomes and the scattering of the Golgi complex.
However, the reversion was not total since in NI cells we
observed only 5% of Tf in tubules and the Golgi area represented
about 6% of the cell area (Figure S3B). To further test for choles-
terol-mediated reversion, we looked at the retrograde transport
of StxBcy3 in M90T-infected cells incubated or not with choles-
terol (Figure 3C). In agreement with the phenotypical reversion
observed above, the addition of cholesterol in M90T-infected
cells restored proper trafficking of StxBcy3 that was able to
reach the now more compact Golgi complex (Figures 3C and 3E).

The Translocator Protein IpaB Causes the
Reorganization of the Golgi and Recycling Networks
Because the translocator protein IpaB directly binds to choles-
terol, we analyzed its role on intracellular membrane perturbation
by incubating cells with the purified protein (Figure S4). After
90 min of incubation with 400 nM of purified protein, IpaB
appeared distributed at the cell surface and inside Hep2pB
cells (Figure 4A). It led to the clear redistribution of cholesterol,

(B) Quantification of surface E-cadherin in cells noninfected (NI) or infected with MOOT or mxiD using anti-GFP immunolabeling. Average intensity of regions of
interest corresponding to transfected cells was measured and normalized by the values obtained for the retained condition.

(C) Retrograde transport is inhibited in Shigella infected cells. Hep2f cells were incubated for 1 hr at 19.5°C with StxBcy3 before the infection with MO0T and mxiD
bacteria for 15 min followed by incubation with TfA647 for 60 min at 37°C. After fixation and permeabilization, cells were labeled with anti-GM130 and anti-LPS.

Scale bars represent 10 um. (See also Figure S2.)
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Figure 3. Distribution of Cholesterol during
Shigella Infection

(A) Hep2B cells were infected with MO0T or mxiD
bacteria for 15 min at 37°C and Tfcy3 was added
for 5 min at 37°C (20 min of infection). After fixation
and permeabilization, cells were labeled with
filipin, FITC-phalloidin and anti-LPS.

(B) Hep2p cells were infected with MOOT or mxiD
bacteria for 15 min at 37°C and Tfcy3 was added
for 15 min at 37°C before adding (+ chol.) or not
10 mM of cholesterol for 30 min at 37°C (60 min of
infection). After fixation and permeabilization, cells
were labeled with filipin, anti-GM130 and anti-LPS.
(C) Hep2B cells were incubated for 1 hr at 19.5°C
with StxBcy3 before the infection with M90T
bacteria for 15 min followed by the incubation with
TfA647 for 15 min at 37°C before adding (+ chol.)
or not 10 mM of cholesterol for 30 min at 37°C
(60 min of infection). After fixation and per-
meabilization, cells were labeled with anti-GM130
and anti-LPS. Scale bars represent 10 um.

(D) Quantification of tubulated Tf using ICY from
data presented in (B) (mean + S.E.; n = 20).

(E) Quantification of the Golgi or StxB area using
ICY on data presented in (B) and (C). The Golgi
area is measured using GM130 labeling; the
StxB area is measured using StxBcy3 labeling
and expressed as a percentage of total cell area
(mean = S.E.; n = 20). (See also Figure S3.)

positive dotty structures were scattered
inside the cell (Figure 4A).

Furthermore, IpaB incubation led to the
fragmentation of the Golgi complex,
occupying 56.6% of the cell area in
contrast to control cells where it covered
9% of the cell area (Figures 4A and 4B).
Thus, IpaB alone induces the Golgi
dispersion. This IpaB-induced fragmen-
tation was clearly linked to cholesterol.
Indeed, sequestering the plasma mem-
brane cholesterol before IpaB-incubation
using B-methylcyclodextrin (BMCD) pre-
vented IpaB-induced Golgi dispersion
(Figures 4A and 4B). Compact Golgi
complexes were found to be enriched in
cholesterol as seen by filipin labeling. In
BMCD-pretreated cells, IpaB distribution
was different than in nonpretreated cells
with most of the protein being found in
large patches localized at the cell surface
(Figure 4A). These results indicate that
sequestering cholesterol abolished the
effect of IpaB on Golgi dispersion.
Furthermore, Golgi fragmentation was
partially reverted by adding cholesterol
to cells 30 min after IpaB incubation, as
we observed a reduction of the Golgi

labeled by filipin, within the cell (Figure 4A). In control cells, area representing 27% of the cell area (Figures 4A and 4B). It
cholesterol was associated to the cell surface and to the Golgi is worth noting that the action of IpaB was temperature-depen-
complex, while in IpaB-treated cells, numerous cholesterol- dent since no effect on the Golgi complex was observed upon

386 Cell Host & Microbe 72, 381-389, September 13, 2012 ©2012 Elsevier Inc.
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Figure 4. IpaB Induces the Reorganization of the Golgi-Recycling Network

(A) Hep2B cells were incubated with 400 nM of either IpaB or the elution buffer as a control, with TfA647 for 90 min at 37°C. After fixation and permeabilization,
cells were labeled with filipin, anti-GM130, and anti-IpaB. On the right, details of Tf images are shown enlarged 4 times. Hep2p cells were either pretreated with
10 mM BMCD prior to incubation with 400 nM of IpaB and TfA647 for 90 min at 37°C (BMCD) or cells were first incubated for 30 min with 400 nM IpaB and TfA647
before adding 10 mM cholesterol for 60 min at 37°C (+ chol) or cells were incubated with 400 nM IpaB and TfA647 for 90 min at 4°C (4°C) before performing
immunofluorescence experiment as described above. Scale bars represent 10 um.

(B) Quantification of the Golgi area using ICY on data from A (mean + S.E.; n = 25). (See also Figure S4.)
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incubation at 4°C (Figures 4A and 4B). In this case, IpaB was
found exclusively at the cell surface.

In addition, although we could not observe Tf-positive tubules
in these IpaB-treated cells, recycling endosomes were larger
than in control cells (see enlarged pictures of Tf in Figure 4A).
Quantification of the data using the ICY software showed that
Tf endosomes were 2 times bigger than in control cells, confirm-
ing an IpaB-induced reorganization of this compartment. Alto-
gether, these data suggest that the cholesterol-binding protein
of Shigella, IpaB, is responsible for the perturbation of the Golgi
complex and, to a lesser extent, of recycling endosomes.

DISCUSSION

Pathogenic Shigella induces major reorganization and functional
inhibition of the Golgi-TGN and recycling networks of its target
epithelial cells by acting on cholesterol distribution. IpaB,
a component of the T3SS translocator established in the plasma
membrane is the responsible effector.

Even if Shigella quickly escapes into the cytoplasm following
internalization (Ray et al., 2009; Sansonetti et al., 1986), it
can affect key cellular compartments such as the recycling
endosomes and the Golgi complex, regardless of the necessity
to manage a survival niche in these compartments unlike
Salmonella (Salcedo and Holden, 2003) or Chlamydia replicating
in vacuoles and both disrupting the Golgi apparatus (Christian
et al., 2011; Heuer et al., 2009).

In the case of Shigella, the morphological and functional
alterations of both the recycling compartment and Golgi
complex are striking and fast to appear. These modifications
were also observed in vivo, thus they should affect epithelial
functions in the course of invasion. Furthermore, integrity of
the epithelial layer is maintained by strong cell-to-cell adhesion
processes achieved by surface located E-cadherins (Solanas
and Batlle, 2011). Our data demonstrating that E-cadherin
trafficking to the plasma membrane is inhibited upon Shigella
infection suggest that epithelial coherence and polarity may be
severely affected as infection proceeds. Likewise, the morpho-
logical and functional destruction of the Golgi complex that is
even observed in vivo is expected to strongly affect the matura-
tion and secretion of key physiological and immunological
mediators of antimicrobial defense normally localized at the
cell surface (i.e. glycosylated receptors), or released in the extra-
cellular milieu (i.e., cytokines and chemokines).

While it is clear that the effect of IpaB on Golgi dispersion is
linked to cholesterol, the molecular mechanism underlying this
process is not yet understood. As IpaB was shown to bind directly
cholesterol, its action might be linked to this direct association.
However, the total cholesterol content of the host cell is much
higher than the number of IpaB molecules necessary to observe
Golgi fragmentation, thereby excluding the sole effect of an
IpaB-mediated cholesterol titration. On the other hand, IpaB binds
to cholesterol molecules engaged in membrane microdomains
raft (Lafont et al., 2002; Skoudy et al., 2000). This raft-mediated
entry of Shigella requires that IpaB also interacts with the raft-
associated protein CD44. Hence, IpaB could sequester the
cholesterol content from raft domains often organized in signaling
platforms linked to the cytoskeleton and other proteins that might
be involved in Golgi and recycling compartments maintenance.

Cell Host & Microbe
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Also, as IpaB alone does not induce typical tubulation of
recycling endosomes, we will try to identify if another factor of
Shigella is involved in this process and try to understand why
Rab11- and not Rab4-positive endosomes are tubulated upon
Shigella infection.

Our present work also raises questions regarding the com-
partmentalization of eukaryotic cells. For instance, the actual
mechanism of tubulation of recycling endosomes and disruption
of the Golgi apparatus under cholesterol imbalance remains to
be analyzed. Although cholesterol homeostasis is known to be
important for Golgi function (Nhek et al., 2010; Wang et al.,
2000), the mechanism by which cholesterol distribution inter-
feres with endomembranes is not understood.

EXPERIMENTAL PROCEDURES

Bacterial Invasion, Imnmunofluorescence Assay and Fluorescent
Microscopy

Bacteria were grown and freshly coated with poly-L-lysine before challenge
to facilitate bacterial adhesion to cells. Bacteria were washed with PBS and
resuspended with poly-L-lysine at a final concentration of 10 pg/ml in PBS.
After 10 min incubation at room temperature, bacteria were washed 2 times
with PBS, resuspended in DMEM containing 50 mM HEPES pH 7.4, and
used immediately at a MOI of 50 bacteria / cell. Hep2p cells were plated at
a density of 10° cells / 12 mm coverslip and washed twice with DMEM contain-
ing 50 mM HEPES pH 7.4 before infection. Bacteria were incubated onto cells
for 15 min at room temperature, extracellular bacteria were removed and cells
were incubated at 37°C for 15 min, before adding Tfcy3 or TfA647 in medium of
internalization (MI) (DMEM-HEPES buffer with 0.1% BSA) for various time
course at 37°C. Cells were then fixed with 4.7% paraformaldehyde (PFA)
and 4% sucrose for 40 min, quenched with 50 mM NH4Cl for 5 min and washed
three times with PBS 0.1% BSA 0.05% saponin for permeabilization. Images in
Z stacks of 0.24 um were taken with an objective 63X, an Apotome microscope
from Zeiss (slice of 0.7 um), equipped with narrow filter sets for Dapi, GFP,
DsRed and Cy5 (Zeiss) and a Roper Scientific Coolsnap HQ camera.

RUSH Assay to Assess Anterograde Trafficking

Hela cells were transfected with the RUSH plasmid coding for Streptavidin-
KDEL_SBP-EGFP-E-cadherin (Boncompain et al., 2012) using calcium phos-
phate method (Jordan et al., 1996). Twenty hours post transfection, cells were
infected with MOOT or mxiD bacteria as described above. After the 15 min of
incubation at room temperature and 30 min at 37°C, the medium was replaced
by medium containing 40 uM of biotin (Sigma). Cells were then fixed with PFA
3% for 15 min and immunofluorescence was performed as described above.
Images were acquired on a Leica DM6000B epifluorescence microscope with
a 63x objective and a Coolsnap HQ camera (Roper Scientific) with identical
settings for the different coverslips. To determine the amount SBP-EGFP-E-
cadherin present at the plasma membrane, after fixation cells were stained
with an anti-GFP antibody (clones 7.1, Roche) and an anti-mouse Cy5 conju-
gated secondary antibody (Jackson Immunoresearch) prior to cell permeabi-
lization. Regions corresponding to transfected and infected cells were drawn
and the average intensity of the surface anti-GFP staining in these regions was
quantified using MetaMorph. Identical regions were drawn to subtract back-
ground values. Values for at least 26 cells were normalized using values of cells
without biotin and averaged (normalized fluorescence).

IpaB Purification and Incubation

Bacteria coexpressing jpaB and His tagged ipgC (chaperone of IpaB) (Lokar-
eddy et al., 2010) were lysed using sonication in the presence of 20 mM sodium
phosphate buffer (pH 7.4), 500 mM NaCl, 40 mM imidazole, 10 mM MgCI2
and 10% (v/v) glycerol (supplemented with protease inhibitor tablet and Dna-
sel) and centrifuged. IpaB was separated from IpaB/IpgC complex in the
supernatant using HisTrap HP column according to manufacturer instructions
(Pharmacia) and further purified by size exclusion chromatography (HiLoad
Superdex 200, Pharmacia) in buffer containing 20 mM HEPES (pH 7.4),
100 mM NaCl, 0.05% (w/w) Lauryldimethylamine N-oxide (LDAO)). We then
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incubated Hep2p cells with 400 nM of IpaB or the elution buffer as a control
and add TfA647 for 90 min at 37°C (or at 4°C when indicated). IpaB or the
control medium, were also incubated onto cells pretreated 30 min before
with 10 mM B-methylcyclodextrin (BMCD) to titrate cholesterol from plasma
membrane. When specified 30 min after IpaB incubation, we added soluble
cholesterol (10 mM) in “areal” medium without lipids for 60 min at 37°C. Cells
were then fixed by PFA permeabilized, cis-Golgi labeled with anti GM130,
cholesterol with filipin and IpaB stained with an anti-IpaB.

Additional experimental procedures are available
Information.

in  Supplemental

SUPPLEMENTAL INFORMATION

Supplemental Information includes one movie, four figures, one table, Supple-
mental Experimental Procedures, and Supplemental References and can be
found with this article online at http://dx.doi.org/10.1016/j.chom.2012.07.010.
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