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INTRODUCTION

Shigella flexneri, a Gram-negative enteric bacteria, is the agent
of human bacillary dysentery. This disease is caused by
invasion of the colonic mucosa by the microorganism and
induction of an intense inflammatory process leading to tissue
destruction (Labrec et al., 1964). The pathogenicity of Shigella
is largely due to its ability to invade epithelial cells. Cellular
invasion by Shigella requires massive rearrangements of the
host actin cytoskeleton. Cytoskeletal rearrangements occuring
during Shigella invasion have been described in detail in
cultured epithelial cells. At the initial stage of contact with host
cells, bacteria induce foci of actin polymerization underneath
the cell membrane, formation of actin filament bundles and
membrane projections. These projections extend in the space
surrounding the pathogen and closure above the bacterial body
leads to its engulfment by a macropinocytic process (Clerc and
Sansonetti, 1987; Adam et al., 1995). Within minutes after
entry, Shigella lyses the vacuole, escapes into the cytosol and
assembles actin-based machinery to spread inside the
cytoplasm (Bernardini et al., 1989). Intracellular bacteria

induce localised polymerization of actin filaments and the
formation of an actin comet at one pole of the bacterium.
Continuous polymerization provides the motile force allowing
bacterial motility (Theriot et al., 1992). Spreading bacteria
interact with host cell junction components and induce
membrane protrusions containing the moving bacteria. After
phagocytosis by adjacent cells, these protrusions release
bacteria into the new cell, allowing initiation of a new cycle of
infection (Sansonetti et al., 1994). 

Both actin polymerization processes induced by Shigella
during entry and intracellular spread seem to mimic
mechanisms involved during the formation and modification of
mammalian cytoskeletal structures (Ménard et al., 1996b;
Cossart, 1997). Shigella entry-associated cytoskeletal
rearrangements resemble the membrane ruffles induced by
various stimuli, such as oncogenic activation (Bar-Sagi and
Ferasmico, 1986), growth factors activation (Ridley and Hall,
1992) and Salmonella species (Finlay and Ruschkowski,
1991). However, very little is known about the molecular
mechanisms and signaling cascades leading to cytoskeletal
rearrangements and bacterial uptake during Shigella entry. The
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Shigella flexneri, an invasive bacterial pathogen, promotes
formation of two cytoskeletal structures: the entry focus
that mediates bacterial uptake into epithelial cells and the
actin-comet tail that enables the bacteria to spread
intracellularly. During the entry step, secretion of bacterial
invasins causes a massive burst of subcortical actin
polymerization leading the formation of localised
membrane projections. Fusion of these membrane ruffles
leads to bacterial internalization. Inside the cytoplasm,
polar expression of the IcsA protein on the bacterial surface
allows polymerization of actin filaments and their
organization into an actin-comet tail leading to bacterial
spread. The Rho family of small GTPases plays an essential

role in the organization and regulation of cellular
cytoskeletal structures (i.e. filopodia, lamellipodia,
adherence plaques and intercellular junctions). We show
here that induction of Shigella entry foci is controlled by
the Cdc42, Rac and Rho GTPases, but not by RhoG. In
contrast, actin-driven intracellular motility of Shigella does
not require Rho GTPases. Therefore, Shigella appears to
manipulate the epithelial cell cytoskeleton both by Rho
GTPase-dependent and -independent processes.
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mechanism of actin polymerization for comet tail formation
and intracellular motility induced by the IcsA protein of
Shigella is also unclear (Bernardini et al., 1989). No direct
interaction between IcsA and actin has been described. It is
likely that recruitment of cytoskeletal regulators or effectors
proteins by IcsA allows the nucleation and elongation of actin
filaments at the bacterial surface. Several cytoskeletal proteins
have been detected in Shigella actin tails and most of these
proteins are present in regions of the cell undergoing rapid
actin filament turnover such as the leading edge of
lamellipodia. Thus, IcsA may mediate actin polymerization by
mechanisms analogous to those involved during lamellipodial
extension in spreading cells. 

The small GTP-binding proteins of the Rho family, a subset
of the Ras superfamily, are known to be key regulators of actin
cytoskeletal dynamics (Van Aelst and D’Souza-Schorey, 1997;
Hall, 1998). Their primary role is to act as molecular switches
connecting external signals to the actin cytoskeleton through
membrane receptors. Receptor-mediated signal transduction
activates cytoplasmic regulatory proteins which, in turn, switch
a GDP-bound inactive Rho to a GTP-bound active state.
Activated Rho proteins interact with specific downstream
effectors which induce specific cytoskeletal rearrangements.
The mammalian Rho subfamily comprises more than 10
members including Rho (isoforms A, B, C, D, E), RhoG, Rac
(isoforms 1, 2, 3), Cdc42/G25K. In adherent cell types, Rho,
Rac and Cdc42 are part of an interconnected signaling pathway
leading to the formation of specific cytoskeletal structures. In
fibroblasts, Rho controls the formation of stress fibers, focal
adhesion plaques and cell contractility (Ridley and Hall, 1992),
Rac promotes the formation of ruffling lamellipodia (Ridley et
al., 1992) and Cdc42 generates filopodia and the subsequent
formation of lamellipodia (Kozma et al., 1995; Nobes and Hall,
1995). RhoG induces membrane ruffles, lamellipodia,
filopodia, microvilli and partial loss of stress fibers, similar to
those induced by Rac and Cdc42 (Gauthier-Rouvière et al.,
1998). Rac and Cdc42 have been shown to induce de novo actin
polymerization in permeabilized platelets (Hartwig et al.,
1995), in polymorphonuclear leukocytes and in Dictyostelium
lysates (Zigmond et al., 1997), whereas Rho induces stress
fibers assembly by bundling preexisting actin filaments
(Machesky and Hall, 1997). Thus, Rac and Cdc42 are generally
associated with de novo actin filaments polymerisation leading
to cell surface protrusive structures formation and cell
translational motility.

Shigella-induced membrane rearrangements have been
shown to require functional Rho GTPases (Adam et al., 1996;
Watarai et al., 1997). RhoA, B, C are recruited into the entry
structure with a perivacuolar accumulation for RhoA.
Inhibition of the Rho protein by a clostridial C3 chimeric toxin
affects Shigella-induced membrane ruffling and bacterial entry.
However, ultrastructural analysis of actin filaments in the entry
structure shows that Rho is involved in the elongation and
bundling steps (Adam et al., 1996). These results suggest that
the nucleation of actin filaments during entry foci formation is
controlled by other Rho members. In this study, we
investigated the respective role of Rho, Rac, Cdc42 and RhoG
GTPases in Shigella entry. We observed the recruitment of
endogenous Rac and Cdc42Hs in Shigella entry structures by
immunofluorescence analysis. Using HeLa cells transiently
overexpressing dominant negative forms of Rac and Cdc42

GTPases, we observed 3 to 4 times less bacterial uptake,
suggesting a requirement of these GTPases during Shigella
entry. Recently, actin-based rocketting motility of lipid vesicles
in Xenopus extracts has been shown to require functional
Cdc42 (Ma et al., 1998a,b; Moreau and Way, 1998) suggesting
the involvement of this small GTPase in Shigella motility. We
also investigated the role of Rho, Rac and Cdc42 in actin-based
motility. We show here that Shigella-mediated actin comet tail
formation was not affected in cells expressing any of the
dominant inactive Rho proteins or in cells treated by the TcdB-
10463 clostridial toxin, a broad spectrum inhibitor of
small GTPases. Therefore, while the actin cytoskeletal
rearrangements leading to Shigella entry into epithelial cells
appear to depend on active Rho GTPases, actin-mediated
intracellular motility of Shigella is a Rho GTPase-independent
event.

MATERIALS AND METHODS

Bacterial strains, cell line and culture conditions
Shigella flexneri strains used in this study are derivatives of the wild-
type invasive strain M90T. SC301 is a M90T derivative expressing
the AfaD afimbrial adhesin of uropathogenic Escherichia coli
(Clerc and Sansonetti, 1987). All strains were grown in tryptic
soy-broth and spectinomycin and ampicillin were used when
required at 100 µg/ml. HeLa cells were grown in minimal essential
medium (MEM) containing 1 mM glutamine, 0.1 mM non-essential
amino acids and 10% FCS in a 5% CO2 atmosphere. Semi-confluent
HeLa cells grown for 48 hours on 22×22 mm coverslips in 6-well
tissue culture plates were used for transfection and infection with
Shigella. 

Transient expression of c-myc or GFP-tagged proteins of
the Rho family in HeLa cells
Genes encoding constitutively active and dominant negative forms of
Rho (RhoA isoform), Rac (Rac1 isoform) and Cdc42 (G25K isoform)
were introduced in a pRK5myc vector allowing expression of c-myc
tagged GTPases. Plasmids allowing expression of GFP-tagged RhoG
active and inactive GTPase forms have recently been described
(Gauthier-Rouvière et al., 1998). HeLa cells were transfected with 10
µg of plasmid by standard calcium phosphate technique for 24 hours
or 48 hours before infection by Shigella. 

Infection of HeLa cells with Shigella
HeLa cells were infected as previously described (Adam et al., 1996).
Overnight cultures of Shigella were diluted in tryptic soy broth and
grown to mid-exponential phase, centrifuged at 5,000 g for 5 minutes,
washed and resuspended in MEM, 50 mM Hepes, pH 7.5, to bring
the suspension to a concentration of 108 bacteria/ml (M90T) or 107

bacteria/ml (SC301). Untransfected or transfected HeLa cells were
washed three times with MEM, then overlaid with the respective
bacterial suspensions. When infecting with M90T, bacteria were
centrifugated onto cells for 10 minutes at 800 g. Dishes were then set
on top of a 37°C water bath for various times. For entry studies,
infection was stopped by three washes in PBS at room temperature.
For entry quantification and intracellular motility studies, infected
cells were washed with MEM five times and incubated with MEM,
50 mM Hepes, pH 7.5, with 50 µg/ml of gentamicin for a further 2
hours at 37°C. 

Analysis of actin-based motility in HeLa cells treated with
clostridial toxin 
C. difficile exotoxin TcdB-10463 was a kind gift of Dr Christoph von
Eichel-Streiber and was prepared as described previously (von Eichel-
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Streiber et al., 1987). HeLa cells were infected by M90T by
centrifugation followed by a 30 minutes incubation at 37°C. After
several washes, infected cells were treated for 2 hours with 1 µg/ml
of TcdB 10463 in MEM, 50 mM Hepes, pH 7.5. Gentamicin (50
µg/ml) and chloramphenicol (3 µg/ml) were, respectively, added to
kill extracellular bacteria and to inhibit intracellular bacterial protein
synthesis. After 2 hours, both antibiotics were removed by several
washes and infected cells were incubated for a further 3 hours to allow
bacterial multiplication and spreading in the presence of the TcdB-
10463 toxin.

Immunofluorescence analysis
Infected cells on glass coverslips were fixed with 3.7%
paraformaldehyde in PBS for 30 minutes. After washes, excess
aldehyde groups were quenched with NH4Cl 50 mM in PBS for 10
minutes. The cells were permeabilized with 0.2% (v/v) Triton X-100
in PBS for 10 minutes, saturated 30 minutes in 2% PBS-BSA and then
incubated with specific mono- or polyclonal antibodies. For labelling
of endogenous Rho GTPases, fixed and quenched preparations were
permeabilized with methanol, according to manufacturer’s
recommendations. Primary antibodies used in this study are RhoA
specific polyclonal 119 (Santa Cruz Biotechnology, CA), Rac1
specific polyclonal C-14 antibodies (Santa Cruz Biotechnology, CA)
or monoclonal antibody clone 23A8 (UBI), Cdc42Hs specific
polyclonal P1 (Santa Cruz Biotechnology, CA), anti-c-myc
monoclonal antibody 9E10 (kindly provided by F. Gaudeau, CHU
Necker, Paris) and S. flexneri 5a LPS specific polyclonal antibodies.
These primary antibodies were visualized by subsequent incubation
with the respective Texas Red- (Amersham, France), Cy5- (Jackson
Immunoresearch Laboratories, Indianapolis, IN) or FITC-conjugated
secondary antibodies. Polymerized actin was stained by incubation
with bodipy-phallacidin (Molecular Probes, Eugene, OR) or anti-actin
monoclonal antibody (Boehringer Mannheim, France). Preparations
were either examined with a conventional fluorescence microscope
(BH2 RFCA, Olympus Optical Co. Ltd) or a confocal laser scanning
microscope (Zeiss Axiophot).

Quantification of Shigella entry into transfected cells
HeLa cell preparations transfected with GTPases plasmids were
infected with Shigella M90T strain for 1 hour, washed and incubated
for 1 hour in the presence of 50 µg/ml of gentamicin. Cells were
labelled with monoclonal anti-myc 9E10 and polyclonal anti-LPS
antibodies. Infected cells (containing more than three bacteria) were
identified and classified according to the c-myc staining in transfected
and in untransfected cells. 

Analysis of bacterial movement in Xenopus eggs extracts
Interphasic cytoplasmic extracts of unfertilised Xenopus eggs were
prepared in XB buffer as described (Marchand et al., 1995).
Escherichia coli expressing the membrane form of IcsA (strain
MC4100 ∆ompT harboring an pUC8-based icsA gene) was grown in
2YT at mid-exponential phase and kept frozen in 30% glycerol at −
80°C. Motility assays were performed by mixing 10 µl of thawed
Xenopus extracts supplemented with 4 mM of F-actin, 0.5 mM of
ATP/MgCl2, 0.01% of methyl cellulose, 30 mM creatine phosphate,
and 3 mM rhodamine-actin. Bacteria were spun down at 4,000 g for
5 minutes at 22°C, resuspended in XB buffer and added to the extracts
mixture. Xenopus extracts were diluted twofold by addition of all
components. An aliquot of 2.5 µl of the mixture was squashed
between a 22×22 mm coverslip and a slide, incubated for 5-30 minutes
at room temperature. When required, Xenopus extracts were
supplemented with 1 mM of guanosine 5′-O-(3-thiotriphosphate)
(GTPγS) (Sigma Co, France). Small GTPases present in the extracts
were inactivated by a treatment with 15 nM of TcdB-10463 at room
temperature for 30 minutes. Fluorescence microscopy observations
and data acquisition were carried out as previously described
(Marchand et al., 1995).

RESULTS

RhoA, Rac1 and Cdc42Hs proteins are recruited in
Shigella entry structures
In order to visualise the potential recruitment of Rac1 and
Cdc42Hs during Shigella entry, semi-confluent HeLa cells
were infected, fixed, double stained for F-actin and for the
respective GTPases and analyzed by confocal microscopy
(shown in Fig. 1). The observations presented here are made
on untransfected cells and reflect the endogenous GTPase
recruitment. Cdc42Hs was observed to be recruited to the site
of bacterial entry, strictly colocalizing with areas of actin
polymerization (Fig. 1a,b,c). Rac was also observed in the
entry structure (Fig. 1d,e,f). Similar patterns of staining for
Rac1 and Cdc42Hs were observed with polyclonal or
monoclonal antibodies against Rac1 and Cdc42Hs from
different origin (data not shown), excluding the possibility of
cross-reactivity between Rac1 and Cdc42Hs. The previous
observation of Rho (A, B, C) recruitment to the entry foci
(Adam et al., 1996) was also confirmed (Fig. 1g,h,i).

Rho, Rac, Cdc42, but not RhoG are necessary for
Shigella entry into HeLa cells
To examine the functional role of Rho, Rac, Cdc42 and RhoG
in Shigella entry into HeLa cells, we analyzed the ability of
cells expressing dominant negative Rho, Rac, Cdc42 and RhoG
to internalize Shigella. Analysis of the HeLa cells transfected
with dominant active forms of Rho, Rac and Cdc42 induced
specific cytoskeletal rearrangements that have been previously
described (Dutartre et al., 1996); Cdc42V12 induced
microspikes and podosomes, RacV12 induced lamellipodia
and RhoAV14 generated actin stress fibers (data not shown).
Cells expressing dominant negative forms of Rho, Rac and
Cdc42 exhibited a severe breakdown of the actin cytoskeleton
compared to untransfected cells (data not shown). No such
spectacular actin cytoskeletal changes were observed with cells
transfected with the activated or dominant negative forms of
RhoG.

Transfected cells were infected with M90T, the wild-type
Shigella strain, at 37°C for 1 hour, washed and treated with
gentamicin for a further 1 hour. Transfected cells and
intracellular bacteria were identified with anti-myc and anti-
LPS antibodies, respectively. Fig. 2 shows a confocal
microscopy view of cells expressing dominant active/negative
GTPases (shown in red) and intracellular bacteria (shown in
green). Cells expressing dominant negative forms of Cdc42 (b),
Rac (d) and Rho (f) contained few intracellular bacteria,
compared to neighbouring non-transfected cells (shown in the
insert in the upper right part of each panel), or cells expressing
the respective dominant active forms (a, c and e). No difference
in internalization was observed between cells expressing the
dominant active and negative forms of RhoG (g and h). These
results suggested a defect in bacterial internalization in cells
expressing the dominant negative forms of Rho, Rac and
Cdc42. 

Entry levels were quantified in transfected cells, as described
in Materials and Methods and are shown in Fig. 3. In
untransfected cells, 45±10% of the total cell population was
infected by Shigella. Quantitative analysis was only considered
with cells expressing medium levels of GTPases. Bacterial
entry into cells expressing high levels of dominant active
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GTPase was significantly decreased, most likely due to severe
cytoskeletal alterations. Cells expressing medium levels of
dominant active forms of Rac, Cdc42 and RhoG exhibited the
same level of bacterial internalization as untransfected cells
(100±10% for untransfected cells, 97±25% for RacV12-
expressing cells, 112±42% for Cdc42V12-expressing cells,
and 68±4% RhoGV12-expressing cells). Overexpression of
RhoV14 induced a decrease in the entry efficiency, which was
likely due to cell contraction. Only 32±12% and 26±6% of
cells expressing dominant negative forms of Rac and Cdc42
were, respectively, infected. Thus, expression of dominant
negative Rac and Cdc42 led to 3.5 and 4-fold decrease in
bacterial internalization. No obvious differences between cells
expressing active and dominant negative forms of RhoG were
observed. These results indicate that Rac and Cdc42 are
important for Shigella internalization into epithelial cells.

Decreased size of Shigella-induced entry foci in
HeLa cells expressing dominant negative Rho, Rac,
and Cdc42 proteins
In order to characterize the internalization defects observed in
cells expressing dominant negative GTPases, we analyzed the
structure of Shigella-induced membrane ruffles in these cells.
Untransfected HeLa cells infected by Shigella strain SC301
showed F-actin accumulation associated with entering bacteria
(Fig. 4a′,b′). In cells expressing activated Cdc42, Rac, and Rho,

F-actin accumulation in the entry foci was similar to that
observed in control cells (Fig. 4c′,e′,g′). In cells expressing
dominant negative Cdc42, Rac or Rho, F-actin accumulation
was lower compared to control cells or cells expressing
dominant active proteins (Fig. 4d′,f′,h′). Decrease of actin
content was more pronounced in the foci formed in cells
expressing dominant negative Cdc42. No difference in F-actin
accumulation in Shigella entry foci was evident between cells
expressing activated and dominant negative RhoG (Fig. 4i′,j′).
These results suggest that, like Rho, Rac and Cdc42 are also
required for the actin polymerization process leading to
Shigella entry but that RhoG is not involved.

Shigella actin comet tail formation is not impaired in
HeLa cells expressing dominant negative forms of
Rho, Rac and Cdc42 proteins
In order to analyze the potential effect of the Rho family
members during Shigella intracellular movement, cells
expressing activated and dominant negative Rho, Rac and
Cdc42 were infected with Shigella M90T strain for 2 hours,
fixed and labelled with bodipy-phallacidin and 9E10 mAb to
visualize comet tail formation inside transfected cells.
Expression of activated GTPases did not affect the formation of
Shigella actin tails (Fig. 5b,f,j). Although the entry process was
affected in cells expressing dominant negative forms, comet tail
formation of internalized Shigella occured with the same
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Fig. 1. Localization of Cdc42Hs, Rac1
and RhoA in Shigella entry structure in
HeLa cells. HeLa cells were infected
with Shigella flexneri SC301 strain,
double stained with anti-GTPases and
with anti-actin antibodies. Confocal
microscopy analysis of Rho GTPases
labelling (red staining) shows that
Cdc42Hs (a), Rac1 (d), RhoA (g) are
present in Shigella entry structures
(indicated by arrows) visualised here by
F-actin staining (b,e,h) and phase
contrast (c,f,i). Bar in i is valid for all
panels.
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efficiency as untransfected cells (Fig. 5d,h,l). Interestingly,
Shigella comets in cells expressing dominant negative Rho
proteins were longer and exhibited higher F-actin content,
probably due to higher availability of G-actin. These data show
that specific inactivation of each member of the Rho subfamily
has no effect on the actin comet formation of Shigella. 

Treatment of HeLa cells with the clostridial toxin
TcdB-10463 does not affect actin comet tail
formation by Shigella
To inactivate all members of the Rho subfamily
simultaneously, HeLa cells were treated with TcdB-10463
toxin which irreversibly inactivates Rho, Rac and Cdc42Hs.

HeLa cells were treated with 1 µg/ml of TcdB-10463 for 2
hours and F-actin was visualised. Untreated HeLa cells
appeared flat with well-organised stress fibers (Fig. 6a). After
a 2 hours treatment of these cells with TcdB-10463, cell
rounding was observed with loss of stress fibers, retraction of
the cytoplasm, peripheral localization of the nucleus and
appearance of retraction fibers (Fig. 6c). Since TcdB-10463
treatment of HeLa cells efficiently inhibits Shigella entry
(Adam et al., 1996), untreated HeLa cells were first infected
and then treated with TcdB-10463 toxin. Intracellular Shigella
comet tails could still be observed under these conditions,
although these were harder to detect due to the round
morphology of cells (data not shown). Moreover, Shigella was

Fig. 2. Shigella uptake by HeLa
cells expressing dominant
positive and negative Cdc42,
Rac, Rho and RhoG. HeLa cells
were transfected with plasmids
encoding for Cdc42V12 (a),
Cdc42N17 (b), RacV12 (c),
RacN17 (d), RhoV14 (e) and
RhoN19 (f), GFP-RhoGV12 (g)
and GFP-RhoGN17 (h).
Transfected cells were infected
with Shigella M90T strain for 2
hours, fixed, stained with
antibodies and analysed by
confocal microscopy. (a,f)
Infected cells were labelled
with the monoclonal antibody
9E10 to visualise myc-GTPases
expression (shown in red) and
anti Shigella LPS polyclonal to
localise intracellular bacteria
(shown in green). (g,h) Infected
cells were stained with anti
Shigella LPS polyclonal
antibodies to localise
intracellular bacteria (shown in
red) and GFP-RhoG transfected
cells (shown in green). In the
top right panel, cells present in
the optical field with
intracellular bacteria are shown.
Bar, 10 µm, valid for all panels.
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able to induce formation of cellular protrusions containing
bacteria-associated actin tails in TcdB-10463 treated HeLa
cells (Fig. 6d, arrows). These results indicate that simultaneous
inactivation of all members of the Rho subfamily did not
compromise Shigella actin comet formation.

GTPγS or TcdB-10463 toxin have no effect on IcsA-
mediated actin-based motility in Xenopus extracts
To investigate a potential effect of small GTPases on the rate
of IcsA-mediated movement, bacterial spread was analyzed
using IcsA-expressing E. coli in Xenopus extracts, as Shigella
is not able to induce actin polymerization in these extracts
(Kocks et al., 1995; Goldberg and Theriot, 1995). As reported,
GTPγS addition to low speed Xenopus extracts induced the
formation of actin nucleation foci and increased the number of
vesicle-associated actin comets. Vesicle motility was observed
5-10 minutes after GTPγS addition and up to 30 minutes with
a mean movement rate of 10 µm/minute (n=10). Bacteria
induced comet tails in these extracts after a lag period of 30
minutes and moved at 7 µm/minute (s.d.=1.3, n=12) (Fig.
7A,c,d and Fig. 7B) which was similar to what was observed
in untreated extracts, i.e. 8.2 µm/minute (s.d.=0.9, n=18) (Fig.
7A,a,b and Fig. 7B). These results suggest that the activation
of small GTPases has no effect of the rate of movement. 

Inactivation of endogenous Rho proteins was obtained by 30
minutes incubation at room temperature with 15 nM of TcdB-
10463 toxin. Subsequently, addition of GTPγS failed to induce
actin foci formation and lipid vesicle actin-based motility,
suggesting an efficient inactivation of Cdc42 and probably also
of the other members of the Rho subfamily. Nevertheless,
bacterial motility in the TcdB-treated extracts was similar to

that observed in untreated extracts and occured at 6.3
µm/minute (s.d.=1.3, n=31) (Fig. 7A,e,f and Fig. 7B). Addition
of GTPγS to the TcdB-treated extracts also had no effect on
bacterial motility (data not shown). These results confirmed
that small GTPases of the Rho subfamily have no effect on the
rate of movement.

DISCUSSION

The actin cytoskeleton is a highly dynamic structure involved
in diverse cellular functions including maintenance of cell
integrity, subcellular distribution of organelles, induction of
morphological changes, and translational motility. In order to
regulate its plasticity, the cytoskeleton is under strict control
mechanisms. These mechanisms have been selected as targets
for invading bacterial and viral pathogens to promote their
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Fig. 3. Inhibition of Shigella uptake by cells expressing
dominant negative Rho GTPases. HeLa cells were
transfected with plasmids allowing expression of Rho
GTPases and subsequently infected with Shigella M90T,
double stained with an anti-myc monoclonal antibody
and with an anti-Shigella LPS to visualise transfected
cells and intracellular bacteria, respectively. Infected cells
were classified into transfected and untransfected cells
according to the myc staining. Results show mean ± s.d.
of the percentage of infected cells among untransfected
cells (open bars) and transfected cells (full bars) and
represent a combination of five independent experiments.
For each category, at least 250 transfected cells were
examined.

Fig. 4. F-actin accumulation in Shigella entry structure in cells
expressing the dominant active and negative Rho GTPases. Rho
GTPases transfected HeLa cells were infected with Shigella SC301
strain, fixed and stained for immunofluorescence.
(a,a′,b,b′) Untransfected HeLa cells, infected by Shigella, were F-
actin stained to visualise entry structures (shown in green, arrows)
and LPS stained to localise invading bacteria (shown in red). 
(c-j′) Transfected HeLa cells infected by Shigella were myc stained
to visualise transfected cells (shown in red), F-actin stained (shown
in green) and Shigella LPS stained to localise invading bacteria
(shown in magenta). HeLa cells were transfected with plasmids
expressing Cdc42V12 (c,c′), Cdc42N17 (d,d′), RacV12 (e,e′),
RacN17 (f,f′), RhoV14 (g,g′), RhoN19 (h,h′), GFP-RhoGV12 (i,i′),
GFP-RhoGN17 (j,j′). Bar, 10 µm, valid for all other panels.
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entry into mammalian cells (Finlay and Cossart, 1997). In this
study, we have investigated the entry and intracellular spread
of Shigella, a facultative intracellular bacterial pathogen. Both
Shigella entry and movement within the infected cell require
the formation of cytoskeletal structures, reminiscent of
integrated structures that normally exist in mammalian cells
(Ménard et al., 1996b; Cossart, 1997). Although the
mechanisms leading to actin assembly/disassembly in
eukaryotic cells are still poorly understood, recent work has
identified members of the Rho subfamily of small GTPases
(Rho, Rac and Cdc42) as key regulators of these processes
(Hall, 1998). Requirement of Rho GTPase during Shigella
entry has been described (Adam et al., 1996; Watarai et al.,
1997). Inactivation of Rho blocks Shigella-induced actin
filament elongation and bundling but not actin nucleation
(Adam et al., 1996), thus it was important to investigate
whether Shigella-induced actin nucleation processes are
dependent on Rac and Cdc42. The potential involvement of the
Rho GTPases during Shigella motility was not analysed until
now.

We have shown here that Cdc42Hs and Rac1 are recruited
into the Shigella entry structure. In contrast to RhoA, which is
closely associated with the vacuolar membrane that surrounds

the entering bacterial body (Adam et al., 1996), Cdc42Hs and
Rac1 were associated with the cytoskeletal projections that
support the entry structure. Transfection of HeLa cells with
dominant negative forms of Cdc42 and Rac caused a 3- to 4-
fold decrease in the efficiency of bacterial internalization,
indicating the functional relevance of their recruitment into the
entry structure. Inactivation of Cdc42 and Rac leads to
Shigella-induced actin polymerization defects and to smaller
entry foci which probably account for the inhibition of
bacterial internalization. 

Proteins involved in focal adhesion plaque formation are
recruited into the entry structure. This include structural
proteins, such as vinculin, paxillin, talin, α-actinin, plastin,
and signaling proteins, such as pp125FAK, pp60c-src and Rho
(Adam et al., 1995, 1996; Tran Van Nhieu et al., 1997;
Dumenil et al., 1998). It was thus speculated that Shigella
induces focal adhesion-like structures to mediate bacterial
uptake (Ménard et al., 1996b). However, our results clearly
favor a model in which the Shigella entry focus is more
sophisticated than a focal adhesion-like structure. Growing
evidence suggest that Cdc42 and Rac are involved in de novo
actin polymerization (Hartwig et al., 1995; Zigmond et al.,
1997, 1998). Thus, both Cdc42 and Rac are likely involved in
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Fig. 5. Shigella F-actin comet
tail formation in HeLa cells
expressing the dominant active
and negative Rho GTPase. Cells
transfected with Cdc42V12
(a,b), Cdc42N17 (c,d), RacV12
(e,f), RacN17 (g,h), RhoV14
(i,j), RhoN19 (k,l) were infected
with Shigella M90T strain for 2
hours. Infected cells were
double labelled with
monoclonal anti-myc antibody,
to visualise GTPases expression
(a,c,e,g,i,k) and with bodipy
phalloidin to stain F-actin
(b,d,f,h,j,l). Bar, 5 µm, valid for
all other panels.
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the massive burst of actin polymerization and the formation
of microspikes and lamellipodia observed during Shigella
entry. This initial entry focus would be subsequently
remodelled by RhoA activation, which would lead to
formation of the focal adhesion-like structure, directly
involved in the bacterial uptake. These results extend the
complexity of signaling pathways activated during Shigella
entry and also render the model of a single adherence plaque
for Shigella entry insufficient. The observations made in this
work also raise the question of how these three GTPases are
activated during Shigella entry. Bacterial invasion protein
(Ipa) are major effectors of Shigella entry (Ménard et al.,
1996a). Ipa proteins are secreted upon bacterial contact with
host cell and are likely translocated into cell cytoplasm by a
specific secretory machinery, the type III Mxi-Spa apparatus.
Translocation of a Ipa protein into the host cell could activate
simultaneously all three GTPases. This Ipa protein could act
on one of the GTPase regulatory factors, i.e. activate a
common guanine exchange factor (GEF), neutralize a
common GTPase-activating protein (GAP), or affect an
inhibitory molecule such as RhoGDI. An alternative
possibility is that the Ipa protein activates directly Cdc42

which in turns activates Rac and Rho in a interconnected
cascade, as described in fibroblasts (Nobes and Hall, 1995). 

Cdc42 and Rac involvement during other bacterial or
particle uptake have been described. Salmonella typhimurium
induce cytoskeletal structures similar to those observed during
Shigella entry into host cell. Recent work has shown that
Cdc42 is required for Salmonella entry (Chen et al., 1996) and
that the Salmonella SopE protein induces membrane ruffling
by acting as a GEF for Cdc42 and Rac (Hardt et al., 1998).
However, there are clear differences between these two
invasion processes, such as the lack of Rho involvement in
Salmonella entry (Jones et al., 1993) compared to its clear
involvement in the case of Shigella (Adam et al., 1996; Watarai
et al., 1997). Recently, Fcγ receptor-mediated phagocytosis,
which elicits major cellular projections, has also been shown
to require Cdc42 and Rac (Massol et al., 1998, Caron and Hall,
1998). However, the precise function of these proteins in the
internalization process is unclear. Thus, it seems that Rac and
Cdc42 are both required during internalization process
involving subcortical massive actin polymerization and cell
surface rearrangements.

The possible involvement of Rho GTPases in the actin

Fig. 6. Shigella F-actin comet
tail formation in HeLa cells
treated with TcdB-10463 toxin.
Untreated HeLa cells and
TcdB-treated cells were stained
with bodipy phalloidin to
visualise F-actin (respectively,
a and c). Untreated HeLa cells
were infected with Shigella
M90T strain for 30 minutes,
then treated with gentamicin
for 3 hours (b) or with
chloramphenicol, gentamicin
and TcdB-10463 toxin for 2
hours and chloramphenicol was
removed for a further 3 hours
(d). Infected cells were double
labelled with anti Shigella LPS,
to visualise intracellular
bacteria (shown in red), and
bodipy phalloidin to stain F-
actin (shown in green).
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Fig. 7. E. coli comet tail formation
in Xenopus egg extracts treated with
TcdB-10463 toxin. (A) Movement of
E. coli expressing IcsA in Xenopus
extracts. The same field was
observed during 5 minutes by phase
contrast. Arrowheads indicate the
initial position of bacteria.
(a,b) Movement of bacteria in
control extracts. (c,d) Movement of
bacterium and vesicle (left
arrowhead) in GTPγS-treated
extracts. (e,f) Movement of bacteria
in TcdB-treated extracts. Time is
indicated in each panel. Bar, 5 µm,
valid for all panels. (B) Rate of
bacterial movement in extracts
treated with GTPγS and TcdB toxin.
Results represent mean ± s.d. of
three independent experiments with
20 bacteria analysed in each sample.
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polymerization process during Shigella intracellular motility
was also analysed. Using HeLa cells expressing dominant
negative Rho GTPases and HeLa cells treated with the TcdB-
10463 toxin, a Rho GTPases-inhibitor, we have shown that
inactivation of Rho GTPases does not compromise Shigella
comet tail formation. Moreover, treatment of Xenopus extracts
by TcdB-10463 toxin did not affect the rate of motility. Efficient
inactivation of Rho GTPases by the toxin was confirmed by the
inability of endogenous lipid vesicle to induce comet tail
formation and motility. Lipid vesicle motility in Xenopus
extracts is mediated by a Cdc42-dependant actin polymerization
process (Ma et al., 1998a,b). In our experiments, TcdB
treatment abolished the GTPγS-induced vesicle motility, as
previously reported (Moreau and Way, 1998). However,
bacterial motility was not affected, suggesting that Cdc42, and
probably the other GTPases, are not involved in IcsA-mediated
actin polymerization process. This leads to the question of how
Shigella induces actin polymerization and promotes bacterial
motility within infected cells. Recruitement of specific
cytoskeletal effector proteins by IcsA is probably sufficient to
perform these functions. Neural-Wiskott Aldrich Syndrome
Protein (N-WASP), a cellular ligand of IcsA, is crucial for
bacterial motility (Suzuki et al., 1998) and is involved in the
nucleation of actin filaments (C. Egile et al., unpublished).
Interaction of N-WASP with GTP-Cdc42Hs is assumed to
activate N-WASP, allowing actin polymerization and formation
of cellular filopodia (Miki et al., 1998). However, our data
suggest that Cdc42 is not required for Shigella motility. Recent
evidence indicates that IcsA interaction with N-WASP is
sufficient to activate N-WASP and to bypass the Cdc42Hs
requirement (C. Egile et al., unpublished).

Rho GTPase-independent actin polymerization processes
have been recently described during interaction between
bacterial pathogens and host cell. Listeria is able to spread
inside cells by an actin-based motility similar to Shigella
(Cossart, 1997). Recent work indicates Rac1 association in
Listeria comets but no functional relevance of this recruitment
has been documented (David et al., 1998). However, several
evidence suggest that Listeria actin polymerization process can
also bypass Rho GTPases signaling. Treatment of Xenopus
extracts with C3 exotoxin or TcdB has no effect on Listeria
motility (Marchand et al., 1995; Moreau and Way, 1998) and
PtK2 cells treated with TcdB toxin were still able to promote
Listeria actin-based motility (F. Ebel et al., unpublished). Thus,
both intracellular bacteria can bypass the Rho GTPases control
and induce cytoskeletal rearrangements by direct interaction
with effector proteins involved in cytoskeletal dynamics, such
as Arp2/3 and N-WASP. Actin polymerization during
interaction between host cell surface and enteropathogenic E.
coli (EPEC) and Shiga toxin producing E. coli (STEC) has
also been shown to be Rho GTPases-independent. These
extracellular bacteria induce actin filaments polymerization
and the formation of cellular extension, called pedestal, on
which lies the bacterium. In some instance, pedestal can evolve
in pseudopod and allow bacterial translational motility on the
surface of infected cell (Sanger et al., 1996). Two recent reports
suggest that of Rho GTPases inactivation by TcdB abolished
cellular actin cytoskeleton but not STEC and EPEC pedestal
formation (Ebel et al., 1998; Ben-Ami et al., 1998). Pedestal
formation is mediated by the translocation and insertion in host
cell membrane of a bacterial product, the EPEC Tir protein

(Kenny et al., 1997), and its STEC homolog EspE (Deibel et
al., 1998). The cytoplasmic Tir portion is probably involved in
the actin polymerization leading to pedestal formation. It may
share similarities with IcsA- and ActA-mediated actin
polymerization mechanisms due to its subcellular localization.
The lack of involvement of Rho GTPases in both cases further
emphasizes the similarities between mechanism of actin
polymerization during actin comet and pedestal formation.

Although interfering with the regulation of the host cell actin
cytoskeleton appears to be a common theme among a variety
of bacterial pathogens, these results have clearly illustrated a
diversity of molecular strategies used by pathogens. It appears
that Shigella manipulates the epithelial cell cytoskeleton both
by Rho GTPase-dependent process during entry and Rho-
independent mechanism during motility. The temporal
regulation of cytoskeletal processes during entry and during
intracellular spread are very different, supporting the idea that
these two events are controlled by different mechanisms.
Bacterial uptake is fast and transient and therefore requires
strict and fine tuning, likely mediated by the Rho GTPases. In
contrast, actin-based motility should be constitutive to allow
cytoplasmic colonization and cell to cell spread. A direct
recruitment of a regulator or effector of actin polymerization,
downstream of the Rho signalling pathway, would fulfill these
requirements and bypass the strict cytoskeletal regulation
imposed by Rho proteins. These two paradigms of Rho
GTPases-dependent and -independent cytoskeletal regulation
are likely to bring novel insights into the physiological
pathways by which cells regulate their cytoskeleton. 
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