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Conversion of PtdIns(4,5)P2 into PtdIns(5)P
by the S.¯exneri effector IpgD reorganizes
host cell morphology
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Phosphoinositides play a central role in the control of
several cellular events including actin cytoskeleton
organization. Here we show that, upon infection of
epithelial cells with the Gram-negative pathogen
Shigella ¯exneri, the virulence factor IpgD is translocated directly into eukaryotic cells and acts as a potent
inositol 4-phosphatase that speci®cally dephosphorylates phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] into phosphatidylinositol 5-monophosphate
[PtdIns(5)P] that then accumulates. Transfection
experiments indicate that the transformation of
PtdIns(4,5)P2 into PtdIns(5)P by IpgD is responsible
for dramatic morphological changes of the host cell,
leading to a decrease in membrane tether force associated with membrane blebbing and actin ®lament
remodelling. These data provide the molecular basis
for a new mechanism employed by a pathogenic bacterium to promote membrane ruf¯ing at the entry site.
Keywords: bacterial entry/IpgD/phosphoinositides/
S.¯exneri

Introduction
Intracellular pathogens have evolved several mechanisms
to hijack different cellular systems in the host to promote
their entry, including modi®cations of the actin cytoskeleton and the exploitation of various signalling pathways
(Galan and Bliska, 1996). A key factor of their virulence is
invasion of enterocytes, which are cells that in normal
circumstances are non-phagocytic. Two strategies, the socalled `zipper' and `trigger' mechanisms, are used by
invasive bacteria to induce their uptake. Some pathogens,
such as Listeria, express surface proteins that bind to
eukaryotic receptors and lead to membrane zippering
around the bacterium (Mengaud et al., 1996). Other
pathogens, like Salmonella and Shigella, use a type III
secretion system (Van Gijsegem et al., 1993) to inject
effector proteins into the host cell and trigger their uptake
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via membrane ruf¯es in a process resembling macropinocytosis (Finlay and Falkow, 1990; Francis et al., 1993;
Adam et al., 1995). The formation of these entry structures
is the result of a complex cross-talk between injected
bacterial proteins and components of the target cell that is
not yet fully understood.
Shigella ¯exneri is a facultative intracellular pathogen
that is the causative agent of bacillary dysentery in
humans. Several proteins are secreted by the S.¯exneri
type III secretion apparatus during growth of bacteria in
culture media. According to the current model of the type
III secretion pathway, these proteins are potential effectors
that might be translocated into epithelial cells upon contact
of bacteria with the cell surface. However, because of the
rapid uptake of S.¯exneri by the cell and its intracytoplasmic lifestyle, no direct translocation of a secreted
protein has been clearly demonstrated. Recently, we have
shown that IpgD is one of the proteins potentially secreted
by the S.¯exneri type III secretion apparatus. IpgD is
stored in the bacterial cytoplasm associated with a speci®c
chaperone, IpgE. Although IpgD is not absolutely required
for entry of bacteria into cultured cells (Allaoui et al.,
1993), it is implicated in entry focus formation (Niebuhr
et al., 2000). The sequence of IpgD exhibits two motifs
that are present in the active site of mammalian inositol
polyphosphate 4-phosphatase. Phosphoinositides, whose
intracellular levels are controlled accurately by a complex
set of kinases, phosphatases and phospholipases, play a
key role in many processes including reorganization of the
actin cytoskeleton (Toker, 1998; Czech, 2000; Sechi and
Wehland, 2000; Payrastre et al., 2001) and plasma
membrane±cytoskeleton linkage (Raucher et al., 2000).
Here, we demonstrate that IpgD is translocated directly
into the host cell, where it functions as a phosphoinositide
phosphatase that dephosphorylates phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P2] to generate the novel
lipid phosphatidylinositol 5-monophosphate [PtdIns(5)P].
Furthermore, we show that expression of IpgD in mammalian cells leads to a strong reduction in tether force
that eventually causes membrane blebbing. Our results
strongly suggest that IpgD uncouples the cellular plasma
membrane from the actin cytoskeleton by locally reducing
its adhesion energy through the transformation of
PtdIns(4,5)P2 into PtdIns(5)P during S.¯exneri entry. The
system we describe is a novel strategy used by a
pathogenic bacterium that dramatically and speci®cally
disturbs a key element of phosphoinositide metabolism at
the plasma membrane to increase its virulence.

Results
IpgD is a phosphoinositide phosphatase

The sequence of IpgD contains two motifs related to
the active site of mammalian inositol polyphosphate
5069

K.Niebuhr et al.

4-phosphatases (Norris et al., 1998), and it has been shown
that Salmonella dublin and S.typhimurium proteins homologous to IpgD, SopB and SigD, respectively, are endowed
with an inositol phosphate phosphatase activity (Norris
et al., 1998; Marcus et al., 2001). To test the activity and
the substrate speci®city of IpgD, we used a puri®ed
GST±IpgD fusion protein expressed together with the
chaperone IpgE. We found that it hydrolysed several
phosphoinositides in vitro (Table I) and exhibited the
greatest activity towards PtdIns(4,5)P2. Very weak or no
activity was detected towards the inositol phosphates
Ins(1,4,5)P3 and Ins(1,3,4,5)P4. This substrate speci®city
was not due to the presence of IpgE in the preparation
of GST±IpgD since similar results were obtained when
IpgD was produced without IpgE (data not shown).
Replacement of the cysteine residue in the proposed
catalytic domain of IpgD by a serine residue (C438S) led
to a protein that had no activity against PtdIns(4,5)P2 (not
shown) as classically observed with this phosphatase
family (Norris et al., 1997). The substrate speci®city of
IpgD in vitro appears different from that of SopB or SigD,
which have a preference for phosphatidylinositol 3,4,5trisphosphate [PtdIns(3,4,5)P3] and phosphatidylinositol
3,4-bisphosphate [PtdIns(3,4)P2] (Norris et al., 1998). As
previously noted for SopB (Norris et al., 1997), the
speci®c activity of IpgD was relatively low compared with
the activity of mammalian homologues, which may re¯ect
the dif®culty in setting appropriate conditions for in vitro
lipid phosphatase assays for these proteins.
IpgD hydrolyses PtdIns(4,5)P2 during infection of
epithelial cells by S.¯exneri

To investigate the role of IpgD on the cellular levels and/or
turnover of the various phosphoinositides during infection
of HeLa cells, we analysed the phospholipid content of
cells labelled with 32Pi and infected with the wild-type
strain M90T, the ipgD mutant and the non-invasive
virulence plasmid cured strain BS176, over time. As
soon as 15 min after contact between bacteria and
host cells, cellular [32P]PtdIns(4,5)P2 levels dropped
dramatically with a concomitant increase in [32P]PtdInsP
(Figure 1A and C). In contrast, the levels of [32P]PtdIns(4,5)P2 and [32P]PtdInsP in cells infected with the
ipgD mutant or with the non-invasive strain did not
change, even after 30 min of infection (Figure 1B and C),
demonstrating the absolute requirement for IpgD in the

Table I. Phosphatase activity of recombinant IpgD
Substrate

nmol/min/mg protein

PtdIns(4)P
PtdIns(3)P
PtdIns(4,5)P2
PtdIns(3,4)P2
PtdIns(3,4,5)P3
Ins(1,4,5)P3
Ins(1,3,4,5)P4

10.0
5.8
61.0
25.3
32.1
0.3
ND

6
6
6
6
6
6

5
3
9
2
10
0.1

Assays were performed using exogenous lipids or inositol phosphates
as indicated in Materials and methods. Results are the mean 6 SEM
from 3±4 independent experiments, except those for inositol phosphate
phosphatase activity, which are from two experiments.
ND = not detectable.
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hydrolysis of [32P]PtdIns(4,5)P2. The levels of the major
cellular [32P]phospholipids (i.e. phosphatidylcholine,
-serine and -ethanolamine) (Figure 1A) as well as
[32P]phosphatidylinositol (PtdIns) (data not shown) and
PtdIns(3)P (see Figure 4) were not affected, indicating
that IpgD phosphatase activity was directed towards
[32P]PtdIns(4,5)P2 in vivo. Thus, IpgD appears as a
S.¯exneri effector that affects the level of speci®c host
cell polyphosphoinositides during infection.
PtdIns(5)P is the product of the IpgD-dependent
PtdIns(4,5)P2 degradation in S.¯exneriinfected cells

The increase of [32P]PtdInsP that was detected in parallel
with the decrease of [32P]PtdIns(4,5)P2 suggested that
IpgD speci®cally dephosphorylated one of the two
positions of the inositol moiety leading to accumulation
of the hydrolysis product. To identify the product of the
enzymatic reaction, we analysed the nature of the
[32P]PtdInsP produced in infected cells using an appropriate high-performance liquid chromatography (HPLC)
technique allowing the separation of PtdIns(4)P and
PtdIns(5)P (Tolias et al., 1998; Sbrissa et al., 1999).
During the course of infection, the [32P]PtdIns(4)P levels
remained unchanged whereas a second peak at the
expected position for [32P]PtdIns(5)P was clearly detected
(Figure 2). This recently discovered phosphoinositide has
been shown to be quantitatively minor in several models
(Rameh et al., 1997; Tolias et al., 1998) and indeed was
undetectable by HPLC in resting HeLa cells.
To con®rm that PtdIns(5)P was accumulating in
infected cells and to quantify its mass level, we performed
a recently described mass assay (Morris et al., 2000).
Recombinant PtdInsP±kinase IIa, whose major substrate
is PtdIns(5)P, was used in the presence of [g-32P]ATP
to phosphorylate the PtdInsP fraction extracted from
cells infected with the various strains. The PtdIns(5)P
present in this fraction was transformed speci®cally to
[32P]PtdIns(4,5)P2, which was quanti®ed. As shown in
Figure 3A, this assay allowed us to demonstrate unambiguously that the mass level of PtdIns(5)P dramatically
increased during infection with the wild-type strain M90T
(from 18.6 6 6.9 to 280.5 6 78.3 pmol/mg of HeLa cell
proteins). Conversely, small amounts of PtdIns(5)P were
detected in non-infected cells or in cells infected with
either the ipgD mutant or BS176. To demonstrate further
that IpgD produces PtdIns(5)P in mammalian cells, we
measured the level of this phosphoinositide in HeLa cells
transiently transfected by a green ¯uorescent protein
(GFP)-tagged IpgD construct. As shown in Figure 3B,
expression of IpgD induced the production of a signi®cant
amount of PtdIns(5)P. Altogether, these data demonstrated
that, in vivo, IpgD speci®cally acts as a PtdIns(4,5)P2 4phosphatase and leads to accumulation of PtdIns(5)P in the
host cell. During S.¯exneri infection, we also noticed an
increase in PtdIns(3,4)P2, phosphatidylinositol 3,5-bisphosphate [PtdIns(3,5)P2] and PtdIns(3,4,5)P3, indicating a
concomitant activation of a phosphatidylinositol 3-kinase
(PI 3-kinase) (Figure 4). The increase in these phosphoinositides during infection highlights the in vivo speci®city of this bacterial phosphatase towards cellular
PtdIns(4,5)P2, which appears to be the only phosphoinositide to be hydrolysed. These results also indicate that the

S.¯exneri IpgD converts PtdIns(4,5)P2 into PtdIns(5)P

in vitro activity of IpgD towards PtdIns(3,4)P2 and
PtdIns(3,4,5)P3 (Table I) does not appear to re¯ect its
activity in infected cells. Experiments performed with the
non-invasive mutant (BS176) or the ipgD mutant indicated
that activation of the PI 3-kinase pathway was linked to
invasion (Figure 4C), as was also suggested recently for
Salmonella (Marcus et al., 2001). This activation of PI 3kinase, however, was not required for S.¯exneri entry since
treatment of HeLa cells with the PI 3-kinase inhibitor
wortmannin had no effect on the entry process (data not
shown).

IpgD is translocated into the eukaryotic cell by
extracellular bacteria

The rapid degradation of cellular PtdIns(4,5)P2 upon
contact with S.¯exneri suggested that this mechanism
might be an early event during the invasion process,
preceding the entry of bacteria into host cells. To
determine whether IpgD was injected into the host cell
cytoplasm by extracellular bacteria or whether it was
secreted by bacteria that had already reached the
cytoplasm, HeLa cells were treated with cytochalasin D
to prevent the actin rearrangements required for bacterial

Fig. 1. IpgD-dependent PtdIns(4,5)P2 hydrolysis in HeLa cells infected with S.¯exneri. HeLa cells were labelled with [32P]orthophosphate and infected
with either the wild-type M90T (WT) (A) or the ipgD (ipgD) (B) strains. After infection, cells were washed with PBS and reactions were stopped by
adding ice-cold HCl (2.4 M). Cells were recovered by scraping, and lipids were extracted and separated by TLC (left panel). The radiolabelled
PtdInsP + PtdInsP2 were recovered by scraping the appropriate bands as indicated, and were deacylated and analysed by HPLC (right panels). MP,
major phospholipids; CTS, counts per second. (C) Quanti®cation of [32P]PtdInsP [PtdIns(4)P + PtdIns(5)P which co-elute with the classical HPLC
technique] (diamonds) and [32P]PtdIns(4,5)P2 (squares) in HeLa cells infected either with WT, ipgD or the avirulant, non-invasive mutant BS176. Data
shown are representative of 4±6 independent experiments with similar results.
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Fig. 2. Production of PtdIns(5)P without changes in PtdIns(4)P
levels during Shigella infection. HeLa cells were labelled with
[32P]orthophosphate and infected with either ipgD mutant (ipgD) (A) or
wild-type M90T (WT) (B) strains for 30 min. Lipids were then
extracted and analysed as described in Figure 1. Radiolabelled PtdInsP
was recovered by scraping the corresponding band from the TLC plate
as indicated, and was then deacylated and analysed by an appropriate
HPLC technique (Tolias et al., 1998) allowing the separation of
PtdIns(4)P and PtdIns(5)P (right panel). Peaks corresponding to these
phosphoinositides are indicated. Data are from one experiment,
representative of three.

uptake (Clerc and Sansonetti, 1987). During infection in
the presence of 0.5 mg/ml cytochalasin D, the entry of
S.¯exneri was blocked by 100%, whereas an important
production of PtdIns(5)P was still observed (201.8 6
50 pmol/mg of HeLa cell proteins in 0.5 mg/ml
cytochalasin D-treated cells versus 280.5 6 78.3 in
non-treated cells). Accordingly, a drop in cellular
[32P]PtdIns(4,5)P2 was also detected (30 6 9% decrease).
These results demonstrated that IpgD is injected into the
host cell by extracellular bacteria as a part of the initial
step of the infection process.
IpgD causes membrane blebbing and cell rounding
when expressed in HeLa cells

A comparison between the wild-type and the ipgD mutant
strains showed that the mutant elicited entry structures
with a highly altered morphology (Niebuhr et al., 2000). In
contrast to the wild-type strain, which caused prominent
cell surface and actin rearrangements around its attachment sites, the ipgD mutant induced dense, cup-like actin
structures beneath adherent bacteria that resembled focal
adhesion plaques. To examine the effect of IpgD on
eukaryotic cells in the absence of other bacterial factors,
we transiently expressed a myc-tagged IpgD in HeLa cells.
Transfected cells were analysed by SDS±PAGE, and IpgD
was detected with antibodies against the tag or the protein
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Fig. 3. Quanti®cation of IpgD-dependent production of PtdIns(5)P by
mass assay. (A) The mass level of PtdIns(5)P was measured in noninfected cells (±) or in cells infected with either M90T, ipgD or the
avirulant, non-invasive mutant BS176 for 20 min using a speci®c mass
assay as previously described by Morris et al. (2000). Recombinant
PIPkinase IIa was used in the presence of [g-32P]ATP to phosphorylate
PtdIns(5)P present in the PtdInsP fraction extracted from cells infected
with the different strains. The PtdIns(5)P was transformed speci®cally
to [32P]PtdIns(4,5)P2, which was quanti®ed. A representative TLC illustrating the production of [32P]PtdIns(4,5)P2 from PtdIns(5)P present in
the PtdInsP fraction extracted from cells infected with various strains is
shown (top panel). Results are also expressed as pmol PtdIns(5)P/mg of
HeLa cell proteins and are the mean 6 SEM of three independent
experiments (lower panel). (B) The mass level of PtdIns(5)P was
measured in HeLa cells transfected with GFP (C) or GFP-tagged IpgD
(IpgD) after 24 h. Results are representative of three independent
experiments.

itself, to con®rm that IpgD was expressed as a protein of
the expected size (not shown). Moreover, after 24 h of
expression of IpgD in HeLa cells, the production of
PtdIns(5)P was clearly detected (20 pmol/mg protein in
non-transfected versus 122 pmol/mg protein in transfected
cells), indicating that the transfected phosphatase was
active. Analysis of transfected cells by confocal microscopy revealed that expression of IpgD affected cell
morphology. After a period of 8±24 h, HeLa cells started
to form membrane blebs that protruded up to 15 mm above
the cell surface, while the actin stress ®bres began to
disappear (Figure 5). Expression of the inactive myctagged IpgD-C438S did not induce these morphological
changes (not shown). Furthermore, expression of GFPtagged IpgD in NIH-3T3 cells also affected their morphology. Again, after 8±24 h, these cells formed membrane
blebs and the actin stress ®bres disappeared (Figure 5C and
E). As a control, expression of the inactive GFP-tagged
IpgD-C438S mutant in NIH-3T3 cells did not signi®cantly
affect their morphology (Figure 5D and F).

S.¯exneri IpgD converts PtdIns(4,5)P2 into PtdIns(5)P

Fig. 4. PI 3-kinase is activated during Shigella infection. HeLa cells were labelled with [32P]orthophosphate and infected with either the ipgD (A) or
the wild-type M90T (WT) (B) strains for 30 min. Lipids were then extracted and analysed as described in Figure 1. The radiolabelled PtdInsP2
[PtdIns(3,5)P2, PtdIns(3,4)P2 and PtdIns(4,5)P2] + PtdIns(3,4,5)P3 were recovered by scraping the appropriate bands from the TLC plate, and were
deacylated and analysed by HPLC (left panel). Peaks corresponding to PtdIns(3,5)P2 (1), PtdIns(3,4)P2 (2), PtdIns(4,5)P2 (3), ATP (4) and
PtdIns(3,4,5)P3 (5) are indicated. (C) Quanti®cation of [32P]D3 phosphoinositides in cells infected with either wild-type M90T (squares), ipgD mutant
(diamonds) or the non-invasive mutant BS176 (circles). Data are from one experiment, representative of four.

IpgD decreases cytoskeletal±membrane adhesion
when expressed in NIH-3T3 cells

Tether force measurement was coupled with ¯uorescence
quanti®cation in NIH-3T3 cells that had been transfected
with 0.5 mg of a GFP-tagged IpgD construct. Experiments
were performed 8 h post-transfection. As shown in
Figure 6A and B, cells expressing increasing levels of
GFP-tagged IpgD molecules have an inversely proportional decrease in tether force. Transfected NIH-3T3 cells
exhibit dynamic lamellar structures similar to those of
transfected HeLa cells at lower concentrations and relatively uniform ¯uorescence of the fusion protein, as seen
in Figure 6C. A blebbing phenotype was observed at
concentrations >2 3 105 molecules of GFP-tagged IpgD.
After calibration of the laser tweezers (Kuo and Sheetz,
1993), >5 tether force measurements (i.e. the force needed
to hold a tethered bead at a constant distance from the trap)
were performed in the course of three experiments. As
shown in Figure 6A and B, tether force was inversely
proportional to the amount of GFP-tagged IpgD fusion
expressed in the relevant cell, and a signi®cant decrease in
membrane tension was observed even with low levels of
expression of GFP-tagged IpgD.
IpgD enhances the effect of Cdc42 and Rac
agonists on cytoskeletal remodelling

Cdc42 and Rac are essential regulators governing production of the ®lopodial and lamellipodial structures that form
the entry focus of Shigella. It was shown previously that
these structures were much shorter during entry of a
Shigella ipgD mutant (Niebuhr et al., 2000). As shown in
Figure 7, expression of IpgD by transfected HEK cells
ampli®ed and altered the structure of the cytoskeletal

projections induced by bradykinin, an agonist of Cdc42
(Kozma et al., 1995), and by epidermal growth factor
(EGF), an agonist of Rac (Azuma et al., 1998). Figure 7
shows the `hairless' aspect of HEK cells and the lack of
a signi®cant effect of GFP expression on these cells
(Figure 7A), whereas expression of the GFP-tagged
IpgD fusion altered cytoskeletal structures, leading to a
signi®cant rounding of the cells and a concentration of the
actin cytoskeleton at the periphery of these rounded cells
(Figure 7D, arrows). The duration of transfection was such
that cells did not reach the blebbing stage. In the presence
of bradykinin, activation of Cdc42 led to the formation of
thin but numerous ®lopodial structures at the cellular
surface (Figure 7B, arrows), whereas those with bradykinin-induced ®lopodia were signi®cantly extended in
the cells expressing the GFP-tagged IpgD construct
(Figure 7C, arrows). In the presence of EGF, activation
of Rac led to the formation of lamellipodial structures at
the cell periphery (Figure 7C, arrows). These lamellipodia
were not only extended, but also exhibited modi®ed
morphology producing gigantic extensions (Figure 7F,
arrows). These results are very consistent with the small
size of entry foci induced by the Shigella ipgD mutant
(Niebuhr et al., 2000).

Discussion
Seven different polyphosphoinositides have been identi®ed so far, and most of them play central roles in the
control of fundamental cell functions, such as spatiotemporal organization of key signalling pathways, reorganization of the actin cytoskeleton or intracellular
membrane traf®cking (Toker, 1998; Czech, 2000;
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Fig. 5. Expression of IpgD causes formation of membrane blebs.
Confocal laser scan analysis of the surface structures elicited on HeLa
cells transfected with myc-tagged IpgD after 24 h. For immuno¯uorescence, transfected cells were visualized using an anti-myc antibody
(red), and ®lamentous actin was stained using FITC-coupled phalloidin.
The blebs observed on such cells protruded up to 15 mm above the
cells. (A) The sum of all optical sections. (B) The corresponding side
view (z-projection). Alternatively, GFP-tagged IpgD (C and E) and
GFP-tagged IpgDC438S mutant (D and F) were transfected in NIH3T3 cells. After 24 h, the ®lamentous actin was stained using rhodamine-coupled phalloidin (C and D) and the preparations were observed
by ¯uorescence microscopy, using a Zeiss Axioskop microscope
equipped with a 633 objective and a Princeton microMAX camera.
The data shown are representative of four independent experiments
with similar results.

Odorizzi et al., 2000). A complex set of phosphoinositidemetabolizing enzymes, such as kinases and phosphatases,
accurately regulates the level of these quantitatively minor
lipid molecules. These enzymes, which seem to be
targeted speci®cally to various intracellular membrane
domains, can also control locally the complex interconversions between the different phosphoinositides (Payrastre
et al., 2001). Phosphoinositides can exert their functions
either as precursors of second messengers, or directly on
themselves, or both. For instance, besides its well documented role as a precursor of inositol 1,4,5-trisphosphate
(InsP3) and diacylglycerol in response to agonist-dependent activation of speci®c phospholipase C (PLC),
PtdIns(4,5)P2 is involved directly in several key cellular
processes (Hinchliffe et al., 1998; Toker, 1998; Czech,
2000; Hinchliffe, 2000). A number of reports provide
compelling evidence for a central role for PtdIns(4,5)P2
in the actin cytoskeleton remodelling by regulating the
activities of proteins that sequester actin monomers, bind
or cross-link actin ®laments, and cap and/or sever these
®laments (Toker, 1998; Sechi and Wehland, 2000;
Payrastre et al., 2001). Recently, it was shown that plasma
5074

Fig. 6. Membrane cytoskeleton adhesion energy is decreased, as seen
by tether force in cells expressing IpgD±GFP fusion protein. After calibration of the laser tweezers, the displacement of the bead from the
centre of the trap was converted to tether force (i.e. the force needed to
hold a tether at a constant length). (A and B) Increasing levels of
IpgD±GFP create an inversely proportional decrease in tether force. An
expression level of 3.5 3 105 molecules of IpgD decreases the force by
half. (C) NIH-3T3 cells transfected with IpgD±GFP show relatively
uniform ¯uorescence with random punctate spots. Hazy ¯uorescence is
due to the high turnover rate of active lamellae. A standardized bead
was used to quantitate the number of molecules of IpgD±GFP.
Bar = 7.4 mm.

membrane PtdIns(4,5)P2 concentrations control the adhesion energy of the cortical cytoskeleton to the plasma
membrane and thereby regulate dynamic membrane
functions and cell shape (Raucher et al., 2000). It is likely
that such a membrane±cytoskeleton interaction is an
important component of the strategy that invasive pathogens apply to facilitate their entry into non-phagocytic
cells.
In eukaryotic cells, it is believed classically that
PtdIns(4)P and PtdIns(4,5)P2 are kept at a steady-state
level in the inner lea¯et of the plasma membrane, due to
the continuous sequential phosphorylation/dephosphorylation reactions by speci®c kinases and phosphatases that
have not yet been fully identi®ed (Toker, 1998; Payrastre
et al., 2001). By speci®cally dephosphorylating PtdIns(4,5)P2 into the recently identi®ed phosphoinositide,
PtdIns(5)P, as an early step during the invasion process,
S.¯exneri alters one of the central switches of phosphoinositide metabolism. This function of IpgD probably
allows a local detachment of the plasma membrane from
the cytoskeleton to facilitate extension of membrane

S.¯exneri IpgD converts PtdIns(4,5)P2 into PtdIns(5)P

Fig. 7. IpgD enhances the effect of Cdc42 and Rac agonists on cytoskeletal remodelling. HEK cells were transfected with GFP (A±C) or GFP-tagged
IpgD (D±F). The duration of transfection was such that cells did not reach the blebbing stage. Cells were then stimulated (B, C, E and F) or not (A
and D) with 0.1 mg/ml bradykinin for 20 min (B and E) or 5 nM EGF for 5 min (C and F), and ®lamentous actin was stained using rhodamine-coupled
phalloidin. The preparations were observed by confocal microscopy. Data shown are representative of three independent experiments.

®lopodia and ruf¯es, which also depend on Cdc42- and
Rac-mediated actin cytoskeleton reorganization, upon
S.¯exneri entry. In the absence of Shigella, continuous
ectopic expression of IpgD in the cell leads to increasing
membrane detachment, thus causing cell blebbing. This
interpretation is supported by several ®ndings. First, IpgD
transfection into eukaryotic cells leads to a dramatic
reduction of membrane tether force and cell surface
rearrangements that eventually led to blebbing. This result
supports the role of PtdIns(4,5)P2 as a regulator of the
adhesion energy directly by reducing or adding local
binding interactions between the cytoskeleton and the
membrane (Raucher et al., 2000). This is in agreement
with the fact that microinjection of GST±IpgD but not of
the inactive GST±IpgD (C438S) mutant induced local
morphological changes similar to membrane blebbing (not
shown). Secondly, an ipgD mutant of S.¯exneri showed an
altered phenotype with respect to the morphology of its
entry structures. The wild-type strain triggered massive
actin-rich, membraneous cell surface rearrangements
around its attachment sites, whereas the ipgD mutant
induced entry structures with smaller membrane ruf¯es
and actin rearrangements that were focused mostly around
adherent bacteria (Niebuhr et al., 2000).
In order to make sense of this difference, we studied
whether expression of IpgD in eukaryotic cells was able to
facilitate the development of cytoskeleton rearrangement
triggered by physiological agonists such as bradykinin and
EGF, which activate Cdc42 and Rac, respectively. Such a
potentiation indeed was clearly demonstrated. Degradation
of PtdIns(4,5)P2 or appearance of PtdIns(5)P may directly

potentiate Cdc42 and/or Rac activation, although preliminary observations suggest that expression of IpgD does
not activate Rho GTPases per se. The release of membrane
tension may also allow a fuller development of the
cytoskeletal rearrangements, thus explaining the formation
of massive ruf¯ing in the presence of these agonists.
Similarly, in the process of S.¯exneri entry, the signalling
pathway that is known to involve Cdc42 and Rac (Mounier
et al., 1999; Tran Van Nieu et al., 1999) expresses its full
potential of cytoskeleton extensions thanks to the membrane tension release induced by IpgD. These data strongly
suggest that a decrease in PtdIns(4,5)P2 levels has a much
stronger impact on the promotion of cytoskeleton extension via the release of membrane tension than on the
stabilization of the length of actin ®laments that can be
expected based on the known regulation of capping
proteins by PtdIns(4,5)P2 (Sechi and Wehland, 2000).
However, this does not take into account the activation of
PI 3-kinase observed during S.¯exneri entry, which uses a
pool of PtdIns(4,5)P2 spared by the phosphatase activity of
IpgD, and may also contribute to the reorganization of the
cytoskeleton. In addition, it may not only be the decrease of
PtdIns(4,5)P2 that affects the cell, since the accumulation
of the product of the enzymatic reaction might also play a
role during infection. Indeed, the mass level of PtdIns(5)P,
which is only found in trace amounts in resting cells,
increased up to 280 pmol/mg of HeLa cell protein during
infection. This value is in the expected range of the drop in
PtdIns(4,5)P2. The physiological role of this phospholipid
that, until 1997, was thought not to exist in vivo (Rameh
et al., 1997) is still unknown. The amount of PtdIns(5)P in
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resting cells is considered very low compared with
PtdIns(4)P. Recently, a thrombin-dependent increase in
PtdIns(5)P was observed in platelets (Morris et al., 2000),
suggesting that this lipid might have a physiological
function and that its synthesis is tightly controlled through
enzymes regulated by physiological stimuli. The route of
synthesis of PtdIns(5)P in vivo is also still unknown, but it
may involve either a PtdIns 5-kinase acting on PtdIns
(Tolias et al., 1998; Sbrissa et al., 1999) or, as performed
by IpgD, 4-dephosphorylation of PtdIns(4,5)P2. It is
tempting to speculate that the role of IpgD is not only to
uncouple the cellular plasma membrane from the cytoskeleton to facilitate the formation of entry structures, but also
to generate a novel messenger molecule to stimulate
further or interfere with host cellular functions for the
bene®t of the pathogen. Whether PtdIns(5)P is involved in
the typical actin reorganization at the site of entry, or rather
is involved in the in¯ammatory response, remains to be
established. In any case, this model provides some insights
into the function of this new phosphoinositide in the
eukaryotic cell.
Proteins homologous to IpgD have been described in
S.dublin (SopB) (Galyov et al., 1997) and S.typhimurium
(SigD) (Hong and Miller, 1998). The two motifs that are
related to sequences in mammalian inositol polyphosphate
4-phosphatases are conserved in all these bacterial proteins
(Norris et al., 1998; Marcus et al., 2001). However,
characterization of the enzymatic activity of recombinant
GST±SopB revealed a speci®city different from that
of IpgD because its major in vitro substrates are
PtdIns(3,4,5)P3, PtdIns(3,4)P2 and PtdIns(3)P (Norris
et al., 1998). In contrast, the major IpgD substrate in vivo
and in vitro, PtdIns(4,5)P2, was not hydrolysed by SopB or
SigD (Marcus et al., 2001) in in vitro assays. Moreover,
in vivo, SopB was found to induce a signi®cant production
of Ins(1,4,5,6)P4 upon S.dublin infection (Eckmann et al.,
1997; Norris et al., 1998), whereas this inositol phosphate
was produced only weakly during S.¯exneri infection
(Eckmann et al., 1997). Although the mode of entry of
S.¯exneri and S.dublin into epithelial cells is very similar,
their intracellular lifestyles are very distinct. Whereas
S.¯exneri rapidly lyses the phagosomal membrane, multiplies freely in the cytosol and uses the actin cytoskeleton
to spread to neighbouring cells, S.dublin resides in a
specialized vacuole. These observations suggest that
distinct disruption of phosphoinositide metabolism might
contribute to different cellular responses against S.¯exneri
and S.dublin.
The fact that a pathogenic bacterium manipulates a very
speci®c step of phosphoinositide metabolism during
infection highlights the critical role of these lipids in
controlling highly dynamic mechanisms of cell regulation.
In this respect, the S.¯exneri effector, IpgD, provides a
useful tool to investigate the exact role of PtdIns(5)P in
cellular functions. Furthermore, this work stresses the
importance of investigating in more detail the role of
phosphoinositides during the infection process.

Materials and methods
Cell infections and phospholipid analysis
HeLa cells were incubated in phosphate-free minimal essential medium
(MEM) containing 1 mCi [32P]orthophosphate/dish (200 mCi/ml) for 6 h
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before infection in order to reach the isotopic equilibrium. Derivatives of
the S.¯exneri wild-type strain M90T, the ipgD mutant or the non-invasive
strain BS176, each expressing the AfaE adhesin (Garcia et al., 1994),
were grown to exponential growth phase and, at t0, 5 3 108 bacteria were
added per dish and incubated at 37°C. Lipids from infected cells were
extracted, separated on thin-layer chromatography (TLC), scraped off,
deacylated and analysed by HPLC as described previously (Ireton et al.,
1996). [32P]lipids separated by TLC or HPLC were identi®ed using
standards. The separation of PtdIns(4)P and PtdIns(5)P was performed by
an appropriate HPLC technique as described previously (Tolias et al.,
1998; Sbrissa et al., 1999).
PtdIns(5)P mass assay
Quanti®cation of the PtdIns(5)P level was performed as described by
Morris et al. (2000), except that the PtdInsP fraction was puri®ed by TLC
after total lipid extraction according to a modi®ed Bligh and Dyer
procedure (Bligh and Dyer, 1959; Ireton et al., 1996) from HeLa cells
infected or not by the different bacterial strains or transfected by GFPtagged IpgD.
In vitro measurements of IpgD activity
The 32P-labelled substrates were prepared as described previously
(Blondeau et al., 2000). Brie¯y, human platelets (3 3 109 cells)
were incubated for 1 h at 37°C in the presence of 350 mCi/ml
[32P]orthophosphate (Amersham Pharmacia Biotech, Orsay, France).
Lipids were then extracted and TLC was performed in order to separate
PtdIns(4)P and PtdIns(4,5)P2. They were then scraped and extracted from
the silica. 32P-labelled D3-phosphoinositides were produced and puri®ed
as indicated previously (Payrastre et al., 1994).
TLC-puri®ed [32P]phosphoinositides and phosphatidylserine, as a
carrier lipid, were dried under a stream of nitrogen and suspended in
50 ml of 20 mM MES pH 6.5, 0.6% octylglucoside, 2.5 mM EDTA,
100 mM KCl, and sonicated for 30 s in a bath sonicator. The phosphatase
assay was performed on labelled PtdIns(3)P, PtdIns(3,4)P2, PtdIns(4)P,
PtdIns(4,5)P2 and PtdIns(3,4,5)P3 whose concentrations were made up to
10 mM with dipalmitoyl PtdIns(3)P and PtdIns(3,4)P2 (Echelon Research
Labs, Salt Lake City, UT) and 1-stearoyl 2-arachidonoyl PtdIns(4)P
and PtdIns(4,5)P2 (Sigma, St Louis, MO) and PtdIns(3,4,5)P3 (Alexis
Corporation, San Diego, CA), respectively. Reactions were started by
addition of 50 ml of recombinant GST±IpgD (1±3 mg) in 50 mM Tris
pH 7.5 containing 50 mM glutathione and 100 mM NaCl and incubated at
37°C under gentle shaking for 15 min. The reaction mixture contained
10 mM phosphoinositides and 20 mM phosphatidylserine. The reaction
was stopped by adding CHCl3:CH3OH (v/v), and lipids were extracted,
separated by TLC using CHCL3:CH3COCH3:CH3OH:CH3COOH:H2O
(80:30:26:24:14, v/v), visualized by a PhosphorImager 445SI (Molecular
Dynamics, Inc., Sunnyvale, CA), scraped off and quanti®ed by liquid
scintillation counting.
A 10 mM concentration of Ins(1,4,5)P3 (Sigma) and 1500 c.p.m. of
[3H]Ins(1,4,5)P3 (NEN) or 1 mM Ins(1,3,4,5)P4 (Boehringer) and
1500 c.p.m. of [3H]Ins(1,3,4,5)P3 (NEN) were used as substrate to
measure the inositol phosphate phosphatase activity of recombinant
GST±IpgD (1±3 mg). Reactions were performed at 37°C for 10 min in a
50 ml ®nal volume containing 50 mM HEPES pH 7.4, 0.1% bovine serum
albumin (BSA), 2 mM MgCl2, and 0.033% b-mercaptoethanol as
described previously (Erneux et al., 1989). The reaction was stopped
by addition of 5 ml of 0.4 or 0.7 M ammonium formate for Ins(1,4,5)P3
and Ins(1,3,4,5)P4, respectively. These concentrations of formate allow
the elution of InsP, InsP2 and InsP3 on silica dowex chromatography.
Expression constructs and transient transfections
Expression and puri®cation of GST-tagged IpgD were as described
(Niebuhr et al., 2000). The IpgDC438S mutant was constructed by sitedirected mutagenesis (Stratagene, La Jolla, CA) that converted TGT
(C438) to TCG (S), also creating an EcoRI site in the mutant allele.
Plasmid pKNE4, harbouring GST±IpgD and expressing IpgE (Niebuhr
et al., 2000), was used as template for the PCR mutagenesis using primers
IpgDmut1 (TGTACCTTGCTGGAATTCGAAGAGTGGGAAGGACA)
and IpgDmut2 (TGTCCTTCCCACTCTTCGAATTCCAGCAAGGTACA). For transfection experiments, the ipgD coding sequence was cloned
into the BamHI±EcoRI site of the eukaryotic expression vector pRK5 to
allow expression of a myc-tagged IpgD protein. To construct plasmid
pKN16 that expressed a GFP-tagged IpgD recombinant protein, a PCR
fragment encompassing the IpgD and IpgE genes was ampli®ed using
oligonucleotides IpgD3 (CCACGCTCCGGAATGCACATAACTAATTTGGGA) and IpgE1 (CCACCGGTCGACTTAATACCCCTTCATTCTTCG) and cloned between the BspEI and SalI sites of pEGFP-C1

S.¯exneri IpgD converts PtdIns(4,5)P2 into PtdIns(5)P
(Clontech Laboratories, Palo Alto, CA). The GFP-tagged IpgDC438S
mutant was constructed by site-directed mutagenesis that converted TGT
(C438) to TCG (S). Sequences were con®rmed by nucleotide sequencing
analyses.
Semi-con¯uent HeLa cells or NIH-3T3 cells grown on coverslips in 12well plates were transfected with 1 mg of plasmid DNA mixed with 3 ml of
Fugene transfection reagent (Boehringer). After 8±24 h, the cells were
®xed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for
15 min and subsequently permeabilized with 0.2% Triton X-100 and
processed for immuno¯uorescence using a monoclonal antibody against
IpgD and phalloidin±¯uorescein isothiocyanate (FITC).
Measurement of adhesion energy
NIH-3T3 cells were grown in Dulbeco's modi®ed Eagle's medium
(DMEM; Gibco, Invitrogen Corporation, Carlsbad, CA) supplemented
with 10% newborn calf serum (NCS; Gibco), 100 mg/ml streptomycin,
100 U/ml penicillin, 200 mM L-glutamine and 7.5 mM HEPES (Gibco) at
37°C in 5% CO2. Cells were removed from ¯asks by brief treatment with
trypsin-EDTA 0.25% (Gibco) and plated onto glass coverslips. Cells were
transfected 1 day after plating with 1 mg of the plasmid pKN16 expressing
the GFP-tagged IpgD construct and Lipofectamine Plus (Gibco).
Experiments were performed at 8 h post-transfection in DMEM (10%
NCS) without phenol red.
Bead preparation. To prepare concanavalin A (ConA)-coated beads,
ConA (Sigma, St Louis, MO) was solubilized at a concentration of 10 mg/
ml in PBS with Ca2+ and Mg2+ added (Gibco). A 100 mg aliquot of silica
microspheres (0.9 mM diameter, Bangs Labs, SS03N) was activated using
a hydroxyl-modi®ed covalent coupling method (Bangs Labs, Tech Note
204). A 100 ml aliquot of a ConA solution was added and incubated
overnight at 4°C. The beads were pelleted and resuspended with 40 mM
ethanolamine (30 min at room temperature) to quench unreacted CNBr. A
®nal pelleting and resuspension was done in 1 ml of PBS with Ca2+ and
Mg2+. For experiments, the bead solution was diluted 1:1000 in DMEM
without phenol red.
Optical laser trap manipulation. The NIH-3T3 ®broblasts were viewed
by a video-enhanced differential interference contrast (DIC) microscope
(Zeiss Axiovert S1OO TV) equipped with laser optical tweezers (Choquet
et al., 1997). Beads were trapped with 950 mW of laser power, attached to
the cell membrane and pulled away from the cell surface to create a tether.
The tether force was calculated from the displacement of the bead from
the centre of the trap during tether formation and multiplied by the trap
stiffness (calculations were done using Innovision software; Dai and
Sheetz, 1995).
Fluorescence quanti®cation. The transfected NIH-3T3 cells were
visualized using a GFP ®lter set (Chroma Technology) at 448l. Images
were obtained using a Roper Coolsnap Fx Cooled-CCD camera at 1 s
exposure. Standardized 7.4 mm polystyrene beads containing 43 907
MESF of FITC (Bangs Labs, CO-122096) were diluted 1:1000 to give
1±2 beads per ®eld of view. Fluorescence quanti®cation was performed
using public domain software image J 1.28g (http//rsb.info.nih.gov/ij/).
The number of molecules of IpgD±GFP fusion protein are calculated
using beads standarized for GFP in the following calculation:
Total No. of pe of cell (W) = [Ac 3 (Ic ± Ibk)]
Total No. of pe of bead (U) = [Abd 3 (Ibd ± Ibk)]
W/U = M (ratio of bead equivalents)
Q = (No. of molecules of EGFP/bead) factor
Q*M = Kbd (No. of molecules of EGFP fusion)
Where Ic is the intensity in photoelectrons (pe) per pixel for the cell, Ibk
is the pe per pixel for background, Ibd is the pe per pixel for the bead, Ac is
the area of the cell in pixels, and Abd is the area of the bead in pixels. Q is
standardized against a stable pEGFP population of 293 cells to obtain the
number of molecules of EGFP per standard bead. Total intensity in pe
was calculated for each transiently transfected cell and divided by the
total pe of the beads in the viewing area. This is then multiplied by our
factor (number of molecules of EGFP/bead) and results are given in
number of molecules of IpgD±EGFP.
Effect of IpgD on cytoskeletal remodelling mediated by
Cdc42 and Rac agonists
Semi-con¯uent HEK cells in DMEM±10% fetal calf serum (FCS) were
cultured on coverslips in 6-well plates.
After washings in DMEM, without FCS, the cells were cultured in the
same medium. A mixture of 300 ml of DMEM and 25 ml of Fugene
reagent was incubated for 5 min at room temperature before addition of
75 ml (4.5 mg) of the plasmid pKN16 expressing the GFP-tagged IpgD

construct, GFP or GFP-tagged IpgD DNA. After 15 min, 120 ml of this
mixture was added to the cells, and the incubation was performed for 8 h
at 37°C and 5% CO2. The cells were then cultured in the absence or
presence of EGF (5 nM, 5 min) or with bradykinin (0.1 mg/ml, 20 min).
After washings with PBS, the cells were ®xed with 2.5% paraformaldehyde (PFA) for 20 min and then washed in PBS. After permeabilization
by 0.1% Triton X-100 in PBS for 5 min, the cells were incubated in BSA
(1% in PBS, 20 min), then incubated for 1 h with rhodamine-coupled
phalloidin (1/100 in PBS±BSA). After washings, the coverslips were
mounted with Mowiol, and the preparations were observed by confocal
microscopy.
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