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Infection by the opportunistic bacterial pathogen
Shigella flexneri stimulates tyrosine phosphorylation
of host cell proteins, but the kinases involved and their
effects on the regulation of cell signaling pathways
during bacterial entry remain largely undefined.
Here, we demonstrate a requirement for the Abl fam-
ily of tyrosine kinases during Shigella internalization.
Family members Abl and Arg are catalytically acti-
vated upon Shigella infection, accumulate at the site of
bacterial entry, and are required for efficient bacterial
uptake, as internalization is blocked upon targeted
deletion of these kinases or treatment with a specific
pharmacological inhibitor. We identify the adapter
protein Crk as a target for Abl Kkinases during
Shigella uptake, and show that a phosphorylation-defi-
cient Crk mutant significantly inhibits bacterial
uptake. Moreover, we define a novel signaling path-
way activated during Shigella entry that links Abl
kinase phosphorylation of Crk to activation of the
Rho family GTPases Rac and Cdc42. Together, these
findings reveal a new role for the Abl kinases, and sug-
gest a novel approach to treatment of Shigella infec-
tions through inhibition of host cell signaling
pathways.

Keywords: Abl tyrosine kinases/Cdc42/Crk/Rac/Shigella
flexneri

Introduction

Multiple bacterial pathogens have evolved mechanisms
that engage intracellular signaling pathways in the host
cell to achieve successful infection (Zaharik et al., 2002).
Among these pathogens is the Gram-negative bacterium
Shigella flexneri, the etiologic agent for the diarrheal
disease shigellosis (Sansonetti, 2001). A key step in the
pathogenesis of shigellosis is the ability of the bacteria to
enter the normally non-phagocytic cells of the colonic
mucosa. At the site of Shigella entry, the host actin
cytoskeleton undergoes dramatic changes, including the
formation of filopodia and lamellipodia, which are subse-
quently organized into long, actin-rich extensions that
engulf the invading bacterium (Adam et al., 1995). The
changes in the actin cytoskeleton observed during Shigella
infection are mediated by virulence plasmid-expressed
bacterial effectors that are part of a Type III Secretion
System (TTSS) that is activated following contact between
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the bacterium and the host cells. The TTSS inserts a pore
complex, comprised of Shigella proteins IpaB and IpaC,
into the host cell plasma membrane that allows for
delivery of other bacterial effector proteins into the host
cell (Tran Van Nhieu et al., 1997; Blocker et al., 1999;
Niebuhr et al., 2000; Zaharik et al., 2002). A key event
during the initial phase of infection is the induction of
actin polymerization at the site of Shigella contact with the
host cell membrane, inducing massive cytoskeletal
rearrangements, and the formation of actin foci at the
sites of the invading bacteria (Adam et al., 1995). The
insertion of Shigella IpaC into the membrane results in
changes in the actin cytoskeleton, characteristic of the
activation of the Rho family GTPases Cdc42 and Rac
(Tran Van Nhieu et al., 1999). Both Cdc42 and Rac
localize to the site of bacterial entry, and their activation
has been shown to be required for efficient uptake of
Shigella (Mounier et al., 1999; Shibata et al., 2002). The
tyrosine kinase Src is also translocated to the site of the
invading bacterium, and is thought to act as both a positive
and negative regulator of the entry process. Src exerts its
positive role by promoting the formation of actin foci, but
it also acts negatively to down-regulate Rho (Dumenil
et al., 1998, 2000). However, the role of tyrosine
phosphorylation in the uptake of S.flexneri has not been
fully explored, and the link between tyrosine kinases and
Rho GTPase-dependent actin polymerization during this
process has yet to be defined.

The Abl tyrosine kinase has been shown to regulate
Rac-dependent cytoskeletal dynamics in mammalian cells
(Plattner et al., 1999, 2003), suggesting that Abl kinases
may play a role in bacterial uptake. The mammalian
Abl family of tyrosine kinases is comprised of Abl and
Arg (Abl2), and has been implicated in the regulation
of cell proliferation, survival, adhesion and migration
(Pendergast, 2002). While the functions of the constitu-
tively active chimeric oncoprotein Ber-Abl have been well
described, the cellular functions of Abl and Arg have
remained elusive. Genetic studies have implicated Abl and
Arg in the regulation of cytoskeletal dynamics. Drosophila
melanogaster that lack Abl exhibit defects in growth cone
motility, axon guidance and epithelial cell polarity
(Pendergast, 2002). The defective growth cone phenotype
is similar to that of Drosophila lacking profilin, a protein
known to be involved in cytoskeletal dynamics (Wills
et al., 1999). A similar phenotype is observed in flies
expressing dominant negative Cdc42, or mutants of Trio, a
guanine nucleotide exchange factor for Rac and Rho
(Wills et al., 1999; Bateman et al., 2000; Liebl et al.,
2000). Since Rho family GTPases have been shown to
regulate the formation of F-actin structures such as
filopodia and lamellipodia, these observations suggest
that Drosophila Abl may regulate cytoskeletal reorganiza-
tion and cell motility. Mice lacking Abl and Arg also
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exhibit cytoskeletal defects, resulting in delayed closure of
the neural tube, and death before embryonic day 11
(Koleske et al., 1998). Normal neuroepithelium display an
ordered pattern of actin filaments at their apical surface,
where Abl and Arg are normally located. In the Abl/Arg
null mice, this apical actin latticework pattern is absent,
and unorganized bundles of actin filaments are found at the
basolateral surface of the cell (Koleske et al., 1998).
Moreover, we have shown that Abl is required for
formation of Rac-dependent lamellipodia and chemotaxis
in response to PDGF (Plattner et al., 1999, 2003). These
properties of the normal Abl family tyrosine kinases are
consistent with the observed changes in the actin
cytoskeleton of Bcr-Abl-expressing cells. Expression of
Bcer-Abl induces the formation of filopodia and lamelli-
podia, and extension of pseudopods onto a fibronectin
matrix (Salgia et al., 1997). These cytoskeletal effects are
the result of the increased tyrosine kinase activity of
Bcer-Abl, and are reversed in the presence of Abl kinase
inhibitors (Gaston et al., 2000). Furthermore, Abl and Arg
are unique among all known tyrosine kinases in that they
contain a C-terminal actin binding domain, and have been
shown to have actin bundling activity (Wang et al., 2001;
Pendergast, 2002). Altogether, the Abl kinases are
uniquely suited to link extracellular stimuli, such as
infection by bacterial pathogens, to reorganization of the
actin cytoskeleton. In this study, we demonstrate a
requirement for Abl and Arg in S.flexneri infection, and
link the requirement for Abl kinase activity to the
activation of the Rho family GTPases Cdc42 and Rac
during bacterial uptake.

Results

Abl family kinases are required for uptake of
S.flexneri

To determine whether the Abl kinases are involved in the
uptake of S.flexneri, we employed mouse embryo
fibroblasts (MEFs) that lack both Abl and Arg. These
cells were reconstituted with either vector alone (Null) or
with Abl and Arg (Abl/Arg), to levels similar to those of
endogenous Abl and Arg proteins (Plattner et al., 2003)
(Figure 1A; Supplementary figure 1 available at The
EMBO Journal Online). We compared the ability of these
cell lines to internalize two different strains of S.flexneri by
the gentamicin protection assay (Figure 1B). A 93%
decrease in the number of intracellular bacteria (S.flexneri
strain ATCC® serotype 2a) was observed in cells lacking
Abl and Arg (P = 0.001). The Null cells also exhibited a
79% decrease in uptake using the more invasive S.flexneri
strain 2457T (P = 0.0002). The reconstituted Abl/Arg
MEFs internalized S.flexneri 2457T to the same level as
wild-type MEFs (Supplementary figure 1). We also
examined bacterial uptake in these cell lines by immuno-
fluorescence microscopy, and quantitated the percentage
of cells containing intracellular Shigella. The Null cells
exhibited a 90% decrease in the number of infected cells,
compared with the reconstituted Abl/Arg cells (P <
0.0001) (Figure 1C). Notably, while most of the Abl/Arg
cells engulfed several bacteria, the large majority of Null
cells remained uninfected (Figure 1D). To demonstrate
that the bacterial uptake observed in these MEF cell lines
was dependent upon the TTSS, we compared the level of
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Fig. 1. Abl and Arg are required for Shigella internalization. (A) MEFs
from mice lacking both Abl and Arg were reconstituted with either vec-
tor alone (Null) or with Abl and Arg expression constructs (Abl/Arg).
The expression of Abl and Arg was confirmed by western blotting with
anti-Abl 8E9, which recognizes the catalytic domain of both Abl and
Arg. Anti-B-tubulin immunoblotting was used to demonstrate equal
protein loading. (B) Null (gray bars) or Abl/Arg cells (black bars) were
infected with S.flexneri strains ATCC® serotype 2a (ATCC) or 2457T,
and bacterial uptake was measured by the gentamicin protection assay.
Results shown correspond to three independent experiments, each per-
formed in triplicate. (C) Null or Abl/Arg cells plated on coverslips
were infected with S.flexneri 2457T, and incubated with gentamicin to
eliminate extracellular bacteria. The percentage of infected cells was
quantitated by immunofluorescence microscopy. (D) Null or Abl/Arg
cells (both GFP-positive, due to stable expression of MIGR1 plasmids)
plated on coverslips were infected with Shigella 2457T and incubated
with gentamicin to eliminate extracellular bacteria. Cells were immuno-
stained with anti-GFP (green) and anti-Shigella (red) antibodies, and
visualized by immunofluorescence microscopy. Calibration bars =
50 um. (E) Null or Abl/Arg cells were infected with either invasive
(black bars) or plasmid-cured, non-invasive (gray bars) variants of
S.flexneri 2457T, and bacterial uptake was measured by the gentamicin
protection assay.

uptake of an invasive strain of Shigella 2457T with a non-
invasive strain that has lost the virulence plasmid
(Supplementary figure 2). While the invasive strain readily
infected the Abl/Arg-expressing MEFs, the level of uptake
of the non-invasive strain was negligible in these cells
(Figure 1E). Additionally, there was no significant differ-
ence in the low level of uptake between the Null and Abl/
Arg cells using the non-invasive strain (Figure 1E). These
observations demonstrate that Abl and Arg are specifically
required for TTSS-mediated internalization of Shigella.
To determine whether the catalytic activities of Abl and
Arg are required for bacterial uptake, we used a specific
inhibitor of the Abl family kinases, STIS71, also known as
Gleevec™ (Druker et al., 2001). This compound does not
inhibit other non-receptor tyrosine kinases, including Src
(Buchdunger et al., 2002; Nagar et al., 2003). Abl/Arg-
expressing cells were infected with S.flexneri ATCC®
serotype 2a in the presence of increasing concentrations of
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Fig. 2. Abl and Arg kinase activities are required for Shigella uptake.
(A) MEFs lacking (Null, gray bar) or expressing Abl and Arg (Abl/
Arg, black bars) were infected with S.flexneri ATCC® serotype 2a in
the presence of 0—10 uM STI571, and bacterial uptake was measured
by the gentamicin protection assay. The asterisks represent concentra-
tions of STI5S71 at which the decrease in uptake is statistically signifi-
cant (P < 0.05). (B) MEFs either lacking (Null) or re-expressing Abl
and Arg (Abl/Arg) and HeLa cells were infected with S.flexneri 2457T
in the absence (black bars) or presence (gray bars) of 10 uM STIS71,
and bacterial uptake was measured by the gentamicin protection assay.
Results shown correspond to three independent experiments, each per-
formed in triplicate, and are normalized with respect to the 0 uM
STI571 treatment.

STIS71. We observed a dose-dependent decrease in the
ability of Abl/Arg cells to be infected with Shigella
(Figure 2A). At the 5 UM concentration of STI571, the
level of Shigella uptake was reduced to that of the Null
MEFs, and the 10 UM concentration inhibited internaliza-
tion by 98%, compared with untreated cells (P < 0.0001).
We also examined the ability of STI571 to inhibit cellular
uptake by the more invasive S.flexneri strain 2457T.
Addition of 10 uM STI571 resulted in a 60% reduction in
uptake of S.flexneri 2457T into Abl/Arg cells (P =0.0243),
and a 47% reduction in HeLa cells (P = 0.0018),
demonstrating that the observed effect is not cell-type
specific (Figure 2B). Additionally, STI571 treatment had
no significant effect on bacterial uptake in the Null cells
(Figure 2B), suggesting that the specific targets of this
inhibitor are Abl and Arg. Taken together, these findings
show that efficient S.flexneri uptake requires functional
Abl family tyrosine kinases.

Abl family kinases are activated during Shigella
uptake

The ability of STIS71 to prevent uptake of S.flexneri
suggested that the Abl family tyrosine kinases might

Abl kinases are required for infection by Shigella
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Fig. 3. Abl and Arg are catalytically activated during Shigella infection.
(A) Abl and Arg were immunoprecipitated from lysates of NIH-3T3
cells that were either uninfected (-) or infected with S.flexneri 2457T
for 0-30 min. The immunoprecipitates were used in an in vitro kinase
assay, using GST—Crk as a substrate. (B) NIH-3T3 cells were infected
with S.flexneri 2457T for 0-90 min. Anti-Crk immunoprecipitates were
examined by immunoblotting with anti-phospho-Crk-Y221 or anti-Crk
(upper panels). Total lysates were examined by immunoblotting with
anti-phospho-Src-Y418 or anti-Src (lower panels).

become catalytically activated during infection. To test
this hypothesis, we analyzed Abl and Arg kinase activity
in cells infected with S.flexneri from 0 to 30 min, the
length of time required for bacterial entry into the cell
(Dehio et al., 1995). Both Abl and Arg were catalytically
activated during infection by S.flexneri, with their activ-
ities increasing >2-fold over uninfected cells at the 30 min
timepoint (Figure 3A). Another approach to examine the
activation of the Abl family kinases is through analysis of
the phosphorylation state of the adapter protein Crk at
tyrosine 221. Abl is known to specifically phosphorylate
this site on Crk, resulting in a conformational change,
thereby altering the ability of Crk to interact with other
signaling effectors (Feller et al., 1994). Crk was
immunoprecipitated from lysates of cells at various stages
of infection by S.flexneri, and the immunoprecipitates
were analyzed with an antibody that specifically recog-
nizes phosphorylation of Crk at tyrosine 221 (Figure 3B,
upper panels). We observed an increase in tyrosine
phosphorylation of Crk at tyrosine 221, with maximal
phosphorylation occurring at the 30 min timepoint. The
Src tyrosine kinase has been previously demonstrated to
have a role in Shigella uptake (Dumenil ef al., 1998), and
has been functionally linked to Abl activation in response
to growth factors (Plattner et al., 1999). Thus, we
examined the activation of endogenous Src during
Shigella infection by immunoblotting with an antibody
that recognizes the activated form of Src (Figure 3B, lower
panels). The activation of endogenous Src followed an
equivalent time course as the activation of endogenous Abl
and Arg, and Src and the Abl kinases were catalytically
activated to a similar extent.
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Tyrosine phosphorylation of Crk is required for
Shigella uptake

Phosphorylation of Crk at tyrosine 221 has been observed
following stimulation by growth factors and integrins, and
has been shown to regulate the activity of Rac (Abassi and
Vuori, 2002). In these systems, Abl and Arg have been
shown to specifically phosphorylate tyrosine 221 on Crk
(Kain and Klemke, 2001). Our observation that Crk
becomes tyrosine phosphorylated during Shigella infec-
tion suggests that Crk may play a role in the signaling
pathways mediating bacterial uptake downstream of Abl
family kinases. We sought to determine whether phos-
phorylation of Crk was reduced in Shigella-infected cells
lacking Abl kinase activity, and whether tyrosine phos-
phorylation of Crk during infection was required for the
cellular uptake of Shigella. To this end, we examined the
tyrosine phosphorylation levels of the adapter protein Crk
during Shigella infection in cells either lacking or re-
expressing both Abl and Arg. Crk was immunoprecipi-
tated from Null and Abl/Arg cells at various time points
during Shigella infection, and its tyrosine phosphorylation
state was examined by immunoblotting. The phosphoryl-
ation of Crk at tyrosine 221 was completely ablated in cells
lacking Abl and Arg (Figure 4A). A decrease in tyrosine
phosphorylation of Crk was observed during infection of
HeLa cells that were pre-treated with STIS71 (Figure 4B).
These data demonstrate that Abl and Arg are required for
phosphorylation of Crk tyrosine 221 during S.flexneri
infection, and suggest that Crk phosphorylation plays a
role during bacterial uptake. To determine whether
phosphorylation of Crk at tyrosine 221 is required during
Shigella infection, we expressed either wild-type chicken
Crk (Crk-WT) or a Crk mutant containing a tyrosine to
phenylalanine substitution at position 222 (Crk-YF),
which corresponds to tyrosine 221 in the human and
murine forms of Crk (Figure 4C). We examined the effect
of expression of these Crk constructs on bacterial
internalization using the gentamicin protection assay.
Expression of wild-type Crk did not significantly reduce
bacterial uptake, compared with the vector control using
either strain of Shigella. However, expression of Crk-YF
resulted in a 65-70% inhibition of bacterial uptake of both
Shigella strains (Figure 4D). These data demonstrate that
phosphorylation of Crk by the Abl family kinases is an
essential step for efficient Shigella internalization.

Cdc42 and Rac activation is regulated by Abl
kinases during Shigella infection

Abl has been previously linked to the Rho family
GTPases, through genetic studies in Drosophila, and
loss-of-function studies in mammalian fibroblasts (Plattner
et al., 1999, 2003; Pendergast, 2002). Additionally,
phosphorylation of the Abl substrate Crk at tyrosine 221
modulates the ability of Crk to interact with other
signaling effectors, and has been shown to regulate the
localization of Rac, and Rac-dependent signaling (Abassi
and Vuori, 2002). Our observations that Abl-mediated
tyrosine phosphorylation of Crk is required for bacterial
uptake led us to hypothesize that Abl and Arg might be
functionally linked to the activation of the Rho family
GTPases during Shigella infection. To test this hypothesis,
we analyzed the levels of activated Rac and Cdc42 during
Shigella infection of cells either lacking or re-expressing
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Fig. 4. Phosphorylation of Crk by the Abl kinases is required for
Shigella internalization. (A) Cells lacking (Null) or re-expressing Abl
and Arg (Abl/Arg) were infected with S.flexneri 2457T for noted times.
Anti-Crk immunoprecipitates were examined by immunoblotting with
anti-phospho-Crk-Y221 (upper panel) and anti-Crk (lower panel).
(B) HeLa cells were serum-starved for 3 h in the presence or absence
of STI571, and infected for the indicated times with S.flexneri 2457T.
Anti-Crk immunoprecipitates were examined by immunoblotting with
anti-phospho-Crk-Y221 (upper panel) and anti-Crk (lower panel).
(C) MIGR1 vector, Crk-WT, and Crk-Y222F were introduced into
NIH-3T3 cells. Crk expression was analyzed by immunoblotting with
anti-Crk (upper panel). Anti-B-tubulin immunoblotting was used to
assess equal protein loading (lower panel). (D) NIH-3T3 cells expres-
sing MIGR1 vector, Crk-WT, or Crk-Y222F were infected with
S.flexneri strains ATCC® serotype 2a (black bars) or 2457T (gray
bars), and bacterial uptake was measured by the gentamicin protection
assay. Results shown correspond to three independent experiments,
each performed in triplicate.

Abl and Arg. In Abl/Arg-expressing cells, Shigella
infection increased Rac and Cdc42 activities, peaking at
an average of 3.7- and 1.5-fold, respectively, over
uninfected cells. In contrast, this increase in Rac and
Cdc42 activity was not observed in cells lacking Abl and
Arg (Figure 5A and B). These data suggest that the Abl
family kinases mediate the activation of the Rho family
GTPases during Shigella infection. A prediction from this
finding is that expression of activated forms of Cdc42 and
Rac in cells lacking Abl and Arg would rescue the ability
of the Null cells to engulf bacteria. Indeed, we observed a
dramatic increase in the ability of the Null cells to
internalize Shigella in the presence of activated Cdc42 and
Rac (Figure 5C and D). These data demonstrate that
activation of the Rho family GTPases can compensate for
the loss of Abl and Arg during Shigella infection. Since
Crk phosphorylation by the Abl family kinases is a major
signaling event regulating bacterial uptake (Figure 4D),
we examined whether the Crk-Y221F mutant had an effect
on the activation of Rac and Cdc42 during Shigella
infection. Indeed, Crk-Y221F expression reduced Cdc42
and Rac activation by 32 and 66%, respectively, while
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Fig. 5. The Abl kinases act upstream of activation of Cdc42 and Rac
during Shigella infection. (A) Cells lacking (Null) or re-expressing Abl
and Arg (Abl/Arg) were infected with S.flexneri 2457T for noted times.
Lysates were incubated with GST-PBD to precipitate GTP-bound
Cdc42 and Rac, and the bound proteins were analyzed by immuno-
blotting with anti-Rac and anti-Cdc42 (upper panels). Cellular lysates
were examined by immunoblotting with anti-Rac and anti-Cdc42
(lower panels). (B) The GST-PBD binding assays to assess Rac (upper
panel) or Cdc42 (lower panel) activation in the Null and Abl/Arg cells
were quantitated by densitometry. Results correspond to three inde-
pendent experiments. (C) Activated forms of Cdc42 and Rac (Cdc42-
V12 and Rac-V12) were introduced into cells lacking Abl and Arg.
Expression of Abl and Arg was analyzed by western blotting with anti-
Abl 8E9 (upper panel). Expression of myc-tagged Cdc42-V12 and Rac-
V12 was analyzed by immunoblotting with anti-myc (middle panel).
Anti-B-tubulin immunoblotting was used to assess equal protein loading
(lower panel). (D) Null, Abl/Arg and Null cells expressing Cdc42-V12,
and Rac-V12 were infected with S.flexneri, and bacterial uptake was
analyzed by the gentamicin protection assay. Results represent three
independent experiments, each performed in triplicate. (E) NIH-3T3
cells expressing MIGR1 vector, Crk-WT or Crk-Y222F were infected
with S.flexneri 2457T for 30 min, and analyzed for Cdc42 and Rac
activities using the GST-PBD binding assay, as in (A). (F) The GST—
PBD binding assays to assess Cdc42 or Rac activities in cells expres-
sing Crk-WT or Crk-Y222F were quantitated by densitometry. Results
correspond to three independent experiments.

expression of Crk-WT had no significant effect (Figure SE
and F). Taken together, these observations define a
signaling pathway activated during Shigella infection
that connects the Abl family kinases to tyrosine
phosphorylation of Crk and to the activation of Rac and
Cdc42.

Abl kinases are required for infection by Shigella
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Fig. 6. Abl, Arg, and Crk localize to the site of bacterial entry.
(A) HeLa cells were transfected with EGFP vector, EGFP-Abl, EYFP-
Arg or EGFP-Crk, as noted. Cells were lysed and analyzed for fusion
protein expression by immunoblotting with anti-GFP (upper panels).
Anti-B-tubulin immunoblotting was used to assess equal protein loading
(lower panel). (B) HeLa cells expressing EGFP vector, EGFP-Ab],
EYFP-Arg, or EGFP-Crk were infected with S.flexneri for 30 min, and
analyzed by immunofluorescence microscopy. Sites of bacterial entry
were identified by staining the bacteria with DAPI (data not shown)
and staining the actin foci with rhodamine—phalloidin (red, left panels).
Abl, Arg and Crk localization was performed by staining with anti-GFP
(green, middle panels). These images were merged to show co-localiza-
tion of Abl, Arg and Crk with the focus of actin at the site of bacterial
entry (yellow, right panels). The sites of actin foci formation and co-
localization with Abl, Arg and Crk are noted by the arrowheads.
Calibration bar (shown in the right panel only) = 50 pm.

Abl, Arg and Crk localize to the sites of Shigella
entry within the host cell

We have identified a novel signaling pathway activated
during Shigella infection that involves the Abl family
kinases and the adapter protein Crk. To visualize the
participation of these signaling molecules in Shigella
internalization, we used immunofluorescence microscopy
to localize Abl, Arg and Crk to sites of bacterial entry. At
the onset of Shigella infection, the activation of host cell
signaling pathways results in the formation of actin foci at
sites of bacterial entry (Adam et al., 1995). Co-localization
with these large clusters of actin has been used to implicate
a number of host cell signaling molecules in Shigella
uptake, including Src and the Rho family GTPases (Dehio
et al., 1995; Adam et al., 1996; Mounier et al., 1999;
Dumenil et al., 2000). We used a similar approach to
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localize Abl, Arg and Crk to sites of bacterial entry,
employing fluorescently-tagged versions of these signal-
ing proteins. HeLa cells were transfected with EGFP
vector, EGFP—Abl, EYFP-Arg or EGFP-Crk (Figure 6A),
and infected with S.flexneri 2457T prior to fixation. The
cells were immunostained with DAPI to localize the
bacteria (data not shown), thodamine—phalloidin to label
the actin (Figure 6B, left panels) and anti-GFP to label the
EGFP/EYFP-tagged proteins (Figure 6B, middle panels).
Abl and Arg both localized at the cell periphery, and were
concentrated at sites of bacterial entry (Figure 6B, middle
and right panels). Crk localized to the cell periphery in a
more punctate pattern, and was also enriched at the actin
foci (Figure 6B, middle and right panels). These patterns
of localization were not observed in cells expressing GFP
alone, demonstrating that the localization of Abl, Arg and
Crk was specific (Figure 6B, uppermost panels). The
findings that the Abl kinases and Crk localize to sites of
bacterial entry provide further support for a role of these
signaling molecules in Shigella internalization.

Discussion

This study reveals a novel role for the Abl tyrosine kinases
in bacterial pathogenesis. Here we demonstrate a require-
ment for the Abl family of tyrosine kinases in the cellular
uptake of S.flexneri. Additionally, the Abl kinases are
catalytically activated during the initial stages of Shigella
infection, and mediate the tyrosine phosphorylation of the
adapter protein Crk, an event that contributes to efficient
Shigella uptake. We have also demonstrated that Abl
family kinases and Crk accumulate at the site of bacterial
entry. Moreover, we define a signaling pathway triggered
by bacterial infection, that leads to the catalytic activation
of Abl and Arg tyrosine kinases, phosphorylation of Crk,
and activation of the Rho family GTPases Cdc42 and Rac.

Previously, the cytoplasmic pool of Abl and Arg has
been implicated in signaling pathways downstream of
growth factor receptors, such as PDGF (Plattner er al.,
1999). The signaling pathways activated during the initial
stages of infection by S.flexneri are strikingly similar to
those involved in growth factor receptor signaling. Src is
activated by both growth factor stimulation and S.flexneri
infection, as are the Rho family GTPases (Dumenil ef al.,
1998; Mounier et al., 1999). In this study, we demonstrate
that the Abl kinase, another component of the PDGF
receptor signaling pathway, is also activated during
Shigella infection. Following stimulation of the PDGF
receptor, Abl activity increases 3-fold (Plattner et al.,
1999), which is similar to the level of activation of both
Abl and Arg during Shigella infection (Figure 3A). This
increase in Abl kinase activity is likely to reflect the
localized activation of Abl kinases at specific subcellular
compartments, such as the site of bacterial entry, or at the
membrane in growth factor-stimulated cells. Cells lacking
Abl exhibit a dramatic reduction in membrane ruffling in
response to PDGF, indicating that small changes in overall
Abl kinase activity are sufficient to mediate the cellular
response to extracellular stimuli (Plattner et al., 1999).
Here, we have shown that the induction of Abl and Arg
kinase activity is essential for efficient Shigella infection,
since disruption of these kinases either by targeted deletion
or pharmacological inhibition interferes with bacterial
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uptake. A recent manuscript has provided further support
for the requirement of Abl kinase activity during Shigella
invasion, by reporting that inhibition of PLCy, a down-
stream target of the PDGF receptor, with the PLCy
inhibitor U73122 blocks signaling pathways induced
during Shigella invasion (Tran Van Nhieu et al., 2003).
Our laboratory recently identified a link between PLCy and
Abl kinase activation, and demonstrated that the U73122
inhibitor blocks the catalytic activation of Abl following
stimulation of the PDGF receptor (Plattner et al., 2003).
These observations further support a link between the Abl
family kinases and signaling events that occur during
Shigella infection.

We have identified the adapter protein Crk as a
downstream target of Abl and Arg kinase activity during
Shigella infection. Phosphorylation of Crk at tyrosine 221
by Abl during cell spreading and migration has been well
documented (Escalante et al., 2000; Kain and Klemke,
2001). Prior to our findings, Crk had not been identified as
a target of tyrosine kinases during Shigella infection. The
fact that this site remains unphosphorylated in cells
lacking the Abl family kinases demonstrates that Crk is
a major target of Abl and Arg during Shigella infection
(Figure 4A). Additionally, we have shown that phos-
phorylation of Crk by Abl kinases promotes Shigella
internalization, since expression of a Crk mutant that can
no longer be phosphorylated by Abl causes a reduction in
bacterial uptake. Previous studies have demonstrated that
Crk mediates the activation of Rac downstream of growth
factors and integrins, and that expression of dominant
negative mutants of Crk inhibits Rac-dependent cell
processes such as cell migration and lamellipodia forma-
tion (Abassi and Vuori, 2002). Here, we provide a new link
between Crk phosphorylation and activation of the Rho
GTPases, by showing that the Crk-Y221F mutant inhibits
Rac and Cdc42 activation during Shigella infection
(Figure 5). Our data suggest that Crk is a component of
the host cell signaling pathway that mediates bacterial
uptake, linking upstream signals from the Abl kinases to
GTPases during Shigella infection.

Previous studies using genetics and cell biology have
suggested links between the Abl kinases and cellular
processes regulated by the Rho family GTPases Rac and
Cdc42 (Plattner et al., 1999, 2003; Pendergast, 2002).
However, these studies did not show a requirement for the
Abl kinases in the activation of Rac and Cdc42 in response
to extracellular stimuli. Here, we demonstrate that the Abl
family kinases are required for the activation of Rac and
Cdc42 during cellular infection by S.flexneri. Cells lacking
Abl and Arg are unable to activate endogenous Rac and
Cdc42 in response to Shigella infection. In contrast, cells
expressing Abl and Arg exhibit a 3.7- and 1.5-fold
activation of Rac and Cdc42, respectively. These increases
are consistent with the 1.7-fold activation of Rac observed
following stimulation of the PDGF receptor (Hawkins
et al., 1995). Previous studies have demonstrated a
requirement for Rac and Cdc42 during Shigella uptake
using expression dominant negative mutants, but acti-
vation of the endogenous GTPases was not determined
(Mounier et al., 1999; Dumenil et al., 2000). Here, we
measure the activation of endogenous Rac and Cdc42
during Shigella infection, and demonstrate that the Abl
kinases mediate this response. Furthermore, we show that



expression of activated Rac and Cdc42 can rescue the
ability of cells lacking Abl and Arg to engulf S.flexneri. In
contrast, expression of these mutants in wild-type cells has
no effect on Shigella uptake (data not shown), consistent
with previous findings (Mounier et al., 1999). Expression
of the activated GTPases in the Null cells may compensate
for the lack of inducible Rac and Cdc42 activity exhibited
by cells lacking Abl and Arg (Figure 5). Together, these
observations indicate that Abl and Arg are upstream
components in the signaling pathway regulating the
activation of Cdc42 and Rac. Indeed, the requirement for
Abl and Arg during Shigella entry is similar to that of Rac
and Cdc42. Expression of dominant negative forms of Rac
and Cdc42 in HeLa cells reduced the levels of Shigella
internalization by 68-74% (Mounier et al., 1999).
Similarly, MEFs derived from Cdc42 knockout mice
exhibit a 68-85% reduction in Shigella entry, compared
with wild-type fibroblasts (Shibata ef al., 2002). Abl/Arg-
null fibroblasts exhibit a 79-93% decrease in Shigella
infection, depending on the strain employed. While the
activities of both Rac and Cdc42 have been shown to be
required for the uptake of S.flexneri, the mechanism of
their activation has not been fully explored (Mounier et al.,
1999). The data presented here support a model whereby
activation of the Rho family GTPases during Shigella
internalization is preceded by the activation of the Abl
family kinases, and the tyrosine phosphorylation of Crk.

The requirement for Abl and Arg during S.flexneri
infection suggests that these kinases could be potential
targets for antimicrobial therapy. Antibiotic resistance to
shigellae is widespread, and the development of novel
strategies to treat shigellosis is imperative (Sack et al.,
1997). Our findings suggest that inhibition of Abl and Arg
with STIS71 may be used as novel strategy to treat
Shigella infections. STI571, also known as Gleevec™, was
approved by the Federal Drug Administration in 2001, and
has been successful in the treatment of Bcr-Abl-positive
chronic myelogenous leukemia patients with minimal side
effects (Druker et al., 2001). Inhibition of the Abl kinases
represents a unique approach to antimicrobial therapy, as it
targets host cell proteins, rather than the infectious agent
itself. This potential strategy for antimicrobial treatment
awaits further inquiry.

Materials and methods

Bacterial strains and infections

The S.flexneri serotype 2a strain was obtained from the American Type
Culture Collection. The S.flexneri 2457T strain was a generous gift from
M.Goldberg (Harvard University). The non-invasive strain was created
by plasmid curing the 2457T strain at 4°C for three months, isolating
white colonies on Congo Red agar plates, and analyzing the strain for
HeLa cell infectivity and presence of the virulence plasmid
(Supplementary figure 2). All strains were grown on tryptic soy broth
(TSB) agar plates and liquid cultures. For infection, overnight cultures of
S.flexneri were grown in TSB, diluted 1:100, and grown to mid-
logarithmic phase (ODggg = 0.3).

Antibodies and chemical reagents

Anti-Arg antiserum was generated by injection of rabbits with a peptide
comprised of a sequence wunique to the Arg C-terminus
(DKDRPRRVKPK). The following antibodies were obtained from
commercial sources: anti-Abl 8E9 (BD Pharmingen), anti-Abl K12,
anti-GFP, anti-myc 9E10, anti-Src, horseradish peroxidase-linked goat
anti-mouse IgG (Santa Cruz Biotechnology), anti-Cdc42, anti-Crk,
anti-Rac  (BD Transduction Laboratories), anti-Shigella (Maine
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Biotechnology Services), anti-phospho-Crk Y221 (Cell Signaling
Technology), anti-phosphotyrosine (Upstate Biotechnology), anti-phos-
pho-Src Y418 (Biosource), anti-B-tubulin (Sigma). Protein A-Sepharose,
Protein G—Sepharose, horseradish peroxidase-linked protein A, and the
ECL western blotting reagents were obtained from Amersham
Biosciences. Rhodamine—phalloidin, DAPI, and Cy2- and Cy3-conju-
gated secondary antibodies were obtained from Molecular Probes.
STI571 was a generous gift from B. Druker (Oregon Health Sciences
University).

DNA constructs

The pCan-Cdc42-V12 and pExv-Rac-V12 constructs were provided by A.
Abo (Onyx Pharmaceuticals). The Cdc42 and Rac coding sequences were
subcloned into the bicistronic retroviral vector MIGR1 (Pear et al., 1998).
The MIGR1-c-Abl construct was previously described (Plattner et al.,
1999). The PK1-Arg expression construct was previously described
(Plattner et al., 2003). The chicken Crk constructs were a generous gift of
R. Tsien (University of California, San Diego). The Crk coding sequences
were amplified by PCR and subcloned into MIGR1 and pEGFP
(Clontech). The GST-PBD construct was provided by K. Burridge
(University of North Carolina). The EGFP—ADbI construct was provided
by J.V. Small (Austrian Academy of Sciences). The EYFP—Arg construct
(Wang et al., 2001) was provided by A. Koleske (Yale University).

Cell culture

MEFs from mice doubly null for Abl and Arg were kindly provided by A.
Koleske (Yale University), and were maintained in Dulbecco’s modified
eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) (Koleske et al., 1998). PK1-Arg was introduced into the MEFs by
transfection and selection of a puromycin-resistant population. MIGR1
vector and MIGR1-c-Abl were introduced into null or Arg-expressing
MEFs by retroviral infection, as described (Plattner et al., 2003). MIGR1-
Cdc42-V12 and MIGR1-Rac-V12 were introduced into the MEFs by
retroviral infection, and GFP-positive cells were selected, as described
(Plattner et al., 1999). HeLa cells were obtained from the Cell Culture
Facility at the Duke Comprehensive Cancer Center, and were maintained
in DMEM supplemented with 10% FBS. NIH-3T3 cells were provided by
C. Der (University of North Carolina), and were maintained in DMEM
supplemented by 10% calf serum (Hyclone). MIGR1-Crk constructs were
introduced into NIH-3T3 cells by retroviral infection, as described
(Plattner et al., 1999). HeLa cells were transfected using Lipofectamine
(Invitrogen) according to the manufacturer’s instructions.

Invasion assays

The gentamicin protection assay was performed as described
(Elsinghorst, 1994). Briefly, mid-logarithmic phase bacteria were
pelleted, and resuspended in DMEM containing 10% FBS and 50 mM
HEPES pH 7.3. The bacteria were overlayed onto a cell monolayer at a
multiplicity of infection of 50, and the infection was initiated by
centrifuging the plates at 700 g for 10 min. The plates were transferred to
a 37°C incubator for a 30-120 min invasion incubation. The cell
monolayers were washed, and media containing 50 pg/ml gentamicin was
added for 2 h. The cells were lysed with 1% Triton X-100, and diluted
lysates were plated on TSB agar plates. The results presented are
compiled from three independent experiments, each performed in
triplicate. Shigella uptake was measured by dividing the number of
internalized bacteria by the number of input bacteria (c.f.u./input). The
fold uptake is a normalization of this calculation for each cell type or
experimental condition. Analysis of invasion by immunofluorescence
microscopy was performed as described (Shibata et al., 2002).

Immunoprecipitation and in vitro kinase assays
Mid-logarithmic phase bacteria were resuspended in serum-free DMEM
containing 50 mM HEPES pH 7.3 and overlayed onto a cell monolayer.
The plates were incubated at room temperature for 10 min, and
transferred to a 37°C incubator for noted times. The O timepoint
represents cells that were incubated with bacteria at room temperature for
10 min, but not transferred to 37°C. The cells were washed with cold PBS,
and lysed as for the in vitro kinase assay (Plattner et al., 1999). Lysates
were incubated with noted antibodies, and immunoprecipitated with
protein A- or protein G—Sepharose. To infect cells for the in vitro kinase
assay, bacteria were resuspended as above, overlayed onto a cell
monolayer, and centrifuged at 700 g for 10 min. The plates were
transferred to a 37°C incubator for the noted times, and processed for use
in the in vitro kinase assay, as described (Plattner et al., 1999).
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Cdc42 and Rac activation assays

The GST-PBD binding assay to assess endogenous Cdc42 and Rac
activation was essentially performed as described (Bagrodia et al., 1998).
In brief, the cells were infected with S.flexneri 2457T for 0-30 min as
described above, washed with cold HEPES-buffered saline (HBS), and
lysed in a modified RIPA buffer (1% NP-40, 500 mM NacCl, 0.5% DOC,
0.1% SDS, 50 mM Tris pH 8.0, 10 mM MgCl,) containing protease and
phosphatase inhibitors. Equal amounts of lysate were incubated with 20
wg GST-PBD for 30 min, and the beads were washed 3-5 times with HBS
wash buffer (1% NP-40, 120 mM NaCl, 20 mM HEPES, 10 mM MgCl,).
The samples were separated by SDS—-PAGE, transferred to nitrocellulose
and immunoblotted with either anti-Rac or anti-Cdc42. Cell lysates were
examined by immunoblotting to demonstrate equal levels of total Rac and
Cdc42 for each sample. Rac and Cdc42 activities were analyzed using
densitometry and quantitated using ImageQuant software.

Immunofluorescence microscopy

Cells plated on coverslips were infected with S.flexneri 2457T as
described, washed with ice-cold PBS, and fixed in 4% paraformaldehyde.
Cells were lysed in 0.5% Triton X-100 in 4% paraformaldehyde, washed
with PBS, and incubated in block (2% BSA in PBS). Antibodies were
diluted in block as follows: anti-GFP (1:100), anti-Shigella (1:20 000),
rhodamine—phalloidin (1:1000), DAPI (1:100 000), Cy2-anti-mouse
secondary (1:100), Cy3-anti-rabbit secondary (1:2000). Samples were
viewed at 63X magnification on a Zeiss Axioskop microscope, and
analyzed using Metamorph software (Universal Imaging).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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