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ABSTRACT The entry of Salmonella typhimurium into
nonphagocytic cells requires a panel of bacterial effector proteins
that are delivered to the host cell via a type III secretion system.
These proteins modulate host–cell signal-transduction pathways
and the actin cytoskeleton to induce membrane ruffling and
bacterial internalization. One of these bacterial effectors, termed
SipA, is an actin-binding protein that is required for efficient
Salmonella entry into host cells. We report here that SipA forms
a complex with T-plastin on bacterial infection. Formation of
such a complex, which requires the presence of F-actin, results in
a marked increase in the actin-bundling activity of T-plastin. We
also report that T-plastin is recruited to S. typhimurium-induced
membrane ruffles by a CDC42-dependent signaling process and
is required for bacterial entry. We propose that modulation of the
actin-bundling activity of T-plastin by SipA results in the stabi-
lization of the actin filaments at the point of bacterial–host cell
contact, which leads to more efficient Salmonella internalization.

Microbial pathogens have evolved sophisticated mechanisms to
interact with their hosts. This is particularly true for pathogens
such as Salmonella spp. that have had a long-standing association
with their hosts (1). These bacteria are the cause of a variety of
diseases ranging from localized gastroenteritis (e.g., food poison-
ing) to more life-threatening illnesses such as typhoid fever.
Central to the pathogenicity of Salmonella spp. is their ability to
gain access to nonphagocytic cells (2). This process requires a
panel of bacterial proteins that are delivered to the host cell via
a type III protein secretion system (2). These effector proteins
trigger host-cell signaling pathways resulting in profuse actin
cytoskeleton rearrangements and membrane ruffles at the point
of bacterial–host cell contact that ultimately leads to bacterial
uptake (3–5).

Recent studies have provided significant insights into the
host-cell signaling events leading to bacterial uptake. Contact of
Salmonella typhimurium with host cells results in rapid calcium
fluxes and the production of arachidonic acid metabolites that are
required for Salmonella-induced cytoskeletal reorganization (6).
In addition, the GTP-binding proteins CDC42 and Rac-1 play an
essential role in the signaling events leading to bacterial inter-
nalization (7).

Although several substrate proteins of the invasion-associated
type III secretion system have been identified (8–15), it is not
known how many of these proteins are directly involved in
modulating host cellular functions. A number of secreted proteins
have been implicated in playing a role in either protein secretion
or protein translocation into the host cell (16, 17). In contrast,
other secreted proteins play no role in these processes and are
therefore likely candidates to have effector function inside the
host cell. One such protein, SopE, has recently been shown to

function as an activator of small GTPases of the Rho subfamily
such as CDC42 and Rac-1 (18). Another secreted protein, SipA,
(10), fits the criteria for a candidate effector protein in S.
typhimurium. This protein shares some amino acid sequence
similarity to IpaA, a Shigella spp. protein that has been shown to
modulate bacterial entry into epithelial cells by binding to vinculin
(19). We have recently reported that SipA also enhances bacterial
entry. However, the Salmonella protein exerts its effect by binding
directly to actin, resulting in a significant decrease in the critical
concentration required for actin polymerization as well as a
marked inhibition of actin depolymerization (20). We report here
that an additional mechanism by which SipA modulates S.
typhimurium entry into cultured epithelial cells involves the
complexing of SipA with the actin-bundling protein T-plastin.
Formation of such a complex results in a significant increase in
the actin-bundling activity of T-plastin, thus leading to more
efficient bacterial uptake.

MATERIALS AND METHODS
Bacterial Strains and Quantitation of Bacterial Entry. The

wild-type S. typhimurium strain SL1344 and its sipA mutant
derivative SB848 have been described (20, 21). Salmonella inter-
nalization into HeLa cells was measured as described (7).

Construction of Plasmids and Transfection of Eukaryotic
Cells. A plasmid carrying the full-length cDNA encoding human
T plastin was kindly provided by Paul Matsudaira (Massachusetts
Institute of Technology, Cambridge, MA). A hemagglutinin
(HA) epitope-tagged derivative of human T-plastin was con-
structed by fusing the entire T-plastin coding sequence to the HA
tag by using the tagging vector pJ3H (22). A dominant-negative
HA-tagged form of human T-plastin was constructed by cloning
the coding sequence of its N-terminal half (residues 1–381) into
pJ3H. His-tagged T-plastin was constructed by fusing the entire
T-plastin-coding region into the His-tagging vector pQE30 (Qia-
gen, Chatsworth, CA). Plasmids expressing glutathione S-
transferase (GST)-SopE (18), GST-SipA (20) or the dominant-
negative mutant form of CDC42Hs (CDC42HsN17) (7) have
been described. Transfection of COS-1 cells was carried out as
described (23).

Yeast Two-Hybrid Screen. The Gal4-based yeast two-hybrid
system was used following standard procedures (24). The bait
plasmid (pSB1009) was constructed by fusing the entire coding
sequence for SipA without the start codon to the yeast Gal4
binding domain in pGBT9c (24). A HeLa cell cDNA library,
which was constructed by oligo(dT)-priming in pGADGH
(CLONTECH), was kindly provided by Xosé Bustelo (State
University of New York, Stony Brook). A total of 4 3 107

transformants were screened in the yeast indicator strain Y153 by
using the cotransformation protocol as described (CLON-
TECH). Of 18 putative positive clones, 1 (pSB1014) had b-ga-
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lactosidase activity that was significantly higher than the back-
ground and met all of the standard two-hybrid specificity tests.
Sequencing analysis of the insert in pSB1014 revealed that it
contains the C-terminal half of human T-plastin (residues 330 to
630) and a 1.6-kilobase untranslated DNA fragment at the 39 end.
The presence of a long untranslated region in the T-plastin
message has been reported (25).

A series of SipA deletions was constructed by using either
restriction enzyme digestion or PCR. Plasmid pAAB421, which
encodes full-length actin fused to the Gal4 activation domain was
kindly provided by Alison Adams (University of Arizona, Tucson,
AZ). Levels of b-galactosidase activity were measured by using
the Miller assay (57).

Purification of Recombinant Proteins from Escherichia coli.
GST, GST-SipA and GST-SopE proteins were purified as de-
scribed (26) by using Glutathione Sepharose 4B (Amersham
Pharmacia). To purify proteins free of the GST domains, fusion
proteins were cleaved by adding thrombin (Sigma), which was
subsequently removed by running the sample through a benza-
midine Sepharose 6B affinity column (Amersham Pharmacia).
His-tagged T-plastin protein was expressed in Escherichia coli
strain BL21 and purified by using Ni-NTA agarose (Qiagen,
Chatsworth, CA). All purified proteins were dialyzed extensively
and resuspended in Dulbecco’s PBS with 1 mM DTT.

GST Pull-Down and Coimmunoprecipitation Assays. GST
pull-down and coimmunoprecipitation assays were carried out as
described (22). Plastin, actin, a-actinin, and vinculin were de-
tected by Western blotting by using rabbit anti-plastin (kindly
provided by Paul Matsudaira, Massachusetts Institute of Tech-
nology, Cambridge, MA), rabbit anti a-actinin or mouse mono-
clonal anti-vinculin or anti-actin antibodies (Sigma). When indi-
cated, latrunculin A (Molecular Probes) was added at a final
concentration of 10 mgyml.

Actin-Bundling Assay. Actin-bundling activity of plastin was
determined by using the low-speed differential centrifugation
assay as described (27). All samples and solutions were precleared
at 12,000 3 g for 15 minutes before being added to the reaction.
To investigate the effect of SipA on the bundling activity of T-
plastin, we first determined the minimum amount of T-plastin
capable of bundling F-actin under our assay conditions. We next
determined the minimum amount of SipA necessary to promote
actin-bundling activity of T-plastin (0.055 mM), which by itself was
not capable of bundling actin. A concentration of SipA (1.5 mM)
that gave the maximum bundling activity was chosen for all of the
subsequent assays. SipA protein was incubated at room temper-
ature for 15 minutes with varying amounts of T-plastin and
precleared at 12,000 3 g for 15 minutes before being added to the
reaction. The bundling reaction contained 50 mM sodium phos-
phate buffer (pH 7.0), 100 mM KCl, 0.1 mM ATP, 0.5 mM
EGTA, 1 mM MgCl2, and 4.4 mM rabbit skeletal muscle G-actin
(Cytoskeleton, Denver) in a total volume of 50 ml. The final
mixture was incubated at room temperature for 90 minutes to
allow bundle formation. Samples were centrifuged at 12,000 3 g
for 15 minutes, and supernatants were separated from pellets.
The proteins in the supernatants and the pellets were separated
on SDSy10% PAGE gels and stained with brilliant blue R-250
(Sigma), and the relative amounts of actin in each fraction (pellet
and supernatant) were estimated by scanning densitometry. To
examine the effect of SipA on the bundling activity of T-plastin
by electron microscopy, F-actin (2 mM) was incubated with
different concentrations of His-tagged T-plastin in the presence
or absence of SipA (2 mM) in actin polymerization buffer (20 mM
Pipes, pH 7.0y75 mM KCly2 mM MgCl2y0.1 mM EGTAy0.1 mM
DTTy0.05 mM ATP). The mixture was incubated for 30 minutes
to allow bundle formation at room temperature. Samples were
negatively stained with 1% uranyl acetate and mounted onto glow
discharge grids, which were nitrocellulose- and carbon-coated.

RESULTS
SipA Interacts with T-Plastin in a Yeast Two-Hybrid Screen of

a HeLa Cell cDNA library. To identify host cellular proteins that
interact with SipA, we conducted a yeast two-hybrid screen (28)
of a HeLa cell cDNA library by using a fusion of the DNA-
binding domain of Gal4 and SipA (Gal4-SipA) as bait. A clone
was identified encoding the last 300 aa of T-plastin (fimbrin),
which specifically interacts with the Gal4-SipA chimeric protein.
T-plastin is a member of the highly conserved plastinyfimbrin
family of actin-binding proteins, which also includes the isoforms
L- and I-plastin (25, 29–33). All isoforms of plastin have the
ability to cross-link F-actin in very tight parallel bundles (27, 30,
34, 35). Although plastin (fimbrin, I-plastin) was first described as
a component of the microvilli of intestinal epithelial cells, it is also
prominently associated with actin microfilaments in membrane
ruffles, filopodia, stereocilia, and cell adhesion sites of a variety
of cell types (32, 33, 35–37). Deletion analysis determined that the
last 226 aa of SipA were necessary and sufficient to mediate its
interaction with T-plastin in the yeast two-hybrid assay (Fig. 1).

Interaction of SipA with T-plastin in Vivo and in Vitro. We
analyzed the interaction between SipA and plastin by several in
vitro and in vivo binding assays. HeLa cell lysates were incubated
with either purified GST-SipA or GST-SopE (as negative con-
trol) immobilized on glutathione-agarose beads. Plastin readily
bound to beads coated with GST-SipA but not to beads coated
with GST-SopE (Fig. 2A). Consistent with previous results (38),
GST-SipA, but not GST-SopE pulled down F-actin (Fig. 2A).

We examined whether SipA interacts with plastin during S.
typhimurium infection. HeLa cells were infected with wild-type S.
typhimurium or an isogenic sipA mutant strain, and the interac-
tion of SipA and plastin was investigated by coimmunoprecipi-
tation analysis of cell lysates. Plastin was detected in SipA
immunoprecipitates of cells infected with wild-type S. typhi-
murium but not in immunoprecipitates of uninfected cells or cells
infected with the sipA mutant strain (Fig. 2B). In contrast, other
actin-binding proteins such as a-actinin and vinculin were not
detected in the immunoprecipitated complex, indicating that only
a subset of actin-binding proteins are able to associate with the
SipA-actin complex after Salmonella infection (Fig. 2B).

Interaction of SipA with T-plastin Is Mediated by F-Actin. To
test whether SipA binds plastin directly, we used a GST pull-down
assay by using proteins purified from E. coli. Purified His-tagged
T-plastin was incubated with purified GST-SipA or GST alone.

FIG. 1. Interaction of SipA with T-Plastin and actin in the yeast
two-hybrid system. Plasmids expressing different truncated forms of
SipA (stippled box) fused to the Gal4-binding domain (hatched box)
as indicated were transformed into a yeast indicator strain expressing
a fusion between the Gal4 activation domain and the C-terminal 300
aa of human T-plastin (pSB1014) or the entire yeast actin (pAAB421).
The b-galactosidase activity is expressed in Miller units.
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As shown in Fig. 3A, GST-SipA did not bind to T-plastin under
these assay conditions. We also failed to detect direct binding of
SipA to plastin by using a gel overlay assay of HeLa cell lysates
(data not shown). Taken together, these results indicate that SipA
most likely does not bind to plastin directly. Therefore, complex
formation between SipA and T-plastin probably occurs through
the interaction of SipA with another plastin-binding protein.

A well characterized property of the plastinyfimbrin family of
proteins is the ability to bind and bundle F-actin (33). We have
previously shown that SipA is able to bind F-actin (20). We
therefore investigated the possibility that SipA may form a
complex with plastin in the presence of F-actin. We carried out
a GST-SipA pull-down assay in the presence or absence of F-actin
by using extracts of E. coli expressing human T-plastin. As
previously shown, GST-SipA was able to pull down F-actin (Fig.
3B). In addition, SipA was able to pull down plastin from E. coli
extracts in the presence but not in the absence of F-actin (Fig. 3B).
In contrast, the control protein GST-SopE was not able to pull
down T-plastin either in the presence or in the absence of F-actin
(Fig. 3B). To further confirm that the formation of the SipA-
plastin complex depends on F-actin, GST-SipA pull-down exper-
iments were carried out in the presence of latrunculin A, a marine
toxin that disrupts actin filaments (39). Addition of latrunculin A
disrupted the interaction of GST-SipA with actin either in E. coli

extracts (Fig. 3B) or in HeLa cell lysates (Fig. 2A). Furthermore,
latrunctulin A prevented the interaction of GST-SipA with
plastin both in E. coli (Fig. 3B) or HeLa cell extracts (Fig. 2A).
These results indicate that the formation of the SipA-plastin
complex is mediated by F-actin. This is further supported by the
observation that the minimum domain of SipA required for its
interaction with plastin in the yeast two-hybrid assay completely
overlaps with the minimal domain required for its interaction
with actin (Fig. 1).

SipA Enhances the Actin-Bundling Activity of T-Plastin. The
requirement of SipA for efficient actin cytoskeleton rearrange-
ments and bacterial entry into cultured cells (20) coupled to its
ability to interact with T-plastin suggested that SipA may exert its
function not only by stabilizing actin filaments but also by
modulating the actin-bundling activity of T-plastin. To test
whether SipA affects the actin-bundling activity of T-plastin, we
used a low-speed cosedimentation actin-bundling assay. At low
speeds (12,000 3 g), F-actin remains in the supernatant unless
present in highly cross-linked bundles (27, 40–42). As shown in
Fig. 4 A and D, no significant amount of actin was detected in the
low-speed centrifugation pellet when the concentration of plastin
was ,0.3 mM. However, when the concentration of plastin was
increased to 0.5 mM, '50% of the actin present in the reaction
was recovered in the low-speed centrifugation pellet (Fig. 4 A and
D). Addition of SipA to the reaction significantly increased the
bundling-activity of plastin. In the presence of SipA, .50% of F-
actin was recovered in the low-speed centrifugation pellet even at
a concentration of T-plastin (0.25 mM) that was below the
minimum required for detectable actin-bundling activity of T-
plastin in the absence of SipA (Fig. 4 B and D). Consistent with
previous observations (20), no actin was recovered in the low-
speed centrifugation pellet, indicating that SipA alone has no
bundling-activity in the absence of T-plastin (Fig. 4 B and D).

FIG. 2. Interaction of SipA with plastin in vivo and in vitro. (A)
Interaction of SipA with plastin examined with a GST pull-down assay.
The presence of actin and plastin bound to the GST-SipA beads
(Pellet), unbound in HeLa cell extracts (Post), or before the pull-down
(Pre) was detected by immunoblot with an anti-actin (Upper) or
anti-plastin (Lower) antibody. (B) SipA-plastin complex formation in
vivo. HeLa cells were infected with either wild-type S. typhimurium or
the sipA mutant strain, and the interaction in cell lysates between SipA
and actin, plastin, a-actinin, or vinculin was investigated by coimmu-
noprecipitation analysis. IP, immunoprecipitate.

FIG. 3. (A) SipA does not bind to T-plastin directly. Purified
T-plastin was incubated with purified GST-SipA or GST alone, and the
presence of T-plastin bound to the GST-SipA beads was examined by
Coomassie blue staining. (B) SipA and T-plastin complex formation
is mediated by F-actin. GST-SipA pull down assay by using extracts of
E. coli expressing human T-plastin in the presence or absence of F-
actin. The presence of actin and plastin bound to the GST-SipA (or
GST-SopE as a control) beads (Pellet) or unbound in the extracts
(Post) or before adding the GST beads (Pre) was probed by immu-
noblot. Experiments were carried out in the presence (1) or in the
absence (2) of latrunculin A.
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Addition of SopE (18), an S. typhimurium-secreted protein that
had been purified in an identical manner to SipA, failed to
increase the bundling-activity of T-plastin when examined by the
same low-speed centrifugation assay. (Fig. 4 C and D). Further-
more, the increased bundling-activity of T-plastin by SipA was
inhibited by elevated Ca21 concentration (Fig. 4E). These results
are consistent with previous observations that the actin-bundling
activity of T-plastin (P. Matsudaira, personal communication) or
its related isoform L-plastin (27) are greatly diminished when
Ca21 levels are .0.25 mM.

We examined the effect of low concentrations of plastin on the
assembly of F-actin bundles in the presence or absence of SipA
by electron microscopy. When F-actin was incubated with low
concentrations of plastin (0.125 mM) under assembly-inducing
conditions, only a meshwork of actin filaments with occasional
aggregates were observed, with no filaments arranged in tight
bundles (Fig. 5C). In contrast, incubation of F-actin with the same
concentration of plastin in the presence of SipA resulted in
abundant bundles of parallel actin filaments (Fig. 5D). This
arrangement closely resembled the organization of actin fila-
ments when actin was incubated with high (0.5 mM) concentra-
tions of T-plastin alone (Fig. 5E). The addition of SipA to
bundling reactions containing high concentrations of plastin did
not further increase the bundling activity, although the bundles
appear to be straighter (Fig. 5F) presumably because of the ability
of SipA to straighten F-actin filaments (22). No bundling was
observed on incubation of F-actin with SipA alone (Fig. 5B).
Taken together, these results demonstrate that SipA significantly
increases the actin-bundling activity of T-plastin.

T-Plastin Is Required for S. typhimurium Entry into Cultured
Cells. The requirement of SipA for efficient S. typhimurium
internalization into nonphagocytic cells coupled to its ability to
modulate the actin-bundling activity of T-plastin prompted us to
investigate the role of T-plastin in Salmonella entry into cultured
cells. COS-1 cells were transiently transfected with plasmids
expressing a dominant negative form of T-plastin (43, 44), and the

ability of S. typhimurium to enter into those cells over time was
examined by using a fluorescence microscopy assay (7). Expres-
sion of a dominant-negative form of T-plastin significantly re-
duced the levels of S. typhimurium internalization (Fig. 6A) when
compared with the vector control (Fig. 6B) or to the transient
expression of wild-type plastin (Fig. 6C). The reduced level of
invasion was more pronounced ('10-fold) after short infection
times but was almost completely overcome after 60 minutes of
infection (Fig. 6C). These results indicate that T-plastin is nec-
essary for efficient S. typhimurium entry into host cells. The
delayed bacterial invasion observed in the presence of dominant-
negative T-plastin is similar to the delayed internalization dis-
played by the sipA-null mutant (20).

T-Plastin Is Recruited to S. typhimurium-Induced Mem-
brane Ruff les. It has been previously shown that plastin is
localized to ruffling membranes (32, 35, 37); therefore, we
investigated whether T-plastin was recruited to the S. typhi-
murium-induced membrane ruffles. COS-1 cells were transfected
with plasmids expressing HA epitope-tagged T-plastin and sub-
sequently infected with different strains of S. typhimurium. T-
plastin was evenly distributed in uninfected cells (Fig. 6F).
However, infection of transfected cells with wild-type S. typhi-
murium but not a type III secretion-defective invA mutant strain
(data not shown) efficiently induced recruitment of T-plastin
(Fig. 6D) to membrane ruffles (Fig. 6E). The S. typhimurium sipA
mutant strain was also capable of inducing the recruitment of
T-plastin to membrane ruffles (data not shown). These results
indicate that SipA is not directly responsible for the recruitment

FIG. 4. Modulation of the actin-bundling activity of T-plastin by SipA.
The bundling activity T-plastin at various concentrations alone (A) or in
the presence of SipA (1.5 mM) (B) or SopE (1.5 mM) (as negative control)
(C) was examined by using a low-speed cosedimentation assay. The
concentration of T-plastin ranged from 1 mM (lane 1) to 0.0625 mM (lane
5) in a series of 1:2 dilutions. The presence of actin in supernatants (S)
or pellets (P) of the cosedimentation assay was determined by Coomassie
blue staining. The quantitation of the experiments in A–C is presented in
D and is expressed as % of the total amount of actin in the reaction that
is present in the pellet fraction. (E) Calcium dependence of the actin-
bundling activity of T-plastin in the presence of SipA. The actin-bundling
activity of T-plastin (0.25 mM) in the presence of SipA (3 mM) was
examined by using a low-speed cosedimentation assay as described above.
The concentration of calcium ranged from 1 mM (lane 1) to 0.03125 mM
(lane 6) in a series of 1:2 dilutions. Samples in lanes 6 of A–C and lane
7 in E represent bundling reactions in the absence of T-plastin and calcium
respectively. Equivalent results were obtained in three repetitions of this
experiment.

FIG. 5. Effect of SipA on the actin-bundling activity of T-plastin
visualized by electron microscopy. Electron micrographs of negatively
stained F-actin (2 mM) incubated with no (A and B), low (0.125 mM; C
and D) or high (0.5 mM; E and F) concentrations of T-plastin in the
presence (B, D, and F) or absence (A, C, and E) of SipA (2 mM). Highly
organized F-actin bundles are visible in the presence of SipA and with low
concentrations of T-plastin (C) which, by itself, does not induce actin-
bundling. Tighter bundles are found in the actin bundles formed in the
presence of SipA and high concentration of T-plastin (D), although the
same concentration of SipA alone (B) had no effect on bundling. (Bar 5
0.1 mm.)
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of T-plastin to membrane ruffles and also suggest that such a
recruitment may be the result of signaling events triggered by
other Salmonella effector proteins. Consistent with this hypoth-
esis, T-plastin was recruited to membrane ruffles induced by the
transient expression in COS cells of sopE, which encodes a
Salmonella effector protein that functions as an exchange factor
for Rho GTPases such as CDC42 (data not shown).

To further investigate the role of S. typhimurium-induced
host-cell signaling in T-plastin recruitment, we examined the
involvement of the small GTP-binding protein CDC42 in this
process (7). CDC42 has been shown to be absolutely required for
S. typhimurium-induced host-cell signaling and membrane ruf-
fling (7). COS-1 cells were cotransfected with plasmids expressing
HA epitope-tagged T-plastin and a dominant-negative mutant of
CDC42Hs (CDC42HsN17). These cells were subsequently in-
fected with wild-type S. typhimurium. Expression of
CDC42HsN17 completely abrogated the bacterially induced re-

distribution of T-plastin (Fig. 6G), indicating that S. typhimurium-
mediated signaling through CDC42 is responsible for the recruit-
ment of T-plastin to membrane ruffles.

DISCUSSION
It is now apparent that microbial pathogens that have had
long-standing associations with their animal or plant hosts have
evolved sophisticated mechanisms to engage them in highly
fine-tuned interactions (1). The interaction of S. typhimurium
with host cells is a remarkable example of these sophisticated
adaptations. Contact of S. typhimurium with host cells results in
the activation of the type III protein secretion and translocation
machinery that directs the delivery of bacterial effector proteins
into the host cell (45, 46). These proteins, in turn, stimulate or
interfere with a variety of host cellular functions. For example,
one of these effector proteins, SopE, activates small GTP-binding
proteins from the Rho subfamily by stimulating GTPyGDP
nucleotide exchange (18). This activation results in actin cytoskel-
eton rearrangements, membrane ruffling, and the stimulation of
nuclear responses. We have shown here that SipA, another target
of the type III protein secretion system (10), is also capable of
modulating the host cellular cytoskeleton to promote efficient
bacterial internalization. Interestingly, SipA exerts its effect by
influencing a completely distinct yet functionally related step in
the cascade of events that leads to membrane ruffling and
bacterial uptake.

Through a yeast two-hybrid screen of a HeLa cell cDNA library
for proteins capable of interacting with SipA, we identified
T-plastin, an actin-binding protein that bundles actin into very
tight parallel bundles (25, 29–33). Further in vitro and in vivo
biochemical assays confirmed that SipA is capable of forming
complexes with T-plastin. However, the interaction between
these two proteins appears to be mediated by F-actin. The
observation that addition of latrunculin A, which disrupts F-
actin, prevented the formation of the SipA-plastin complex
supports this hypothesis. Most likely, actin is also responsible for
bridging the interaction between SipA and T-plastin in the yeast
two-hybrid system.

Differential sedimentation and electron microscopy assays
demonstrated that the formation of the SipA-actin-plastin com-
plex results in a significant increase in the actin-bundling activity
of T-plastin. The activity of actin-bundling proteins, including
plastin have been shown to be modulated by a variety of factors
such as phosphorylation, cytosolic Ca21 levels or the function of
associated actin-binding proteins (40, 41, 47–53). It is not clear
how SipA increases the bundling activity of T-plastin, but it is
possible that by binding actin, SipA may induce a conformational
change in F-actin that facilitates the actin-bundling activity of
T-plastin. This is supported by the observation that in the
presence of SipA, the actin filaments appeared straighter, and the
helical twist and subunit structure along the filament length is
much less obvious than in the absence of SipA (20). However, our
data do not completely exclude the possibility that by binding to
actin, SipA undergoes a conformational change that renders it
able to bind T-plastin, thereby increasing its bundling activity.

At least three isoforms of plastin have been described, I-, L-,
and T-plastin. T-plastin is found in all solid tissues, I-plastin is
mostly found in the brush border of absorptive intestinal and
kidney cells, and L-plastin is found in hematopoeitic cells. Dif-
ferences in primary sequence, tissue distribution, subcellular
localization, and phosphorylation patterns suggest the possibility
of distinct roles for individual plastin isoforms in the organization
of the cytoskeleton (27, 29, 30, 35, 54, 55). Nevertheless, our
results do not address the possibility that SipA may differentially
modulate the bundling activities of different plastin isoforms. In
addition, our data do not address the possibility that SipA may
modulate the activity of other actin-bundling proteins. However,
another actin-bundling protein such as a-actinin was not found in
immune complexes obtained with an anti-SipA antibody from
cells infected with S. typhimurium. These results suggest that the

FIG. 6. Role of T-plastin in S. typhimurium entry into cultured cells.
COS-1 cells were transfected with plasmids encoding HA-epitope-tagged
wild-type human T-plastin (C, E), its dominant-negative form (A and C,
µ), or the same vector encoding the green fluorescent protein (B and C,
Œ). Transfected cells were infected with wild-type S. typhimurium with a
multiplicity of infection of 50 (C). Data presented in C are averages of two
independent experiments. In each experiment, a minimum of 300 COS-1
cells was counted in every category at each time point. Recruitment of
plastin to the S. typhimurium-induced membrane ruffles. COS-1 cells
were transfected with a plasmid encoding an HA-epitope-tagged human
T-plastin either alone (D–F) or together with a plasmid expressing
CDC42HsN17 (5-fold excess) (G). Transfected cells were infected with
wild-type S. typhimurium for 20 minutes (D, E, and G) or left uninfected
(F), and cells were fixed and stained with a monoclonal antibody directed
to the HA epitope tag to visualize T-plastin (green, D, F, and G),
rhodamine phalloidin to visualize F-actin (E), and 49,69-diamidino-2-
phenylindole (DAPI) (E) or rhodamine-labeled anti S. typhimurium O
antigen antibody to stain bacteria (G).

10180 Cell Biology: Zhou et al. Proc. Natl. Acad. Sci. USA 96 (1999)



SipA-actin complex may only associate with a discrete subset of
actin-binding proteins.

Plastin has also been shown to localize to membrane ruffles
and filopodia induced by a variety of stimuli including the
activation of the small GTP-binding protein CDC42, suggesting
that it serves an important role in the formation of these actin
cytoskeleton structures (32, 35, 37). Consistent with this hypoth-
esis, we have shown that T-plastin is required for efficient S.
typhimurium-induced cytoskeletal rearrangements and bacterial
internalization, processes that require the activity of CDC42 (7).
Furthermore, we have shown that T-plastin is recruited to S.
typhimurium-induced membrane ruffles in a CDC42-dependent
but SipA-independent manner. These results indicate that SipA
forms complexes with T-plastin after the cytoskeletal proteins are
recruited to the membrane ruffles as a consequence of CDC42-
dependent signaling events triggered by other S. typhimurium
effector proteins such as the Rho GTPase exchange factor SopE
(18). A role for T-plastin in the internalization of the bacterial
pathogen Shigella spp. has also been proposed (56). These
bacteria encode a protein, IpaA, that has some sequence simi-
larity to SipA. However, the function of the IpaA protein appears
to be different from that of SipA because the Shigella protein has
been shown to bind vinculin (19). We were not able to detect any
interaction between S. typhimurium SipA and vinculin.

Our results presented here further support a two-step mech-
anism for efficient S. typhimurium entry into host cells. On
contact with host cells, S. typhimurium triggers signal-
transduction pathways through the delivery of effector proteins
such as SopE via its type III protein secretion and translocation
apparatus. These signaling pathways, which are dependent on the
function of CDC42, lead to the recruitment of a number of
cellular proteins. The recruited proteins include actin and T-
plastin, which mediate the actin cytoskeleton rearrangements that
result in membrane ruffling. These cytoskeletal rearrangements
are further modulated by the bacterial effector SipA, which
reduces the critical concentration of actin, stabilizes actin fila-
ments, and increases the actin-bundling activity of T-plastin.
These SipA activities enhance the actin cytoskeleton reorgani-
zation and the formation of the membrane ruffles that eventually
internalize the bacteria. Although it is not known how the
modulation of the actin-bundling activity of T-plastin by SipA
affects the bacterial internalization process, it is possible that the
augmented bundling activity serves to increase the stability of the
actin filaments that drive and support the growth of the mem-
brane ruffles and filopodia induced by S. typhimurium. This
stabilization may cause a more pronounced outward extension of
these cellular processes, thereby facilitating bacterial uptake.
Indeed, it has been shown that actin-bundling proteins can
increase F-actin stability by inhibiting their depolymerization
without affecting their assembly (49). Thus, by modulating the
actin-bundling activity of T-plastin, SipA may help to increase the
net accumulation of actin filaments at the point of bacterial–host
cell contact or even to influence the position and polarity of these
cross-linked filaments. Stabilizing the actin filaments at the
bacterially induced membrane ruffles may also facilitate the
persistence of these filaments even when the concentration of G-
actin has fallen below the critical concentration for polymeriza-
tion. Although more studies will be required to substantiate this
hypothesis, this model is consistent with the observation that the
actin cytoskeleton rearrangements induced by the S. typhimurium
sipA mutant are more diffuse than those induced by the wild-type
strain (20). The ability of S. typhimurium to influence different
events in the complex process of actin-cytoskeleton-dependent
membrane ruffling is a further demonstration of the exquisite
adaptation of this pathogen to its host.
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