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Delivery of bacterial proteins into mammalian cells by type III secretion systems (TTSS) is thought to
require the intimate association of bacteria with target cells. The molecular bases of this intimate association
appear to be different in different bacteria involving TTSS components, as well as surface determinants not
associated with TTSS. We show here that the protein translocases SipB, SipC, and SipD of the Salmonella
enterica serovar Typhimurium pathogenicity island 1 (SPI-1)-encoded TTSS are required for the intimate
association of these bacteria with mammalian cells. S. Typhimurium mutant strains lacking any of the
translocases were defective for intimate attachment. Immunofluorescence microscopy showed that SipD is
present on the bacterial surface prior to bacterial contact with host cells. In contrast, SipB and SipC were
detected on the bacterial surface only subsequent to bacterial contact with the target cell. We conclude that the
coordinated deployment and interaction between the protein translocases mediate the SPI-1 TTSS-dependent
intimate association of S. Typhimurium with host cells.

Type III secretion systems (TTSS) are central to the inter-
actions of many pathogenic or symbiotic bacteria with their
hosts (12). They exert their function by delivering bacterial
proteins, so-called “effectors,” into host cells (8, 32). These
proteins have the capacity to modulate a variety of cellular
functions, including cytoskeleton dynamics, vesicular traffick-
ing, cell cycle progression, programmed cell death, and tran-
scription. Salmonella enterica serovar Typhimurium encodes
two TTSS in discrete pathogenicity islands (9). One, encoded
in the Salmonella pathogenicity island 1 (SPI-1), modulates a
variety of cellular processes including actin cytoskeleton dy-
namics, which is required to mediate bacterial uptake into
nonphagocytic cells (28). The other, whose expression is in-
duced upon bacterial internalization, is encoded within SPI-2
and modulates vesicular trafficking to secure bacterial replica-
tion within cells (38).

A central component of TTSS is the needle complex, a
multiring supramolecular structure that is thought to serve as
a conduit through which the bacterial proteins transiting this
secretion pathway traverse the bacterial envelope (21, 24).
Other essential components include a set of inner membrane
proteins, an associated ATPase (1), and a family of customized
chaperones that facilitate the targeting of cognate effector pro-
teins to the secretion machine (7, 23, 33). In addition, there is
a group of proteins known as “translocases,” which themselves
are secreted through the TTS pathway and mediate the pas-
sage of effectors through the target host cell membrane (4, 14).

Although significant advances have been made in the under-
standing of the assembly of the needle complex and the mech-
anisms of substrate recognition, relatively little is known about
other essential aspects of the function of these machines. A
characteristic feature of at least some TTSS is that their activity
is stimulated upon contact with target cells (26, 37, 41). How-
ever, little is known about the events that lead to the deploy-
ment of the translocases at the plasma membrane of the host
cells and the subsequent events that lead to protein transloca-
tion through the host-cell plasma membrane. The intimate
association of bacteria with host cells is thought to be essential
for efficient protein translocation (13). However, the mecha-
nisms of intimate attachment leading to TTSS-mediated pro-
tein translocation appear to be different in different bacteria.
In Yersinia enterocolitica and Yersinia pseudotuberculosis, for
example, two surface proteins, YadA (39) and invasin (16),
have been proposed to redundantly mediate the intimate at-
tachment necessary for TTSS function. In enteropathogenic E.
coli, another surface protein, intimin, mediates intimate at-
tachment by binding tir, a protein that itself is translocated to
the host cell membrane by the TTSS (20, 25). S. enterica en-
codes multiple adhesins that can potentially mediate its asso-
ciation to host cells (36). However, the mechanisms that result
in the intimate association necessary for TTS function have not
been investigated. We show here that the SPI-1 TTSS translo-
cases SipB, SipC, and SipD are coordinately deployed to me-
diate intimate attachment of S. Typhimurium to target host
cells.

MATERIALS AND METHODS

Bacterial strains. All of the strains used in the present study are derivatives of
S. enterica serovar Typhimurium strain SL1344 and are listed in Table S1 in the
supplemental material. The construction of nonpolar mutations in invA (11), invJ
(5), sipB and sipC (19), sipD (18), and the triple mutant �sopE �sopE2 �sopB
(40) have been described elsewhere. To introduce a 3�Flag (3�F)tag at amino
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acid 20 of the translocases SipB, SipC, and SipD, an R6K suicide vector was
constructed with regions of homology placed at each side of the tag by standard
recombinant DNA techniques. The first 50 amino acids of the resulting tagged
proteins are shown in Fig. S1 in the supplemental material. The 3�Flag-tagged
alleles were introduced into the chromosome of wild-type S. Typhimurium by
allelic exchange (17), and its expression was confirmed by anti-Flag Western blot.
When required sipB::aphT, sipC::aphT, and sipD::aphT alleles were moved into
the 3�Flag-tagged translocase background by P22 HT-mediated transduction
(31). All strains were grown in LB agar or in LB supplemented with 0.3 M
sodium chloride to induce optimal in vitro expression of SPI-1.

Imaging and quantification of bacterial attachment to eukaryotic cells by
immunofluorescence microscopy. The levels of S. Typhimurium entry or at-
tachment to cultured epithelial cells were determined by differential immu-
nofluorescence staining of inside versus outside bacteria as previously de-
scribed (2), in which internalized bacteria stain exclusively in red, whereas
outside bacteria stain both green and red. To quantify the levels of attach-
ment, at least 20 random low-magnification (�20) images of this assay were
acquired (with an average of �20 cells per image), and both the number of
cells and bacteria in each field were counted and the average number of
bacteria per cell were determined.

Quantification of bacterial attachment by a CFU-based assay. Almost-conflu-
ent monolayers of Henle-407 embryonic intestinal epithelial cells were infected
at a multiplicity of infection of 10 with different strains of S. Typhimurium grown
under SPI-1 TTSS-inducing conditions as described above. Infections were per-
formed in triplicates in 500 �l of Hanks balanced salt solution in 24-well plates.
After 30 min of incubation, the infection medium was aspirated, and the cells
were washed six times with 1 ml of Hanks balanced salt solution and 5 min of
horizontal shaking (250 rpm) after each medium exchange. After the last wash,
medium was aspirated, and the cells were lysed in 500 �l of 0.05% sodium
deoxycholate in water. Dilutions were plated on LB plates, and attachment was
represented as the percentage of the inoculum that remained in the well after the
washes.

Immunoprecipitation of 3�Flag epitope-tagged SipB and SipC from culture
supernatants. Overnight cultures of wild-type S. Typhimurium and derivatives
expressing 3�Flag epitope-tagged versions of SipB or SipC were diluted 1:20 in
20 ml of 0.3 M NaCl LB and grown to optical density at 600 nm of 0.9. Bacterial
cells were pelleted, and the culture supernatants were filtered through a 0.45-
�m-pore-size syringe filter. Portions (14 ml) of the filtered supernatants were
transferred to 15-ml conical tubes, and 50 �l of anti-FLAG M2 affinity gel
(Sigma) was added to each supernatant. A cocktail of protein inhibitors was
added (Complete mini EDTA-free proteinase inhibitors mix; Roche), and the
reactions were incubated overnight at 4°C in a rotating wheel. Beads were
pelleted at 1,000 � g for 5 min, the supernatants were transferred to a fresh tube,
and the beads were washed three times with 10 ml of TBST (20 mM Tris [pH
7.6], 150 mM NaCl, 0.05% Tween 20). Bound proteins were then eluted from the
beads in 25 �l of 0.1 M glycine (pH 3.5) after incubation for 5 min at room
temperature with gentle shaking. The resin was pelleted by centrifugation, and
the supernatant containing the eluted proteins was transferred to a fresh tube
containing 2 �l of 1 M Tris (pH 8). The elution step was performed twice, and
the eluates were pooled, separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and analyzed by Western immunoblotting with monoclonal an-
tibodies directed to SipB and SipC according to standard procedures.

Evaluation of SPI-1 TTSS-dependent phenotypes. The functionality of the
SPI-TTSS in strains carrying 3�Flag-tagged versions of SipB, SipC, or SipD was
determined by examining the ability of these strains to secrete TTSS-dependent
proteins and their ability to enter into cultured epithelial cells. These assays were
carried out as previously described (3, 10).

Immunofluorescence staining of the TTSS translocases prior to cell contact.
Overnight cultures of the strains to be tested were diluted 1:20 in 0.3 M NaCl LB
and grown under aeration to an optical density at 600 nm of 0.9. One milliliter
of each culture was spun down at 6,000 rpm for 5 min. The supernatant was
discarded, and the pellet was resuspended in 200 �l of a 4% paraformaldehyde
solution in phosphate-buffered saline (PBS). Bacterial cells were fixed for 30 min
and then washed with PBS once and resuspended in 1 ml of PBS. Then, 10 �l of
this suspension was applied on top of poly-L-D-lysine-treated coverslips and
allowed to settle by gravity for 5 h or overnight. The coverslips were washed with
PBS, treated with 3% bovine serum albumin–0.1% Triton X-100 in PBS, and
labeled with the following primary antibodies: mouse monoclonal anti-Flag M2
(Sigma) at a 1:10,000 dilution and rabbit polyclonal anti-S. Typhimurium lipo-
polysaccharide (LPS; Difco Laboratories) at a 1:2,000 dilution. Secondary anti-
rabbit antibody conjugated to Alexa 594 and biotinylated anti-mouse antibody
were used at 1:2,000, followed by fluorescein isothiocyanate-conjugated anti-
biotin antibody. Confocal images were captured by using a Improvision spinning

disc confocal microscope and processed by using Volocity software (version 4.0;
Improvision).

Immunofluorescence staining of the TTSS translocases after cell contact.
Cultured Henle-407 cells were infected with the different Salmonella strains at a
multiplicity of infection of 50. Infected cells were fixed 30 min postinfection with
4% paraformaldehyde for 15 min, permeabilized with 0.1% Triton X-100 for 5
min, and then treated with an avidin/biotin blocking kit (Vector Laboratories).
After these treatments staining was performed as described above.

RESULTS

A Salmonella Typhimurium �sopE �sopE2 �sopB mutant
strain can intimately attach to but cannot enter into nonph-
agocytic cells. S. Typhimurium induces its own actin-cytoskel-
eton-dependent internalization into nonphagocytic cells by de-
livering the SPI-1 TTSS effector proteins SopE, SopE2, and
SopB which, in a functionally redundant manner, activate Rho-
family GTPases. SopE and SopE2 are nucleotide exchange
factors that target Cdc42, Rac, and RhoG (15), while SopB is
a phosphoinositide phosphatase that stimulates entry by acti-
vating the endogenous RhoG exchange factor SGEF (27). Al-
though introduction of a loss-of-function mutation in any of
these effectors only marginally affects entry, an S. Typhi-
murium strain simultaneously lacking these three effectors is
unable to enter nonphagocytic cells (40). During the course of
experiments analyzing this mutant strain, we observed that,
although unable to enter into cells, the �sopE �sopE2 �sopB
mutant readily associated with cultured epithelial cells (Fig. 1).
Such association was very robust as it resisted the extensive
handling associated with the immunofluorescence staining pro-
tocol (see Materials and Methods). Intimate attachment of
bacteria encoding TTSS has been reported to be essential for
the function of this protein delivery system. However, TTSS-
dependent intimate attachment has not been previously re-
ported in S. Typhimurium most likely because the rapid inter-
nalization of these bacteria has prevented its observation.
Although in some cases the intimate attachment of bacteria
encoding TTSS has been shown to be mediated by proteins
associated or delivered by this system (e.g., tir in enteropatho-
genic E. coli) (20, 25), in other cases this intimate attachment
has been shown to be mediated by unrelated proteins (e.g.,
invasin or YadA in Yersinia spp.) (16, 39). We therefore inves-
tigated whether the intimate attachment of the �sopE �sopE2
�sopB S. Typhimurium mutant strain was dependent on a
functional SPI-1 TTSS. Using an immunofluorescence assay,
we compared the association of the �sopE �sopE2 �sopB S.
Typhimurium mutant with the association of a �invA strain, a
mutant that lacks a functional SPI-1 TTSS. This assay is more
stringent than a standard, CFU-based assay, and therefore a
tighter association is required for bacteria to remain associated
to host cells after sample processing (for comparison, see the
results in Fig. S2 in the supplemental material showing the
attachment of the different strains assayed by a standard CFU-
based assay). As shown in Fig. 1, the S. Typhimurium invA
mutant strain showed a much reduced ability to associate with
cells compared to the �sopE �sopE2 �sopB S. Typhimurium
strain. These results indicate that the presence of a functional
TTSS confers on S. Typhimurium the ability to associate inti-
mately with cells. Although this intimate association must pre-
cede bacterial entry, most likely it has been previously over-
looked in wild-type S. Typhimurium because these bacteria
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undergo uptake into cells very rapidly, thereby effectively pre-
venting the observation of this transient early stage of the
internalization process.

The SPI-1 TTSS-associated translocon is required for inti-
mate attachment. The observation that a functional SPI-1
TTSS is required for the intimate attachment of S. Typhi-
murium to host cells indicated that a protein(s) secreted via
this pathway must be required for this association. Since a
strain lacking all effectors secreted by this pathway was still
able to intimately associate with cells (Fig. 1), some compo-
nents of the needle complex or the associated translocases
must be responsible for this intimate association. The �invA
strain, which was defective for intimate attachment, has a fully
assembled base of the needle complex, but it lacks the needle
substructure since secretion and assembly of its main subunit,
PrgI, requires a functional TTSS (35). Indeed, it is an attractive
hypothesis that the needle of the TTSS could recognize a
yet-unknown receptor on the cell surface, and this interaction
could be responsible for the intimate attachment observed in
the absence of entry but in the presence of a functional SPI-1
TTSS. Alternatively, the deployment of the translocases to
form the translocon through which the effectors are translo-
cated could be responsible for the close association. To distin-
guish between these possibilities, we assayed the attachment of

the S. Typhimurium �invJ mutant strain. The TTSS of this
mutant strain is unable to undergo “substrate switching” and
therefore is “locked” in a secretion mode only compatible with
the secretion of the needle protein PrgI and the inner rod
protein PrgJ (22). As a result, this strain exhibits longer nee-
dles on its surface but is unable to secrete any other protein
normally secreted by the SPI-1 TTSS including the protein
translocases (i.e., SipB, SipC, or SipD). As shown in Fig. 2 and
3, the �invJ mutant strain was unable to intimately attach to
cultured intestinal epithelial cells, suggesting that the needle
per se is unable to mediate this association. We then tested the
intimate association of S. Typhimurium strains lacking the
protein translocases SipB, SipC, or SipD. Each one of these
mutant strains can assemble a fully functional needle complex
and can secrete (but cannot translocate) all proteins traveling
the SPI-1 TTS pathway. All of these mutant strain were equally
defective for intimate attachment (Fig. 2 and 3), indicating that
all of the translocases, and presumably the assembly of the
translocon, are required for intimate attachment. In summary,
these results indicate that the TTSS-dependent intimate asso-
ciation of S. Typhimurium with cultured mammalian cells is
mediated by the protein translocases SipB, SipC, and SipD.

SipD, but not SipB or SipC, is located on the surface before
interaction with cells. The fact that S. Typhimurium �sipB,

FIG. 1. The invasion-defective but type III secretion-proficient �sopE �sopE2 �sopB S. Typhimurium strain intimately attaches to cultured
epithelial cells in a type III secretion-dependent manner. Cultured Henle-407 cells were infected with wild-type S. Typhimurium, an �invA mutant,
which is defective in the SPI-1 TTSS; a �sopE �sopE2 �sopB mutant, which is TTS proficient but lacks the effectors that mediate entry into cells;
or a mutant that lacks all effectors of the SPI-1 TTSS (effectorless), which is also defective for entry. Infected cells were stained according to a
protocol that can distinguish extracellular (appearing yellow in these images) from intracellular (appearing red in these images) bacteria and
stained with DAPI to visualize the nucleus of epithelial cells (blue) (see Materials and Methods for experimental details).
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�sipC, or �sipD mutant strains cannot intimately attach to
cultured cells coupled with the observation that no effector
proteins are involved in this process, suggested at least two
possibilities: (i) the three translocases form a complex that
mediates this attachment, or (ii) one or more translocases are
required for the proper deployment of the translocase(s) that
mediates attachment. To facilitate the study of the translocases
in this process, we generated epitope-tagged versions of SipB,
SipC, and SipD. Since the addition of a tag at the carboxyl
terminus interfered with the function of these proteins (data
not shown), and their extreme amino terminus is required for
their secretion, we placed the epitope tag immediately after the
first 20 amino acids and introduced them into the wild-type S.
Typhimurium chromosome by allelic exchange. The epitope
placed at that position did not interfere with the secretion or
the function of any of the translocases, as demonstrated by
their ability to mediate the translocation of effectors requires
for bacterial uptake into cells (Fig. 4). We then examined the
localization of the translocases on the bacterial surface by
immunofluorescence confocal microscopy of nonpermeabi-
lized bacterial cells after growth under conditions that result in
the stimulation of expression of the SPI-1 TTSS. SipD was
readily observed as puncta distributed over the bacterial sur-
face (Fig. 5 and see Video S1 in the supplemental material).
The pattern of the observed staining suggests that SipD may be
localized at the tip of the needle complex prior to contact with
target cells. In contrast, no SipB or SipC staining was observed
on the bacterial surface after identical growth conditions and
staining protocol. Therefore, the absence of staining suggests
that SipB or SipC are not exposed on the bacterial surface
prior to contact with the target cell. Alternatively, it is also
possible that the conformation of SipB or SipC on the bacterial
surface prior to bacterial contact is such that the epitope tag is

FIG. 2. The S. Typhimurium type III secretion-dependent intimate attachment to cultured epithelial cells requires the protein translocases
SipB, SipC, and SipD. Cultured Henle-407 cells were infected with wild-type S. Typhimurium or the indicated isogenic strains, stained according
to a protocol that can distinguish extracellular (appearing yellow in these images) from intracellular (appearing red in these images) bacteria, and
stained with DAPI to visualize the nucleus of epithelial cells (blue) (see Materials and Methods for experimental details). The �invJ strain can
assemble the needle substructure of the needle complex but is unable to secrete the protein translocases SipB, SipC, and SipD.

FIG. 3. Relative attachment levels of different isogenic strains of S.
Typhimurium. Cultured Henle-407 cells were infected with the indi-
cated isogenic strains of S. Typhimurium and stained according to a
protocol that can distinguish extracellular from intracellular bacteria,
and the numbers of attached bacteria per cell were counted after the
acquisition of several images (see Materials and Methods for experi-
mental details). The values have been standardized relative to the
�sopE �sopE2 �sopB mutant strain (considered 100%) and represent
the mean � the standard deviation of at least three independent
experiments in which the numbers of bacteria attached to a minimum
of 100 epithelial cells were determined. The difference between the
values corresponding to the �sopE �sopE2 �sopB strain compared to
any of the other strains in the assay were statistically significant (P �
0.0001). The differences between the values corresponding to the invA,
sipB, sipC, sipD, and invJ mutants were not statistically significant (P �
0.250) compared to each other.
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not exposed on the surface. However, this is unlikely since (i)
the amino termini of TTSS secreted proteins are thought to be
unstructured and (ii) soluble SipB and SipC can be immuno-
precipitated under nondenaturing conditions using the anti-
body directed to the epitope tag (see Fig. S3 in the supple-
mental material), suggesting that the epitope is not buried on
the protein structure. In summary, these observations indicate
that SipD is surface exposed prior to contact with target host
cells and that, as previously suggested for its close homolog
IpaD (6), it may be localized at the tip of the needle complex
and therefore potentially positioned to mediate intimate at-
tachment.

SipB and SipC become surface exposed upon contact with
mammalian cells. We have previously shown that contact with
epithelial cells stimulates secretion through the SPI-1 TTSS (4,
41). We therefore examined the localization of the translocases
upon contact with epithelial cells. Since the rapid SPI-1 TTSS-
mediated bacterial internalization significantly interferes with
the examination of the fate of the translocases upon their
deployment, we introduced the epitope-tagged versions of
these proteins into the S. Typhimurium �sopE �sopE2 �sopB
triple-mutant background. As shown above, this mutant strain
can intimately attach to but is unable to enter cultured cells.
Cultured intestinal epithelial cells were infected with the dif-
ferent strains, and at different times after infection the local-
ization of the translocases was examined by immunofluores-
cence microscopy. As early as 10 min after infection, not only
SipD but also SipB and SipC were observed on the bacterial
surface (data not shown). Later in infection, more prominent
staining of the three translocases was observed not only on the
bacterial surface but also on the epithelial cell surface (Fig. 6).
These results suggest that upon contact with host cells, SipB
and SipC become surface exposed where they could be avail-
able to mediate intimate attachment.

Intimate attachment is mediated by SipD together with the
translocases. The fact that SipD is localized at the bacterial
surface, presumably at the tip of the needle complex before
contact with host cells, raises the possibility that SipD itself

FIG. 4. The epitope-tagged type III secretion translocases SipB,
SipC, and SipD retain wild-type activity. (A) S. Typhimurium strains
encoding epitope-tagged SipB, SipC, or SipD are fully competent for
entry into cultured epithelial cells. Henle-407 cells were infected with
the indicated strains, and the internalization levels were determined by
the gentamicin protection assay (see Materials and Methods). Values
represent the percentage of the inoculum that survived the gentamicin
treatment as a consequence of internalization and are the mean � the
standard deviation of three independent determinations. The differ-
ences between the values corresponding to the wild-type, sipB3�F,
sipC3�F, and sipD3�F strains were not statistically significant com-
pared to each other (P � 0.150), although the difference between the
values of any of these strains and the �invA strain were statistically
significant (P � 0.001). (B) The epitope-tagged protein translocases
are efficiently secreted into cultured supernatants. Whole-cell lysates
and cultured supernatants of the S. Typhimurium strains expressing
epitope-tagged SipB, SipC, or SipD (as indicated) were analyzed by
Western immunoblotting as indicated in Materials and Methods.

FIG. 5. SipD, but not SipB or SipC, is surface exposed before bacterial contact with host cells. After growth in LB broth under conditions that
stimulate the expression of the SPI-1 TTSS, S. Typhimurium strains expressing the indicated epitope-tagged translocases were immobilized on
poly-lysine-coated slides and stained with an antibody directed to the epitope (green) under conditions that do not permeabilize the bacterial
envelope and counterstained with an antibody directed to the LPS (red). Bacteria were then visualized under a fluorescence confocal microscope.
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mediates intimate attachment. However, strains lacking either
SipB or SipC are also defective for intimate attachment (Fig.
2), suggesting the possibility that these proteins may be re-
quired for the surface localization of SipD. We investigated
this possibility by examining by immunofluorescence micros-
copy the localization of SipD in strains lacking either SipB or
SipC. We found that strains lacking either SipB or SipC are
also capable of displaying SipD at the surface (Fig. 7), indicat-
ing that the surface-localized SipD by itself is unable to medi-
ate bacterial attachment. In addition, we observed no bacterial
surface staining of SipB and SipC in the absence of SipD (Fig.
7), even though SipD is not required for the secretion of SipB

or SipC. Taken together, these results suggest that a complex
of SipD, SipB, and SipC mediates the intimate attachment of
S. Typhimurium to host cells.

DISCUSSION

It is widely believed that translocation of bacterial proteins
to mammalian cells via TTSS requires an intimate association
between the bacteria and the host cell. Studies in Yersinia spp.
have shown that such intimate association is promoted by sur-
face proteins such as invasin (16) and YadA (39), which are not
components or substrates of its TTSS. In contrast, in entero-

FIG. 6. SipB and SipC become surface exposed upon S. Typhimurium contact with epithelial cells. Cultured Henle-407 cells were infected with
different strains of S. Typhimurium expressing epitope-tagged SipB, SipC, or SipD, as indicated. At 30 min after infection, the cells were fixed and
stained with an antibody directed to the epitope (green) under conditions that do not permeabilize the bacterial envelope and counterstained with
an antibody directed to the LPS (red). Bacteria were then visualized under a fluorescence confocal microscope.

FIG. 7. SipD is surface exposed in the absence of SipB or SipC. After growth in LB broth under conditions that stimulate the expression of
the SPI-1 TTSS, S. Typhimurium strains (as indicated) expressing epitope-tagged SipD were immobilized in poly lysine coated slides and stained
with an antibody directed to the epitope (green) under conditions that do not permeabilize the bacterial envelope and counterstained with an
antibody directed to the LPS (red). Bacteria were then visualized under a fluorescence confocal microscope.
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pathogenic E. coli, the intimate attachment is mediated by the
joint activity of a TTSS-unrelated adhesin, intimin, which binds
to a TTSS-translocated receptor, tir (20). Although several
adhesins have been described in S. Typhimurium (36), the
determinants involved in the intimate attachment presumably
required for TTSS-mediated protein delivery have not been
previously reported, most likely because these bacteria rapidly
enter into host mammalian cells effectively hampering the
study of such a phenotype. Using a strain of S. Typhimurium
that is specifically defective in the TTSS effector proteins that
mediate bacterial internalization (40), we have been able to
detect the intimate association phenotype that has been ob-
served in other bacteria encoding TTSS. We show here that the
intimate association of S. Typhimurium with host cells re-
quired for TTSS-mediated protein delivery is mediated by the
concerted activity of the TTSS protein translocases SipB, SipC,
and SipD. Consistent with this conclusion, strains lacking any
of these proteins were unable to intimately associate with host
cells. Previous studies have shown that SipB and SipC are
deployed to the host cell plasma membrane to mediate the
passage of effector proteins through this membrane (4, 30).
Although we have not specifically investigated its location, like
its Shigella sp. close homolog IpaD (6), S. Typhimurium SipD
is presumably located at the tip of the needle extension of the
TTSS needle complex. Previous studies have shown that the S.
Typhimurium SPI-1 TTSS, like other TTSS, is stimulated upon
contact with host cells (41). However, it was unclear whether
the translocases were deployed on the bacterial surface prior to
bacterial contact with host cells. Our results indicate that SipD
is present at the tip of the needle complex prior to contact with
host cells since immunofluorescence staining with a protocol
that does not permeabilize the bacterial envelope readily de-
tected this protein on the bacterial surface after growth in
vitro. In contrast, the same staining protocol did not detect the
presence of SipB or SipC on the bacterial surface prior to cell
infection, indicating that these translocases may not be ex-
posed prior to cell contact. These observations suggest that
SipD is properly positioned to play a central role in mediating
the association of S. Typhimurium with host cells, which is
consistent with the observation that a �sipD S. Typhimurium
mutant strain is defective for intimate attachment. However, S.
Typhimurium strains lacking SipB or SipC were also unable to
associate intimately with host cells even though SipD could be
readily detected on the surface of these mutant strains, sug-
gesting that SipD plays an essential but not sufficient role in the
intimate association of S. Typhimurium with host cells. In
addition, with its location at the tip of the needle complex,
SipD would be positioned to work as a sensor for host cell
contact resulting in the “activation” of the TTS apparatus as
previously suggested for its Shigella sp. homolog IpaD (34).
Subsequent to contact with host cells, both SipB and SipC were
detected on the bacterial surface as well as on the host cell
membrane. These observations suggest the possibility that
SipD mediates the association of S. Typhimurium to host cells
by interacting with the membrane-deployed SipB and SipC.
This would be analogous to what has been suggested for LcrV,
the needle tip protein of Yersinia spp. that interacts with the
translocases YopB and YopD (29). This hypothesis would also
be consistent with the observation that SipB, SipC, and SipD
can interact with one another and are equally required for

bacterial attachment. However, more studies will be required
to understand the details of the coordinated deployment of the
TTSS-associated translocases and the nature of their interac-
tions at the plasma membrane.
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