The EMBO Journal Vol.16 No.10 pp.2717-2729, 1997

Modulation of bacterial entry into epithelial cells by
association between vinculin and the Shigella IpaA
invasin

G.Tran Van Nhieu!, A.Ben-Ze’ev?2 and thelium. The invasive properties of this bacterium have
P.J.Sansonetti been linked to its ability to penetrate and spread from cell
. . . to cell (Clerc and Sansonetti, 1987; Bernardéti al,

Unite de Pathogeie Microbienne Moleulaire, INSERM U389, 1989). As opposed t8almonellawhich remains confined

Institut Pasteur, 28 rue du Dr Roux, 75724 Paris Cedex 15, France and inliac in i ;
2Department of Molecular Cell Biology, Weizmann Institute of and multiplies in intracellular vacuoleShigellalyses the

Science, Rehovot 76100, Israel phagocytic vacuole after internalization and multiplies in
the cell cytosol. During this multiplication steghigella
induces the formation of cellular protrusions pushing into
adjacent cells, which allow infection of neighboring cells
after lysis of the protrusion and the recipient cell mem-
brane. In the case ofhigella flexneti entry-associated
genes are located on a 31 kb sequence of a 220 kb
virulence plasmid (Maurellet al, 1985; Sasakawat al,,
1988). Gene products encoded by thespalocus allow
the formation of a specialized secretory apparatus specific
for a subset of bacterial proteins (Pargt al, 1995)
which are stored in the bacterial body and are secreted
upon contact with the host cell (Mard et al, 1994).
Among these, Ipa proteins are critical f8higellaentry,
asipaB, ipaC andipaD mutantShigellastrains are unable
to enter epithelial cells (Sasakavea al, 1988; Maard
et al, 1993). Furthermore, inert particles coated with IpaB
and IpaC complexes are readily internalized by cultured
for efficient invasion. epithelial ce_IIs (Megrd et al:, 1996), sugg_esting that _
Keywords actin polymerization/bacterial invasion/IpaA/ these bacterial proteins are directly responsible for certain
Shigellavinculin aspects of the bacterial entry process. S
Interestingly, the pp60S’® substrate actin binding pro-
tein cortactin is the major protein specifically tyrosyl
. phosphorylated duringShigella entry, which suggests
Introduction activation of the pp6®s“tyrosine kinase during the entry

The ability to invade non-phagocytic cells is a critical Process (Dehicet al, 1995). As several focal adhesion
virulence factor for enteroinvasive microorganisms. components are recruited at the site Sdlmonellaand
Several strategies have been devised by these pathogenghigella entry (Finlay and Ruschkowski, 1991; Dehio
to enter epithelial cells: some pathogens, suckasinia €t al, 1995), some of which are substrates for pp60c-src
pseudotuberculosiandListeria monocytogenesnter cells  (Clark and Brugge, 1995; Parsons, 1996), it is speculated
by a zipper-like mechanism, in which the bacterium that focal adhesion-like structures participateShigella
establishes intimate contact with the cell surface via an entry. Consistent with this, the small G protein RhoA
interaction between a single bacterial surface ligand andinvolved in focal adhesion and stress fiber formation
cellular receptors (Isberg, 1991; Isberg and Tran Van (Nobes and Hall, 1995) has been shown to be involved
Nhieu, 1994; Mengauet al, 1996). This is in contrast  in Shigellainduced cytoskeletal rearrangement during bac-
to other enteropathogens, suchsdsgellaandSalmonella terial entry (Adamet al, 1996). One proposed mechanism
for which entry into epithelial cells involves important for focal adhesion induction bghigellais association of
cytoskeletal rearrangements at the area of bacterial inter-the IpaB—IpaC—lpaD complex with theisB; integrin
action with the cell membrane. These rearrangements(Wataraiet al, 1996). This association, however, does not
allow the formation of cellular extensions reaching several appear to mediate significant binding of the bacterium to
microns in length that rise around the bacterial body and the cell surface (Watarait al, 1996) and is thus unlikely
allow its engulfment in a macropinocytic-like process to allow bacterial internalization mediated By integrins
(Finlay and Ruschkowski, 1991; Francet al, 1993; based on high affinity receptor-ligand interactions. It is
Adamet al,, 1995). possible, however, that a combination of several signal
Shigella flexneris an enteroinvasive bacterium respons- transduction pathways is used by these pathogens during
ible for a significant percentage of deaths related to internalization by host cells. In fact, bacterial effectors
diarrheal diseases worldwide. After ingestidBhigella may not use classical activation schemes via cell surface
invades the colonic mucosa, where it induces an intensereceptors and could potentially bypass inhibitor-sensitive
inflammatory reaction leading to destruction of the epi- steps. For example, homologs oixtspa type Il
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Shigella flexneri is the causative agent of bacillary
dysentery in humans. Shigella invasion of epithelial
cells is characterized by cytoskeletal rearrangements
and formation of cellular projections engulfing the
bacterium in a macropinocytic process. We show here
that vinculin, a protein involved in linking actin fila-
ments to the plasma membrane, is a direct target of
Shigelladuring cell invasion. IpaA, a Shigella protein
secreted upon cell contact, rapidly associates with
vinculin during bacterial invasion. Although defective
for cell entry, an ipaA mutant is still able to induce
foci of actin polymerization, but differs from wild-type
Shigellain its ability to recruit vinculin and a-actinin.
Presumably, IpaA-vinculin interaction initiates the
formation of focal adhesion-like structures required
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secretory apparatus responsible for secretion of the Ipa ability to interr@gligella Adherent cells were chal-
proteins are also present in several other bacterial patho-lenged with Shigellastrains and after incubation for 30
gens (Groisman and Ochman, 1993). In the case of min at 37°C, the percentage of internalized bacteria was
Yersinig the Ysc secretory apparatus is responsible for determined by the gentamicin protection assay (Isberg and
translocation of the Yops proteins from the bacterium to Falkow, 1985). As shown in Figure 1B, cells expressing
the cell cytosol upon cell contact (Rosqvedtal, 1994). vinculin were able to internaliz&higellaup to 10 times
As Shigella proteins can be secreted vitro via the more efficiently than the vinculin-deficient ASML cells
YersiniaYsc secretory apparatus (Rosqvgtal., 1995), (compare solid bars and empty bar in Figure 1A and B
Shigellaeffectors responsible for entry may act by reaching respectively). This increase in internalization efficiency
an intracellular target after translocation into the cell was dependent on the presence of 8tegellavirulence
cytosol. plasmid, as a plasmid-cur&thigellastrain did not show

We have investigated the role of the actin binding significant levels of internalization for both mock- and
protein vinculin in Shigellainduced entry. Vinculin, a vinculin-transfected cells (not shown). The percentages of
major component of adhesion structures, has been pro-internalized bacteria in these different transfectants ranged
posed as participating in anchorage of the cytoskeleton to from 0.25 to 1.2% (Figure 1B, clones 3 and 14) and were
the cell membrane by linking proteins such asctinin consistently higher than the values obtained for ASML
or talin via its head domain and F-actin with its tail cells transfected with the vector alone (Figure 1B, empty
domain (Menkelet al, 1994; Johnson and Craig, 1995). bar, ASML). When the values obtained in Figure 1B were
Interestingly, vinculin also redistributes to focal complexes plotted as a function of those of Figure 1A, a direct
formed in response to growth hormone activation (Nobes correlation was observed between the levels of vinculin
and Hall, 1995), a process sharing similarities v@iimon- expression and the levels of internalized bacteria (Figure
ella and Shigellainvasion. We show in this report that 1C). Vinculin transfectants (Figure 1C, solid squares) that
Shigellaentry into epithelial cells is a multi-step process expressed low levels of vinculin still showed significant
involving different bacterial effectors and cellular levels of internalization when compared with parental
responses. We have identified IpaA, a protein encoded by ASML cells (Figure 1C, empty square), but were less
the Shigellainvasion locus, as a bacterial effector of entry efficient at internalizingShigellathan clones expressing
which rapidly associates with vinculin after bacteria—cell higher levels of vinculin. These results indicated that
contact. Vinculin—IpaA interaction appears to be critical vinculin expression was required for efficient internaliz-
for efficient Shigella uptake, presumably by allowing ation 8higellaby host cells.
recruitment of focal adhesion components to the site of
bacterium interaction with the cell membrane. This IpaA- Purified vinculin binds the Shigella protein IpaA in
dependent recruitment could provide a molecular basis a gel overlay assay
for the formation of focal complexes allowing anchorage Previous work had shown that vinculin underwent a major
of the bacterium within the entry structure. redistribution in cells infected wit&higellaand often co-
localized with intracellular bacteria (Kadurugamuetal.,
1991). This suggested that bacterial effectors could interact

Results with vinculin in the cell cytosol. To test this, we investi-
Vinculin expression is required for efficient entry gated the binding of vinculin t8higellaproteins separated

of Shigella into host cells by SDS-PAGE and transferred to an Immobilon-P filter.
To determine the role of vinculin irShigellainduced Vinculin was purified from chicken gizzards as pre-
entry, we first analyzed the ability @higellato induce viously described (Evaasal., 1984) with a few modifica-
internalization into the vinculin-deficient adenocarcinoma tions. After purification, vinculin was radioiodinated and
cell line ASML (Rodriguez Fernandegt al., 1992) and used to probe filters containing electrophoretically separ-
ASML transfectants expressing chicken vinculin. Stable ated proteins from total bacterial extracts. As shown in
clones expressing significant levels of vinculin were isol- Figure 2B, vinculin specifically bound to a &hi@sla

ated from three independent transfections with the plasmid protein present in extracts from wild-ty@higella(Figure
pJA:vinc. Western blot analysis of the parental vinculin- 2B, lane 1) or extracts from the secretion defiexit/e
deficient ASML cells confirmed that no detectable levels mutant (Figure 2B, lane 3). This protein did not correspond
of vinculin were found in these cells, whereas their to any major bacterial protein visualized by Coomassie

transfection with plasmid pJ&vinc encoding full-length staining (Figure 2A, lanes 1-4) and was encoded by the
chicken vinculin resulted in significant vinculin expression Shigellavirulence plasmid, as no binding was observed
(not shown). The vinculin levels in these transfected clones with the plasmid-cure&higellastrain (Figure 2B, lane 2)
were quantified by an ELISA-based assay (Materials or \Eischerichia coliK12 (Figure 2B, lane 4). Also,
and methods), using ASML mock-transfected cell as the the 70 kDa protein was abundantly secreted in the super-
baseline level (Figure 1A). As shown in Figure 1A, 14 natant of a bacterial culture ila@Shigellastrain, a
cellular clones expressing significant levels of vinculin mutant that constitutively secreted proteins via the-—
(Figure 1A, 1-14), showing up to a 4-fold variation among spalocus (Parsoet al, 1995; Figure 2A and B, lane 5),
the different transfectants (Figure 1A, vinculin expression, but was absent from bacterial culture supernatant of a
compare clones 1 and 14), were isolated. Mock-transfectedShigella strain carrying a deletion of thépa operon
ASML cells and vinculin-transfected cells showed no (Figure 2A and B, lane 6). These results indicated that

obvious morphological differences and grew as rounded the 70 kDa vinculin binding protein was encoded by the
adherent cells when plated on plastic surfaces (not shown).Shigellainvasion locusipa, which, from the estimated
Monolayers of the same clones were tested for their molecular weight, presumably corresponded to IpaA, a
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Fig. 1. Correlation between vinculin expression adligellaentry into host cells.A) Vinculin expression in stable ASML transfectants. Each
transfectant was cloned and tested individually for vinculin expression using an ELISA-based assay using the anti-vinculin mAb vin11.5 and anti-
mouse IgG coupled to peroxidase. For each transfectant, the cell density was quantitated by the crystal violet staining procedure (Brasaemle and
Attie, 1988). Each value is the mean of three independent determinations. Vinculin expression values obtained from the anti-vinculin mAb ELISA-
based assay normalized to cell densiB) Percentage oBhigellainternalization in the different transfectants. Cell monolayers were challenged with
Shigellawild-type strain (M90T) for 30 min at 37°C. The percentage of internalized bacteria was quantitated using the gentamicin protection assay
(Isberg and Falkow, 1985). No viable counts were detected when cells were infected with the non-iShigdliastrain BS176. Each value is the

mean of three independent determinations. ASML, parental cells; bars 1-14, individual vinculin transfectants; % bacterial internalizetitageperc
bacterial internalization determined by the gentamicin protection assay and normalized to cell density (Tran Van Nhieu and Isberg, 1993).

(C) Correlation between bacterial internalization and the levels of vinculin expression. The values obtained in (B) were plotted as a function of the
values obtained in (A). Empty square, ASML parental cells; solid squares, individual vinculin transfectants. There is a positive correlagion betwe
the levels of vinculin expression and the capacity of the cellular clones to inter&iligella

Shigellainvasion locus encoded protein whose secretion the invasion ability ap##femutant which could not
had been shown to be triggered by host cell contact be detected in the keratoconjunctivitis test. As the IpaA
(Menard et al, 1994). This was further confirmed by protein directly bound vinculin in the gel overlay assay
analysis of aShigellamutant strain in which thépaA and because we had previously shown that vinculin was
gene was inactivated by plasmid insertion, which did not required for efficient internalization by host cells, we
present vinculin binding activity (Figure 2B, lane 2). analyzed the entry phenotype oSaigellastrain in which

the ipaA gene was mutated by insertional inactivation
An ipaA mutant strain of Shigella is deficient for (Menardet al,, 1993).
entry, albeit entering cells at low levels As shown in Figure 3A, thépaA mutant showed an
independent of vinculin expression ~10-fold decrease in its ability to invade HelLa cells
Previous studies have indicated that inactivation of the (Figure@) when compared with wild-typ8higella
Shigella ipaAlocus resulted in strains that were still able (Figure 3A, M90T). Internalization of th@aA mutant,
to produce keratoconjunctivitis in hamsters (Sasakawa however, was not totally impaired (0.2%, Figpa&\BA,
et al, 1988). ipaA mutants, however, have a reduced and was significantly more efficient than that of the
plague forming ability on cultured cell monolayers and plasmid-cured strain (Figure 3A, BS176) or a mutant
are less virulent after injection into ligated rabbit intestinal deficient for IpaB, another invasin encoded by ipa
loops (our unpublished results). One possible explanation locus that is critichigellauptake (Figure 3AipaB).
for these apparent paradoxical results could be a defect inTo confirm that theépaA mutation caused a defect in the
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Fig. 2. Vinculin binding to theShigellalpaA protein in a gel overlay
assay. Gels containing whole bacterial extracts separated by SDS—
PAGE were either stained with Coomassie bld¢ ¢r duplicated on

an Immobilon-P filter by electrotransfer and probed witfPJvinculin
purified from chicken gizzards. Vinculin binding was detected by
autoradiographyR). Lane 1, wild-typeShigellaM90T; lane 2,ipaA
mutant; lane 3mxiD mutant, expressing the Ipa proteins but secretion
defective; lane 4E.coli MC1061; lane 5, supernatant from gaB
mutant which constitutively secretes the other Ipa proteins as well as
other Mxi—Spa secretion-dependent proteins (Pagsal, 1995); lane

6, supernatant of Aipa mutant, constitutively secreting other Mxi—
Spa secretion-dependent proteins, but withifieelocus deleted. The
binding of vinculin to the IpaA protein is indicated with an arrow
(IpaA).

ability of the strain to induce entry and not decreased
levels of association with host cells, the entry efficiency
was analyzed on isogen&higellastrains that were bound
to the cell surface by means of the Afak adhesin (Labigne-
Rousselet al,, 1984). Bacterial internalization after short
time periods of incubation with cells was quantitated
by counting bacteria that were not accessible to anti-
lipopolysaccharide (LPS) antibody in non-permeabilized
cell samples. HelLa cells were incubated for 15 min at
21°C with wild-type Shigella or with an ipaA mutant
expressing the afimbrial adhesin AfaE, to allow binding
of the bacteria to the cell surface. Monolayers were
shifted to 37°C to allow bacterial internalization and

paraformaldehyde was added to the samples at different

time points. After fixation, samples were incubated with
anti-LPS antibodies with or without host cell permeabiliz-
ation. As shown in Table I, ~30% of bound wild-type
bacteria were internalized after 5 min at 37°C, versus only
3.6% for theipaA mutant (Table |, Percent bacterial
internalization). Longer incubations resulted in significant
levels of bacterial internalization, with ~37% of the
bacteria being internalized after 30 min for wild-type
Shigellaand 18% bacterial internalization for thipaA
mutant (Table |, Percent bacterial internalization).

These results indicate that although still capable of
invading cells, theipaA mutant strain was significantly
impaired in its ability to induce entry into host cells.
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Fig. 3. The IpaA-deficientShigellamutant enters cells with low
efficiency and independently of vinculin expressioA) HelLa cell
monolayers were challenged wighigellastrains for 30 min at 37°C
and the percentage of bacterial internalization was determined by the
gentamicin protection assay. Each value is the mean of three
independent determinations. Cells challenged with: ippAA mutant;
ipaB, ipaB mutant; BS176, plasmid-cured M90T; M9OT, wild-type
Shigella TheipaA mutant is 10-fold less efficient in its ability to

invade Hela cells.§) ASML cells and vinculin transfectants were
challenged with wild-typeShigellaor theipaA mutant and the
percentage bacterial internalization was determined by the gentamicin
protection assay. Empty bars, cells challenged withipaé\ mutant;

solid bars, cells challenged with wild-tygghigella ASML, ASML
parental cells transfected with the neomycin-resistant vector alone;
A27, A35 and A5, individual vinculin transfectants. Each value is the
mean of three independent determinations. In contrast to wild-type
Shigella theipaA mutant does not show increased bacterial
internalization in vinculin transfectants.

(Figure 3B, empty bars). These entry levels appeared to
be comparable with the low levels of entry observed for

Expression of the AfakE adhesin, however, appeared tothe wild-type Shigella strain in the vinculin-deficient

partially compensate for the entry defect linked to the
ipaA mutation.

To analyze thdpaA invasive phenotype as a function
of vinculin expression levels, vinculin-deficient ASML

ASML parental cells (Figure 3B, ASML, compare the
empty and solid bars). For the wild-type strain, however,
cellular expression of vinculin allowed up to a 12-fold
increase in bacterial internalization efficiency (Figure 3B,

cells as well as three stable vinculin transfectants were solid bars). These results indicate that at least two distinct

analyzed for their ability to internalize wild-typ@ghigella
strain or theipaA mutant strain. As shown in Figure 3B,
the entry efficiency of thépaA mutant remained low in
the different cells tested and was not significantly affected
by expression of vinculin in the various transfectants
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steps occur durin§higellainduced entry: (i) one resulting
in low levels of entry that is independent of the bacterial
IpaA protein and vinculin expression; (ii) another depend-
ent on vinculin and IpaA and required for efficient bacterial
internalization.
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A

Table I. Analysis of actin polymerization foci induced by wild-type 1234567829
Shigellaand theipaA mutant

5 min 15 min 30 min . -' _'"+ e

Percent bacterial internalizatibn

Wild-type 26.1+ 9.2 35.8+ 9.1 36.9+ 8.4 B 12345673809
ipaA mutant 3.6 1.0 12.2* 6.3 178 2.5 ——y
Percent bacteria associated with actin polymerizatiorPfoci '}'ﬂ—d m ~a— IpaA
Wild-type 26.0+ 0.1 1.3+ 0.03 0
ipaA mutant 24.1+ 0.08 24.3% 0.05 8.7+ 0.08 c

123456789

Percent bacteria associated with actin coat structures

Wild-type n.d. 23.8+8.6 46.3+ 29.2

ipaA mutant n.d. 1.2£ 0.3 n.s. 62— - - “— IpaB
Each value was obtained by counting ~500 bacteria in at least 10 D
fields from two independent experiments. n.d., not determined; n.s., 1234567 8 910

not significant.

aThe percentage of bacteria internalized was determined by labeling 200— % .
bacteria before and after detergent permeabilization with anti-LPS 97— -See® — *®% -a- vinculin
antibodies. Internalized bacteria were counted as bacteria that were . = =

unambiguously protected from labeling before permeabilization and 69—

expressed as the ratio of protected bacteria to the total number of cell-

associated bacteria labeled after permeabilization. 3—

bRatio of bacteria associated with foci of actin polymerization to total
number of cell-associated bacteria after double immunolabeling of the
samples for F-actin and bacterial LPS.

‘Ratio of bacteria partially or totally associated with an actin coat to
total number of cell-associated bacteria. Fig. 4. IpaA associates with vinculin in HeLa cell extracts challenged
with Shigella To synchronize the infection, cell monolayers were
infected withShigellastrains expressing the AfaE adhesin for 15 min

IpaA associates with vinculin during Shigella at 21°C to allow binding. Samples were shifted to 37°C for 30 min to

infection allow bacterial internalization. The cells were placed on ice, washed in
To analyze IpaA association with vinculin durigigella ice-cold PBS and lysed in extraction buffer. After clearing by
invasion of epithelial cells, IpaA was purified from the centrifugation, the pellet was saved (sample pellet) and cell lysates
supernatant of aipaD mutantShigellastrain after SDS—  Were subjected to immunoprecipitation. Immunoprecipitation

. . . supernatants (supernatants) were precipitated with 5% trichloroacetic
PAGE and electroelution of the 70 kDa protein band. This acid. Immunoprecipitates were washed three times in extraction buffer,

material was used to immunize rabbits to prOdU_C_e a_nti' resuspended in Laemmli buffer and processed for Western blot
IpaA antiserum, which was used for immunoprecipitation analysis. Lanes 1-3, sample pellets; lanes 4-6, immunoprecipitates;
of IpaA from extracts of cells infected witlShigella lanes 7-8, supernatants. Lanes 1, 4 and 7, cells challenged with wild-

: ., type Shigellg lanes 2, 5 and 8, cells challenged with fhaA mutant;
The immunoprecipitates were then analyzed by Western lanes 3, 6 and 9, uninfected cell$\)(Immunoprecipitation using the

blotting using anti-vinculin- monoclonal antibody. As  anii-ipaa antibody and Westem blot analysis using the anti-vinculin
shown in Figure 4A, vinculin was specifically co-immuno-  vin11.5 mAb. 8) Immunoprecipitation using anti-vinculin mAb and
precipitated with the anti-lpaA antiserum in extracts of Western blot analysis using anti-lpaA antibod®) (mmuno-
cells infected with the wild-typeShigellastrain (Figure precipitation using anti-vinculin mAb and Western blot analysis using
AA. | 4). Th I . l . . anti-lpaB mAb. Bound antibodies were detected using the

, lane 4). € smaller vincu II’I. Cross-reacting Species cpemjjyminescent ECL systenD) HelLa cells were challenged with
most probably represent degradation products. In contrast,wild-type Shigellaand cell lysates were prepared as above and
only trace amounts of vinculin were immunoprecipitated subjected to immunoprecipitation using anti-IpaA antibody. Samples
with the anti-lpaA antibody in extracts from cells infected Wwere processed for Western blot analysis using anti-vinculin mAb.

- : ; : Lanes 1-5, immunoprecipitation supernatants; lanes 6-10,

Wlt.h the ipaA mmar_]t strain (Figure 4A’ Ia.me .5) or from immunoprecipitates. Lanes 1 and 6, cells challenged only at 21°C;
uninfected cells (Figure 4A, lane 6), indicating that cO- |anes 2 and 7, cells shifted to 37°C for 5 min; lanes 3 and 8, 10 min;
immunoprecipitation of vinculin was specific for the IpaA lanes 4 and 9, 15 min; lanes 5 and 10, 30 min. The arrow indicates
protein. In reverse immunoprecipitation experiments in the position of full-length vinculin. The molecular weights are
which vinculin was firstimmunoprecipitated from infected  indicated.
cells and the immunoprecipitates analyzed by Western
blotting using anti-lpaA antiserum, IpaA co-immunopre- tryptophan synthase was exclusively found in the insoluble
cipitated with vinculin (Figure 4B, lane 4), although a fraction of Shigellainfected cell extracts, with no detect-
few cellular species that cross-reacted with the anti-lpaA able amounts in the soluble fraction (not shown), indicating
antiserum were also visible (Figure 4B). The otBaigella that the presence of the Ipa proteins in the soluble
invasin, IpaB, was not detected in anti-vinculin antibody cellular fraction was not due to bacterial lysis during the
immunoprecipitates after Western blot analysis using an infection process.
anti-lpaB antibody, (Figure 4C, lanes 4 and 5), while To analyze the kinetics of IpaA association with vinculin
significant amounts of the IpaB protein were present in during Shigella entry, experiments were performed in
soluble extracts of cells infected with wild-type (Figure which HelLa cells were challenged with bacteria for various
4C, lane 7) or thapaA mutant Shigellastrains (Figure incubation periods at 37°C. Vinculin association with I[paA
4C, lane 8). In control experiments, bacterial cytoplasmic required incubation at 37°C, as samples that were kept at
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21°C did not show significant levels of vinculin in anti- found associated with such actin coat structures (Figure
IpaA immunoprecipitates (Figure 4D, lane 6). When 5c and Table I, Percent bacteria associated with actin coat
samples were shifted to 37°C, however, vinculin associated structures, wild-type). Witpathenutant, however,

with IpaA within 5 min, with a steady increase in bacteria often associated with the periphery of actin
association over the first 15 min (Figure 4D, lanes 7— polymerization foci (Figure 5f). In this latter case, these
10). Prolonged incubation at 37°C resulted in significant foci appeared to consist of microspike-like structures
degradation of vinculin associated with IpaA (results not (Figure 5f) which did not organize as did foci induced by
shown). No significant changes in the soluble pool of wild-type Shigella (Figure 5h, planes 1-5) and did not
vinculin were observed after precipitation with the anti- appear to be as productive for bacterial internalization
IpaA antibody during these experiments (Figure 4D, lanes (Table |, Percent bacterial internalizatiopaA mutant).

1-5), suggesting that only a small fraction of the total As opposed to wild-Biggella actin coat structures
vinculin pool was involved in association with [paA. No were almost never found associated wigaA mutant
association of IpaA withu-actinin, another actin binding bacteria (Table |, Percent bacteria associated with actin
and focal adhesion protein, could be detected in similar coat structures).

co-immunoprecipitation experiments (data not shown).

These results indicate that IpaA associates with vinculin IpaA-dependent recruitment of vinculin and

early after cell contact and suggest that IpaA is translocated e-actinin at Shigella-induced entry foci

from the bacterium to the cell cytosol during entry. As IpaA-vinculin interaction is critical for effiéint

gella entry, the recruitment of vinculin relative to IpaA
Cytoskeletal reorganization linked to IpaA localization was analyzed in entry foci induced by wild-
expression during Shigella internalization type Shigellaor theipaA mutant.

To investigate the nature of the entry defect linked to  Interestingly, vinculin was recruited to entry foci
IpaA deficiency, the ability of thépaA mutant Shigella induced by wild-typeShigella (Figure 6A, vinculin, R),
strain to induce actin polymerization at the site of bac- but also in foci induced by thgaA mutant (Figure 6B,

terium—cell interaction was analyzed. Bacteria were incub- vinculin, R). With wild-8ipigella however, vinculin

ated with HelLa cell monolayers, fixed at various time often showed a strong staining close to bacteria being
points and processed for double immunofluorescence stain- internalized (Figure 6A, red, 1-4) that was superimposable
ing of bacterial LPS and F-actin, followed by secondary with staining of the actin coat (Figure 6A, green, 1-4).
incubation with phalloidin coupled to Bodipy (green) and Although the average staining intensity of vinculin in the
anti-rabbit IgG coupled to Texas red (red). As shown in entry structure of th@aA mutant appeared to be similar
Figure 5a and d, bacteria-induced foci of actin polymeriz- to that of wild-tgpégella such an actin or vinculin

ation were clearly visible after 5 min incubation at 37°C coat was not found with théaA mutant (Figure 6B,

(Figure 5a and d, arrowheads). Unexpectedly, and although vinculin, R and 1-4). These results suggest that although
deficient for entry, thépaA mutant was found to induce overall recruitment of vinculin t&higellainduced entry

actin polymerization at a frequency similar to that of wild- foci did not appear to depend on IpaA, vinculin was
type Shigella(Figure 5a and d, arrowheads), with ~24% specifically recruited to the close vicinity of the bacteria

of cell-bound bacteria being associated with a local reor- in an IpaA-dependent manner.

ganization of the cytoskeleton (Table |, Percent bacteria When stained with the anti-IpaA antibody, IpaA local-
associated with actin polymerization foci, compgraA ized mostly in entry foci of cells infected with wild-type
mutant and wild-type). With wild-typ&higellg however, Shigella (Figure 6C, wt, IpaA), in a staining that co-

the frequency of bacteria-induced actin polymerization localized with that of vinculin (Figure 6C, wt, vinculin)
foci decreased rapidly to 1.3% after 15 min incubation at and F-actin (Figure 6C, wt, F-actin). Staining of the cell

37°C (Figure 5b and Table I, Percent bacteria associated nuclear region was also observed with the anti-lpaA
with actin polymerization foci, wild-type) and no detect- antibody, even after adsorption of the antiserum on HelLa
able foci were observed after 30 min, as ~36% of the cell extracts. This staining, however, was independent of
bacteria were internalized (Table |, Percent bacterial IpaA and was probably due to cross-reacting cellular
internalization, wild-type). In contrast, IpaA-deficient bac- protein(s), as uninfected cells showed a similar staining
teria induced foci of actin polymerization to a similar with this antibody (not shown). Staining of bacteria-
extent after 15 min (Figure 5e) and foci were still induced entry foci was specific for IpaA, as no staining
detectable after 30 min incubation (Table |, Percent bacteriawas observed in foci induced by tliygaA mutant (Figure
associated with actin polymerization fogaaA mutant). 6C,paA, IpaA).

Interestingly, the foci of actin polymerization induced by When stained foi-actinin, a striking difference was
theipaA mutant and wild-typeshigellashowed strikingly observed between the wild-type and ifheA mutant.
different characteristics. In the case of wild-typhkigella With wild-type Shigellg a-actinin showed a strong recruit-
actin polymerization appeared to result in the formation ment in bacteria-induced entry foci (Figurea6iiyin),
of an organized structure surrounding the bound bacteriumwhich partially co-localized with actin staining (Figure
(Figure 5c¢). The cell membrane in intimate contact with 6D, F-actinLPS, green). In contrasgy-actinin was
the bacterium in the process of being internalized was recruited to the entry structure induced by th@A mutant
coated with polymerized actin, as visualized by confocal to a much lesser extent (Figunea@Enin), although
microscopy analysis (Figure 5g, planes 1-3) and bacteriaactin was polymerized to a significant extent (Figure 6E,
that were deeply engaged in the entry structure were also F-adtiRS). These results indicate that recruitment of
often coated with polymerized actin (Figure 5b, arrow). a-actinin atShigellainduced entry foci is dependent on
After internalization, a significant number of bacteria were IpaA and suggest that IpaA could promote eSfdient
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1 2 3 4 5
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Fig. 5. Induction of actin polymerization foci by th@aA mutant. HeLa cells were challenged witthigellastrains expressing the AfaE adhesin and
shifted to 37°C for 5 mind andd), 12 min € andf-h) or 15 min @ ande). After incubation at 37°C, samples were fixed with 3.7%
paraformaldehyde, permeabilized and processed for bacterial labeling using rabbit anti-LPS antibody and anti-rabbit IgG coupled to Texas red, as
well as F-actin staining using Bodipy—phalloidin. (a—f) Direct fluorescence microscopy. (g and h) 1-5, optical sections interspacgthby 1.5

obtained by confocal microscopy, parallel to the cell substratum starting from the basal (1) to the dorsal cell surface (5). (a—c and g) Cedld challeng
with wild-type Shigella (d—f and h) Cells challenged with theaA mutant. Arrowheads indicate the formation $itiigellainduced structures
corresponding to localized polymerization of actin. (a), (b), (d) and (e)7=0a0 um; (c) and (f), 4um; (g) and (h), 2um. At early time points, the

ipaA mutant induces the formation of polymerized actin foci at a frequency similar to that of the wild-type. Bacteria-induced foci of actin
polymerization organized differentially for tipaA mutant (f and h) when compared with wild-tyj$higella(c and g), with bacteria often

associated with the periphery of the foci (f and h). Actin structures coating the bacterium in the process of being internalized observed fer wild-typ
Shigella(b, arrow, and g, 1-5, yellow staining) were not detected foriplaé mutant (h, 1-5).

gellainternalization by allowing recruitment af-actinin, tions involved in cell-cell contact (Burridge al,, 1988;
as well as vinculin and F-actin, close to the vicinity of Geiger and Ginsberg, 1991). The ability of vinculin to
the bacterium during internalization. link F-actin appears to be regulated by intramolecular

interaction between the vinculin tail, including the F-actin
binding domain (Menkeét al, 1994; Johnson and Craig,
1995), and the head domain. Anchoring of the cytoskeleton

A role for vinculin in Shigella entry to the plasma membrane via the cytoplasmic domain of
Vinculin is an important component of focal adhesion [3; integrins depends on an activated ‘opened form’ of
structures linking the cytoskeleton to the extracellular vinculin showing high affinity for talin via its head domain
matrix, as well as microfilament-associated adherens junc- and for F-actin via its tail domain (Johnson and Craig,

Discussion
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A

F-actin
+ LPS

vinculin

B

F-actin
+ LPS

vinculin

C F-actin vinculin IpaA triple-labeling

" - -- -

F-actin + LPS o-actinin . F-actin + LPS  o-actinin

Fig. 6. Differential recruitment of vinculin andi-actinin in polymerized actin foci induced by tliygaA mutant and wild-typeShigella HeLa cell
monolayers were challenged wighigellastrains for 15 min at 21°C, followed by incubation for 12 min at 37°C. After incubation, the cells were
fixed, permeabilized and processed for immunolabeling as described in Materials and meéth@sit(and D) Cells infected with wild-type

Shigella (B, C ipaA andE) Cells infected with thépaA mutant. (A and B) F-actit LPS, labeling of F-actin (green) arghigellaLPS (red);

vinculin, vinculin labeling (red). (C) Labeling of F-actin (F-actin), vinculin (vinculin), IpaA (IpaA) or superimposition of the three labeiliipdes (
labeling). (D and E) F-actifiLPS, labeling of F-actin (green) arghigellaLPS (red); actining-actinin labeling. (A and B) 1-4, optical sections
interspaced by 1.5im obtained by confocal microscopy, parallel to the cell substratum starting from the dorsal (1) to the basal cell surface (4);
R, reconstructed image obtained by averaging the fluorescence from optical sections 1-4. (A), (B), (D) and=E),mar (C), 2 um. Foci of

actin polymerization show reinforced vinculin (A, plane 3, arrow) and actin (A, plane 3, arrowhead) staining for both the wild-typeipad the
mutant. ThepaA mutant-induced foci, however, do not show a strong reinforcement of vinculin staining in the close vicinity of the bacterium in the
process of being internalized and only tracesiedctinin in the foci of actin polymerization.

1995). Although the molecular mechanisms are still (for a review see Craig and Johnson, 1996). In this study,
unclear, the redistribution of vinculin from a cytoplasmic we show that vinculin expression in cells is required
soluble pool to focal contacts in response to growth factor for effickingellainternalization. IpaA directly binds
activation is linked to a change from an inactive to an purified vinculin and associates with vinculin during
activated state of vinculin, in a process involving tyrosine invasion of epithelial cells. Furthermore, IpaA-mediated
kinases, protein kinase C and the small G protein Rho enhancement oShigellaentry requires vinculin expres-
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sion, as vinculin-deficient cells show similar levels of
entry for wild-type Shigellaand theipaA mutant. These
results strongly suggest that IpaA allows efficient
internalization by binding to vinculin.

/

/

Previous analysis of IpaA inactivation indicated that ’
ipaA mutantShigellawere able to spread from cell to cell  paa-independent e
and were able to induce keratoconjunctivitis in the hamster woe @@ 2
(Sasakawat al, 1988). In this report, we have identified N
IpaA as aShigellainvasin playing a major role in the \ A
entry process. Although still able to induce low levels of
internalization,jpaA mutants are significantly impaired in @ -
their ability to enter epithelial cells and also appear to be
less cytotoxic for epithelial cell monolayers after prolonged
incubation (our unpublished results). In addition, prelimin- L. recruitment of focal-adhesion components
ary experiments indicate thigtaA mutants are less virulent 2. formation of a focal-complex like structure

in the rabbit mtestlnal_ loop model _(Our UnpUbI_|Shed Fig. 7. IpaA-dependent reorganization Shigellainduced entry foci.
results). These paradoxical results might reflect different |paa-independent factors induce actin polymerization and the
sensitivity of the tests utilized. It is Iikely that the Iarge recruitment of vinculin at foci that are non-productive fhigella
inoculum of Shigellain the Sereny test could mask a [nteralization (pa-independent response). IpaA association with

- : i . P vinculin allows recruitment of other cytoskeletal proteins such as
requirement fo_r op_tlmal bacteria-induced mfternallza_tlpn. a-actinin to cellular extensions organizing the entry structure (1), as
From our studies it appears that IpaA mediates efficient \ell as the formation of a pseudo-focal adhesion at the membrane
internalization by binding vinculin and that vinculin is  juxtaposing the bacterium (2).

also critical for efficient uptake by the cell. As vinculin

expression is also a limiting factor in tHghigellaentry combination of defects in entry and cell-cell spread
process, it is possible th&higellainternalization is very ~ would be responsible for the decreased virulencgpah
inefficient in a cell epithelium where a significant amount mutamtgivo.
of vinculin is engaged in cellular junctions and adhesive
structures. A two-step Shigella-induced entry process

The fact that IpaA-deficienShigellais still capable of
Binding of IpaA to vinculin during cell invasion: inducing actin polymerization indicates that the initial
translocation or intracellular secretion events leading to cytoskeletal rearrangements are IpaA
Upon cell contactShigellalpa proteins are rapidly secreted independent. As opposed to thigaA mutant showing
from the bacterium to the extracellular medium via a residual levels of internaliz&fogellastrains mutated
specific secretion apparatus (Med et al, 1994). This in the ipaB, ipaC andipaD loci are totally impaired in
secretion apparatus appears to be functionally conserved . their ability to enter epihelial cells (Satakah38;
in other enteropathogens, suchyassinig where it allows Menard et al, 1993) and are unable to induce foci of
secretion of the anti-phagocytic Yop proteins (Rosqvist actin polymerization. These results indicate that bacterial
et al, 1994), andSalmonellawhich secretes effectors of internalization mediated by IpaA depends on the activity
entry homologous to the Ipa proteins (Hermaattal., of the other Ipa proteins and does not represent an alternate
1995; Kanigaet al, 1995). Heterologous secretion of entry pathway. Thus, it is possible to distinguish between
Salmonellaproteins has also been shown to occur in at least two ever8higellainduced internalization: an
Yersinia(Rosqvistet al,, 1995). In the case oYersinig initial event leading to actin polymerization which does
the Yop proteins are translocated from the bacterium to not allow effiSieigiellauptake and an IpaA-dependent

the macrophage cytosol upon contact with the cell response that is required for efficient internalization

(Rosqvistet al, 1994). It appears that, like théersinia (Figure 7). Interestingly, inert particles coated with the

Yop proteins, IpaA rapidly gains access to the cell cytosol IpaB—IpaC complex can be internalized by HelLa cells,

upon cell contact, where it can modulate the entry process. suggesting a direct effector role in the entry process for

Indeed, IpaA can be immunodetected in an entry structure theseShigellainvasins (M@ardet al, 1996). As particle

induced by wild-typeShigella and interaction between uptake in this latter case appears to be rather inefficient

IpaA and vinculin can be detected as early as 5 min after in comparison withShigellaentry, it is possible that the

interaction betweeishigellaand host cells. IpaB and IpaC invasins are responsible for the non-
When the cells were treated with cytochalasin to prevent productive actin polymerization foci leading to the residual

Shigellainternalization, however, a significant reduction levels of entry observed foipdre mutant. It is also

in the levels of vinculin and IpaA immunocomplexes was possible that otheShigella factors modulate the entry

observed (data not shown). Therefore, a significant fraction process, as several bacterial proteins other than the Ipa

of the IpaA pool that associates with vinculin may result proteins are translocated via the Mxi—Spa apparatus. For

from secretion by internalized bacteria. Consistent with example, after prolonged incubation, the frequency of

intracellular secretion of IpaApaA mutants do notinduce  bacteria-induced foci of actin polymerization decreased

an important redistribution of vinculin at the site of rapidly with wild-tyBhigella while remaining more or

bacterial growth after prolonged growth in the cell cytosol less constant with thgpaA mutant. The implication of

(our unpublished results). It is possible that besides its IpaA deficiency in this lasting induction is not clear: IpaA

effect onShigellaentry, the IpaA-vinculin interaction also  could play a direct role in down-modulation of these foci

plays a role inShigellacell-cell spread. In that case, a duriSfpigellaentry or, alternatively, down-modulation
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of actin polymerization foci induced by wild-tygghigella
could be linked to secretion of other factors by internal-
ized bacteria.

Modulation of Shigella-induced foci of actin
polymerization by the IpaA-vinculin interaction

The analogy between membrane ruffling in response to
growth factor stimulation an®almonellainduced entry
has led to the use of the term ‘ruffling’ to designate
bacteria-induced membrane deformations at the site of

to the close vicinity of the bacterium, which was linked
to IpaA expression. Interestingly, the presence of this
vinculin coat also correlated with assembly of the F-actin
coat anda-actinin-containing coat in an IpaA-dependent
manner, since ~24% of the cell-associated bacteria were
entirely or partially coated with actin in the case of wild-
type Shigella whereas theipaA mutant almost never
associated with such structures (Table 1). It is difficult to
establish the hierarchy of events leading to formation of

the IpaA-dependent coat, as actin polymerization itself

entry, although in the latter case these membrane exten-can influence the distribution of actin binding proteins.

sions form mostly on the dorsal surface of the cell.
Interestingly, vinculin, along with talin, is recruited to
focal complexes associated with filopodia and lamellipodia
formed in response to growth factor activation (Ben-Ze'ev
et al, 1990; Nobes and Hall, 1995). In the case of neurite
outgrowth, vinculin does not appear to play a role in the
formation of these cellular extensions, but rather may
be involved in their stabilization (Varnum-Finney and
Reichardt, 1994). Because of the recruitment of vinculin
to Shigellainduced foci of actin polymerization, it is
possible that vinculin participates in stabilization of cellu-
lar extensions induced b$higelladuring entry. Vinculin
expression by itself, however, was not sufficient for
productive Shigella uptake, as IpaA-deficienShigella
strains are inefficiently internalized by vinculin-expressing
cells, with levels similar to those of wild-typghigellain
vinculin-deficient cells. In addition, vinculin appears to
be recruited in foci of actin polymerization induced by
the ipaA mutant to a similar extent as in foci induced by
wild-type Shigella It is conceivable that initial events
induced byShigellathat lead to the formation of these
IpaA-independent cellular projections also induce recruit-
ment of vinculin to these structures. Therefore, the role
of IpaA-vinculin interaction duringhigellaentry appears

to be more complex than a simple recruitment of vinculin
to the Shigella entry site. In fact, the most striking
difference between the wild-type and thgaA mutant
strains was the consistent vinculin coat surrounding the
bacterial body for the wild-type strain, which was not
found for theipaA mutant strain. Instead of physically
recruiting vinculin to theShigellaentry site, IpaA binding

to vinculin could potentiate or modulate its activity, by
favoring vinculin interaction with other actin binding
proteins. These changes of vinculin activity may translate
into two kinds of responses. On the one hand, via
vinculin binding, IpaA could allow the recruitment of
other components of focal adhesion complexes to the
site of cytoskeletal rearrangements inducedSygella
(Figure 7, 1). Consistent with this, the actin binding
protein a-actinin is massively recruited to entry foci
induced by wild-typeShigella whereas it is recruited to
foci induced by thépaA mutant to a much lesser extent.
On the other hand, the vinculin and actin coat structures
found surrounding wild-typ&higelladuring entry suggest
another response that allows docking of vinculin at the
site of the nascent bacterial phagosome, which would
require vinculin ‘activation’ by IpaA to occur (Figure 7, 2).

Vinculin-IpaA interaction as a switch towards a
focal adhesion-like structure?
One of the most striking features of vinculin immunolocal-

Direct binding of vinculin to IpaA, however, points to
such an interaction as a candidate for an initial event

leading to subsequent coating. For example, IpaA-specific

recruitment ofa-actinin at entry foci is likely to occur
via vinculing-astinin does not appear to associate
with IpaA and has been shown to directly bind vinculin
(Otto, 1983). Activation of vinculin by IpaA would permit
anchorage of the cytoskeleton to the phagosomal mem-
brane by a yet to be identified mechanism and initiate the
organization of a focal adhesion-like structure, without
which bacteria would be repelled by the formation of
bacteria-induced cellular extensions most of the time.
Interestingly, IcsA, Shiagella protein responsible for
formation of an actin comet tail at one pole of the
bacterium, has also been reported to bind vinculin (Suzuki
et al, 1996 ). As IpaA appears to be implicated in the
recruitment of vinculin to the sig&hafellaintracellular
growth and to influence actin comet tail formation (our
unpublished results), it is tempting to speculate that
activation of vinculin by IpaA favors vinculin association
with IcsA and allows the formation of a vinculin-rich
structure required for elongation of actin filaments during
intracellular motility.

Materials and methods

Bacterial strains, cell lines, plasmids, antibodies and

reagents

Wild-type Shigella flexnertype 5 M90T and its derived strain BS176,
cured of the virulence plasmid, were used in this study.iphé& mutant

was obtained by plasmid insertion in thgaA gene (Maard et al,
1993).ipaB andipaAD mutants ofShigellg which constitutively secrete

the Ipa proteins, were kindly provided by Claude Parsot. All bacterial
strains were grown in trypticase soy broth at 37°C, unless otherwise
stated. The pBR322-based p1018 plasmid encoding the AfaE adhesin
and conferring resistance to spectinomycin was a kind gift from Chantal
Lebouguenec (Insitut Pasteur, Paris, France). The eukaryotic expression
vector pR4:vinc carrying the chicken vinculin cDNA under the control

of an LTR promoter has been described previously (Rodriguez Fernandez,
et al, 1992). The rat pancreas adenocarcinoma cell line ASML, showing
no detectable levels of vinculin, was grown in RPMI medium (Gibco
BRL) supplemented with non-essential amino acids and containing 10%
fetal calf serum as described (Rodriguez Fernaneeal., 1992). HeLa

cells were grown in minimal essential medium (Gibco BRL) containing
10% fetal calf serum. The anBhigellaLPS monoclonal antibody (mAb)
C20 was a kind gift from Armelle Phalipon. The anti-vinculin mAbs
vinll.5 and hvin.1 were obtained from Sigma Chemical Co. The anti-
a-actinin mAb BM-75.2 was from Biomakor. The anti-mouse IgG
antibody and anti-rabbit IgG coupled to fluorescein or Texas red were
from Amersham Corp. Protein G—Sepharose beads were from Pharmacia
Ltd. The Bolton—Hunter reagent for radiolabeling was from Dupont NEN.

Transfection and analysis of vinculin expression levels in

ASML cells

ASML cells were transfected as described previously (Rodriguez
Fernandezt al, 1992), using the lipofectin reagent (Pharmacia) and a

ization experiments was the presence of strong recruitmentratio of 20:1 of the p@4:vinc plasmid versus the pSV2neo plasmid to
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Preparation of bacterial extracts and vinculin overlay

G418 (Pharmacia) was added to the transfection plates. Individual clones Bacteria grown to early logarithmic phase (gp= 0.2) were harvested

were isolated with a cloning ring after 8 days and expanded for vinculin
expression analysis and fBhigellainternalization assay. For each stable

transfectant, vinculin expression was analyzed by trypsinizing a semi-
confluent monolayer in a 100 mm tissue culture dish. The cells were

by centrifugation at 300@ and resuspended in one tenth of the initial
volume of Laemmli sample buffer (Laemmli, 1970) without reducing
agents. Samples were boiled for 5 min before loading onto a standard
10% polyacrylamide gel and SDS—PAGE. After migration, proteins were

washed twice in phosphate-buffered saline (PBS) and the equivalent of transferred to an Immobilon-P filter using a semi-dry transfer system.

10P cells was resuspended in 1QDLaemmli loading sample buffer for
Western blot analysis using the anti-vinculin mAb vin1l.5, after SDS—
PAGE on a 10% polyacrylamide gel. About 30% of the G418-resistant
clones tested expressed detectable levels of full-length vinculin (not
shown); clones which expressed high levels of vinculin also presented
smaller anti-vinculin mAb cross-reacting species which could correspond
to degradation products (not shown). Vinculin levels in the various

Filters were blocked for 2 h in buffer containing 20 mM HEPES, pH 7.5,
10 mM NacCl, 15 mMpB-mercaptoethanol, 1 mM EGTA, 0.05% sodium
azide, 0.25% gelatin and 0.5% BSA. Vinculin binding to bacterial
proteins was analyzed by a gel overlay technique (Otto, 1983), with a
few modifications. Vinculin was radioiodinated using the Bolton—Hunter
reagent for 15 min at 0°C in 0.125 M borate, pH 9.5, usingu@¥ug
protein, and stored in PBS containing 0.1% BSA. After blocking, filters

transfectants were quantitated by an ELISA-based assay as describedvere incubated with purifiet?d-labeled vinculin at a final concentration

previously (Tran Van Nhieu and Isberg, 1993). Briefly, cells were seeded
at a density of %10 cells/well in a 24-well tissue culture plate and
were grown for 16 h to allow attachment to the plastic surface. Cell
samples were then fixed in 3.7% paraformaldehyde for 20 min at 21°C,
permeabilized with 0.1% Triton and processed for immunoprobing using
the anti-vinculin mAb 11.5 at a concentration of ug/ml in 25 mM
HEPES, pH 7.3, in RPMI buffer containing 1% bovine serum albumin
for 2 h at 21°C. After washing three times with PBS, the cells
were incubated with peroxidase-coupled anti-mouse 1gG antibody at
concentration of 1Qug/ml for 1 h at 21°C. Peroxidase activity was

a

of 1 pg/ml for 2 h at 21°C and subsequently washed three times in PBS
containing 0.1% Tween 20 (PBS-T). Bound vinculin was revealed
by autoradiography. Alternatively, vinculin binding was visualized by
immunodetection. After incubation with non-radioactive vinculin, filters
were incubated with the anti-vinculin mAb vin11.5 at 100 ng/ml in
PBS-T for 60 min, washed three times in PBS-T and incubated with
anti-mouse 1gG antibody coupled to peroxidase. After washing with
PBS-T, bound antibodies were detected using the ECL system (Amersham
Corp.). The results were similar to those obtained witf-labeled
vinculin and vinculin binding to IpaA could be detected using this non-

detected using the chromogenic OPD substrate and by reading absorbancé&adioactive technique. This suggests that the binding observed was stable

at 405 nm using an ELISA reader (MR4000; Bio-Rad), after transferring
the supernatant to a fresh 96-well plate. After peroxidase activity
detection, the monolayers were rinsed twice with distilled water and the
cell density in each well was determined by the crystal violet staining
method (Brasaemle and Attie, 1988). Vinculin expression levels of each

clone were normalized to cell density and expressed as the average ratio

and specific for vinculin under the conditions used and that the vin
1.5 mAb does not interfere with vinculin—IpaA binding.

Production of the anti-IpaA antibody
IpaA was isolated from the culture supernatant dtagellastrain for
which theipaD locus was inactivated and which constitutively secrete

from at least three independent determinations of the values of peroxidaset® 1P proteins (Parset al, 1995). Bacteria were grown in trypticase

activity to the corresponding values obtained from crystal violet detection
(Tran Van Nhieu and Isberg, 1993).

Bacterial entry analysis

Shigellainternalization by cells was determined as described previously
using the gentamicin protection assay (Isberg and Falkow, 1985). For
short time periods<30 min), however, internalization was quantitated
visually by differentially counting cell-associated bacteria that were
labeled with anti-LPS antibody before and after cell permeabilization.
Bacteria expressing the AfaE adhesin (Labigne-Rousgsedl, 1984)
were allowed to bind to cells grown on coverslips for 15 min at 21°C
at a multiplicity of infection of 10 bacteria/cell in 25 mM HEPES,
pH 7.3, in minimal essential medium. After incubation, the medium was

soy broth until late log phase (Qg) = 0.6) and the cells pelleted for

20 min at 4°C at 500@. The bacterial supernatant was filtered through
a 0.22 um nitrocellulose filter (Schleicher & Schull), the proteins
were precipitated with ammonium sulfate at 60% final concentration,
resuspended in one tenth of the original culture volume and dialyzed
against three changes of 1 mM EDTA, 1 mM PMSF, 10 mM Tris,
pH 7.5, at 4°C for 12 h. After adding Laemmli sample buffer and
boiling for 5 min, the proteins were separated by SDS-PAGE on 10%
polyacrylamide preparative gels, stained briefly using G{Cée et al,
1987) and slices corresponding to the 70 kDa species were cut out and
subjected to electroelution in Laemmli running buffer in dialysis bags.
Electroeluted samples were concentrated using Centricon-30 (Amicon),
dialyzed against PBS and the protein concentration was adjusted to
1 mg/ml. New Zealand rabbits were immunized using 1@0protein/

removed, fresh medium prewarmed to 37°C was added and the samplesinjection and antisera were tested after 2 months by Western blotting.

were shifted to 37°C. At given time points, samples were fixed with

paraformaldehyde and first incubated with the anti-LPS mAb C20 for
60 min. Samples were then washed with PBS, permeabilized with 0.1%
Triton X-100 for 7 min and further incubated with the aBfigellaLPS

To obtain anti-lpaA specific antibodies, antisera were adsorbed using
nitrocellulose filters coated with bacterial extracts iphA mutant
Shigella Briefly, bacteria grown to late log phase were washed at 4°C
in 10 mM Tris—HCI, pH 7.3, containing 1 mM PMSF and 1 mM EDTA

antiserum for 60 min. Bound antobodies were then visualized after and resuspended in one tenth of the original culture volume in the same
incubation with anti-mouse 1gG coupled to fluorescein isothiocyanate buffer. All subsequent steps were carried out at 4°C. Bacteria were lysed
(FITC) (Sigma Chemical Co.) and anti-rabbit IgG coupled to tetramethyl- Dy sonication in an ice bath, using three pulses of 20 s spaced by 30 s
rhodamine isothiocyanate (TRITC) (Amersham Corp.). Samples were (output 6, Sonicator M234; MSE). Cell membranes and debris were

mounted on slides using DABCO as a mounting reagent and analyzed Pelletted at 100 000g using a table-top ultracentrifuge (TL-100;

using a fluorescence microscope (BH2-RFCA; Olympus Optical Co.
Ltd) and filters specific for FITC (WIBA; Olympus), TRITC (WIY;
Olympus) or a dual band filter (FITC & TRITC; Olympus).

Vinculin purification from chicken gizzards

Vinculin was purified from chicken gizzards as described previously
(Evanset al, 1984), with a few modifications. Briefly, gizzards were
blended, washed in 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and
vinculin was extracted in 2 mM Tris, pH 9.0, containing 1 mM EDTA
and 0.5 mM PMSF. The extract was clarified by precipitation using
10 mM MgCh and the supernatant was concentrated by precipitation
using ammonium sulfate at 20% final concentration before loading onto
a DEAE-Sephacel (Bio-Rad) column. Vinculin was eluted using a low
salt gradient (0-370 mM NacCl). The eluted fractions containing vinculin
were pooled, dialyzed against 20 mM Tris, pH 7.5, containing 1 mM
PMSF and 10 mM NaCl and loaded onto a HiLoad FPLC column.
Vinculin was recovered in the flow-through. Vinculin was further
concentrated using Centriprep 30 (Amicon) and stored at 4°C for short-
term storage.

Beckmann Corp.) and supernatants were directly incubated with nitro-
cellulose filters (5 ml/200 mm diameter filters) for 2 h. Filters were then
blocked in PBS containing 1% BSA for 60 min. Two milliliters of
antiserum were adsorbed by two successive 2 h incubations with these
coated filters. Essentially the same procedure was used when adsorbing
sera against cultured cell extracts, except that délls were used to
prepare extracts for each filter. The antibody obtained after immuno-
adsorpation was specific for IpaA, as tested by Western blotting against
whole bacterial extracts of wild-typ8higellaand the IpaA-deficient
strain (not shown). A 50 kDa cross-reacting species, however, was
consistently seen when blotting against HeLa or 3T3 cell extracts, even
after adsorption of the antibody against extracts prepared from these cell
lines (not shown).

IpaA co-immunoprecipitation from Shigella-infected HelLa

cell extracts

Bacteria were grown to Ofgg 0.8, washed once in PBS and
resuspended at the same density in 25 mM HEPES, pH 7.3, minimal
essential medium (MEM). Hela cells grown to 60% confluency in
100 mm dishes were washed twice in PBS and resuspended in MEM—
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HEPES for 90 min at 37°C. To synchronize the infection, cell monolayers Geiger,B. and Ginsberg,D. (1991) The cytoplasmic domain of adherens-
were incubated with the bacterial suspensions for 15 min at 21°C and  type junctionsCell Motil. Cytoskeleton20, 1-6.

then shifted to 37°C. At different time points, the cell samples were Groisman,E.A. and Ochman,H. (1993) Cognate gene clusters govern
chilled on ice, washed three times with ice-cold PBS containing 1 mM invasion of host epithelial cells bysalmonella typhimuriumand
MgCl,, 0.5 mM CaC} and 1 mM NaVO, and scraped with a rubber Shigella flexneriEMBO J, 12, 3779-3787.

policeman into 0.5 ml 0.1% Nonidet P-40, 1 mM PMSF, PBS (extraction Hermant,D., Meard,R., Arricau,N., Parsot,C. and Popoff,M.Y. (1995)
buffer). Samples were homogenized using 10 strokes with a Dounce Functional conservation of th8almonellaand Shigellaeffectors of
homogenizer (Size 1.8; Kontes Scientific Glassware, Vineland, NJ) and  entry into epithelial cellsMol. Microbiol., 17, 781-789.

bacteria and cell membranes were pelleted by centrifugation for 5 min |sberg,R.R. (1991) Discrimination between intracellular uptake and
at 8000 g at 4°C. The supernatant was carefully transferred to a  surface adhesion of bacterial pathoge®sience 252, 934-938.

fresh tube and incubated with the anti-lpaA (1:100) or anti-vinculin Isberg,R.R. and Falkow,S. (1985) A single genetic lous encoded by
vin11.5 mAb (5ug/mlfinal concentration) for 90 min. Inmune complexes Yersinia pseudotuberculoggrmits invasion of cultured animal cells
were precipitated using 20l protein G—Sepharose beads (Pharmacia), by Escherichia coliK-12. Naturg 317, 262—264.

washed three times in extraction buffer and resuspended in Laemmli |sperg,R.R. and Tran Van Nhieu,G. (1994) Two mammalian cell

sample buffer, before Western blot analysis. internalization strategies used by pathogenic bactekianu. Rev.
Genet, 27, 395-422.

Immunofluorescence confocal microscopy analysis Johnson,R.P. and Craig,S.W. (1995) F-actin binding site masked by the

Samples were processed for triple immunofluorescence labeling. F-Actin  intramolecular association of vinculin head and tail domalNesture

was labeled using phalloidin conjugated to Bodipy. Vinculin eraktinin 373 261-264.

were labeled with the h-vin.1 mAb (Sigma) or the BM-75.2 mAb Kaniga,K., Trollinger,D. and Galan,J.E. (1995) Identification of two
respectively and anti-mouse IgG conjugated to TRITC. Bacteria were targets of the type Ill protein secretion system encoded byirthe
visualized using anti-LPS rabbit antiserum and anti-rabbit IgG conjugated  and spaloci of Salmonella typhimuriunthat have homology to the
to CY5. Fluorescent samples were analyzed using a confocal laser ShigellalpaD and IpaA proteins]. Bacteriol, 177, 7078—7085.
scanning microscope (Leica Inc., Deerfield, IL). Kadurugamuwa,J.L., Rohde,M., Wehland,J. and Timmis,K.N. (1991)

Intercellular spread dshigella flexnerthrough a monolayer medriated

by membranous protrusions and associated with reorganization of the
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