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Osmoregulation of the Shigella flexneri ompC gene and the role of OmpC in Shigella virulence have been
investigated. OmpC was highly expressed when bacteria were grown in medium of either low or high
osmolarity. This constitutive expression is in contrast with the regulation observed in Escherichia coli, in which
the expression of OmpC is repressed at low osmolarity and induced at high osmolarity. In addition, the Shigella
ompC gene was barely expressed by a AompB (AompR and AenvZ) mutant. We described in a previous report
that such a mutant was severely impaired in virulence both in vitro and in vivo. Starting from this observation,
and in order to assess which gene(s) regulated by ompR and envZ are involved in virulence, we constructed an
S. flexneri AompC mutant. Three S. flexneri mutants, ompF'-lacZ, AompC, and AompB, were compared for
virulence. The ompF’'-lacZ mutant behaved like the S. flexneri serotype 5 wild-type strain M90T in all in vitro
and in vivo virulence tests. On the contrary, the AompB and AompC strains were considerably impaired in their
virulence phenotypes. The ability of these two mutants to spread from cell to cell and to kill epithelial cells was
severely affected. Consequently AompC, as previously described for AompB, was unable to elicit a positive
Sereny test. The AompB mutant was restored to virulence by introducing a recombinant multicopy plasmid
carrying the cloned E. coli ompC gene, indicating that a functional OmpC protein was necessary and sufficient

to restore virulence to this mutant of S. flexneri.

Shigellae are gram-negative enteric bacilli which cause
bacillary dysentery by a multistep invasive process. First,
bacteria penetrate and replicate within colonic epithelial
cells (22). Entry into epithelial cells occurs by induced
phagocytosis (9); intracellular bacteria then lyse the phago-
cytic vacuole and multiply inside host cells (47). This activity
can be studied in in vitro invasion and intracellular multipli-
cation assays that use cultivated mammalian cell lines such
as HeLa and Caco-2. Another key step of the invasive
process is the intra- and intercellular spread of bacteria
within epithelial tissues (5, 27). Shigellac move to adjacent
cells via protrusions without leaving the intracellular com-
partment. Similar intra- and intercellular movements have
been described for Listeria monocytogenes (33, 50). The
driving force which promotes the movement of both Shigella
flexneri and L. monocytogenes arises from the production of
multiple foci of actin nucleation near the bacterial surface
that subsequently localize and elongate at one pole of the
bacterium (5, 14, 21). The final consequence of these pro-
cesses is killing of the host cells. Intra- and intercellular
spread and cellular disruption can be approximated in vitro
in the plaque assay in which the ability of invasive bacteria
to cause a cytopathic effect on a confluent monolayer of
HeLa cells is tested.

The S. flexneri genetic loci encoding entry into epithelial
cells as well as intra- and intercellular spread are located on
a 220-kb virulence plasmid (28, 46). Nevertheless the expres-
sion of chromosomal genes is also necessary for full expres-
sion of virulence (40, 51).

We have previously demonstrated that the two-compo-

* Corresponding author.

T Present address: Dipartimento di Biologia Cellulare ¢ dello
Sviluppo, Sezione di Scienze Microbiologiche, Universita di Roma
““La Sapienza,”” Rome, Italy.

3625

nent regulatory system EnvZ-OmpR is involved in the
regulation of genes associated with virulence of shigellae (4).
Deletion mutants in the ompB locus, which includes the
envZ and ompR genes, were severely affected in in vitro and
in vivo virulence assays (4, 45). In Escherichia coli, EnvZ is
an inner-membrane-bound protein (12) that has both kinase
(13) and phosphatase (18) activities, and OmpR is a DNA-
binding protein which can be phosphorylated by EnvZ (2,
13) and activates transcription of ompF and ompC (38). E.
coli responds to changes in the osmotic strength of the
environment by changing the ratio of porins OmpF and
OmpC, so that the total level of porin proteins remains
approximately constant (26, 53). OmpF, which produces
slightly wider pores than does OmpC (1.2 nm), predominates
at low osmotic strength, whereas OmpC (1.1 nm) predomi-
nates at high osmotic strength (for a review, see reference
37). It has been proposed that the smaller pores formed by
OmpC could reduce the diffusion of larger hydrophobic and
negatively charged molecules when bacteria encounter high-
osmolarity conditions as in host compartments (i.e., 300
mosM). On the contrary, in an external environment which
presents lower osmotic strength and lower concentrations of
toxic substances and nutrients, the larger channel of OmpF
may be better adapted. In addition, higher growth tempera-
ture, a condition again found in the bodies of animals and
humans, favors the production of OmpC over that of OmpF
37).

In contrast to the situation in E. coli, the human pathogen
Salmonella typhi shows OmpC expression in both high- and
low-osmolarity conditions (42). Nevertheless, as described
for E. coli, expression of S. typhi OmpC is dependent on the
OmpR transcriptional activator. Furthermore, Salmonella
typhimurium ompR mutants express an attenuated virulence
phenotype (11).

In a previous study, we showed that mutants lacking the
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TABLE 1. Bacteria and plasmids

Strains and plasmids

Genotype and relevant characteristics

Reference or source

Strains
E. coli K-12
MC4100 F~ araD139 A(argF-lac)U169 rpsL150 relAl fbB5301 ptsF25 deoC thiAl 7
JMS150 MC4100 (ompF'-lacZ) 16-13 4
RAM191 MCR106 AompC178 zei-198::Tnl0 31
S. flexneri
M90T Serotype 5; wild type harboring 220-kb invasion plasmid 46
SC433 M90T AompB-—; Sp” 4
SC442 M90T ompF'-lacZ transductant of JMS150 donor 4
SC445 M90T AompC zei::Tnl0 transductant of RAM191 donor; Tc* This study
Plasmids
pJP33 Vector pACYC184, cloned E. coli ompF gene 52
pMY150 Vector pBR322, cloned E. coli ompC gene 32

expression of EnvZ and OmpR were unable to colonize
epithelial tissue cultures. Nevertheless, the step of the
invasive process that was affected in such mutants had not
been elucidated. On this basis, we analyzed in this study the
phases of the invasive process and the virulence-associated
activities of the AompB strain, particularly intracellular
multiplication and intra- and intercellular spreading. In ad-
dition, we investigated genes submitted to EnvZ-OmpR
regulation which could possibly be involved in Shigella
virulence. In particular, since AompB mutants were not
thought to produce porins OmpC and OmpF, we were
interested in investigating whether loss of the porins could
compromise the ability of the bacteria to survive and grow in
the host compartments.

MATERIALS AND METHODS

Strains and media. All S. flexneri strains studied here were
derived from the wild-type serotype 5 strain M90T (46). The
bacterial strains and plasmids used are listed in Table 1.
Bacteria were routinely cultured in tryptic casein soy (Diag-
nostics Pasteur, Marne La Coquette, France) and Luria (30)
broth or agar. Nutrient broth (NB; Difco) and NB supple-
mented with 0.3 M NaCl were used as low- and high-
osmolarity media, respectively. Alternatively, K medium
was also used as a low-osmolarity medium (20). M9 salts (30)
were used for preparing minimal medium. Carbon sources
were added to a final concentration of 0.2%, and the medium
was supplemented with 10 pg of nicotinic acid per ml to
allow shigellae to grow. When necessary, streptomycin,
ampicillin, tetracycline, and chloramphenicol were added at
100, 100, 12.5, and 30 p.g/ml, respectively.

Genetic procedures. Transformation was performed as
described by Dagert and Erlich (10). Generalized transduc-
tion with bacteriophage P1 was carried out as described by
Miller (30).

Construction of an S. flexneri ompC deletion mutant. A P1
lysate of RAM191 (E. coli AompC178 zei::Tn10) (31, 48) was
used to transfer the ompC region into wild-type S. flexneri
MO90T by using the linked selectable marker zei-198::Tnl0
(the Tc" marker is approximatively 60% linked to the ompC
gene). Tc™ transductants, selected on Luria-tetracycline
plates, were screened for OmpC production by means of
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis of the outer membrane proteins (see below). A
transductant, named SC445 (M90T AompCl78 zei-198::
Tnl10), was selected for further studies.

Strain RAM191, constructed by Misra and Benson (31),

carries the AompCl78 deletion previously isolated by
Schnaitman and McDonald (48). This deletion includes the
entire chromosomal HindIIl (2.6-kb) fragment carrying
ompC and containing all information necessary for normal
regulation of OmpC protein. In addition, this deletion ex-
tends into flanking DNA sequences on the gyr4 side of
ompC.

Plasmid PMY150 (32) carries a 1.1-kb E. coli chromosomal
DNA fragment cloned in pBR322. This fragment contains
the entire ompC coding sequence, including the ompC
promoter and the DNA encoding the 5'-end untranslated
region of ompC RNA involved in ompF regulation (32). In S.
flexneri SC445 (M90T AompCl178 zei-198::Tnl0), OmpC
production was restored by complementation with plasmid
PMY150.

Protein analysis. Bacterial envelopes were isolated by the
method of Achtman et al. (1). Bacteria were cultured to late
exponential growth phase in NB or NB-0.3 M NaCl, har-
vested, and resuspended in 10 mM Tris-HCI (pH 8.0)-5 mM
Mg?*. The bacterial suspension was sonicated three times at
4°C for 30 s each time. Unbroken intact cells were removed
by low-speed centrifugation for 20 min, and whole mem-
branes were pelleted at 32,000 x g for 60 min at 4°C. Outer
membranes were extracted with Triton X-100 (final concen-
tration, 2%) in 10 mM Tris-HCI (pH 7.4)-5 mM Mg>* for 30
min at room temperature. Protein samples prepared by the
method of Lugtenberg et al. (25) were subjected to urea-
SDS-polyacrylamide gel electrophoresis (8 M urea, 7% acry-
lamide, 0.21% bisacrylamide), and gels were loaded so that
each well contained 20 pg of protein.

Immunoblotting was carried out as described by Burnette
(6) by using the serum of a monkey experimentally infected
with the wild-type S. flexneri M90T or an anti-OmpC poly-
clonal serum kindly provided by J. Tommassen.

Analysis of LPS side chains. Lipopolysaccharide (LPS)
samples were prepared essentially as described by Westphal
and Jann (54). The component parts were separated as
previously described (23) and transferred to a nitrocellulose
membrane. Filters were successively incubated with S.
flexneri anti-LPS serum and '**I-labeled protein A. LPS O
side chains were then visualized by autoradiography.

Virulence assays. (i) Infection of HeLa and Caco-2 cells. The
HeLa cell invasion assay was performed as previously
described (16). The Caco-2 cell invasion procedure was also
performed as previously described (34).

(ii) Intracellular multiplication of bacteria within HeLa
cells. Multiplication of bacteria within HeLa cells was as-
sayed as previously described (47), with minor modifica-
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tions. Nonconfluent monolayers of HeLa cells were inocu-
lated with bacteria suspended in 2 ml of minimal essential
medium (GIBCO) at a multiplicity of infection of 100,
centrifuged, and incubated for 30 min at 37°C to allow entry.
Plates were washed three times with Earle’s balanced salt
solution (EBSS; GIBCO) and covered with 2 ml of minimal
essential medium with gentamicin (50 pg/ml). This point was
considered as time zero (7). Incubation was usually carried
out for 5 h. Two plates were removed every hour (T, T>, T5,
T,, and Ts). One plate was washed three times with EBSS
and Giemsa stained to calculate the percentage of infected
HeLa cells. The other plate was washed five times with
EBSS to eliminate viable extracellular bacteria. Cells were
trypsinized, counted, and then lysed with 0.5% sodium
deoxycholate in distilled water. Dilutions of this suspension
were plated onto tryptic soy agar. The average number of
bacteria per infected cell was calculated according to the
following equation: (number of CFU/plate)/(number of HeLa
cells x percentage of infected HeLa cells). Experiments
were repeated at least five times for each strain tested.
Results represent the means of the five experiments.

(iii) Plaque assay. The plaque assay was carried out as
originally described by Oaks et al. (39).

(iv) Infection of J774 macrophages. The mouse macrophage
cell line J774 was propagated and infected as described
previously (8).

(v) Sereny test. The keratoconjunctivitis assay was per-
formed with guinea pigs as originally described (49).

Fluorescence staining of F-actin and bacteria. Cell perme-
abilization and fixation, labeling of intracellular bacteria by
goat anti-rabbit rhodamine-conjugated immunoglobulin G
(Sigma Chemical Co., St. Louis, Mo.), and F-actin staining
by NBD-phallacidin (Molecular Probes, Inc., Junction City,
Ore.) were carried out as previously described (8).

Electron microscopy. HeLa cells were infected according
to the procedure described above. After 3 h of incubation at
37°C, cells were fixed for 48 h at 20°C in 0.1 M cacodylate
buffer (pH 7.2) containing 5% sucrose and 1.6% glutaralde-
hyde. Successively, cells were washed in the same buffer
containing 7.5% sucrose and postfixed for 2 h with Ferro-
Osmium (1:1%). After this procedure, samples were dehy-
drated in acetone and embedded in Epon. Thin Epon sec-
tions were collected on nickel grids, stained with uranyl
acetate and lead citrate (43), and observed on a Philips CM12
electron microscope. About 200 infected cells were routinely
observed.

RESULTS

Expression of the porins in the S. flexneri wild-type strain
and in ompC, ompF, and ompB mutant strains. It was
previously demonstrated that an S. flexneri AenvZ-AompR
(AompB) strain was severely impaired in virulence (4). This
strain, named SC433, achieved a low level of entry into
eucaryotic cells, did not cause a cytopathic effect on a
confluent monolayer, and was unable to provoke keratocon-
junctivitis in guinea pigs (Sereny test). To identify S. flexneri
genes that are involved in virulence under the control of
ompB, the effects of defined mutations affecting expression
of ompC and ompF in wild-type virulent S. flexneri M90T
were assessed.

A previously constructed (4) S. flexneri M9OT ompF'-lacZ
transductant of JMS150 (E. coli ompF'-lacZ), named SC442,
was used as an ompF mutant in this study. As an ompC
mutant, we used an M90T AompC178 zei-198::Tnl0 mutant,
named SC445 (see Materials and Methods). S. flexneri ompC
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FIG. 1. Electrophoretic pattern of OMP preparations. S. flexneri
MO0T (lanes 2 and 3), SC433 (lane 4), SC442 (lanes 5 and 6), and
SC445 (lane 7) and E. coli MC4100 (lane 8) were grown in low-
osmolarity (L) media (NB [lanes 3 and 5] and K medium [lane 6])
and high-osmolarity (H) media (NB-0.3 M NaCl [lanes 2, 4, and 7]
and LB [lane 8]). The positions of the S. flexneri (S.f.) and E. coli
(E.c.) OMPs are indicated by arrows. Lane M, molecular size
marker (ovalbumin; 46 kDa).

ompF double mutants were also constructed. Unfortunately,
such mutants always expressed a rough LPS (see below).

To assess production of outer membrane proteins OmpC
and OmpF by mutant strains SC433 (M90T AompB), SC445
(M90T AompC), and SC442 (MI0T ompF'-lacZ), SDS-poly-
acrylamide gel electrophoresis was used to characterize
outer membrane proteins prepared from these strains (Fig.
1). The ompC and ompF mutant strains were tested in high-
and low-osmolarity media, respectively.

We also tested expression of porins OmpC and OmpF in
M90T grown in low-osmolarity (NB) and high-osmolarity
(NB-0.3 M NaCl) conditions (Fig. 1). As recently observed
in S. typhi (42), S. flexneri M90T OmpC was highly ex-
pressed under conditions of low and high osmolarity (Fig. 1).
In contrast, the expression of E. coli OmpC is inhibited at
low osmotic strength of the medium (26). We used OmpC
and OmpF expression of E. coli MC4100 grown in LB
medium as a control, since under such conditions this strain
produces both OmpC and OmpF. The S. flexneri OmpC and
E. coli OmpC porins did not comigrate (Fig. 1). Electro-
phoretic profiles indicated that the apparent molecular
weight of S. flexneri OmpC was greater than that of E. coli
OmpC. SC445 (AompC) and SC442 (ompF'-lacZ) did not
express OmpC and OmpF, respectively (Fig. 1). We tested
SC442 in two low-osmolarity media, K medium (~125
mosM) (20) and NB medium (~176 mosM). This mutant
strain showed no expression of OmpF in either of these
media, whereas OmpC expression was observed under both
conditions.

SC433 (AompB) had no detectable expression of OmpF in
low-osmolarity (data not shown) or high-osmolarity medium.
In contrast, when bacteria were grown in a high-osmolarity
medium, a thin band was present in the region of the gel
where the S. flexneri wild-type OmpC protein migrates. To
assess OmpC expression in mutant strains, the OmpC profile
was also investigated by means of Western blotting (immu-
noblotting) with a polyclonal serum directed against E. coli
OmpC protein. Outer membranes from M90T, SC433
(AompB), and SC445 (AompC) grown in high-osmolarity
conditions were tested in this analysis (Fig. 2). Expression of
E. coli OmpC was used as a control. SC445 did not show any
OmpC expression. SC433 was observed to produce a low
amount of the OmpC protein. This residual production of
OmpC in the absence of the ompB locus could be due to a
regulatory effect exerted by DNA supercoiling (15).

Cell invasion rates of mutant strains assessed in in vitro
assays. Since Shigella rough strains are avirulent when
tested in a more definitive assay system such as the Sereny
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FIG. 2. Immunoblot analysis of OmpC expression. A Western
blot of OMP preparations was resolved by polyacrylamide gel
electrophoresis and probed with a polyclonal serum against E. coli
OmpC. Lanes: 1, protein standards; 2, SC433 grown in high-
osmolarity medium (NB-0.3 M NaCl); 3, SC445 grown in high-
osmolarity medium (NB-0.3 M NaCl); 4, E. coli IMS150 grown in
LB; 5, MC4100 grown in LB; 6, M90T grown in high-osmolarity
medium (NB-0.3 M NaCl). Positions of S. flexneri (S.f.) and E. coli
(E.c.) OmpC proteins are shown at the right; positions of protein
standards (sizes in kilodaltons) are indicated at the left.

test, LPS was prepared from each mutant strain. Each strain
was shown to possess complete O-polysaccharide side
chains when compared with M90T (data not shown). SC433
(AompB), SC445 (AompC), and SC442 (ompF'-lacZ) were
tested for expression of virulence in the HeLa cell invasion
assay. As previously described, SC433 showed a reduced
invasive phenotype. On average, SC433 infected only 30% of
the cells, whereas M90T, the wild-type strain, infected 80%
of them. SC445 also showed a lowered rate of invasion of
HeLa cells (60% infected HeLa cells). In contrast, SC442
was observed to invade HeLa cells at a rate similar to that of
wild-type strain M90T.

Intracellular multiplication of mutant strains. In a previous
study (45), M90T was found to reach a peak of ca. 300
bacteria per infected HeLa cell after 5 h of infection and then
to exhibit a decrease corresponding to the disruption of the
monolayer. In this study, following intracellular multiplica-
tion, M90T reached a peak of 280 bacteria per infected cell in
5 h. Surprisingly, peaks of 1,290 and 650 bacteria per
infected cell were observed with mutants SC433 and SC445,
respectively (Fig. 3). In contrast, SC442 showed an intracel-
lular multiplication rate similar to that of the wild-type
strain.

After only 3 h of infection, the number of bacteria per
infected cell in mutant strains and the wild type appeared
similar. Striking differences in intracellular bacterial accu-
mulation to reach the peak values mentioned above became
obvious only between 3 and 5 h.

Intracellular mutants were observed by Giemsa staining at
different times of infection. One hour after infection, intra-
cellular SC433 and SC445 appeared to be altered in shape
(Fig. 4A). In particular, SC433 showed a different length-to-
width ratio, resulting in a round morphology (4.3 for the wild
type and 1.7 for SC433). Electron microscopy confirmed this
observation (Fig. 4B). The altered shape of SC433 and
SC445 was not due to the high osmolarity encountered in the
cellular compartment. Indeed, observation by electron mi-
croscopy of bacteria grown in low- and high-osmolarity
media did not reveal any difference in morphology between
mutants and the wild-type strain (data not shown). In addi-
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FIG. 3. Bacterial growth and percentage of infected HeLa cells
after 1 and 5 h of incubation postinfection. All relevant data are
shown and represent the means of five experiments. Standard
deviations were less than 10% of the mean.

tion, when all of these strains were grown in conditions of
high osmolarity, they displayed a characteristic rod shape.
In contrast, the bacterial shape became round in low-
osmolarity medium.

After 5 h of infection, Giemsa staining highlighted that
intracellular SC433 remained trapped inside HeLa cells, in
agreement with the high number of bacteria reported in the
experiment described above (Fig. 5). The wild-type strain
showed a characteristic random distribution inside HeLa
cells, whereas SC445 was less randomly distributed. As
expected, the phenotype of SC442 was similar to that of
MO0T.

These results suggested that mutants SC433 and SC445
could be impaired in intra- or intercellular spreading, thus
multiplying and accumulating within the cell that was ini-
tially invaded. To assess this hypothesis, bacterial activities
associated with these phenotypes (intra- and intercellular
spreading) were investigated.

Infection of Caco-2 cell islets. When grown in culture dishes
under appropriate conditions, confluent Caco-2 cells become
well differentiated, showing the presence of apical microvilli.
Under these conditions, Caco-2 cells form roughly circular
islets consisting of 20 to 100 cells. It has been previously
reported that S. flexneri strains enter the Caco-2 islets
only through the basolateral pole of these cells (34). Only
bacteria able to move intracellularly and from cell to cell can
reach the center of the infected islet without passage in the
extracellular medium. Giemsa-stained preparations of
Caco-2 cells infected with the wild-type strain and with
SC433 (AompB), SC445 (AompC), and SC442 (ompF'-lacZ™)
showed that mutant strains SC433 and SC445 were not able
to reach the center of the islet. After 4 h of infection, M90T
had colonized the entire islet. In contrast, SC433 had entered
and disseminated only within the peripheral cells of the islet,
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FIG. 4. (A) Infected HeLa cells incubated for 1 h postinfection and Giemsa stained. (a) M90T; (b) SC445; (c) SC433; (d) SC442. One hour
after infection, SC445 (b) and SC433 (c) showed a shape different from that of M90T (a). In particular, SC433 appeared round and formed long
chains. (B) Electron micrographs of HeLa cells infected with M90T (a) and SC433 (c). Samples were processed after 2 h of infection. Bar,
0.5 pm.
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so that the centrally located cells remained uninfected. was SC443 (Fig. 6). SC442 colonized the Caco-2 cells as well
SC445 had a phenotype similar to that of SC433: although as the wild-type strain M90T did.

bacteria did not reach the center of the islet, they seemed to Analysis of intracellular spread in HeLa cells. The plaque
be less impaired in inter- and intracellular movement than assay reflects the ability of bacteria to spread within a cell
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FIG. 5. Infected HeLa cells Giemsa stained after 5 h of incubation. (a) M90T; (b) SC445; (c) SC433; (d) SC433(pMY150). SC433(pMY150)
is completely restored to the wild-type phenotype both in shape and in intracellular distribution.

monolayer and kill host cells. The results of this process are
observable as zones of dead cells that have been destroyed
by bacterial infection, or plaques (39). To determine whether
mutant strains SC433, SC445, and SC442 were impaired in
the ability to move intercellularly, we tested them in the
plaque assay (Fig. 7). As previously published, SC433 was
not able to form plaques on a confluent HeLa cell monolayer
4).

The plaque assay was performed in most cases at a
multiplicity of infection of one bacterium per cell. To avoid
the possibility that SC433 would not produce plaques be-
cause of its low capacity to infect, this test was carried out at
multiplicities of infection of 10, 100, and 1,000. Even under
these conditions, SC433 was unable to form plaques (Fig.
7c). SC445, at a multiplicity of infection of at least 10
bacteria per cell, was observed to form tiny plaques (Fig.
7b). Even after prolonged incubation, these tiny plaques did
not increase in diameter. SC442 produced plaques similar in
number and size to those produced by M90T (Fig. 7a).

The intra- and intercellular movement of shigellae is due to
a mechanism involving the formation of multiple foci of actin
nucleation, followed by the formation of actin filaments
which are reorganized at the extremity of the bacterial body
and tightly bundled by fibrin (14, 41). Moving bacteria leave
behind trails of F-actin and become incorporated into cyto-
plasmic protrusions which are internalized by adjacent cells.
The S. flexneri icsA gene encodes a 120-kDa outer mem-

brane protein which is essential for the organization of actin
that pushes the bacterium forward (5, 14).

It is possible to demonstrate actin polymerization during
bacterial infection of HeLa cells by double labeling with
NBD-phallacidin for F-actin and anti-LPS-rhodamine for
bacteria (5). To assess whether SC433 and SC445 could
cause actin to polymerize, we performed two experiments.
Western blot analysis of cytoplasmic and outer membrane
fractions was used to determine whether the mutant strains
expressed the 120-kDa protein. All mutants tested produced
a wild-type level of this protein, which was located in the
outer membrane fraction (data not shown). In addition,
double labeling by NBD-phallacidin and anti-LPS-rhoda-
mine showed that intracellular bacteria were able to poly-
merize actin as well as the wild-type strain did (data not
shown).

Infection of J774 macrophages and Sereny test. To assess
whether killing of macrophages was impaired, J774 macro-
phages were infected with the mutant strains and the wild
type. No significant differences between mutant strains and
MO0T in destruction of macrophages were observed (data
not shown). As previously demonstrated, SC433 exhibits a
weak response in the Sereny test. SC445 provoked a mild
and delayed reaction, whereas SC442 elicited a positive
Sereny test.

Phenotypical complementation of SC433. Complementation
with pMY150 carrying the E. coli ompC gene restored SC445
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FIG. 6. Giemsa stains of confluent islets of Caco-2 cells infected for 3 h with S. flexneri and mutants. M90T (a) colonized the entire islet,
whereas SC445 (b) and SC433 (c) remained inside the peripheral cells of the islet. Arrows indicate the limits of bacterial dissemination inside

the islets.

to full virulence in the Sereny test. In particular, SC445
(PMY150) elicited a positive plaque assay at a multiplicity of
infection of one bacterium per cell. Most of the plaques
obtained were similar in size to those produced by the
wild-type strain, and some were small (Fig. 7d). We rea-
soned that the presence of ompC cloned on a multicopy
plasmid might be toxic for bacteria. Thus, the smaller
plaques could be due to the overproduction of OmpC in
SC445(pMY150). For these reasons, pMY150 was also in-
troduced into the wild-type strain M90T, and the resulting
strain was tested in the plaque assay. Also in this case, both
small and normal-size plaques were observed. SC433 was
cotransformed with pMY150 (E. coli ompC) and pJP33 (E.
coli ompF). SDS-polyacrylamide gel electrophoresis showed
that both E. coli OmpC and OmpF overexpressed by multi-
copy plasmids were produced in an S. flexneri ompB back-
ground (data not shown).

The resulting strain, when assessed in the virulence as-
says, appeared to be restored to full virulence. Only the
cellular invasion rate was not completely restored to the
wild-type level. The shape and the number of intracellular
bacteria were the same as those of the wild-type strain (data
not shown). SC433(pMY150, pJP33) was positive in the
Sereny test and formed plaques on a confluent monolayer of
HeLa cells. Unlike SC433, SC433(pMY150, pJP33) pro-
duced plaques under the same conditions as the wild-type
strain did, although in lower number than found for the
wild-type strain. Complementation with pJP33 alone did not
change the avirulent phenotype of SC433, whereas introduc-
ing pMY150 alone restored the virulence phenotype to

SC433 (Fig. 5d). This strain yielded plaques that were similar
in number and size to those observed with SC433(pMY150,
pJP33) (Fig. 7e).

DISCUSSION

The aim of this study was to examine the expression,
osmoregulation, and role in virulence of the S. flexneri
OmpC and OmpF porins.

We first studied the regulation of OmpC and OmpF
expression in response to different conditions of osmotic
strength. In E. coli, OmpC production is induced by high
osmolarity, high temperature, and anaerobiosis (35, 53).
These conditions reflect the situation encountered by en-
terobacteriaceae in the human bowel lumen. Under the same
conditions, the production of OmpF is turned off. Con-
versely, OmpF is abundantly produced when osmolarity is
low, and this production is not greatly affected by oxygen
tension. In contrast to E. coli, expression of OmpC in S.
typhi is not regulated by osmolarity. This porin is highly
expressed when bacteria are grown in medium of either low
or high osmolarity (42).

In this paper we report that in contrast to E. coli, S.
flexneri, like S. typhi, expresses OmpC in both high- and
low-osmolarity media, whereas OmpF is barely expressed
only in media of low osmotic strength. Both S. flexneri and
S. typhi are human pathogens that colonize the gut. They
may therefore have adapted to life in conditions of high
osmolarity, high temperature, and anaerobiosis. Addition-
ally, even though pathogens such as shigellae are transmitted
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FIG. 7. Formation of plaques on confluent monolayers of HeLa cells infected with S. flexneri and mutants. (a) M90T; (b) SC445; (c) SC433;
(d) SC445(pMY150); (e) SC443(pMY150). M90T, SC433, SC443(pMY150), and SC445(pMY150) were tested at a multiplicity of infection of
one bacterium per cell. To reveal the tiny plaques produced by SC445, a multiplicity of infection of 10 bacteria per cell was used.

by the fecal-oral route, they do not survive well in the
environment. Thus, it can be speculated that in E. coli,
regulation of porin expression has evolved according to the
different environmental niches that this species must adapt
to. This same regulation would not provide a distinct advan-
tage to S. flexneri, which has a more restricted niche and a
very short phase of transition from an external reservoir to
the host.

Second, we demonstrated that in S. flexneri, as also
observed in E. coli (17) and Salmonella spp. (24, 42), the
two-component regulatory system EnvZ-OmpR regulates
the expression of porins OmpC and OmpF. An S. flexneri
AompB (AenvZ-AompR) mutant became unable to produce a
significant amount of OmpC in response to high-osmolarity
conditions. Residual expression of OmpC in the absence of
envZ-ompR can still be induced by changes in DNA super-
coiling in response to environmental stress (15). This has not
been investigated for S. flexneri.

We have also investigated the role of OmpC and OmpF in
S. flexneri virulence. We have previously reported that an S.
flexneri envZ-ompR deletion mutant is severely impaired in
virulence (4). This mutant, as shown in this study, is unable
to produce OmpC and OmpF. Starting from these observa-
tions, we have analyzed the effects of specific mutations
introduced into ompC and ompF on S. flexneri virulence.
This was achieved by studying the virulence phenotypes of
AompC and ompF'-lacZ mutants. The virulence phenotypes
of AompC and ompF'-lacZ mutants were compared with the
virulence phenotype of the AompB mutant. Results indicated
that the absence of OmpC caused a reduction of virulence.
Conversely, OmpF did not appear to be involved in viru-
lence. These data are in contrast to those reported for S.
typhimurium (11), in which mutations in ompC do not affect
virulence. When the AompB mutant was restored to produc-

ing OmpC by introduction of a multicopy recombinant
plasmid carrying the E. coli ompC gene, virulence was fully
recovered, thus indicating that expression of OmpC alone
accounts for virulence changes.

However, virulence of the AompC mutant was impaired
less dramatically than was that of the AompB strain. In
particular, the rate of cell invasion of the AompC mutant
appeared to be less severely affected. The difference ob-
served raises two points. First, as previously observed for
the E. coli AompC original parental strain (48), the S. flexneri
AompC mutant produces the OmpF porin in conditions of
high osmolarity, whereas the AompB mutant does not. Thus,
in the AompC strain, OmpF can partially replace the func-
tion of OmpC pores since S. flexneri does not produce the
PhoE porin (51a). Second, as previously reported, the ompB
locus osmoregulates other genes involved in the entry pro-
cess.

Both the AompB and AompC mutants appeared to be
affected in two key steps of Shigella pathogenesis: spreading
from one epithelial cell to another and host cell killing. We
investigated these activities by means of the plaque assay.
The AompB mutant had previously been reported (4) to be
unable to form plaques, while in this study, the AompC
mutant produced tiny plaques.

Neither the AompB nor the AompC mutant was able to
spread from one cell to the adjacent ones, as demonstrated
by the lack of capacity to colonize islets of Caco-2 cells.
Nevertheless, both of these mutants moved intracellularly
via actin polymerization, as monitored by means of fluores-
cence staining of intracellular bacteria and F-actin. The
absence of intercellular spreading did not result from the
inability to lyse the phagocytic vacuole, since transmission
electron microscopic examination of HeLa cells infected
with AompB and AompC mutants revealed that membrane-
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FIG. 8. Schematic drawing of HeLa cells infected by M90T and
SC433. After 1 h of incubation postinfection, the numbers of
bacteria per infected cell are comparable for the two strains. After 5
h of incubation, because the wild-type strain is able to pass into
adjacent cells by way of extracellular protrusions and to kill the host
cell, there is little accumulation of multiplying bacteria inside the
cell that was initially invaded. In contrast, at this same time, the
AompB mutant, which is impaired in intercellular spread, multiplies
within the initially invaded cell, so that the number of bacteria per
infected cell appears fourfold higher than that of the wild-type
strain.

bound vacuoles could be lysed as efficiently and as quickly
as those of cells infected by the wild-type strain (data not
shown).

The analysis of intracellular multiplication within HeLa
cells revealed that certain aspects of this activity were
modified in the AompB and AompC mutants. Three hours
after infection, intracellular multiplication of the AompB and
AompC mutants occurred at the same rate as did that of the
wild type. After 5 h of infection, the number of intracellular
bacteria was threefold (with the AompC strain) and fourfold
(with the AompB strain) higher than that observed with the
wild-type strain. As the wild-type strain starts spreading
intra- and extracellularly after about 2 h of infection, the
enormous accumulation of bacteria within the initially in-
vaded cell observed after 5 h of infection may have resulted
from the absence of spreading (Fig. 8). On the other hand,
the defective spread of mutants does not by itself account for
the high number of intracellular bacteria, because ics4
mutants, which are not able to polymerize actin (5) and
which are completely impaired in intra- and intercellular
spread, multiplied intracellularly at a rate similar to that of
the wild-type strain (data not shown). Consequently, it can
be deduced that AompB and AompC mutants may be af-
fected not only in the ability to spread intercellularly but also
in the ability to kill host cells. Intracellular mutants unable to
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escape from the host cells by a mixed mechanism of spread-
ing and killing remain trapped inside living cells (Fig. 8).
Macrophage killing (8, 55) was not affected, thus indicating
that the two phenotypes, epithelial cell and macrophage
killing, are caused by different mechanisms.

The results obtained in this study on mutant spreading and
host cell killing suggest that a common molecular basis may
support both activities. Changes in the microenvironment
around intracellular bacteria could account for the alter-
ations in the killing and the spreading observed for AompB
and AompC mutants. Electron microscopy revealed that
intracellular mutants were completely surrounded by a
spongy material (data not shown). The composition of this
material has not yet been elucidated. Perhaps intracellular
bacteria coated with this material cannot directly interact
with host cell membranes. As a consequence, mutant strains
would become impaired in all mechanisms necessitating
direct interaction between bacteria and the host cell mem-
brane. Physical contact between bacterial surfaces and the
inner side of host cell membranes therefore appears neces-
sary for both intracellular spreading and the killing of the
host cell.

Mutant strains appeared to be affected primarily in the
capacity to form extracellular protrusions (44). Generation
of the protrusions could be the result of different steps
involving a number of virulence factors not yet identified.
Recent studies have reported that several cytoskeletal pro-
teins such as vinculin (19) and fimbrin/plastin (41) are in-
volved in S. flexneri intra- and intercellular spreading. Con-
sequently, bacterial proteins could interact with these
molecules. In this respect, OmpC could be involved in the
cytoskeletal reorganization that occurs during the formation
of protrusions. Recently it has been reported (3) that IcsB, a
plasmid-encoded protein, is involved in the lysis of the two
membranes surrounding the bacteria within the protrusion,
lysis which allows the bacteria to escape from the phago-
some and to invade an adjacent cell.

Whether OmpC plays a role in Shigella virulence in its
function as a porin or whether it has an additional function,
directly interacting with cellular structures, is presently
under investigation. It has been reported that alteration in
the spreading phenotype can be due to modifications of the
bacterial surface, including LPS (40). However, we did not
find any alteration of the LPS side chains in the AompB and
AompC mutants. Nevertheless, as there are approximately
10° porin molecules per cell, we cannot rule out the possi-
bility that modifications of the outer membrane resulting
from the absence of these molecules contribute to making
the AompB and AompC mutants impaired in virulence.

Although proteins encoded by plasmid genes affect the
early steps of the invasive process (28), recently a number of
studies (29, 40, 51) have highlighted the role of factors
encoded by chromosomal genes, most of which act as
transcriptional or translational regulators of genes located on
plasmids. In conclusion, the protein OmpC in an innocuous
commensal like E. coli participates in the adaptive response
to a number of environmental parameters (osmolarity, car-
bon source, etc.); in contrast, in a pathogen like S. flexneri,
it acts as a virulence factor at a key step of the invasive
process.
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