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Dipartimento di Scienze di Sanità Pubblica,2 and Laboratorio di Microbiologia Clinica,3 II Facoltà di Medicina
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The role in virulence of the Shigella flexneri ospB-phoN2 operon has been evaluated. Here we confirm that
OspB is an effector and show that apyrase, the product of phoN2, may be a virulence factor, since it is required
for efficient intercellular spreading. Apyrase may be important in a deoxynucleoside triphosphate-hydrolyzing
activity-independent manner, suggesting that it may act as an interaction partner in the process of IcsA
localization.

ospB and phoN2 (apy) are genes located on the virulence
plasmid (pINV) of Shigella species and of related enteroinva-
sive Escherichia coli (EIEC) strains (3, 6, 35). Indirect evidence
indicates that ospB and phoN2 may contribute to pathogenicity
(1, 3, 5, 8, 17, 23, 25, 35). ospB encodes a protein of unknown
function (OspB) surmised to be an effector secreted by the type
III secretion (TTS) apparatus of Shigella flexneri (6, 20). The
two genes are organized in a single highly conserved bicistronic
operon. Although phoN2 encodes a periplasmic protein (5),
their expression is regulated by the VirF-VirB cascade (35) and
by MxiE in concert with IpgC so that they are expressed in a
VirB-dependent, MxiE-independent manner under conditions
of nonactivated secretion and are up-regulated, in a MxiE-
dependent manner, under conditions of activated secretion (8,
17, 20, 26, 30), indicating that these genes may be important in
postinvasion events related to virulence.

phoN2 encodes apyrase, a periplasmic enzyme which be-
longs to the family of ATP-hydrolyzing enzymes (3, 5, 18) able
to sequentially hydrolyze nucleoside triphosphates to diphos-
phates and then to monophosphates. However, it is not active
against monophosphates, a distinguishing feature from acid
phosphatases (1, 3, 41). Due to its catalytic activity and primary
structure (apyrase presents an exposed N-terminal poly-pro-
line sequence), it has been implicated in the decrease of host
cell intracellular ATP, a characteristic metabolic event follow-
ing S. flexneri infection, as well as in the S. flexneri-induced
actin-polymerization process (1, 3, 5, 25, 35). Thus, these find-
ings strongly suggest that OspB and apyrase may be virulence
factors. The purpose of this study was to investigate the role of
both genes in the mechanism of pathogenicity of S. flexneri.

OspB is an effector secreted by the TTS apparatus of S.
flexneri. To confirm and extend previous reports indicating
OspB as an effector secreted by the TTS apparatus (6, 20), we
transduced a nonpolar deletion encompassing mxiA into the S.
flexneri M90T derivative strain HND549 (ospB::3�FLAG),
thus generating HND5311 (mxiA ospB::3�FLAG) (Table 1).
C-terminal 3� FLAG tagging was achieved essentially as de-
scribed by Uzzau et al. (42) using the specific primer pair
shown in Table S1 in the supplemental material. Whole-cell
extracts and supernatants of exponentially growing bacteria
were analyzed by immunoblotting using monoclonal antibodies
against the 3� FLAG epitope (Sigma) and mouse polyclonal
antibodies preparation directed against apyrase (Fig. 1). Apyrase
antiserum was obtained by immunizing BALB/c mice with pu-
rified His6-tagged apyrase. Monoclonal antibodies against
IpaB and IpaC (gifts of A. Phalipon) were used to monitor the
activity of the TTS system (2, 27). In whole-cell extracts, a
protein of the same size as 3� FLAG-tagged OspB was
present in HND549 and HND5311 before exposure to Congo
red, indicating that ospB is expressed even when the TTS
system was not active. 3� FLAG-tagged OspB, IpaB, and IpaC
proteins were found in the supernatant of the Congo red-
induced HND549 strain but not in the mxiA mutant. Secretion
was restored by complementing HN5311 with plasmid
pHN111(PBADmxiA) only when expression of the cloned mxiA
gene was induced by L-arabinose. As expected, being a
periplasmic protein, apyrase was found only in whole-cell ex-
tracts. These results clearly demonstrate that OspB is secreted
by the MxiA-Spa secretion apparatus and that an active TTS
system is required for its secretion.

Characterization of the ospB, phoN2, and ospB phoN2 mu-
tants. Nonpolar deletions of ospB, phoN2, and of the entire
ospB-phoN2 operon (HND201 [ospB], HND115 [phoN2], and
HND205 [ospB-phoN2]) (Table 1) were introduced into S.
flexneri strain M90T by the PCR-based gene disruption method
reported by Datsenko and Wanner (7) to assess their role in
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virulence (Table S1 in the supplemental materials shows the
primers used to generate mutants). Like the wild-type strain,
all mutants were able to bind Congo red, produced contact-
mediated hemolysis (34), and were able to synthesize and se-

crete IpaB and IpaC (data not shown), indicating that they all
still have a functional TTS apparatus. Consistent with these
observations, HND201, HND115, and HND205 were able to
invade HeLa or Caco-2 cell monolayers (14) and to form
protrusions as efficiently as the wild-type M90T (data not
shown), indicating that they are proficient in host cell invasion
and in cell-to-cell dissemination (17).

To determine whether intracellular secretion of Ipa proteins
was affected, the ability of the three mutants to induce apoptosis
in macrophages was evaluated by using the AnnexinV-PE Apop-
tosis Detection kit (Medical & Biological Laboratories Co.,
Ltd, Japan) and a Becton Dickinson FACScan flow cytometer
(Becton Dickinson, La Jolla, CA). Data were analyzed with
CellQuest (Becton Dickinson). J774 macrophages infected
with the three mutants showed signs of the onset of apoptosis
that were similar to those displayed by wild-type M90T (data
not shown).

The death of macrophages infected with S. flexneri is pre-
ceded by a rapid loss of the intracellular levels of ATP, and
apyrase has been implicated in this decrease (19, 25, 33). To
ascertain whether phoN2 plays any role in this process, we
infected nonconfluent monolayers of different cultured cells
(J774 macrophages, HeLa cells, and Caco-2 cells) and mea-
sured intracellular ATP by using the ViaLight Plus kit (Cam-
brex), as recommended by the manufacturer. During the 3-h
course of monolayer infections with wild-type M90T and with
HND115 (phoN2), a similar sharp decrease of the intracellular
ATP levels was induced in all cell lines used while cells infected
with the noninvasive mutant HND53 (virB) (Table 1) main-
tained stable ATP levels indistinguishable from those of non-
infected control cells (data not shown). These results clearly

FIG. 1. Secretion of OspB by the TTS machinery. Western blot
analysis with anti-FLAG, anti-IpaB, anti-IpaC, and anti-apyrase anti-
bodies of whole-cell extracts and culture supernatants of HND549
(ospB-3�FLAG), of HND5311 (mxiA ospB::3�FLAG), and of
HND5311 [(mxiA ospB::3�FLAG)/pHN111(PBADmxiA)] in the ab-
sence (MxiA�) or in the presence (MxiA�) of 0.2% of the inducer
L-arabinose (L-ara). A plus sign denotes culture supernatant extracts
of bacteria resuspended in phosphate-buffered saline and incubated at
37°C for 30 min in the presence of 7 �g/ml of Congo red in order to
induce activation of TTS-mediated secretion of effector proteins. The
locations of 3� FLAG-tagged OspB recombinant protein as well as of
IpaB, IpaC, and apyrase proteins are indicated. na, not added.

TABLE 1. Bacterial strains and plasmidsa

Strain or plasmid Relevant genotype or characteristic(s) Source or reference

Strains
M90T Wild-type S. flexneri serotype 5a 32
HND115 M90T �phoN2; susceptible This work
HND201 M90T �ospB; susceptible This work
HND215 M90T �ospBphoN2; susceptible This work
HND43 M90T �mxiA; susceptible This work
HND53 M90T �virB::aphA-3; Kmr This work
HND549 M90T ospB-3�FLAG; susceptible This work
HND5311 M90T �mxiA ospB-3�FLAG; susceptible This work
SC560 M90T �icsA::�; Smr 10
M15[pREP4] E. coli K-12 strain carrying plasmid pREP4 Qiagen

Plasmids
pGEM-T Cloning vector, Apr Promega
pBluescript SK Cloning vector, Apr Stratagene Inc., La Jolla, CA
pBAD28 Arabinose-inducible PBAD expression vector, Apr Cmr 13
pSUB11 Template plasmid carrying a 3�FLAG epitope and Kmr cassette 42
pKD46 � Red helper plasmid; oriR101 repA101(Ts) P-araB-gam-bet-exo Apr 7
pKD4 Template plasmid carrying a Kmr gene with FLP recognition target sequence 7
pCP20 FLP helper plasmid; pSC101 replicon (Ts) bla cat Flp (�Rp) cI857 Apr Cmr 7
pREP4 lacI, Kmr Qiagen
pQE30 Cloning vector; Apr Qiagen
pHN301 pQE30 carrying His6-phoN2; Apr This work
pHN28 pBAD28 carrying phoN2; Apr Cmr This work
pHN111 pBAD28 carrying mxiA; Apr Cmr This work
pFB1-4 pBluescript SK carrying a mutated phoN2 gene of EIEC strain HN280

presenting the R192P amino acid substitution
36

a Apr, ampicillin resistance; Cmr, cloramphenicol resistance; Kmr, kanamycin resistance.
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indicate that apyrase is not responsible for the decrease of the
intracellular ATP pool, even though, as a periplasmic enzyme, it
is likely that it affects to some minor extent the intracellular
ATP/ADP levels, as these small molecules may passively diffuse
through the outer membrane and enter the periplasmic space.

Next, mutants were tested for plaque formation on HeLa
and Caco-2 cells (29). All three mutants gave rise to a number
of plaques similar to that observed with the wild-type strain.
However, in spite of their wild-type ability to invade cultured
cells and to form protrusions, the size of the plaques formed by
HND115 (phoN2) and HND205 (ospB-phoN2) was smaller
than that of the plaques formed by M90T (after 48 and 72 h of
incubation, the size of the plaques on HeLa and Caco-2 cells
was reduced by approximately 65% and 45%, respectively),
while those formed by HND201 (ospB) were indistinguishable
from those of wild-type M90T (Fig. 2, which shows only
plaques formed on Caco-2 cells, and Table 2). These results
indicate that phoN2 expression, but not ospB expression, is

required for wild-type cell-to-cell spreading. To determine
whether the small plaques observed were indeed caused by the
lack of apyrase, we performed complementation tests by intro-
ducing pHN28(PBADphoN2) into both strains and by adding
the inducer L-arabinose (0.2% final concentration) within the
agarose layer. Under these conditions the plaque size in-
creased to an extent similar to that observed in wild-type
M90T-infected cells (Fig. 2, Table 2), indicating that the ab-
sence of apyrase is responsible for the dissemination defect of
HND115 and HND205.

Previous studies have shown that mutations of genes in-
volved in the biosynthesis of the lipopolysaccharide (LPS) of S.
flexneri affect the establishment or the maintenance of IcsA at
one pole of the bacterium, resulting in defective cell-to-cell
spread (31, 38, 43). To determine whether the small-plaque
phenotype could be due to altered LPS biosynthesis, LPS prep-
arations of M90T, HND115, and HND205 were prepared as
described by Hitchcock and Brown (16), and aliquots were
subjected to tricine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and visualized by silver staining (21, 40). Ex-
amination of silver-stained gels showed that the mutants pro-
duce the typical LPS structure (a complete core and repeating
O-antigen subunits) seen in the wild-type M90T strain (data
not shown), thus ruling out that the inability to produce wild-
type plaques is due to LPS alterations.

To evaluate whether the inability of the phoN2 mutants to
produce wild-type plaques could have resulted from a growth
defect in the intracellular environment, we compared the
growth of HND115 and HND205 to that of the wild-type strain
M90T in broth cultures and inside HeLa cells. In Luria-Bertani
medium there was no difference between the optical density of
M90T and that of HND115 and HND205, and the multiplica-
tion kinetics of both strains within the HeLa cell cytoplasm
were similar to that of the wild type (data not shown), indicat-
ing that the failure to form full-size plaques is not due to a
reduced intracellular growth rate.

Taken together, these data indicate that while phoN2 is
required for maximal S. flexneri cell-to-cell spread, neither
ospB nor phoN2 is required for invasion, intracellular multi-

FIG. 2. phoN2 mutant strain HND115 forms small plaques on Caco-2
cell monolayers. Plaque formation by wild-type strain M90T, HND115
(phoN2), and HND115/pHN28(PBAD phoN2) supplemented with 0.2% of
the inducer L-arabinose (L-ara) (apyrase�) within the agarose layer is
shown. Dishes were photographed after 48 h of infection.

TABLE 2. Formation of plaques on confluent monolayers
of HeLa and Caco-2 cellsa

Strain Description
HeLa at

72 h
(mm)

Caco-2 at
48 h

(mm)

M90T Wild type 1.2 2.5
HND115 phoN2 0.4 1.35
HND115/pHN28 phoN2/PBAD phoN2 0.45 1.35
HND115/pHN28 phoN2/PBAD phoN2 �

L-arabinose
0.9 1.9

HND115/pFB1-4 phoN2/pBluescript
SKapyR192P

0.95 2.15

HND201 ospB 1.3 2.35
HND205 ospB-phoN2 0.45 1.35
HND205/pHN28 ospB-phoN2/PBAD phoN2 0.45 1.3
HND205/pHN28 ospB-phoN2/PBAD phoN2 �

L-arabinose
0.9 1.95

a Monolayers infected by the various strains were overlaid with gentamicin-
containing soft agar supplemented with 0.2% L-arabinose or not, incubated for
48 h or 72 h at 37°C, fixed, and stained with Giemsa. The diameter of the plaques
are indicated in millimeters and is the average of at least 10 plaques.
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plication, induction of macrophage apoptosis, decrease of in-
tracellular ATP levels, or LPS biosynthesis. The finding that no
specific function related to virulence was found for ospB indi-
cates that the virulence assays used in this study were probably
not suited to uncover specific postinvasion events influenced by
this gene. This issue is the subject of ongoing investigation.

Role of phoN2 in the surface localization of IcsA. Plaque
formation is a complex phenotype that measures several dis-
tinct aspects of the virulence of S. flexneri, including its ability
to invade, to multiply, and to move intra- and intercellularly.
Genetic defects in one or more of the above processes may
reflect reduced-size plaques. The ability of S. flexneri to move
within the cytoplasm of infected cells and to spread to adjacent
cells relies entirely on the production and unipolar localization
of IcsA on the bacterial surface (4, 12, 22, 24). IcsA is inserted
into the outer membrane as a 120-kDa protein which is sub-
sequently cleaved by IcsP (SopA), releasing IcsA*, a 95-kDa
secreted polypeptide into culture supernatants (11). To deter-
mine whether HND115 (phoN2) was able to produce both the
membrane-bound IcsA and the related IcsA*, whole cells and
culture supernatants of HND115 and of wild-type strain M90T
were analyzed by Western blotting using an anti-IcsA poly-
clonal antiserum (gift of L. Bernardini), as previously de-
scribed (9, 11). Equal amounts of IcsA and IcsA* were de-
tected in whole-cell extracts and in culture supernatants of
HND115 and of the wild-type strain, while these proteins were
absent from the control icsA mutant strain SC560 (Fig. 3).
These results indicate that the phoN2 mutation does not influ-
ence the delivery of IcsA to the bacterial surface and its sub-
sequent cleavage.

We next wanted to determine whether the small-plaque phe-
notype was due to an aberrant localization of IcsA on the bacte-
rial surface. To this end, by immunolabeling with anti-IcsA anti-
serum, we analyzed the localization of IcsA at the surface of
exponentially grown HND115, HND115/pHN28(PBADphoN2),
and wild-type M90T strains (Fig. 4). IcsA was detected at the
bacterial surface of approximately 50% of wild-type M90T and
of 20% of HND115, but its distribution on the surface of
HND115 was distinctly different from the typical unipolar dis-
tribution seen on the wild-type strain. On average, more than
90% of M90T bacteria presenting IcsA on the bacterial surface
showed IcsA localized exclusively at the pole, while the great
majority (90%) of labeled HND115 cells presented IcsA dis-
tributed over the entire bacterial surface, albeit with some
polar reinforcement. Polar localization of IcsA on HND115

cells was noticed only in less than 10% of the bacterial popu-
lation, and in these cases the intensity of staining was consid-
erably reduced compared to that of the wild-type strain. Intro-
duction of pHN28 into HND115 restored unipolar localization
of IcsA only if bacteria were grown in the presence of 0.2%
L-arabinose. In these experimental conditions, approximately
45% of the bacterial cells presented IcsA on the bacterial
surface, and of these more than 85% showed IcsA localized at
the pole, indicating that a functional phoN2 gene is required for
polar localization of IcsA. Thus, the altered surface distribution of
IcsA on HND115 may account for the small-plaque phenotype
produced by this strain. As expected, HND205 (ospB-phoN2)
behaved in the same way as HND115, while HND201 (ospB)
presented a wild-type unipolar IcsA localization (data not
shown), indicating that ospB, although transcriptionally linked
to phoN2, is not required for proper IcsA localization.

The phoN2 mutant forms altered actin tails. To determine
whether the absence of apyrase impaired the ability to form
actin tails, we examined by staining with tetramethyl rhoda-
mine isothiocyanate-phalloidin the ability of HND115 to form
polar actin tails and to accumulate polymerized actin in in-
fected HeLa cells. Wild-type M90T-infected cells displayed
long polar-orientated actin tails with no staining along the
sides of the bacterium (Fig. 5). In contrast, actin polymeriza-
tion by HND115 frequently extended far up the lateral sides of
the bacterium, a phenotype that was rarely detected with
M90T. A population of HND115 appeared to be entirely sur-
rounded by actin filaments, possibly because of IcsA being
distributed over the entire surface of the bacterium. Other
bacteria did form actin tails, but they were not as focused as
those formed by the wild-type strain and extended over the
pole of the bacterium. Representative examples are shown in
Fig. 5. The alteration in actin polymerization displayed by the
intracellular phoN2 mutant HND115 is consistent with the
altered distribution of IcsA on the surface of HND115 bacteria
(Fig. 4) and may reduce the overall efficiency of intercellular
spreading of HND115. Partial restoration of wild-type actin
tail patterns was obtained by complementing HND115 with
pHN28(PBADphoN2) in the presence of 0.2% L-arabinose only
(Fig. 5). As expected, HND205 (ospB-phoN2) produced alter-
ations of actin polymerization indistinguishable from those
produced by HND115 (alterations partially complemented by
the introduction of pHN28), while HND201 (ospB) produced
wild-type actin tails (data not shown). These results are in
accordance with the localization of IcsA reported above and
further strengthen our finding that phoN2 may be required for
S. flexneri motility within host cells.

The deoxynucleoside triphosphate (dNTP)-hydrolyzing ac-
tivity of phoN2 is not necessary for wild-type cell-to-cell spread.
Although the process of IcsA localization has not been fully
elucidated (15), the current model suggests that, once trans-
ported across the inner membrane, IcsA directly targets the
old pole where it anchors to the outer membrane by its
�-domain. Successively, it diffuses laterally in the membrane
where the exposed passenger domain is cleaved by IcsP at all
sites, leading to the typical unipolar distribution (15). Ac-
cordingly, IcsA translocation across the outer membrane
does not appear to depend on energy coupling (neither ATP
nor GTP molecules are present in the periplasm) but rather
on the correct folding of the passenger domain (12, 15, 37).

FIG. 3. IcsA expression and secretion in phoN2 mutant strain
HND115. Western analysis with anti-IcsA antibodies of whole-cell
extracts and culture supernatants of wild-type M90T and of its deriv-
atives SC560 (icsA) and HND115 (phoN2). IcsA and IcsA* are indi-
cated.
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Thus, it is unlikely that apyrase may influence IcsA local-
ization by virtue of its ability to hydrolyze dNTP and de-
oxynucleoside diphosphate molecules. To test the impor-
tance of the catalytic activity of apyrase and thus to get
insights into the mechanism of action, we transformed plas-
mid pFB1-4 (Table 1) into HND115 and assayed for plaque
formation on HeLa and Caco-2 cell monolayers. pFB1-4 is
pBluescript SK vector carrying a randomly generated mu-
tant of the apy gene, the orthologue of phoN2 in the EIEC
strain HN280 (35) which encodes a recombinant apyrase
presenting a single amino acid substitution (R192P) located
within the putative active site which inactivates its dNTP-
hydrolyzing activity (3, 36). We used pFB1-4 to assess the

role of the catalytic activity of apyrase on the ability of
cell-to-cell spreading of S. flexneri. As evidenced by Western
immunoblotting, the introduction of pFB1-4 into HND115
induces the synthesis of the recombinant apyrase to an ex-
tent similar to that of the wild-type apyrase produced by
M90T (Fig. 6A). Under these experimental conditions,
while the introduction of pFB1-4 into M90T does not affect
plaque size (data not shown) the introduction of pFB1-4
into HND115 increases plaque size to an extent similar to
that observed with cells infected with wild-type strain M90T
(Fig. 6B, which shows only plaques formed on Caco-2 cells,
and Table 2) or with HND115 complemented with
pHN28(PBAD phoN2) (Fig. 2, Table 2). As expected, the

FIG. 4. Indirect immunofluorescence labeling of IcsA. Panels show IcsA localization using an anti-IcsA antiserum in wild-type strain M90T, in
phoN2 deletion strain HND115, and in HND115/pHN28(PBAD phoN2) and their corresponding phase-contrast images. In the panels of M90T and
HND115/pHN28(PBAD phoN2) supplemented with the inducer L-arabinose (L-ara) (PhoN2�), arrows point to representative bacteria exhibiting
polar IcsA localization, while in HND115 (apyrase�) arrows point to bacteria presenting IcsA apparently localized over the entire bacterial surface.
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FIG. 5. Fluorescence images of actin tail formations inside HeLa cells infected by phoN2 deletion strain HND115. HeLa cells were infected
with wild-type strain M90T, HND115, or HND115/pHN28(PBAD phoN2) in the presence of 0.2% of the inducer L-arabinose (L-ara) (apyrase�).
Actin was stained with rhodamine-conjugated phalloidin. Nuclei and bacterial DNA were counterstained in blue (4	,6	-diamidino-2-phenylindole).
Images were recorded with a Leica camera and processed using Qwin software (Leica). Arrows in M90T and in HND115/pHN28 (apyrase�) panels
point to representative bacteria exhibiting normal actin tail formation at a pole of a bacterium moving within the cytoplasm. Arrows in the HND115
(apyrase�) panel point to representative bacteria impaired in their ability to form normal actin tails (altered phenotype).
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introduction of pFB1-4 into HND115 also restored the polar
localization of IcsA (Fig. S1 of the supplemental material).
These results clearly indicate that the catalytic activity of
apyrase is not necessary for wild-type cell-to-cell spread and
for polar localization of IcsA on the S. flexneri surface.

Although more studies are needed to fully clarify the mech-
anism of action of apyrase, it is worth noting that, as in the case
of ActA of Listeria monocytogenes, apyrase possesses an ex-
posed poly-proline sequence, ILPPPPAE, at its N-terminal
domain (1, 28). Proline-rich motifs have been reported to be
often involved in protein-protein interactions and to be essen-
tial for the virulence of various intracellular pathogens (28, 39).

Although the role of the proline-rich motif of apyrase is un-
known, considering that apyrase does not influence intercellu-
lar spreading and IcsA targeting by virtue of its catalytic activ-
ity, we would like to speculate that it may act as an interaction
partner in protein-protein interactions, likely with protein(s)
directly or indirectly involved in the polar localization of IcsA.
Preliminary copurification experiments, performed using 3�
FLAG-tagged apyrase, failed to detect interactions between
apyrase and IcsA (M. Nicoletti, personal communication), sug-
gesting that either the two proteins do not interact directly or
that a weaker protein-protein interaction exists.

Future work will precisely assess the function of apyrase.
However, the discovery that apyrase is involved in actin-based
motility of S. flexneri adds knowledge and provides a new and
useful key to the understanding of the complex and not fully
elucidated mechanism of unipolar IcsA localization.
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