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Services University of the Health Sciences, Bethesda, Maryland 20814-4799

Received 5 June 1998/Returned for modification 23 July 1998/Accepted 6 October 1998

Unipolar localization of IcsA on the surface of Shigella flexneri is required for efficient formation of actin tails
and protrusions in infected eucaryotic cells. Lipopolysaccharide (LPS) mutations have been demonstrated to
affect either the establishment or the maintenance of IcsA in a unipolar location, although the mechanism is
unknown. In order to analyze the contribution of virulence plasmid determinants on the unipolar localization
of IcsA, we examined the localization of IcsA expressed from a cloned plasmid copy in two different genetic
backgrounds. The localization of IcsA was first examined in a virulence plasmid-cured derivative of the
wild-type S. flexneri 2a isolate 2457T. This approach examined the contribution of virulence plasmid-borne
factors, including the previously identified virulence plasmid-borne protease that is responsible for cleaving
IcsA in the outer membrane and releasing the 95-kDa secreted form from the cell surface. IcsA localization in
a related but nonpathogenic Escherichia coli strain expressing LPS of the O8 serotype was also examined. IcsA
surface presentation in both of these genetic backgrounds continued to be unipolar, demonstrating that
virulence plasmid-borne determinants are not responsible for unipolar localization of IcsA. The unipolar
localization of IcsA in the E. coli background suggests that a common pathway that allows IcsA to be spatially
restricted to one pole on the bacterial cell surface exists in Shigella and E. coli.

Shigella flexneri is the causative agent of bacillary dysentery.
The bacterium is capable of mediating its uptake by colonic
epithelial cells. Following uptake, S. flexneri is released from
the phagocytic vacuole into the cytoplasm of the host cell (23).
S. flexneri can undergo intra- and intercellular movement in
which host cell actin is recruited to form a polymerized actin
tail that propels the organism through the cytoplasm and into
adjacent host cells (4). This characteristic allows the organism
to spread without being released back into the intestinal mi-
lieu.

The spreading phenotype can be assessed by the formation
of actin tails and protrusions in infected host cells, the forma-
tion of plaques in confluent tissue culture cell monolayers, and
the ability to provoke keratoconjunctivitis in a guinea pig eye
(23). The ability to spread intercellularly is dependent upon
the activity of one protein, IcsA, borne by the large virulence
plasmid of Shigella spp. (4, 12, 14, 16). Although icsA mutants
continue to be invasive, they do not form plaques or provoke
keratoconjunctivitis in the guinea pig eye and they exhibit
reduced virulence in monkey models of infection due to the
inability to catalyze intercellular movement (28).

IcsA is a 120-kDa outer membrane protein that can be
cleaved at the carboxyl terminus, leaving a carboxyl-terminal
membrane anchor embedded in the outer membrane and re-
leasing a 95-kDa form to the exterior of the bacterial cell (9,
11). IcsA is a unique virulence factor because it is asymmetri-
cally localized to the old pole in the outer membrane of the
bacterium (11). The establishment and maintenance of this
unipolar localization has been shown to be essential for viru-
lence as assessed by plaque formation and the ability to cause
keratoconjunctivitis in the guinea pig eye. This requirement for

virulence was first demonstrated by the analysis of a group of
lipopolysaccharide (LPS) mutants (24–26). It is clear from
these studies that the LPS plays a role in either establishment
or maintenance of IcsA at one pole of the bacterium.

There have been four published reports that address the role
of IcsA cleavage in intercellular spread, but there is no con-
sensus that implicates IcsA proteolysis as an essential step in
proper unipolar localization and subsequent formation of actin
tails and protrusions in eucaryotic cells. Two groups have re-
cently cloned and identified a protease involved in cleavage of
IcsA. This gene, sopA (icsP), is also borne by the large viru-
lence plasmid although it is not linked with the icsA locus.
SopA (IcsP) has homology with the OmpT and OmpP outer
membrane proteases of Escherichia coli K-12 (7, 29).

The original approach to addressing the importance of IcsA
cleavage involved site-directed mutagenesis of the putative
Arg-Arg cleavage site (at amino acid sites 758 to 759) in IcsA.
Fukuda et al. demonstrated that alteration of this site results in
the absence of cleavage and secretion of IcsA. The absence of
cleavage, however, does not affect virulence as assessed by
invasion, plaque formation, actin polymerization, and IcsA lo-
calization (9). Based on these results, Fukuda et al. concluded
that cleavage is not essential for IcsA function. In an earlier
study, d’Hauteville and Sansonetti introduced similar muta-
tions in this region to analyze its role as a putative phosphor-
ylation site. Mutagenesis of the Arg-Arg region prevented
phosphorylation in vitro by protein kinase A and, paradox-
ically, resulted in an ability to form slightly larger plaques
relative to those of wild-type Shigella in tissue culture cells,
suggesting a super-intercellular-spreading phenotype (5). In
subsequent analysis of these mutants, d’Hauteville et al. dem-
onstrated that cleavage of IcsA was indeed abolished and that
the unipolar localization of IcsA was affected in these strains
(6). Loss of cleavage resulted in the inability to unipolarly
localize IcsA, resulting in the formation of actin clouds around
the bacteria in infected monolayers. While these phenotypes
are consistent with the inability to form plaques in confluent
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monolayers, these mutants were not reevaluated for plaque-
forming ability in the follow-up study (6).

Recently, Egile et al. cloned and identified sopA from S.
flexneri 5 (7). Mutagenesis by insertional inactivation of sopA
resulted in lack of cleavage of IcsA. This lack of cleavage also
affected the surface presentation of IcsA, causing a delocaliza-
tion of IcsA from its unipolar position. Due to it aberrant
position, IcsA-catalyzed actin polymerization results in an ac-
tin cloud surrounding the bacterium rather than an actin tail at
one end. This phenotype leads to a reduced ability to form
plaques and a reduction in virulence, suggesting that cleavage
is essential for proper formation of actin tails (7). In the most
recent report, Shere et al. cloned icsP from S. flexneri 2a, which
encodes a protein identical to SopA except for the first seven
amino acids (29). Mutagenesis of this gene results in a dra-
matic decrease in the amount of cleavage of IcsA, but in
contrast to the observations of Egile et al. (7), a small amount
of the cleaved form of IcsA is detected in the supernatant.
Reduced cleavage of IcsA from the bacterial surface results in
an alteration of IcsA localization. IcsA continues to be unipo-
larly localized but is also distributed in random patches over
the surface of a bacterial cell. Actin tail formation continues,
but the tail extends up the sides of the bacteria. However, this
alteration in IcsA cleavage and localization does not affect the
ability of the mutant to form plaques in confluent tissue culture
monolayers (29). These results are consistent with the data
reported by Fukuda et al. (9) and suggest that reduction of
cleavage results in only minor alteration of the normal func-
tioning and localization of IcsA. In cell extracts, the icsP mu-
tant was able to move faster than wild-type Shigella, suggesting
that more surface-associated IcsA may result in faster intra-
cellular movement, consistent with the super-intercellular-
spreading phenotype originally reported by d’Hauteville and
Sansonetti (5).

Despite these reports, the importance of cleavage of IcsA
for establishing unipolar localization and efficient intercellular
spread remains unclear. In order to examine the factors in-
volved in the establishment of IcsA at one pole, we have taken
two approaches which rely on expression of a wild-type form of
IcsA from a plasmid. The first approach examines expression
of icsA in a virulence plasmid-cured derivative of S. flexneri 2a.
By examining IcsA localization in this background by confocal

microscopy, we analyzed the contribution of virulence plasmid-
borne determinants, including SopA/IcsP, on the unipolar es-
tablishment and maintenance of IcsA in the outer membrane.
The second approach involves analyzing IcsA localization in an
OmpT-deficient (IcsA-permissive) strain of E. coli. This strat-
egy addresses the contribution of Shigella-specific factors in-
volved in unipolar localization of IcsA. Elimination of OmpT,
which cleaves IcsA at the same position as SopA/IcsP, prevents
secretion of IcsA in the E. coli background (21). Using these
approaches, we demonstrate that IcsA can be efficiently unipo-
larly localized in the absence of the Shigella virulence plasmid
and in the genetically related but nonvirulent background of E.
coli. These results demonstrate that unipolar localization of
IcsA is either intrinsic to the IcsA protein or involves recog-
nition of a common apparatus or guide that is present both in
Shigella and in E. coli.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in these experiments
are listed in Table 1. Plasmids were maintained in E. coli DH5a. All bacteria
were grown at 37°C in tryptic soy broth (Difco) unless otherwise stated. Antibi-
otics were supplemented as needed at the following concentrations: 100 mg/ml
for ampicillin and 50 mg/ml for kanamycin.

Genetic techniques. IcsA was expressed from pHS3192, which contains icsA on
a 6.5-kb EcoRI-SalI fragment from the virulence plasmid of S. flexneri 5 (4). icsA
on this plasmid construct is expressed under the control of its native promoter.

A moderate-copy-number plasmid, pK184IQ, was constructed to allow for
control of icsA expression from a lac promoter. This cloning vector was con-
structed by insertion of lacIq at the SspI site in pK148 (13). The lacIq gene was
cloned as a 1.2-kb EcoRI fragment from pNK627 (34) and treated with Klenow
fragment (New England Biolabs) to generate a blunt-end fragment prior to
insertion in pK184. PCR primers were chosen to amplify icsA from the virulence
plasmid of 2457T (16). The icsA PCR product was cloned into pK184IQ, gen-
erating pRCS6. In pRCS6, the first codon of icsA is downstream of the lac
promoter and ribosome binding site. The amount of IcsA produced from pRCS6
could be modulated by the addition of isopropylthiogalactopyranoside (IPTG).

The wild-type aroA allele from 2457T was transduced into CVD 1203, an icsA
deletion mutant of 2457T (22). Selection was based on growth on M9 minimal
medium supplemented with nicotinic acid, and the DicsA aroA1 transductant was
named BS543. Transduction and preparation of lysates of the generalized trans-
ducing phage P1L4 were performed according to the methods of Miller (20).
ATM379 was constructed by transducing ompT::Kan from E. coli AD202 into E.
coli 2443 (which carries rfb expressing the O8 LPS serotype [rfbO8]), followed by
selection for kanamycin resistance. The introduction of ompT::Kan was con-
firmed by PCR with ompT-specific primers and by lack of cleavage of IcsA
following expression from pHS3192 in ATM402.

TABLE 1. Strains used in this study

Strain Relevant characteristic(s) Source or reference

E. coli
DH5a f80 dlacZDM15 endA1 recA1 hsdR17 (rK

2 mK
2) supE44 thi-1 l2 gyrA relA1

F2 D(lacZYA-argF)U169
Gibco BRL

2443 thr-1 leuB6 D(gpt-proA)66 argE3 thi-1 rfbO8 lacY1 ara-14 galK2 xyl-5 mtl-1 mgl-
51 rpsL31 kdgK51

19

AD202 CGSC 7297; araD139 D(argF-lacZYA)UompT::Kan flhD5301 fruA25 relA1
rpsL150 rbsR22 deoC1

1, Coli Genetic Stock Center

ATM379 thr-1 leuB6 D(gpt-proA)66 argE3 thi-1 rfbO8 lacY1 ara-14 galK2 xyl-5 mtl-1 mgl-
51 rpsL31 kdgK51 ompT::Kan

This study

ATM402 ATM379 pHS3192 This study

S. flexneri
2457T Wild-type serotype 2a 8
BS103 Virulence plasmid-cured derivative of 2457T 18
BS489 BS103/pHS3192 This study
BS585 BS103/pRCS6 This study
CVD 1203 2457T/DicsA DaroA 22
BS543 2457T/DicsA This study
BS583 BS543/DicsA pHS3192 This study
BS584 BS543/DicsA pRCS6 This study
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Protein analysis. Whole-cell and supernatant protein extracts were prepared
as previously described (26). Briefly, bacteria were grown to mid-exponential
phase (optical density at 600 nm, 0.5 to 0.7) and standardized to reflect equiv-
alent cell numbers. We chose to examine bacteria in exponential phase to achieve
conditions comparable to those used in other studies that addressed the local-
ization of IcsA (6, 7, 9, 25, 26, 29). The bacteria were collected, the pellet was
resuspended in lysing solution and boiled for 10 min, and the supernatant was
filtered through a 0.22-mm-pore-size low-level-protein-binding polyvinylidene
difluoride filter (Schleicher and Schuell) to remove any bacterial cells. The
supernatant proteins were precipitated by the addition of 20% trichloroacetic
acid to a final concentration of 10%. The relative amounts of proteins produced
by the different strains were estimated from the intensities of the signals pro-
duced on Western blot analysis. Western blotting was performed essentially as
previously described (26) with a mouse monoclonal antibody to IcsA followed by
binding of an alkaline phosphatase-conjugated goat anti-mouse secondary anti-
body (Gibco BRL). Reactive bands were visualized by the application of the
chemiluminescent alkaline phosphatase substrate, CDP-Star (Boehringer Mann-
heim), and subsequent exposure to X-ray film (X-Omat; Kodak).

Labeling of bacteria. Labeling of bacteria grown in vitro was performed by
growing bacteria to mid-exponential phase, washing them, and fixing them to
polylysine-treated coverslips with 3% buffered formalin. IcsA was detected with
a mouse monoclonal antibody against IcsA and then with a rhodamine-conju-
gated goat anti-mouse secondary antibody (Kirkegaard and Perry). Fluorescence
microscopy was performed with an Olympus BX50 microscope or with a Bio-Rad
MRC-600 confocal microscope. Image processing of samples analyzed on the
confocal microscope was performed with confocal microscope operating soft-
ware (COMOS; Bio-Rad). In order to assess and quantitate the number of
bacteria properly localizing IcsA to one pole, at least 300 bacteria were counted
and scored for unipolar localization or trailing and circumferential expression of
IcsA. This experiment was repeated at least three times.

RESULTS

IcsA protein expression and secretion. To analyze the con-
tribution of virulence plasmid-borne determinants in IcsA
unipolar localization, a cloned copy of icsA (pHS3192) was
introduced into BS103, a virulence plasmid-cured derivative of
2457T, to generate BS489. BS489 was examined for expression
and secretion of IcsA. As a control, pHS3192 was introduced
into BS543, an icsA deletion derivative of 2457T, to generate
BS583. This plasmid clone of icsA has been previously de-
scribed (4) and complements the DicsA defect in BS543 as
assessed by a plaque assay (data not shown). The production of
IcsA was examined in these strains by isolating total proteins

from whole-cell lysates and probing with monoclonal antibody
specific for IcsA. In Fig. 1, a 120-kDa band is visible in lanes 3
and 4, indicating that the cell-associated levels of IcsA are
similar in BS583 and BS489. These levels are also similar to
that of 2457T (lane 1), confirming that expression of IcsA from
the medium-copy-number plasmid vector pBR325 does not
result in dramatic alteration of cell-associated IcsA in the bac-
teria. No IcsA protein was detected in BS543, the icsA deletion
strain (lane 2). Supernatant proteins were examined to detect
the secreted form of IcsA, which should be present in strains
containing the large virulence plasmid-borne protease. The
expected 95-kDa secreted form of IcsA was detected only in
strains containing the virulence plasmid, 2457T and BS583.
The level of IcsA secretion was higher in BS583, and lower-
molecular-weight degradation products were seen. We believe
that these degradation products, which are occasionally seen in
protein samples from the wild-type, 2457T, are sample-han-
dling artifacts. The cleaved form of IcsA is not involved in
actin-based motility, and differences in cleavage patterns
among the strains do not affect localization in the outer mem-
brane. No secreted form of IcsA was detected in BS489, indi-
cating that other potential chromosomally encoded proteases
did not cleave IcsA from the surface in this strain.

The cloned version of icsA on pHS3192 was also introduced
into E. coli ATM379 (ompT::Kan rfbO8) to create ATM402 to
examine the unipolar localization of IcsA in the absence of
Shigella-specific factors. This strain of E. coli was chosen be-
cause we had previously demonstrated that expression of the
O8 LPS serotype in S. flexneri was permissive for unipolar IcsA
localization (26). The ompT gene present in this strain was
inactivated by introduction of a kanamycin insertion into ompT
by P1 transduction. The OmpT protease has been shown to
completely cleave IcsA from the surface of E. coli by cleavage
at the same amino acid residue as that cleaved by the Shigella
virulence plasmid-borne protease SopA/IcsP (7, 9, 29). Protein
profiles from this strain indicated that IcsA was expressed at
slightly lower levels than in the Shigella background. However,

FIG. 1. Western blot analysis of whole-cell and supernatant protein preparations with anti-IcsA monoclonal antibody. Upper panel, whole-cell lysates; lower panel,
supernatant protein preparations. Lane 1, 2457T, wild-type; lane 2, BS543, DicsA mutant; lane 3, BS489, virulence plasmid-cured strain expressing IcsA from pHS3192;
lane 4, BS583, DicsA mutant expressing IcsA from pHS3192; lane 5, BS585, virulence plasmid-cured strain expressing IcsA from pRCS6, no IPTG; lane 6, BS585,
virulence plasmid-cured strain expressing IcsA from pRCS6, 0.6 mM IPTG; lane 7, BS584, DicsA mutant expressing IcsA from pRCS6, no IPTG; lane 8, BS584, DicsA
mutant expressing IcsA from pRCS6, 0.6 mM IPTG; lane 9, E. coli ATM402 ompT::Kan rfbO8 expressing IcsA from pHS3192. The samples were prepared from
equivalent cell numbers.
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secretion of IcsA did not occur in this background (Fig. 1, lane
9).

To examine the possible contributions of sequences up-
stream and downstream of icsA in pHS3192, icsA-specific prim-
ers were chosen to PCR amplify the coding region of icsA from
2457T, beginning with the first codon and ending with the stop
codon. This PCR product was cloned downstream of the lac
promoter and ribosome binding site of pK184IQ to yield
pRCS6. Because pK184IQ carries lacIq, expression of icsA
could be controlled by the addition of IPTG. pRCS6 was in-
troduced into BS543 (DicsA) and BS103 to yield BS584 and
BS585, respectively. In order to determine the appropriate
amount of induction required to mimic wild-type levels of
IcsA, icsA expression from this plasmid was induced over a
range of IPTG concentrations (data not shown). A concentra-
tion of 0.6 mM IPTG induced IcsA levels comparable to that
of the wild type, while the absence of IPTG resulted in no
detectable IcsA (Fig. 1, lanes 5 to 8). Analysis of supernatant
proteins demonstrated that IcsA was cleaved in BS584 but not
cleaved in BS585 (virulence plasmid cured).

Surface labeling with IcsA-specific antiserum. To examine
the cell surface localization of IcsA, bacteria were grown to
mid-exponential phase and then fixed onto coverslips and
probed with monoclonal antiserum specific for IcsA. About
50% of the wild-type parent, 2457T, was labeled with the
antiserum. The label was tightly localized to one pole (Fig.
2A). In BS583, which expresses IcsA from a plasmid-borne

cloned copy, 44% of the bacteria were labeled and this label
appeared predominantly unipolar (Fig. 2C). There were a few
variant cells in the population expressing IcsA over their entire
surfaces. Although the population of cells expressed levels of
IcsA similar to that in the wild type, the aberrantly labeled cells
may have been due to the expression of IcsA from a multicopy
plasmid. Expression of cloned IcsA from pHS3192 in the vir-
ulence plasmid-cured strain BS489 demonstrated that the ma-
jority of cells expressed IcsA on the surface. More importantly,
the localization of IcsA in this plasmid-cured strain continued
to be unipolar, demonstrating that virulence plasmid-borne
determinants (e.g., the virulence plasmid-borne protease) were
not involved in the establishment of IcsA unipolarity (Fig. 2B).
Again, as expression of IcsA was from a plasmid-borne copy,
we observed a few bacteria that were labeled over their entire
cell surfaces. Interestingly, expression of IcsA from pHS3192
in E. coli ATM402 also resulted in surface expression that was
predominantly unipolar (Fig. 2D).

In our previous study (26), we noted cell-to-cell variation in
IcsA labeling patterns within a population of bacteria. There-
fore, it is necessary to examine many individual bacteria to
assess the predominant phenotype that a given population of
bacteria may exhibit with respect to localization of IcsA. Such
a quantitative analysis is necessary to validate the labeling
pattern in Fig. 2. These results are presented in Table 2 and
confirm that the trend in IcsA labeling observed in Fig. 2 is
representative of the bacteria in the sample.

FIG. 2. Labeling of bacteria grown in vitro with monoclonal antibody to IcsA. Fluorescence images demonstrating antibody binding (shown in red) are overlaid on
a phase-contrast image of whole bacterial cell following confocal microscopy and image analysis with the COMOS program. (A) 2457T; (B) BS489, a virulence
plasmid-cured strain expressing icsA from pHS3192; (C) BS583, a DicsA mutant expressing icsA from pHS3192; (D) E. coli ATM402 ompT::Kan rfbO8 expressing icsA
from pHS3192.
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Surface-labeling experiments were also done with pRCS6,
which contains only the coding sequence of IcsA under the
control of the lac promoter. IcsA expression was induced from
pRCS6 in both the DicsA mutant (BS584) and the virulence
plasmid-cured strain (BS585). Labeling with IcsA-specific an-
tiserum demonstrated that IcsA was unipolarly localized in
both the presence and absence of the large virulence plasmid
(data not shown). Quantitative analysis of the labeling pattern
of BS585 demonstrated that fewer bacteria were labeled when
icsA was expressed from pRCS6 although the predominant
labeling pattern was still unipolar and that the overall percent-
age of unipolarly labeled bacteria was the same for both
pHS3192 and pRCS6 (Table 2). These results confirm the data
obtained with pHS3192 and further demonstrate that se-
quences upstream and downstream of icsA are not required in
IcsA localization.

DISCUSSION

A number of genes involved in LPS biosynthesis have been
shown to affect IcsA localization due to their effect on the
length of the LPS chain. Removal of the O side chain results in
aberrant localization of IcsA ranging from circumferential ex-
pression over the entire cell surface to labeling of the bacteria
from the pole to the midsection. This distribution of IcsA
dramatically alters the formation and position of the actin tail
and results in an inability to efficiently form protrusions or
fireworks to move out of the infected host cell (24–26, 33).
Thus, the LPS in the outer membrane is important for the
establishment or maintenance of IcsA at the pole. These types
of analyses demonstrate the importance of unipolar localiza-
tion and maintenance of IcsA for the virulence of S. flexneri but
do not define a mechanism for the establishment of IcsA at the
old pole of the bacterial cell or indicate the role of the LPS in
this process.

Compartment-specific localization of proteins in procaryotes
is becoming more recognized as new advances in microscopy
and the availability of antisera specific for various proteins
allows their subcellular localization to be studied. For example,
many of the proteins involved in cell division in E. coli have
been localized to the septum and analysis of differentiating
organisms like Bacillus spp. and Caulobacter crescentus have
served as model systems to study compartment-specific protein
localization and expression (17). The ActA protein of Listeria
monocytogenes is a functional homologue of IcsA, although
there is no sequence homology between IcsA and ActA at the

amino acid level. ActA is responsible for actin-based motility in
cells infected with L. monocytogenes and is also spatially re-
stricted, appearing everywhere on the bacterial cell surface
except the new pole (15). This spatial orientation is also critical
to proper formation of actin tails by L. monocytogenes (15, 30).
Very little is known about the mechanisms that target a protein
to a specific site in the bacterial cells in these systems. Models
to describe this process must include a mechanism to allow for
both the establishment and maintenance of compartment-spe-
cific localization.

Specific proteolysis has been proposed as one model to ex-
plain compartment-specific protein localization. In this model,
the localized protein would be proteolytically cleaved every-
where in the bacteria except the ultimate targeted site. Specific
proteolysis has been demonstrated to be important for spatial
distribution of methyl-accepting chemotaxis protein A (McpA)
in C. crescentus. This proteolysis is important in removing
McpA from the stalked cell but is not involved in establishing
this protein at the pole of the swarmer cell (2). d’Hauteville et
al. proposed specific proteolysis of IcsA as a mechanism to
establish and maintain the unipolar localization of IcsA in S.
flexneri (6). This hypothesis was based on their observation that
strains of S. flexneri that do not cleave IcsA express IcsA over
the bacterial surface and form smaller plaques in confluent
HeLa cell monolayers. This model proposes that in wild-type
Shigella, IcsA is targeted over the entire bacterial cell and is
specifically removed everywhere except the old pole (6, 7). In
this model, IcsA would not contain information that was im-
portant for its own targeting (other than the proteolytic cleav-
age site) and would not be localized unipolarly in the absence
of the protease.

In order to examine the relevance of the virulence plasmid-
borne protease that cleaves IcsA and to define bacterial com-
ponents involved in unipolar localization of IcsA, we chose to
examine IcsA localization in a virulence plasmid-cured deriv-
ative of S. flexneri. This strategy allowed us to examine the
effect of all virulence plasmid-borne determinants, including
the SopA/IcsP protease, on IcsA localization. Previous work by
Goldberg et al. demonstrated that, unlike secretion of other
virulence factors in S. flexneri, IcsA secretion is not dependent
on the virulence plasmid-borne type III secretory apparatus
(11), which makes it feasible to examine IcsA localization and
secretion in the absence of the virulence plasmid. Copy num-
ber and expression levels of IcsA are critical factors in this
experiment; too little IcsA expressed on the surface does not
mimic the wild-type levels, while too much IcsA results in loss
of unipolar localization (27, 31). IcsA protein levels expressed
from the plasmid-borne versions of icsA and from the wild-type
virulence plasmid copy were equivalent as assessed by Western
blotting. An additional control was to complement an icsA
mutant with the plasmid-borne copy of icsA. This comple-
mented strain was able to form plaques and unipolarly localize
IcsA. Analysis of the virulence plasmid-cured strain expressing
icsA from either pHS3192 or pRCS6 demonstrated that IcsA
localized and was maintained at the old pole, identical to IcsA
localization in the wild-type S. flexneri background in the ab-
sence of any other virulence plasmid-borne determinants.
These results indicate that the virulence plasmid-borne pro-
tease is not responsible for establishing or maintaining IcsA at
one pole.

Furthermore, expression of icsA from pHS3192 in a OmpT2

mutant strain of E. coli expressing a complete O side chain
resulted in unipolar localization of IcsA. These results demon-
strate that the IcsA protein contains the information required
for its own targeting to one pole of the bacterial cell. Alterna-
tively, IcsA may recognize structures or guide proteins present

TABLE 2. Quantitative analysis of IcsA labeling pattern

Strain Virulence
plasmid icsAa

% of bacteria with indicated
IcsA labeling patternb

Polar Halo or
trail No label

2457T 1 49 0 51
BS583 DicsA 1 pHS3192 44 6 50
BS489 2 pHS3192 48 7 45
E. coli ATM402 2 pHS3192 32 1.5 66.5
BS585 2 pRCS6 18 2.6 79.4

a Source of icsA provided in trans from a plasmid vector.
b Percentages are based on results from at least three different experiments in

which at least 300 bacteria were counted following labeling in vitro with anti-IcsA
monoclonal antibody and then examined by confocal microscopy to analyze
individual bacteria. Those with polar labeling had label at only one pole of the
bacterium. Those with a halo or trail had label around the entire organism, with
some bacteria demonstrating a unipolar concentration, or label from one pole to
the middle of the cell.
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both in Shigella and E. coli. Nevertheless, even if the latter
model is correct, our data suggest that virulence-specific guide
factors borne by the virulence plasmid or the Shigella chromo-
some are not required for unipolar localization of IcsA. Our
results are in agreement with the analyses of mutants by
Fukuda et al. (9) and Shere et al. (29) that demonstrate that
IcsA cleavage is not required for unipolar localization. Thus,
the ultimate role of the SopA/IcsP protease in IcsA positioning
and function remains unresolved.

In C. crescentus, compartment-specific transcription is re-
sponsible for asymmetric localization of flagellar gene mRNA
that results in protein localization to the swarmer cell. This
model of compartment-specific localization involves specific
DNA sequences upstream of the transcription start site that
act like a “zip code” for localized transcription (10). The polar
localization of IcsA expressed from pRCS6, which contains
only the coding sequence of icsA, suggests that a similar zip
code directing mechanism is not responsible for establishment
of IcsA at the pole in Shigella. However, this result does not
address the contribution of mRNA sequences within the cod-
ing sequence of icsA. Internal mRNA sequences have recently
been demonstrated to be important for specific secretion of
Yop proteins from Yersinia enterocolitica via the type III se-
cretory apparatus, demonstrating yet another mechanism for
targeting proteins to specific areas of the bacterial cell (3).

There has been little work to define IcsA domains important
for unipolar localization. Suzuki et al. demonstrated that the
transport of IcsA to the outer membrane is sec dependent
across the inner membrane and self-catalyzed across the outer
membrane, where subsequent cleavage releases the protein to
the exterior of the cell (31). Structure-function domain map-
ping studies have illustrated that although the carboxyl-termi-
nal portion of IcsA is required for insertion and transport
across the outer membrane, this domain is not responsible for
unipolar localization (32).

In our study, unipolar localization of IcsA in E. coli demon-
strates that IcsA by itself contains information that directs it to
the pole. This observation predicts that internal signals in IcsA
provide the means to establish this protein at the old pole.
Because unipolar localization occurs in virulence plasmid-
cured Shigella sp. and E. coli, a common pathway must exist in
both genetic backgrounds. Since it is not known at which step
unipolarity is established, several models can be envisioned.
Efficient unipolar localization may require a chaperone or
guide protein that functions at the inner or outer membrane or
periplasmic space, which allows IcsA to recognize the old pole.
Alternatively, there may be a protein or component such as a
remnant from the cell division apparatus that marks a site at
the old pole for recognition by specific residues in IcsA. Both
models predict that IcsA interacts with proteins or structures
found in both E. coli and Shigella that allow the protein to be
unipolarly localized in both genetic backgrounds. Future ef-
forts will be directed at identifying the domains of IcsA and the
putative targets that interact with IcsA.
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