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ABSTRACT Cardiolipin, an anionic phospholipid that resides at the poles of the in-
ner and outer membranes, is synthesized primarily by the putative cardiolipin syn-
thase ClsA in Shigella flexneri. An S. flexneri clsA mutant had no cardiolipin detected
within its membrane, grew normally in vitro, and invaded cultured epithelial cells,
but it failed to form plaques in epithelial cell monolayers, indicating that cardiolipin
is required for virulence. The clsA mutant was initially motile within the host cell cy-
toplasm but formed filaments and lost motility during replication and failed to
spread efficiently to neighboring cells. Mutation of pbgA, which encodes the trans-
porter for cardiolipin from the inner membrane to the outer membrane, also re-
sulted in loss of plaque formation. The S. flexneri pbgA mutant had normal levels of
cardiolipin in the inner membrane, but no cardiolipin was detected in the outer
membrane. The pbgA mutant invaded and replicated normally within cultured epi-
thelial cells but failed to localize the actin polymerization protein IcsA properly on
the bacterial surface and was unable to spread to neighboring cells. The clsA mu-
tant, but not the pbgA mutant, had increased phosphatidylglycerol in the outer
membrane. This appeared to compensate partially for the loss of cardiolipin in the
outer membrane, allowing some IcsA localization in the outer membrane of the clsA
mutant. We propose a dual function for cardiolipin in S. flexneri pathogenesis. In the
inner membrane, cardiolipin is essential for proper cell division during intracellular
growth. In the outer membrane, cardiolipin facilitates proper presentation of IcsA on
the bacterial surface.

IMPORTANCE The human pathogen Shigella flexneri causes bacterial dysentery by
invading colonic epithelial cells, rapidly multiplying within their cytoplasm, and then
spreading intercellularly to neighboring cells. Worldwide, Shigella spp. infect hun-
dreds of millions of people annually, with fatality rates up to 15%. Antibiotic treat-
ment of Shigella infections is compromised by increasing antibiotic resistance, and
there is no approved vaccine to prevent future infections. This has created a grow-
ing need to understand Shigella pathogenesis and identify new targets for antimi-
crobial therapeutics. Here we show a previously unknown role of phospholipids in
S. flexneri pathogenesis. We demonstrate that cardiolipin is required in the outer
membrane for proper surface localization of IcsA and in the inner membrane for cell
division during growth in the host cell cytoplasm.
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Shigella flexneri is an intracellular pathogen that causes bacterial dysentery in
humans (1). To cause disease, S. flexneri must invade colonic epithelial cells (2),

proliferate and move within the cytoplasm (3), and then spread intercellularly by
penetrating neighboring cells (4). The disease symptoms, which include bloody diar-
rhea and painful cramping, are the results of damage to the colonic epithelial layer by
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S. flexneri and by the inflammatory immune response of the host. Shigella spp. are
closely related to Escherichia coli but encode a number of virulence determinants, many
of which are encoded on a large plasmid (5). Virulence proteins include components of
a Type III secretion system (T3SS) that injects effector proteins into the cytoplasm of the
epithelial cells to initiate uptake of the bacteria and alter host cell responses (6). The
subsequent spread to adjacent epithelial cells requires intracellular replication, move-
ment mediated by cytoplasmic host actin (7), and reactivation of the T3SS (8–10).

S. flexneri, which is nonmotile, uses actin-based propulsion to move through the
host cell cytoplasm and protrude into the neighboring cell. Actin-based motility
requires proper localization of the virulence protein IcsA on the bacterial surface (11,
12). IcsA mutants are invasive and replicate within epithelial cells but cannot spread to
adjacent cells (13). IcsA is secreted through the inner membrane via the Sec system (14)
and requires the periplasmic chaperone proteins DegP, Skp, and SurA for localization to
the outer membrane (15, 16). IcsA is a member of the autotransporter protein family
(17); its carboxy-terminus domain forms a beta barrel channel to mediate the transfer
of its amino-terminal passenger proteinase domain across the outer membrane (18).
Once IcsA is properly oriented on the bacterial surface, the amino-terminal domain
recruits phosphorylated neural Wiskott-Aldrich syndrome protein (N-WASP) (19, 20),
which in turn recruits the Arp 2/3 complex that activates actin polymerization to propel
the bacteria (21). The localization of IcsA on the surface of S. flexneri is to the old pole
of the bacterial cell (11); however, the exact mechanism for unipolar targeting of IcsA
remains unknown (22). Previous studies have shown that mutations that alter the
O-antigen chain length of S. flexneri lipopolysaccharide (LPS) are associated with
disruption of IcsA localization (23). An increase in O-antigen length can shield IcsA to
inhibit its function (24), whereas decreased O-antigen chain length results in a uniform
distribution of IcsA on the surface (25).

S. flexneri, like other Gram-negative bacteria, has an asymmetric outer membrane in
which the lipid A portion of the LPS forms the outer leaflet, while the inner leaflet is
made up of phospholipids (26). Both leaflets of the inner membrane are phospholipid.
In S. flexneri, mutation of vpsC, a component of the Mla pathway (27), causes an
accumulation of phospholipids in the outer leaflet of the outer membrane and remod-
eling of the lipid A species from hexa-acylated to hepta-acylated and results in impaired
intercellular spread (28). Active remodeling of lipid A species during infection has been
reported for Gram-negative pathogens, and these alterations allow the pathogens to
evade the host immune response and protect themselves from environmental stress
(29). However, it is not known whether the effects of vpsC mutation on S. flexneri
virulence are due to changes in lipid A or the phospholipids in the outer membrane. In
general, relatively little is known of the effects of specific phospholipids on bacterial
pathogenesis.

During growth in exponential phase, phosphoethanolamine (PE) is the major phos-
pholipid in the membrane of E. coli, representing almost 80% of the total phospholipids
(30). The anionic phospholipids phosphatidylglycerol (PG) and cardiolipin account for
about 18% and 2.5%, respectively (30). In the family Enterobacteriaceae, cardiolipin is
synthesized within the inner membrane by ClsA, ClsB, and ClsC (30–32), and a portion
of the cardiolipin is transported to the outer membrane by PbgA (33–35). Cardiolipin is
a large anionic glycerol phospholipid composed of four large acyl chains connected
by a small glycerol head group (36), giving it a conical shape. This shape allows it to
accumulate at membrane regions that have negative curvature (37), including the
negative membrane curvature regions of the inner mitochondrial matrix where cardi-
olipin was first identified (38). In E. coli, cardiolipin appears to localize to the poles of the
bacterial inner leaflets of both the inner and outer membranes (39). Cardiolipin has
been shown to play roles in both the localization and activity of electron transport
proteins both in the mitochondria (36) and in the inner membrane of E. coli (40).
Cardiolipin has also been shown to be important for localization or activity of proteins
required for cell division (41) and osmotic stress response (42) in E. coli. In the absence
of cardiolipin, the anionic phospholipid PG, which shares the same glycerol head group
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as cardiolipin, will localize to the bacterial poles (37) and interact (43) with proteins in
a manner similar to that of cardiolipin, which has complicated studying the role of
cardiolipin in bacterial membranes.

In this study, we determined that clsA encodes the major cardiolipin synthase and
pgbA encodes the phospholipid transporter in S. flexneri. Both of these genes were
required for S. flexneri plaque formation but acted at different points in the virulence
pathway. This study demonstrates a role for phospholipids, specifically cardiolipin, in
S. flexneri pathogenesis, and provides a model for their contribution to IcsA localization
to the bacterial surface.

RESULTS
S. flexneri cardiolipin is synthesized primarily by ClsA. In E. coli, cardiolipin is

synthesized by clsA, clsB, and clsC, which either condense two phosphatidylglycerol
molecules (clsA and clsB) (30, 31) or condense phosphatidylglycerol and phosphati-
dylethanolamine molecules (clsC) (32) to produce cardiolipin (Fig. 1A). S. flexneri’s
genome contains genes cls, ybhO, and ymdC with homology to E. coli clsA, clsB, and
clsC, respectively, which we have renamed to match the E. coli gene nomenclature. To
determine the contribution of each predicted S. flexneri cardiolipin synthase, we
constructed individual deletion mutants and examined their phospholipid composition
using Bligh-Dyer phospholipid isolation and subsequent thin-layer chromatography
(TLC) separation for visualization (44). Compared to the wild type (WT), which has
approximately 7% cardiolipin, deletion of clsA resulted in the loss of detected cardio-
lipin and an increase in the level of PG in the membrane of S. flexneri during exponential
growth (Fig. 1B). The synthesis of cardiolipin was restored to near-wild-type levels by
introducing clsA on a plasmid. Complementation with clsA also reduced PG levels to the
wild-type levels. In contrast, the deletion of clsB and clsC had no effect on cardiolipin
levels under these conditions, which were 6% and 8% of total phospholipids, respec-
tively. This suggests that ClsA is the major cardiolipin synthase enzyme of S. flexneri.

S. flexneri ClsC contributes to stationary phase cardiolipin synthesis. Previous
studies have shown that E. coli produces higher levels of cardiolipin during growth in
stationary phase (45). Therefore, we extracted and separated phospholipids from
S. flexneri grown to stationary phase. We found that the proportion of cardiolipin in
S. flexneri’s membrane increased from 7% to 10% in stationary phase (Fig. 1C). Inter-
estingly, the clsA mutant showed detected levels of cardiolipin (approximately 1%)
during stationary phase, indicating that an additional cardiolipin synthase(s) is active.
To determine which cardiolipin synthase is active during stationary growth, we as-
sessed the phospholipid levels in the cardiolipin synthase double mutants and found
that the clsA clsC double mutant lacked cardiolipin within its membrane during
stationary-phase growth (Fig. 1C), indicating that ClsC is an active cardiolipin synthase
during stationary phase.

Cardiolipin localizes to both the inner and outer membranes of S. flexneri. To
determine whether cardiolipin is found in both the inner and outer membranes of
S. flexneri, we fractionated the inner and outer membranes using Sarkosyl solubilization
and assessed phospholipid composition by thin-layer chromatography. Cardiolipin was
found in both the inner and outer membranes of S. flexneri, and the phospholipid
distributions in the inner and outer membranes were similar (Fig. 2A). To confirm clean
separation of the inner and outer membranes, samples of cell fractions were analyzed
by SDS-PAGE and Western blotting; the inner membrane protein SecA was not de-
tected in the outer membrane fractions, and the outer membrane protein OmpA was
found only in the outer membrane fractions (Fig. 2B). Analysis of the clsA mutant
showed that the inner and outer membranes had similar phospholipid profiles, and
both membranes had increased levels of PG in the absence of detected cardiolipin
compared to the wild type. Wild-type levels of cardiolipin and PG in both the inner and
outer membranes were restored by complementation with clsA on a plasmid.

Cardiolipin transport to the outer membrane requires PbgA. In Salmonella
enterica serotype Typhimurium, activation of PhoPQ induces the expression of the pbgA
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gene, which encodes the PbgA protein that is responsible for transporting cardiolipin
to the outer membrane, a requirement for maintaining outer membrane integrity
during growth in the host cells (34, 46). Complete deletion of pbgA in E. coli and
S. Typhimurium is lethal; however, mutants with a deletion of the C-terminal periplas-
mic portion of PbgA were viable but lacked cardiolipin transport to the outer mem-
brane (33). Therefore, we made a similar deletion of the C terminus of the S. flexneri
pbgA homolog (yejM) to determine the effects of eliminating cardiolipin from the outer

FIG 1 clsA is the major cardiolipin synthase of S. flexneri. (A) Schematic of E. coli cardiolipin synthesis (30 –32). The
chemical structures of phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and cardiolipin (CL) were pro-
duced using ChemDraw (PerkinElmer). (B) TLC analysis of total S. flexneri membrane phospholipids of the wild type
(WT) and cardiolipin synthesis mutants. Bacteria were grown to mid-log phase, and phospholipids were extracted
and separated by TLC. The percentage of cardiolipin in the sample is indicated above each lane. pclsA, plasmid
expressing clsA. (C) Bacteria were grown into stationary phase (OD650 of ~2.0); phospholipids were then extracted
and separated by TLC. The percentage of cardiolipin in the sample is indicated above each lane. Phospholipids
were visualized using molybdenum blue spray reagent (Sigma).
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membrane. Membrane fractionation and analysis of the phospholipids confirmed that
the S. flexneri pbgA mutant lacked cardiolipin in the outer membrane (Fig. 2A), while the
phospholipid composition of the inner membrane of the pbgA mutant looked identical
to that of the wild type (Fig. 2A). The clsA mutant did not have cardiolipin in the outer
membrane but had increased PG, maintaining the proportion of anionic lipids that
make up the outer membrane similar to that of the wild type, approximately 32%. In
contrast, because the pbgA mutant did not have increased PG levels in the outer
membrane, the outer membrane anionic lipid percentage significantly decreased from
wild type to only 18%. Together, these results suggest that S. flexneri PbgA, like the
S. Typhimurium homolog, is responsible for transporting cardiolipin and some PG to
the outer membrane and maintaining the normal levels of anionic phospholipids in the
outer membrane.

Cardiolipin synthesis is required for plaque formation. To determine the role of
cardiolipin in S. flexneri pathogenesis, we performed plaque assays (47) with each of the
cardiolipin synthesis mutants. Plaque formation required invasion of the monolayer,
intracellular replication, and spread to the adjacent cells. After 72 h, the clsA mutant
formed pinpoint plaques compared to the WT, and plaque formation was comple-
mented by clsA on a plasmid (Fig. 3). Because ClsC contributed to cardiolipin synthesis
in stationary phase, it was possible that the ClsB or ClsC was expressed in the
intracellular environment and contributed sufficient cardiolipin to support formation of
very small plaques. Both clsB and clsC were induced approximately 10-fold in intracel-

FIG 2 S. flexneri requires pbgA for localization of cardiolipin to its outer membrane. TLC analysis of
S. flexneri inner and outer membrane phospholipids. (A) Inner and outer membrane composition analysis
of pbgA and clsA mutants. Bacteria were grown to mid-log phase, and bacterial membranes were
separated by solubilization in Sarkosyl. The phospholipids were then extracted, spotted for separation by
TLC, and visualized using molybdenum blue spray reagent (Sigma). The phospholipids include phos-
phatidylglycerol (PG), phosphatidylethanolamine (PE), and cardiolipin (CL). The percentage of anionic
phospholipids (AL) in the sample is indicated above each lane, and means � standard deviations of three
experiments are shown. The value that is significantly different (P � 0.05) from the value for the outer
membrane of the wild type by Student’s t test is indicated by an asterisk. (B) Confirmation of clean inner
and outer membrane fractions. Bacteria were grown to mid-log phase, and the bacterial membranes
were separated by solubilization using Sarkosyl. Proteins were resolved by (10%) SDS-PAGE and stained
with Coomassie blue (CB) or immunoblotted using either polyclonal anti-SecA or polyclonal anti-OmpA.
The molecular masses (in kilodaltons) of molecular mass markers are shown to the left of the gels. ppbgA,
plasmid expressing pbgA; C, cytoplasm; IM, inner membrane; OM, outer membrane.
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lular bacteria (see Fig. S1 in the supplemental material). However, mutations in clsB and
clsC did not affect S. flexneri plaque formation (Fig. 3), indicating that cardiolipin
synthesis by ClsA is required for wild-type plaque formation and that ClsB and ClsC do
not synthesize sufficient cardiolipin in intracellular bacteria to compensate fully for the
loss of clsA.

PbgA, the transporter of cardiolipin to the outer membrane, is required for
S. flexneri plaque formation. To determine whether cardiolipin is required in the outer
membrane of S. flexneri for virulence, the pbgA mutant was tested for plaque formation.
The pbgA mutant was unable to form plaques, and plaque formation was restored by
full-length pbgA on a plasmid (Fig. 3). This indicates that transport of cardiolipin to the
outer membrane is critical for plaque formation. The clsA and pbgA mutants were
further characterized to determine more precisely the roles of cardiolipin in S. flexneri
virulence.

Cardiolipin synthesis and transport do not contribute to S. flexneri membrane
integrity. Previous studies have shown that a disruption in outer membrane integrity
inhibits S. flexneri plaque formation (28). To determine whether the defect in plaque
formation by the clsA and pbgA mutants is the result of reduced outer membrane
integrity due to lack of cardiolipin, we assessed the mutant for increased sensitivity to
sodium deoxycholate (DOC), an ionic bile acid that disrupts the membrane. The clsA
and pbgA mutants grew similarly to the wild type, with an average doubling time of

FIG 3 clsA and pbgA are required for S. flexneri plaque formation. Confluent monolayers of Henle cells
were infected with approximately 104 CFU of bacteria. Monolayers were stained and photographed after
72 h to visualize plaque formation.
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41 min, both in the presence (Fig. S2B) and absence (Fig. S2A) of DOC. In contrast, the
vpsC mutant, which has compromised outer membrane stability (28), was inhibited in
the presence of DOC. This suggests that cardiolipin within the outer membrane of
S. flexneri is not playing a structural role in the integrity of the outer membrane of
S. flexneri.

Cardiolipin synthesis and transport are not required for S. flexneri cellular
invasion and intracellular replication. The initial stage of S. flexneri virulence requires
the bacteria to invade colonic epithelial cells (2) followed by intracellular replication
(48). A requirement for cardiolipin for either of these processes would result in reduced
plaque formation. Therefore, we compared the clsA and pbgA mutants to the wild type
and found that neither mutant had a significant defect in invasion compared to the
wild-type parental strain (Table S1). Infection rates were determined for cells grown in
the presence and absence of DOC, since previous work (49) had shown that DOC
increased virulence protein secretion and infectivity of wild-type Shigella. To assess
intracellular replication, we isolated intracellular bacteria at 60 and 180 min postinfec-
tion and determined their doubling time. We found that compared to the WT, neither
the clsA nor pbgA mutant had a significant defect in intracellular replication (Table S1).
Together, these data indicate that cardiolipin is not required for Henle cell invasion and
intracellular replication during the first 3 h of infection.

S. flexneri intercellular spread requires cardiolipin synthesis and transport to
the outer membrane. The lack of an effect of cardiolipin on invasion and intracellular
replication suggested that the plaque defect was due to lack of cell-to-cell spread of the
bacteria (50). To determine the role of cardiolipin in S. flexneri intercellular spread, we
determined the percentage of primary Henle cell infections resulting in spread to
neighboring cells after 4 h, using a cell-to-cell spread assay (28). Primary infected Henle
cells were identified as cells containing large numbers of bacteria, indicating intracel-
lular replication (Fig. 4A). Infective centers were scored positive for spread if one or

FIG 4 Cardiolipin is required for S. flexneri intercellular spread. Semiconfluent Henle monolayers were
infected with approximately 107 CFU of bacteria. Monolayers were stained after 4 h, and intercellular
spread was visualized by bright-field microscopy. (A) Micrographs of intercellular spread by WT S. flexneri
and clsA, pbgA, and icsA mutants. Black arrows point to primary infected Henle cells. (B) Graphical
representation of S. flexneri intercellular spread. One hundred infected Henle cells were counted positive
for spread if the surrounding Henle cells were also infected. Values are means � standard deviations
(error bars) for three biological replicates. Values that are significantly different (P � 0.05) from the value
for the wild type by Student’s t test are indicated by an asterisk.
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more neighboring cells had three or more intracellular bacteria. After 4 h, wild-type
S. flexneri had spread from �80% of the initially infected cells to neighboring cells
(Fig. 4B). The clsA and pbgA mutants, however, had significant defects in intercellular
spread with spread rates of only 20 and 24%, respectively. These rates mimicked the
rate of an icsA mutant, which cannot spread (13). These results suggest that the defect
in plaque formation of both the clsA and pbgA mutants is their inability to spread
intercellularly.

Synthesis and transport of cardiolipin to the outer membrane of S. flexneri are
required for intercellular dissemination in HT-29 cells. Intercellular spread of S. flex-
neri is a dynamic, multistep process (22); it requires the bacteria to polymerize host
actin to move and penetrate neighboring cells (4), reactivate their T3SS to eject effector
proteins into neighboring cell cytoplasm (51), and resolve the membrane protrusions
into neighboring cells (9). To determine specifically at which point during intercellular
spread the clsA and pbgA mutants have a defect, we used infection of HT-29 intestinal
cells, which allowed us to employ time-lapse confocal microscopy to monitor cell-to-
cell spread over an extended period of time (52). The bacteria are easily visualized in
HT-29 cells, but they grow and spread more slowly in this cell line than in HeLa cells.
Thus, longer time periods were used for the spread analysis. First, cell-to-cell spread was
quantified by using computer-assisted image analysis to measure the areas of the
infected foci in cellular monolayers (Fig. 5A). After 8 h, the pbgA mutant, but not the
complemented strain, showed a significant decrease in the area of intercellular spread
compared to the WT (Fig. 5B), indicating that outer membrane cardiolipin is required
for S. flexneri intercellular spread early in infection. The clsA mutant also showed a
defect in spread, although a significant decrease in the focus area in HT-29 cells was not
detected until 8 to 16 h of infection (Fig. 5C and D). The difference in the rate of spread
of the clsA mutant compared to that of the pbgA mutant may be due to increased PG
in the outer membrane of the clsA mutant that partially compensates for the loss of
cardiolipin, which does not occur in the strain lacking PbgA.

Cardiolipin synthesis is required for proper intracellular division of S. flexneri.
Using the HT-29 intestinal cell line model, we analyzed the timing of cell-to-cell spread
of the clsA mutant by time-lapse confocal microscopy (9). HT-29 cell monolayers
expressing plasma membrane-targeted yellow fluorescent protein (YFP) were infected
with S. flexneri expressing isopropyl-�-D-thiogalactopyranoside (IPTG)-inducible cyan
fluorescent protein (CFP), and individual bacteria were tracked. The wild-type strain
showed rapid cell division, motility and spread to adjacent cells (Movie S1). The

FIG 5 Quantification of S. flexneri dissemination in HT-29 cells. (A) Low-magnification image of WT and
pbgA mutant focus formation at 8 h to determine their size. (B) Quantification of WT and pbgA mutant
focus formation at 8 h. (C) Low-magnification image of WT and clsA mutant foci and small plaque
formation at 16 h to determine their size. (D) Quantification of WT and clsA mutant foci and small plaque
formation at 16 h. Values that are significantly different (P � 0.0001) by Student’s t test are indicated by
a bar and four asterisks.
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behaviour of the clsA mutant (Movie S2) was similar to that of the wild type at the
early time points. It was motile in the initially infected cell and had normal
intracellular growth (Fig. 6A). However, after the initial rounds of replication, the
clsA mutant began to form filaments (Fig. 6), and there was a loss of motility
(Movie S2). Some of the clsA mutant cells formed protrusions that were unable to
form vacuoles and retracted back into the cell (Movie S2). Thus, cardiolipin is
required in the membrane of S. flexneri for proper cell division after extended
intracellular growth.

FIG 6 Visualization of clsA mutant filamentation in HT-29 cells. (A) Basal Z-section slice of the HT-29
monolayer footprint prior to infection and early infection tracking of a normally growing bacterium.
Arrowhead tracking of a bacterium about to divide at 22 min (22=), which gives rise to two bacteria shown
at 24 min, indicated by an arrowhead and asterisk. The arrowhead was tracked until the next cell division
shown at 48 min. (B) Late infection tracking of one cytosolic filamenting bacterium at 160 and 360 min.
Bars � 5 �m.
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The transport of cardiolipin to S. flexneri’s outer membrane is not required for
intracellular growth. To define more precisely whether the defect in intracellular
replication in the cardiolipin synthesis mutant (clsA) was due to lack of cardiolipin in the
inner or outer membrane, we also performed time-lapse microscopy on the pbgA
mutant, which has cardiolipin in the inner membrane, but not in the outer membrane
(Movie S3). Unlike the clsA mutant, the pbgA mutant grew normally within the cyto-
plasm of HT-29 cells and showed no filamentation, indicating that cardiolipin is needed
in the inner membrane for maintaining wild-type replication in the intracellular envi-
ronment. However, the pbgA mutant was nonmotile inside the eukaryotic cell and did
not spread intercellularly. Thus, cardiolipin or increased PG in the outer membrane
promotes intracellular motility. For comparison, the vpsC mutant, which has altered
phospholipids and lipid A modifications in the outer membrane (28), was analyzed
(Movie S4). The vpsC mutant had an intracellular infection phenotype that was distinct
from either of the cardiolipin mutants. It replicated normally and was motile, but its
motility was less than the wild-type motility, and there was no spread to adjacent cells.

Unipolar IcsA localization requires the cardiolipin transporter PbgA. Because
the pbgA mutant was nonmotile within the intracellular environment, it was likely that
the defect was in the export or localization of IcsA. To determine whether PbgA was
required for IcsA localization, we used indirect immunofluorescence directed against
IcsA to visualize surface IcsA localization of S. flexneri grown in vitro (16). Compared to
the WT, the pbgA mutant displayed very low levels of surface IcsA recognized by the
antibody (Fig. 7A). Wild-type, unipolar localization of IcsA was restored with full-length
pbgA on a plasmid (Fig. 7A). This suggested that the lack of cardiolipin within the outer
membrane, the only known defect of the pbgA mutant, reduced localization of IcsA on
the surface of the bacteria.

The clsA mutant, which also lacks cardiolipin in the outer membrane, retained
motility during the initial stage of infection of HT-29 cells, and IcsA localization at the
pole was detected in the clsA mutant, although it was reduced compared to the wild

FIG 7 pbgA is required for unipolar IcsA localization. (A) Visualization of IcsA localization. Bacterial
cultures were grown to mid-log phase (visualized by phase contrast microscopy), and IcsA was observed
by indirect immunofluorescence (visualized by FITC). All images were captured with an exposure time of
1.5 s and processed in an identical manner. Bar � 5 �m. (B) Outer membrane IcsA levels. Bacteria were
grown to mid-log phase. The membranes were fractionated using Sarkosyl membrane solubilization,
resolved by (10%) SDS-PAGE, stained with Coomassie blue (CB) (same gel picture in Fig. 2B), and
immunoblotted using either polyclonal anti-IcsA antisera. C, cytoplasm; IM, inner membrane; OM, outer
membrane. (C) LPS structure of clsA and pbgA mutants. Bacteria were grown to mid-log phase. LPS was
extracted, resolved by (4 to 12%) SDS-PAGE, and visualized by silver staining.
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type (Fig. 7A). Therefore, if cardiolipin normally plays a role in IcsA localization in
wild-type cells, the increase in outer membrane PG that occurs in the clsA mutant, but
not the pbgA mutant, may be able to partially compensate for the loss of cardiolipin.

Although the anionic lipids cardiolipin and PG are known to be capable of localizing
membrane proteins, the disruption in localization of IcsA could be indirect. Export of
IcsA to the outer membrane (15) may be inefficient in the pbgA mutant, or mislocal-
ization of IcsA could be due to disruption in LPS chain length (23) if the mutations affect
LPS structure. To determine whether cardiolipin plays a role in efficient transport of IcsA
to the outer membrane, we fractionated the inner and outer membranes of S. flexneri
and examined the IcsA levels in each membrane using immunoblot analysis. We found
that both the clsA and pbgA mutants had WT levels of IcsA within their outer membrane
(Fig. 7B), indicating that cardiolipin synthesis or transport is not necessary for IcsA
stability in the membrane or its export to the S. flexneri outer membrane. To determine
whether the absence of cardiolipin disrupts the LPS of S. flexneri, we compared the LPS
profiles of clsA and pbgA mutants to the wild-type LPS and to a previously characterized
rol LPS mutant (23) by gel electrophoresis. The clsA and pbgA mutants did not have any
detected differences in LPS chain lengths compared to the WT (Fig. 7C). Together, these
data indicate that cardiolipin or compensatory levels of PG in the outer membrane are
directly involved in the localization of IcsA on the surface.

DISCUSSION

To cause disease, S. flexneri must efficiently invade colonic epithelial cells and spread
intercellularly to neighboring cells. Penetration of the adjacent cellular membranes
requires S. flexneri to move within the cytoplasm, and this movement is a direct result
of IcsA-mediated actin polymerization (13). We have previously shown that outer
membrane integrity, mediated by asymmetric distribution of phospholipids and lipid A
structure, is required by S. flexneri during intercellular spread (28); however, the roles of
specific phospholipids in S. flexneri pathogenesis have not been determined. In this
study, we show that the phospholipid cardiolipin is required in the inner membrane of
S. flexneri for proper cell division during intercellular spread (Fig. 6B), while outer
membrane cardiolipin is associated with proper localization of IcsA and intercellular
spread (Fig. 7A).

Cardiolipin is a large anionic phospholipid that makes up only 5 to 10% of S. flex-
neri’s membrane phospholipids (Fig. 1B). Much of what is currently known about
cardiolipin’s role in biological membranes is the result of studies of the eukaryotic
mitochondria, where cardiolipin makes up a large portion of the inner mitochondrial
matrix to promote the localization and activity of electron transport proteins (36).
Cardiolipin function is largely conserved in E. coli, where it is required for localization of
high-energy electron transport (40) and osmotic proteins (42) within the bacterial inner
membrane. Still, much remains unknown regarding cardiolipin’s role in bacterial mem-
branes, and this is likely for two reasons. First, most enteric bacteria have three
cardiolipin synthases, and all three must be inactivated in order to eliminate cardiolipin
from the bacterial membrane (32); most studies thus far have been performed only on
bacteria with reduced cardiolipin levels. Second, PG, which is similar to cardiolipin in
that it also has a glycerol head group and is an anionic phospholipid, can interact with
proteins in a similar manner and compensate for the lack of cardiolipin within the
bacterial membrane (43). Thus, bacteria lacking cardiolipin do not display an in vitro
growth phenotype.

To date, the roles of cardiolipin in bacterial pathogenesis have been identified in
two pathogens, S. Typhimurium and Moraxella catarrhalis. In S. Typhimurium, cardio-
lipin is required in the outer membrane to provide membrane integrity during infec-
tion. Increased expression of pbgA and remodeling of the outer membrane occur in
response to PhoPQ signaling during Salmonella infection (34). Salmonella, like Shigella,
is an intracellular pathogen; however, Salmonella resides within lysosomes of macro-
phages, which may represent a more stressful environment than the cytoplasm. Since
S. flexneri lacking cardiolipin does not have reduced membrane integrity when grown
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in the presence of DOC, and does not have an in vivo growth defect, it is unlikely that
the role of cardiolipin in S. flexneri pathogenesis is maintenance of S. flexneri membrane
integrity.

In M. catarrhalis, cardiolipin is required for proper bacterial attachment to human
epithelial cells (53). It is hypothesized that cardiolipin is required for the localization or
display of adhesion proteins. This may represent a similar function to cardiolipin’s role
in S. flexneri, where cardiolipin in the outer membrane is important for the localization
of the IcsA (Fig. 7A).

In E. coli, cardiolipin specifically localizes to the inner leaflet of the bacterial poles
(39). This is because cardiolipin has a small glycerol head group and a large acyl region
with four chains, giving the overall structure of cardiolipin a conical shape. Bacteria
lacking cardiolipin do not have altered cell morphology, supporting the model that the
conical shape of cardiolipin does not dictate the negative curvature of the poles.
Rather, its localization at the poles is a consequence of its shape. Cardiolipin localizes
to bacterial poles via diffusion, because of its natural tendency to destabilize planar
membranes. In the absence of cardiolipin, PG localizes to the bacterial pole and can
interact with polar proteins in the same manner but less efficiently than cardiolipin (43).
We predict that in cardiolipin’s absence in S. flexneri, increased PG in the outer
membrane can help localize IcsA to the pole; however, this localization does not appear
to be as specific or as efficient as when cardiolipin is present. Polar IcsA localization is
directed also by the outer leaflet LPS structure (23–25). Cardiolipin does not affect LPS
structure, but it is not known whether the LPS structure affects outer membrane
cardiolipin localization. It is possible that changes in the LPS structure disrupt polar
localization of cardiolipin, indirectly causing the mislocalization of IcsA.

Cardiolipin may directly interact with IcsA, as has been shown for some proteins, to
concentrate the protein at the pole. In the inner mitochondrial matrix, lysine residues
on the surface of Drp1 interact with the glycerol head group of cardiolipin, helping it
localize with cardiolipin (54). It is possible that positively charged residues on the
surface of the IcsA beta barrel or the polar targeting (PT) domain identified in the
N-terminal region of IcsA (55, 56) help IcsA localize with cardiolipin. Alternatively,
cardiolipin could indirectly localize IcsA by interacting with the positively charged
residues of other proteins known to aid in its localization and activity (57). For example,
IcsA chaperone (15, 16, 58, 59) or secretion proteins (60) may interact with cardiolipin
to direct insertion of IcsA into the outer membrane at the poles. These interactions
would promote polar localization of IcsA to allow directed movement when actin
polymerizes at the bacterial surface.

The loss of cardiolipin from the outer membrane without compensation by in-
creased PG affects plaque formation by preventing IcsA localization. The effects of loss
of cardiolipin from the inner membrane are less clear. The clsA mutant replicates
normally in vitro and has no obvious defect early in infection of epithelial cells.
However, longer exposure to the intracellular environment results in aberrant cell
division and loss of motility. Studies of E. coli have shown that the cell division protein
MinD and osmotic stress proteins associate with cardiolipin in the inner membrane (42,
43). Similar effects of cardiolipin on localization of inner membrane proteins in S. flex-
neri could cause the growth defects seen in the host cell cytoplasm.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are found

in Table S2 in the supplemental material. All strains were maintained at �80°C in tryptic soy broth (TSB)
containing 20% (vol/vol) glycerol. E. coli strains were grown on Luria-Bertani (LB) agar (1% tryptone, 0.5%
yeast extract, 1% NaCl, 1.5% agar [wt/vol]) at 37°C, and single colonies were selected and grown in LB
broth at 37°C. S. flexneri strains were grown on TSB agar (TSB, 1.5% agar [wt/vol]) containing Congo red
dye (0.01% [wt/vol]; Sigma) at 37°C. Congo red binding colonies (61), indicating a functional T3SS, were
selected and grown in LB broth at 30°C for maintenance and were then subcultured 1:100 and grown at
37°C for assays. The following antibiotics were used at the indicated concentrations: kanamycin,
50 �g/ml; ampicillin, 25 �g/ml.

Construction of S. flexneri mutants. The S. flexneri clsA, clsB, clsC, and vpsC mutants were created
by bacteriophage P1 transduction of the ΔclsA::kan, ΔclsB::kan, ΔclsC::kan, and ΔmlaD::kan alleles from
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E. coli strains JW1241 (Keio Collection), JW0772 (Keio Collection), JW5150 (Keio Collection), and JW3160
(Keio Collection), respectively, into S. flexneri strain 2457T (62). Double and triple mutants were created
by using a multistep procedure whereby the kanamycin resistance cassette used to create an existing
mutation was removed using the plasmid pCP20 (63), followed by P1 transduction to mutate additional
genes. An S. flexneri pbgA mutant was created using �-Red-mediated recombination (64). A PCR product
was generated by amplifying the kanamycin resistance cassette from pKD4 using primers pbgA-KO-F and
pbgA-KO-R, which modified the wild-type pbgA gene by introducing a UGA termination codon in place
of the codon for Y190 and replaces the downstream codons with a kanamycin resistance cassette (33,
64). This PCR product was introduced by electroporation into E. coli strain BW25113 expressing �-Red
recombinase from plasmid pKD46 (64), and recombinants were selected by kanamycin resistance. This
mutation was then introduced into S. flexneri through bacteriophage P1 transduction. All mutations were
verified via PCR.

Construction of plasmids. Plasmids expressing clsA and pbgA (pclsA and ppbgA, respectively) were
constructed by amplifying the wild-type loci containing the native promoter region from S. flexneri strain
2457T and ligating the PCR product into the SmaI site of pWKS30 (65). Primers used in this study are
listed in Table S3. Primers clsA-F and clsA-R were used to amplify clsA, and primers pbgA-F and yeM-R
were used to amplify pbgA, using S. flexneri genome as the template (66). Constructed plasmids were
sequenced at the University of Texas at Austin DNA sequencing facility using an ABI 3130 sequencer
(Applied Biosystems).

Cell culture media and growth conditions. Henle cells (intestine 407; ATCC CCL-6) were cultured
in minimal essential medium (MEM) (Gibco) containing 10% (vol/vol) fetal bovine serum (FBS) (Gibco),
10% (wt/vol) Bacto tryptone phosphate broth (Difco), 1� nonessential amino acids (Gibco), and 2 mM
glutamine. Colorectal cells (HT-29; ATCC HTB-38) were cultured in McCoy’s 5A medium (Gibco) supple-
mented with 10% (vol/vol) heat-inactivated FBS (Invitrogen). Henle and HT-29 cells were incubated at
37°C with 95% air and 5% CO2. Gentamicin was used at a final concentration of 40 �g/ml.

Isolation and analysis of phospholipid species. Bacteria were grown in LB to an optical density at
650 nm (OD650) of ~0.5 (mid-log phase) or as indicated. Phospholipids were extracted by the method of
Bligh and Dyer (44). Phospholipids were then spotted onto a silica gel 60 (Millipore) thin-layer chroma-
tography (TLC) plate and separated by TLC using a chloroform-methanol-acetic acid (65:25:10, vol/vol/
vol) solvent system (67). Phospholipids were detected by spraying TLC plates with molybdenum blue
spray reagent (Sigma). The area of species was quantified using ImageJ (68) to determine the percentage
of each phospholipid in the sample.

Inner and outer membranes were isolated by pelleting mid-log-phase bacteria at 13,000 � g for 10 min,
resuspending in buffer containing 10 mM Na2HPO4 and 5 mM MgSO4, sonicating to induce cell lysis,
and centrifuging at 13,000 � g for 20 min to remove cell debris. The supernatant was then
centrifuged at 135,000 � g for 40 min to isolate the total membranes. Total membranes were
resuspended in 1.0% (wt/vol) Sarkosyl using a blunt needle and incubated at room temperature for
20 min. Following centrifugation at 135,000 � g for 40 min, the inner membranes remained in the
supernatant, while the outer membranes were pelleted. The pelleted outer membranes were resus-
pended in fresh 1.0% (wt/vol) Sarkosyl and used for downstream assays.

Cell culture assays. Plaque assays were performed as previously described (47). Briefly, bacteria were
grown to an OD650 of ~0.5. Approximately 104 CFU of bacteria were added to a confluent monolayer of
Henle cells in 35-mm, 6-well polystyrene plates (Corning) and centrifuged for 10 min at 1,000 � g. The
plates were incubated for 60 min, and the monolayers were washed four times with phosphate-buffered
saline (PBS-D) (1.98 g KCl, 8 g NaCl, 0.02 g KH2PO4, 1.39 g K2HPO4). The medium was then replaced with
MEM containing gentamicin and 0.45% (wt/vol) glucose, and the plates were then incubated for 24 h,
after which the medium was replaced with MEM containing only gentamicin, and the plates were
incubated for an additional 48 h. The monolayers were washed with PBS-D and stained with Wright-
Giemsa stain for visualization.

Cell-to-cell spread assays were performed as previously described (28). Briefly, bacteria were grown
to an OD650 of ~0.5. Approximately 107 CFU of bacteria were added to a confluent monolayer of Henle
cells in 35-mm, 6-well polystyrene plates (Corning) and centrifuged for 10 min at 1,000 � g. The plates
were incubated for 30 min, and the monolayers were then washed four times with PBS-D. The medium
was replaced with MEM containing gentamicin, and the plates were incubated for an additional 4 h. The
monolayers were washed with PBS-D and stained with Wright-Giemsa stain. Henle cells were scored
positive for spread if they contained three or more S. flexneri cells and if adjacent Henle cells also
contained three or more S. flexneri cells. One hundred Henle cells per well were counted.

Fluorescence microscopy techniques. The size of infection foci formed in plasma membrane-YFP-
expressing HT-29 cells grown in McCoy’s medium (Gibco, Life Technologies) and infected with the listed
CFP-expressing S. flexneri strains was determined in a 96-well plate format (catalog no. 3904; Corning).
After fixation, the plates were imaged using the ImageXpress Micro imaging system (Molecular Devices),
and image analysis for focus size determination was performed with the ImageXpress imaging software
(Molecular Devices) as previously described (52).

Bacterial dissemination was monitored using time-lapse confocal microscopy. Plasma membrane-
YFP-expressing HT-29 cells were grown in McCoy’s medium in eight-well chambers (Lab-Tek II [catalog
no. 155409; Thermo Fisher Scientific]) at 37°C in 5% CO2. Cells were infected with the listed CFP-
expressing S. flexneri strains and imaged with a Leica DMI 8 spinning-disc confocal microscope driven by
the iQ software (Andor). Z-stacks were captured 2 h postinfection every 2 min for 6 h. The corresponding
movies were generated with the Imaris software (Bitplane).
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IcsA localization was monitored as previously described (16). Briefly, bacteria were grown to mid-
logarithmic phase and fixed in 4% (vol/vol) paraformaldehyde in PBS. The cells were then labeled by
indirect immunofluorescence, using rabbit polyclonal antibody against IcsA (rabbit 35) diluted 1:100,
provided by Edwin Oaks (Walter Reed Army Institute of Research), and a fluorescent isothiocyanate-
conjugated goat anti-rabbit secondary antibody diluted 1:100 (15). Images were acquired using a DP73
digital microscope camera (Olympus) and processed using cellSens software (Olympus). Images were
postprocessed with Lightroom (Adobe) to increase contrast. All images were processed using the same
settings.

SDS-PAGE and immunoblotting. Inner and outer membranes were isolated by membrane frac-
tionation as described above and resuspended in Laemmli SDS sample buffer (5% �-mercaptoethanol,
3% [wt/vol] SDS, 10% glycerol, 0.02% bromophenol blue, 63 mM Tris-Cl [pH 6.8]) (69), and boiled for
5 min. Samples were electrophoresed in quadruplicate (10%) SDS-polyacrylamide gels for separation.
Proteins from three gels were transferred to a 0.45-�m-pore-size nitrocellulose membrane (GE Health-
care) and incubated with either rabbit polyclonal anti-IcsA antibody (Edwin Oaks, Walter Reed Army
Institute of Research) diluted 1:10,000, rabbit polyclonal anti-SecA antibody (Donald Oliver, Wesleyan
University) diluted 1:10,000, or rabbit polyclonal anti-OmpA antibody (Donald Oliver, Wesleyan Univer-
sity) diluted 1:5,000. Proteins were detected using horseradish peroxidase-conjugated goat anti-rabbit
antibody (diluted 1:5,000). Signal was detected by developing the blot with Pierce ECL detection kit
(Thermo Fisher). Proteins from the fourth gel were visualized by Coomassie brilliant blue staining and
used to assess equal loading of samples for immunoblotting.

Analysis of lipopolysaccharides. LPS was isolated and analyzed as previously described (70). Briefly,
bacteria were grown at 37°C to an OD650 of ~0.5, and the equivalent of OD650 of 1 was pelleted and
resuspended in Laemmli SDS-PAGE sample buffer (69). Samples were then boiled for 10 min, cooled to
room temperature, and treated with 25 �g proteinase K for 1 h at 55°C. LPS was visualized by (4 to 12%)
SDS-PAGE (Bolt Bis-Tris Plus; Invitrogen) and subsequent staining of the LPS with silver stain as follows.
The gels were fixed in 40% isopropanol and 5% acetic acid, oxidized with 0.7% periodic acid, stained with
20% silver nitrate, and developed using 50 �g/ml citric acid.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio

.01199-17.
TEXT S1, DOCX file, 0.02 MB.
FIG S1, DOCX file, 0.2 MB.
FIG S2, DOCX file, 0.7 MB.
TABLE S1, DOCX file, 0.1 MB.
TABLE S2, DOCX file, 0.1 MB.
TABLE S3, DOCX file, 0.1 MB.
MOVIE S1, MPG file, 1.6 MB.
MOVIE S2, MPG file, 0.9 MB.
MOVIE S3, MPG file, 0.9 MB.
MOVIE S4, MOV file, 1.1 MB.

ACKNOWLEDGMENTS
We thank Elizabeth Wyckoff and Alexandra Mey for thoughtful discussions and

critical reading of the manuscript, Carolyn Fisher and Benjamin Koestler for sharing
stains and technical assistance, Emily Nowicki for assistance with lipid techniques, and
Donald Oliver for generously providing antisera against SecA and OmpA.

This work was funded by Public Health Service grants AI16935 to S.M.P. and
AI073904 to H.A. from the National Institute of Allergy and Infectious Disease.

REFERENCES
1. Jennison AV, Verma NK. 2004. Shigella flexneri infection: pathogenesis

and vaccine development. FEMS Microbiol Rev 28:43–58. https://doi.org/
10.1016/j.femsre.2003.07.002.

2. Labrec EH, Schneider H, Magnani TJ, Formal SB. 1964. Epithelial cell
penetration as an essential step in the pathogenesis of bacillary dysen-
tery. J Bacteriol 88:1503–1518.

3. Makino S, Sasakawa C, Kamata K, Kurata T, Yoshikawa M. 1986. A genetic
determinant required for continuous reinfection of adjacent cells on
large plasmid in S. flexneri 2a. Cell 46:551–555. https://doi.org/10.1016/
0092-8674(86)90880-9.

4. Philpott DJ, Edgeworth JD, Sansonetti PJ. 2000. The pathogenesis of
Shigella flexneri infection: lessons from in vitro and in vivo studies. Philos

Trans R Soc Lond B Biol Sci 355:575–586. https://doi.org/10.1098/rstb
.2000.0599.

5. Sansonetti PJ, Kopecko DJ, Formal SB. 1982. Involvement of a plasmid in
the invasive ability of Shigella flexneri. Infect Immun 35:852– 860.

6. High N, Mounier J, Prévost MC, Sansonetti PJ. 1992. IpaB of Shigella
flexneri causes entry into epithelial cells and escape from the phagocytic
vacuole. EMBO J 11:1991–1999.

7. Goldberg MB, Theriot JA. 1995. Shigella flexneri surface protein IcsA is
sufficient to direct actin-based motility. Proc Natl Acad Sci U S A 92:
6572– 6576. https://doi.org/10.1073/pnas.92.14.6572.

8. Page AL, Ohayon H, Sansonetti PJ, Parsot C. 1999. The secreted IpaB and
IpaC invasins and their cytoplasmic chaperone IpgC are required for

Rossi et al. ®

July/August 2017 Volume 8 Issue 4 e01199-17 mbio.asm.org 14

https://doi.org/10.1128/mBio.01199-17
https://doi.org/10.1128/mBio.01199-17
https://doi.org/10.1016/j.femsre.2003.07.002
https://doi.org/10.1016/j.femsre.2003.07.002
https://doi.org/10.1016/0092-8674(86)90880-9
https://doi.org/10.1016/0092-8674(86)90880-9
https://doi.org/10.1098/rstb.2000.0599
https://doi.org/10.1098/rstb.2000.0599
https://doi.org/10.1073/pnas.92.14.6572
http://mbio.asm.org


intercellular dissemination of Shigella flexneri. Cell Microbiol 1:183–193.
https://doi.org/10.1046/j.1462-5822.1999.00019.x.

9. Kuehl CJ, Dragoi A-M, Agaisse H. 2014. The Shigella flexneri type 3
secretion system is required for tyrosine kinase-dependent protrusion
resolution, and vacuole escape during bacterial dissemination. PLoS One
9:e112738. https://doi.org/10.1371/journal.pone.0112738.

10. Dragoi A-M, Agaisse H. 2015. The class II phosphatidylinositol
3-phosphate kinase PIK3C2A promotes Shigella flexneri dissemination
through formation of vacuole-like protrusions. Infect Immun 83:
1695–1704. https://doi.org/10.1128/IAI.03138-14.

11. Goldberg MB, Bârzu O, Parsot C, Sansonetti PJ. 1993. Unipolar localiza-
tion and ATPase activity of IcsA, a Shigella flexneri protein involved in
intracellular movement. J Bacteriol 175:2189 –2196. https://doi.org/10
.1128/jb.175.8.2189-2196.1993.

12. Goldberg MB, Theriot JA, Sansonetti PJ. 1994. Regulation of surface
presentation of IcsA, a Shigella protein essential to intracellular move-
ment and spread, is growth phase dependent. Infect Immun 62:
5664 –5668.

13. Bernardini ML, Mounier J, d’Hauteville H, Coquis-Rondon M, Sansonetti
PJ. 1989. Identification of icsA, a plasmid locus of Shigella flexneri that
governs bacterial intra- and intercellular spread through interaction with
F-actin. Proc Natl Acad Sci U S A 86:3867–3871. https://doi.org/10.1073/
pnas.86.10.3867.

14. Charles M, Pérez M, Kobil JH, Goldberg MB. 2001. Polar targeting of
Shigella virulence factor IcsA in Enterobacteriacae and Vibrio. Proc Natl
Acad Sci U S A 98:9871–9876. https://doi.org/10.1073/pnas.171310498.

15. Purdy GE, Hong M, Payne SM. 2002. Shigella flexneri DegP facilitates IcsA
surface expression and is required for efficient intercellular spread. Infect
Immun 70:6355–6364. https://doi.org/10.1128/IAI.70.11.6355-6364.2002.

16. Purdy GE, Fisher CR, Payne SM. 2007. IcsA surface presentation in
Shigella flexneri requires the periplasmic chaperones DegP, Skp, and
SurA. J Bacteriol 189:5566 –5573. https://doi.org/10.1128/JB.00483-07.

17. Brandon LD, Goldberg MB. 2001. Periplasmic transit and disulfide bond
formation of the autotransported Shigella protein IcsA. J Bacteriol 183:
951–958. https://doi.org/10.1128/JB.183.3.951-958.2001.

18. Kühnel K, Diezmann D. 2011. Crystal structure of the autochaperone
region from the Shigella flexneri autotransporter IcsA. J Bacteriol 193:
2042–2045. https://doi.org/10.1128/JB.00790-10.

19. Suzuki T, Mimuro H, Suetsugu S, Miki H, Takenawa T, Sasakawa C. 2002.
Neural Wiskott-Aldrich syndrome protein (N-WASP) is the specific ligand
for Shigella VirG among the WASP family and determines the host cell
type allowing actin-based spreading. Cell Microbiol 4:223–233. https://
doi.org/10.1046/j.1462-5822.2002.00185.x.

20. Dragoi A-M, Talman AM, Agaisse H. 2013. Bruton’s tyrosine kinase
regulates Shigella flexneri dissemination in HT-29 intestinal cells. Infect
Immun 81:598 – 607. https://doi.org/10.1128/IAI.00853-12.

21. Egile C, Loisel TP, Laurent V, Li R, Pantaloni D, Sansonetti PJ, Carlier MF.
1999. Activation of the CDC42 effector N-WASP by the Shigella flexneri
IcsA protein promotes actin nucleation by Arp2/3 complex and bacterial
actin-based motility. J Cell Biol 146:1319 –1332. https://doi.org/10.1083/
jcb.146.6.1319.

22. Agaisse H. 2016. Molecular and cellular mechanisms of Shigella flexneri
dissemination. Front Cell Infect Microbiol 6:29. https://doi.org/10.3389/
fcimb.2016.00029.

23. Hong M, Payne SM. 1997. Effect of mutations in Shigella flexneri chro-
mosomal and plasmid-encoded lipopolysaccharide genes on invasion
and serum resistance. Mol Microbiol 24:779 –791. https://doi.org/10
.1046/j.1365-2958.1997.3731744.x.

24. Morona R, Van Den Bosch L. 2003. Lipopolysaccharide O antigen chains
mask IcsA (VirG) in Shigella flexneri. FEMS Microbiol Lett 221:173–180.
https://doi.org/10.1016/S0378-1097(03)00210-6.

25. Sandlin RC, Lampel KA, Keasler SP, Goldberg MB, Stolzer AL, Maurelli AT.
1995. Avirulence of rough mutants of Shigella flexneri: requirement of O
antigen for correct unipolar localization of IcsA in the bacterial outer
membrane. Infect Immun 63:229 –237.

26. Clifton LA, Skoda MWA, Daulton EL, Hughes AV, Le Brun AP, Lakey JH,
Holt SA. 2013. Asymmetric phospholipid: lipopolysaccharide bilayers; a
Gram-negative bacterial outer membrane mimic. J R Soc Interface 10:
20130810. https://doi.org/10.1098/rsif.2013.0810.

27. Malinverni JC, Silhavy TJ. 2009. An ABC transport system that maintains
lipid asymmetry in the Gram-negative outer membrane. Proc Natl Acad
Sci U S A 106:8009 – 8014. https://doi.org/10.1073/pnas.0903229106.

28. Carpenter CD, Cooley BJ, Needham BD, Fisher CR, Trent MS, Gordon V,
Payne SM. 2014. The Vps/VacJ ABC transporter is required for intercel-

lular spread of Shigella flexneri. Infect Immun 82:660 – 669. https://doi
.org/10.1128/IAI.01057-13.

29. Needham BD, Trent MS. 2013. Fortifying the barrier: the impact of lipid
A remodelling on bacterial pathogenesis. Nat Rev Microbiol 11:467– 481.
https://doi.org/10.1038/nrmicro3047.

30. Pluschke G, Hirota Y, Overath P. 1978. Function of phospholipids in
Escherichia coli. Characterization of a mutant deficient in cardiolipin
synthesis. J Biol Chem 253:5048 –5055.

31. Guo D, Tropp BE. 2000. A second Escherichia coli protein with CL
synthase activity. Biochim Biophys Acta 1483:263–274. https://doi.org/
10.1016/S1388-1981(99)00193-6.

32. Tan BK, Bogdanov M, Zhao J, Dowhan W, Raetz CRH, Guan Z. 2012.
Discovery of a cardiolipin synthase utilizing phosphatidylethanolamine
and phosphatidylglycerol as substrates. Proc Natl Acad Sci U S A 109:
16504 –16509. https://doi.org/10.1073/pnas.1212797109.

33. De Lay NR, Cronan JE. 2008. Genetic interaction between the Escherichia
coli AcpT phosphopantetheinyl transferase and the YejM inner mem-
brane protein. Genetics 178:1327–1337. https://doi.org/10.1534/
genetics.107.081836.

34. Dalebroux ZD, Edrozo MB, Pfuetzner RA, Ressl S, Kulasekara BR, Blanc
M-P, Miller SI. 2015. Delivery of cardiolipins to the Salmonella outer
membrane is necessary for survival within host tissues and virulence.
Cell Host Microbe 17:441– 451. https://doi.org/10.1016/j.chom.2015.03
.003.

35. Dong H, Zhang Z, Tang X, Huang S, Li H, Peng B, Dong C. 2016. Structural
insights into cardiolipin transfer from the inner membrane to the outer
membrane by PbgA in Gram-negative bacteria. Sci Rep 6:30815. https://
doi.org/10.1038/srep30815.

36. Mileykovskaya E, Zhang M, Dowhan W. 2005. Cardiolipin in energy
transducing membranes. Biochemistry 70:154 –158. https://doi.org/10
.1007/s10541-005-0095-2.

37. Renner LD, Weibel DB. 2011. Cardiolipin microdomains localize to neg-
atively curved regions of Escherichia coli membranes. Proc Natl Acad Sci
U S A 108:6264 – 6269. https://doi.org/10.1073/pnas.1015757108.

38. Pangborn MC. 1945. A simplified preparation of cardiolipin, with note on
purification of lecithin for serologic use. J Biol Chem 161:71– 82.

39. Oliver PM, Crooks JA, Leidl M, Yoon EJ, Saghatelian A, Weibel DB. 2014.
Localization of anionic phospholipids in Escherichia coli cells. J Bacteriol
196:3386 –3398. https://doi.org/10.1128/JB.01877-14.

40. Yankovskaya V, Horsefield R, Törnroth S, Luna-Chavez C, Miyoshi H,
Léger C, Byrne B, Cecchini G, Iwata S. 2003. Architecture of succinate
dehydrogenase and reactive oxygen species generation. Science 299:
700 –704. https://doi.org/10.1126/science.1079605.

41. Hsieh C-W, Lin T-Y, Lai H-M, Lin C-C, Hsieh T-S, Shih Y-L. 2010. Direct
MinE-membrane interaction contributes to the proper localization of
MinDE in E. coli. Mol Microbiol 75:499 –512. https://doi.org/10.1111/j
.1365-2958.2009.07006.x.

42. Romantsov T, Helbig S, Culham DE, Gill C, Stalker L, Wood JM. 2007.
Cardiolipin promotes polar localization of osmosensory transporter ProP
in Escherichia coli. Mol Microbiol 64:1455–1465. https://doi.org/10.1111/
j.1365-2958.2007.05727.x.

43. Renner LD, Weibel DB. 2012. MinD and MinE interact with anionic
phospholipids and regulate division plane formation in Escherichia coli.
J Biol Chem 287:38835–38844. https://doi.org/10.1074/jbc.M112.407817.

44. Bligh EG, Dyer WJ. 1959. A rapid method of total lipid extraction and
purification. Can J Biochem Physiol 37:911–917. https://doi.org/10.1139/
o59-099.

45. Hiraoka S, Matsuzaki H, Shibuya I. 1993. Active increase in cardiolipin
synthesis in the stationary growth phase and its physiological signifi-
cance in Escherichia coli. FEBS Lett 336:221–224. https://doi.org/10.1016/
0014-5793(93)80807-7.

46. Dalebroux ZD, Matamouros S, Whittington D, Bishop RE, Miller SI. 2014.
PhoPQ regulates acidic glycerophospholipid content of the Salmonella
Typhimurium outer membrane. Proc Natl Acad Sci U S A 111:1963–1968.
https://doi.org/10.1073/pnas.1316901111.

47. Oaks EV, Wingfield ME, Formal SB. 1985. Plaque formation by virulent
Shigella flexneri. Infect Immun 48:124 –129.

48. Sansonetti PJ, Ryter A, Clerc P, Maurelli AT, Mounier J. 1986. Multiplica-
tion of Shigella flexneri within HeLa cells: lysis of the phagocytic vacuole
and plasmid-mediated contact hemolysis. Infect Immun 51:461– 469.

49. Pope LM, Reed KE, Payne SM. 1995. Increased protein secretion and
adherence to HeLa cells by Shigella spp. following growth in the pres-
ence of bile salts. Infect Immun 63:3642–3648.

50. Schroeder GN, Hilbi H. 2008. Molecular pathogenesis of Shigella spp.:

Cardiolipin and Virulence of Shigella ®

July/August 2017 Volume 8 Issue 4 e01199-17 mbio.asm.org 15

https://doi.org/10.1046/j.1462-5822.1999.00019.x
https://doi.org/10.1371/journal.pone.0112738
https://doi.org/10.1128/IAI.03138-14
https://doi.org/10.1128/jb.175.8.2189-2196.1993
https://doi.org/10.1128/jb.175.8.2189-2196.1993
https://doi.org/10.1073/pnas.86.10.3867
https://doi.org/10.1073/pnas.86.10.3867
https://doi.org/10.1073/pnas.171310498
https://doi.org/10.1128/IAI.70.11.6355-6364.2002
https://doi.org/10.1128/JB.00483-07
https://doi.org/10.1128/JB.183.3.951-958.2001
https://doi.org/10.1128/JB.00790-10
https://doi.org/10.1046/j.1462-5822.2002.00185.x
https://doi.org/10.1046/j.1462-5822.2002.00185.x
https://doi.org/10.1128/IAI.00853-12
https://doi.org/10.1083/jcb.146.6.1319
https://doi.org/10.1083/jcb.146.6.1319
https://doi.org/10.3389/fcimb.2016.00029
https://doi.org/10.3389/fcimb.2016.00029
https://doi.org/10.1046/j.1365-2958.1997.3731744.x
https://doi.org/10.1046/j.1365-2958.1997.3731744.x
https://doi.org/10.1016/S0378-1097(03)00210-6
https://doi.org/10.1098/rsif.2013.0810
https://doi.org/10.1073/pnas.0903229106
https://doi.org/10.1128/IAI.01057-13
https://doi.org/10.1128/IAI.01057-13
https://doi.org/10.1038/nrmicro3047
https://doi.org/10.1016/S1388-1981(99)00193-6
https://doi.org/10.1016/S1388-1981(99)00193-6
https://doi.org/10.1073/pnas.1212797109
https://doi.org/10.1534/genetics.107.081836
https://doi.org/10.1534/genetics.107.081836
https://doi.org/10.1016/j.chom.2015.03.003
https://doi.org/10.1016/j.chom.2015.03.003
https://doi.org/10.1038/srep30815
https://doi.org/10.1038/srep30815
https://doi.org/10.1007/s10541-005-0095-2
https://doi.org/10.1007/s10541-005-0095-2
https://doi.org/10.1073/pnas.1015757108
https://doi.org/10.1128/JB.01877-14
https://doi.org/10.1126/science.1079605
https://doi.org/10.1111/j.1365-2958.2009.07006.x
https://doi.org/10.1111/j.1365-2958.2009.07006.x
https://doi.org/10.1111/j.1365-2958.2007.05727.x
https://doi.org/10.1111/j.1365-2958.2007.05727.x
https://doi.org/10.1074/jbc.M112.407817
https://doi.org/10.1139/o59-099
https://doi.org/10.1139/o59-099
https://doi.org/10.1016/0014-5793(93)80807-7
https://doi.org/10.1016/0014-5793(93)80807-7
https://doi.org/10.1073/pnas.1316901111
http://mbio.asm.org


controlling host cell signaling, invasion, and death by type III secretion.
Clin Microbiol Rev 21:134 –156. https://doi.org/10.1128/CMR.00032-07.

51. Campbell-Valois F-X, Schnupf P, Nigro G, Sachse M, Sansonetti PJ, Parsot
C. 2014. A fluorescent reporter reveals on/off regulation of the Shigella
type III secretion apparatus during entry and cell-to-cell spread. Cell Host
Microbe 15:177–189. https://doi.org/10.1016/j.chom.2014.01.005.

52. Dragoi A-M, Agaisse H. 2014. The serine/threonine kinase STK11 pro-
motes Shigella flexneri dissemination through establishment of cell-cell
contacts competent for tyrosine kinase signaling. Infect Immun 82:
4447– 4457. https://doi.org/10.1128/IAI.02078-14.

53. Buskirk SW, Lafontaine ER. 2014. Moraxella catarrhalis expresses a car-
diolipin synthase that impacts adherence to human epithelial cells. J
Bacteriol 196:107–120. https://doi.org/10.1128/JB.00298-13.

54. Bustillo-Zabalbeitia I, Montessuit S, Raemy E, Basañez G, Terrones O,
Martinou J-C. 2014. Specific interaction with cardiolipin triggers func-
tional activation of dynamin-related protein 1. PLoS One 9:e102738.
https://doi.org/10.1371/journal.pone.0102738.

55. Doyle MT, Grabowicz M, Morona R. 2015. A small conserved motif
supports polarity augmentation of Shigella flexneri IcsA. Microbiology
161:2087–2097. https://doi.org/10.1099/mic.0.000165.

56. Leupold S, Büsing P, Mas PJ, Hart DJ, Scrima A. 2017. Structural insights
into the architecture of the Shigella flexneri virulence factor IcsA/VirG
and motifs involved in polar distribution and secretion. J Struct Biol
198:19 –27. https://doi.org/10.1016/j.jsb.2017.03.003.

57. Gray AN, Li Z, Henderson-Frost J, Goldberg MB. 2014. Biogenesis of YidC
cytoplasmic membrane substrates is required for positioning of auto-
transporter IcsA at future poles. J Bacteriol 196:624 – 632. https://doi.org/
10.1128/JB.00840-13.

58. Janakiraman A, Fixen KR, Gray AN, Niki H, Goldberg MB. 2009. A
genome-scale proteomic screen identifies a role for DnaK in chaperon-
ing of polar autotransporters in Shigella. J Bacteriol 191:6300 – 6311.
https://doi.org/10.1128/JB.00833-09.

59. Wagner JK, Heindl JE, Gray AN, Jain S, Goldberg MB. 2009. Contribution
of the periplasmic chaperone Skp to efficient presentation of the auto-
transporter IcsA on the surface of Shigella flexneri. J Bacteriol 191:
815– 821. https://doi.org/10.1128/JB.00989-08.

60. Jain S, van Ulsen P, Benz I, Schmidt MA, Fernandez R, Tommassen J,
Goldberg MB. 2006. Polar localization of the autotransporter family of

large bacterial virulence proteins. J Bacteriol 188:4841– 4850. https://doi
.org/10.1128/JB.00326-06.

61. Payne SM, Finkelstein RA. 1977. Detection and differentiation of iron-
responsive avirulent mutants on Congo red agar. Infect Immun 18:
94 –98.

62. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst
Biol 2:2006.0008. https://doi.org/10.1038/msb4100050.

63. Cherepanov PP, Wackernagel W. 1995. Gene disruption in Escherichia
coli: TcR and KmR cassettes with the option of Flp-catalyzed excision of
the antibiotic-resistance determinant. Gene 158:9 –14. https://doi.org/10
.1016/0378-1119(95)00193-A.

64. Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
U S A 97:6640 – 6645. https://doi.org/10.1073/pnas.120163297.

65. Wang RF, Kushner SR. 1991. Construction of versatile low-copy-number
vectors for cloning, sequencing and gene expression in Escherichia coli.
Gene 100:195–199. https://doi.org/10.1016/0378-1119(91)90366-J.

66. Wei J, Goldberg MB, Burland V, Venkatesan MM, Deng W, Fournier G,
Mayhew GF, Plunkett G, Rose DJ, Darling A, Mau B, Perna NT, Payne SM,
Runyen-Janecky LJ, Zhou S, Schwartz DC, Blattner FR. 2003. Complete
genome sequence and comparative genomics of Shigella flexneri sero-
type 2a strain 2457T. Infect Immun 71:2775–2786. https://doi.org/10
.1128/IAI.71.5.2775-2786.2003.

67. Giles DK, Hankins JV, Guan Z, Trent MS. 2011. Remodelling of the Vibrio
cholerae membrane by incorporation of exogenous fatty acids from host
and aquatic environments. Mol Microbiol 79:716 –728. https://doi.org/
10.1111/j.1365-2958.2010.07476.x.

68. Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to ImageJ: 25
years of image analysis. Nat Methods 9:671– 675. https://doi.org/10
.1038/nmeth.2089.

69. Laemmli UK. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680 – 685. https://doi.org/
10.1038/227680a0.

70. Tsai CM, Frasch CE. 1982. A sensitive silver stain for detecting lipopoly-
saccharides in polyacrylamide gels. Anal Biochem 119:115–119. https://
doi.org/10.1016/0003-2697(82)90673-X.

Rossi et al. ®

July/August 2017 Volume 8 Issue 4 e01199-17 mbio.asm.org 16

https://doi.org/10.1128/CMR.00032-07
https://doi.org/10.1016/j.chom.2014.01.005
https://doi.org/10.1128/IAI.02078-14
https://doi.org/10.1128/JB.00298-13
https://doi.org/10.1371/journal.pone.0102738
https://doi.org/10.1099/mic.0.000165
https://doi.org/10.1016/j.jsb.2017.03.003
https://doi.org/10.1128/JB.00840-13
https://doi.org/10.1128/JB.00840-13
https://doi.org/10.1128/JB.00833-09
https://doi.org/10.1128/JB.00989-08
https://doi.org/10.1128/JB.00326-06
https://doi.org/10.1128/JB.00326-06
https://doi.org/10.1038/msb4100050
https://doi.org/10.1016/0378-1119(95)00193-A
https://doi.org/10.1016/0378-1119(95)00193-A
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/0378-1119(91)90366-J
https://doi.org/10.1128/IAI.71.5.2775-2786.2003
https://doi.org/10.1128/IAI.71.5.2775-2786.2003
https://doi.org/10.1111/j.1365-2958.2010.07476.x
https://doi.org/10.1111/j.1365-2958.2010.07476.x
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/227680a0
https://doi.org/10.1038/227680a0
https://doi.org/10.1016/0003-2697(82)90673-X
https://doi.org/10.1016/0003-2697(82)90673-X
http://mbio.asm.org

	RESULTS
	S. flexneri cardiolipin is synthesized primarily by ClsA. 
	S. flexneri ClsC contributes to stationary phase cardiolipin synthesis. 
	Cardiolipin localizes to both the inner and outer membranes of S. flexneri. 
	Cardiolipin transport to the outer membrane requires PbgA. 
	Cardiolipin synthesis is required for plaque formation. 
	PbgA, the transporter of cardiolipin to the outer membrane, is required for S. flexneri plaque formation. 
	Cardiolipin synthesis and transport do not contribute to S. flexneri membrane integrity. 
	Cardiolipin synthesis and transport are not required for S. flexneri cellular invasion and intracellular replication. 
	S. flexneri intercellular spread requires cardiolipin synthesis and transport to the outer membrane. 
	Synthesis and transport of cardiolipin to the outer membrane of S. flexneri are required for intercellular dissemination in HT-29 cells. 
	Cardiolipin synthesis is required for proper intracellular division of S. flexneri. 
	The transport of cardiolipin to S. flexneri’s outer membrane is not required for intracellular growth. 
	Unipolar IcsA localization requires the cardiolipin transporter PbgA. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions. 
	Construction of S. flexneri mutants. 
	Construction of plasmids. 
	Cell culture media and growth conditions. 
	Isolation and analysis of phospholipid species. 
	Cell culture assays. 
	Fluorescence microscopy techniques. 
	SDS-PAGE and immunoblotting. 
	Analysis of lipopolysaccharides. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

