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Shigella flexneri is a gram-negative, facultative intracellular pathogen that invades the colonic epithelium and
causes bacillary dysentery. We previously demonstrated that S. flexneri inhibits staurosporine-induced apop-
tosis in infected epithelial cells and that a �mxiE mutant is unable to inhibit apoptosis. Therefore, we
hypothesized that an MxiE-regulated gene was responsible for protection of epithelial cells from apoptosis.
Analysis of all MxiE-regulated genes yielded no mutants that lacked the ability to prevent apoptosis. Spa15,
which is defined as a type III secretion system chaperone, was analyzed since it associates with MxiE. A �spa15
mutant was unable to prevent staurosporine-induced apoptosis. C-terminal hemagglutinin-tagged spa15 was
secreted by S. flexneri within 2 h in the Congo red secretion assay, and secretion was dependent on the type III
secretion system. Spa15 was also secreted by Shigella in infected epithelial cells, as verified by immunofluo-
rescence analysis. Spa15 secretion was decreased in the �mxiE mutant, which demonstrates why this mutant
is unable to prevent staurosporine-induced apoptosis. Our data are the first to show that Spa15 is secreted in
a type III secretion system-dependent fashion, and the absence of Spa15 in the �spa15 mutant results in the
loss of protection from staurosporine-induced apoptosis in epithelial cells. Thus, Spa15 contributes to the
intracellular survival of Shigella by blocking apoptosis in the infected host cell.

Shigella flexneri is a gram-negative, facultative intracellular
pathogen that causes bacillary dysentery. Clinical symptoms of
disease include watery diarrhea, severe abdominal pain, and
bloody stools (39). Disease is a result of the ability of the patho-
gen to invade the colonic epithelium. Once S. flexneri enters the
colon, the bacteria transit through M cells and encounter resident
macrophages. The bacteria escape the macrophages by inducing
cell death and subsequently invade epithelial cells at the basolat-
eral face (19). Proinflammatory signaling and a subsequent efflux
of polymorphonuclear cells (PMNs) into the infected tissue allow
the bacteria to invade more epithelial cells at the basolateral pole,
while the PMNs contribute to the disease severity by causing local
tissue destruction (19). Once inside the cytoplasm of the host cell,
S. flexneri induces actin polymerization, which allows the bacteria
to move to adjacent cells without the need to enter the extracel-
lular environment (5). The epithelial cells provide the bacteria
with an intracellular niche to multiply and spread to adjacent
cells.

S. flexneri virulence requires a 220-kb virulence plasmid that
encodes a type III secretion system (T3SS), the Ipa proteins
essential for entry into the host cells, and other effector pro-
teins. The T3SS is comprised of a needle complex that has a
seven-ringed basal body and a protruding needle. The needle
complex delivers proteins directly to the host cell from the
bacterial cytoplasm (14). Temperature regulation of the genes
on the virulence plasmid allows the needle complex to be
synthesized and assembled at 37°C. The secretion of proteins is
induced upon contact of the bacteria with the host cell. The Ipa

proteins mediate entry of the bacteria into the epithelial cell
through localized actin depolymerization and membrane en-
gulfment. After engulfment, the bacteria are inside a vacuole
that is subsequently lysed, allowing the bacteria to enter the
cytoplasm of the host cell (39). Once inside the cytoplasm, the
bacteria spread and secrete additional effector proteins. These
proteins are encoded by genes that are scattered throughout
the 220-kb virulence plasmid and are subsequently secreted
through the T3SS for postinvasion virulence (6).

We previously showed that S. flexneri inhibits staurosporine
(STS)-induced apoptosis in epithelial cells by preventing the ac-
tivation of caspase-3, a key protein in apoptotic cell death, and
that a �mxiE mutant is unable to prevent STS-induced apoptosis
(7). MxiE is a transcriptional activator that induces the expression
of �20 bacterial genes when the bacteria are inside the cytosol of
the host cell. The subsequent protein products are secreted
through the T3SS (22, 24). We therefore hypothesized that an
MxiE-regulated gene is responsible for protection. In this study,
we analyzed all of the MxiE-regulated genes and found that none
was required to inhibit STS-induced apoptosis. We also analyzed
a �spa15 mutant since Spa15 associates with MxiE (35). This
report describes the inability of a �spa15 mutant to prevent STS-
induced apoptosis and demonstrates, for the first time, that Spa15
is secreted through the T3SS. Spa15 was originally described as a
T3SS chaperone and a coantiactivator to MxiE (34, 35). We are
proposing a new, third function in which Spa15 is involved in
apoptosis inhibition in epithelial cells since Spa15 is secreted by
the T3SS and the �spa15 mutant is unable to prevent apoptosis in
epithelial cells.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains of S. flexneri used are
listed in Table 1. Bacteria were routinely cultured at 37°C either in Luria-Bertani
broth with aeration or on tryptic soy broth plates with 1.5% agar and 0.025%
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Congo red (CR; Sigma). Antibiotics were used at the following concentrations:
kanamycin, 50 �g/ml; streptomycin, 50 �g/ml; chloramphenicol, 5 �g/ml; and
ampicillin, 100 �g/ml.

Strain and plasmid construction. BS902 was constructed using the � red linear
recombination method as previously described (7). PCR was used to amplify a
kanamycin resistance cassette gene (kan) from pKD4 (Table 1) with 5� and 3�
overhangs identical to the 5� and 3� regions of spa15 internal to the start and stop
codons (Table 2). Kanamycin-resistant recombinants were purified and screened
via PCR using primers (Table 2) that annealed �70 bp upstream and down-
stream of the spa15 coding region to detect the size difference due to the
insertion of the kanamycin cassette. Next, this mutant was used as the donor

strain for transduction of 2457T using P1L4 and selection for kanamycin resis-
tance.

Additional primers listed in Table 2 were used to construct the pBSKS-spa15,
pSpa15-2HA, and pMxiE-2HA plasmids. spa15 was amplified by colony PCR
using Platinum Taq high-fidelity DNA polymerase (Invitrogen) and cloned into
pGEM-T (Promega) according to the manufacturers’ protocols. Subsequently,
spa15 was subcloned into pBSKS (Stratagene) via the Acc65I and BamHI re-
striction enzyme sites using T4 DNA ligase (New England Biolabs). The ligation
reaction was transformed into Escherichia coli DH5� for production of the new
plasmid, pBSKS-spa15. The spa15 insert sequence was verified with primers that
anneal outside the multiple cloning site of the vector. pBSKS-spa15 was subse-

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Description Source or reference

Strains
S. flexneri

2457T Wild-type serotype 2a 13
BS611 2457T/�mxiE2::aphA-3 22
BS613 BS611/pRRS13 (PlacmxiE�) 22
BS652 2457T/�spa47::aadA Lab stock
BS766 2457T transformed with pKM208 7
BS902 2457T/�spa15::aphA-3 This study
BS904 BS902 transformed with pBSKS-spa15 This study
BS905 2457T transformed with pSpa15-2HA This study
BS906 BS611 transformed with pSpa15-2HA This study
BS907 BS613 transformed with pSpa15-2HA This study
BS908 BS652 transformed with pSpa15-2HA This study
BS909 2457T transformed with pMxiE-2HA This study
BS914 BS902 transformed with pSpa15-2HA This study

E. coli
DH5� endA1 hsdR17 supE44 thi-1 recA1 gyrA96 relA1 (�lacIZYA-argF) U169 deoR

(�80dlac�	lacZ
M15)
17

ATM951 E. coli expressing a plasmid that contains the Shigella entry region Lab stock (in preparation)

Plasmids
pKD4 oriR6K; bla aphA-3 10
pKM208 Temperature-sensitive red-, gam-, and lacI-expressing plasmid driven by PTac promoter; bla 10
pBSKS(�) pBluescript cloning vector; bla Stratagene
pBSKS-spa15 spa15 cloned into pBSKS This study
pDZ1 Cloning intermediate for 2HA fusions; cat 46
pSpa15-2HA spa15 cloned into pDZ1; cat This study
pMxiE-2HA mxiE cloned into pDZ1; cat This study

TABLE 2. Primers used in this study

Purpose
Forward primer Reverse primer

Name Sequencea Name Sequencea

Amplify aphA-3 cassette
for spa15 deletion

S15kanF 5�-AGTAACATTAATTTAGTTCAATTAGT
TAGAGATAGTCTTTTCACGATTGGTG
TGTAGGCTGGAGCTGCTTC-3�

S15kanR 5�-TAAGACCCCATTTAAGATTTCCA
TCCTCTGATAAAACTCATGCAGA
ATCTCATATGAATACCTCCTTA
G-3�

Confirm �spa15
deletion

Spa15F2 5�-GTTATATCTATGCTGAGATTG-3� Spa15R2 5�-CCAATCGAAACATCGCTAAG-3�

Clone spa15 into
pBSKS

spaF 5�-GATCGGTACCATGAGTAACATTAATT
TAGTTC-3�

spaR2 5�-GATCGGATCCATTATAAGACCC
CATTTAAGATTTC-3�

Sequence spa15 in
pBSKS

pBSKF 5�-AGCGGATAACAATTTCACACAGGAA
AC-3�

pBSKR 5�-GTTTTCCCAGTCACGACGTTG-3�

Clone spa15 into pDZ1 spaF 5�-GATCGGTACCATGAGTAACATTAATT
TAGTTC-3�

spaR 5�-GATCAGATCTTAAGACCCCATTT
AAGATTTC-3�

Clone mxiE into pDZ1 mxiE2HAF 5�-CTAGGGTACCATGGAAGGGTTTTTTT
TTGTCCG-3�

mxiE2HAR 5�-AGATCGGATCCAATTTTTTCATT
TATTTTTTTCAC-3�

Sequence spa15 or
mxiE in pDZ1

pDZ1F 5�-CTGGGTTGAAGGCTCTCAAG-3� pDZ1R 5�-TCAGCCCCATACGATATAAG-3�

a Restriction enzyme sites are underlined.
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quently transformed into BS902 to generate BS904. To create C-terminal hem-
agglutinin (HA) tags of spa15 and mxiE, vector pDZ1 was used. pDZ1 contains
two HA epitopes and is a low-copy vector with a pACYC184 origin of replication
(46). spa15 and mxiE were amplified by colony PCR as mentioned above, cloned
into pGEM-T, and subcloned into pDZ1 using Acc65I and BglII for spa15 and
Acc65I and BamHI for mxiE. The ligation reactions were transformed into E.
coli DH5� for production of the new plasmids pSpa15-2HA and pMxiE-2HA.
The inserts were sequenced using primers that anneal outside the multiple
cloning site of pDZ1. The plasmids were transformed into the various strains
listed in Table 1 and selected on medium with the appropriate antibiotic.

Virulence assays. The invasion, plaque, and apoptosis assays were performed
as previously described (7, 18, 32). Briefly for the apoptosis assay, bacterial
cultures were grown to mid-log phase, standardized to an optical density at 600
nm of 0.72, washed in 1� phosphate buffered saline (PBS), resuspended in 1�
Dulbecco’s modified Eagle’s medium (DMEM), and applied to a semiconfluent
monolayer of HeLa cells. The plates were centrifuged at 3,000 rpm for 10 min at
37°C to facilitate the invasion process by allowing the bacteria to make contact
with the HeLa cells. The plates were incubated at 37°C with 5% CO2 for 30 min.
Both infected and uninfected controls were then washed with 1� PBS, DMEM
plus 50 �g/ml gentamicin was added, and the plates were incubated for 3 h at
37°C with 5% CO2. Infected and uninfected cells were then washed again, and
DMEM plus 50 �g/ml gentamicin and 4 �M STS (Calbiochem) was added for an
additional 3 h. After the assay, the cells were processed for immunofluorescence
or Western blot analysis.

CR secretion assay. The CR secretion assay was used to identify the proteins
secreted by the bacteria through the T3SS and was performed as previously
described (4). Briefly, bacteria were grown to mid-log phase, resuspended in 1�
PBS, and CR was added to a final concentration of 30 �g/ml. The bacteria were
incubated at 37°C for 30 min for secretion of early T3SS proteins or at 1-h
intervals for secretion of late T3SS effector proteins (41). After incubation, the
bacteria were pelleted by centrifugation, and the supernatant was collected and
filtered through a 0.22-�m-pore filter and then stored at �20°C. The proteins in
the supernatant represent the secreted proteins and were concentrated by tri-
chloroacetic acid precipitation. Trichloroacetic acid pellets were resuspended in
50 �l sodium dodecyl sulfate (SDS) loading buffer for protein analysis and stored
at �20°C. The bacterial pellets, representing the nonsecreted proteins, were
resuspended in 500 �l of SDS loading buffer and stored at �20°C.

Immunofluorescence and Western blot analysis. The same procedures were
followed for immunofluorescence or Western blot analysis as previously de-
scribed (7). For the immunofluorescence analysis, infected monolayers were
fixed with 1� PBS with 3% formaldehyde (36% stock; Sigma) and 0.2% glutar-
aldehyde (25% stock; Sigma). To visualize nuclei, 5 mg/ml of 4�,6-diamido-2-
phenylindole (DAPI; Molecular Probes) was diluted 1:1,000 in 1� PBS. Nuclei
were monitored for a characteristic apoptotic phenotype, namely DNA fragmen-
tation and chromatin condensation, as demonstrated previously (7). To detect
activated caspase-3, a rabbit anti-human cleaved caspase-3 antibody (Cell Sig-
naling Technologies) was used with a secondary goat anti-rabbit immunoglobulin
G (IgG) antibody conjugated to Alexa 488 (Invitrogen). To measure secretion of
the HA-tagged Spa15, infected cells were stained with a mouse monoclonal
anti-HA antibody (Covance) followed by a goat anti-mouse IgG antibody con-
jugated to Alexa 488 (Invitrogen). After the staining procedure, antifade reagent
(Molecular Probes) was applied to all samples, which were then overlaid with
coverslips and stored at 4°C in the dark.

For Western blot analyses, each sample was resolved by SDS-polyacrylamide
gel electrophoresis, and Coomassie blue staining verified equal loading of total
protein for all samples. Caspase-3 was detected with rabbit anti-human caspase-3
or cleaved caspase-3 antibodies (Cell Signaling Technology) followed by a don-
key anti-rabbit IgG antibody conjugated to horseradish peroxidase (Amersham
Biosciences). The HA-tagged Spa15 was detected using a mouse monoclonal
anti-HA antibody in a 1:1,000 dilution with a sheep anti-mouse IgG antibody
conjugated to horseradish peroxidase (Amersham Biosciences). IpaB and IpaC
were detected with mouse monoclonal anti-IpaB (1:20,000 dilution) and anti-
IpaC (1:5,000 dilution) antibodies as previously described (31). The same sec-
ondary antibodies were used as with the anti-HA antibody. Western blots were
developed using the Visualizer developing system (Upstate Cell Signaling Solu-
tions) according to the protocol provided, and the blots were imaged using a Fuji
Intelligent Dark Box with a Fujinon lens and Image Reader LAS-3000 software
(Fuji) on the chemiluminescence setting in increment mode at 10-s intervals.
Densitometry comparisons were made using the Image Gauge V4.22 software
provided.

Statistical analysis. The densitometry results for the caspase-3 Western blot
were analyzed using Tukey’s analysis of variance (ANOVA) post hoc test on the
SPSS program, version 12.0.1, for Windows. For the strain comparison in the CR

secretion assay, the ratios of Spa15 secretion in wild-type bacteria (strain BS905)
to the �mxiE mutant (strain BS906) and to the �mxiE/mxiE�-complemented
strain (strain BS907) were compared. A repeated-measures ANOVA was per-
formed using Tukey’s post hoc analysis for all time points on the SPSS program
version 12.0.1 for Windows. Ratios were analyzed on a log scale to comply with
the assumptions of ANOVA, and the summaries are reported as geometric mean
ratios relative to BS905, averaging across three repetitions.

RESULTS

Identifying spa15 as the antiapoptosis gene. We constructed
deletion mutants in most of the MxiE-regulated genes (Table
3), and we did not find any genes that were responsible for
apoptosis protection since all of the mutants prevented STS-
induced apoptosis (data not shown). We next utilized a strain
of E. coli expressing the Shigella entry region (SER), which
contains all of the genes necessary for epithelial cell invasion
(27), in order to rule out the MxiE-regulated genes carried on
the chromosome (3). This strain of E. coli also prevented
STS-induced apoptosis (data not shown). Thus, Shigella-spe-
cific chromosomal genes are not required for the antiapoptotic
phenotype. Since this strain of bacteria expresses only Shigella
genes carried within the SER, we hypothesized that the pro-
tective gene/protein is either mxiE itself or a protein that as-
sociates with MxiE, namely IpgC, OspD1, or Spa15. IpgC is a
coactivator needed for the induction of MxiE-regulated genes,
while OspD1 and Spa15 have been described as antiactivators
of MxiE (35, 36). We found that a �ipgC mutant was not
invasive, and it was not further pursued. OspD1 was eliminated
as a candidate since the E. coli strain carrying the SER blocks
apoptosis and ospD1 is not located within the SER (6). Finally,
the spa15 gene was a likely candidate since it is located within

TABLE 3. Shigella genes analyzed that had no effect on
apoptosis protectiona

MxiE-regulated
deletion mutant

gene(s)

MxiE-regulated
genes via E.
coli strainb

Deletion mutant
gene whose

product associates
with Spa15

Gene whose
product

associates with
Spa15 (via E.
coli strain)b

ospBc ipaH_1 ipaA ospC2
ospC1 ipaH_2 ipgB1 ospC3
ospD3 ipaH_5 ospB ospD1
ospE1 ipaH_7 ipgB2
ospE2
ospF
ospG
virA
ospE1 ospE2d

ospC1 ospB ospFe

ipaH1.4
ipaH2.5
ipaH4.5
ipaH7.8
ipaH9.8
ipaH_4

a Strains were analyzed for the ability to inhibit STS-induced apoptosis by
DAPI staining of the nuclei of infected cells to determine if the nuclei had the
characteristic apoptotic phenotype—namely DNA fragmentation and/or chro-
matin condensation (7).

b The E. coli strain expresses the Shigella entry region and invades epithelial
cells (see text).

c Gene product also associates with Spa15.
d Double mutant.
e Triple mutant.

VOL. 77, 2009 Spa15 INHIBITS APOPTOSIS IN SHIGELLA-INFECTED CELLS 5283



the SER and encodes a T3SS chaperone that has the ability to
bind to several T3SS effector proteins (6, 34). Therefore, we
constructed BS902, a �spa15 mutant of wild-type S. flexneri
strain 2457T. The mutant showed a slightly (10%) reduced
entry efficiency, similar to published data on a �spa15 mutant
constructed in S. flexneri strain M90T (34). In addition, the
mutant produced plaque sizes about half the size as those of
wild-type bacteria in the plaque assay (data not shown).

BS902 was next analyzed in the apoptosis assay and was
found to be unable to prevent STS-induced apoptosis. We first
analyzed infected cells in the presence of STS by DAPI stain-
ing. The nuclei of infected cells had characteristic apoptotic
nuclei due to DNA fragmentation and chromatin condensation
(data not shown). To confirm the DAPI staining, immunoflu-
orescence analysis for caspase-3 activation was performed. Un-
like HeLa cells infected with wild-type bacteria, activated
caspase-3 was detected in HeLa cells infected with BS902 (Fig.
1). Interestingly, the mutant also appeared to induce apoptosis
in infected cells and closely neighboring uninfected cells, even
in the absence of STS. DAPI staining of the nuclei of these
cells showed classic signs of apoptosis with shape distortion,
DNA fragmentation, and/or chromatin condensation (Fig. 2).
Complementation of the �spa15 mutation with the wild-type
gene (BS904) restored protection in the apoptosis assay (Fig.
1). The inability of BS902 to prevent STS-induced apoptosis
was verified in a Western blot analysis for caspase-3 activation
(Fig. 3A). Densitometry analysis revealed there was a signifi-
cant increase in caspase-3 activation in BS902-infected mono-
layers treated with STS compared to both 2457T-infected and
BS904-infected monolayers treated with STS (Fig. 3B). In ad-
dition, the Western blot demonstrated that BS902-infected
cells were apoptotic even in the absence of STS, as evidenced
by the presence of the 17-kDa band (lane 5). Lanes of unin-
fected cells, wild-type-infected cells (2457T), or cells infected
with the �spa15/spa15�-complemented strain (BS904) did not

have bands at 17 kDa when STS was absent (lanes 1, 3, and 7).
In lanes 4 and 8, infected cells treated with STS have some
caspase-3 activation, since 90% of the monolayer is infected
and the remaining 10% of cells in the monolayer are unin-
fected and sensitive to STS. This level of activation is expected
and similar to what was seen in Fig. 1, in which the uninfected

FIG. 1. A �spa15 mutant cannot prevent caspase-3 activation in HeLa monolayers treated with STS. (A) Activated caspase-3 (green)
immunofluorescence of monolayers infected with 2457T (left), BS902 (center), and BS904 (right). Activated caspase-3 is not present in cells
infected with 2457T or BS904 but is present in uninfected cells and cells infected with BS902. Arrows point to infected cells. (B) Phase-contrast
view of panel A to visualize the bacteria inside the cells. Images are representative of three repeated experiments. All images were taken with a
100� objective.

FIG. 2. BS902-infected cells are apoptotic upon normal infection.
HeLa monolayers were infected with the �spa15 mutant (BS902) with-
out STS for 6 h. (Top) DAPI staining reveals altered nuclear shape,
chromatin condensation, and/or DNA fragmentation of the nuclei in
infected cells (arrow) and in closely neighboring uninfected cells (ar-
rowheads). The bacteria are visible in the infected cell due to the
DAPI staining. Nuclei of uninfected cells have a normal, round shape
and visible nucleoli. Bottom images are the phase-contrast views with
Giemsa staining of monolayers. Images are representative of three
repeated experiments. All images were taken with a 100� objective.
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cells in the population have a positive signal for activated
caspase-3.

Finally, we constructed mutations in ipaA and ipgB1, since
their products are known to associate with Spa15 and are
secreted into epithelial cells (33, 34, 42). The mutants had
reduced invasion efficiencies, as previously described (33, 42).
We found that neither ipaA nor ipgB1 was required for apop-
tosis inhibition since both of the mutants protected cells in the
apoptosis assay (data not shown). The four other proteins that
associate with Spa15 were ruled out as candidate protective
proteins since the genes encoding these proteins are not
present in the E. coli strain expressing the SER (Table 3).
Therefore, the �spa15 mutant was the only strain besides the
�mxiE mutant that was unable to protect HeLa cells in the
apoptosis assay.

Spa15 is secreted into the cytoplasm of the host cell. We
reasoned that in order to inhibit apoptosis, the bacterial pro-
teins need to be secreted into the cytoplasm of the epithelial
cell. Therefore, we constructed C-terminal HA tags of spa15
and mxiE and looked for secretion of these proteins in the CR
secretion assay. After construction, the sequences were veri-
fied, and the plasmids carrying the tagged spa15 and mxiE were
transformed into 2457T-producing strains BS905 and BS909,
respectively. The CR assay was performed at time points of 30
min and 2.5 h to determine if protein secretion could be seen
within the first 30 min like the Ipa proteins or if secretion
required longer incubation times. Using an antibody against
the HA tag, we found that MxiE was not secreted at either 30
min or 2.5 h (Fig. 4A). However, Spa15 was secreted by 2.5 h
in the CR assay, despite the absence of detectable secretion in
the first 30 min (Fig. 4A).

To further define Spa15 secretion, we performed a time
course experiment in wild-type bacteria (BS905) in the CR
assay and collected samples at 30 min, 1 h, 2 h, and 3 h. We
found that Spa15 was only slightly secreted by 1 h and signif-
icantly secreted by 2 h in the CR assay (Fig. 4B). To determine
if Spa15 secretion is dependent on the T3SS and is CR induc-
ible like other effectors, we transformed the pSpa15-2HA plas-

FIG. 3. Western blot analysis for caspase-3 activation. (A) Whole-
cell lysates were separated by SDS-polyacrylamide gel electrophoresis
and analyzed by immunoblotting with antibodies that recognize the
full-length, inactive form of caspase-3 (35 kDa) and the 17-kDa frag-
ment resulting from cleavage during activation. There are some extra
bands at �33 and 18 kDa in lanes containing bacterial strains. These
bands are Shigella proteins that cross-react with the anti-caspase-3
antibodies in the Western blot. Adsorption of the antibody significantly
reduced the intensity of the bands, but was not able to remove them
completely (data not shown). Equal loading was verified by Coomassie
staining for total protein (data not shown). (B) Densitometry analysis
of the caspase-3 Western blot, with the percent total caspase-3 signal
represented on the y axis. The graph is the scatter plot of the amount
of inactive caspase at 35 kDa (closed circles) compared to the amount
of activated caspase-3 (open circles) at 17 kDa for each treatment of
three repeated experiments. A horizontal line represents the median
value for each protein in each treatment. P values were determined
using Tukey’s ANOVA post hoc test with normalization of the data to
the mean of the gels. “Un” represents uninfected HeLa cells, while
infected monolayers are represented by the strain number used in the
treatment groups. All groups were treated with STS.

FIG. 4. Spa15 is secreted in the CR secretion assay. (A) Western
blot analysis was performed for the HA tag on Spa15 and MxiE in
supernatant and pellet samples from the CR secretion assay. 2457T
alone at 30 min (lane 1) and 2.5 h (lane 2) served as a negative control
for the anti-HA antibody. 2457T/pSpa15-2HA plasmid (strain BS905)
did not secrete the tagged version of Spa15 at 30 min (lane 3) but did
secrete at 2.5 h (lane 4). 2457T/pMxiE-2HA plasmid (strain BS909) did
not secrete the tagged version of MxiE at either 30 min (lane 5) or
2.5 h (lane 6). The data are representative of three independent ex-
periments. Equal loading was verified by Coomassie staining of total
protein (data not shown). (B) Time course of Spa15 secretion in the
CR assay. Secretion of Spa15 in 2457T harboring the pSpa15-2HA
plasmid (strain BS905) in the CR assay was measured at 0.5, 1, 2, and
3 h. Equal loading was verified by Coomassie staining of total protein
(data not shown).
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mid into a �spa47 mutant (BS908) and performed the CR
assay. Spa47 is the ATPase that provides energy for the T3SS,
and a �spa47 mutant is unable to secrete type III effectors (40,
43). Western blot analysis demonstrated that there was no
Spa15 secretion in the �spa47 mutant at 2.5 h (Fig. 5A). In
addition, the secretion of Spa15 like other T3 effectors was
inducible with CR since there was a reduction in Spa15 secre-
tion in BS905 when CR was absent (Fig. 5A). This pattern of
CR-inducible secretion is the same as those for known Shigella
T3SS effectors. To demonstrate that the secretion of Spa15 is
similar to those of other T3SS effector proteins, we blotted the
same samples for secretion of IpaB and IpaC and found the
same pattern of secretion as Spa15 (Fig. 5B). Therefore, Spa15
is secreted in a CR-inducible, T3SS-dependent fashion.

Finally, to determine if secretion of the HA-tagged Spa15 in
the CR assay also occurred in infected HeLa cells, BS905 was
used in an infection assay in which the intracellular bacterial
population was allowed to grow for 3 h in the presence of
gentamicin to kill any extracellular bacteria. We chose the 3-h
time point since this is when we apply STS in the apoptosis
assay. Therefore, the protective bacterial factor should be
present in the cytoplasm of the host cell by 3 h for apoptosis
inhibition to occur. The infected monolayers were fixed and
stained with the primary anti-HA antibody and counterstained
with a secondary antibody conjugated to Alexa Fluor 488.
There was a strong signal with the anti-HA antibody concen-
trated around the bacteria and distributed throughout the
HeLa cell cytoplasm, indicating that Spa15 was secreted inside
epithelial cells by 3 h postinfection (Fig. 6).

Spa15 secretion is delayed in the �mxiE mutant. Since the
�mxiE mutant is unable to prevent STS-induced apoptosis, we
hypothesized that the secretion of Spa15 in this mutant was
altered. We performed a time course experiment with the CR
assay comparing Spa15 secretion in 2457T harboring the
pSpa15-2HA plasmid (BS905) to secretion in the �mxiE mu-
tant harboring the pSpa15-2HA plasmid (BS906) at 1.5, 2.0,
and 2.5 h. We chose these time points since secretion occurs by
2 h in wild-type bacteria. As seen in Fig. 7A, secretion of Spa15
is significantly reduced in BS906 compared to that in BS905.
After complementation of the �mxiE mutation in the presence
of the pSpa15-2HA plasmid (BS907), secretion of Spa15 was
restored to wild-type levels (Fig. 7A). We verified equal load-
ing of protein in all samples by both Coomassie staining of
total protein (data not shown) and analyzing the secretion of
IpaB since IpaB secretion is not affected by the �mxiE muta-
tion (Fig. 7B). As shown, the same amount of IpaB was se-
creted at all time points in all strains. Figure 7C is a graph of
the densitometry analysis of Spa15 secretion in which the geo-
metric mean ratios of secretion are plotted. The amount of
Spa15 secretion was standardized to the amount of IpaB se-
cretion for each sample. Relative to BS905, there was a signif-
icant difference in Spa15 secretion between BS906 and BS907
across all time points, with a P value of 0.001. In addition,
Spa15 secretion was consistently decreased in BS906 relative to
BS905 since the values fall below the black line representing
100% in Fig. 7C. The P value for these data, as determined by
a repeated-measures ANOVA using Tukey’s post hoc analysis,
is 0.01. Spa15 secretion in BS907 was consistently increased
relative to BS905 since the values are above the black line. The

FIG. 5. Spa15 secretion requires the T3SS. (A) Secretion of Spa15
in 2457T harboring the pSpa15-2HA plasmid (strain BS905) with and
without CR was compared to the secretion of Spa15 in the �spa47
mutant harboring the pSpa15-2HA plasmid (strain BS908) with and
without CR. All samples were taken at the 2.5-h time point. These
results are representative of three repeated experiments. (B) The su-
pernatants from panel A were blotted and analyzed with antibodies to
IpaB (62 kDa) and IpaC (42 kDa).

FIG. 6. Spa15 is secreted into the cytoplasm of infected epithelial
cells. Immunofluorescence (top) and phase-contrast views (bottom) of
HeLa cells infected with BS905 at 3 h postinfection are shown. The HA
signal for BS905 is concentrated around the bacteria and distributed
throughout the cytoplasm of the host cell, indicating that Spa15 is
secreted during infection. There was no significant signal above back-
ground when the 2457T-infected HeLa cells were stained with the
primary and secondary antibodies (right). The immunofluorescence
images were taken with the same exposure time. All images were taken
with a 100� objective. Arrows point to infected cells.
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P value for these data is 0.002. The reduced secretion in the
�mxiE mutant most likely explains why this mutant is unable to
inhibit STS-induced apoptosis, and the data suggest that the
levels of MxiE determine the amount of Spa15 secretion.

DISCUSSION

We have identified spa15 as the S. flexneri gene required for
the inhibition of apoptosis in epithelial cells. Given that the
�mxiE mutant is unable to prevent STS-induced apoptosis (7),
we were surprised to discover that none of the MxiE-regulated
genes was required for protection. The repertoire of MxiE-
regulated genes has been extensively categorized (3, 22, 24,
28); these genes have a 17-bp sequence defined as the MxiE
box that is upstream of the promoter (28). Therefore, we are
confident that Table 3 represents all of the MxiE-regulated
genes in S. flexneri. Complementation of the �mxiE mutation
in strain BS613 restored apoptosis protection (data not

shown), which led us to investigate proteins known to associate
with MxiE to explain the �mxiE mutant phenotype. Spa15
associates with MxiE and has been described as a coantiacti-
vator for MxiE to prevent early transcriptional activation of
MxiE-regulated genes (35). The �spa15 mutant was unable to
inhibit apoptosis, while complementation with spa15� restored
protection. The small plaque size (data not shown) also sug-
gests that the bacteria are unable to prevent apoptosis in the
absence of STS. As the cells become apoptotic, the bacteria are
most likely exposed to the extracellular environment where
gentamicin is present during the plaque assay (32). Subse-
quently, the bacteria are killed by the antibiotic and the
plaques fail to develop fully.

Even in the absence of STS, �spa15 mutant-infected cells
and closely neighboring uninfected cells were apoptotic. We
hypothesize that the bacterial lipopolysaccharide (LPS) is ac-
tivating the extrinsic pathway of apoptosis since LPS induces
apoptosis via caspase-8 activation (45). Furthermore, LPS
stimulates tumor necrosis factor alpha (TNF-�) production (8)
and epithelial cells secrete TNF-�, interleukin-1� (IL-1�), and
IL-6 during infection with Shigella and other pathogens (1, 9,
12, 20, 23). TNF-� induces apoptosis via the extrinsic pathway,
and a combination of IL-1� and TNF-� induces apoptosis in
epithelial cells (44). IL-6 protects the colonic epithelium dur-
ing Citrobacter rodentium infection by inducing the expression
of antiapoptotic genes BCL-xL, MCL-1, cIAP-2, and BCL-3
(9). We have never observed apoptosis in neighboring unin-
fected cells in the absence of STS when wild-type bacteria are
used to infect the epithelial cells. We hypothesize that the
�spa15 mutant-infected cells are releasing more TNF-� and/or
IL-1� (or less IL-6) to induce apoptosis in neighboring unin-
fected cells. Therefore, it is possible that Shigella not only
protects cells that it infects, but also protects closely neighbor-
ing uninfected cells. This prosurvival effect on neighboring
cells is ideal for the bacteria since Shigella eventually spreads to
adjacent cells during infection.

Spa15 has been described as a T3SS chaperone based on the
requirement of Spa15 for secretion of several proteins (35).
These proteins include IpaA, IpgB1, IpgB2, OspB, OspC2,
OspC3, OspD1, and MxiE (16, 34, 35). We found that none of
the secreted target proteins was required to inhibit apoptosis
(Table 3). Therefore, the only mutants that were unable to
inhibit STS-induced apoptosis were the �mxiE mutant and the
�spa15 mutant. This result led us to investigate whether MxiE,
Spa15, or both proteins were secreted through the T3SS. We
suspected that MxiE is not secreted given that it is a transcrip-
tional activator and that a previous report showed that MxiE is
not secreted by 30 min in the CR assay (35). However, for both
proteins, we wanted to determine if secretion occurred at later
time points, as is observed for some T3SS effectors (41). We
chose the 2.5-h time point, since we apply STS at 3 h postin-
fection in the apoptosis assay (7). If the proteins are secreted
and inhibit apoptosis, adequate secretion must therefore occur
prior to 3 h postinfection. We constructed an HA-tagged ver-
sion of Spa15 and determined that it was functional, as evi-
denced by complementation in BS914. BS914 invaded HeLa
cells at wild-type levels and protected in the apoptosis assay
(data not shown), verifying that the HA tag does not interfere
with Spa15 function. Afterwards, we detected secretion of HA-
tagged Spa15 in the CR assay.

FIG. 7. Spa15 secretion in the �mxiE mutant. (A) Time course of
Spa15 (17 kDa) secretion in BS905 (wild type) compared to secretion
of Spa15 in BS906 (�mxiE) and BS907 (�mxiE/mxiE�). The CR assay
was performed at 1.5, 2.0, and 2.5 h, and Western blot analysis was
performed against the HA tag. This Western blot represents three
independent experiments. (B) The samples from panel A were blotted
for IpaB to confirm equal loading of total protein. (C) Densitometry
analysis of Spa15 secretion in BS905, BS906, and BS907. The geomet-
ric mean ratios of Spa15 secretion from the Western blot in panel A in
BS906 and BS907 are plotted relative to the secretion of Spa15 in
BS905 (set at 100% and represented by the black line). The amount of
Spa15 secretion was standardized to the amount of IpaB secretion in
panel B for each sample. Error bars represent the standard error for
the three repeated experiments. A repeated-measures ANOVA using
Tukey’s post hoc analysis demonstrated that the P value for Spa15
secretion in BS906 relative to BS905 is 0.01. The P value for Spa15
secretion in BS907 relative to BS905 is 0.002. The P value for the
difference in Spa15 secretion between BS906 and BS907 is 0.001.
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This report is the first to demonstrate that Spa15 is secreted by
the T3SS. We were able to detect Spa15 secretion because we
assayed for the tagged protein, and we analyzed later time points
in the CR secretion assay. A previous report only analyzed Coo-
massie-stained protein gels for secreted products of S. flexneri
M90T and a �spa15 mutant at the 30-min time point (35). It is
therefore not surprising that secretion of Spa15 was not detected
prior to our work. One could argue that sample processing after
the CR assay resulted in the appearance of secretion, perhaps due
to lysis of the bacteria. The absence of Spa15 secretion in the
�spa47 mutant argues against this possibility since Spa15, like
IpaB and IpaC, remained in the pellet fraction and was not
secreted due to the absence of Spa47. In addition, the HA tag
does not cause secretion of an otherwise nonsecreted protein
since the HA-tagged MxiE was not secreted. We are therefore
confident that Spa15 is secreted into epithelial cells based on the
CR assay and the immunofluorescence analysis of Spa15 secre-
tion in infected epithelial cells (Fig. 6).

Since Spa15 is the antiapoptosis factor and is secreted, we
hypothesized that the �mxiE mutant did not prevent STS-
induced apoptosis because Spa15 secretion was altered. We
detected a significant decrease in Spa15 secretion in the �mxiE
mutant (Fig. 7). Secretion was restored above wild-type levels
when the �mxiE mutation was complemented (BS907), which
is verified by the fact that BS613 inhibits STS-induced apop-
tosis (data not shown). The comparison of Spa15 secretion
between strains BS905, BS906, and BS907 is valid, since the
HA tag does not interfere with function. Therefore, not
enough Spa15 is secreted from the �mxiE mutant in order for
this strain to inhibit apoptosis in the presence of STS. Inter-
estingly, epithelial cells infected with the �mxiE mutant never
appeared apoptotic in the absence of STS (data not shown).
The low levels of Spa15 secreted by the �mxiE mutant are
most likely sufficient to inhibit apoptosis normally during in-
fection but insufficient to inhibit apoptosis in infected cells in
the presence of a strong apoptosis inducer like STS.

Based on our data, it appears that the levels of MxiE affect
the amount of Spa15 that is secreted. With MxiE absent in
strain BS906, Spa15 is not needed to prevent early activation of
MxiE-regulated genes. Spa15 secretion above wild-type levels
in BS907 suggests that when more MxiE is present, more
Spa15 is needed to prevent early transcriptional activation of
MxiE-regulated genes. Once this larger amount of Spa15 is
released from MxiE, Spa15 is available for secretion by the
T3SS. It is also possible that MxiE contributes to the stability
of Spa15. The absence of MxiE may cause Spa15 to remain
attached to another protein, possibly OspD1, which would
reduce the level of Spa15 secretion in the �mxiE mutant.
Future studies analyzing how MxiE modulates the secretion of
Spa15 are clearly needed.

Most T3SS chaperones bind to one or two targets and are
encoded next to the genes for these targets. For example, ipgC
is immediately upstream of ipaB and ipaC on the Shigella
virulence plasmid, and IpgC binds to both IpaB and IpaC to
prevent early association of these proteins (30). Spa15 is an
atypical chaperone, since it is encoded in the middle of the
mxi-spa operon and the genes that encode the Spa15 targets
are scattered throughout the 220-kb virulence plasmid (6, 34).
Homology searches with BLAST revealed several homologues
to Spa15 in other pathogens, including InvB from Salmonella

enterica subsp. enterica serovar Typhimurium, SpaK from S.
enterica subsp. enterica serovar Paratyphi A, BsaR from several
Burkholderia species, and YsaK from Yersinia enterocolitica. At
least two of the homologues, InvB and YsaK, are also atypical
T3SS chaperones in that they bind to many targets and are not
encoded near the genes for those targets (26, 34). These ho-
mologues are similar in structure, and there are six conserved
residues in the chaperones that define a binding motif (26).
Given the sequence identities and similarities, it is possible that
some of the homologues are also secreted into eukaryotic cells.
The percent identity between Spa15 and the homologues is
�30%. It remains to be seen if the homologues have additional
functions. These T3SS chaperones may truly represent a new,
unique class of chaperones.

During apoptosis, cytochrome c release from the mitochon-
dria results in caspase-9 activation and subsequent caspase-3
activation (2). Given that S. flexneri inhibits STS-induced apop-
tosis prior to caspase-3 activation despite the release of cyto-
chrome c and caspase-9 activation, we believe there are a few

FIG. 8. Model of Spa15 function in the eukaryotic cell. Since
caspase-3 activation is inhibited in infected cells in the presence of
STS, there are three possible mechanisms by which Spa15 could inhibit
caspase-3 activation. Spa15 could bind directly to caspase-3 to prevent
cleavage and activation (A), inhibit the activated form of caspase-9 to
prevent caspase-3 activation (B), or enhance the binding of an IAP to
caspase-3 (C). This enhanced binding would prevent Smac/Diablo
from dissociating the IAP from caspase-3 and prevent caspase-9 from
activating caspase-3.
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likely eukaryotic targets for Spa15 to directly inhibit caspase-3
(Fig. 8). First, Spa15 could bind directly to caspase-3 and block
the cleavage site. Alternatively, Spa15 could associate with
caspase-9 to prevent it from activating caspase-3. This associ-
ation would not prevent caspase-9 from being activated by the
apoptosome (2) but would prevent the activated form of
caspase-9 from cleaving caspase-3. Finally, Spa15 could en-
hance the binding of an inhibitor of apoptosis protein (IAP) to
caspase-3. This enhanced binding would prevent the dissocia-
tion of the IAP from caspase-3 by proteins like Smac/Diablo
that are released from the mitochondria (11). The binding of
Spa15 to an IAP would also prevent activated caspase-9 from
cleaving caspase-3 since the caspase-3 cleavage site would be
blocked by the IAP. We hypothesize that the simple binding of
Spa15 to a eukaryotic target would be sufficient for inhibiting
caspase-3 activation. We are in the process of identifying po-
tential eukaryotic targets through protein interaction screens.

In conclusion, we have identified Spa15 as the antiapoptosis
factor that inhibits apoptosis in epithelial cells during S. flexneri
infection. Of equal importance, we were able to demonstrate
for the first time that Spa15 is secreted through the T3SS and
has effector function in addition to being a T3SS chaperone.
Prevention of epithelial cell apoptosis is important for the
bacteria to survive inside the host. During infection, many
apoptosis stimuli are present. These stimuli include the cyto-
kines TNF-� (21) and Fas ligand (37), leukocyte elastases (15),
and the transmigration of PMNs across the colonic epithelium
(25) that occurs during Shigella infection (29). If S. flexneri is
unable to prevent epithelial cell apoptosis and the infected
cells die, the bacteria will be exposed to the extracellular en-
vironment that is infiltrated with immune cells. In fact, in vivo
studies have verified that only immune cells are apoptotic
during Shigella infection (37, 38, 47). Therefore, the inhibition
of epithelial cell apoptosis is vital for S. flexneri to establish a
replicative niche inside the host in order to survive.
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