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Two glucosylating toxins named toxins A and B play a role in the pathogenesis of Clostridium difficile
infection. The interaction of the toxins with host cell factors proceeds to downstream stages of cytotoxic
effects in cells, in which involvement of other C. difficile factors remains unknown. We utilized culture
filtrate of C. difficile with a low dilution to characterize the influence of putative minor proteins on the
organization of the actin cytoskeleton in cultured epithelial cells and found a previously uncharacterized
F-actin aggregated structure, termed “actin aggregate,” at the juxtanuclear region. We reasoned that
formation of actin aggregate was due to an additional factor(s) in the culture filtrate rather than the
glucosylating toxins, because treatment of purified toxins rarely caused actin aggregate in cells. We
focused on a previously uncharacterized hypothetical protein harboring a KDEL-like sequence as a
candidate. The product of the candidate gene was detected in culture filtrate of C. difficile ATCC 9689 and
was renamed Srl. Purified glutathione S-transferase-tagged Srl triggered formation of actin aggregate in
the cells in the presence of either toxin A or B and enhanced cytotoxicity of each of the two toxins,
including decreases in both cell viability and transepithelial resistance of cultured epithelial monolayer,
although the recombinant Srl alone did not show detectable cytotoxicity. Srl-neutralized culture filtrate
partially inhibited morphological changes of the cells in parallel with decreased actin aggregate formation
in the cells. Thus, Srl might contribute to the modulation of toxin sensitivity of intestinal epithelial cells
by enhancing cytotoxicity of C. difficile toxins.

Clostridium difficile, a Gram-positive spore-forming, anaer-
obic bacterium, is the causative agent of almost all cases of
pseudomembranous colitis as well as many cases of antibiotic-
associated diarrhea (3, 13). Its pathogenicity is mediated
mainly by two exotoxins, TcdA (toxin A) and TcdB (toxin B).
These two toxins share more than 60% amino acid sequence
homology and damage the human colonic mucosa (36). The
majority of toxigenic C. difficile strains produce both toxins A
and B (toxigenic type A� B�), whereas a minority exclusively
produce toxin B (toxigenic type A� B�) due to a deletion in
the tcdA (toxin A) gene (41). Recent studies using mutagenesis
techniques have revealed that toxin B is a key virulence deter-
minant of C. difficile and reestablished that both toxin A and
toxin B are important factors of virulence (26, 30).

Inside the cell, toxins monoglucosylate, thereby inactivating
low-molecular-weight Rho subfamily GTPases. On cultured
intestinal epithelial cells, the cytotoxic effect is characterized by
a reduction in transepithelial resistance (TER), indicating a
loss of the barrier function of intestinal tight junctions. Rho
glucosylation of cultured cells results in the disappearance of
polymerized filamentous actin (F-actin), peripheral membrane
ruffling, and finally the complete loss of the cell shape into cell
rounding termed the “cytopathic effect.” The toxins also pro-

voke mitochondrial damage that eventually proceeds to apop-
tosis (2, 5, 12, 14, 17, 31, 35, 40).

Recent studies have focused on virulence or virulence-asso-
ciated factors other than toxins A and B that might also be
involved in the pathogenesis of C. difficile. Some toxigenic C.
difficile strains produce an actin ADP-ribosylating toxin called
“C. difficile toxin” (CDT). Putative colonization factors such as
surface layer proteins (SLPs), Cwp66 adhesins, and Cwp84
protease have been characterized (18, 21, 22, 24, 42). However,
no study has focused on toxin A- or toxin B-associated viru-
lence factors that could modulate their cytopathic effects.

Studies have previously investigated the structural changes
of cellular organelles in relation to toxin-induced cytopathic
effects (39). Partially purified toxin B causes loss of fibronectin
from the surfaces of cells, paralleling the appearance of the
cytopathic effect (1). It also causes the condensation of actin in
the perinuclear region of mast cells (32). On the other hand, C.
difficile toxin A induces microtubule instability and disorgani-
zation of focal adhesions (23, 34). In the present study, we
further characterized cytoskeletal rearrangement associated
with the cytopathic effect in cells by C. difficile toxins in culture
filtrate and found F-actin aggregation in the juxtanuclear Golgi
region, due to an enhanced cytoskeletal rearrangement by un-
known factors. We identified a novel virulence-associated fac-
tor, Srl, that appears to be responsible for this observable
effect. As Srl might play a role in modulating toxin sensitivity of
intestinal epithelial cells by enhancing cytotoxicity of C. difficile
toxins A and B, we have called the factor “Srl” (for sensitivity
regulation of C. difficile toxins).
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MATERIALS AND METHODS

Antibody, reagent, and strains. The following materials were obtained from
Invitrogen unless otherwise noted: tetramethyl rhodamine isothiocyanate-conju-
gated phalloidin (TRITC-phalloidin), Alexa Fluor 488-conjugated phalloidin
(Alexa 488-phalloidin), 4�,6-diamino-2-phenylindole (DAPI), goat anti-rabbit
secondary antibody conjugated to Alexa Fluor 488, goat anti-rabbit secondary
antibody conjugated to Texas Red, and goat anti-mouse secondary antibody
conjugated to Texas Red. The following materials were obtained from the indi-
cated suppliers: monoclonal anti-Golgi region 58,000-molecular-weight (58K)
protein antibody (Abcam), goat anti-rabbit secondary antibodies conjugated to
horseradish peroxidase (Bio-Rad), and purified toxins A and B (Sigma) (7, 29).
The plasmid encoding the green fluorescent protein (GFP)-fused C-terminal
actin-binding domain of human moesin (pGFP-Cterm-moesin) was provided by
H. Watanabe. Rabbit polyclonal anti-Srl antibodies were raised against a syn-
thetic peptide (KLDKFDEVLEEKNLTKKEWLEEKIDEELEQ) correspond-
ing to C-terminal regions of Srl and affinity purified using an IgG purification kit
(Pierce). C. difficile strain ATCC 9689 (toxigenic type A� B�, toxinotype 0, cdtA
negative (4) and Clostridium novyi strain ATCC 17861 were obtained from the
Japan Collection of Microorganisms (Riken BioResource). Twenty-six C. difficile
clinical isolates collected in Japan were used in this study.

Cloning and sequencing of srl gene. A 541-bp PCR product was amplified
from ATCC 9689 genomic DNA using upstream (5�-GGAATGTAAATTGC
TGTGATTTCAC-3�) and downstream (5�-CATAATATTACACTCCTTAA
TAATTG-3�) primers, which were used as templates for DNA sequencing.
The srl encoding the protein from amino acid 1 to amino acid 62 was ampli-
fied by PCR from ATCC 9689 genomic DNA with appropriate primers,
adding an EcoRI site at the 5� end and a SalI site at the 3� end, followed by
cloning into pGEX-4T-1 (GE Healthcare) and sequencing for confirmation,
resulting in plasmid pGST-Srl.

TCA precipitation of culture filtrate, Western blotting, and enzyme immuno-
assays. For assays of Srl production, ATCC 9689, ATCC 17861, and clinical
isolates of C. difficile were grown in 10 ml of Gifu anaerobic medium (GAM)
broth for 3 days at 37°C. The samples were centrifuged at 14,000 � g for 2 min
to give the bacterial pellet and supernatant fraction. The bacterial pellet was
solubilized in SDS-PAGE sample buffer, boiled for 5 min, and subjected to
SDS-PAGE. The supernatant was passed through a 0.2-�m-pore-size membrane
filter resulting in the culture filtrate, and proteins in the filtrate were precipitated
with 6% trichloroacetic acid (TCA). The precipitates were washed with acetone
and solubilized in SDS sample buffer, boiled for 5 min, and subjected to 20%
SDS-PAGE and silver staining or Western blotting using anti-Srl antibody.
Western blot detection was carried out with the ECL kit (Perkin Elmer). For
detection of toxins A and B among clinical isolates of C. difficile, a Tox A/B Quik
Chek (Nissui) test was performed according to the manufacturer’s instructions.

Purification of GST-Srl. The Srl protein containing an N-terminal glutathione
S-transferase (GST) tag was expressed in Escherichia coli BL21 (Novagen) har-
boring pGST-Srl. Purification was performed using Sepharose 4B affinity resin
(GE Healthcare) according to the manufacturer’s recommendations. The eluted
recombinant protein was dialyzed to phosphate-buffered saline and analyzed by
12.5% SDS-PAGE and Coomassie brilliant blue (CBB) staining or Western
blotting using anti-Srl antibody.

Observations of actin aggregate. MDCK cells cultured in Dulbecco’s modified
Eagle medium (DMEM) containing 10% heat-inactivated fetal bovine serum
were seeded on coverslips at 6 � 104 cells per well in 24-well plates and incubated
for 24 h. Caco-2 cells cultured in minimal essential medium containing 10%
heat-inactivated fetal bovine serum and 1% nonessential amino acids (DS
Pharma Biomedical) were seeded on coverslips at 6 � 104 cells per well in
24-well plates and incubated for 7 days. To prepare the culture filtrate, C. difficile
was grown in 10 ml of GAM broth for 3 days at 37°C, and the culture filtrate was
obtained by centrifugation following filter sterilization as described above. To
limit effects from the GAM broth itself, a modified low-dilution technique using
the culture filtrate was applied (9). Briefly, a 3-fold dilution of the culture filtrate
in DMEM was added to the cells. After a 30-min exposure, cells were replaced
with DMEM, further incubated for 3 h, and fixed with 3.7% paraformaldehyde
followed by TRITC-phalloidin plus DAPI labeling for observation by fluores-
cence microscopy (Nikon Eclipse E400 system). For monitoring F-actin cyto-
skeleton dynamics in living cells, MDCK cells were seeded at 6 � 104 cells in
35-mm glass-bottomed dishes (Matsunami) and incubated for 24 h. The dishes
were transiently transfected with the pGFP-Cterm-moesin plasmid using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manufacturer’s instruc-
tions. After 48 h of transfection, the culture medium was removed, after which
cells were washed with serum-free medium. Transfectants were treated with a
3-fold dilution of C. difficile culture filtrate, 850 ng/ml toxin A, or 400 ng/ml toxin

B in 3-fold dilutions of bacterium-free culture medium for 30 min. The medium
was replaced with DMEM and monitored for 3 h by a live imaging system (Nikon
BioStation IM). Then, cells were fixed and immunolabeled with anti-Golgi re-
gion 58K protein antibody. For GST-Srl treatment, MDCK or Caco-2 cells were
treated with 10 �g/ml GST-Srl or GST (plus either 750 ng/ml toxin A or 300
ng/ml toxin B) and incubated at 37°C for 3 h or 24 h. To wash off GST-Srl, the
medium containing GST-Srl was removed, after which cells were washed with
serum-free medium and then 750 ng/ml toxin A or 300 ng/ml toxin B was added
and the cells were incubated at 37°C for 3 h. The cells treated with GST-Srl (plus
either toxin A or toxin B) were fixed with 3.7% paraformaldehyde followed by
TRITC-phalloidin or Alexa 488-phalloidin, DAPI, and anti-Srl antibody labeling
for observation by fluorescence microscopy or confocal laser microscopy (model
no. LSM 710; Carl Zeiss). The percentage of cells adopting actin aggregate was
determined by counting at least 300 cells from three randomly selected fluores-
cence microscopic fields in each of three independent wells (80 cells/field).

Cytotoxicity and antibody neutralization assays. MDCK and Caco-2 cells were
used for the cytopathic effect (morphological change in cells) assays (37). The
cells were seeded at 6 � 104 cells per well in 24-well plates and incubated for
48 h. Either toxin A (0.25 or 25 ng/ml) or toxin B (0.1 or 10 ng/ml) in the presence
or absence of 10 �g/ml GST or GST-Srl was added to the cells, and they were
incubated at 37°C for 24 h. The cells treated with toxin A or B (plus either
GST-Srl or GST) were fixed with 3.7% paraformaldehyde followed by TRITC-
phalloidin plus DAPI labeling for observation by fluorescence microscopy.

Cell viability based on cellular dehydrogenase activity was determined using
both MDCK cells and human intestinal Caco-2 epithelial cells, as described
elsewhere (19). The cells were seeded at 2.5 � 104 cells per well in 96-well plates.
The plates were incubated for 48 h, and the culture medium was removed, after
which cells were washed with serum-free medium. Specific concentrations of
toxin A, toxin B, GST, GST-Srl alone, or GST/GST-Srl plus either toxin A or
toxin B were added to the cells, and the cells were incubated at 37°C for 24 h. The
value was determined with the metabolic indicator 3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) ac-
cording to the manufacturer’s instructions (Promega).

The release of oligonucleosomal DNA into the cytoplasm as a measure of
apoptotic cell death was analyzed using the cell death detection enzyme-linked
immunosorbent assay (ELISA) kit (Roche) according to the manufacturer’s
instructions. Briefly, MDCK or Caco-2 cells were seeded at 2.5 � 104 cells per
well in 96-well plates. The plates were incubated for 48 h, and the culture
medium was removed, after which cells were washed with serum-free medium.
MDCK or Caco-2 cells were treated with indicated concentrations of toxin A,
toxin B, GST, GST-Srl alone, or GST/GST-Srl plus either toxin A or toxin B for
24 h. The cells were then lysed, and the extracted cytoplasmic oligonucleosomal
DNA was captured in ELISA wells containing anti-histone antibodies. The
oligonucleosomal DNA was detected with an anti-DNA peroxidase-conjugated
antibody. The absorbance of each well was determined using a microplate reader
at 405 nm (Bio-Rad).

TER using polarized human intestinal Caco-2 cell monolayers was measured
as described elsewhere (16). Briefly, Caco-2 cells were seeded at 5 � 104 cells per
collagen-coated 24-transwell insert (BD Biosciences) and incubated for 1 week
after reaching confluence (16 days in culture). Specific concentrations of toxin A,
toxin B, GST, GST-Srl alone, or GST/GST-Srl plus either toxin A or toxin B were
added to the apical or basolateral compartments, and the cells were incubated at
37°C until each time point. TER of the Caco-2 monolayers was measured using
the Millicell Electrical Resistance System (Millipore) according to the manufac-
turer’s instructions. The TER value was obtained by subtracting the resistance
value of a transwell insert of cell-free culture medium.

For the antibody neutralization assays (26, 30, 33, 42) using affinity-purified
anti-Srl antibody (200 �g/ml), MDCK or Caco-2 cells were seeded at 6 � 104

cells per well in 24-well plates and incubated for 24 h or 7 days, respectively. C.
difficile culture filtrate was incubated with appropriately diluted anti-Srl antibody
or control IgG (Cosmo Bio) for 1 h with gentle agitation before the serial
dilutions. Serial dilutions of the neutralized culture filtrate were made in DMEM
and added to the cells. The morphological changes were observed by fluores-
cence microscopy after 24 h of incubation followed by fixation and TRITC-
phalloidin plus DAPI labeling. The cytopathic effect was determined as described
previously (26, 37). The percentage of actin aggregate was determined as de-
scribed above.

Statistical analysis. All values are expressed as means � standard deviations
(SD). For the statistical evaluation, Student’s t test was performed, and P values
of �0.05 were considered significant.

Nucleotide sequence accession number. The nucleotide sequences of srl of C.
difficile strain ATCC 9689 were deposited in the DDBJ/EMBL/GenBank data-
bases under accession number AB605620.
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RESULTS

Golgi region-associated F-actin structure in C. difficile cul-
ture filtrate-treated cells. To describe cytopathic effects of C.
difficile at early stages of intoxication, we monitored the F-actin
cytoskeleton during the course of cell rounding by short-term
treatment with a low-dilution C. difficile ATCC 9689 culture
filtrate followed by replacement in fresh culture medium,
which permits accessibility of minor proteins potentially pro-
duced by a C. difficile toxigenic strain to cells (9). After a 3-h
treatment, TRITC-phalloidin staining demonstrated actino-
morphic effects on MDCK cells, such as the disappearance of
the actin cytoskeleton and a distorted cortical actin structure.
These affected cells are well defined as a prerequisite for char-
acteristic cell rounding caused by toxins (1, 9, 10). Notably,
aggregation of F-actin at the polar juxtanuclear position was
observed (Fig. 1A, panels b and e). We termed this F-actin
aggregated structure “actin aggregate,” as this structure has
not been previously characterized in toxin-exposed epithelial
cells. To test whether proteinaceous factors were involved in

the formation of the actin aggregate, proteins in the culture
filtrate were heat inactivated (incubated at 95°C for 5 min). On
the contrary, MDCK cells treated with a heat-inactivated C.
difficile culture filtrate did not show any cytopathic effects,
including actin aggregate (Fig. 1A, panels c and f). The fre-
quency of visible actin aggregate was markedly increased in a
time-dependent manner after culture filtrate exposure (Fig.
1B). To exclude conditions that may affect actin integrity such
as fixation or shifts in temperature, images were acquired on
live cells at 37°C by monitoring F-actin dynamics in live cells
(8). MDCK cells were transfected with a plasmid encoding the
GFP-fused C-terminal actin-binding domain of moesin and
treated with C. difficile culture filtrate. Within 3 h after treat-
ment, actin aggregate was visible at the juxtanuclear position
(upper panels in Fig. 1C). Treatment with purified toxin A or
B did not trigger actin aggregate, although cell shrinkage was
observed (bottom panels in Fig. 1C [data are shown only for
toxin B]). The juxtanuclear position of actin aggregate was
comparable to that of the Golgi complex. In fact, immunola-

FIG. 1. Formation of actin aggregate at the juxtanuclear region in C. difficile culture filtrate-treated MDCK cells. (A) F-actin distribution in
control cells (bacterium-free culture medium-exposed MDCK cells) (left panels), C. difficile culture filtrate-exposed MDCK cells (middle panels),
and heat-inactivated C. difficile culture filtrate-exposed MDCK cells (right panels) after 30 min of culture filtrate exposure following medium
replacement and 3 h of incubation. Images of TRITC-phalloidin-labeled F-actin (top panels) and merged images of DAPI-labeled nucleus with
F-actin (bottom panels) are shown. The arrowheads in panel e indicate actin aggregate. Bar, 5 �m. (B) MDCK cells were treated with each
preparation of culture filtrate in panel A for the indicated exposure times and further incubated for 3 h followed by labeling with TRITC-phalloidin
and DAPI. The percentage of cells that formed actin aggregate was calculated. Results are means � SD for three independent measurements.
(C) Live-cell analysis of F-actin organization after C. difficile culture filtrate treatment (top panels) or 400 ng/ml toxin B treatment (bottom panels).
Fluorescence images of GFP-Cterm-moesin-labeled F-actin are shown for each of the time points of observation. The arrow indicates actin
aggregate. Bar, 5 �m. (D) After live-cell analysis of F-actin organization, cells were fixed and immunolabeled with anti-Golgi region 58K protein
antibody and secondary Texas Red-conjugated antibody. Fluorescence images and the merged image (top, F-actin; middle, Golgi region; bottom,
F-actin/Golgi region) are shown. The arrow indicates actin aggregate. Bar, 5 �m.
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beling for the Golgi marker 58K protein showed significant
colocalization of actin aggregate at the position of the Golgi
region (Fig. 1D). These results suggest that a proteinaceous
factor(s) other than toxins A and B in C. difficile culture filtrate
is involved in the formation of juxtanuclear actin aggregate in
MDCK cells.

Srl bearing a KDEL-like sequence is present in the culture
filtrate of C. difficile strain ATCC 9689. Some known bacterial
toxins such as heat-labile toxin of toxigenic E. coli and cholera
toxin, which employ the Golgi region-associated retrograde
transport pathway, have a characteristic KDEL (Lys-Asp-Glu-
Leu) or KDEL-like motif at their C termini. This motif recog-
nizes the KDEL receptor in host cells for retro-transport of
these toxins from the Golgi region to the endoplasmic reticu-
lum, an important role for the cytotoxicity of these toxins (6,
25, 27). Although the KDEL motif has not been reported in
known C. difficile toxins, we hypothesized that a factor which
has a KDEL(-like) motif produced in C. difficile culture filtrate
reaches the Golgi region, where it affects the organization of
the F-actin cytoskeleton in cells.

To find a candidate responsible for the observed actin ag-
gregate, we searched the genome sequence of C. difficile strain
CD630, which has been well characterized for protein coding
sequences (38). Because the KDEL motif is known to be lo-
cated at the C-terminal end of the protein, we focused on the
C-terminal 10-amino-acid sequences in 931 hypothetical pro-
teins as candidates in the C. difficile strain CD630 genome
(NCBI accession no. NC009089). One candidate annotated as
the hypothetical protein “CD2298” was chosen. It bears the
KDEL-like “KIDEEL” sequence near the C terminus; al-
though a landmark for the search was the KDEL motif itself,
variations of the motif in the number and sequence of amino
acids have been reported (25, 43). The protein sequence of
CD2298 was subjected to BLAST analysis and used for align-
ment (Fig. 2). Putative homologs or truncated versions of
CD2298 were also found to be conserved in C. difficile toxi-
genic strain QCD-63q42 and opportunistic pathogens Anaeroc-
cous tetradius and Fusobacterium species (Fig. 2).

The presence of the candidate gene in C. difficile strain
ATCC 9689 was examined by PCR using primers flanking the
coding sequences of CD2298. We observed an amplicon of the
expected size for the candidate gene, which we used as a
template for DNA sequencing. The resulting DNA sequence
encoded a protein (GENETYX software) which was identical
to the hypothetical protein “QCD19345” in C. difficile toxi-
genic strain QCD-63q42 (Fig. 2). It retained the C-terminal
KIDEEL sequence but no signal peptide or known domain
structures (BLAST analysis). We named this protein coding

sequence srl for sensitivity regulation. Polyclonal antibodies
were raised against a synthetic peptide corresponding to the
C-terminal portions of Srl (underlined in Fig. 2) and used to
detect protein products of srl on Western blots. A single pro-
tein band of the expected size (7.6 kDa) was detected in sam-
ples from both TCA-precipitated culture filtrate and whole-cell
lysate of C. difficile strain ATCC 9689 but not in samples from
an irrelevant clostridial strain, C. novyi ATCC 17861 (Fig. 3A),
suggesting the production and secretion of Srl from C. difficile
strain ATCC 9689. To determine whether Srl is conserved
among C. difficile strains, we performed a Western blot analysis
to survey 26 clinical isolates (Fig. 3B). In total, 21 of 26 strains
produced Srl. Both toxigenic type A� B� C. difficile strains
(19/21) and toxigenic type A� B� strains (2/5) produced Srl,
suggesting that the prevalence of Srl-producing C. difficile
strains is not low.

Srl together with either toxin A or toxin B is responsible for
the formation of F-actin-aggregated structures in cells. To
investigate whether Srl is involved in the observed actin aggre-
gation in cells, Srl protein was fused to GST at the N terminus
and purified from an E. coli cell line containing a recombinant
GST-Srl gene in its plasmid (Fig. 4A). MDCK cells were
treated for 3 h with GST-Srl or GST as a control. No morpho-
logical changes in the cells or alterations in the organization of
F-actin were observed (Fig. 4B, panel b). Similar results were
obtained with a treatment of 10 �g/ml GST-Srl for 24 h (data
not shown), suggesting that the GST-tagged Srl itself could not
affect the organization of F-actin in cells. We speculated that
some additional factors may be required for triggering actin
aggregation. There are no domain structures within the entire
amino acid sequence of Srl known to be involved in the mod-
ulation of the actin cytoskeleton (BLAST analysis); therefore,
both Srl and C. difficile toxin(s) are thought to be required for
the formation of the actin aggregate. To test this hypothesis,
we used both purified toxin A and toxin B in the following
experiment because both toxins are reported to be key viru-
lence factors of C. difficile (26, 30). The binary toxin (CDT) was
excluded as a candidate because cdtA was not conserved in the
C. difficile ATCC 9689 genome as analyzed by Southern blot-
ting (data not shown). When cells were treated with purified
GST-Srl plus either toxin A or toxin B for 3 h, a structure of
actin aggregate was observed at one polar juxtanuclear posi-
tion in the cells (Fig. 4B, panels d and f, and arrowheads in
panels j and l), suggesting that both GST-Srl and either toxin
A or toxin B are sufficient in triggering the formation of an
actin aggregate in the cells.

A KDEL-like sequence in Srl prompted us to examine the
localization of GST-Srl in cells. MDCK cells treated with GST-

FIG. 2. Alignment of Srl homologs. Homologs were identified by PSI-BLAST searches of the NCBI database using the CD2298 amino acid
sequence from C. difficile CD630 as the query sequence. An E value of �1e�5 was chosen as a cutoff value for significance. Srl cognate proteins
are present in other opportunistic pathogenic bacteria, including Anaerococcus and Fusobacterium species. The KIDEEL sequence in Srl is noted
by red letters. A synthetic peptide sequence used for antibody production is underlined. Alignment is presented using CHROMA to yellow columns
with 80% conservation. Consensus abbreviations (shown below alignment): h, hydrophobic (ACFGHILMTVWY); p, polar (CDEHKNQRST); s,
small (ACDGNPSTV); c, charged (DEHKR); n, negatively charged (DE); �, positively charged (HKR).
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Srl alone or GST-Srl in the presence of either toxin A or toxin
B for 3 h were subjected to immunofluorescent microscopy
using an anti-Srl antibody. Cells treated with GST-Srl and
either toxin A or toxin B exhibited one polar juxtanuclear
staining of GST-Srl (Fig. 4B, panels p and r), but none were
seen in cells treated with GST-Srl alone. The observed local-
ization of GST-Srl at the juxtanuclear position was consistent
with the localization of the actin aggregate structure. In fact,
the juxtanuclear accumulations of GST-Srl and the actin ag-
gregate were significantly colocalized in the cells (Fig. 4B,
arrowheads in panels v and x). A similar subcellular colocal-
ization of GST-Srl and actin aggregate was observed by con-
focal microscopy (Fig. 4C [data are shown only for toxin B]).
These observations are consistent with the hypothesis that Srl
together with either toxin A or toxin B is responsible for the
formation of an actin aggregate in cells.

To further examine the involvement of GST-Srl in the for-
mation of the cellular actin aggregate, MDCK cells were
treated with toxin A, toxin B, GST, GST-Srl alone, or GST/

GST-Srl plus either toxin A or toxin B, and the percentage of
cells that formed an actin aggregate was calculated (Fig. 4D).
GST-Srl alone and GST alone did not cause any actin aggre-
gation in cells. As expected, GST-Srl increased the frequency
of actin aggregate-positive cells in the presence of either toxin
A or toxin B (more than 79%), whereas GST in the presence
of toxin A or B did not. However, treatment with either toxin
A or toxin B alone induced actin aggregation in a small number
of cells (less than 4%). When MDCK cells were treated with
serial concentrations of GST-Srl or GST in the presence of
either toxin A or toxin B (Fig. 4E), the frequency of actin
aggregate-positive cells clearly increased in a GST-Srl concen-
tration-dependent manner. These results suggest that both
toxin A and toxin B can induce the formation of F-actin-
aggregated structures, the frequency of which can be enhanced
by the presence of GST-Srl.

To test whether simultaneous presence of GST-Srl with ei-
ther toxin A or B is required to increase the frequency of actin
aggregate-positive cells as well as the subcellular localization of
GST-Srl, MDCK cells were pretreated with GST-Srl for 3 h
and then GST-Srl was washed off before addition of either
toxin A or B (Fig. 4D). Removal of GST-Srl from MDCK cells
dramatically reduced the frequency of actin aggregate-positive
cells to levels similar to treatment with each toxin alone. In
addition, immunofluorescent microscopy using anti-Srl anti-
body did not exhibit any juxtanuclear staining of GST-Srl in
cells (data not shown), suggesting that GST-Srl alone does not
have any effect on the toxin-induced actin arrangement.

Srl enhances cytotoxicity of C. difficile toxins A and B. We
reasoned that if the formation of actin aggregates was trig-
gered by toxins and enhanced by the presence of Srl, mixtures
of Srl and either toxin A or B might induce increased morpho-
logical changes of the cells into rounded shapes as described by
the cytopathic effect. To test this possibility, MDCK cells were
treated for 24 h with GST-Srl or GST in the presence of either
toxin A or toxin B (Fig. 5A). While treatment of GST with 0.25
ng/ml toxin A had no morphological effect on the MDCK cells
due to the low dosage of the toxin (Fig. 5A, panel c), treatment
of GST-Srl with 0.25 ng/ml toxin A was sufficient in causing
morphological changes in the cells (Fig. 5A, panel d). Simi-
larly, while treatment of GST with 25 ng/ml toxin A was suf-
ficient in causing morphological changes in the cells (Fig. 5A,
panel j), treatment of GST-Srl with 25 ng/ml toxin A caused
complete rounding of almost all the cells (Fig. 5A, panel k).
Similar GST-Srl-enhanced cytopathic effect was observed in
the cells with 0.1 ng/ml toxin B (Fig. 5A, panel g) or 10 ng/ml
toxin B (Fig. 5A, panel n). These results suggest that Srl en-
hances toxin-mediated disorganization of the F-actin structure
in epithelial cells.

The recombinant Srl-enhanced toxin-mediated cell rounding
prompted us to measure changes in the viability of Srl- and
toxin-treated cells. Changes in cell viability were assessed using
an aqueous soluble tetrazolium/formazan assay. While 250
ng/ml toxin A alone induced an approximate 40% drop in
viability after a 24-h treatment in MDCK cells, the viability of
100 ng/ml toxin B-treated cells induced an approximate 30%
drop. In contrast, 10 �g/ml GST-Srl alone did not cause any
changes in cell viability (Fig. 5B), suggesting that GST-Srl itself
does not influence the viability of the cells. To test whether Srl
affects either toxin A- or B-induced decreases in cell viability,

FIG. 3. Production of Srl in C. difficile ATCC 9689 and clinical
strains. (A) Whole-cell lysate and TCA-precipitated culture filtrate
from C. difficile ATCC 9689 or C. novyi ATCC 17861 as the negative
control were subjected to SDS-PAGE followed by silver staining. The
same samples were analyzed by Western blotting with polyclonal anti-
Srl antibody. (B) Whole-cell lysate of each strain was subjected to
Western blotting with polyclonal anti-Srl antibody. For detection of
toxins A and B, membrane-based enzyme immunoassays were per-
formed. The results are summarized in the table; � and � denote
positive and negative results, respectively, of enzyme immunoassay for
toxins A and B or Western blotting for Srl.
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MDCK cells were treated with serial concentrations of GST-
Srl or GST in the presence of either toxin A or toxin B and the
cell viabilities were measured (Fig. 5C). While treatment of 10
�g/ml GST with toxin A had no effect on the decrease in the
cell viability of MDCK cells (an approximate 40% decrease
that is consistent with treatment of toxin A alone), a 24-h
treatment of 10 �g/ml GST-Srl with toxin A resulted in an
approximate 60% decrease of cell viability (Fig. 5C, left side).
Similar results were obtained when treatments of 10 �g/ml
GST plus toxin B and 10 �g/ml GST-Srl plus toxin B (de-
creases of 29% and 45%, respectively; Fig. 5C, right side) were
compared. In the presence of GST-Srl plus either toxin A or
toxin B, the enhanced reduction in cell viability was observed
in a GST-Srl concentration-dependent manner.

One may speculate that the enhanced decrease in cell via-
bility after treatment with Srl plus either toxin A or toxin B
may be involved in the increased apoptosis, since both toxin A
and toxin B are reported to induce apoptotic cell death (5, 17,
31). Thus, the effect of Srl on toxin-mediated cell death was
assessed by measuring apoptotic oligonucleosomal DNA frag-
mentation (Fig. 5D and E). While toxin A or toxin B alone
induced apoptotic DNA fragmentation in MDCK cells at 24 h,
GST-Srl alone did not cause any increase in DNA fragmenta-
tion in the cells (Fig. 5D). In contrast, GST-Srl plus either
toxin A or toxin B showed increased apoptotic DNA fragmen-
tation of cells at 24 h in a GST-Srl concentration-dependent
manner compared to that of cells treated with GST with either
toxin (Fig. 5E). Taken together, these results suggest that Srl

FIG. 4. Treatment with GST-Srl and either toxin A or toxin B triggers increased formation of an actin aggregate in cells. (A) Purified GST-Srl
was subjected to SDS-PAGE and CBB staining or Western blotting. For CBB staining, 0.2 �g purified protein was loaded on the gel. For Western
blotting, a 1:10 dilution of the samples was used. (B) MDCK cells were treated for 3 h with 10 �g/ml GST-Srl or GST in the absence or presence
of 750 ng/ml toxin A or 300 ng/ml toxin B and then subjected to immunofluorescent microscopy using anti-Srl antibody. F-actin and DNA were
stained with TRITC-phalloidin and DAPI, respectively. Fluorescence images and the merged images are shown. Bar, 10 �m. Arrowheads in panels
j and l indicate actin aggregates. Arrowheads in panels v and x indicate the sites of accumulation of GST-Srl. (C) Subcellular localization of
GST-Srl. MDCK cells treated with 10 �g/ml GST-Srl plus 300 ng/ml toxin B for 3 h were stained with Alexa 488-phalloidin (green), an anti-Srl
antibody (red), and DAPI (blue). Bar, 5 �m. (D) MDCK cells were treated for 3 h with 750 ng/ml toxin A, 300 ng/ml toxin B, 10 �g/ml GST-Srl,
10 �g/ml GST alone, or indicated combinations of GST-Srl or GST and either toxin, and the percentage of cells that formed an actin aggregate
was calculated. Results are means � SD of three independent measurements. � and � denote positive and negative results, respectively. *, MDCK
cells that were pretreated for 3 h with 10 �g/ml GST-Srl, after which GST-Srl was washed off before either toxin A or B was added. (E) MDCK
cells were treated for 3 h with the indicated concentrations of GST-Srl or GST in the presence of either 750 ng/ml toxin A or 300 ng/ml toxin B,
and the percentage of cells that formed an actin aggregate was calculated. Results are means � SD of three independent measurements.
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enhances the cytotoxicity of both toxin A and toxin B, although
it does not have any observable cytotoxic activity of its own.

To exclude cell line-specific effects, we tested Caco-2 cells in
a comparable assay. Similar to the results for MDCK cells, in

which actin-aggregated structures were sometimes observed
after treatment with toxin A or toxin B alone and not in cells
treated only with GST-Srl (data not shown), actin-aggregated
structures were frequently observed in Caco-2 cells treated

FIG. 5. GST-Srl enhances the cytotoxicity of both toxin A and toxin B in epithelial cells. (A) Morphological changes of MDCK cells after
treatment with toxin A (0.25 ng/ml [panels b, c, and d] versus 25 ng/ml [panels i, j, and k]) or toxin B (0.1 ng/ml [panels e, f, and g] versus 10 ng/ml
[panels l, m, and n]) in the presence of either GST-Srl or GST. After 24 h of incubation, cells were fixed and labeled with TRITC-phalloidin. �
and � denote positive and negative results, respectively. Bar, 10 �m. (B) MDCK cells were incubated with 250 ng/ml toxin A, 100 ng/ml toxin B,
10 �g/ml GST-Srl, or 10 �g/ml GST alone. After incubation for 24 h, cell viability was measured by an aqueous soluble tetrazolium/formazan assay
and expressed as a percentage of the results from buffer-treated controls (�). All reactions were performed in triplicate, and the results are means
� SD of three independent measurements. n.s., not significant. *, P � 0.01 versus toxin A or toxin B. (C) MDCK cells were incubated for 24 h
with the indicated concentrations of GST-Srl or GST in the presence of either 250 ng/ml toxin A or 100 ng/ml toxin B. The viability of MDCK
cells was determined as in panel B. Results are means � SD of three independent measurements. *, P � 0.05; **, P � 0.01. (D) MDCK cells were
incubated with 250 ng/ml toxin A, 100 ng/ml toxin B, 10 �g/ml GST-Srl, or 10 �g/ml GST alone. After incubation for 24 h, lysates were prepared,
and apoptotic oligosomal DNA fragmentation was assessed using a cell death ELISA kit. All reactions were performed in triplicate, and the results
are expressed as optical density (OD.) at 405 nm. Mean values � SD are indicated for three independent measurements. �, buffer-treated control.
(E) MDCK cells were incubated for 24 h with the indicated concentrations of GST-Srl or GST in the presence of 250 ng/ml toxin A or 100 ng/ml
toxin B. The cell death induced in MDCK cells was detected as in panel D. *, P � 0.05; **, P � 0.01.
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with GST-Srl with either toxin A or toxin B (Fig. 6A, panels b
and c). Confocal analysis of z-stack images showed that the
actin rearrangement occurred mainly near the apical surface of
the Caco-2 cells (Fig. 6A, arrowheads in panels e and f). The
three-dimensional (3D) images demonstrated that the F-actin
architecture of the monolayer, which delineates the cell pe-
ripheries, was also perturbed by the treatment of GST-Srl plus
either toxin A or B (Fig. 6A, panels h and i), emphasizing that
the disturbance of cytoskeletal architecture induced by either
toxin is enhanced by Srl. It is noteworthy that in immunoflu-
orescent analysis cells treated with GST-Srl plus either toxin A
or toxin B exhibited juxtanuclear staining of GST-Srl (Fig. 6A,
panels k and l). The observed localization of GST-Srl at the
juxtanuclear position was associated with that of the actin
aggregate structure (Fig. 6A, arrowheads in panels n and o).
These results are in good agreement with immunofluorescence
data shown in Fig. 4B.

Srl enhances both toxin A- and B-induced decreases in TER
of human intestinal cells. Measurement of TER decreases is
known to be useful in characterizing both toxin A- and B-me-
diated cytopathic effects (35). To examine whether Srl has
cytotoxicity in intestinal epithelial cells, TER was measured for
5 h at hourly time intervals after apical treatment of Caco-2
monolayers with toxin A, toxin B, GST, or GST-Srl alone.
While a treatment of 100 ng/ml toxin B induced a profound
drop in TER within 3 h, treatment of 250 ng/ml toxin A in-
duced a more delayed drop in TER due to the low suscepti-
bility of Caco-2 cells to toxin A. In contrast, 10 �g/ml GST-Srl
did not affect TER, suggesting that the recombinant Srl itself
does not influence intestinal barrier function (Fig. 6B). We
reasoned that if the cytoskeletal disorganization was triggered
by either toxin A or B and enhanced by the presence of Srl, the
simultaneous presence of GST-Srl and either toxin A or toxin
B might affect the barrier functions of epithelial cells more

FIG. 6. Enhancement of actin rearrangement and toxin-mediated cytotoxicity by recombinant Srl (GST-Srl) in human colon carcinoma cells.
(A) A Caco-2 cell monolayer grown on a glass coverslip was incubated for 3 h with 10 �g/ml GST-Srl in the presence of either 750 ng/ml toxin
A or 300 ng/ml toxin B. Cells were fixed, stained with phalloidin (red), anti-Srl antibody (green), and DAPI (blue), and then visualized by confocal
microscopy. Confocal images of F-actin only (panels a, b, and c) and x–y, x–z, and y–z sectional views of the merged images are shown (panels d,
e, and f, respectively). Confocal images of GST-Srl only (panels j, k, and l) and x–y, x–z, and y–z sectional views of the merged images are shown
(panels m, n, and o, respectively). Reconstructed 3D images are also shown (panels g, h, and i). Negative control denotes buffer-treated cells. Bar,
20 �m. Arrowheads in panels e and f point to the actin aggregate at the apical side of the cells. Arrowheads in panels n and o point to the sites
of accumulation of GST-Srl. (B) TER was measured at hourly time intervals after apical treatment of Caco-2 monolayers with toxin A, toxin B,
GST, or GST-Srl. Results are means � SD of four independent measurements. (C) Caco-2 monolayers were incubated with 10 �g/ml GST-Srl or
GST in the presence of 250 ng/ml toxin A in the apical compartment. Results are means � SD of four independent measurements. Control denotes
buffer-treated cells. (D) Results of an experiment similar to that in panel C but in the presence of 100 ng/ml toxin B. Results are means � SD of
four independent measurements.
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than toxin treatment alone. To test this hypothesis, Caco-2
monolayers were treated in the apical compartment with 10
�g/ml GST-Srl or GST in the presence of either toxin A or
toxin B and TER was monitored (Fig. 6C and D). While
treatment of GST plus toxin A had no additional effect on the
TER decrease, treatment of GST-Srl plus toxin A showed an
enhanced drop in TER at early time points. Similar results
were obtained with toxin B (Fig. 6D). Time course experiments
for the enhanced drop in TER were similar irrespective of
apical or basolateral application of the same samples (data not
shown). Enhanced increases in both toxin-mediated cell
rounding and DNA fragmentation and decrease in cell viability
from the addition of GST-Srl plus either toxin A or B were also
observed in Caco-2 cells (data not shown), indicating that Srl
enhances the cytotoxicity of both toxin A and toxin B in human
intestinal epithelial cells.

Srl in culture filtrate is involved in both the formation of
actin aggregates and the enhanced cytopathic effect. We rea-
soned that if Srl enhances both toxin A- and toxin B-mediated
cytotoxicity, actin aggregation might be a feature of the en-
hanced cytotoxicity. To test this hypothesis, we examined
whether antibody-mediated neutralization of Srl in culture fil-
trate results in the partial neutralization of cytotoxicity of both
toxins A and B and the disappearance of actin aggregate. C.
difficile ATCC 9689 culture filtrate was incubated with anti-Srl
antibody or control IgG for 1 h and then used to treat MDCK
cells for 24 h. The culture filtrate with anti-Srl antibody showed
decreased cytopathic effects (morphological changes) in an
anti-Srl-antibody concentration-dependent manner compared
to those with control IgG (Fig. 7A). Furthermore, phalloidin
staining of MDCK cells treated for 3 h with the Srl-neutralized
culture filtrate demonstrated significantly fewer actin aggre-
gates in cells in an anti-Srl-antibody concentration-dependent
manner than in control IgG (Fig. 7B). Similar results were
obtained for the decreased cytopathic effect and formation of
actin aggregates by the treatment with Srl-neutralized culture
filtrate to Caco-2 cells (data not shown). These results suggest
that Srl in the culture filtrate is involved in both the increased
cytotoxicity of toxins A and B and the formation of the actin
aggregate in cells.

DISCUSSION

In this study, we characterized Srl in C. difficile ATCC 9689
and demonstrated that Srl plays a role in enhancing the cyto-
toxicity of both toxin A and toxin B but that the Srl-fusion
protein alone has no detectable cytotoxic activity. However,
our findings do not exclude the possibility that Srl is a minor
toxin with activity that might potentially be inhibited within the
fusion protein.

Under the presence of GST-Srl plus either toxin A or toxin
B or by treatment with culture filtrate, we observed a previ-
ously uncharacterized actin-aggregated structure at the jux-
tanuclear region of MDCK cells. Meyer et al. previously re-
ported that toxin B caused juxtanuclear condensation of
F-actin in cultured mast cells (32), suggesting that toxin B itself
has potency in inducing F-actin structures at juxtanuclear po-
sitions of cells. Possibly the combination of both the treatment
with a high concentration of either toxin A or toxin B and the
high sensitivity of those cells to the toxins might result in the

formation of F-actin aggregate in the juxtanuclear region due
to an intensified effectiveness of glucosyltransferase activity of
the toxins for inactivation of Rho GTPases. Since tagged Srl
alone showed no detectable cytotoxicity and did not contain
any domain structures predicted to be involved in F-actin mod-
ulation, and because actin aggregates were observed infre-
quently (less than 4%) in MDCK cells treated with either
purified toxin A or toxin B alone (Fig. 4D), the role of Srl may
be in sensitizing cells to the two glucosylating toxins. Jux-
tanuclear disorganization of F-actin in cells could be triggered
by toxin A or toxin B alone based on the fact that the regula-
tion of protein transport between the ER and the Golgi region
as well as actin polymerization is mainly controlled by RhoA,
RhoB, RhoG, and Cdc42 (11, 20, 28), which are targets of
glucosylation by both toxins. Similar formation of actin aggre-
gates in cells treated with a combination of GST-Srl and either
toxin A or toxin B (Fig. 4B and D and Fig. 6A) further supports
the notion that the common toxic function of toxin A and toxin
B is enhanced by Srl.

FIG. 7. Partial inhibition of morphological changes with Srl-neu-
tralized culture filtrate in parallel with decreased formation of the
actin aggregate in cells. (A) C. difficile ATCC 9689 culture filtrate was
prepared by incubation with anti-Srl antibody or control rabbit IgG for
1 h at the indicated concentrations. MDCK cells were then treated for
24 h with a preparation of the culture filtrate, and morphological
changes (the cytopathic effect) of the cells were scored by dilution
endpoints. Results are means � SD of three independent measure-
ments. *, P � 0.01; **, P � 0.001. (B) MDCK cells were treated for 3 h
with a preparation of C. difficile ATCC 9689 culture filtrate. Cells were
fixed and stained with TRITC-phalloidin and DAPI. The percentage of
cells that formed an actin aggregate was calculated. Results are means
� SD of three independent measurements. *, P � 0.05; **, P � 0.01.
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Our in vitro cytotoxicity assays demonstrated enhanced cy-
totoxicity of both toxin A and toxin B in the presence of tagged
Srl (Fig. 5). These results are consistent with the putative role
of Srl in sensitizing cells to both toxins. We reasoned that if the
actin aggregate in cells sensitized by Srl was induced by the
toxins, this actin aggregation phenotype should be paralleled
by enhanced cytotoxic effects. In fact, when Srl was neutralized
in culture filtrates, the observed partial neutralization of cyto-
pathic morphological changes was consistent with a decrease in
the formation of actin aggregates in cells (Fig. 7). Along this
line, the formation of juxtanuclear F-actin-aggregated struc-
tures in cells might be a characteristic of the enhanced activity
of both toxin A and toxin B by the “toxin sensitizer,” Srl. The
molecular mechanisms underlying these processes remain un-
known. Recently, a reverse genetics system has been estab-
lished and utilized for C. difficile (15, 24, 26, 30), and its ap-
plication to Srl will be needed in future studies in order to
definitively determine the role and the molecular mechanisms
of Srl in the pathogenesis of C. difficile infection.

Srl was detected in both culture filtrates and whole-cell ly-
sates of C. difficile ATCC 9689 (Fig. 3A). The protein, which is
common among clinical isolates of C. difficile (Fig. 3B), may
have access to intestinal epithelial cells after colonization of C.
difficile. Since Srl comprises no detectable signal peptide, an
unknown secretion mechanism may be involved. The observed
subcellular localization of tagged Srl in the presence of either
toxin A or toxin B (Fig. 4B and C and Fig. 6A) suggests that Srl
can internalize into toxin-exposed epithelial cells. After re-
moval of GST-Srl from GST-Srl-pretreated cells, neither toxin
A nor B showed any enhanced induction of actin aggregates in
juxtanuclear staining of Srl (data not shown; Fig. 4D), empha-
sizing that the simultaneous presence of both GST-Srl and
either toxin is required for enhanced actin rearrangement as
well as Srl internalization. These results support the notion
that Srl internalization could be triggered in a toxin A-, toxin
B-, or both toxin A- and B-induced cytopathic effect-depen-
dent pathway (9, 10). In this process, the KDEL-like sequence
KIDEEL in Srl may be involved. Thus, the putative role of Srl
in cytotoxic activity appears to be as a “toxin sensitizer” based
on the fact that the site of GST-Srl accumulation in cells was
colocalized significantly with either toxin A- or toxin B-induced
actin-aggregated structures that might be a feature of sensi-
tized cells (Fig. 4B and 6A).

In summary, this study demonstrated for the first time a
potential virulence role of Srl in the modulation of toxin sen-
sitivity of epithelial cells by enhancing the cytotoxicity of both
toxin A and B and concomitantly forming a F-actin structure
localized at the juxtanucleus. Studies on the cytotoxic action of
the C. difficile toxins have established the basis for its patho-
genicity. Thus, an understanding of the toxin activity-modulat-
ing mechanism of Srl may improve the prospect of preventing
and treating the pathological development of C. difficile.
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