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The Makes Caterpillars Floppy (MCF)-Like Domain of Vibrio
vulnificus Induces Mitochondrion-Mediated Apoptosis

Shivangi Agarwal,® Yeuming Zhu,? David R. Gius,? Karla J. F. Satchell®

Department of Microbiology-Immunology?® and Department of Radiation Oncology,® Feinberg School of Medicine, Northwestern University, Chicago, lllinois, USA

The multifunctional-autoprocessing repeats-in-toxin (MARTXy,) toxin of Vibrio vulnificus plays a significant role in the patho-
genesis of this bacterium through delivery of up to five effector domains to the host cells. Previous studies have established that
the MARTXy, toxin is linked to V. vulnificus dependent induction of apoptosis, but the region of the large multifunction protein
essential for this activity was not previously identified. Recently, we showed that the Makes Caterpillar Floppy-like MARTX ef-
fector domain (MCFy,) is an autoproteolytic cysteine protease that induces rounding of various cell types. In this study, we dem-
onstrate that cell rounding induced by MCFy, is coupled to reduced metabolic rate and inhibition of cellular proliferation.
Moreover, delivery of MCFy, into host cells either as a fusion to the N-terminal fragment of anthrax toxin lethal factor or when
naturally delivered as a V. vulnificus MARTX toxin led to loss of mitochondrial membrane potential, release of cytochrome c,
activation of Bax and Bak, and processing of caspases and poly-(ADP-ribose) polymerase (PARP-v). These studies specifically
link the MCFy,, effector domain to induction of the intrinsic apoptosis pathway by V. vulnificus.

ibrio vulnificus, a motile Gram-negative halophilic food-

borne pathogen, is the causative agent of fatal fulminant sep-
ticemia and gastroenteritis following ingestion of contaminated
seafood. In addition, skin and soft tissue wound infections like
necrotizing fasciitis can occur in high-risk immunocompromised
subjects, with mortality rates as high as 50% (1, 2). The severity of
the disease acquired by either the oral or wound route of infection
is due to secreted toxins that both reduce innate immune cells at
the site of infection to promote bacterial growth and induce tissue
necrosis, providing a route for systemic spread (3-9).

The ability of the bacterium to induce tissue necrosis is specif-
ically attributed to two cytotoxins: the cytolytic pore-forming V.
vulnificus cytolysin (VVC), encoded by the gene vvhA, and the
multifunctional autoprocessing repeats-in-toxin (MARTXy,)
toxin, encoded by the gene rtxAI (4, 7, 9). In addition to necrosis,
V. vulnificus has been reported to induce apoptosis both in vitro
and in vivo, resulting in depletion of lymphocytes (10, 11). Studies
using purified protein have established that rVVC induces the
intrinsic pathway of apoptosis, as indicated by increased detection
of Bax and processing of caspases 9 and 3 but not caspase 8 (12—
14). Purified extracellular protease rVvpM has also been shown to
induce apoptosis with release of cytochrome ¢ and activation of
caspases 9 and 3 (15).

In contrast, studies using coincubation oflive V. vulnificus have
demonstrated that the bacteria induce apoptosis and that this ac-
tivity is dependent primarily upon an intact rtxAI gene as well
upon the toxin secretion gene rtxE (5, 16). Only when the bacteria
produce the MARTX,,, toxin are there a significant reduction in
mitochondrial membrane potential, release of cytochrome ¢, and
processing of caspase 3, despite the presence of intact vvhA and
vvpM genes in these bacteria. This ability of V. vulnificus to induce
mitochondrial damage during coculture was shown further to de-
pend upon the presence of Ca®" in the medium (17), which was
recently shown to be essential for secretion of the MARTX,,, toxin
from V. vulnificus (18), recapitulating the linkage of the MARTX,,
toxin to mitochondrial damage.

MARTX,, is a large composite holotoxin comprised of long
repeat regions at the N and C termini. The repeat regions form a
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pore at the eukaryotic plasma membrane that is proposed to
translocate up to five distinct effector domains across the eukary-
otic plasma membrane (18, 19). These effector domains are then
released into the cytosol by induction of the autoprocessing cys-
teine protease domain (CPD) that is stimulated by the small mol-
ecule inositol hexakisphosphate (18, 20). It has been shown that
the repeat regions are sufficient for pore formation and necrosis
but that the effector domains are required for the cytopathic ac-
tivities of the cell, including cell rounding (18).

Among the eight potential effector domains carried by
MARTX,, toxins of various isolates (21-23), a ubiquitous effec-
tor domain carried by all clinical biotype 1 V. vulnificus strains and
by biotype 2 strains that infect eels is the Makes Caterpillars Flop-
py-like (MCFy,) domain (Fig. 1) (19, 21, 22). This 376-amino-
acid domain shares homology with internal domains of other
large bacterial toxins, including Photorhabdus Makes Caterpillar
Floppy toxins Mcfl and Mcf2 and Pseudomonas fluorescens FitD
toxin (24, 25). MCF,;, has recently been shown to be an autopro-
teolytic cysteine protease that is activated by an as-yet-unidenti-
fied heat-resistant proteinaceous component from host cell lysate
(26). This suggests that one function of this domain in other large
toxins like Mcf1 and FitD is as an autoproteolytic domain to au-
toprocess the large toxins during toxin translocation. In addition
to autoproteolysis, MCF,,, was further shown to induce a cyto-
pathic effect in cells typified by rounding of different cell type, and
this cytopathicity depended upon a catalytic site composed of ar-
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FIG 1 Schematic diagrams of MARTXy,, toxins from representative clinical biotype 1 V. vulnificus strains (indicated on the left) showing distinct arrangements
of effector domains. Effector domains are designated domain of unknown function in the first position (DUF1), Rho inactivation domain (RID), alpha-beta
hydrolase (ABH), Makes Caterpillars Floppy-like (MCF), Ras/Rap1-specific protease (RRSP), and the cysteine protease domain (CPD). Note that MCF (gray) is
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the only domain present in all variants. The arrangements here are based on sequencing found in the work of Kwak et al. (21).

ginine-3350, cysteine-3351, and aspartate-3352 residues arranged
in tandem (26).

Although this domain derived its name from the Photorhabdus
Makes Caterpillar Floppy toxins Mcfl and Mcf2, a similar cyto-
pathic effect was not observed when the aligned region of the large
Mcf1 toxin was transfected into cells (26). Indeed, while Mcf1 has
been linked to induction of apoptosis, the BH3 domain essential
for induction of apoptosis by the large Mcf1 toxin maps outside
the region that aligns with MCFy,, (24, 27). An alternative model
has suggested that Mcf1 is essential to inactive Racl in the host
cells (28), although the portion of the 2,929-amino-acid toxin
required for this inactivation is not yet mapped. Thus, there is
little information in the literature to suggest the mechanism by
which MCFy, induces cytopathicity. Therefore, this study was
conducted to investigate the process of MCF,,-mediated cyto-
pathicity. We demonstrate that MCFy,, is the effector domain of
the MARTX,, toxin that induces depolarization of mitochondria
and activation of the proapoptotic cascade within the host cell.
Upon sustained exposure of cells to MCF,,, the cells become non-
viable and fail to proliferate, indicating that MCF,, is a cytotoxin
that induces apoptosis.

MATERIALS AND METHODS

Chemicals, reagents, cell lines, and bacterial strains. Bacterial strains
and plasmids used in this study are listed in Table 1. Bacterial strains were

grown in Luria-Bertani (LB) broth or agar supplemented with 50 pg/ml
rifampin, 5 wg/ml chloramphenicol, 100 wg/ml ampicillin, or 50 pg/ml
kanamycin as appropriate. Enzymes for cloning were purchased from
New England BioLabs (Beverly, MA), and custom oligonucleotides were
from Integrated DNA Technologies (Coralville, IA). DNA sequencing was
conducted at the Northwestern University Genomics core facility.

Human cervical epithelial HeLa cells (obtained from ATCC) were cul-
tured at 37°C with 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies) containing 10% fetal calf serum (Gemini
Bio-Products, West Sacramento, CA), 100 U/ml penicillin, and 1 pg/ml
streptomycin. Cells were transfected with DNA using FuGENE HD trans-
fection reagent (Promega) at a 1:3 ratio for 18 h. For some transfection
experiments, cells were seeded onto coverslips, treated as detailed below,
and fixed with paraformaldehyde. Cells were stained with 4’,6-di-
amidino-2-phenylindole (DAPI) to visualize nuclei and then imaged us-
ing a Zeiss LSM510 Meta-UV confocal microscope.

Protein purification and cellular intoxication. Six-His-tagged LFy,
LF\-MCFy,, and LF-MCF335,, were purified after overexpression in
BL21(ADE3) by nickel affinity chromatography as previously described
(26). Anthrax toxin protective antigen (PA) was purified as previously
described (26). Cellular intoxications were conducted by adding 168 nM
PA to DMEM over cells followed by addition 72 nM LF or LF fusion
protein, and cells were incubated at 37°C with 5% CO, for 24 h unless
otherwise stated.

MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay used was modified from the protocol by Mos-
mann (29). HeLa cells were transfected in 96-well dishes as described

TABLE 1 V. vulnificus strains, plasmids, and oligonucleotide primers used in the study

Strain, plasmid, or oligonucleotide Relevant characteristic or sequence” Reference
Strains
BS1405 CMCP6 AvvhA Rif 18
BS1406 BS1405 ArtxAl Riff 18
BS1407 BS1405 rtxAl:bla Rif 18
SNG1 BS1405 rtxAl:mcf-bla Rif" This study
SNG2 BS1405 rtxAl:mcf(C3351A)-bla Rif" This study
Plasmids
pHGJ5 rixAl::bla; sacB, oriR6K Cm* 18
PSA8 mcf in fusion with bla in pHGJ5; Cm" This study
PSA9 mcf(C3351A) in fusion with bla in pHGJ5; Cm" This study
Oligonucleotides (5'-3")
1 GAACAGGTCGACGTTCAATGCAGAGCAAGCAGCG This study
2 GAACAGGTCGACGCCAATGCTTCGAGATCGCTCGC This study
3 GGTTTTGGTGGGCGTGCTGATCCACTTTCTAAAC 26

“ Bacterial strains and plasmids used are either Rif' (rifampin resistant) or Cm" (chloramphenicol resistant). The enzyme sites in oligonucleotides are in bold. The underlined codon

for Cys is exchanged for Ala.
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above. Staurosporine (STS; 1 wM) was added to the untransfected cells for
4 hasapositive control for induction of apoptosis. After 18 h transfection,
the medium was removed, and cells were washed once with phosphate-
buffered saline (PBS; pH 7.4), after which 20 pl of 5 mg/ml of MTT
(Sigma) was added to each well and incubated at 37°C with 5% CO, for 4
h. The insoluble purple formazan crystals were extracted using acidified
isopropanol (0.1 N HCl and 0.1% sodium dodecyl sulfate [SDS]), and the
absorbance was read using a Molecular Devices SpectraMax M5 micro-
plate reader at 570 nm. Data were normalized as percent metabolic activ-
ity by dividing sample absorbance by the absorbance obtained from un-
transfected cells. Data are reported as means and standard deviations (SD)
for biological triplicate samples.

Clonogenic colony formation assay. HeLa cells were intoxicated with
LEy fusion proteins and PA as described above. After 24 h, intoxicated
cells were trypsinized and counted, and 200 or 400 cells were plated in
6-well dishes in complete DMEM. After 14 days, cells were stained using
crystal violet, and colonies containing more than 50 cells were counted.
Percent clonogenic survival was calculated as number of colonies recov-
ered divided by the initial number of cells seeded X 100. Data are reported
as means and SD from four biological replicates, each plated twice.

In vitro scratch wound assay. HeLa cells were grown to 50% conflu-
ence in 6-well culture dishes and intoxicated with LF fusion proteins and
PA as described above. After 24 h, a scratch in the seeded cells was intro-
duced with a pipette tip from top to bottom as described previously (30).
The rate of cell migration into the wound was measured as the decrease in
the distance between edges, determined by comparing images from the
time at which the wound was created and after 24 h. Data are reported as
mean percent closure of the scratch and SD for biological triplicate
samples.

Construction of MCFy,, in fusion with 3-lactamase (Bla). The 1,131
nucleotides (nt) of rtxA1 corresponding to MCF,,, (nt 9607 to 10737) was
amplified from V. vulnificus CMCP6 genomic DNA using primers 1 and 2.
The amplified fragment was digested with Sall, ligated into plasmid
pHGJ5 (18), and transformed into Escherichia coli SM10Apir cells to gen-
erate pSA8. The plasmid was modified further by site-directed mutagen-
esis using primers 3 and 4 to introduce the codon for C3351A substitu-
tion, and the resulting plasmid, pSA9, was transformed to S17\pir. The
plasmids were then transferred by conjugation from S17-1\pir to V. vul-
nificus strain BS1407, a derivative of CMCP6 which has an unmarked
deletion to remove the vvhA hemolysin gene and in which all rtxA1 gene
sequences for the effector domains are replaced with a promoterless beta-
lactamase gene (bla) sequence (18). Conjugation was followed by selec-
tion for double homologous recombinants using sucrose counterselection
as previously described (31). The appropriate strains were confirmed by
absence of growth on chloramphenicol and the gain of mcf DNA se-
quences in the correct orientation by PCR and sequencing. The growth
rate of the mutants in LB supplemented with rifampin was compared to
the isogenic CMCP6AvvhA parent strain BS1405 and is isogenic deriva-
tive BS1406 with a deletion of the entire rtxAI gene by monitoring absor-
bance at 600 nm into stationary phase.

Bla secretion and translocation. Ampicillin resistance of V. vulnificus
strains was determined using a disk diffusion assay as previously described
(18) using AM10 antibiotic disks (Thermo Scientific). Bla translocation
into HelLa cells was determined using CCF2-AM as a reporter for flow
cytometry conducted as previously described (18). Lysis of cells exposed
to V. vulnificus at a multiplicity of infection (MOI) of 10 was quantified by
lactate dehydrogenase (LDH) release as previously described (18) using a
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega, Madison,
WI) according to the manufacturer’s protocol.

Subcellular fractionation. HeLa cells seeded into 6-well dishes at 5 X
10° cells/well were either intoxicated with LF fusion proteins and PA or
cocultured with bacterial strains as detailed above. After the time points
indicated in the figures, cells were resuspended in plasma membrane per-
meabilization buffer (200 pg/ml digitonin, 80 mM KCI, 2 mM EDTA) and
incubated at 4°C for 5 min. The lysates were centrifuged at 1,500 X g for 5
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min, and the supernatant was collected as the cytosolic fraction. The pellet
was resuspended in cell lysis buffer (50 mM Tris HCI, 150 mM NacCl, 2
mM EDTA, 0.2% Triton X-100, 0.3% NP-40 [pH 7.5]) and incubated
at 4°C for 10 min with gentle rocking. The lysates were centrifuged at
16,000 X g at 4°C for 10 min and the supernatant was collected as the
mitochondrial fraction (32). The purity of the cytosolic and mitochon-
drial fractions was assessed by immunoblotting with rabbit polyclonal
antibodies against actin (1:5,000; Sigma) and CoxIV (4844, 1:1,000; Cell
Signaling Technology), respectively.

Western blotting. For Western blots, the primary antibodies used
were obtained as follows: monoclonal anti-GFP antibody coupled to
horseradish peroxidase (HRP) (1:1,000) from Miltenyi Biotec Inc. (Au-
burn, CA); antibody sampler kits for apoptosis (9915; 1:1,000) and
caspase 8 (9746; 1C12; 1:1,000) from Cell Signaling Technology (Danvers,
MA); monoclonal antibodies against BAD C7 (Sc-8044; 1:200), BAK G23
(Sc-832; 1:200), and BAX-HRP N-20 (Sc-493; 1:200) from Santa Cruz
Biotechnology (Dallas, TX); and monoclonal antibody against cyto-
chrome ¢ (7H8.2C12; 1:100) from BD Pharmingen. HRP-conjugated goat
anti-rabbit or anti-mouse secondary antibodies (1:5,000) were obtained
from Jackson ImmunoResearch Laboratories (West Grove, PA). Super-
Signal West Pico chemiluminescent substrate and autoradiography were
used for signal detection on X-ray film. Quantification of detected pro-
teins from two independent experiments was performed from digitally
scanned X-ray films followed by analysis using the NIH Image] v1.49
software. All data were normalized to detection of actin from a parallel
Western blot conducted using the same prepared samples and normalized
to a relevant negative control on the same gel, as indicated in the figure
legends.

Inhibitor studies. In some cases, caspases were irreversibly inactivated
prior to intoxication by treating the cells with a 100 wM concentration of
the cell permeative pancaspase inhibitor N-benzyloxycarbony-Val-Ala-
Asp(O-methyl)-fluoromethylketone (z-VAD-fmk; R&D Systems) for 4 h
prior to intoxication or STS treatment as described above. Dimethyl sul-
foxide (DMSQ) used to reconstitute the inhibitor was used as the vehicle
control. To activate the extrinsic pathway, cells were treated with 20 pg/ml
cycloheximide (Sigma) for 12 h followed by addition of 10 ng/ml tumor
necrosis factor alpha (TNF-a; Sigma) for 4 h.

Measuring mitochondrial membrane potential by JC-1 staining. For
some assays, 5 X 10° HeLa cells were intoxicated with LFy; fusion proteins
in the presence of PA as described above. Alternatively, cells were treated
with V. vulnificus strains at an MOI of 10 for 60 min as described for the
translocation assay, but followed by the addition of 100 pg/ml gentamicin
for 30 min. Supernatants were collected to quantify LDH release as de-
scribed above. The treated cells were stained with a 2 .M concentration of
the cationic carbocyanine dye JC-1 (Molecular Probes) according to the
manufacturer’s protocol. The cells were imaged for green versus orange J
aggregates using a Zeiss LSM510 Meta-UV confocal microscope. The
same samples were quantified for fluorescence using a Molecular Devices
SpectraMax M5 microplate reader at excitation/emission wavelengths of
485/535 nm (green; depolarized monomer) and 535/595 nm (red; hyper-
polarized J aggregates). Data are reported as the ratio of red to green, with
an excess of green (low ratio) indicating apoptotic cells and an excess of
red (high ratio) indicating healthy cells.

Computational and statistical analyses. Images from confocal mi-
croscopy were processed using Zeiss LSM Image Browser V4.2 software.
All data were graphed and analyzed using GraphPad Prism 6 software for
Macintosh (San Diego, CA). Statistical significance for experiments was
determined by analysis of variance (ANOVA) followed by multiple-com-
parison tests for all experiments conducted in at least triplicate.

RESULTS

Ectopic expression of MCF,, results in loss of host metabolic
activity. Previously, we established that cells transfected to ectop-
ically express MCFy, fused to enhanced green fluorescent protein
(EGFP) were rounded, but rounding was not accompanied by
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FIG 2 Ectopic expression of MCF,, inhibits host cell metabolic rate and
induces caspase activation. (A) MTT assay on transfected HeLa cells. Data are
presented as percent metabolic activity relative to untreated cells. “Mock”
indicates cells treated with transfection reagent only. STS was used as a positive
control. Results are means and SD for biological triplicates; daggers indicate
statistical significance compared to mock-treated cells (P < 0.05), and aster-
isks show significant difference between the indicated samples (*, P < 0.05; **,
P < 0.01). (B) Results of 12% SDS-PAGE showing expression of chimeric
proteins by Western blotting using anti-EGFP antibody. (C) Nuclear staining
with DAPI of HeLa cells transfected to express the indicated proteins. Arrow-
heads indicate transfected cells, as shown by detection of green fluorescence
(EGFP). (D) DAPI staining of an STS-treated cell and detection of cleaved
caspases as a positive control. (E) Representative Western blots of cell lysates
from two independent experiments with HeLa cells transfected to express
indicated EGFP fusion proteins. Actin is shown as a sample recovery control
run in parallel gels along with other proteins.

LDH release, suggesting a cytopathic as opposed to a cytotoxic
effect (26). To further establish how MCEF,, affects host cells, the
cellular metabolic activity in the transfected cells was measured by
monitoring reduction of the tetrazolium dye MTT to detect the
activity of NAD(P)/H-dependent oxidoreductase enzymes (33).
In cells that were transfected to express MCFy, (Fig. 2A and B),
~50% of the cells lost their metabolic activity, consistent with a
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transfection frequency of 40 to 60% using our transfection
method (Fig. 2B). In comparison, control cells expressing EGFP
alone showed no difference in metabolic activity compared to the
mock-transfected cells. The observed decrease in metabolic activ-
ity was due to active MCFy,, as cells transfected to express a vari-
ant of MCF,,, rendered catalytically inactive by mutagenesis of the
nucleophile cysteine to alanine (MCF335,,-EGFP) did not showa
significant decrease in metabolic activity compared to the control.
Treatment of cells for 1 h with 1 wM STS, a known inducer of
apoptosis, completely abrogated cell metabolic activity (Fig. 2A).
These data suggest that MCF,,, not only induces cell rounding but
is in fact cytotoxic, resulting in a dramatic loss of cell viability.

MCFy, induces cleavage of caspases and PARP-y. Reduction
of the tetrazolium ring of MTT to produce the dark blue formazan
product can result from several types of cell death, including
apoptosis (34). To determine if MCF,,, stimulates apoptosis, cells
transfected to express MCF,,,-EGFP fusion protein were stained
with DAPI to visualize the nuclear morphology. The MCF,, ex-
pression led to marked karyopyknosis (nuclear shrinkage) and
karyorrhexis (nuclear fragmentation) (Fig. 2C), similar to STS-
treated cells (Fig. 2D), a hallmark of cells undergoing apoptotic
cell death. In comparison, EGFP-transfected cells showed healthy
nuclei (Fig. 2C). These cells also showed normal localization of
EGFP to the nuclei (35), while green fluorescence in cells express-
ing MCF,,,-EGFP was localized to the cytosol, as previously de-
scribed (26).

Lysates from the cells ectopically expressing MCEF,,-EGFP
were examined for the processing of procaspases as a marker of
induction of apoptosis. In cells expressing MCF,,-EGFP, there
was increased cleavage of the initiator caspase 9, as well as the
downstream executioner caspase 3 and caspase 7 (Fig. 2E). There
was also an increase of cleaved, inactive poly-(ADP-ribose) poly-
merase (PARP-v), a nuclear protein normally involved in DNA
repair. However, ectopic expression of catalytically inactive
MCF 3351 4- EGFP showed minimal levels of processed caspases or
PARP-v, similar to results obtained with either mock- or egfp-
transfected cells (Fig. 2E). As a control in a parallel experiment,
treatment with STS was found to induce cleavage of caspases in
these cells, as expected (Fig. 2D). This indicated that the MCEF,,, -
induced cytotoxicity is coupled to activation of proapoptotic
markers, suggesting that the MCF,, effector domain induces
apoptosis.

Loss of cell proliferation and motility in cells intoxicated
with LF-MCFy,. As the reduction of viability after ectopic ex-
pression could be exacerbated by MCF,,, overexpression and sub-
ject to sample variation due to differences in transient-transfec-
tion frequencies, the effect of MCFy,, on metabolic activity was
further monitored using an alternative system which does not
depend on transient gene expression and in which all cells in the
pool are equally susceptible to treatment, facilitating a quantita-
tive study. It was previously shown that MCFy, fused to the N
terminus of anthrax toxin lethal factor (LF-MCF,,,) can be in-
troduced into cells by anthrax toxin PA, resulting in cell rounding.
Addition of 72 pmol of LF-MCEF,, at a 3:7 ratio with PA was not
accompanied by cell lysis, as measured by LDH release (26). The
MTT assay described above was extrapolated to the intoxication
assay at this same dosage, but no significant differences were re-
vealed dependent upon MCF,,, (data not shown). To evaluate if
cells treated with MCF,,, can recover upon removal of toxin and
proliferate, a clonogenic colony formation assay was performed
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FIG 3 Direct delivery of MCF,,, inhibits host cell proliferation and cell mi-
gration. (A) Clonogenic colony formation assay showing percentage of colo-
nies recovered after intoxication with the indicated fusion proteins (72 nM)
with PA (168 nM). The cells were seeded at densities of 200 and 400; the
recovered colonies were counted, and percent survival was plotted. Quantita-
tive data are reported as percentage of plated cells recovered (means and SD for
four biological replicates, each plated twice). **, P < 0.0001 by ANOVA com-
pared to all other samples. The inset shows one representative crystal violet-
stained plate for each sample. (B) In vitro wound scratch assay showing pho-
tographs of migration patterns and rates of wound closure of HeLa cells within
24 h after intoxication (T,,,) with the indicated proteins. T, indicates the
time of wound generation. Values on the right are percentage of the wound
healed by cell migration, presented as means * SD of the percent wound
closure. *, P < 0.05, and **, P < 0.0001, by ANOVA followed by multiple
comparison to the PBS-treated control.

with cells intoxicated for 24 h with LFy fusion proteins and PA.
Upon removal of toxin, cells were replated, and cells forming col-
onies were quantified. Only 23% of the cells treated with LFy-
MCF,, in the presence of PA were able to form colonies upon
replating. By comparison, 44% of cells treated with LF alone
were able to regrow. The ~50% inhibition of proliferation was
due to the active MCFy,,, since 39% of cells treated with the cata-
Iytically inactive LF(-MCF535, , formed colonies (Fig. 3A). These
data suggest that, in cells intoxicated with LF-MCF,,, about 50%
of cells are permanently damaged, whereas about 50% can still
recover. This result is consistent with our previous observation
that about 55% of cells treated with LF-MCF,, showed pro-
nounced rounding (26).
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A corollary method was also utilized to monitor lack of cell
growth and migration as a measure of cytotoxicity without the
need to replate, so the cells could remain exposed to toxin over a
longer period. After a scratch wound is introduced into the mono-
layers, cells at the wound edge are expected to polarize and migrate
into the wound space in proportion to their viability index (30).
Almost complete wound closure was observed within 24 h in PBS-
treated cells (Fig. 3B). Similarly, control cells treated with unfused
LFy in the presence of PA showed wound closure, indicating that
neither LF nor PA affected cell growth and migration. In con-
trast, cells exposed to LF-MCF,, in the presence of PA did not
migrate into the wound site, and the width of the wound remained
unchanged after 24 h (Fig. 3B). In fact, the width of the wound
actually increased after 48 h, because cells began to lift off the
plastic, making the wound edges indistinct (data not shown).

Overall, these data indicate that delivery of LF-MCFy, into
cells led to impaired cell growth and motility, particularly with
prolonged toxin exposure. In the case of overexpression, MCF,,, -
EGFP further led to significant loss of metabolic activity, as de-
tected in the MTT assay (Fig. 2A). Furthermore, all growth and
metabolic inhibition was dependent upon catalytically active
MCFy,, linking these effects to the MCFy,, activity (Fig. 2A and 3).

Caspase activation in cells intoxicated with LF-MCF,,. To
determine if caspase activation is mediated by MCF,,, upon LFy-
MCF,, intoxication as it is by ectopic expression, cell lysates in-
toxicated with LE-MCFy, for 24 h were monitored for caspase
and PARP-vy cleavage. Cells treated with LF-MCF,, showed in-
creased activation of caspases 9, 3, and 7 and inactivation of
PARP-vy with at least a 5-fold stimulation over cells intoxicated
with LF alone or cells treated with the catalytically inactive pro-
tein LF\-C3351A (Fig. 4A and B). Moreover, in this case, the level
of the precursor procaspase 9 was also found to be upregulated
upon MCF,, exposure (Fig. 4A), indicating an anticipated in-
creased conversion of the precursor into active caspase 9, similar
to the hypoxia-induced apoptosis in cerebral cortex of piglets
(36). Further, the effect was inhibited by incubation of cells with
the pancaspase inhibitor z-VAD-fmk (Fig. 4A). These results in-
dicate that cells undergo MCFy,-dependent caspase activation,
even when the effector domain is delivered exogenously and not
ectopically overexpressed.

Activation of the initiator caspase 9 can occur via either the
intrinsic or the extrinsic apoptosis pathways (37). Extrinsic acti-
vation of caspases 9 and 3 is mediated through caspase 8 cleavage,
which is initiated upon ligation of death receptors at the host cell
membrane (38). However, no activation of caspase 8 was evident
in cells intoxicated with LF-MCF,,,, unlike in cells treated with
cycloheximide followed by TNF-q, a treatment known to induce
caspase 8 (39) (Fig. 4C). This result is consistent with studies using
whole V. vulnificus bacteria wherein activation of apoptosis due to
rtxAl occurred via the intrinsic pathway, not the extrinsic path-
way (16).

MCEFy, induces disruption of mitochondrial membrane po-
tential. The intrinsic apoptotic pathway is induced by mitochon-
drial damage coupled to upregulation of proapoptotic proteins
like Bax, Bak, and Bad and release of cytochrome c. Thus, we
examined the effect of LF-MCFy, intoxication on mitochondrial
transmembrane potential (W,,) using JC-1, a positively charged
potentiometric green fluorescent dye that accumulates in active
healthy mitochondria as fluorescent red J aggregates in a poten-
tial-dependent manner. Therefore, apoptotic cells, which exhibit
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FIG 4 MCF,, induces an intrinsic but not an extrinsic branch of apoptosis.
(A) Representative Western blot showing processing of caspases and PARP-y
in HeLa cells intoxicated with the indicated LF fusion proteins. Experiment
were conducted in the presence of a pancaspase inhibitor (z-VAD-fmk; 100
M, 4 h) or DMSO. STS (100 uM, 1 h) is shown as a positive control for
detection of bands at appropriate size. (B) Relative densitometric quantifica-
tion of the band intensities for each indicated protein relative to cells intoxi-
cated with unfused LF protein (gray box at 1.0). Data are from two indepen-
dent experiments (linked by solid or dashed lines) conducted as for panel A
except without DMSO or z-VAD-fmk. (C) Western blot showing activation of
caspase 8 in HeLa cells intoxicated with the indicated fusion proteins. Cyclo-
heximide (CHX)-TNF-a was used as a positive control for detection of ap-
propriately sized bands. The arrows indicate procaspase 8 at 57 kDa and the
cleaved fragment at 18 kDa.

primarily green fluorescence, can easily be differentiated from
healthy cells, which show both red and green fluorescence. While
cells with reduced ¥,, showed an excess of green, as seen in the
STS control (Fig. 5A and B), the confocal images of control HeLa
cells treated only with PBS showed healthy cells with a strong
stimulation of conversion of the green dye to red aggregates. In
contrast, cells intoxicated with LF-MCF,, after 24 h showed cell
rounding and lacked red-orange J aggregates, and the dye ap-
peared as a diffuse green cytosolic fluorescent signal, indicative of
a JC-1 monomer. The ratio of red to green signal for the LF-
MCF,,-treated cells showed a statistically significant excess of
green, indicative of alower ¥, and mitochondrial depolarization.
The cells treated with either unfused LFy or LF-MCF,, with a
cysteine point mutation, however, showed robust aggregation of ]
aggregates in the mitochondria and excess red fluorescence simi-
lar to that observed for PBS controls (Fig. 5A and B).
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Cytochrome c is generally sequestered in the intermembrane
space of mitochondria, but it leaks into the cytosol when the mi-
tochondrial permeability transition pore is damaged in response
to W, collapse. Indeed, intoxication of cells with catalytically ac-
tive LF-MCF,, in the presence of PA led to 2- to 3-fold-increased
release of cytochrome cin to cytosol compared to cells treated with
LFy in the presence of PA with a correlated loss of 40 to 90% of
cytochrome ¢ from mitochondria (Fig. 5C). In addition, the
lysates of LF-MCF,,-intoxicated cells, but not those intoxi-
cated with the catalytically inactive mutant, showed induction
of proapoptotic markers like Bax and Bak. Bad was also affected
but to a lesser extent, and this effect was not consistently re-
producible (Fig. 5D). The data reveal that MCF,,, is associated
with induction of the intrinsic apoptotic cascade following mi-
tochondrial damage.

Production of V. vulnificus strains that secrete a MARTX,,,
toxin that delivers only MCF,,. These studies link MCF,, to in-
duction of mitochondrial damage and the intrinsic pathway for
apoptosis. However, it is possible that this does not account for
rtxAl-associated induction of apoptosis during coculture of bac-
teria with epithelial cells, which has previously been suggested as
an indirect effect of altered cell signaling upon MARTX,,, pore
formation or due to activities of other uncharacterized effector
domains (16, 17). To directly link MCFy,,-induced caspase activa-
tion to V. vulnificus rtxAl-mediated induction of apoptosis, a
modified MARTXy, toxin system that allows delivery of either no
effectors or only one effector was employed (18, 20).

It was recently shown through modification of the rtxA1 gene
on the V. vulnificus chromosome that the repeats flanking the
effector domains generate a pore in the eukaryotic cell plasma
membrane through which the surrogate effector Bla can be deliv-
ered into the host cytosol in the absence of all other effector do-
mains (rtxAl:bla) (18). The secretion of the translated toxin
RtxAl::Bla from V. vulnificus into the medium can be monitored
using ampicillin resistance of bacteria grown on LB, and translo-
cation of the effector domain into eukaryotic cells can be quanti-
fied by loss of fluorescence resonance energy transfer (FRET)
upon cleavage of the fluorogenic reagent CCF2-AM loaded into
eukaryotic cells (18).

For this work, we modified the rtxA1::bla gene in V. vulnificus
strain BS1407 (Fig. 6A) to introduce an in-frame fusion of mcf,
within rtxAl:bla such that the resulting translated MARTX,,
toxin, RtxA1::MCF,,-Bla, gains either the effector domain MCF,,,
(SNG1) or its catalytic mutant, MCF 335, , (SNG2) (Fig. 6A). The
predicted natural processing sites of MCF,, were retained in the
construct such that the effector domain should be processed from
the MARTX,, holotoxin after translocation into the epithelial
cells.

None of the strains with modified rtxAI genes showed a signif-
icant difference in growth in liquid broth compared to the iso-
genic V. vulnificus AvvhA parent strain BS1405, which produces a
full-length RtxA1 toxin, the isogenic rtxAI null strain BS1406, or
the rtxAl:bla strain BS1407 (Fig. 6A and B). Further, strains
SNGland SNG2, which secrete RtxAl::MCF,,-Bla or RtxAl:
MCF(;333,4-Bla, respectively, gained ampicillin resistance compa-
rable to that of the RtxA1::Bla strain BS1407 (Fig. 6C), indicating
that the toxins are produced and secreted into the medium.

These strains were also translocation competent, as deter-
mined by transfer of Bla activity to HeLa cells. The V. vulnificus
strain BS1407, secreting RtxA1l::Bla, showed efficient transloca-
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FIG 5 MCF,, induces mitochondrial damage. (A) JC-1-stained live cells showing red-orange fluorescent aggregates in normal-appearing cells and diffused
green fluorescence dispersed throughout the cytoplasm, with minimal red orange fluorescent aggregates in damaged cells. (B) Quantitation of fluorescence
intensities from biological triplicate samples similar to those used for panel A was done by measuring the ratio of red (hyperpolarized) to green (depolarized)
fluorescence. **, P < 0.01 compared to PBS control; ¥, P < 0.05 for the indicated comparisons. (C) Cell lysates were fractionated into cytosolic or mitochondria.
Anti-cytochrome c antibody was used to probe the level of protein with CoxIV and tubulin proteins used as fractionation markers for mitochondria and cytosol,
respectively. (D) Representative Western blots of cell lysates probed for expression levels of the indicated proteins, with actin used as a sample recovery control.
On the right is a densitometric quantification of the band intensity for the indicated proteins from two independent experiments (linked by solid or dashed lines)

relative to cells intoxicated with unfused LF protein (gray boxes at 1.0).

tion of Bla from the toxin into HeLa cells with 68% of CCF2
loaded HeLa cells emitting blue fluorescence, indicative of Bla
cleavage of CCF2 to disrupt FRET. The strains secreting either the
catalytically active (SNG1) or inactive (SNG2) RtxA1::MCF,,-Bla
toxins actually showed no significant difference, and at 85% and
88% blue cells, they actually transfer Bla to cells with slightly
higher efficiency than BS1407 (Fig. 6D). This result is consistent
with studies of V. cholerae RtxA::Bla translocation where it was
found that introduction of any effector domain in front of Bla
increased Bla translocation efficiency (20).

In conjunction with translocation, within the short time frame
of this assay, HeLa cells did not lyse. However, with longer incu-
bation, significant lysis of the HeLa cells by all of the rtxAI-mod-
ified strains was observed (Fig. 6E). At 120 and 150 min coincu-
bation, the strains producing a RtxA1::MCF,,,-Bla toxin induced a
slightly enhanced cell lysis compared to the RtxAl::Bla-secreting
strain BS1407, although the efficiency was still less than for the
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wild-type strain (Fig. 6E). As expected, since MCFy, is suggested
to induce not necrosis but apoptosis, there was no difference in
cell lysis by catalytically active (SNG1) or inactive (SNG2) RtxA1:
MCFy,-Bla toxins. Indeed, these data are consistent with pre-
vious observations that the N- and C-terminal repeat regions of
the MARTX,, toxin are both essential and sufficient for necro-
sis but that lysis is more efficient when all effector domains are
present (18).

MCF,,, is the effector domain of MARTX,,, that induces mi-
tochondrial damage. Having established that strains SNG1 and
SNG2 can produce a translocation-competent MARTXy,, toxin
carrying only a single effector domain, we tested if the gain of
MCF,,, but not catalytically inactive MCF,,, in the MARTX,,
toxin correlated with induction of apoptosis. Strain SNGI in-
duced a loss of W,,, as shown by a significant reduction in the
conversion of the green JC1 dye to red J aggregates compared to
that seen with SNG2 and with the controls RtxA1::Bla-secreting
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indicate that only the indicated value is significantly different.

strain BS1407 and rtxAl-null strain BS1406 (Fig. 7A and B).
Treatment of cells with SNG1 but not SNG2 also induced re-
lease of cytochrome ¢ from mitochondria, with a parallel loss of
cytochrome ¢ from mitochondria (Fig. 7D), and increased ex-
pression of Bax and Bak, also with a slight increase in Bad (Fig.
7E). The mitochondrial damage stimulated caspase activation
such that that SNGI induces processing of caspases 9, 7, and 3
and PARP-v at levels at least 2-fold greater than those induced
by SNG2 (Fig. 7E).

Strain BS1407, which produces a toxin that translocates only
Bla, did not induce mitochondrion-mediated apoptosis. Thus, the
repeat regions of the MARTXy,, that are sufficient for cellular ne-
crosis are not sufficient for induction of mitochondrial damage.
Further, the toxin produced by SNG2 that differs from the active
RtxA1:MCF,;,-Bla by only a single mutation in the MCF,, cata-
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lytic cysteine residue did not show activation of these markers of
intrinsic apoptosis (Fig. 7).

Although these data cannot exclude the contribution of any of
the other four effector domains of the MARTX,,, holotoxin in
inducing apoptosis, it is noteworthy that parent strain BS1405,
which produces a full-length MARTX,,, toxin, induced loss of ¥,
at levels similar to those seen with SNG1 (Fig. 7B and C), indicat-
ing a predominant contribution of MCF,;, to induction of pro-
grammed cell death by the MARTX,,, toxin.

Cell rounding occurs independent of caspase activation. A
number of bacterial toxins that directly induce cytopathic effects
stimulate apoptosis as a downstream response to prolonged expo-
sure to toxin (40). To determine if activation of the caspase cas-
cade is direct or indirect, cells treated with LFy-MCFy, in the
presence of PA were visualized by phase-contrast microscopy.
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Treated cells were rounded as previously observed with about
50% proficiency dependent upon the LF-MCF,,, catalytic cys-
teine (26). However, cells treated with the pancaspase inhibitor
z-VAD-fmk prior to MCF,, exposure were also rounded (Fig. 8),
although these cells showed no caspase activation (Fig. 4). Thus,
the mechanism by which MCF,,, induces the intrinsic pathway is
likely a downstream indirect effect of the toxin’s cytopathic activ-
ity, rather than MCF,, directly affecting mitochondrial mem-
brane integrity. Thus, MCEFE,, is both a cytopathic and a cytotoxic
effector domain that manipulates cell organization, resulting in
the induction of cellular apoptosis.
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DISCUSSION

Deletion of the rtxA1 gene that encodes the MARTXy,, toxin from
the pathogen V. vulnificus shows a significant 100- to 1,000-fold
reduction in virulence, with the toxin being required for both
colonization of the infection site and systemic spread (3-7).
During coculture of bacteria with intestinal epithelial cells, the
MARTX,,, toxin was shown to be the key factor for induction of
apoptosis in an original study by Lee et al. (16). That study sug-
gested a linkage of the effector domains to induction of apoptosis,
although others suggested that the repeat regions are sufficient for
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FIG 8 Cell roundmg is not inhibited by the pancaspase inhibitor z-VAD-fmk
(Inh). Bright-field images showing morphology of HeLa cells intoxicated with
the indicated proteins in the presence of the pancaspase inhibitor z-VAD-fmk
(100 wM, 4 h) or DMSO alone. Percent cell rounding was quantitated and is
presented as mean = SD (n = 100). This experiment was repeated simultane-
ously with the experiment whose results are shown in Fig. 3, so controls for
caspase activation did not need to be presented twice.

programmed cell death, with effector domains being dispensable
(17). However, there were indeed no previous studies that
mapped the precise portion of MARTXy,, responsible for V. vul-
nificus induction of apoptosis. The present study was therefore
carried out to specifically delineate the contribution of MARTX,,
in general, and effector domain(s) in particular, in eliciting pro-
grammed cell death.

In our recent study, we demonstrated MCFy, to be a cyto-
pathic effector domain that induces host cell rounding (26); how-
ever, the cell biological processes orchestrated by this putative
cysteine protease remained unexplored. The importance of MCFy,, as
an effector of V. vulnificus and its probable contribution to viru-
lence are underscored by its ubiquitous presence in many clinical
biotype 1 strains and also the occurrence of a duplication event in
some biotype 1 strains as well as in biotype 2 strains that infect eels
(Fig. 1) (21, 22). Notably, both biotype 1 and biotype 2 strains
have been identified as inducing apoptosis (41). In the current
study, MCFy,, ectopic expression (Fig. 2) or delivery (Fig. 4) to
epithelial cells was found to reduce host cell proliferation and
induced marked morphological and biochemical changes within
the host, including cell rounding (Fig. 5 and 7). MCF,, transfec-
tion or intoxication was also found to induce the intrinsic pathway
of programmed cell death, as shown by disruption in mitochon-
drial transmembrane potential, activation and release of proapo-
ptotic markers from the mitochondria, caspase activation, and
nuclear condensation (Fig. 3 to 5). Overall, these results indicate
that MCFy,,, successfully alters host cell biology, resulting in both
cytopathic and cytotoxic effects.

A key approach that distinguishes this work from previous
studies linking rVVC (12-14) and VvpM (15) to apoptosis is that
we were then able to link the induction of the intrinsic pathway of
apoptosis by MCFy, directly to the apoptotic phenotype that was
observed when V. vulnificus was added to epithelial cells as op-
posed to purified proteins (16). This was possible because our
laboratory has developed novel systems in both V. cholerae and V.
vulnificus that facilitate segregation of the functional contribution
of independent effector domains from the contributions of the
MARTX toxin repeat-containing regions, the autoprocessing
CPD, and other effector domains (18, 20). The use of Bla as a
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marker of translocation has further facilitated ongoing study of
these toxins while circumventing the as-yet-unsolved technical
barrier to studying effector domain translocation due to the in-
ability of our or any other laboratory to purify the toxins or track
effector domain processing in vivo, which thus far have been char-
acterized exclusively in vitro (42).

In V. vulnificus, development of this system using the surrogate
heterologous effector Bla revealed that both the N- and C-termi-
nal repeat regions are essential for translocation of effector do-
mains across the host cell plasma membrane (18). In the present
study, we expanded the utility of this system to introduce a single
MARTX,, effector, MCFy,,, while using the cotranslocated Bla as
a reporter to monitor successful toxin secretion into the medium
and translocation. Interestingly, in the course of developing the
system for this project, we found that inclusion of MCFy,, in front
of Bla in the RtxA1::MCF,,-Bla toxin resulted in both improved
translocation and enhanced rates of MARTX,,,-dependent cell ly-
sis in comparison to the effectorless toxin strain. This effect was
independent of the catalytic activity of MCF,,,, indicating that the
translocon generated by the MARTXy,, repeat regions functions
more efficiently in the presence of an effector domain that gener-
ates a holotoxin structurally closer to the natural MARTX,. A
similar effect was also observed for V. cholerae MARTX,., where
the effect was far more pronounced (20). This difference may
indicate that the highly stable V. cholerae MARTX (20) is evolu-
tionarily more finely tuned to translocate its specific repertoire of
three effector domains, while the V. vulnificus MARTX may show
greater flexibility in acceptable effector domain cargo, consistent
with the high rate of ongoing genetic exchange of effector domains
occurring naturally in the environment (21, 22).

As a corollary conclusion to our finding that catalytically active
MCFy, is essential for MARTX,,,-dependent induction of apop-
tosis, we also found that the repeat regions are not sufficient for
this activity. In fact, we found that under the conditions of this
study, there was a lack of plasma membrane rupture or leakage of
cellular contents, as assessed by LDH release at a time point when
caspase activation was evident. This is in contrast to a recent re-
port by Kim et al. that showed that cells cocultured with V. vulni-
ficus induced necrotic cell death in a caspase-independent manner
coupled with mitochondrial dysfunction (17). In the present
study, we observed reduction of W,, and cleavage of caspases in a
MARTX,,-dependent fashion, contrary to the observations by
Kim et al. (17). This apparent discrepancy could be due to their
use of strain M06-24/0, which has a slightly different repertoire of
effector domains (Fig. 1), or our use of a strain background with
the gene vvhA deleted to avoid inappropriate assignment of phe-
notypes to VVC. More likely, however, is that in the study by Kim
etal. (17), bacterial challenge was performed at a high MOI of 100,
rather the lower MOI of 10 used in this study and also by Lee et al.
(16). Under these low-toxin-exposure conditions, we observed no
cell lysis until later time points, but we did observe evidence of
mitochondrial damage and activation of apoptotic markers in an
MCF,,-dependent fashion, closely matching the phenotypes re-
ported by Lee et al. (16) as being due to the MARTX,,, holotoxin.
These effects at low MOI likely more closely reflect the in vivo
situation, especially during early infection, with necrosis occur-
ring only late in infection when the bacterial load is very high.

At present, it remains to be determined whether MCF,,, di-
rectly interacts with mitochondrial components and perturbs its
physiology or acts indirectly. Several toxins are known that spe-
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cifically target mitochondria by manipulating mitochondrial
dynamics, including VacA from Helicobacter pylori (43) and the
T3SS effector VopE from V. cholerae (44). However, Western blot-
ting of cytosolic and membrane fractionation of HeLa cells trans-
fected to express MCFy, did not reveal significant partitioning of
MCF,, in the membrane (data not shown). In addition, localiza-
tion of catalytically inactive MCF,,, in HeLa cells suggested colo-
calization with a subcellular organelle, and the localization pattern
did not match that expected of mitochondrial colocalization (26).

Further suggesting that MCFy,, does not directly target mito-
chondrial dynamics or membrane is that the cell rounding phe-
notype induced by delivery of LF-MCF,, to cells was not depen-
dent on activation of caspases. This suggests that caspases were
activated as an indirect consequence of MCF,,-induced cell
rounding. This is known to occur for Clostridium difficile toxin B
(TcdB), which UDP-glucosylates Rho GTPases, resulting in cyto-
skeletal disruption and altered transcription of antiapoptotic
genes with a downstream consequence of induction of apoptosis
(40, 45). Similarly, constitutive activation of Rac and Cdc42 by the
E. coli cytotoxic necrotizing factor 1 (CNF1) also results in cell
death upon prolonged toxin exposure (46). While these examples
point to possible mechanisms of action for MCFy,, we did not
observe any change in the activation state of RhoA, Racl, or Cdc42
at either 4 h or 24 h after exposure of cells to LF-MCF,, in the
presence of PA (data not shown). Thus, it is possible that MCF,,
has a novel target for processing or covalent modification result-
ing in cell rounding and subsequent activation of apoptosis. Stud-
ies are in progress to identify the host component that is directly
targeted by MCFy, in order to activate this branch of pathway
within the host.

Finally, although MCF,,, was mapped as the predominant ef-
fector within MARTX,, toxin responsible for inducing an apop-
totic phenotype, we speculate that while MCF,, is sufficient to
induce apoptosis, other effector domains may have overlapping
functions and also induce apoptosis either directly or indirectly.
The neighboring Ras/Rap1 specific protease (RRSP) effector do-
main in the MARTX, toxin of CMCP6 used here has recently
been shown to induce cell rounding (47) but also to cleave RAS, a
small GTPase that controls ERK1/2 (48). In the absence of active
RAS, cells are induced to undergo apoptosis via AKT (49, 50).
DUFI has also been linked recently to effects on mitogen-acti-
vated protein kinase signaling through its binding to prohibitin 1
(51). Similarly, inactivation of RhoA by the second effector do-
main within MARTX,, that is similar to RIDy,. (52) could con-
ceivably be coupled with induction of apoptosis, as occurs also for
TcdB-mediated RhoA inactivation. We propose that future study
of individual effector or effector domain combinations using this
delivery mechanism will enhance our understanding of the exclu-
sive, synergistic, or antagonistic contribution of these effector do-
mains sandwiched within the MARTX,, holotoxin, which is
known to induce a plethora of cytopathic and cytotoxic effects.
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