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Porins, a major class of outer membrane proteins in Gram-
negative bacteria, primarily act as transport channels. OmpU is
one of the major porins of human pathogen, Vibrio cholerae. In
the present study, we show that V. cholerae OmpU has the abil-
ity to induce target cell death. Although OmpU-mediated cell
death shows some characteristics of apoptosis, such as flipping
of phosphatidylserine in the membrane as well as cell size
shrinkage and increased cell granularity, it does not show the
caspase-3 activation and DNA laddering pattern typical of apo-
ptotic cells. Increased release of lactate dehydrogenase in
OmpU-treated cells indicates that the OmpU-mediated cell
death also has characteristics of necrosis. Further, we show that
the mechanism of OmpU-mediated cell death involves major
mitochondrial changes in the target cells. We observe that
OmpU treatment leads to the disruption of mitochondrial mem-
brane potential, resulting in the release of cytochrome ¢ and
apoptosis-inducing factor (AIF). AIF translocates to the host cell
nucleus, implying that it has a crucial role in OmpU-mediated
cell death. Finally, we observe that OmpU translocates to the
target cell mitochondria, where it directly initiates mitochon-
drial changes leading to mitochondrial membrane permeability
transition and AIF release. Partial blocking of AIF release by
cyclosporine A in OmpU-treated cells further suggests that
OmpU may be inducing the opening of the mitochondrial per-
meability transition pore. All of these results lead us to the con-
clusion that OmpU induces cell death in target cells in a pro-
grammed manner in which mitochondria play a central role.

Classically, two major forms of cell death have been
described: apoptosis and necrosis. Apoptosis is a form of pro-
grammed cell death that is characterized by sequential activa-
tion of events in a highly regulated manner, leading to the death
of cells (1-3). Necrotic cell death is supposed to be sudden or
abrupt and is mainly a passive event.

Apoptosis involves mainly two pathways, the extrinsic path-
way and the intrinsic pathway (3, 4). Sometimes the extrinsic
pathway initiates the intrinsic pathway, or the two pathways
work in isolation. Both the extrinsic and the intrinsic pathway
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involve the activation of a specialized class of enzymes called
cysteine-dependent aspartate-specific proteases or caspases,
which are considered to be indispensable for apoptotic cell
death. In the case of the extrinsic pathway, death receptors are
involved. Upon death receptor activation, caspase-8 becomes
activated initially, and sequential events ultimately lead to the
activation of caspase-3 (5). Mitochondria play a central role in
the intrinsic pathway of apoptosis.

For many years, the term apoptosis has been used synony-
mously with programmed cell death (PCD).”> However, recent
years have witnessed an increase in the number reports describ-
ing different forms of PCD that occur independent of caspases
(6,7). Depending on the type of morphological and biochemical
events that are initiated during programmed cell death, differ-
ent terms have been proposed: apoptosis like PCD, necrosis like
PCD, necroptosis, and many others (8, 9). Diverse sets of mol-
ecules and different organelles like lysosomes, endoplasmic
reticulum, and mitochondria interact in a cell, leading to its
demise (6).

Involvement of mitochondria in caspase-independent PCD
has been established for some cell types in response to particu-
lar stimuli (10, 11). Any disruption in the normal bioenergetic
state of mitochondria induced by stress generated in cells by
various external or internal factors can lead to a loss of mito-
chondrial membrane potential. Generally, members of the
Bcl-2 family, such as Bax, translocate to mitochondria and per-
meabilize the outer mitochondrial membrane (12—14). Certain
stimuli can affect the integrity of the inner mitochondrial mem-
brane, and this leads to the mitochondrial membrane perme-
ability transition (MMPT), further resulting in the release of
intermembrane space molecules like cytochrome c and apopto-
sis-inducing factor (AIF) into the cytosol (11). Cytochrome c
may bind Apaf-1 in the presence of dATP and promote
caspase-9 and caspase-3 activation (15-17). AIF plays a crucial
role in caspase-independent pathways. It can directly translo-
cate to the nucleus and cause DNA fragmentation independent
of caspases (18). Therefore, mitochondria seem to play a key
role in both caspase-dependent and -independent pathways of
PCD.

2 The abbreviations used are: PCD, programmed cell death; MMPT, mitochon-
drial membrane permeability transition; AlF, apoptosis-inducing factor;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; LDH,
lactate dehydrogenase; PI, propidium iodide; Z, benzyloxycarbonyl; fmk,
fluoromethyl ketone; PS, phosphatidylserine; MMP, mitochondrial mem-
brane potential; CsA, cyclosporine A; LAMP, lysosome-associated mem-
brane protein.
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Different types of PCD play a crucial role in host-pathogen
interactions. Pathogens induce cell death in order to invade
host tissues or to evade host immune responses (19). Gram-
negative pathogenic bacteria use such processes to damage host
tissues and cause sepsis by invading deeper into them (20). The
host uses such mechanisms to prevent pathogenic infections by
inducing the death of infected cells.

A number of bacterial molecules have been implicated in the
induction of apoptosis or other forms of PCD in the host cells.
During bacterial infections, some pathogens secrete toxins that
may trigger cell death (21, 22). In addition, the mode of invasion
of the bacteria, such as endocytosis, and the structural elements
of the bacteria that help in invading the host cell can trigger the
death of target cells. In Gram-negative bacteria like Neisseria
gonorrhoeae and Pseudomonas aeruginosa, porins, a class of
outer membrane integral proteins, induce apoptosis of the tar-
get cells (23, 24).

Porins are trans-membrane channels that allow selective
uptake of nutrients, a requisite for bacterial cell survival (25). In
addition, porins may act as pathogen-associated molecular pat-
terns that are recognized by pattern recognition receptors on
host cell surfaces and induce pro-inflammatory responses.
Porins of Shigella, Salmonella, Vibrio cholerae, etc. are known
to induce the production of pro-inflammatory cytokines (26 —
29). Some porins are also reported to be anti-apoptotic, such as
PorB of Neisseria meningitidis (30).

OmpU, one of the major outer membrane proteins of V. chol-
erae, is porin in nature (31). In addition to its role as a porin,
OmpU has been speculated to play a crucial role in the patho-
genesis of V. cholerae. This speculation is mainly based on the
fact that expression of OmpU is under the control of the ToxR
regulon, which controls major virulence factors required for
the pathogenesis of V. cholerae (32—34). Moreover, OmpU has
been reported to facilitate intestinal colonization of the bacte-
rium by conferring resistance against bile and anti-microbial
peptides. It probably acts as an adhesin as well, although there
are contrasting reports regarding its role in adhesion (35-37).
Moreover, OmpU has been shown to possess the ability to
down-regulate the LPS-mediated pro-inflammatory effect (28).
Therefore, its regulation and reported functions imply that
OmpU may have a major role in the bacterial pathogenesis pro-
cess. However, the contribution of OmpU in the induction of
cell death has not been evaluated.

To date, an effective vaccine against cholera is not available.
OmpU is considered as a good candidate for vaccine generation
mainly because of the fact that OmpU is present in most of the
clinical isolates (38). Recently, a report suggested that OmpU
canbe used as a biomarker to distinguish between epidemic and
non-epidemic strains (39). Therefore, it is very important to
characterize OmpU for its role in the induction of multiple
cellular processes in the host. Based on all of the above knowl-
edge and the speculated role of OmpU in pathogenesis and
weighing the importance of cell death responses in host-patho-
gen interactions, in the present paper, we have studied the role
of OmpU in the induction of cell death in human cells and the
possible mechanism involved in the process.
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Experimental Procedures

Purification of Recombinant OmplU—Recombinant OmpU
was purified as described previously by Khan et al. (40).

Detection of Endotoxin Contamination in Purified Protein
Preparation—The presence of endotoxin in different batches of
purified protein was measured by the limulus amebocyte lysate
test using the E-TOXATE™ kit (Sigma-Aldrich) as per the
manufacturer’s protocol.

Mammalian Cell Culture—The human monocytic cell line,
THP-1 (National Centre for Cell Science, Pune, India), was
maintained in RPMI 1640 (Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Invitrogen), 100 units/ml penicillin,
and 100 pug/ml streptomycin (Invitrogen). Prior to each exper-
iment, cells were conditioned in medium containing 5% FBS for
24 h, followed by 2% EBS for 12 h. The human embryonic kid-
ney cell line, HEK 293 (ATCC), and human colon carcinoma
cell line, Caco-2 (ATCC), were maintained in DMEM (Invitro-
gen) containing 10% FBS, 100 units/ml penicillin, and 100
pg/ml streptomycin (Invitrogen). Similar to THP-1, prior to
each experiment, HEK 293 cells and Caco-2 cells were condi-
tioned in medium containing reducing concentrations of
serum.

Experimental Design—For the majority of the experiments,
THP-1 monocytes and Caco-2 cells were plated at a density of
1 X 10° cells/ml, and HEK 293 cells were plated at a density of
0.5 X 10° cells/ml, respectively, in media containing 2% serum
and treated with either recombinant OmpU or buffer (protein
buffer containing 10 mm Tris-HCl, 10 mm NaCl, and 0.5% lau-
ryldimethylamine oxide, diluted in PBS + 0.5% lauryldimethyl-
amine oxide). Lauryldimethylamine oxide was obtained from
Sigma-Aldrich. Following incubations, cells were subjected to
flow cytometry or Western blotting.

Most of the flow cytometry experiments were performed
using a BD FACSCalibur cell analyzer (BD Biosciences) unless
otherwise indicated. Acquisition for all of the experiments was
done in CellQuest Pro, and analysis was done using Flow]Jo
software (Tree Star). For Western blot analysis, blots were visu-
alized in an ImageQuant LAS 4010 imager (GE Healthcare).

Detection of Early Morphological Changes—THP-1 mono-
cytes were treated with OmpU (10 ug/ml) or buffer and incu-
bated for 24 h. Cells were harvested and washed twice with
phosphate-buffered saline (PBS). Finally, cells were resus-
pended in 500 ul of PBS and analyzed by flow cytometry under
the parameters of forward scatter and side scatter.

Detection of Cell Viability Using MTT Assay—THP-1 mono-
cytes, Caco-2 cells, and HEK 293 cells were plated in a 96-well
plate format and were treated with different concentrations of
OmpU (1.5, 3, 5, 7, and 10 pg/ml) or buffer and incubated for
24 h. Following incubations, cells were subjected to an MTT
assay for cell viability. The MTT assay is based on the principle
that it is a tetrazolium salt which is water-soluble and gives
yellow color in solution. Active dehydrogenases of living cells
can convert the tetrazolium ring into insoluble formazan crys-
tals, which are purple in color. Dead cells are incapable of car-
rying out the conversion. Formazan crystals can be dissolved
using acidified isopropyl alcohol. The color so obtained is mea-
sured spectrophotometrically. The concentration of the dye is
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proportional to the percentage of viable cells. The MTT assay
was done using a kit (Sigma-Aldrich) as per the manufacturer’s
instructions. Briefly, solution provided in the kit was added to
the cells at 10% (v/v) and incubated for 3 h. After incubation,
formazan crystals were dissolved by adding an equal volume of
acidified propanol (prepared by adding 0.1 N HCl in isopropyl
alcohol). After the crystals were completely dissolved, absor-
bance was measured at 570 nm. Absorbance values obtained
were employed to calculate the percentage of cell viability using
the following formula: (treated cells — medium only) X 100/
(untreated cells — medium only). Untreated cells in media
alone were considered to be 100% viable.

Detection of Cell Cytotoxicity Using Lactate Dehydrogenase
(LDH) Release Assay—THP-1 monocytes or Caco-2 cells were
plated and treated with different concentrations of OmpU (5, 7,
and 10 ug/ml) or buffer for 24 h. After 24 h, cells were subjected
to an LDH release assay. It is based on the principle that upon
permeabilization of plasma membrane, LDH, which is a cyto-
solic enzyme, is released in the culture supernatants. Upon the
addition of substrates like tetrazolium salts, LDH present in the
culture supernatant converts the salt into a colored product.
Intensity of the color produced is proportional to the number of
lysed cells and can be measured spectrophotometrically. The
LDH release assay was performed using the CytoTox 96® non-
radioactive cytotoxicity assay kit (Promega Corp., Madison,
WI) as per the manufacturer’s instructions. Briefly, cells were
pelleted, and supernatant for each treated sample was collected
separately. Substrate provided in the kit was added to the super-
natant of different samples. Supernatant from cells treated with
lysis solution provided in the kit served as a positive control.
Supernatants were incubated with substrate for 10 min. Follow-
ing incubation, stop solution was added, and absorbance was
measured at 490 nm.

Detection of DNA Laddering Pattern by Agarose Gel Elec-
trophoresis—THP-1 monocytes were plated and treated with 10
pg/ml OmpU for different time periods (24 and 36 h) or buffer
for 36 h. Cells treated with staurosporine (1 um) for 4 h were
used as the positive control. Following respective incubations,
cells were harvested and washed twice with 1 X PBS. Cell pellets
were resuspended in 50 ul of lysis buffer (1% Nonidet P-40 in 20
mm EDTA, 50 mm Tris-HCI, pH 7.5, 10 ul/10° cells, minimum)
and centrifuged for 5 min at 1600 X g. Supernatant was col-
lected, and extraction was repeated once. Then supernatants
were combined, and SDS was added such that the final concen-
tration of SDS was 1% (w/v). Then supernatant was treated with
RNase A (final concentration 5 mg/ml) at 56 °C for 2 h, followed
by treatment with proteinase K (final concentration 1 mg/ml) at
37 °C for 2 h. Following incubations, a half-volume of ammo-
nium acetate was added, and DNA was precipitated with 2.5
volumes of absolute ethanol. After precipitation, pellets
were dissolved in DNA loading buffer and separated on 1.5%
agarose gel.

Detection of Phosphatidylserine Exposure by Annexin V-FITC
Staining—THP-1 monocytes were treated with different doses
of OmpU (1.5, 3, 5, 7, or 10 ug/ml) or buffer and incubated for
24 h. Following treatment, cells were harvested and stained
using an annexin V-FITC and propidium iodide (PI) staining kit
(BD Biosciences) according to the manufacturer’s protocol.

SASBMB

DECEMBER 25, 2015 +VOLUME 290-NUMBER 52

Following staining, cells were analyzed by flow cytometry. A
quadrant gate was applied (according to unstained and single-
stained controls) to all of the dot plots corresponding to the
tests, and the percentages of cells in different quadrants were
calculated using quadrant statistics in Flow]o.

For inhibitor study, cells were incubated with 20 um total
caspase inhibitor (Z-VAD-fmk; Sigma-Aldrich) for 1 h, fol-
lowed by treatment with OmpU (10 wg/ml) or buffer for 24 h.

Analysis of DNA Fragmentation by TUNEL Assay—THP-1
cells were treated with OmpU (10 ug/ml) or buffer and incu-
bated for different time periods (12, 24, or 36 h). HEK 293 cells
were incubated with OmpU (10 wg/ml) or buffer for 24 h. In
another set, cells were preincubated with Z-VAD-fmk (20 um)
for 1 h, followed by treatment with OmpU (10 ug/ml) or buffer
for 24 h. Cells were harvested and fixed using 1% paraformal-
dehyde following the respective incubations. Fixed cells were
washed with ice-cold PBS, resuspended in 70% ethanol, and
incubated at —20 °C for 12—18 h. Finally, cells were stained
using the APO-BRDU kit (Sigma-Aldrich) according to the
manufacturer’s protocol and subjected to flow cytometry.

Detection of Caspase-3 Activation—THP-1 monocytes were
treated with OmpU (10 pg/ml) or buffer and incubated for 12,
24, and 36 h. As a positive control, cells were treated with 1 um
staurosporine (Sigma-Aldrich) and incubated for 4 h. Following
respective incubations, cells were harvested and stained with
FITC-conjugated rabbit anti-human active caspase-3 antibody
using a staining kit (BD Biosciences) as per the manufacturer’s
protocol and analyzed by flow cytometry.

Analysis of Change in Mitochondrial Membrane Potential—
THP-1 monocytes were treated with OmpU (10 pg/ml) or
buffer and incubated for different time periods (4, 8, and 24 h).
After the respective incubations, cells were harvested and
stained with JC-1 dye (Sigma-Aldrich) according to the man-
ufacturer’s protocol. Changes in mitochondrial membrane
potential were detected by flow cytometry.

Similarly, HEK 293 cells were incubated with OmpU (10
pg/ml) or buffer for 24 h. Following incubation, cells were
stained with JC-1 dye and analyzed for changes in mitochon-
drial membrane potential.

For microscopic analysis, mitochondrial membrane poten-
tial-sensitive dye, MitoTracker Red CMXros (Invitrogen), was
used. HEK 293 cells were seeded at a density of 0.1 X 10°
cells/ml on coverslips and incubated overnight. Cells were
treated with 10 pg/ml OmpU or buffer and incubated for 24 h.
Cells treated with staurosporine (1 um) for 4 h were taken as
positive control. Following the respective incubations, cells
were stained with a 30 nm solution of MitoTracker Red
CMXros and incubated for 30 min at 37 °C. After incubation,
cells were washed with warm medium (37 °C) four times. Fol-
lowing washing, cells were fixed with 4% paraformaldehyde and
washed 3—4 times with PBS. Stained coverslips were mounted
and observed under a confocal microscope. Imaging was done
using a Zeiss LSM 780 (Carl Zeiss) confocal laser scanning
microscope with a X63 oil immersion objective having a 1.4
numerical aperture. Identical parameters were used for all of
the samples. Image] (National Institutes of Health, Bethesda,
MD) software was used to analyze all of the images. A minimum
of 10 images for each sample were quantified, and equal thresh-
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old values were applied for all of the samples. Mitochondrial
fluorescence for OmpU and staurosporine-treated cells was
normalized with respect to buffer-treated cells.

Detection of Cytochrome c Release by Flow Cytometry—
Release of cytochrome ¢ was detected using the protocol of
Waterhouse and Trapani (41) with some modifications. Briefly,
THP-1 monocytes were treated with OmpU (10 pg/ml) or
buffer and incubated for 24 h. After incubation, cells were har-
vested and washed with PBS. Further, cells were incubated in
the permeabilization buffer (1% FBS, 0.1% saponin, and 0.1%
sodium azide in PBS) to selectively permeabilize the cellular
membrane. Permeabilized cells were immediately fixed with 2%
paraformaldehyde by incubating for 30 min at room tempera-
ture. Fixed cells were washed twice with ice-cold PBS and incu-
bated in blocking buffer (3% BSA + 0.5% saponin in PBS) for 30
min at room temperature. After blocking, rabbit anti-human
cytochrome c antibody (Sigma-Aldrich) was added at a dilution
of 1:50 in the blocking buffer, and cells were incubated over-
night at 4 °C. Further, cells were washed twice with PBS and
incubated with FITC-conjugated anti-rabbit IgG (Sigma-Al-
drich) antibody at a dilution of 1:100 in blocking buffer for 1 h at
room temperature. Stained cells were washed twice with PBS
(ice-cold), resuspended in 500 ul of blocking buffer, and ana-
lyzed by flow cytometry.

Determination of ATP—THP-1 monocytes were plated as
described previously and treated with OmpU (10 ug/ml) or
buffer for 24 h. Following incubation, cells were harvested and
subjected to an ATP determination assay using the ATP biolu-
minescence assay kit HS II (Roche Diagnostics). This assay is
based on the measurement of bioluminescence produced by the
enzyme luciferase, which uses ATP from lysed cells to convert
the substrate into bioluminescent product. This luminescence
is then detected using a luminometer and is proportional to the
amount of ATP present in the cells. The assay was performed as
per the manufacturer’s instructions, and data were presented as
-fold change in the amount of ATP in OmpU-treated cells with
respect to buffer.

Preparation of Mitochondrial Fraction—Enriched mitochon-
drial fraction from cultured cells was prepared using a mito-
chondria isolation kit (Sigma-Aldrich) according to the man-
ufacturer’s protocol. Briefly, THP-1 cells were treated with
OmpU (10 pg/ml) and incubated for different time periods (0,
12, and 24 h). HEK 293 cells and Caco-2 cells were treated in a
similar manner as THP-1 monocytes. After the respective incu-
bations, cells were harvested and washed twice with ice-cold
PBS. The mitochondrial fraction was prepared from cells using
the detergent lysis method. Lysed cells were subjected to low
speed centrifugation (600 X g) to eliminate debris, followed by
high speed centrifugation (11,000 X g) to pellet down the mito-
chondria. The pellet so obtained was enriched in mitochondrial
fraction, and the cytoplasmic fraction was present in the
supernatant.

Preparation of Nuclear Fraction—THP-1 monocytes, HEK
293 cells, and Caco-2 cells were treated with OmpU (10 pg/ml)
or buffer and incubated for 24 h. Cells were harvested and
washed with ice-cold PBS. Washed cells were resuspended in
500 wl of buffer A (10 mm HEPES, 1.5 mm MgCl,, 10 mm KCl,
1.5 mMm DTT, 0.05% Nonidet P-40) and incubated on ice for 5
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min with intermittent vortexing and further subjected to cen-
trifugation at 650 X g for 5 min. Pellet was resuspended in
buffer B (5 mm HEPES, 1.5 mm MgCl,, 0.2 mm EDTA, 0.5 mm
DTT, 26% glycerol) containing 300 mm NaCl and homogenized
on ice, followed by centrifugation at 24,000 X g for 20 min at
4 °C. Supernatant obtained after centrifugation contained the
nuclear fraction.

Detection of AIF Translocation from Mitochondria to Nucleus
and Cytochrome c Release from mitochondria to Cytoplasm—
Mitochondrial, nuclear, and cytoplasmic fractions were esti-
mated for their protein concentrations using a Bradford (Sig-
ma-Aldrich) assay. Equal amounts of protein were subjected to
SDS-PAGE. Following separation, proteins were transferred to
a polyvinylidene difluoride (PVDF) membrane (Merck Milli-
pore, Darmstadt, Germany). Transferred membranes were
blocked for 1 h at room temperature with 5% BSA in TBST (20
mM Tris, pH 7.6, 137 mm NaCl, 0.1% Tween 20). After blocking,
membranes were incubated with rabbit anti-human AIF anti-
body (Sigma-Aldrich) or mouse anti-human cytochrome ¢ (Sig-
ma-Aldrich) diluted in TBST (1:1000) for 4 h at room temper-
ature. Membranes were washed with TBST and incubated with
anti-rabbit IgG or anti-mouse IgG coupled with horseradish
peroxidase (1:5000; Sigma-Aldrich) for 1 h. TIM23, TOM22, or
TOM20 was used as the loading control for mitochondrial sam-
ples and detected with mouse anti-human TIM23 or rabbit
anti-human TOM22 or TOM20 antibody (Sigma-Aldrich).
Lamin B1 detected by rabbit anti-human lamin B1 antibody
(Santa Cruz Biotechnology, Inc.) was used as the loading con-
trol for nuclear lysates, and GAPDH detected by rabbit anti-
human GAPDH antibody was used as the loading control for
the cytoplasmic fraction.

Detection of OmpU in Mitochondria—THP-1 monocytes
were treated with OmpU (10 wg/ml) and incubated for different
time periods (15, 30, 60, 120, and 240 min). HEK 293 cells were
treated in a similar manner and incubated for different time
periods up to 6 h. Caco-2 cells were also treated with the same
dose of OmpU and incubated for 2 h. After the respective incu-
bations, cells were harvested, and mitochondrial lysates of each
sample were prepared using the same method as mentioned
previously. Centrifugation speeds were modified to 1000 X g
(low speed centrifugation) and 3000 X g (high speed centrifu-
gation) in order to obtain more purified mitochondrial fraction.
Prepared lysates were analyzed for translocation of OmpU by
Western blotting in a similar manner as mentioned above using
primary antibody specific to V. cholerae OmpU (rabbit anti-
OmpU) at a dilution of 1:1000, followed by secondary antibody,
which was anti-rabbit IgG coupled with horseradish peroxidase
(1:5000 dilution). TIM23 or TOM22 (mitochondrial markers;
Sigma-Aldrich) was used as the loading control. Rabbit anti-
human LAMP 1 (Abcam) and rabbit anti-human GAPDH
(Santa Cruz Biotechnology) antibodies were used to check for
the presence of lysosomes and cytoplasm, respectively, in the
mitochondrial lysates. Mouse anti-human transferrin receptor
(Invitrogen) and mouse anti-a-1 sodium potassium ATPase
(Abcam) antibodies were used as plasma membrane markers in
order to detect plasma membrane contamination in the mito-
chondrial preparation.
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In order to detect the mitochondrial translocation of OmpU
by flow cytometry, THP-1 monocytes were treated with OmpU
(10 pg/ml) for 60 and 120 min or with buffer for 120 min.
Following incubations, cells were harvested, and mitochondria
were isolated as described previously. Isolated mitochondria
were resuspended in 1X storage buffer provided in the mito-
chondria isolation kit (Sigma-Aldrich) and incubated with rab-
bit anti-OmpU at a dilution of 1:50 for 30 min at room temper-
ature. Mitochondria were washed once with storage buffer by
centrifugation at 17,500 X g for 5 min and incubated with
FITC-tagged anti-rabbit IgG at a dilution of 1:100 at room
temperature. Mitochondria were washed once with storage
buffer, resuspended in 300 ul of storage buffer, and analyzed
by flow cytometry using a BD Accuri™ C6 cytometer (BD
Biosciences).

Detection of OmplU in Different Organelles by Cell Frac-
tionation—THP-1 monocytes were plated and incubated with
OmpU for 90 min. Following incubation, cells were harvested
and subjected to a cell fractionation protocol for the prepara-
tion of mitochondrial, nuclear, and cytoplasmic + light mem-
brane fractions. Mitochondrial fraction was prepared as
described previously. For the preparation of nuclear fraction,
cells were ruptured by homogenization in buffer A (1 m HEPES,
1 m MgCl,, 2.5 m KCI, 1 m DTT), following which they were
centrifuged at 228 X gfor 5 min at 4 °C to pellet down the nuclei
along with other fragments. The supernatant was stored as the
cytoplasmic + light membrane fraction from which mitochon-
dria were removed by centrifuging at 3000 X g for 10 min.
Nuclear pellet was further resuspended in 3 ml of buffer 1 (0.25
M sucrose, 10 mm MgCl,) and layered over buffer 2 (0.88 M
sucrose, 0.5 mm MgCl,), followed by centrifugation at 2800 X g
for 10 min at 4 °C. Pellet so obtained was resuspended in 1X
radioimmune precipitation assay buffer and sonicated in ice.
Lysate was centrifuged at 2800 X g for 10 min at 4 °C, and the
supernatant was stored as nuclear fraction.

Detection of OmpU in Plasma Membrane—HEK 293 cells
were plated and incubated with OmpU (10 pg/ml) for 15, 30,
60, and 120 min. Further, to obtain plasma membrane-enriched
light membrane fraction, the supernatant containing cyto-
plasm + light membranes (described above) was ultracentri-
fuged at 100,000 X gfor 1 h. Pellet so obtained was washed once
with fractionation buffer, homogenized again, and finally col-
lected as light membrane fraction. The final pellet was resus-
pended in lysis buffer. Equal amounts of all of the fractions were
then analyzed for the presence of OmpU along with the specific
markers, as described previously.

Detection of OmpU Translocation to Mitochondria from the
Bacterial Cell—V. cholerae E1 Tor O1 strain (obtained from the
Microbial Type Culture Collection and Gene Bank of the Insti-
tute of Microbial Technology (Chandigarh, India); MTCC code
3905) was cultured in brain heart infusion broth until A,, = 3.
An aliquot of this culture was taken separately and subjected to
incubation at 60 °C for 1 h for heat inactivation of the bacteria.
Inactivation was confirmed by spreading the culture on a Luria
agar plate and incubating at 37 °C for 16 h. Both live and heat-
inactivated cultures were pelleted and washed three times with
ice-cold PBS. THP-1 monocytes were treated with the bacteria
(resuspended in sterile ice-cold PBS) at a multiplicity of infec-
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tion of 10 and incubated at 37 °C for 15 min, 30 min, 1 h,and 2 h.
Medium containing only bacterial cells, and THP-1 monocytes
treated with PBS, were included as controls. All of the test sam-
ples and the controls were processed similarly. Following the
respective incubations, THP-1 cells were harvested and washed
three times with ice-cold PBS by centrifuging at 200 X g for 5
min. Mitochondria were isolated from all samples (as men-
tioned above). Streaking on agar plates from isolated mitochon-
dria was done to detect the presence of any bacterial contami-
nants in the final lysates. Mitochondrial lysates were analyzed
for the presence of OmpU by means of Western blotting as
described previously. From the mitochondrial lysates obtained
from 2-h treatments, another blot was performed for the detec-
tion of RNA polymerase (3 as the bacterial cytoplasmic marker
and lipid A, a component of LPS, as the bacterial outer mem-
brane marker in all of the samples. RNA polymerase 3 was
detected using mouse anti-RNA polymerase [ antibody
(Abcam), whereas lipid A was detected using anti-lipid A anti-
body (Abcam). As a positive control for these markers, equal
aliquots of live and heat-inactivated V. cholerae cultures
(Agoo = 3) were taken and pelleted. Pellets were dissolved in
sample buffer (50 ul each) and heated at 100 °C for 15-20 min
to completely lyse the bacterial cells. Following this, equal vol-
umes of sample buffer containing lysed cells were analyzed in
the same blot along with mitochondrial lysates for the respec-
tive bacterial markers.

Analysis of Direct Effect of OmpU on Isolated Mitochondria—
Mitochondria were isolated from THP-1 monocytes using a
mitochondria isolation kit (Sigma-Aldrich) as per the manufac-
turer’s protocol. Isolated mitochondria were resuspended in
storage buffer provided in the kit. Equal aliquots of isolated
mitochondria were incubated with OmpU (5 ug/ml) or buffer
for 30 min at 37 °C. Following incubation, mitochondria were
stained with JC-1 dye and analyzed for loss of aggregates in the
FL-2 channel by flow cytometry.

For detection of AIF and cytochrome c release, equal aliquots
of isolated mitochondria were treated with OmpU (5 pg/ml)
and incubated for different time periods (30 min, 1 h,and 2 h) or
treated with buffer and incubated for 2 h. After the treatment,
mitochondria were centrifuged at 17,500 X g for 5 min. Mito-
chondrial pellets were solubilized in sample buffer, and super-
natant was collected separately for each sample. Supernatants
and mitochondrial pellets were separated by SDS-PAGE and
analyzed by Western blotting to visualize the release of AIF and
cytochrome c. TIM23 was used as the mitochondrial loading
control. For the inhibition study, freshly isolated mitochondria
were preincubated with 1 um cyclosporine A for 30 min, fol-
lowed by treatment with OmpU for 90 min.

Statistical Analysis—Data are represented as the mean = S.E.
Statistical analysis was done using Student’s two-sided ¢ test.

Results

OmpU Induces Death of Target Cells—Different bacterial
antigens can induce a multitude of host cellular responses, and
cell death is one of them. To determine the cell viability, MTT is
a very well established assay. Therefore, to probe whether any
deterioration of cell health occurs in response to OmpU, THP-1
monocytes and HEK 293 cells were treated with different con-
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increased cell granularity in OmpU- and buffer-treated THP-1 monocytes as analyzed by flow cytometry under the parameters of forward scatter (FSC) and side

scatter (SSC).

centrations of OmpU or buffer, and following incubations, cells
were analyzed for their viability using an MTT assay. The
results showed that OmpU-treated cells undergo increasing
loss of cell viability with increasing doses (Fig. 1, A and B). In
response to 10 ug/ml protein treatment, around 18 -28% and
16 -26% loss in cell viability was observed after 24 h in THP-1
and HEK 293 cells with respect to buffer (Fig. 1, A and B). These
observations led to the conclusion that OmpU affects target cell
health and induces a loss in total cell viability.

V. cholerae OmpU Induces Morphological and Biochemical
Changes That Suggest Programmed Cell Death—After we
observed that OmpU induces cell death, we probed whether
OmpU induced features that are characteristic of apoptosis.
Apoptosis involves flipping of phosphatidylserine (PS) from the
inner to the outer leaflet of the plasma membrane. To investi-
gate whether V. cholerae OmpU induces PS flipping in target
cells, THP-1 monocytes were treated with different doses of
OmpU and incubated for 24 h. Cells were harvested and stained
with annexin V-FITC and PI. Cells with increased PS exposure
were detected as an annexin V-FITC-positive population, and
late apoptotic/necrotic cells were detected as an annexin
V-FITC and PI double-positive population. We observed that
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the total annexin V single-positive (Fig. 1C, bottom right quad-
rant) plus annexin V/PI double-positive population (top right
quadrant) increased in a dose-dependent manner from 1.5 to
10 pg/ml, but a significant increase was observed at a concen-
tration of 10 pug/ml only (38 £ 10.4% (S.D.)) compared with the
buffer treatment (16 = 4.9% (S.D.)). The result so obtained sug-
gested that OmpU not only induces cell death but also induces
certain initial changes like membrane blebbing that might lead
to the detection of PS flipping in OmpU-treated cells (Fig. 1, C
and D).

Endotoxin levels in different batches of purified protein were
non-detectable (<0.06 endotoxin units by the limulus amebo-
cyte lysate test), and in a separate experiment, cells were incu-
bated with or without polymyxin B (5 ug/ml) for 30 min, fol-
lowed by incubation with OmpU (10 ug/ml) for 24 h. No
change was observed in the total annexin V-positive or annexin
V/PI double-positive population in polymyxin B + OmpU-
treated cells with respect to only OmpU-treated cells, suggest-
ing that LPS plays no role in OmpU-mediated cell death (Fig.
1E).

In flow cytometric analysis, forward scatter gives the mea-
sure of cell size, and side scatter gives the measure of cell gran-
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experiments. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001 versus buffer control for all of the doses.

ularity. We observed that cells treated with OmpU showed a
substantial decrease in forward scatter and corresponding
increase in side scatter, implying that OmpU induces
increased cell granularity along with shrinking of target cells
(Fig. 1, F and G). However, the cells undergoing morphologi-
cal changes appear higher than the cells undergoing biochem-
ical changes. Therefore, all of the cells undergoing morpholog-
ical changes may not be undergoing cell death at the indicated
time point. All of these morphological and biochemical events
induced by OmpU suggested that it could induce programmed
cell death similar to apoptosis.

OmpU Induces DNA Fragmentation but Not DNA Laddering
Typical of Apoptotic Cells—In classical apoptosis, the last step
in the cascade is removal of the inhibitor from the CAD or
caspase activated DNases. Nuclear DNA is cleaved by CAD, and
this gives rise to several DNA fragments that, when resolved in
an agarose gel, generate a distinct laddering pattern (42). Other
types of cell death processes also generate DNA fragments that
may be larger in size. These fragments may not properly resolve
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in the agarose gel and thus do not produce DNA ladder, as in
the case of AIF-mediated cell death (8, 18).

To probe whether V. cholerae OmpU induces DNA fragmen-
tation, THP-1 monocytes were treated with OmpU and incu-
bated for different time periods. A TUNEL assay was per-
formed, and a time-dependent increase in the percentage of
cells with increased DNA fragmentation was observed upon
OmpU treatment with respect to buffer control. Moreover, a
significant increase was observed at 36 h as compared with the
cells treated for 12 h (Fig. 2, A and C). To probe whether OmpU
has the ability to induce DNA fragmentation in HEK 293 cells,
cells were subjected to OmpU (10 ug/ml) treatment for 24 h.
DNA fragmentation was observed in OmpU-treated cells with
respect to buffer (Fig. 2B).

Further, to check whether OmpU induced DNA laddering
typical of apoptosis, THP-1 monocytes were treated with 10
png/ml OmpU for different time periods. Staurosporine-treated
cells were used as a positive control, and DNA from treated cells
was checked by agarose gel electrophoresis. The resulting gel
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buffer for different time periods or with staurosporine for 4 h. Cells were
harvested and stained with FITC-conjugated anti-active caspase-3 antibody.
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clearly showed a DNA laddering pattern for staurosporine,
which is a known inducer of apoptosis. However, OmpU-
treated cells did not show any DNA laddering pattern (Fig. 2D).

These results led to the conclusion that OmpU does induce
DNA fragmentation, but it is not similar to classical apoptosis.
This suggests a cell death mechanism that could be pro-
grammed but is different from apoptosis.

OmpU Induces LDH Release in Treated Cells—An LDH
release assay is commonly used to determine the level of cyto-
toxicity, but according to some studies, it determines cytotox-
icity of necrotic cells in the total cell population (43). Because
the DNA fragmentation pattern in the case of OmpU-treated
cells pointed toward a different kind of programmed cell death
mechanism, we wanted to test whether OmpU-treated cells
released LDH.

Supernatants from THP-1 cells treated with different doses
of OmpU or buffer for 24 h were collected and subjected to an
LDH release assay. Results so obtained showed a significant
release of LDH, indicating lysis in OmpU-treated cells (average
33% at a concentration of 10 ug/ml) with respect to buffer (Fig.
2F). The above results led to the conclusion that OmpU-medi-
ated PCD could have features of necrosis.

OmpU-induced Cell Death Does Not Involve Activation of
Apoptosis-related Caspases—In the case of classical apoptosis,
caspase-3 is the ultimate caspase activated by both extrinsic and
intrinsic pathways. Therefore, we probed the activation of
caspase-3 in OmpU-mediated cell death. Cells were treated
with OmpU or buffer and incubated for different time periods,
and cells treated with staurosporine were used as the positive
control. We observed that OmpU did not induce any activation
of caspase-3 at any of the time points. (Fig. 3A shows the plots
for 24 h which are representative of all of the time points.)

Further, we treated THP-1 cells with OmpU or staurospo-
rine with or without total caspase inhibitor Z-VAD-fmk. We
observed that inhibition of caspase activation did not affect
OmpU-induced PS exposure (Fig. 3, B and C) and DNA frag-
mentation (Fig. 3E), whereas staurosporine-mediated apopto-
sis was mostly inhibited (Fig. 3D). Similarly, treatment with
Z-VAD-fmk did not inhibit OmpU-mediated DNA fragmenta-
tion in HEK 293 cells, proving that OmpU mediates caspase-
independent cell death in epithelial cells as well (Fig. 3F).
Therefore, the above results indicated that OmpU-mediated
programmed cell death is not apoptosis.

OmpU Induces MMPT in Target Cells—The absence of
caspase activation and DNA laddering in OmpU-mediated
PCD pointed toward a distinct pathway, and generally mito-
chondria are the central units for such processes (6, 44). In
order to understand whether OmpU-mediated cell death
mechanism involved MMPT, THP-1 monocytes were treated
with different doses of OmpU. Treated cells were analyzed for

treated cells as compared with cells treated with staurosporine only. Eand F,
caspase inhibitor could not block DNA fragmentation induced by OmpU.
THP-1 monocytes (E) or HEK 293 cells (F) were pretreated with Z-VAD-fmk,
followed by treatment with OmpU or buffer, and incubated for 24 h. Cells
were harvested and stained for the TUNEL assay. Offset histogram overlays
represent a comparison between Z-VAD-fmk + OmpU-, OmpU only-, and
buffer-treated cells in terms of BrdU-FITC fluorescence (DNA fragmentation).
Each plot is representative of three independent experiments.
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FIGURE 4. OmpU induces MMPT in target cells. A, contour plots showing an increase in MMPT with increase in time of incubation after OmpU treatment.
THP-1 monocytes were treated with 10 ug/ml OmpU or buffer and incubated for 4, 8, and 24 h. Cells were harvested and stained with JC-1 dye for detection
of MMPT. Contour plots are representative of three independent experiments. B, bar graphs showing an increase in the percentage of JC-1 monomers in THP-1
cells with increase in time of incubation after OmpU treatment. Shown are the mean = S.E. (error bars) percentages of cells with increased JC-1 monomers for
three independent experiments. *, p < 0.05; **, p < 0.01; ***, p < 0.001 versus buffer control for all of the time points. C, histogram overlay showing more JC-1
monomers in OmpU-treated HEK 293 cells compared with buffer. HEK 293 cells were treated and incubated with 10 wg/ml OmpU or buffer, incubated for 24 h,
and stained with JC-1 dye. The plot is representative of three independent experiments. D, microscopic analysis of loss of MMP in target HEK 293 cells. HEK 293
cells were plated and treated with 10 ng/ml OmpU or buffer for 24 h. Cells treated with staurosporine for 4 h were used as a positive control. Cells were stained
using MitoTracker Red CMXros and analyzed by confocal microscopy. Images are representative of two independent experiments.

changes in mitochondrial membrane potential (MMP), using
JC-1 dye. Cells with intact MMP accumulate JC-1 dye as aggre-
gates, but cells with disrupted mitochondrial membrane poten-
tial do not accumulate JC-1 in their mitochondrial membranes
and release the dye into the cytoplasm, where the dye exists as
monomers. We observed that with an increase in incubation
time there was an increase in JC-1 monomers, suggesting a
time-dependent increase in MMPT (Fig. 4, A and B). Similarly,
in HEK 293 cells, OmpU-induced MMPT was analyzed using
JC-1 dye by flow cytometry (Fig. 4C).

Another dye, MitoTracker Red CMXros, was used to visual-
ize the loss of MMP in HEK 293 cells by confocal microscopy.
CMXTros is a potential sensitive dye that accumulates in mito-
chondria with intact MMP and becomes fluorescent. There-
fore, accumulation of the dye and hence its fluorescence is pro-
portional to MMP. In the event of loss of MMP, mitochondria
are not able to retain the dye; therefore, relative fluorescence
decreases. This loss of fluorescence is proportional to the extent
of mitochondrial depolarization or MMPT.
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HEK 293 cells were seeded on coverslips and treated with
OmpU or buffer for 24 h. Cells treated with staurosporine for
4 h were taken as a positive control for MMPT. The resulting
images clearly show a considerable loss of mitochondrial fluo-
rescence corresponding to decreased MMP in OmpU-treated
cells with respect to buffer control (Fig. 4D). The above data
indicated that mitochondria could play a crucial role in OmpU-
mediated PCD.

OmpU Induces Release of Cytochrome ¢ from Host Cell
Mitochondria—Cytochrome ¢ as a member of the electron
transport chain remains in the intact mitochondrial mem-
brane, but MMPT usually leads to cytochrome c release from
mitochondria. Once released, cytochrome ¢ generally induces
caspase activation, although some reports suggest that cyto-
chrome c is released in the case of programmed necrosis as well
(45). Therefore, cytochrome c release can be considered as a
marker of MMPT and not necessarily a prerequisite of caspase-
mediated intrinsic apoptotic cell death. Although there is no
caspase activation in OmpU-mediated cell death, OmpU-me-
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FIGURE 5. OmpU induces cytochrome c and AIF release from mitochondria along with translocation of AIF to nucleus. A, dot plots showing considerable
loss of cytochrome ¢ in OmpU-treated cells compared with buffer. THP-1 monocytes were treated with 10 wg/ml OmpU or buffer and incubated for 24 h.
Treated cells were harvested and stained with anti-human cytochrome c followed by FITC-conjugated anti-rabbit IgG. Decreased FITC fluorescence (gated
population) corresponds to the decrease in cytochrome c in the mitochondria. Dot plots are representative of three independent experiments. B, Western blot
showing release of cytochrome ¢ from mitochondria to cytoplasm. THP-1 monocytes were treated with 10 ng/ml OmpU for different incubation periods and
incubated for 0, 12, and 24 h. Cells were harvested, and their mitochondrial and cytoplasmic fractions were prepared, which were then analyzed for the release
of cytochrome ¢ by means of Western blot analysis. Blots are representative of three independent experiments. C, bar graph showing a reduction in the amount
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assay. The bar graph shows the mean = S.E. (error bars) -fold change in the amount of ATP in OmpU-treated cells with respect to buffer calculated from three
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treated cells and analyzed for the presence of AIF by Western blotting. The blots are representative of three or more independent experiments.

diated MMPT prompted us to check whether cytochrome c is
released into the cytosol. THP-1 cells were treated with OmpU
or buffer and incubated for 24 h. It was observed that a signifi-
cant proportion of the total population of OmpU-treated cells
(p < 0.001 for OmpU-treated versus buffer control) had lost
cytochrome ¢ from their mitochondria with respect to buffer-
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treated cells in a flow cytometry-based assay (Fig. 54). The
above results were confirmed by means of Western blotting in
which a similar pattern of cytochrome c release from mitochon-
dria was observed along with a simultaneous increase in the
cytoplasm (Fig. 5B). Staurosporine was included as the positive
control. These observations led to the conclusion that OmpU
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triggered major changes in mitochondria by disrupting mito-
chondrial membrane potential and inducing cytochrome c
release into the cytoplasm.

Because release of cytochrome ¢ did not induce caspase acti-
vation in THP-1 monocytes, we probed the possibility that ATP
depletion could hamper the association of cytochrome ¢ with
Apaf-1, thereby preventing the formation of the complex called
apoptosome. This could prevent the activation of caspase cas-
cade despite the release of cytochrome c. We observed a signif-
icant depletion (37-43% decrease with respect to buffer; Fig.
5C) in the amount of ATP in cells treated with OmpU as com-
pared with buffer. Therefore, the loss of ATP could be a possible
reason for the lack of caspase activation in OmpU-mediated
PCD.

V. cholerae OmpU Induces Translocation of AIF from Host
Cell Mitochondria to Its Nucleus—As a result of MMPT, AIF
could be released from the mitochondrial intermembrane
space to the cytosol. Upon translocation to nucleus from the
cytosol, it can cause DNA fragmentation (18). In order to probe
whether OmpU-mediated cell death involved AIF release from
mitochondria and its translocation to the nucleus, THP-1
monocytes were treated with OmpU and incubated for 0, 12, or
24 h. We observed that release of AIF from mitochondria
increased with increasing incubation periods (Fig. 5D). Because
the AIF release from the mitochondria was maximal at 24 h,
nuclear lysates were prepared from cells incubated with OmpU
or buffer for 24 h. A considerable amount of AIF translocation
was observed in the nucleus of OmpU-treated cells as com-
pared with the buffer control (Fig. 5D). Similarly, a clear trans-
location of AIF from the mitochondria to the nucleus was
observed in HEK 293 cells as well when treated with OmpU
(Fig. 5E).

V. cholerae OmpU Is Translocated to Mitochondria of Tar-
geted Host Cell—THP-1 cells and HEK 293 cells were treated
with OmpU and incubated for different time periods. Mito-
chondrial fractions were prepared from treated cells and were
analyzed for the presence of OmpU. TOM?22 and TIM23 were
used as the mitochondrial markers as well as the loading con-
trols. GAPDH was used as the cytoplasmic marker, and LAMP
1 was used as the lysosomal marker. The resulting blots showed
that mitochondrial preparation was almost pure with negligible
contamination from cytoplasm or lysosomes. A clear translo-
cation of OmpU to the mitochondria of treated cells was
observed even at 15 min (Fig. 6A4). A considerable amount of
OmpU was observed in the mitochondria of THP-1 monocytes
at the 1 and 2 h time points (Fig. 6, A and B) and at 2 and 4 h in
HEK 293 cells (Fig. 6C).

Furthermore, to find out whether OmpU localizes in the
mitochondria only or other organelles as well, mitochondrial,
nuclear, and light membrane + cytoplasmic fractions from
OmpU-treated cells were prepared and subjected to Western
blotting for the detection of OmpU in different fractions. The
results showed that OmpU predominantly localizes in the
mitochondria of treated cells as compared with other fractions
(Fig. 6D).

We also checked the kinetics of association of OmpU in
plasma membrane and compared it with its association in mito-
chondria. HEK 293 cells were treated with 10 ug/ml OmpU and
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incubated for 15 min, 30 min, 1 h, and 2 h. Purified mitochon-
drial fraction and light membrane fraction predominantly com-
prising plasma membrane were prepared from treated cells and
analyzed for the presence of OmpU by means of Western blot-
ting. The results showed that association of OmpU with plasma
membrane at 15 min is much higher as compared with mito-
chondria. Moreover, with increasing incubation periods, the
amount of OmpU in mitochondria increases, whereas in
plasma membrane, it slightly declines at 30 min and becomes
almost constant with the increase in incubation time until 2 h
(Fig. 6E).

Therefore, we can conclude that OmpU associates with the
plasma membrane and then begins to translocate to the mito-
chondria. Initially, its amount increases in mitochondria with
increasing incubation periods, whereas in plasma membrane
corresponding to the increase of OmpU in the mitochondrial
fraction, there is a decrease in the amount of OmpU after 15
min.

Because purified OmpU translocated to mitochondria, we
checked its translocation from V. cholerae. Live V. cholerae cul-
ture was prepared, and an aliquot of this culture was subjected
to heat inactivation. Complete heat inactivation of the bacterial
culture was confirmed by spreading live and inactivated cul-
tures on Luria agar plates and incubating up to 16 h. Bacterial
lawn was observed in live bacterial plates within 4 h. Heat-
inactivated bacteria did not grow even after 16 h. THP-1 mono-
cytes were infected with live and heat-inactivated cultures.
Mitochondria were isolated from each sample, and mitochon-
drial lysates were analyzed for the presence of OmpU. In order
to rule out the possibility of co-purification of the bacteria with
mitochondria, lipid A of LPS as the outer membrane marker
and RNA polymerase 3 as the bacterial cytoplasmic marker
were probed in the mitochondrial lysates. OmpU translocation
to the mitochondria was observed in cells cultured with live
bacteria as well as heat-inactivated bacteria, whereas none of
the bacterial cell markers appeared in the mitochondrial lysates
(Fig. 7, A-C).

Therefore, from our results, we clearly conclude that not only
purified OmpU, but also OmpU from live or heat-inactivated
V. cholerae, is translocated from the bacterial outer membrane
to the mitochondria of host cells. Further, we observed that
increasing the amount of serum in the culture medium had no
effect on OmpU translocation to mitochondria and OmpU-
induced PCD (Fig. 7, D and E).

OmpU Directly Induces Mitochondrial Changes That Could
Lead to PCD in Target Cells—The observation that V. cholerae
OmpU translocates to the mitochondria of treated cells made it
important to check whether translocated OmpU was able to
directly induce the mitochondrial changes, such as MMPT and
release of AIF from the mitochondria of treated cells. Mito-
chondria were isolated from untreated THP-1 monocytes and
were treated with OmpU or buffer. Treated mitochondria
showed a considerable loss of MMP with respect to buffer,
which was visualized as decreased JC-1 aggregates in isolated
mitochondria (Fig. 8A4). Furthermore, to analyze AIF and cyto-
chrome c release, isolated mitochondria were incubated with
OmpU for different time periods. A time-dependent release of
AIF and cytochrome ¢ from OmpU-treated mitochondria was
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FIGURE 6. OmpU translocates to the mitochondria of target cells. A, Western blot result showing translocation of OmpU to the mitochondria of THP-1
monocytes. THP-1 monocytes were treated with 10 ug/ml OmpU for different incubation periods or buffer (for the maximum incubation period). After
respective incubations, mitochondrial fractions were isolated and analyzed for the presence of OmpU by Western blotting using anti-OmpU antibody. TOM22
was used as a mitochondrial marker as well as aloading control. GAPDH and LAMP 1 were used as cytoplasmic and lysosomal markers. The blot is representative
of three or more independent experiments. B, histogram showing mitochondrial translocation of OmpU in THP-1 monocytes. THP-1 monocytes were treated
with 10 ng/ml OmpU (1 and 2 h) or buffer (2 h), and mitochondria were isolated. Isolated mitochondria were stained with anti-OmpU antibody followed by
FITC-conjugated secondary antibody and analyzed by flow cytometry. The histogram overlay represents a comparison between mitochondria isolated from
OmpU and buffer-treated cells in terms of FITC fluorescence that gives a measure of OmpU translocation. The overlay plot is representative of two independent
experiments. C, Western blot result showing translocation of OmpU to the mitochondria of HEK 293 cells. Cells were plated and incubated with OmpU for
different incubation periods (up to 6 h) or buffer (for 6 h) and analyzed for the presence of OmpU in their mitochondria as described for THP-1 monocytes. The
blot is representative of three or more independent experiments. D, Western blot showing that OmpU predominantly localizes in the mitochondria of target
cells in comparison with other organelles. THP-1 monocytes were treated with OmpU and incubated for 90 min. Cells were harvested, and mitochondrial,
nuclear, and light membrane plus cytoplasmic fractions were prepared, which were analyzed for the presence of OmpU by means of Western blotting. Blots are
representative of three independent experiments. E, Western blot showing a comparison of the kinetics of association of OmpU in plasma membrane with its
association in mitochondria. HEK 293 cells were treated with 10 wg/ml OmpU for different incubation periods followed by preparation of mitochondrial
fraction or plasma membrane enriched light membrane fraction. Resulting fractions were subjected to Western blotting using anti-OmpU antibody along with
antibodies for plasma membrane and mitochondrial markers.

observed, which started at 30 min and increased with time with
respect to buffer (Fig. 8, B and C). At the same time, their
amounts in the corresponding supernatants of OmpU-treated
mitochondria increased with increasing incubation periods
(Fig. 8, Band Q).

To check whether opening of the mitochondrial permeabil-
ity transition pore is involved in OmpU-mediated MMPT,
cyclosporine A (CsA) was used. CsA is a known inhibitor that
prevents the opening of the mitochondrial permeability transi-
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tion pore and hence MMPT. Freshly isolated mitochondria
were pretreated with or without CsA, followed by treatment
with OmpU (5 pg/ml) or buffer. Following treatment, mito-
chondria and corresponding supernatants were analyzed for
the release of AIF by Western blotting. The resulting blots
showed that CsA partially inhibited the release of AIF (Fig. 8D).
This result further confirmed the role of mitochondrial perme-
ability transition in the release of AIF from OmpU-treated iso-
lated mitochondria. On the basis of all of the above results, we
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tured with live and heat-inactivated V. cholerae. A, Western blots showing
translocation of OmpU to the target cell mitochondria from live V. cholerae cells.
THP-1 monocytes were infected with live V. cholerae (VC) at a multiplicity of infec-
tion of 10 and subjected to different incubation periods. PBS (Buffer)-treated cells
and media containing only V. cholerae were used as controls. After respective
incubations, mitochondrial fractions were isolated from all of the samples and
analyzed for the presence of OmpU. The blots are representative of three or more
independent experiments. B, Western blots showing translocation of OmpU to
the host cell mitochondria from the heat-inactivated V. cholerae. THP-1 mono-
cytes were infected with heat-inactivated V. cholerae (HI VC) at a multiplicity of
infection of 10 for different incubation periods and analyzed for the presence of
OmpU in a similar manner as mentioned above. The blots are representative
of three independent experiments. C, control blot showing the absence of any
bacterial component in purified mitochondria from co-culture of V. cholerae and
mammalian cells. THP-1 monocytes were infected with live and heat-inactivated
V. cholerae for 2 h. Mitochondrial lysates and bacterial cell lysates (live and heat-
inactivated V. cholerae) were prepared and subjected to Western blot analysis for
the detection of RNA polymerase beta (bacterial cytoplasmic marker) and lipid A,
a component of LPS (bacterial outer membrane marker), along with OmpU and
TIM23. D, an increase in serum concentration from 2 to 10% does not affect
OmpU translocation to mitochondria. The Western blot shows mitochondrial
translocation of OmpU to cells cultured in 2 and 10% serum-containing media.
THP-1 monocytes were plated in 2 or 10% serum-containing medium, treated
with 10 ug/ml OmpU, and incubated for 2 h. A mitochondrial fraction was iso-
lated from all of the samples and analyzed for the presence of OmpU by Western
blotting. Voltage-dependent anion channel (VDAC) was used as the mitochon-
drial marker and loading control. The blot is representative of two independent
experiments. E, increase in serum concentration from 2 to 10% does not affect
OmpU-induced PCD. A histogram overlay shows only the annexin V-positive
population of OmpU-treated cells cultured in 2 and 10% serum-containing
media. THP-1 monocytes cultured in 2 and 10% serum-containing media were
treated with different doses of OmpU (1.5, 5, or 10 ug/ml) or buffer. Cells were
harvested and stained with annexin V-FITC and PI. The histogram overlay repre-
sents a gated population comprising only annexin V-FITC single-positive cells.
The plots are representative of three independent experiments.
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conclude that OmpU can directly induce changes in freshly
isolated mitochondria that ultimately lead to PCD.

OmpU Induces Cell Death in Intestinal Epithelial Cells
through the Same Mechanism as in Other Cell Lines—Because
V. cholerae colonizes the small intestine, we probed the ability
of OmpU to induce cell death in intestinal epithelial cells using
the human colon carcinoma cell line Caco-2. Caco-2 cells
treated with different doses of OmpU or buffer were subjected
to an MTT assay and an LDH release assay, and the results
showed that a significant percentage of OmpU-treated cells
were induced to die even at a 5 ug/ml protein concentration
(Fig. 9, A and B). Moreover, pretreatment with Z-VAD-fmk did
not have any effect on OmpU-mediated cell death in Caco-2
cells, suggesting a caspase-independent mechanism as in other
cell types (Fig. 9, Cand D). A substantial translocation of OmpU
to the mitochondria of Caco-2 cells was observed at 2 h (Fig.
9E). Finally, we checked the role of AIF and observed that
OmpU induces AIF release from mitochondria of treated cells
and its translocation to the nucleus (Fig. 9F). Therefore, we
conclude that OmpU induces the same mechanism of caspase-
independent PCD in intestinal epithelial cells as it induces in
other cell lines, which involves translocation of OmpU to the
mitochondria of target cells and translocation of AIF from the
mitochondria to the nucleus of treated cells.

Discussion

Porins from Gram-negative bacteria are reported to be pro-
apoptotic in two cases. In N. gonorrheae and P. aeruginosa,
porin-mediated apoptosis contributes to the mode of patho-
genesis (23, 24, 46). In the case of N. meningitides, porin pro-
tects the target cells from apoptosis (30). Therefore, it is evident
that porins from different bacteria require separate evaluation
regarding their effect on cell health and viability. OmpU, one of
the major porins of V. cholerae, is considered to be crucial for
bacterial pathogenesis and is a potential vaccine candidate.
Therefore, OmpU was evaluated for its role in the induction of
host cell death.

In the current study, we established that OmpU induces
death of the target cells as analyzed by various assays like the
MTT assay, the LDH release assay, and annexin V-FITC/PI
staining (Figs. 1 (A-D), 2E, and 9 (A and B)). All of the results
from different assays indicated that OmpU at 10 pg/mlinduced
a significant amount of cell death, although the percentage of
dying cells varied slightly from assay to assay. The LDH release
assay showed a higher percentage of dead cells as compared
with the MTT assay or PI staining, but the difference can be
attributed to the differences in assay conditions and different
sensitivities of the assays (47). In addition, the LDH release
assay depends only on the permeabilization of plasma mem-
brane as opposed to PI staining, which requires nuclear mem-
brane permeability as well. Therefore, it is possible that annexin
V-positive cells could also contribute to the LDH release. It has
been shown that early membrane blebbing, which can start
even before PS flipping, can be associated with limited plasma
membrane permeabilization. Further, it has been shown that
LDH release can be blocked by inhibiting early membrane bleb-
bing (48, 49). The appearance of a higher percentage in the LDH
release assay could also be due to its higher sensitivity (47).
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Therefore, we assume that the percentage of non-viable cells, as
indicated by the MTT assay, is close to the actual percentage of
cell death in response to OmpU.

Results obtained on polymyxin B pretreatment of OmpU-
treated THP-1 monocytes (Fig. 1E) and induction of cell death
in HEK 293 cells (Figs. 1B and 2B) completely rule out the
involvement of endotoxin and Toll-like receptors in OmpU-
mediated cell death.

Moreover, we observed that OmpU also induces certain
morphological and biochemical changes similar to that of apo-
ptotic cell death (Fig. 1, F and G). In normal cell types, PS is
asymmetrically distributed on the cell membrane and is pre-
dominantly present in the inner leaflet of the membrane lipid
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bilayer. In cells undergoing apoptosis, PS flipping takes place,
and accordingly, its exposure increases in the outer leaflet of the
plasma membrane (50). Moreover, cells undergoing apoptosis
exhibit cell shrinking and increased cell granularity. Our data
showed that OmpU induces the above mentioned changes that
are commonly involved in apoptosis (Fig. 1). However, DNA
fragmentation leading to DNA laddering in agarose gel is
another major hallmark of apoptosis (2, 12). Although OmpU-
mediated cell death showed DNA fragmentation, as evident in
Fig. 2 (A-C), the fragments did not resolve in the agarose gel as
a typical ladder as seen in apoptosis (Fig. 2D).

Caspases are the key enzymes involved in apoptosis (51).
Among different caspases, caspase-3 is the main executioner
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FIGURE 9. OmpU induces caspase-independent cell death involving OmpU translocation to mitochondria in Caco-2 cells. A, bar graphs showing cell
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of cell viability (C) or percentage of cell cytotoxicity (D) calculated using values from three independent experiments. £, Western blot result showing translo-
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of different markers along with OmpU by Western blotting. F, Western blot result showing the release of AIF from the mitochondria of Caco-2 cells treated with
10 ng/ml OmpU for the indicated times and its translocation to the nucleus. Blots are representative of two independent experiments.

Many factors, such as chemicals or pathogen-derived mole-
cules, cause alterations in cellular stress responses, resulting in

enzyme involved in all caspase-dependent apoptotic pathways
(16, 52). We observed that there was no induction of caspase-3

activation upon OmpU treatment (Fig. 34). Moreover, there
was no inhibition of OmpU-mediated PS flipping and DNA
fragmentation with the use of total caspase inhibitor Z-VAD-
fmk (Figs. 3 (B, D, and E) and 9 (C and D)). Results from the
LDH release assay (Fig. 2E) and the absence of caspase activa-
tion imply that although the cell death mechanism induced by
OmpU has certain characteristics of apoptosis as well as necro-
sis, it is different from both classical apoptosis and necrosis.
Further, we observed that though V. cholerae is a non-inva-
sive bacterium, V. cholerae OmpU translocates to the mito-
chondria of target cells (Figs. 6, 7, and 9E). Mitochondria play a
central role in different kinds of cell death processes (7, 53).
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the dissipation of mitochondrial membrane potential (AWm)
(i.e. disruption of the proton gradient across the inner mito-
chondrial membrane). This leads to MMPT, which allows pas-
sage of small molecules, including apoptogenic factors, from
the mitochondria to the cytosol (54, 55). We observed that
OmpU is capable of inducing MMPT in both THP-1 (Fig. 4, A
and B) and HEK 293 cells (Fig. 4, C and D).

Cytochrome ¢, a heme-containing protein complex, is a part
of the electron transport chain present in the mitochondrial
intermembrane space (56). It is known that cytochrome c is
released into the cytoplasm following disruption of the mito-
chondrial membrane potential. Cytochrome ¢ is instrumental
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in caspase-dependent apoptosis. However, some reports sug-
gest that cytochrome c is released in other types of cell death
processes, such as programmed necrosis, and may not always
lead to caspase activation, and therefore, its release leaves the
cells unaffected (45, 57, 58). Our data show that OmpU induces
cytochrome c release from mitochondria (Fig. 5, A and B). How-
ever, it does not lead to caspase activation, which could proba-
bly be due to the loss of ATP in OmpU-treated cells (Fig. 5C).
Cytochrome c binds to Apaf'1 in the presence of dATP which is
required for apoptosome formation and is followed by caspase
activation (59).

As a result of MMPT, AIF could also be released from mito-
chondria. AIF is present in the mitochondrial intermembrane
space and is reported to have limited NADH or NADPH oxi-
dase activity (60). AIF or apoptosis-inducing factor can induce
cell death by chromatin condensation and DNA degradation
upon translocation to the nucleus from mitochondria. In the
absence of caspase activation, AIF plays a central role in the
induction of caspase-independent PCD (8, 18, 61). OmpU-in-
duced MMPT leads to the release of AIF from mitochondria
(Figs. 5 (D and E) and 9F). Further, our study showed that the
released AIF translocates to the nucleus (Figs. 5 (D and E) and
9F). Another very important observation during the course of
our study was that when isolated mitochondria were treated
directly with OmpU, they were induced to undergo MMPT
along with AIF release (Fig. 8).

Furthermore, our results showed that CsA, which is a known
inhibitor of MMPT, leads to partial inhibition of AIF release
from freshly isolated mitochondria (Fig. 8E). This result con-
firms that OmpU directly interacts with isolated mitochondria
inducing MMPT, which further results in AIF release. The
above observations suggest that OmpU might itself act as a
trigger inducing mitochondrial changes that lead to caspase-
independent programmed cell death in target cells.

Therefore, we conclude that V. cholerae OmpU translocates
to host cell mitochondria and induces MMPT, which leads to
the release of cytochrome ¢ and AIF but no caspase activation.
AIF translocates to the nucleus and presumably induces large
scale DNA fragmentation and cell death (Fig. 10).

Although PS exposure is a typical characteristic of cells
undergoing apoptosis, there are reports that suggest that some
level of PS exposure is also observed in cells undergoing AIF-
mediated programmed cell death (8, 62, 63). As reported pre-
viously, released AIF can further act on other mitochondria,
leading to an amplification of the process (18). Some reports
have suggested that AIF-mediated PCD could be referred to as
apoptosis-like PCD (8, 64, 65) because it includes biochemical
and morphological changes similar to that of apoptosis. In the
current study, our results evidently point toward this phenom-
enon in the case of OmpU.

PorB porin of N. gonorrhoeae is also reported to integrate
into the mitochondria but induces caspase-mediated apoptosis
(23, 46). Mitochondrial translocation of N. gonorrhoeae porin is
blocked by serum. However, we observed that serum does not
have any effect on V. cholerae OmpU translocation to the mito-
chondria (Fig. 7D). In the case of P. aeruginosa, no mitochon-
drial translocation of bacterial porin is reported (24).
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FIGURE 10. Schematic diagram depicting the pathway of OmpU-medi-
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loss of mitochondrial membrane potential (AWm), followed by release of
cytochrome ¢ and AIF into the cytoplasm. Released cytochrome ¢ does not
induce caspase activation. AIF translocates to the nucleus and induces DNA
fragmentation and hence apoptosis-like programmed cell death.

Non-invasive Gram-negative bacteria mostly translocate
their virulence factors inside the host cell through secretory
vesicles (66) or via secretion pathways (67). In the present study,
we showed that purified OmpU and OmpU from heat-inacti-
vated bacteria that are probably incapable of producing vesicles
can translocate to the host cell mitochondria. This observation
suggests that from the vaccine strains, also OmpU can translo-
cate into the host cell mitochondria and modulate cellular
responses leading to death. To the best of our knowledge, this is
the first report regarding porin translocation from a non-inva-
sive bacterium to the host cell mitochondria and induction of
apoptosis-like programmed cell death but not classical
apoptosis.
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