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Exotoxins which belong to the family containing the RTX toxins (repeats in toxin) contribute to a variety
of important human and animal diseases. One example of such a toxin is the potent leukotoxin (LKT)
produced by the bovine respiratory pathogen Mannheimia haemolytica. LKT binds to CD18, resulting in the
death of bovine leukocytes. In this study, we showed that internalized LKT binds to the outer mitochon-
drial membrane, which results in the release of cytochrome ¢ and collapse of the mitochondrial membrane
potential ({¥s,). Incubation of bovine lymphoblastoid cells (BL-3 cells) with the mitochondrial membrane-
stabilizing agent cyclosporine (CSA) reduced LKT-mediated cytotoxicity, cytochrome ¢ release, and col-
lapse of the ¥s,,. Coimmunoprecipitation and intracellular binding studies suggested that LKT binds to the
mitochondrial matrix protein cyclophilin D. We also demonstrated that LKT mobilizes the vesicle scission
protein dynamin-2 from mitochondria to the cell membrane. Incubation with CSA depleted mitochondrial
dynamin-2 in BL-3 cells, making it unavailable for vesicle scission and LKT internalization. The results
of this study show that LKT trafficking and LKT-mediated cell death involve dynamin-2 and cyclophilin

D, in a process that can be prevented by the mitochondrial membrane-protecting function of CSA.

Several recent reports have shown that some bacterial
toxins enter cells and are transported to mitochondria. For
example, Clostridium difficile toxin A binds to the mitochon-
drial protein GRP 75 within 5 min after exposure, resulting
in direct damage to mitochondria in Chinese hamster ovary
cells (18). Similarly, vacuolating cytotoxin A of Helicobacter
pylori and Panton-Valentine leukocidin of Staphylococcus
aureus bind to mitochondria, which results in cytochrome ¢
release and reduced mitochondrial membrane potential
(V) in intoxicated cells (13, 56). Likewise, we have re-
ported that Mannheimia haemolytica leukotoxin (LKT)
causes gross morphological changes in mitochondria of bo-
vine lymphoblastoid cells (BL-3 cells), consistent with mito-
chondrial dysfunction (4).

M. haemolytica is the principal bacterial pathogen in the
bovine respiratory disease complex (19, 58). The most impor-
tant virulence factor of M. haemolytica is the LKT, which has
potent cytotoxic effects on ruminant leukocytes but not on
leukocytes from other species (38). M. haemolytica LKT is a
member of the RTX toxin (repeats in toxin) family, which
includes LKTs and hemolysins produced by a number of gram-
negative bacteria. It was originally thought that M. haemolytica
LKT damages cells by inserting into the cell membrane, result-
ing in pore formation and necrosis (53). At lower LKT con-
centrations, however, susceptible cells die via caspase-depen-
dent apoptotic pathways (8, 10, 45, 46). LKT was first reported
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to bind to the B, integrin CD18/CD11a, also known as leuko-
cyte functional antigen 1 (LFA-1) (1, 24, 28). Recent studies,
however, have shown that Mac-1 (CD18/CD11b) also binds
LKT and that CD18 is the functional receptor for LKT (9, 30).
After binding to LFA-1, LKT induces apoptosis of bovine
leukocytes as a result of activation of caspase 1, caspase 3, and
caspase 9 (4, 10, 31, 46). The LFA-1-dependent cytotoxicity of
LKT is a conundrum, because signaling through LFA-1 gen-
erally results in cell adhesion and promotes cell survival (34,
44, 51).

In this study we hypothesized that mitochondrial damage
and caspase 9 activation could be due to direct binding of
LKT to the mitochondrial outer membrane (MOM). In this
paper we show that LKT directly targets mitochondria in
BL-3 cells, creating lesions in the MOM that can lead to
release of proapoptotic proteins, culminating in cell death.
We also show that LKT targeting to mitochondria is dy-
namin-2 dependent and that mitochondria appear to be the
principal source of dynamin-2 in BL-3 cells. Treating BL-3
cells with cyclosporine (CSA) depleted mitochondrial dy-
namin-2, thereby inhibiting LKT transport to mitochondria
and cell death.

MATERIALS AND METHODS

LKT production and purification. Crude LKT was prepared and purified as
described previously and was stored at —80°C until it was used in experiments
(4). Inactive toxin from an /ktC mutant of M. haemolytica strain Al (SH 1562),
which produces an LKT protein with no biological activity (LKT},,,) (generously
provided by S. K. Highlander, Baylor College of Medicine, Houston, TX), was
prepared in a similar manner.

Cell lines, cell cultures, and antibodies. Nonadherent bovine lymphoblastoid
cells (BL-3 cells) and adherent murine macrophages (RAW 264.7 cells) (kindly
provided by Ronald Schultz, University of Wisconsin-Madison) were grown at
37°C in the presence of 5% CO, in RPMI medium supplemented with 10% fetal
bovine serum (Gibco BRL, Burlington, VT). Neutralizing anti-LKT monoclonal
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antibodies (MAbs) MM601 and MM605 were generous gifts from S. Srikumaran
(Washington State University, Pullman). Anti-dynamin-2 MADb, anti-cytochrome
¢ antibody (Ab), anti-pyruvate dehydrogenase Ab, anti-cyclophilin D Ab, and
anti-porin Ab were purchased from U.S. Biologicals (Swampscott, MA), Calbio-
chem (San Diego, CA), and Molecular Probes (Carlsbad, CA).

Isolation of mitochondria. BL-3 cells were incubated with 0.5 U of LKT or
LKT;, . for 30 to 60 min at 37°C, and their mitochondria were isolated as
described previously (4, 26). A crude mitochondrial preparation was immuno-
purified using anti-porin-2 Ab-coated agarose protein A/G beads (10 ug of MAb
on 50 pl of beads). The immunopurified mitochondrial pellet was boiled in
loading buffer for 2 min and loaded on a 4 to 15% sodium dodecyl sulfate
(SDS)-polyacrylamide gradient gel for electrophoresis. The resulting bands were
blotted onto a polyvinylidene difluoride membrane and analyzed by immuno-
blotting for LKT, cytochrome ¢, dynamin-2, or mitochondrion-specific porin-2
proteins.

LKT treatment of BL-3 cells. BL-3 cells (10° cells per ml) were incubated with
LKT (0.5 U) for 60 min, washed, and resuspended in antibiotic-free RPMI
medium. Cytotoxicity was quantified using the Cell Titre 96 AQ one-assay system
(Promega Corporation, Madison, WI). In some experiments mitochondria were
isolated from BL-3 cells as described above. Mitochondria were then incubated
with CSA (5 uM for 30 min at 37°C) or propranolol (200 pM for 30 min at 37°C)
in mitochondrial wash buffer before they were incubated with LKT (0.2 U) for 30
min at 37°C. The mitochondrial pellet was washed three times with mitochon-
drial wash buffer and then lysed before SDS-polyacrylamide gel electrophoresis
(PAGE) and Western immunoblotting were performed. To investigate the ef-
fects of actin polymerization in response to LKT, BL-3 cells were incubated in
RPMI medium with cytochalasin D (2 wg/ml; Sigma) for 1 h at 37°C. Following
this, the cells were incubated with LKT (0.5 U) for 1 h, and toxin internalization
and cytotoxicity were determined as described above.

siRNA inhibition of dynamin-2. Dynamin-2 was knocked down with small
interfering RNA (siRNA) designed for the sequence 5'-GGGATGTCCTGGA
GAACAA-3', using the T7 RiboMAX Express RNAi system (Promega Co.,
Madison, WI) as described previously (3).

Scanning electron microscopy. Mitochondria isolated from BL-3 cells treated
with LKT (0.5 U for 0.5 or 1 h at 37°C) were blocked with 3% bovine serum
albumin for 30 min at 25°C and incubated overnight with 18-nm colloidal gold-
labeled anti-LKT MAb MM601 at 4°C. The mitochondria were then processed
for scanning electron microscopy as described previously (4). Sample images
were obtained by using an accelerative voltage of 5 kV. Both secondary electron
microscopy imaging and back-scattered electron microscopy imaging were per-
formed using a Hitachi S-900 field emission scanning electron microscope
(Hitachi High Technologies, Pleasanton, CA).

Transmission electron microscopy. LKT-treated or control BL-3 cells were
fixed in modified Karnovsky’s fixative (2% glutaraldehyde, 2% paraformalde-
hyde) with 0.1 M cacodylate buffer for 1 h at 25°C, washed twice with 0.1 M
cacodylate buffer for 10 min, and stored overnight at 4°C in fresh buffer in a
refrigerator. Cells were then fixed with 2% OsO, buffer for 30 min, rinsed
twice with water for 10 min, and embedded in 3% agar. Each sample was
placed in 50% ethanol and dehydrated using a graded ethanol series (30 to
95% ethanol). The sample was treated with propylene oxide-100% ethanol
(1:1) for 10 min, incubated twice in propylene oxide for 5 min, and infiltrated
using a graded epoxy series (25 parts to 75 parts of propylene oxide) for 1 h.
Samples were then embedded in a fresh epoxy mixture and polymerized in a
60°C oven for 26 h.

Laser confocal microscopy. BL-3 cells were incubated with 0.5 U of LKT for
120 min at 37°C, fixed with 4% paraformaldehyde, washed three times with
phosphate-buffered saline (PBS), and permeabilized with cold acetone (—20°C)
for 10 min. Cells were washed three times with PBS and incubated with anti-LKT
MADb MM601, Mitotracker Red (Molecular Probes, Carlsbad, CA), or anti-
dynamin-2 MAb (U.S. Biologicals, Swampscott, MA). Cells were stained with
fluorescein isothiocyanate (FITC)- or Texas Red-tagged secondary antibodies
and visualized by confocal microscopy at emission wavelengths of 474 and 595
nm (Nikon C1 laser confocal microscope with fluorescent resonance energy
transfer).

Flow cytometry of purified mitochondria from LKT-treated BL-3 cells.
Mitochondria were purified from LKT-treated BL-3 cells as described above.
The mitochondria were fixed in 2% paraformaldehyde at 25°C for 15 min and
washed three times in PBS by using centrifugation at 10,000 X g. Fixed
mitochondria were then stained with anti-LKT FITC and Mitotracker Red
for 1 h and 10 min, respectively. After three washes in PBS, they were
analyzed by flow cytometry (BD Biosciences, Rockville, MD). Mitochondria
isolated from BL-3 cells that were not treated with LKT and mitochondria
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purified from LKT-treated BL-3 cells stained with an unrelated primary
antibody served as controls.

s, of LKT-treated BL-3 cells and purified mitochondria. Mitochondrial mem-
brane potential s,, was determined using JC-1 (5,5,6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolylcarbocyanine iodide/chloride) as described in the i,
detection kit protocol (Cell Technology Inc., Mountain View, CA). Briefly, 10°
BL-3 cells were washed and incubated with the JC-1 reagent at 37°C for 15 min
in a 5% CO, incubator. The cells were washed three times in PBS, and flow
cytometry was performed at an emission wavelength of 595 nm. BL-3 cells were
displayed and gated based on forward and side light scatter characteristics.
Purified mitochondria isolated from 10° LKT-treated BL-3 cells were analyzed
by flow cytometry in a similar manner. Mitochondria were gently fixed in 2%
paraformaldehyde for 15 min on ice, washed three times in PBS, and stained
simultaneously with FITC-tagged anti-LKT MAb and Texas Red-tagged anti-
porin-2 MADb overnight at 4°C. The mitochondrial pellet was washed three times
in PBS, and binding of LKT to mitochondria was analyzed using the Texas
Red-positive (i.e., porin-2-positive) mitochondrion population.

Protein (antibody and LKT) transfection into BL-3 and RAW 264.7 cells.
Anti-LKT, anti-B-actin, and anti-cyclophilin D Ab transfection into BL-3 cells
and LKT transfection into RAW 264.7 cells were performed using the Pro-ject
protein transfection reagent according to the manufacturer’s protocol (catalog
no. 89850; Pierce Biotechnology Inc., Rockford, IL). Briefly, approximately 10°
cells were serum starved for 1 h in Dulbecco modified Eagle medium at 37°C and
then incubated with Pro-ject-Ab or Pro-ject-LKT complexes (10 wl of Pro-ject
with 4 to 5 pg of Ab or 0.5 U of LKT) for 3 h at 37°C. BL-3 cells were washed
three times in Dulbecco modified Eagle medium, and isolation of mitochondria
or an LKT-mediated cytotoxicity assay was performed as described above. RAW
264.7 cells were fixed, permeabilized, and stained for LKT and mitochondria
(with Mitotracker Red) as described previously.

Immunoprecipitation of LKT-protein complexes. Agarose protein A/G beads
(50 pl) were coated with anti-LKT MADb by incubating them with 20 pg of MAb
in PBS for 1 h at 25°C. The beads were washed three times in PBS and then
incubated with LKT (10 pl) and purified mitochondrial lysate (preabsorbed with
agarose protein A/G beads) overnight at 4°C. Following incubation, the beads
were washed five times with 0.05% Triton-X-PBS wash buffer, and protein was
eluted by boiling the preparation with 5% SDS. The elute was subjected to
SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and probed
for LKT and cyclophilin D. A separate SDS-PAGE gel stained with Coomassie
blue contained two bands at molecular weights corresponding to the molecular
weights of LKT and cyclophilin D (data not shown).

Statistical analysis. Group means were compared by analysis of variance.
Relevant comparisons were made using the Tukey-Kramer test as performed by
the Instat statistical package (GraphPad, San Diego, CA). The level of statistical
significance used was a P value of <0.05.

RESULTS

LKT detection in mitochondrial lysates and on mitochon-
dria from LKT-treated BL-3 cells. We previously reported that
mitochondria from LKT-treated BL-3 cells exhibited gross
morphological changes in the outer membrane that were larger
than typical permeability transition pores (PTPs) (4). To in-
vestigate this process further, we immunopurified mitochon-
dria from BL-3 cells incubated with LKT or LKT;, .., prepared
mitochondrial lysates, and analyzed for LKT binding by immu-
noblotting. The presence of porin-2 (a mitochondrion-specific
protein) bands and the absence of B-actin bands on immuno-
blots confirmed that there was no cytosolic contamination of
the mitochondrial preparations (data not shown). Substantial
amounts of LKT but not LKT;,.., (data not shown) were de-
tected in the mitochondrial lysates of BL-3 cells after 30 to 60
min of incubation. The estimated molecular mass of the LKT
band on a Western blot was ~104 kDa, which is consistent with
the molecular mass of full-length LKT and suggests that LKT
does not undergo cleavage or processing during binding to
mitochondria (Fig. 1A; also see Fig. S1 in the supplemental
material). Protein transfection of BL-3 cells with anti-LKT
MAbs MM601 and MM605 inhibited binding of LKT to mi-
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FIG. 1. LKT binds to mitochondria from BL-3 cells and RAW
264.7 cells. (A) Immunopurified mitochondria from 10° BL-3 cells
were incubated for 30 to 60 min with LKT (0.5 U). Lysates were
prepared and immunoblotted for LKT and the mitochondrion-specific
porin-2 protein. Con, control. (B) BL-3 cells were protein transfected
with anti-LKT MAbs (5 pg of MM601 or MM605) or with anti-B-actin
MAD as a negative control using the Pro-ject protein transfection
reagent. The cells were then incubated with LKT (0.5 U) for 1 h.
Mitochondria were immunopurified and lysed, and the lysates were
immunoblotted for LKT and porin-2. (C) Single BL-3 cell stained for
LKT (green), mitochondria (red), and colocalization of LKT with
mitochondria (yellow). (D) RAW 264.7 cells were protein transfected
with LKT (0.5 U) using the Pro-ject protein transfection reagent and
stained for LKT (green) and mitochondria (red) as described above.
Colocalization of LKT with mitochondria is indicated by yellow.
Bars = 10 pm.

tochondria within the cell (Fig. 1B; also see Fig. S1 in the
supplemental material).

Next we performed a confocal microscopy analysis of LKT
trafficking within BL-3 cells. BL-3 cells were incubated with
LKT for 30 min and then permeabilized and stained with
anti-LKT FITC to detect LKT and with Mitotracker Red to
detect mitochondria. Fifty randomly selected BL-3 cells were
spatially scanned to determine the positions of LKT (green)
and mitochondria (red), and the degree of colocalization was
calculated to be 58% * 6.2% (mean = standard error of the
mean of three separate experiments with a probability of co-
localization error of <5%) using Image J software (NIH; http:
//rsb.info.nih.gov/ij/) (Fig. 1C). Interestingly, there was LKT
binding to the mitochondria when they were protein trans-
fected with LKT in RAW 264.7 cells (a murine macrophage
cell line), which are normally resistant to LKT (Fig. 1D).

LKT detected on the mitochondrial surface. To visualize
LKT binding to individual mitochondria, we performed a scan-
ning electron microscopy analysis of mitochondria purified
from LKT-treated BL-3 cells, using colloidal gold-labeled anti-
LKT MAD. Clusters of 18-nm gold particles were found to be
distributed over the mitochondrial surface. Punched-out le-
sions (diameter, 50 to 150 nm) were observed with gold parti-
cles on the periphery (Fig. 2A and B). The mitochondrial
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FIG. 2. LKT on mitochondria isolated from BL-3 cells detected
by scanning electron microscopy and transmission electron micros-
copy. Mitochondria isolated from BL-3 cells were incubated with
0.5 U LKT (A and B) or RPMI medium (control) (C), stained with
anti-LKT colloidal gold, and visualized by scanning electron micros-
copy. The micrographs show areas of LKT binding (clusters of gold
beads in panels A and B) and sloughing of the MOM, leaving
punched-out areas (arrows in panels A and B). (D) Mitochondrion
with a disrupted outer membrane and cristae (black arrows) and
normal mitochondrion with an intact double membrane (white ar-
row). Bars = 200 nm.

surface was very irregular, and there were regions where there
was sloughing. Transmission electron microscopy of BL-3 cells
incubated with LKT showed that there was partial to complete
disruption of the mitochondrial outer and inner membrane
architecture (Fig. 2D). In contrast, some mitochondria had a
normal surface and internal architecture (Fig. 2D).

Flow cytometry detection of LKT on mitochondria isolated
from LKT-treated BL-3 cells. To quantify LKT binding to
individual mitochondria, we performed a flow cytometry anal-
ysis of purified mitochondria from LKT-treated BL-3 cells that
were double labeled with FITC-tagged anti-LKT MAb and
mitochondrion-specific Mitotracker Red. The data obtained
suggest that about 69% of the total mitochondrial population
had LKT bound to the surface (Fig. 3).

CSA protects mitochondria against LKT-mediated damage.
The data described above suggest that LKT binds to and dam-
ages the MOM. We used two pharmacological stabilizers of
MOM (CSA and propranolol) to investigate damage to MOM
caused by LKT. Pretreating BL-3 cells with CSA inhibited
LKT-mediated killing of BL-3 cells by about 50%, whereas
propranolol had no effect (Fig. 4A). Because CSA has other
effects on cells (27, 57), we purified mitochondria from BL-3
cells, preincubated them with CSA or propranolol, and then
incubated them briefly with LKT. Cell-free mitochondria pre-
incubated with CSA, but not cell-free mitochondria preincu-
bated with propranolol, were protected from LKT-mediated
damage to the MOM and cytochrome c release (Fig. 4B; also
see Fig. S2 in the supplemental material). Next, we investi-
gated the effect of CSA on LKT-induced changes in {5, by
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FIG. 3. LKT detected by flow cytometry of purified mitochondria
from LKT-treated BL-3 cells. Mitochondria were stained with Mito-
tracker Red and FITC-conjugated anti-LKT MAbD. (A) Mitochondria
with positive staining for both LKT and Mitotracker Red. (B and C)
Mitochondria from BL-3 cells not treated with LKT (B) and mito-
chondria from LKT-treated cells stained with Mitotracker Red and an
isotype-matched primary Ab as controls (C). The data represent the
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staining cells with JC-1, a red fluorescent dye that is a sensitive
indicator for {,,, Preincubation of BL-3 cells with CSA signif-
icantly inhibited the LKT-mediated reduction in {,,,, presum-
ably as a result of its ability to prevent mitochondrial mem-
brane damage (Fig. 4C and D).

Mobilization of dynamin-2 in LKT-treated BL-3 cells. We
previously reported that the vesicle scission protein dynamin-2
is important for LKT internalization and cytotoxicity in BL-3
cells. Here we observed mobilization of dynamin-2 to the pe-
riphery of the cell within 30 min after LKT treatment and
dispersion of membrane-bound dynamin-2 into the cytoplasm
by 60 min (Fig. 5A). Interestingly, we also found that dy-
namin-2 was significantly depleted in mitochondrial lysates
from LKT-treated BL-3 cells (Fig. 5B).

We next investigated whether CSA inhibits binding of LKT
to mitochondria. Incubation of BL-3 cells with CSA (5 uM)
depleted mitochondrial dynamin-2 in a time-dependent man-
ner (Fig. 5C). Furthermore, the translocation of dynamin-2
from mitochondria in response to LKT was augmented by
pretreating BL-3 cells with CSA. Thus, pretreatment of BL-3
cells with CSA both depleted mitochondrial dynamin-2 and
significantly inhibited LKT binding to mitochondria (Fig. 5C
and D). Dynamin-2 was detected in mitochondrial fractions
but not in membrane or cytoplasmic fractions from untreated
BL-3 cells (data not shown).

Cytoskeletal actin and dynamin-2 are responsible for LKT
targeting to mitochondria. We previously observed that actin

results of three similar experiments that were performed.
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FIG. 4. CSA protects BL-3 cells against LKT-mediated cytotoxicity, mitochondrial membrane damage, and collapse of s,,,. (A) BL-3 cells (10°
cells) were preincubated with CSA (2 or 5 pM) for 30 min before incubation with LKT (0.5 U) for 60 min. Cytotoxicity was measured using the
Cell Titre 96 AQ one-assay system. (B) Mitochondria were immunopurified from untreated BL-3 cells, preincubated with CSA (5 wM) or with
propranolol (Prop) (200 uM), and then incubated with LKT (0.2 U) for 30 min at 37°C. Immunoblot analysis of the resulting mitochondrial lysates
demonstrated that CSA, but not propranolol, protected against LKT-mediated mitochondrial cytochrome ¢ (Cyt c) release. Con, control. (C and
D) BL-3 cells were preincubated with CSA or medium (control) and then incubated with LKT (0.5 U) for 1 h. Cells were then incubated with JC-1,
a {i,,,-sensitive dye, at 37°C for 15 min and washed three times in PBS. Aggregated intramitochondrial JC-1 is red, and the monomeric cytoplasmic
form is green. BL-3 cells were then analyzed by flow cytometry in the FL2 channel (absorption and emission maxima at 580 and 595 nm,
respectively). The results show that CSA protected against collapse of {s,,. The bars in panel D indicate the means of three separate experiments,
and the error bars indicate the standard errors of the means. *, P < 0.05.
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FIG. 5. Movement of dynamin-2 to the cell periphery in LKT-treated BL-3 cells. (A) BL-3 cells (10° cells) were incubated with LKT (0.5 U)
for 30 or 60 min and then fixed, permeabilized, stained for cytoplasmic dynamin-2 (arrows), and visualized by confocal microscopy. (B) BL-3 cells
were incubated with CSA (5 pM for 30 or 60 min at 37°C). Mitochondria were isolated and lysed, and the lysates were immunoblotted for
dynamin-2 and porin-2. (C) BL-3 cells preincubated with CSA were treated with LKT for 30 or 60 min. Their mitochondria were then isolated and
lysed, and the lysates were immunoblotted for LKT, dynamin-2, and porin-2. (D) Mitochondrial (Mito) dynamin-2 and LKT levels in immunoblots
as determined by densitometry. The bars indicate the means of three separate experiments, and the error bars indicate the standard errors of the

means (¥, P < 0.05). OD, optical density.

and dynamin-2 are responsible for surface trafficking and in-
ternalization of LKT in BL-3 cells (3). To investigate whether
B-actin polymerization plays a role in LKT trafficking to mito-
chondria, we depolymerized B-actin in BL-3 cells by treating
the cells with cytochalasin D or when dynamin-2 was knocked
down with siRNA before incubating the cells with LKT. Mi-
tochondria isolated from BL-3 cells in which B-actin was de-
pleted or in which dynamin-2 was knocked down showed sig-
nificantly less LKT binding than mitochondria from control
BL-3 cells (Fig. 6B and C; also see Fig. S3 in the supplemental
material).

LKT binds to the mitochondrial the matrix protein cyclo-
philin D. CSA binds to the mitochondrial matrix protein cy-
clophilin D and inhibits permeability transition and mitochon-
drion-dependent apoptosis (6, 33). Because CSA inhibits
targeting of LKT to mitochondria from BL-3 cells, we investi-
gated the possibility that LKT binds to the mitochondrial ma-
trix protein cyclophilin D. Protein transfection of anti-cyclo-
philin D Abs (10 wg) into BL-3 cells inhibited LKT-mediated
cytotoxicity and release of cytochrome ¢ from mitochondria,

whereas transfection with control B-actin Abs had no effect
(Fig. 7A, B, and C; also see Fig. S4 in the supplemental ma-
terial). In an immunoblot investigation, we coimmunoprecipi-
tated cyclophilin D with LKT from BL-3 cell mitochondrial
lysates (Fig. 7D). Furthermore, we were able to inhibit binding
of LKT to purified mitochondria by preincubating them with
CSA, which is known to bind mitochondrial cyclophilin D (Fig.
7E; also see Fig. S4 in the supplemental material).

DISCUSSION

Numerous mechanisms have been suggested for how bacte-
rial toxins kill susceptible mammalian cells. Several recent
studies demonstrated the importance of mitochondrial target-
ing of toxins produced by H. pylori, C. difficile, and S. aureus to
mitochondria (56). In these cases toxin-mediated cell death
was caspase independent and did not result in typical PTPs in
the MOM (14, 18).

Previously, we reported that M. haemolytica LKT induces
apoptosis of BL-3 cells in a caspase-9-dependent manner and
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FIG. 6. Dynamin-2 and -actin are required for targeting of LKT
to mitochondria. (A) Representative immunoblot of cell lysates from
BL-3 cells transfected with dynamin-2 siRNA, untreated cells (control
[Con cells]), or cells transfected with scrambled siRNA (Con siRNA).
(B) BL-3 cells were transfected with dynamin-2 siRNA or scrambled
siRNA or were not treated (Con Cells) before incubation with LKT
(0.5 U) at 37°C for 1 h. Mitochondria were purified and lysed, and the
lysates were immunoblotted for LKT and porin-2 (mitochondrial
marker). (C) BL-3 cells were pretreated with cytochalasin D (CytD) (2
pg/ml for 1 h at 37°C) before they were treated with LKT. Mitochon-
dria were then isolated and immunoblotted for LKT and porin-2. The
controls included cells treated with cytochalasin D alone and untreated
BL-3 cells.

that in mitochondria isolated from LKT-intoxicated BL-3 cells
there was gross damage to the MOM (4). Based on these
observations, we hypothesized that LKT is transported into the
cell and binds directly to mitochondria. In the present study,
we first demonstrated that full-length LKT protein could be
identified in purified mitochondrial lysates from LKT-treated
BL-3 cells (Fig. 1A). Transfection of anti-LKT antibodies into
BL-3 cells prevented binding of LKT to mitochondria. Confo-
cal microscopy and flow cytometry confirmed that 58 to 70% of
the mitochondria had LKT bound to their surfaces (Fig. 1C).
As anticipated, the mitochondria to which LKT was bound
were localized predominantly in the region of the cell where
cytoplasm is abundant. Scanning electron microscopy con-
firmed that clusters of LKT were distributed along the edge of
punched-out lesions in the MOM (Fig. 2A and B), suggesting
that there is a relationship between clustering of LKT and the
nature of lesions in the MOM. Interestingly, we observed that
once transfected into cells, LKT binds to mitochondria of
RAW 264.7 cells (a murine macrophage cell line). This sug-
gests that mitochondria from different species have some struc-
ture that facilitates binding of LKT (Fig. 1D).
Oligomerization of proapoptotic proteins belonging to the
Bcl-2 family, such as Bax and Bak, is responsible for formation
of PTPs in mitochondria (7, 20, 22, 25, 37, 39, 40, 50). These
PTPs release cytochrome ¢, AIF, Smac and EndoG from the
intermembrane space of mitochondria, leading to apoptosis of
the cells (2, 11, 23, 43, 48). In the present study, binding of
LKT to the MOM resulted in lesions much larger (~100 nm)
than PTPs (~10 nm), which might have accelerated apoptosis.
Numerous pharmacological substances stabilize the MOM
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by altering its physiochemical properties (36). Two such agents
are CSA and propranolol, both of which inhibit apoptosis by
preventing opening of PTPs in mitochondria (5, 15, 17, 32).
We found that addition of CSA reduced LKT-induced cy-
tochrome ¢ release by about 65% but had a smaller effect on
the collapse of Ay, which suggests that events other than
direct binding of LKT to mitochondria might contribute to
the reduction in Ays,,,. This inference is consistent with the
hypothesis that A{s,, may be a more sensitive marker than
cytochrome ¢ for mitochondrial function. The relationship
between Ay, and cytochrome ¢ in mitochondrial dysfunc-
tion is complex and variable. For example, in cerebellar
neurons, cytochrome c is released before any detectable
changes in Ay, (29, 41, 47, 55).

Our data contrast with the finding in a previous report that
CSA did not protect mitochondria against H. pylori VacA
toxin, which causes mitochondrial damage without inducing a
permeability transition (56). In vitro studies with synthetic lipid
membranes revealed that CSA changes the membrane curva-
ture from a rectangular form to an inverted-cone form that
resists insertion of proapoptotic molecules into the MOM (21).
CSA is a known ligand for cyclophilin D, a mitochondrial
matrix protein belonging to the peptidyl-prolyl cis,trans-
isomerase family that is associated with mitochondrial voltage-
dependent ion channels. CSA prevents opening of the PTPs
and release of cytochrome c into the cytoplasm in response to
binding of the proapoptotic proteins Bax and Bak (12, 16, 42,
52). Perhaps the ability of CSA to protect mitochondria is not
limited to inhibition of the opening of PTPs but instead rep-
resents a general strengthening of the physical properties of
the MOM. The ability of CSA to inhibit binding of LKT to
purified mitochondria raises the possibility that mitochondrial
binding of LKT involves cyclophilin D. Because cyclophilin D
is a mitochondrial matrix protein, it is not clear whether LKT
is transported through PTPs into mitochondria or LKT binding
to cyclophilin D is secondary to MOM damage. Our observa-
tion that LKT binding to mitochondria is inhibited by CSA and
anti-cyclophilin D suggests that LKT might act as a microbial
ligand for cyclophilin D.

Our results also suggest that the role of dynamin-2 in
LKT-mediated cytotoxicity is complex. Dynamin-2 is a ves-
icle scission protein that is required for both clathrin- and
caveola-mediated internalization of LKT (3, 35). Most
mammalian mitochondrial membranes (both inner and
outer membranes) and the trans-Golgi network are rich in
dynamin-2 (49, 54). In the present study, we observed that
mitochondria are an important source of dynamin-2 in BL-3
cells. In contrast, virtually undetectable amounts of dy-
namin-2 were present in the extramitochondrial cytoplasmic
fractions (data not shown). We observed that dynamin-2 was
mobilized from mitochondria to the cell periphery in LKT-
treated BL-3 cells in a time-dependent manner. Perhaps
trafficking of dynamin-2 molecules to the cell membrane
amplifies internalization of LKT into cells.

Our observation that CSA depletes dynamin-2 from mito-
chondria and protects BL-3 cells against LKT-mediated cyto-
toxicity provides evidence for the role of dynamin-2 in LKT
targeting to mitochondria. We propose that while LKT mobi-
lizes mitochondrial dynamin-2 to the cell membrane, pretreat-
ment of BL-3 cells with CSA depletes the mitochondria of
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FIG. 7. LKT binds to the mitochondrial matrix protein cyclophilin D. (A) BL-3 cells were protein transfected with anti-cyclophilin D Ab
(5 and 10 pg) and then incubated with LKT (0.5 U for 1 h at 37°C), and cytotoxicity was measured as described previously. BL-3 cells
transfected with anti-cyclophilin D Ab (10 wg) alone or LKT-treated untransfected cells served as controls. (B) BL-3 cells were protein
transfected with anti-cyclophilin D Ab (5 or 10 pg) or anti-B-actin MAb (unrelated Ab control) and then incubated with LKT (0.5 U for 1 h
at 37°C). BL-3 cells incubated with LKT alone (Con LKT) and untreated BL-3 cells served as controls. Mitochondria were then purified,
lysed, and immunoblotted for LKT and porin-2. (C) BL-3 cells were protein transfected with anti-cyclophilin D Ab or anti-B-actin MAb
(unrelated control Ab) and incubated with LKT (0.5 U for 1 h at 37°C). Mitochondria were isolated and lysed, and the lysates were
immunoblotted for cytochrome ¢ (Cyt C) and porin-2. (D) LKT was bound to agarose protein A/G beads coated with anti-LKT Ab and
incubated overnight at 4°C with a preabsorbed mitochondrial lysate (Mito lysate) from untreated BL-3 cells. The beads were then washed
five times in 0.05% Triton X-100-PBS wash buffer, and proteins were eluted with Laemmli buffer. The eluates were immunoblotted for
cyclophilin D and LKT. LKT bound to agarose protein A/G beads alone and mitochondrial lysate from untreated BL-3 cells served as
controls. (E) Immunoblot demonstrating that preincubation with CSA (5 uwM for 30 min at 37°C) reduced binding of LKT (0.5 U for 30 min

at 37°C) to purified mitochondria from untreated BL-3 cells.

dynamin-2 that is otherwise available for LKT trafficking into
the cell. Thus, CSA seems to have two mechanisms for pro-
tection against LKT-induced mitochondrial damage in BL-3
cells. First, it inhibits trafficking of LKT by depleting dy-
namin-2; and second, it competes with LKT for binding to
cyclophilin D.

In summary, the mechanisms of LKT-induced target cell
death are complex. As shown previously, LKT binds LFA-1
and moves into lipid rafts that facilitate its internalization (3).
LKT then traffics to the MOM, which in turn results in release
of cytochrome ¢ and a reduction in Ays,,. The ability of CSA to
prevent LKT-induced mitochondrial damage and the ability of
LKT to localize with cyclophilin D suggest that LKT targets
mitochondrial cell death as part of the mechanism of action.
To our knowledge, this is the first report that any of the RTX
toxins, which are produced by bacterial pathogens of both
humans and animals, cause cell death by targeting mitochon-
dria.
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