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Mannheimia haemolytica is a key pathogen in the bovine respiratory disease complex. It produces a leuko-
toxin (LKT) that is an important virulence factor, causing cell death in bovine leukocytes. The LKT binds to
the 3, integrin CD11a/CD18, which usually activates signaling pathways that facilitate cell survival. In this
study, we investigated mechanisms by which LKT induces death in bovine lymphoblastoid cells (BL-3).
Incubation of BL-3 cells with a low concentration of LKT results in the activation of caspase-3 and caspase-9
but not caspase-8. Similarly, the proapoptotic proteins Bax and BAD were significantly elevated, while the
antiapoptotic proteins Bcl-2, Bcly; and Akt-1 were downregulated. Following exposure to LKT, we also
observed a reduction in mitochondrial cytochrome ¢ and corresponding elevation of cytosolic cytochrome c,
suggesting translocation from the mitochondrial compartment to the cytosol. Consistent with this observation,
tetramethylrhodamine ethyl ester perchlorate staining revealed that mitochondrial membrane potential was
significantly reduced. These data suggest that LKT induces apoptosis of BL-3 cells via a caspase-9-dependent
mitochondrial pathway. Furthermore, scanning electron micrographs of mitochondria from LKT-treated BL-3
cells revealed lesions in the outer mitochondrial membrane, which are larger than previous reports of the

permeability transition pore through which cytochrome c is usually released.

Mannheimia (Pasteurella) haemolytica is the principal bacte-
rial pathogen of the bovine respiratory disease complex (23,
49). Among the most important virulence factors produced by
this pathogen is a 104-kDa leukotoxin (LKT) that both acti-
vates and Kkills bovine leukocytes (2, 41). The M. haemolytica
LKT is a member of the “repeats in toxin” (RTX) family of
gram-negative bacterial exotoxins (34). It has been demon-
strated that M. haemolytica LKT binds to the B, integrin
CD11a/CD18 (also known as leukocyte functional antigen 1
[LFA-1]) (2, 15, 21). Paradoxically, LFA-1 is usually a survival
receptor whose signaling pathways protect cells against death
(31,37, 41). It is not clear how binding of LKT to LFA-1 results
in apoptosis of bovine leukocytes.

The molecular mechanisms leading to apoptosis are com-
plex. There are two major pathways that initiate apoptosis in
cells (3, 7, 14). The first involves ligand binding to a death
receptor (e.g., Fas or tumor necrosis factor receptor) that
initiates a signaling pathway, which activates caspase-8 (5, 19).
The second pathway involves mitochondrial activation of
caspase-9. Both activated caspase-8 and caspase-9 can then
activate the effector caspase-3 that cleaves macromolecules,
leading to apoptotic cell death (35, 42). The caspase-9-depen-
dent mitochondrial pathway is induced by cellular stress, which
results in deployment of an array of proapoptotic members of
the Bcl-2 family of proteins (e.g., BAD and Bax) to the outer
mitochondrial membrane (OMM) (4, 52, 54). This destabilizes
the membrane, resulting in pore formation and release of
cytochrome ¢ (cyt c¢) from the mitochondria, which in turn
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activates caspase-9 (11, 18, 51). During this process, the OMM
also becomes permeable to other apoptogenic proteins, such as
Smac/DIABLO (for second mitochondrion-derived activator
of caspase/direct inhibitor of apoptosis-binding protein with
low pI), apoptosis-inducing factor, and endonuclease G (1).

In this study, we attempted to identify the pathway by which
M. haemolytica LKT causes apoptosis in of bovine leukocytes,
using the susceptible BL-3 bovine lymphoblastoid cell line as a
model system. We show that M. haemolytica LKT binding
results in elevation of caspase-9 and the proapoptotic proteins
Bax and BAD and a comparable decrease in the antiapoptotic
proteins Bcl-2, Bely,, and Akt-1. We also used the mitochon-
drial redox potential sensitive agent tetramethylrhodamine
ethyl ester perchlorate (TMRE) to assess mitochondrial tran-
sition pore changes in response to LKT and scanning electron
microscopy (EM) to evaluate morphological changes in mito-
chondria from LKT-treated cells. Our findings suggest that
mitochondrial dysfunction is associated with LKT-mediated
apoptosis.

MATERIALS AND METHODS

LKT production and purification. Crude LKT was prepared as described
previously (29). Briefly, M. haemolytica Al was inoculated onto blood agar
(Remel, Lenexa, KS) and incubated overnight at 37°C. The bacteria were washed
from the agar surface with 10 ml of brain heart infusion broth containing 0.5%
yeast extract (Difco, Detroit, Mich.) and incubated at 37°C for 1 h while being
rotated (8 rpm) in 15-ml polypropylene tubes. A 10-ml aliquot of this suspension
was then used to inoculate 200 ml of brain heart infusion broth-0.5% yeast
extract in a 500-ml flask, which was incubated for 2 h at 37°C with shaking (120
rpm). The bacteria were collected by centrifugation (1,600 X g for 15 min),
resuspended in 200 ml of RPMI 1640 supplemented with L-glutamine (4.0 mM),
and incubated on a shaker apparatus (at 120 rpm) for 4 h at 37°C. The bacteria
were pelleted by centrifugation (1,600 X g for 20 min), and the crude LKT-
containing supernatant was collected and passed through a 0.45-mm-pore-size
bottletop filter (Nalgene, Rochester, N.Y.) to remove any residual bacteria.
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FIG. 1. Cytotoxicity of M. haemolytica LKT for BL-3 cells. In panel
A, 10° BL-3 cells were incubated at 37°C with 0.2 U of M. haemolytica
LKT or LKT prepared from the /ktC gene mutant for the designated
time periods. Cells were washed three times with RPMI, and viability
was assessed as described in Materials and Methods. LKT preincu-
bated with 5 pl of anti-LKT MAb (MM601) or preincubating BL-3
cells with 5 pl anti-CD11a/CD18 (BAT?75) blocked LKT-mediated
cytotoxicity. LKT pretreated with 10 pg/ml polymyxin B (Poly-B) did
not diminish cytotoxicity, suggesting that LPS was not responsible for
cell death. The inactive LKT produced by the /ktC gene mutant did not
cause any cytotoxicity when incubated with BL-3 cells for 6 h at 37°C.
(B) BL-3 cells were incubated for 6 h with the indicated amounts of
LKT. The figure illustrates the mean * standard error of the mean
(SEM) for five separate experiments (*, P < 0.05).

Aliquots of crude LKT were concentrated with an Amicon ultrafiltration unit
equipped with a 62-mm-diameter XM-50 ultrafiltration membrane. The volume
was then reduced to 10 to 20 ml over a 2- to 3-h period by application of a
transmembrane pressure of 60 Ib/in® with nitrogen gas. To remove lipopolysac-
charide (LPS), the partially purified LKT was treated with sodium dodecyl
sulfate (SDS) (final concentration of 0.4%), and the LPS and SDS were removed
by passing the LKT preparation sequentially through SDS-Out reagent and
Detoxi-Gel columns (Pierce, Rockford, IL), respectively. LPS content in the
LKT preparation was <0.2 endotoxin units (EU)/ml as determined by a Limulus
amebocyte assay (Bio-Whittaker, Walkersville, Md.). In addition, we observed
no extraneous protein bands on a silver-stained SDS-polyacrylamide gel electro-
phoresis (PAGE) gel.

One unit of LKT activity was defined as the LKT dilution causing 50% killing
of BL-3 cells (10° cells suspended in 1 ml of RPMI 1640 medium) when incu-
bated at 37°C for 1 h, as determined by trypan blue exclusion. LKT was stored at
—70°C until used in experiments. An [/ktC gene mutant of M. haemolytica (SH
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FIG. 2. M. haemolytica LKT activates caspase-3 and caspase-9 but
does not increase caspase-8 activity or LDH release in BL-3 cells. BL-3
(10°) cells were incubated at 37°C with LKT (0.2 U) or LKT prepared
from lktC gene mutant for the designated time periods. The cells were
washed three times with RPMI and lysed, and caspase-8 and caspase-9
(A) and caspase-3 (B) activity assays were performed. Some cultures of
BL-3 cells were preincubated with 50 uM of a caspase-8 inhibitor
(Z-EITD-fmk), caspase-9 inhibitor (Z-LEHD-fmk), or a caspase-3 and
caspase-7 inhibitor (Z-VAD-fmk) for 1 h at 37°C before the addition
of LKT for 6 h. Incubating BL-3 cells with 0.3 WM staurosporine for 1 h
at 37°C served as a positive control for apoptosis. (C) LDH release
assay showed no significant release of LDH in BL-3 cells treated with
0.2 U of LKT for the designated time periods. The data illustrate the
mean * SEM for five separate experiments (¥, P < 0.05).

1562) that produces a LKT protein with no biological activity (generously pro-
vided by S. V. Highlander, Houston, TX) was prepared in a manner similar to
that for wild-type M. haemolytica strain Al.

Cell line and cell culture. BL-3 cells were used as a target for LKT-mediated
killing in this study (kindly provided by Ron Schultz, Madison, WI). These
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FIG. 3. M. haemolytica LKT upregulates the proapoptotic proteins BAD and Bax. BL-3 cells (10°) were incubated with LKT (0.2 U) for the
designated time periods at 37°C. Cells were washed three times with RPMI and lysed with Triton-X lysis buffer at 4°C for 20 min, and Western
immunoblotting was performed for BAD, Bax, and B-actin. (B) Images shown were quantified with a densitometer. The data are presented as

means * SEM of three separate experiments (*, P < 0.05).

nonadherent cells were grown at 37°C in 5% CO, in RPMI medium supple-
mented with 10% fetal bovine serum (Gibco BRL, Burlington, VT).

Cell proliferation assays. BL-3 cells (10° cells per ml) were washed, resus-
pended in antibiotic-free RPMI, and incubated at 37°C with 0.2 U of LKT for the
designated time periods. Cell proliferation was quantified using the Cell Titer 96
AQueous One assay system (Promega Cooperation, Madison, WI). Optical den-
sity of the color change in the assay reagent was measured at 450 nm using an
automated enzyme-linked immunosorbent assay reader (Mini plate EL 312;
Bio-Tek Instruments, Inc., Winooski, VT).

Caspase-3, caspase-8, caspase-9, and LDH assays. BL-3 cells (10° per ml)
were incubated at 37°C with 0.2 U of LKT or with the inactive LKT produced by
the /ktC mutant for the designated time periods; caspase-3, caspase-8, and
caspase-9 colorimetric assays were performed according to protocols provided by
the commercial supplier (G7792, Promega Cooperation, Madison, Wis., and
BF4100 and BF10100, R&D Systems, Minneapolis, MN, respectively). These
colorimetric assays quantify the enzymatic activity of caspases in apoptotic cells
by addition of a synthetic peptide that upon cleavage by its specific caspase
undergoes a color change detected at the appropriate wavelength. In some
experiments, BL-3 cells were incubated with 25 pM pan-caspase inhibitor (Z-
VAD-fmk), 50 uM of caspase-8 inhibitor (Z-EITD-fmk), or caspase-9 inhibitor
(Z-LEHD-fmk) before incubation with LKT. Incubation of BL-3 cells with
staurosporine (0.3 pM) for 1 h at 37°C served as a positive control for apoptosis
(R&D systems, Minneapolis, MN). In some experiments, lactate dehydrogenase
(LDH) release was quantified on BL-3 cells incubated with 0.2 U of LKT for the
designated time periods, according to the manufacturer’s protocol (Promega
Cooperation, Madison, WI).

Western immunoblotting. Protein samples from LKT-treated BL-3 cells (70
ng/lane) were boiled in Laemmli loading buffer containing sodium dodecyl
sulfate before being subjected to SDS-PAGE and transferred onto a polyvinyli-
dene difluoride membrane (Millipore, Netean, Ontario, Canada). After being
blocked overnight in Tris-buffered saline-Tween-5% skimmed milk, membranes
were washed and incubated at room temperature for 1 h with anti-Bcl-2, anti-
Bax, anti-BAD, anti-phospho-Akt-1 (Ser473), or anti-cytochrome ¢ antibodies

(Calbiochem, EMD Biosciences, Inc., La Jolla, CA). After being washed, mem-
branes were incubated with horseradish peroxidase-conjugated secondary anti-
bodies, and proteins were visualized by enhanced chemiluminescence (ECL,
Western Chemiluminescence Reagent Plus; Pierce, Rockford, Ill.). Western
blots were then stripped using Restore Western blot stripping buffer (Pierce,
Rockford, Ill.), and membranes were reprobed with anti-B-actin, anti-Akt-1, or
anti-porin polyclonal antibody (Santa Cruz Biotechnology, Inc., CA, and Molec-
ular Probes, Inc., Eugene, OR). The resulting bands were quantified with a
Personal Densitometer SI (Molecular Dynamics, Sunnyvale, CA).

Isolation of mitochondria. BL-3 cells were incubated with 0.2 U of LKT for 4 h
at 37°C, and their mitochondria were isolated as described previously (26).
Briefly, BL-3 cells were lysed for 5 min in a buffer containing 100 mg/ml digito-
nin, 250 mM sucrose, 20 mM HEPES (pH 7.4), 1.5 mM MgCl,, 10 mM KCl, 1
mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, and 10 mg/ml each of the protease inhibitors aprotinin, pepstatin, and
leupeptin. Cells were centrifuged at 200 X g for 10 min at 4°C to remove cell
nuclei. The supernatant was transferred to a fresh tube and centrifuged at 10,000
X g for 15 min at 4°C. The pelleted mitochondria were washed twice with the
same buffer without digitonin, EGTA, and EDTA. The mitochondrial pellet was
boiled in loading buffer for 2 min, loaded on a 4 to 15% SDS-PAGE gradient gel,
and subjected to electrophoresis. The resulting bands were blotted onto polyvi-
nylidene difluoride membrane and analyzed by immunoblotting for cytochrome
c.

TMRE staining. BL-3 cells were incubated with 0.2 U of LKT and then stained
with TMRE as recommended by the supplier (Molecular Probes, Inc., Eugene,
OR) to evaluate mitochondrial activity. Fluorescent microscopy was performed
at an emission of 575 nm. Fluorescent images of mitochondrial flickers from
TMRE staining were analyzed and processed using the Image J system (National
Institutes of Health; http://rsb.info.nih.gov/ij).

Scanning EM. Mitochondria isolated from LKT-treated BL-3 cells (0.2 U for
6 h) were processed for scanning EM as described previously. Briefly, samples
were fixed in 2% gluteraldehyde, dehydrated through an ethanol series (30, 50,
70, 80, 90, and 95%), and washed three times in 100% ethanol. The samples were
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FIG. 4. M. haemolytica LKT downregulates the antiapoptotic proteins Bcl-2 and Bely, . BL-3 cells were incubated with LKT (0.2 U) for the
designated time periods at 37°C. Cells were washed three times with RPMI, lysed with Triton-X lysis buffer at 4°C for 20 min, and Western
immunoblotting was performed for Bcl-2, Bely,, and B-actin. (B) Images shown were quantified with a densitometer; the data are illustrated as

means = SEM of three separate experiments (*, P < 0.05).

then dried at a critical point and coated with platinum using an ion beam.
Samples were imaged at 5 kV with both secondary and backscattered electrons
with a Hitachi S-900 field-emission scanning EM (Hitachi High Technologies,
Pleasanton, CA).

Statistical analysis. Group means were compared by analysis of variance and
the Turkey-Kramer pairwise comparison test, using the Instat statistical package
(GraphPad, San Diego, CA). The level of statistical significance was set at P <
0.05.

RESULTS

Cytotoxic activity of M. haemolytica LKT for BL-3 cells. We
first examined how the dose and time of exposure to LKT
affected the death of BL-3 cells. Incubation of BL-3 cells with
0.2 U of LKT resulted in the death of 55% of the cells within
6 h (Fig. 1A). For several reasons, we believe that the response
was not due to contaminating LPS. First, cytotoxicity was com-
pletely abolished when the LKT was preincubated with the
anti-LKT monoclonal antibody (MAb) MM601 (5 pg). Simi-
larly, blocking the LFA-1 receptor by preincubation of the cells
with the BAT75 MAb (anti-CD11a/CD18) reduced LKT-me-
diated cytotoxicity by 96%. In addition, the SDS extraction
procedure described in Materials and Methods removed 85%
of the detectable LPS from the LKT preparations (data not

shown). Addition of the lipid A-inactivating agent polymyxin B
did not decrease the cytotoxic activity of LKT (Fig. 1A). Incu-
bating BL-3 cells for 6 h with increasing amounts of LKT
resulted in a dose-dependent increase in cytotoxic activity that
was blocked by both the MM 601 and BAT75 MAbs (Fig. 1B).
The inactive LKT protein produced by the /ktC gene mutant
did not exhibit cytotoxic activity for BL-3 cells.

M. haemolytica LKT results in a significant increase in
caspase-9 and caspase-3 activity but not caspase-8 activity and
does not cause LDH release from BL-3 cells. As an initial
approach to distinguish between the two main pathways of
apoptosis, we demonstrated that LKT-treated BL-3 cells did
not exhibit a significant increase in caspase-8 activity (1.3 fold)
(Fig. 2A). In contrast, a 4-fold increase in caspase-9 activity
(Fig. 2A) and a 3.2-fold increase in caspase-3 activity (Fig. 2B)
were seen that were maximal after 6 h incubation. Upon the
addition of selective inhibitors, caspase-9 and caspase-3 activ-
ities remained at near-basal levels in LKT-treated cells (Fig.
2A). BL-3 cells incubated with the inactive LKT produced by
the lktC gene mutant did not show a significant increase in
caspase-8, caspase-9, or caspase-3 activities. To exclude the
possibility that cell death was due to cytoplasmic membrane
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periods at 37°C. Cells were washed three times with RPMI and lysed with Triton-X lysis buffer at 4°C for 20 min, and Western immunoblotting
was performed for p-Akt-1. Blots were stripped and reprobed for Akt-1. (B) Images shown were quantified with a densitometer, and the data are
illustrated as means = SEM of three separate experiments (*, P < 0.05).
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FIG. 6. Incubation of BL-3 cells with M. haemolytica LKT results in mitochondrial release of cytochrome c. BL-3 cells (10°) were incubated with
of LKT (0.2 U) at 37°C for the designated time periods. Cells were washed three times with RPMI and lysed with mitochondrial lysis buffer at 4°C
for 20 min, and the mitochondrial pellet and cytosolic proteins were used separately for Western immunoblotting for cytochrome c. Blots were
stripped and reprobed for the mitochondrial marker protein porin and the cytosolic protein B-actin. The latter was not observed in the
mitochondrial extracts (data not shown). The top two rows of blots represent mitochondrial extracts and the bottom row of blots represents
cytosolic extracts from LKT-treated BL-3 cells. In the bottom panel, images shown were quantified with a densitometer, and the data are illustrated
as means = SEM of three separate experiments (*, P < 0.05).
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FIG. 7. M. haemolytica LKT diminishes mitochondrial membrane potential (Ais,,). BL-3 cells (10°) were treated with LKT (0.2 U) for 6 h at
37°C. Cells were washed with RPMI, stained with 0.5 mM TMRE for 10 min, and washed three times with PBS. (A) Fluorescent microscopy was
performed at an emission wavelength of 575 nm (magnification, X600). The insert panels show images of individual cells stained with TMRE at
a magnification of X1,200. Untreated control BL-3 cells show staining of mitochondria as orange-red specks distributed in the cytoplasm (arrows).
BL-3 cells incubated with LKT show a significant reduction in staining of the mitochondrial matrices, due to the loss of mitochondrial membrane
potential. Arrows indicate individual mitochondria stained with TMRE. (B) Images were quantified using the Image J system and statistically
analyzed. The graph represents means = SEM fluorescent intensities of 200 cells, randomly counted, in each of three separate experiments (*, P

< 0.05).

damage caused by LKT (0.2 U), we performed an LDH assay,
which showed no significant release of LDH from LKT-treated
BL-3 cells (Fig. 2C).

Incubation of BL-3 cells with M. haemolytica LKT results in
upregulation of proapoptotic proteins and downregulation of
antiapoptotic proteins. Based on the above results, we inves-
tigated the regulation of other apoptosis-related proteins in
LKT-treated BL-3 cells. Western immunoblotting for the pro-
apoptotic proteins BAD and Bax demonstrated a 6-fold and a
4.2-fold increase, respectively (Fig. 3A and B). Conversely, the
antiapoptotic proteins Bcl-2 and Bcly; exhibited an 89% and
71% fold decrease, respectively, following LKT exposure (Fig.
4A and B). It is known that p-Akt-1 phosphorylates BAD
kinase and thus inactivates the apoptotic effect of BAD on
mitochondria. Because we observed an upregulation of BAD,
we investigated whether this would be reflected in a reduced
level of activated Akt-1 in BL-3 cells. This proved to be the
case, as we found that incubation of BL-3 cells with LKT for
6 h resulted in an 89% decrease in Akt-1 phosphorylation (Fig.
5A).

M. haemolytica LKT depletes mitochondrial cytochrome ¢ in
BL-3 cells. Because the data in Fig. 2 and 3 point to mitochon-
drial involvement in the LKT-mediated apoptosis of BL-3
cells, we analyzed the mitochondrial and cytosolic fractions of
cytochrome ¢ in LKT-treated BL-3 cells. Mitochondrial cyto-

chrome ¢ showed a 94% decrease (Fig. 6A), while cytosolic
cytochrome ¢ showed a 40-fold increase, following LKT treat-
ment of BL-3 cells (Fig. 6C). These data suggests that there is
leakage of cytochrome ¢ from mitochondria into the cytoplasm
of BL-3 cells following LKT exposure, as would be expected
for cells undergoing apoptosis via the mitochondrial pathway.

M. haemolytica LKT decreases the mitochondrial membrane
potential (Ads,,,) in BL-3 cells. Next, we investigated the effect
of M. haemolytica LKT on mitochondrial membrane potential
(A¥,,), by staining BL-3 cells with the mitochondrial mem-
brane potential sensitive fluorescent dye TMRE (Fig. 7A). We
observed a 74% decrease in TMRE uptake and retention in
the mitochondria of LKT-treated cells, compared to untreated
control cells. These data suggest there was damage to the
mitochondrial membrane as a result of LKT exposure (Fig.
7B).

M. haemolytica LKT changes the surface morphology of mi-
tochondria from BL-3 cells. Because we had biochemical and
physiological evidence of mitochondrial involvement in LKT-
mediated apoptosis of BL-3 cells, we next performed a scan-
ning EM analysis of mitochondria isolated from BL-3 cells
after a 6-h incubation with LKT. These images revealed dis-
tortion of the mitochondrial surface (Fig. 8A) due to formation
of bleb-like projections that were uniformly distributed on the
mitochondrial surface (Fig. 8B). Some mitochondria were
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FIG. 8. Scanning electron microscopy of mitochondria isolated from BL-3 cells incubated with M. haemolytica LKT shows morphological
evidence of OMM damage. Scanning electron micrographs of mitochondria isolated from control BL-3 cells (A) or BL-3 cells incubated with 0.2
U LKT for 6 h (B). (C to E) Arrows indicate blebs on the surface (C), furrows and ridges with gross deformities of the outer mitochondrial
membrane (D), and large perforations and punched-out lesions (E) on mitochondria from LKT-treated BL-3 cells.

grossly distorted, with formation of depressions, ridges and
furrows (Fig. 8C and 8D) that extended across the entire lon-
gitudinal length of the mitochondria, without obvious changes
in the shape or size of the mitochondria. However, a few
mitochondria from BL-3 cells that exhibited this mitochondrial
phenotype also had punched-out lesions ranging in size from
50 to 100 nm in diameter, with an irregular edge that exposed
the inner mitochondrial membrane. The average size of these
mitochondria was reduced compared to mitochondria from
control BL-3 cells (Fig. 8E).

DISCUSSION

Apoptosis is a complex process of programmed cell death in
multicellular organisms. Several bacteria and their products
are known to activate this process by different pathways. For
example, the uropathogenic Escherichia coli toxin complex is
known to induce apoptosis in a caspase-independent manner,
using the extracellular signal-regulated kinase pathway (10).
Other examples include activation of p38 mitogen-activated
protein kinases in macrophages by anthrax lethal factor and
caspase activation in human fibroblast cells incubated with
Shiga toxin (27, 33, 36). Our laboratory, as well as other inves-
tigators, has previously shown that incubating bovine periph-
eral blood leukocytes with M. haemolytica LKT causes
caspase-3 activation and apoptosis in vitro (12, 29, 45-47).

In this study, we first showed that LKT-mediated cytotoxicity
of BL-3 cells can be almost completely inhibited by MAbs to
LKT or LFA-1. As indicated in Materials and Methods, our
LKT preparation was nearly devoid of LPS (<0.2 EU/ml) as
evaluated by Limulus amebocyte assay. Addition of polymyxin
B had no effect on LKT-mediated cytotoxicity of BL-3 cells
(Fig. 1A and B), which further indicates that the response of
BL-3 cells to LKT is not dependent on contaminating LPS. In
addition, we have found that a biologically inactive LKT prep-
aration from the /ktC gene mutant M. haemolytica strain SH
1562 gave results similar to untreated control cells.

BL-3 cells showed a 56% loss of viability after being incu-
bated with 0.2 U of LKT for 6 h (Fig. 1A). At the same, LKT
concentration and time of incubation, LDH release remained
near basal levels, while caspase-3 activation showed a 3.2-fold
increase (Fig. 2A and B). These observations suggest that loss
of viability of BL-3 cells was due to caspase-3-dependent apo-
ptotic cell death, rather than cell membrane damage typical of
necrosis. Although it has been reported that higher concentra-
tions of LKT can induce cell death by cytoplasmic membrane
pore formation, the cytotoxicity that we observed at relatively
low LKT concentrations (0.2 U) appears to be independent of
gross cytoplasmic membrane damage (8, 32, 34).

In our experiments, we observed a significant increase in
caspase-9 activity but not caspase-8 activity. The latter finding
suggests that direct or indirect activation of a death domain
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FIG. 9. Schematic representation of mechanisms by which M. haemolytica LKT may induce apoptotic cell death in BL-3 cells.

(e.g., of Fas) by LKT is an unlikely initial event in the induction
of apoptosis in BL-3 cells. These observations led us to further
investigate the role of Bcl-2 protein family members in the
activation of the caspase-9-dependent apoptotic pathway in
LKT-treated BL-3 cells.

As anticipated, the proapoptotic, monomeric cytosolic pro-
tein Bax was significantly increased (4.2 fold) in BL-3 cells
exposed to LKT for a 6-h incubation period. Once oligomer-
ized, Bax is translocated to the outer mitochondrial membrane
surface, where it forms tetrameric channels through which cyt
¢ may escape into the cytoplasm (6, 48, 54). In our experiments,
we measured total cytosolic Bax, which largely represents oli-
gomerized Bax bound to the OMM. Binding of Bax to the
OMM is triggered by both p53-dependent and p53-indepen-
dent mechanisms. In the p53-dependent pathway, formation of
a RAD17/9-1-1 complex results in phosphorylation of CHK2
(checkpoint kinases) which in turn activates p53. This in turn
facilitates translocation of Bax while inhibiting mitochondrial
binding of Bcl-2 and Bely, (39, 53). Whether a p53-dependent
pathway is involved in the BL-3 response to LKT was not
evaluated in the present study.

Likewise, the proapoptotic protein BAD was increased 6.0
fold during the same 6-h incubation period. Increase in total
BAD is associated with apoptosis triggered by chemicals, UV
radiation, and deprivation. Once BAD is inactivated by phos-
phorylation, it binds to 14-3-3 proteins, resulting in liberation
of the antiapoptotic proteins Bcl-2 and Bely; (13, 25, 30, 43).
Thus, we observed a significant reduction in the expression of
the antiapoptotic proteins Bcl-2 (9.0 fold) and Bely; (3.5 fold).
These proteins also prevent oligomerization of Bax and tBid

on the mitochondria and stabilize the outer mitochondrial
membrane surface, thus preventing cyt ¢ release (17). From
these observations, we infer that LKT generally mobilizes pro-
apoptotic proteins and downregulates antiapoptotic proteins
that control mitochondrial damage and cyt c release.

Total BAD was upregulated following LKT exposure of
BL-3 cells. We investigated the status of activated Akt-1 (phos-
phorylated Akt-1 [p-Akt-1]), which acts as a BAD kinase, in
LKT-treated BL-3 cells. Consistent with the above observa-
tion, p-Akt-1 was downregulated (by 9.0 fold) by LKT expo-
sure. This was somewhat of a surprising finding because stim-
ulation of survival receptors such as B-integrins (i.e., LFA-1)
normally activates phosphatidylinositol 3-kinase, which then
activates the antiapoptotic Akt-1 (16, 50). p-Akt-1 in-turn acts
as a BAD kinase, which inhibits the binding of BAD to the
outer mitochondrial membrane (13, 24, 25). Thus, the mech-
anism by which LKT binding to LFA-1 leads to downregula-
tion of p-Akt-1 is not clear.

Although it is clear that M. haemolytica LKT initially binds
to LFA-1, perhaps our data reflect transient binding of LKT to
LFA-1, which results in an inadequate stimulus for the activa-
tion of phosphatidylinositol 3-kinase and hence Akt-1. Alter-
natively, perhaps LKT binding activates a different signaling
pathway that downregulates Akt-1 activity (25, 30). These ob-
servations conflict with the findings of Jeyaseelan et al., who
reported phosphorylation of the cytoplasmic tail of LFA-1
following LKT exposure (22). However, it is possible that the
latter response was due to inside-out rather than outside-in
signaling (16, 50). Perhaps these data suggest that LFA-1 pro-
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vides the initial anchor for LKT binding before it exerts its
apoptotic effects via a more complicated mechanism.

Normal mitochondrial function is associated with protein
complexes in the inner mitochondrial membrane that mediate
electron transfer from reduced flavin adenine dinucleotide or
NADH to oxygen as a final acceptor (9, 14, 48). Cytochrome c,
which resides in the inner mitochondrial membrane, shuttles
electrons from these proteins complexes and maintains a pro-
ton motive force and a membrane electron potential (Ays,,)
(28, 38). In this study, we observed a significant reduction in
mitochondrial cyt ¢ concentration and a substantial increase in
cytoplasmic cyt ¢ during the 6-h incubation period. Although
we observed damage to the OMM of mitochondria isolated
from LKT-treated cells by electron microscopy, it is unclear
whether cyt c leakage is brought about by active opening of a
permeability transition pore or by LKT-mediated damage to
the OMM. Although release of mitochondrial cyt ¢ can occur
without a significant decrease in mitochondrial electric poten-
tial, we observed a significant reduction of mitochondrial mem-
brane potential, as determined by the uptake of TMRE in
LKT-treated BL-3 cells (40, 44).

The deformities we observed on the OMM may reflect the
binding of proapoptotic proteins (e.g., Bax and Bak) to the
OMM or perhaps are due to the intracellular transport and
direct binding of LKT to the OMM. It has been shown that the
diameter of a typical permeability transition pore on the OMM
surfaces ranges from 3.0 to 8.2 nm and has a smooth raised
edge (20). The mitochondria we isolated from LKT-treated
BL-3 cells have much larger OMM lesions, which suggests
direct damage to mitochondria. In support of the latter possi-
bility, we have preliminary evidence suggesting that M. haemo-
lytica LKT might be internalized and transported to the mito-
chondria (data not shown).

A limitation to our study was the unavailability of antibodies
that react with bovine Bak, Bim, phosphorylated BAD and
tBid proteins, or the published nucleotide sequences of their
bovine homologues. Bim in particular has been designated a
sensor of cytoskeleton integrity and cellular stress.

In summary, we have shown that exposure of the bovine
BL-3 cell line to M. haemolytica LKT results in upregulation of
caspase-9 and the proapoptotic proteins BAD and Bax and
downregulation of the antiapoptotic proteins Bcl-2, Bely; , and
Akt-1. The loss of mitochondrial cyt ¢, decreased mitochon-
drial membrane potential, and the lesions seen in the outer
mitochondrial membrane together suggest that M. haemolytica
LKT has the propensity to adversely affect mitochondria in
bovine leukocytes (Fig. 9). Future efforts will assess whether
this reflects the signaling cascade initiated by LKT binding or
the transport of LKT to the mitochondrial membrane. We
hope that identifying cellular mechanisms triggered by LKT
will increase our understanding of how M. haemolytica LKT
and perhaps other RTX toxins induce apoptosis in leukocytes.
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