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Abstract
Caspases are crucial for the initiation, propagation and
execution of apoptosis. They normally exist as proenzymes,
which can be activated through recruitment into activating
complexes and by proteolytic cleavage by other caspases or
proteases.Perturbation oforganellessuchas nuclei, endoplas-
matic reticulum and mitochondria results in the activation of
caspases. A number of caspases (-2, -3, -8 and -9) were
published as being localized in the intermembrane space of
mitochondria. However, in three different models of apoptosis
(anti-Fas-induced cell death in murine hepatocytes, Fas ligand-
induced apoptosis in Jurkat cells and apoptosis induced by
growth factor withdrawal in Ba/F3 cells) we could not identify a
mitochondrial location of caspases, neither under control nor
under apoptotic conditions. In all three apoptotic models
caspases were found in the cytosolic (caspases-2, -3, -6, -7, -8,
-9) andnuclear subcellular fractions (caspases-2, -3). In another
approach we treated isolated liver mitochondria with truncated
Bid. Although tBid-dependent release of Cytochrome c, AIF,
adenylate kinase, Smac/DIABLO and Omi/HtrA2 could be
demonstrated,noneof thecaspasesweredetectableboth inthe
supernatant and the mitochondrial fraction after treatment. Our
results demonstrate that, in contrast to previous studies, no
caspases-2, -3, -8 and -9 are associated with the mitochondrial
fraction. These findings support the concept of a separate
compartmentalization between proapoptotic cofactors in the
mitochondria and silent precursor caspases in the cytosol.
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Introduction

Apoptosis is the common physiological way of cell killing that
occurs during normal development and tissue homeostasis in
multicellular organisms and caspases are the key effector
molecules on which presumably all apoptotic pathways
converge. They are a family of evolutionarily conserved
cysteine proteases that proteolyse target substrates at
specific aspartate residues.1,2 To date, 13 mammalian
caspases have been identified.1,3 ± 5 Besides their function
in regulating apoptosis, some caspases, such as caspases-1,
-4, -5 and -11, have a function in the regulation of
inflammation,1 or are associated with the differentiation of
keratinocytes as is the case for caspase-14.6

The final outcome of the apoptotic proteolytic cascade is
the cleavage of specific substrates, including major
structural elements of the cytoplasm and nucleus,
components of the DNA repair machinery and protein
kinases. A long list of such caspase substrates has been
reported1 although little is known about the in vivo
relevance and the functional consequence of these
proteolytic events. Since these substrates are often
located in different intracellular compartments, it is
reasoned that caspases may reside or relocate to these
compartments during apoptosis. Mitochondria have been
reported to accommodate a subpopulation of procas-
pases-2, -3, -8 and -9.7 ± 12 Upon apoptotic permeabiliza-
tion of the mitochondrial outer membrane, mitochondrial
procaspases-2, -8 and -9 would be released from the
intermembrane space to the cytosol and become
activated.10,12 Recently, besides the precursor enzyme,
also processed caspase-9 has been shown to be
constitutively enriched in mitochondria.13 Procaspase-2
and active caspase-2 and -3 were shown to reside at
least partially in the nuclear fraction11,14 and in the Golgi
complex.15 However, there is controversy in the literature
concerning the mitochondrial localization of caspases.
Using green fluorescent protein (GFP) as a tag, none of
the caspases showed a mitochondrial localization in
overexpression studies,16 although other mitochondrial
proteins such as Bak or Cytochrome c successfully
localized in mitochondria when fused with GFP.16,17

In the present study, the possible mitochondrial
localization of endogenous caspases has been studied in
three different models of apoptotic cell death: anti-Fas-
induced cell death in C57BL/6 hepatocytes, FasL-induced
cell death in Jurkat cells and growth factor withdrawal-
induced apoptosis in Ba/F3 cells. In none of these
apoptotic systems we could detect precursor or active
caspases in mitochondria and all caspases were clearly
present and activated in the cytosol. These observations
were confirmed in an in vitro apoptotic model in which
highly purified liver mitochondria were treated with
recombinant tBid.
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Results and discussion

Using differential and density gradient centrifugation, mito-
chondrial and cytosolic fractions were isolated and purity of
the subcellular fractions was confirmed using immunoblot
analysis for the presence of marker proteins (Cytochrome c
oxidase subunit IV as mitochondrial marker and b-actin as
cytosolic marker (Figure 1). To investigate caspase activity,
lysates from control and apoptotic mitochondrial and cytosolic
fractions were incubated with the fluorogenic peptide
substrate Ac-DEVD-amc. The main Ac-DEVD-amc cleavage
activity is associated with the cytosolic fraction in response to
the apoptotic trigger (Figure 2). Minor Ac-DEVD-amc activity
is found in the mitochondrial apoptotic fraction. In order to
verify these data we performed Western blotting to determine
the intracellular localization of precursor and activated
caspases (Figure 3). Precursor caspases-2, -3, -6, -7, -8
and -9 were only present in the cytosolic fraction of control
cells. An apoptotic stimulus results in the generation of
proteolytic fragments of these caspases but these are only
confined to the cytosolic fraction. No caspase-2 expression
could be detected in liver (Figure 3A), in agreement with
previous observations.18 In none of the three apoptotic cell
systems we could detect precursor or active caspases in the
mitochondrial fraction. Caspase-2 and caspase-3 could also
be detected in the nuclear fraction of Jurkat cells, both the
proform and the activated product (Figure 4). A control for the
apoptotic response of the cells studied is provided by the
relocation of Cytochrome c from the mitochondria to the
cytosolic fraction in the three apoptotic systems (Figure 5).
Upon induction of apoptosis, cytosolic Bid is cleaved to a
15 kDa truncated protein that relocates to the mitochondria
(Figure 5). Remarkably, IL-3 withdrawal from Ba/F3 cells does
not result in tBid generation or Cytochrome c release although
caspases-2, -3, -7 and -9 were clearly processed under these
apoptotic conditions (Figure 3). At the moment it is unclear
what could be the reason for the minor caspase-independent
DEVDase-activity associated with mitochondrial preparations
of apoptotic Jurkat and Ba/F3. It is conceivable that AAA-
proteases, an evolutionary conserved family of proteasomal
ATPases located at the inner membrane,19 may be
responsible for this Ac-DEVD-amc degradation as has been
demonstrated for the proteasome.20

We also determined the possible release of caspases in
an in vitro apoptotic system in which purified liver
mitochondria were treated with recombinant tBid.21 Using
this approach, we could identify Cytochrome c, Smac/
DIABLO, adenylate kinase-2 (AK2), Omi/HtrA2, endonu-
clease G and apoptosis inducing factor (AIF) in the
supernatant of tBid-treated mitochondria (Figure 6). How-
ever, no mitochondria-derived caspases could be identified,
neither in the mitochondrial supernatant nor in the
mitochondrial pellet (Figure 6). This confirms the previously
mentioned absence of release of caspases from mitochon-
dria, moreover the lack of caspases in the mitochondrial
pellet even argues against a constitutive association of
caspases with mitochondria, at least in the liver.

Finally, using the PSORT database (http://psort.nibb.
ac.jp), no mitochondrial localization signal could be
identified in any of the caspases except for procaspase-2

(data not shown). Together, these data show that, at least
in the three unrelated cell models we studied, the apoptotic
caspase machinery is primarily confined to the cytosolic

Figure 1 Isolation of mitochondrial and cytoplasmic cellular fractions.
Hepatocytes, Jurkat and Ba/F3 cells were fractionated into mitochondrial
(mit) and cytosolic (cyt) fractions by differential centrifugation and Percoll
gradient purification. Equal amounts of each fraction were separated by SDS ±
PAGE and immunoblotted for detection of mitochondrial cytochrome oxidase
subunit IV (COX) and cytosolic b-actin using specific antibodies

Figure 2 Detection of caspase activity in mouse hepatocytes (A), Jurkat (B)
and Ba/F3 (C) cells. Mitochondria (mit) and cytosol (cyt) were isolated from
control and apoptotic (anti-Fas, FasL and IL-3 deprived, respectively) cells and
Ac-DEVD-amc cleavage activity was analyzed, as described in Materials and
Methods. Results are representative for three independent experiments
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(and nuclear) compartment and that none of the caspases
are present in the mitochondrial fraction neither as
precursor form nor as proteolyzed fragments. However,
these observations are in contrast with published data.7 ± 13

Although some of these studies made use of the same cell
types as in this report,8,10,11 a different source of
commercial and non-commercial antibodies (for details on
the antibodies, see Materials and Methods) were used in
these localization studies. In our study, the reliability of the
antisera and antibodies was confirmed by immunoreactivity
on purified recombinant murine caspases and on lysates of
cells transfected with murine caspase cDNA (data not
shown).

Based on our observations using highly purified
mitochondria, caspases are not present in the mitochon-
drial cell fraction of viable and apoptotic cells. These
findings support the concept of a separate compartmenta-
lization between proapoptotic cofactors in the mitochondria
(Cytochrome c, AIF, Smac/DIABLO, Omi/HtrA2 and

endonuclease G) and silent precursor caspases in the
cytosol.

Materials and Methods

Cytokines and antibodies

Fifteen mg monoclonal hamster anti-mouse Fas antibody Jo2
(Pharmingen, San Diego, CA, USA) was dissolved in 0.2 ml
endotoxin-free PBS and injected intravenally in C57BL/6 mice. Liver
samples from Jo2-injected mice were excised after mice were killed
when moribund and placed into ice-cold homogenization buffer (5 mM
KH2PO4 pH 7.4, 0.3 M sucrose, 1 mM EGTA, 5 mM MOPS). Soluble
Flag-tagged FasL was produced in HEK293T cells and purified from its
medium. Jurkat cells were killed using the FasL after crosslinking with
anti-Flag antibodies (Sigma). Ba/F3 cells were induced to undergo
apoptosis by overnight incubation in the absence of IL-3. Antibodies
used for Western blots were anti-cytochrome oxidase subunit IV (COX)
(Molecular Probes, Eugene, OR, USA), anti-b-actin (ICN, Aurora, OH,
USA), anti-Cytochrome c (clone 7H8.2C12, Pharmingen, San Diego,
CA, USA), anti-Smac/DIABLO (clone 9H10, Alexis, Switzerland), anti-
Bid (R&D Systems, Minneapolis, MN, USA), anti-Omi/HtrA2 (gift from
Dr. Emad Alnemri, Philadelphia, PA, USA), anti-endonuclease G (gift
from Dr. Adolf Ruiz-Carrillo, Barcelona, Spain), anti-AK2 (gift from Dr.

Figure 3 Subcellular localization of precursor and active caspases in mouse
hepatocytes (A), Jurkat (B) and Ba/F3 (C) cells. Mitochondria (mit) and cytosol
(cyt) were isolated from control and apoptotic (anti-Fas, FasL and IL-3
depleted, respectively) cells. Equal amounts of each fraction were separated
by SDS ± PAGE and immunoblotted for detection of caspases-2, -3, -6, -7, -8
and -9

Figure 4 Identification of caspase-2 and caspase-3 in the nuclear fraction of
Jurkat cells. A nuclear fraction was isolated by differential centrifugation and
separated by SDS ± PAGE followed by immunoblotting for detection of
caspases-2 and -3

Figure 5 Subcellular relocalization of Bid and Cytochrome c in hepatocytes
(A), Jurkat (B) and Ba/F3 (C) cells. Mitochondria (mit) and cytosol (cyt) were
isolated from control and apoptotic (anti-Fas, FasL and IL-3 depleted,
respectively) cells. Equal amounts of each fraction were separated by SDS ±
PAGE and immunoblotted for detection of Bid and Cytochrome c

Figure 6 Identification of proteins released from mitochondria in vitro with
tBid. 6.7 nM tBid was incubated with purified liver mitochondria. Supernatants
(sup) were separated from the mitochondrial pellets (pel) by centrifugation and
subjected to 15% SDS ± PAGE, followed by immunoblotting with antibodies
against Cytochrome c, Smac/DIABLO, adenylate kinase-2 (AK2), endonu-
clease G, Omi/HtrA2, AIF and caspases-2, -3, -6, -7, -8 and -9. As a control for
the detection of caspases, a total liver lysate was loaded
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Boris Zhivotovsky, Stockholm, Sweden), anti-AIF (gift from Dr. Patrice
Petit, Paris, France), anti-caspase-2 (gift from Dr. Sharad Kumar,
Adelaide, Australia), anti-human caspase-3 (BioSource, Camarillo, CA,
USA), anti-human caspases-6, -7 and -9 (StressGen Biotechnologies
Corp., Victoria, Canada), anti-human caspase-8 (clone 12F5,
BioSource, Camarillo, CA, USA), anti-mouse caspase-8 (Santa Cruz,
San Diego, CA, USA), anti-mouse caspase-9 (Cell Signaling
Technology, Beverly, MA, USA). Rabbit polyclonal antibodies raised
against recombinant murine caspase-3, -6 and -722 were prepared at
the Centre d'Economie Rurale (Laboratoire d'Hormonologie Animale,
Marloie, Belgium). HRP-coupled secondary antibodies were from
Amersham (Amersham Life Science, Amersham, UK).

Isolation of mitochondrial, cytosolic and nuclear
fractions

Livers of C57BL/6 mice were homogenized in cold homogenization
buffer. The homogenates were cleared by centrifugation at 18006g
for 10 min at 48C to remove intact cells and nuclei. The heavy
membrane fraction (HMF) was spun down at 10 0006g for 10 min at
48C and the cytosolic supernatant was further cleared by repeated
centifugation at 23 0006g for 10 min at 48C. The HMF was
subfractionated on Percoll and mitochondria were isolated as
described earlier.21 Mitochondria from Jurkat and Ba/F3 cells were
isolated using a similar method in the presence of 0.1 mg/ml digitonin.
For the isolation of Jurkat nuclei, cells were incubated for 30 min with
10 mM cytochalasin B (Sigma, St. Louis, MO, USA) and collected by
centrifugation for 5 min at 2006g. Cells were washed in cold PBS and
rocked on ice for 20 min in NB buffer (10 mM HEPES-NaOH pH 7.5,
10 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 0.1 mM PMSF). Cells were
dounced 20 times and the homogenate was brought over a double
volume of a sucrose cushion in NB complete buffer (NB+30% sucrose)
and spun down at 5006g for 6 min at 48C. Fifty mg of the different
subcellular fractions were used for Western blotting.

DEVDase assay

Caspase activity was measured by incubating 25 mg cytosolic or
mitochondrial cell lysate with 50 mM of the fluorogenic substrate Ac-
DEVD-AMC (Peptide Institute, Osaka, Japan) in 150 ml cell free system
(CFS) buffer (10 mM HEPES-NaOH pH 7.4, 220 mM mannitol, 68 mM
sucrose, 2 mM NaCl, 2.5 mM KH2PO4, 0.5 mM EGTA, 2 mM MgCl2
5 mM pyruvate, 0.1 mM PMSF, 1 mM dithiothreitol). The release of
fluorescent 7-amino-4-methylcoumarin was monitored for 1 h at 378C at
2-min time intervals in a fluorometer (CytoFluor, PerSeptive
Biosystems, Cambridge, MA, USA) at an excitation wavelength of
360 nm and an emission wavelength of 460 nm. Data are expressed as
the increase in fluorescence as a function of time (Dfluorescence/min).

In vitro mitochondria assay

Intact mouse liver mitochondria equivalent of 40 mg protein were
incubated at 378C in 100 ml CFS buffer for 20 min with 6.7 nM
recombinant tBid, as described earlier.21 The supernatants were
separated from the mitochondria by centrifugation at 20 0006g for
10 min at 48C. One fifth of the supernatant was subjected to 15%
SDS ± PAGE followed by Western blotting with the different antibodies.
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