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Abstract
As shown here, mitochondria purified from different organs
(liver, brain, kidney, spleen and heart) contain both pro-
caspase-9 and the processed, mature form of caspase-9.
Purified liver mitochondria release mature caspase-9 upon
induction of permeability transition in vitro. This is
accompanied by a discrete increase in the enzymatic
cleavage of pro-caspase-9 substrates. We found that SHEP
neuroblastoma cells constitutively contain pre-processed
caspase-9 in their mitochondria, using a combination of
subcellular fractionation and immunofluorescence with an
antibody specific for the processed caspase. This is a cell
type-specific phenomenon since HeLa cells mitochondria
mainly contain pro-caspase-9 and comparatively little
processed caspase-9. Upon introduction of apoptosis,
mitochondrial pro-caspase-9 translocates to the cytosol
and to the nucleus. This phenomenon is inhibited by
transfection with Bcl-2. In synthesis, we report the
unexpected finding that mitochondria can contain a pre-
processed caspase isoform in non-apoptotic cells. Bcl-2-
mediated regulation of mitochondrial membrane permeabili-
zation may contribute to apoptosis control by preventing
mitochondrial, pre-processed caspase-9 from interacting
with its cytosolic activators. Cell Death and Differentiation
(2002) 9, 82 ± 88. DOI: 10.1038/sj/cdd/4400932
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Introduction

Caspases are synthesized as enzymatically inactive (or
poorly active) precursor proteins and are activated by
proteolytical (auto)-processing, yielding active tetrahetero-
mers containing two large and two small subunits.1 Caspases
fulfill a dual role in apoptosis. On the one hand, they are
activated in response to pro-apoptotic signals or cellular
damage via and indirect mechanism. As a result of
mitochondrial membrane permeabilization, which may set
the point-of-no-return of the death process,2,3 caspase
activators are released from the mitochondrial intermembrane
space. Such activators include cytochrome c (which triggers
the assembly of the cytochrome c/Apaf-A/pro-caspase-9
activation complex, the apoptosome),4,5 heat shock protein
10 (which favors apoptosome activation),6 and Smac/DIABLO
(which inactivates caspase-inhibitory IAPs).7,8 In this scenar-
io, caspase activation is required for the full manifestation of
the apoptotic phenotype (such as advanced chromatin
condensation or oligonucleosomal DNA fragmentation) but
is dispensable for cell death to occur. On the other hand,
caspases may serve as signal transducing molecules which
are rate-limiting for the transmission of an apoptogenic signal.
This applies, for instance, to pro-caspase 8 which is recruited
to the death-inducing signaling complex formed in proximity
to oligomerized CD95 or TRAIL receptors, after their
ligation.9 ± 11 Inactivation or inhibition of signal-transducing
caspases abolishes cell death induction via the specific
pathway they are involved in.

It is generally assumed that pro-caspases reside in the
cytosol of cells. Intriguingly, at least in some cell types, pro-
caspases are contained in defined subcellular compart-
ments, suggesting that they are subject to local activation
processes. Thus, caspase-2 has been found to be enriched
in the Golgi apparatus.12 Caspase-12 is confined to the
endoplasmic reticulum and participates in the sensing of
local stress.13 Moreover, pro-caspase 2,14 pro-caspase-3,15

pro-caspase-8,16 and/or pro-caspase-9,14,17 depending on
the cell type, have been found to be particularly abundant
in the mitochondrial intermembrane space. This implies
that, upon apoptotic permeabilization of the outer mitochon-
drial membrane, such pro-caspases are released into the
cytosol where their activation is either achieved through the
apoptosome (the case of pro-caspases-9 and -3)5 or via
unknown mechanisms (the case of pro-caspase-2 and -8).
The fact that pro-caspases may be secluded behind the
outer membrane of mitochondria underlines the importance
of mitochondrial membrane permeabilization as a rate-
limiting step of the apoptotic cascade. Indeed, it appears
that the anti-apoptotic members of the Bcl-2 family exert
their cytoprotective action via a general stabilization of
mitochondrial membranes,18 the mechanism of which is still
unknown.
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Caspase-9 appears to be a functionally important
initiator of the apoptotic cascade. In contrast to other
caspases, the unprocessed form of caspase-9 is en-
zymatically active, and processing itself increases its
activity by only a factor of *10. Pro-caspase-9 and
processed caspase-9 are only active in the presence of
their co-activators (namely the Apaf-1/Cytochrome c
complex).19 Invalidation of the caspase-9 gene20 ± 22 and
transfection with dominant-negative mutants of caspase-
923 ± 25 have revealed its critical implication in develop-
mental cell death (in particular in neurons),20 as well as in
chemotherapy responses in vitro.22 ± 25 In particular, in the
mitochondrial pathway of cell death induction, caspase-9
appears to be necessary for full-blown apoptosis to
occur.20,21

Here we report the unexpected finding that processed
caspase-9 may be constitutively enriched in mitochondria.
Upon in vitro permeabilization of the outer mitochondrial
membrane processed caspase-9 is released from mito-
chondria, while increasing its enzymatic activity. In a
neuroblastoma cell line, apoptosis induction is linked to
the translocation of pre-processed caspase-9 from mito-
chondria to the cytosol and to nuclei. Bcl-2 prevents this
translocation. Our data suggest that loss of compartimen-
talization of caspase-9 may contribute to the apoptotic
process.

Results and Discussion

Pre-processed caspase-9 in mitochondria from
primary cells

A monoclonal antibody specific for the N-terminus of
caspase-9 recognized two proteins in extracts of highly
purified mitochondria from different organs (liver, brain,
kidney, spleen and heart) (not shown). These proteins
correspond to unprocessed pro-caspase-9 (46 kDa), as well
as to the large subunit of processed, mature caspase-9
(35 kDa), suggesting that mitochondria contain pre-pro-
cessed active caspase-9. Accordingly, a polyclonal antibody
which recognizes the C-terminus of the 35 kDa fragment of
processed caspase-9, a neo-epitope created by cleavage of
the precursor, detected a *35 kDa band in immunoblots of
purified mouse liver mitochondria (not shown), which are
barely contaminated by ER and contain little if any
lysosomal contamination.26 Purified liver mitochondria ex-
posed to the pro-oxidant tert-butylhydroperoxide (t-BHP)
underwent large amplitude swelling indicative of perme-
ability transition (PT) (Figure 1B) and simultaneously
released processed caspase-9, as well as the intermem-
brane proteins AIF and Cyt-C into the supernatant (Figure
1C). Cyclosporin A, a PT pore inhibitor, largely prevented
the t-BHP-induced swelling, as well as the release of
processed caspase-9, AIF, and Cyt-c (Figure 1B,C).
Interestingly, only cleaved, mature caspase-9 is released
and no trace of the unprocessed protein is found in the
supernatant. On the other hand, a very little amount of
procaspase-9 can be detected in the pellet (not shown),
suggesting a processing of the immature protein upon
induction of PT.

Figure 1 Identification of a mitochondrial pre-processed caspase-9. (A)
Pre-processed caspase-9 in mitochondria from different organs. Mitochon-
dria were purified on a Percoll1 gradient and subjected to SDS-PAGE
(100 mg/lane) and immunoblotting with an anti-caspase-9 monoclonal
antibody which recognizes both the unprocessed (46 kDa) and the cleaved
caspase-9 (35 kDa). (B) Large amplitude swelling of mitochondria. 1 mg of
liver mitochondria was incubated at room temperature in 1 ml of swelling
buffer. All the experiments were started with the addition under stirring of
mitochondria, followed after 1 min by 10 mM Ca2+ (which by itself does not
induce mitochondrial swelling), in the absence or in the presence of 1 mM
cyclosporin A (CsA). Where indicated by the arrow, 100 mM t-BHP was
added. After completion of the permeability transition, mitochondria were
sedimented by centrifugation (10 min, 10 0006g, 48C), and the supernatant
was subjected overnight to precipitation with 4 volumes of cold aceton. (C)
Detection of processed caspase-9 in the supernatant of mitochondria.
Proteins contained in the supernatant of mitochondria (see description of
panel B) were subjected to SDS ± PAGE and immunoblotting with anti-
caspase-9, anti-AIF, and anti-cytochrome c antibodies. Note that the anti-
cytochrome c blot has been overexposed
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Figure 2 Caspase-9 activity in intact mitochondria. (A) Effect of caspase inhibitor on MPT. 0.5 mg of liver mitochondria were incubated in 2 ml of swelling buffer.
After exactly 1 min, 200 mM Ca2+ was added in the absence or in the presence of the following inhibitors: cyclosporin A (1 mM, 1 min of pre-
incubation) Z-VAD.fmk (100 mM, 15 min of pre-incubation) or Z-LEHD.fmk (100 mM, 15 min of pre-incubation), while monitoring large amplitude
swelling. (B) Increased caspase-9 activity after MPT. Exactly under the same conditions described in (A), 0.25 mg of liver mitochondria were
incubated in 0.2 ml of swelling buffer with 100 mM Z-VAD.afc and the Z-VAD.afc-cleaving activity was monitored continuously as fluorescence
emission at 490 nm (excitation: 400 nm). (C) Effect of MPT-opening agents (200 mM Ca2+, 1 mM CsA+200 mM Ca2++50 mM diamide, 10 mM Ca2++5 mM
atractyloside, 10 mM Ca2++100 mM tert-butylhydroperoxide) on the Z-VAD.afc-cleaving activity. The slope of the curves obtained as in B was determined and
experimental values obtained 5 min after addition of the indicated agent were divided by the slope before their addition. Control experiments revealed that
mitochondria did swell in response to high-dose Ca2+ alone (but not when CsA was added before, see Figure 1a), and did also swell with diamide, atractyloside and
tert-butylhydroperoxide (not shown). (D) Effect of Ca2+ on the enzymatic activity of recombinant caspase-9. Five units of caspase-9 were incubated 30 min at 378C
with 100 mM Z-LEHD.afc in a buffer containing 0.25 M saccharose, 20 mM Hepes-NaOH pH 6, 10 mM NaCl, 1.5 mM MgCl2 and 1 mM DTT, in the absence or in
the presence of 200 mM Ca2+, 1 mM cyclosporin A, 100 mM Z-VAD.fmk (15 min of pre-incubation) or 100 mM Z-LEHD.fmk (15 min of pre-incubation). Z-LEHD.afc-
cleaving activity was followed as fluorescence emission at 490 nm (excitation: 400 nm). (E) Activation of caspase-9 activity in mitochondria from caspase-37/7

cells. 0.25 mg of mitochondria purified from caspase-37/7 MEFs cells were incubated in 0.2 ml of swelling buffer with 100 mM Z-LEHD.afc, and the Z-LEHD.afc-
cleaving activity was determined continuously
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Permeability transition enhances caspase-9
activity

Addition of Ca2+ to purified liver mitochondria causes
mitochondrial swelling which is not affected by the pan-
caspase inhibitor Z-VAD.fmk nor the caspase-9-specific
inhibitor Z-LEHD.fmk (Figure 2A). When mitochondria were
subjected to a continuous measurement of caspase
cleavage activity using the fluorogenic substrates Z-VAD.afc
(Figure 2B) or Z-LEHD.afc (not shown), significant baseline
activity was observed, and this activity was fully inhibited by
Z-VAD.fmk or Z-LEHD.fmk (Figure 2B). Addition of 200 mM
Ca2+ (Figure 2B) alone to purified mitochondria led to a near-
to-instantaneous (510 s) increase in caspase activity, by a
factor of approximately two. Similar results were obtained
when 10 mM Ca2+ (which by itself does not induce
mitochondrial swelling) plus diamide, atractyloside or t-
BHP, which all cause large amplitude swelling (not shown),
where added to mitochondria (Figure 2C). Pretreatment of
mitochondria with CsA prevented the Ca2+-triggered in-
crease in caspase activity, suggesting that it involved
opening of the PT pore (Figure 2B,C). In a control
experiment, neither Ca2+ nor CsA did modulate the activity
of recombinant caspase-9 (Figure 2D). Thus, Ca2+ enhanced
the caspase-9 activity contained in or released from
mitochondria via an indirect effect involving the PT pore.
Mitochondria purified from caspase-37/7 mouse embryo
fibroblasts also displayed an increase in the Z-LEHD.afc-
cleaving activity (Figure 2E).

Bcl-2-inhibited translocation of pre-processed
caspase-9 from mitochondria in SHEP cells

An antiserum which only recognizes processed caspase-9
but not its pro-form revealed a punctate cytoplasmic
staining in healthy SHEP neuroblastoma cells. This
immunoreactivity co-localized with the mitochondrial marker
hsp60 (Figure 3A). Accordingly, purified mitochondria but
not the cytosol from SHEP cells, subjected to Western blot
analysis, contained a 35 kDa fragment reacting with a
caspase-9-specific antibody (Figure 3C). In contrast to
SHEP cells, HeLa cells virtually lack processed caspase-9
detectable by immunofluorescence (Figure 3B) and HeLa
mitochondria contained very little processed caspase-9, as
determined by immunoblotting (Figure 3C). After induction
of apoptosis with staurosporin, active caspase-9 became
detectable in the cytosol (non-mitochondrial cytoplasm), as
well as in the nucleus, both in SHEP cells and in HeLa cells
(Figure 3A,B). Transfection-induced expression of Bcl-2 in
SHEP cells did not affect the mitochondrial (punctate)
localization of active caspase-9 (Figure 4). However, Bcl-2
did prevent the staurosporin-induced translocation of both
mitochondrial and cytosolic active caspase-9 to the nucleus
and simultaneously prevented chromatin condensation
(Figure 4).

Concluding remarks

It has been assumed that procaspase-9 mainly resides in
the cytosol of healthy cells. Upon induction of apoptosis,

procaspase-9 would bind to Apaf-1 and would be activated
by processing in the presence of cytochrome c and dATP.
Here we show that pre-processed caspase-9 may be
contained to a variable extent in mitochondria from cells
derived from primary organs (Figure 1) as well as in some
cell lines (Figures 3, 4). The mechanism for this pre-
processing of caspase-9 is unknown. Whether an activation
mechanism similar to that of cytosolic procaspase-9 exists
also for mitochondrial procaspase-9 is still unclear. Thus far,
Apaf-1 has never been detected in the mitochondrial
fraction. It could be that procaspase-9 might undergo
processing/activation within mitochondria without the forma-
tion of an apoptosome complex. We have attempted to
perform mitochondrial import assays with in vitro translated
cDNA corresponding to caspase-9, without success, in
conditions in which for instance AIF was correctly imported

Figure 3 Subcellular compartimentalization of pre-processed caspase-9 in
two different cell lines. Shep (A) or HeLa cells (B) were left either untreated or
were cultured in the presence of staurosporine, STS (Shep: 1 mM, 2 h; HeLa:
2 mM, 8 h), fixed, and stained to determine the subcellular distribution of hsp60
and pre-processed caspase-9 by confocal scanning immunofluorescence
(A,B). Untreated cells were subjected to subcellular fractionation to obtain
mitochondria (m) or cytosols (c), followed by immunoblotting with a
monoclonal antibody that recognizes both pro-caspase-9 and processed
caspase-9 (C)
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into mouse liver mitochondria.27 This suggests that import of
caspase-9 into mitochondria (and its subsequent proces-
sing) does not rely on the classical import pathway. It
appears that the pre-processed caspase-9 naturally present
in purified mitochondria possesses an intrinsic activity
(Figure 2B,C), which can be stimulated by opening of the
PT pore, a manipulation which releases the pre-processed
enzyme into the mitochondrial supernatant. This activation is
discrete, by a factor of approximately 2. At present, we do
not know whether this reflects an increased substrate
accessibility and/or the dilution of a low-affinity inhibitor of
caspase-9 contained in the mitochondrial intermembrane
space. Thus far, we have failed to detect such a hypothetical
inhibitor among concentrated mitochondrial intermembrane
proteins.

As mentioned in the Introduction, caspase-9 activation
relies to a low extent on proteolytic activation and is mainly
achieved by interaction with the Apaf-1/cytochrome c
complex formed in the presence of ATP. Accordingly,
mutants of caspase-9 which cannot be processed can still
be enzymatically activated by cytosolic factors such as the
Apaf-1/cytochrome c complex.19 In conditions in which
processed caspase-9 is secluded behind the outer
mitochondrial membrane (and thus separated from Apaf-
1, a cytosolic protein), it is thus likely to be relatively
inactive. Bcl-2, as shown here (Figure 4), fully prevents the
translocation of pre-processed caspase-9 from mitochon-
dria. This may be an additional mechanism by which the
control of mitochondrial membrane permeabilization reg-
ulates caspase activation and consequent cell death.

Materials and Methods

Cell lines and apoptosis induction

Human neuroblastoma Shep cells stably transfected with the human
Bcl-2 gene or a neomycin (Neo) resistance vector only,28 human
cervix carcinoma HeLa cells and mouse embryonic fibroblasts (MEF)
from caspase-37/729 or control mice were cultured in RPMI 1640
(Shep) or DMEM (HeLa and MEF) medium, supplemented with 2 mM
L-glutamine, 10% decomplemented FCS, 1 mM sodium pyruvate,
10 mM Hepes, and 100 U/ml penicillin/streptomycin. Cell death was
induced by addition of 1 mM (Shep) or 2 mM (HeLa) staurosporine
(Sigma).

Puri®cation of mitochondria and assessment of
permeability transition

Female Balb/c mice (4 ± 12 week-old) were killed by cervical
dislocation, and organs were removed immediately and placed into
ice-cold homogenization buffer (300 mM saccharose, 5 mM TES,
200 mM EGTA, pH 7.2), followed by purification of mitochondria
according to standard protocols.26 For measurements of MPT
opening, liver mitochondria were resuspended in 0.2 M saccharose,
10 mM Tris-MOPS, pH 7.4, 5 mM succinate-Tris, 1 mM Pi, 2 mM
rotenone and 10 mM EGTA-Tris. PT opening was monitored as the
change of 908 light scattering at 545 nm using a Hitachi F-4500
fluorescence spectrophotometer.

Subcellular fractionation

906106 control or STS-treated cells were collected by trypsination
and centrifugation, washed once in PBS and homogenized with a

Figure 4 Bcl-2-mediated inhibition of the mitochondrio-cytosolic and mitochondrio-nuclear translocation of caspase 9. Neo- and Bcl-2 Shep cells were left either
untreated or cultured in the presence of 1 mM STS, fixed at the indicated times, and stained with the antibody specific for processed caspase-9 or with Hoechst
33342 to assess nuclear chromatin condensation
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potter Thomas in 5 ml of ice-cold hypotonic buffer (0.15 mM MgCl2,
10 mM KCl and 10 mM Tris-HCl, pH 7.6, supplemented with the
protease inhibitors antipain, leupeptin and pepstatin at 1 mg6ml71).
When intact mitochondria were required, an equal volume of 2X
mitochondria homogenization buffer was added before pottering. The
cell lysates were centrifugated (3 min, 9006g, 48C) to remove nuclei
and unbroken cells and the supernatants were centrifugated again
(10 min, 10 0006g, 48C) to recover the mitochondrial pellet. The
supernatants were further centrifuged (15 min, 15 0006g, 48C) to
obtain cytosol fractions.

Immunoblots

Samples were prepared in Laemmli buffer as described in the figure
legends and separated by SDS ± PAGE (12% acrylamide ± 0.3%
bisacrylamide, 100 mg/lane), followed by Western blotting on
nitrocellulose membranes and immunodetection of caspase 9 (mouse
monoclonal antibody; clone 5B4, dilution 1 : 1000, from MBL, Medical
& Biological Laboratories Co., LTD), processed caspase 9 (polyclonal
antibody from NEB, dilution 1 : 500, New England Biotechnology),
caspase 3 (rabbit polyclonal antibody, dilution 1 : 1000, PharMingen),
AIF (rabbit antiserum generated against a mixture of three peptides
derived from the mouse AIF amino acid sequence, dilution 1 : 1000)30

or cytochrome c (mouse monoclonal antibody, dilution 1 : 1000,
PharMingen). Then, membranes were incubated with anti-mouse or
anti-rabbit IgG-horseradish peroxidase conjugate (dilution 1 : 5000,
Southern Biotechnology). Antibody-conjugated activity was visualized
using the SuperSignal chemiluminescence reagent (Pierce).

Assessment of caspase activity

250 mg of intact mitochondria from mouse liver and caspase 37/7 or
wild type MEFs cells and 5 units of recombinant, cleaved caspase-9
(kindly provided by Dr. Guy Salvesen, The Burnham Institute, La Jolla,
CA) were incubated as described in the figure legends with 100 mM Z-
VAD.afc or Z-LEHD.afc (from Enzyme Systems Products), followed by
fluorimetric analysis (excitation: 400 nm; emission: 490 nm) using a
Hitachi F-4500 fluorescence spectrophotometer.

Immuno¯uorescence

After exposure to STS, cells were washed and fixed with 4%
paraformaldehyde, 0.19% picric acid in PBS (pH 7.4) for 1 h at room
temperature (RT). Fixed cells were permeabilized with 0.1% SDS in
PBS at RT for 10 min, blocked with 2% FCS, stained with a polyclonal
antibody which detects only cleaved 35 kDa caspase-9 (New England
Biolabs, Inc.) and with a monoclonal antibody against heat shock
protein (Hsp) 60 (mAb H4149, Sigma-Aldrich), and revealed with a
goat anti-rabbit IgG-FITC conjugate and with a goat anti-mouse IgG1-
PE conjugate (Southern Biotechnology). Confocal microscopy was
performed on a LEICA TC-SP equipped with an ArKr laser mounted on
an inverted LEICA DM IFBE microscope with an 6361.32 numerical
aperture oil objective. Nuclear apoptosis were detected with Hoechst
33342 (2 mM, Sigma, 30 min, 378C) and visualized by conventional
fluorescence microscopy.31
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