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Abstract
We have characterised the apoptotic defects in cells null for
cytochrome c (cyt c�/�). Such cells treated with stauro-
sporine (STS) exhibited translocation to the mitochondria and
activation of the proapoptotic signalling molecule Bax but
failed to release Smac/DIABLO from these organelles, judged
by both confocal microscopy and Western blotting. While
reference cells expressing cytochrome c released both it and
Smac/DIABLO under a variety of conditions of apoptotic
induction, we have never observed release of Smac/DIABLO
from cyt c�/� cells. We eliminate the possibility that
proteasomal degradation of cytosolically localised Smac/
DIABLO is responsible for our failure to visualise the
protein outside the mitochondria. Our findings indicate
an unanticipated nexus between release of cytochrome
c and Smac/DIABLO from mitochondria, previously thought
to be a more or less synchronised event early in apoptosis.
We suggest that the failure of cyt c�/� cells to release
Smac/DIABLO after recruitment of Bax to mitochondria
represents an extreme manifestation of some inherent
difference in the regulation of release of these two proteins
from mitochondria.
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Introduction

Cytochrome c (cyt c) plays an important role in both the life
and death of animal cells. It is an important component of the
mitochondrial respiratory chain responsible for oxidative
phosphorylation leading to mitochondrial synthesis of ATP.
During apoptosis, cyt c is released from the mitochondrial
intermembrane space (IMS) into the cytosol to activate a
signalling pathway via formation of the apoptosome (in which
Apaf-1 is oligomerised) and activation of caspase-9, and
subsequently caspase-3, leading to cell death. Permeabilisa-
tion of the outer membrane (OM) of the mitochondria, leading
to release of cyt c and other apoptogenic proteins from the
IMS, is controlled by proteins of the Bcl-2 family.1 With many
apoptotic stimuli, the proapoptotic Bcl-2 family signalling
protein, Bax, is mobilised from the cytosol to the mitochondria
where it plays a role in mitochondrial OM permeabilisation.2

Among the apoptogenic proteins released from the IMS, aside
from cyt c, are Smac/DIABLO3,4 and apoptosis-inducing
factor (AIF).5 Once in the cytosol, Smac/DIABLO antagonises
the so-called inhibitor of apoptosis proteins (IAPs) that block
caspase activation, thus enabling full activation of caspases
to occur during apoptotic signalling. For its part in apoptosis,
AIF moves to the nucleus, activating degradation of chromo-
somal DNA.

To further investigate the role of cyt c in apoptosis Li et al.6

generated homozygous mice in which the nuclear gene
encoding cyt c was rendered nonfunctional (cyt c�/�). Such
homozygous mice died in utero at embryonic day 10.5, in part
due to the deficit in oxidative phosphorylation. Nonetheless,
cells from early cyt c�/� embryos were able to be maintained
in culture supported by the inclusion of 2-mercaptoethanol,
pyruvate and uridine in the growth medium, which compen-
sate for metabolic defects in the absence of cyt c.6

Significantly, these embryonic fibroblast-like cyt c�/� cells
were found to be resistant to apoptosis induced by several
agents that act through the mitochondrial pathway, such as
staurosporine (STS), UV irradiation and serum starvation.
Consistent with the general understanding of apoptotic
signalling downstream of mitochondria, in the absence of cyt
c in cells, Li et al.6 demonstrated no formation of the
apoptosome, no activation of caspase-9 and no consequent
activation of caspase-3 in cyt c�/� cells.

In order to understand the apoptotic defect in cyt c�/� cells
in more detail, it is important to know whether it is only the
release of cyt c from the mitochondria and its downstream
actions which affect the cell’s ability to undergo apoptosis, or
whether the absence of cyt c in the knockout cells affects other
apoptotic processes at, or downstream of, the mitochondria.
Using STS, we have examined if cells lacking cyt c experience
normal apoptotic signalling upstream of the mitochondria, and
whether the release of other apoptogenic IMS proteins such
as Smac/DIABLO occurs in the absence of cyt c. We report
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here that proapoptotic signalling at the mitochondria still
occurs in the cyt c�/� cells, as Bax is recruited to the
mitochondria in the presence of STS. However, we found that
Smac/DIABLO is not released from the mitochondria of cyt
c�/� cells in response to STS (a protein kinase inhibitor7) or
etoposide (a topoisomerase inhibitor8). This finding indicates
that there are pleiotropic defects in apoptotic signalling
effected by mitochondria in cyt c�/� cells and raises the
interesting possibility that release of Smac/DIABLO from
mitochondria is dependent on either the presence of cyt c, as
such, or its prior mobilisation from mitochondria to cytosol.

Results

Cyt c�/� cells mobilise Bax to the mitochondria
upon receiving an apoptotic signal

It has been previously demonstrated that STS engages
mitochondria in apoptotic signalling through mobilisation of
Bax to these organelles2 followed by mitochondrial OM
permeabilisation, release of IMS proteins, and subsequent
downstream caspase activation.9 Therefore, we examined
cells by immunocytochemistry with confocal microscopy to
see if, in response to STS treatment of cells, Bax distribution
changed from its normal, predominantly cytoplasmic, locali-
sation to the mitochondria. Cyt c�/� cells were treated for
24 h with 250 nM STS and stained with antibodies to Bax, also
utilising MitoTracker Red (MTR) to produce a counterstain for
mitochondria. Treatment with 250 nM STS for 24 h has been
previously shown in our hands to induce mobilisation of Bax to
the mitochondria in 143B human osteosarcoma cells (data not
shown). In untreated cells, Bax shows a typical, diffuse
cytosolic staining that does not colocalise with MTR
(Figure 1a). In contrast, examination of cells treated with
STS shows the redistribution of Bax to a punctuate distribution
that closely resembles that of MTR (Figure 1b). We also
confirmed that the Bax localised at the mitochondria is in an
active conformation by immunostaining with the conforma-
tion-specific Bax 6A7 antibody. Cyt c�/� cells were treated
with STS as previously, but permeabilised with CHAPS buffer,
which does not expose the epitope characteristic of activated
Bax in untreated cells. Thus, untreated cells show no staining
under these conditions (Figure 1c). However, cyt c�/� cells
treated with 250 nM STS for 24 h show staining of activated
Bax in a typical mitochondrial location (Figure 1d). STS-
treated cyt c�/� cells also show morphological changes
typical of apoptosis, namely shrinkage and rounding of the
cells.1 We interpret these data to infer that the upstream
pathway of signalling to the mitochondria is intact in the cyt c�/�
cells, as treatment with STS causes recruitment of Bax to the
mitochondria; moreover in Figure 1b, the mitochondria
themselves show pyknotic morphology in perinuclear aggre-
gates, indicative of an apoptotic response.1

Cyt c�/� cells neither degrade DNA nor activate
caspase-3 in response to mitochondrial apoptotic
signalling

In order to confirm that apoptotic events downstream of the
mitochondria were blocked in the cyt c�/� cells, we

investigated whether chromosomal DNA degradation and
caspase activation occurred in these cells after STS
treatment. Such DNA degradation was assessed using the

Figure 1 Bax is mobilised to the mitochondria and assumes an active
conformation after STS treatment of cyt c�/� cells. Cyt c�/� cells, (a) either
untreated (�STS) or (b) treated with 250 nM STS for 24 h (þ STS) were fixed,
permeabilised with Triton X-100 and subjected to immunocytochemistry using
antibodies specific for Bax (with secondary antibody labelled with Alexa 488; top
row), having been previously stained with MTR (middle row). Overlays of the
confocal microscope images of Bax immunostaining and MTR fluorescence are
shown (bottom row). Alternatively, cyt c�/� cells, either untreated (c) or treated
with STS as above (d), were permeabilised with CHAPS buffer and subjected to
immunocytochemistry under conditions whereby only activated Bax is detected
by the conformation-specific Bax antibody (top row). Differential interference
contrast (DIC) images are shown (bottom row). Scale bars, 50 mm
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TUNEL assay, monitored by flow cytometry, to determine the
extent of uptake of fluorescently tagged DNA strand termini.
Cyt c�/� cells or two reference cell lines (143B and NIH3T3 ),
all when untreated, show very weak fluorescence in the M1
region, indicating little or no DNA degradation (see flow
cytometry graphical data in Figure 2a, quantified in Figure 2b).
When cells were treated with 250 nM STS for 24 h, an
increase in fluorescence due to DNA degradation is seen by
movement of the fluorescence peak to the right in data from
the 143B cells (human osteosarcoma), and to a lesser extent
in the NIH3T3 cells (embryonic mouse cells with a normal
level of cyt c) (Figure 2a). However, the cyt c�/� cells show no
shift in the peak fluorescence in flow cytometry (Figure 2a),
with no significant change in the quantified extent of terminal
deoxynucleotidyl transferase (Tdt) binding between treated
and untreated samples (Figure 2b), indicating that no DNA
degradation has occurred in response to STS treatment. To
detect apoptotic changes in one of the reference cell lines
used, the mouse embryonic fibroblast NIH3T3 cells, and to
determine that this lack of response in the STS-treated cyt c�/�
cells is not due to the strength of the apoptotic stimulus,
NIH3T3 and cyt c�/� cells were treated with 2mM STS and

examined for DNA degradation. Quantified data (Figure 2b)
show a large increase in DNA degradation in NIH3T3 cells
treated with the stronger stimulus, with only a small amount of
degradation appearing in the cyt c�/� cells. We postulate that
this slight increase in degradation is due to the damage that
occurs because of necrosis rather than apoptosis.

Like DNA degradation, caspase-3 activation normally
occurs in response to apoptotic signalling through the
mitochondrial pathway after formation of the apoptosome
and activation of caspase-9. We tested if caspase-3 was
being activated in the cyt c�/� cells. Cleavage of the
caspase-3-specific peptide substrate, DEVD-AFC to generate
a fluorescent product, was measured to determine the level of
caspase-3 activation. Fluorescent values obtained from cell
lysates were standardised to a percentage of maximum
fluorescence, arbitrarily taken to be that of the 143B cells
treated for 24 h with 250 nM STS. Whereas the 143B cells,
and to a lesser extent the NIH3T3 cells, showed significant
activation of caspase-3 after 24 h STS treatment, there was
no such activation of caspase-3 in cyt c�/� cells likewise
treated. NIH3T3 and cyt c�/� cells were also treated with
2 mM STS to determine if a stronger apoptotic stimulus could
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Figure 2 Impaired downstream apoptotic markers in cyt c�/� cells after treatment with STS. DNA degradation was analysed by flow cytometry using TUNEL
labelling. (a) Graphical flow cytometric data from reference cyt c-positive cells (143B and NIH3T3) and cyt c�/� cells. Curves with solid or clear areas show data on
untreated cells or cells treated with 250 nM STS for 24 h, respectively. M1 indicates the region of TUNEL-positive cells, that is, with a significant extent of binding of the
fluorescent antibody specific for terminal deoxynucleotidyl transferase (Tdt). (b) Quantified data of DNA degradation after 24 h treatment with 250 nM STS. Bars indicate
the percentage of cells with increased fluorescence due to Tdt binding, that is, in M1 region of graphical data from flow cytometry, examples of which are shown in
(a). Black bars, untreated cells; grey bars, cells treated with 250 nM STS for 24 h; white bars, cells treated with 2mM STS for 24 h. Results shown are from three
independent experiments; error bars indicate standard deviation. (c) Caspase-3 activation in the cells indicated was analysed by measuring cleavage of DEVD-AFC,
which generates a fluorescent product. Fluorescence values were standardised to a percentage of maximum, arbitrarily taken to be that of the positive control (set at 100
units), namely 143B cells treated for 24 h with 250 nM STS. Black bars, untreated cells; grey bars, cells treated for with 250 nM STS for 24 h; white bars, cells treated with
2mM STS for 24 h; vertical stripes, 5 ng/ml TNF-a; horizontal stripes, 2 ng/ml TNF-a and 1 mg/ml CHX. Results are from three independent experiments; error bars
indicate standard deviation
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induce caspase-3 activation and apoptosis. However, while
a much higher level of caspase-3 activation was observed in
NIH3T3 cells treated with 2 mM STS compared to 250 nM
STS, no increase was evident in the 2 mM STS treated cyt
c�/� cells (Figure 2c), similar to the results obtained for DNA
degradation (Figure 2b).

To confirm that the cyt c�/� cells are indeed able to activate
caspase-3 under some conditions, we also treated cyt c�/�
cells with TNF-a with and without cycloheximide (CHX). The
combination of these reagents induces apoptosis via the
death receptor pathway. As shown in Figure 2c, we observe
that cyt c�/� cells are able to activate caspase-3 in response
to TNF-a in the presence of CHX in confirmation of the earlier
findings of Li et al.6 We thus conclude that the apoptotic
signalling pathway downstream of the mitochondria is not
activated in the cyt c�/� cells, and that delivering a stronger
apoptotic stimulus is insufficient to overcome the block in the
apoptotic pathway effected at the mitochondrial level.

Cyt c�/� cells do not release Smac/DIABLO from
mitochondria upon apoptotic stimuli

We asked if the lack of caspase activation in cyt c�/� cells
subsequent to apoptotic stimuli can be explained solely on the
failure to release of cyt c from mitochondria, or whether
deficiencies in release of other apoptogenic mitochondrial
proteins contributes to the deficits in downstream pathways of
apoptosis in these cells. Accordingly, cells treated with
250 nM STS were examined by immunocytochemistry to
monitor the release of both Smac/DIABLO and cyt c from
mitochondria. Release of Smac/DIABLO (and cyt c) is seen in
reference cell lines after only 8 h of STS treatment (Figure 3a).
Quantification of the population of treated cells shows that
15–20% of cells from the reference cells lines have released
Smac/DIABLO after 8 h of STS treatment, a similar proportion
to those releasing cyt c at this time (Figure 3b). No significant
release of Smac/DIABLO could be observed in cyt c�/� cells
treated with STS even for the extended period of 24 h
(Figure 3a). Concordantly, with quantification, there is no
increase in the percentage of cyt c�/� cells that have
released Smac/DIABLO after STS treatment (Figure 3b).

To confirm and extend the data obtained using immuno-
cytochemistry, Western blotting was performed on fractio-
nated cells treated with STS for periods up to 24 h. Under
these conditions, reference 143B cells show clear release of
Smac/DIABLO and cyt c from mitochondria, while NIH3T3
cells show a smaller, but still significant, release of both
proteins (Figure 4a). In contrast, the cyt c�/� cells do not
show detectable translocation of Smac/DIABLO into the
cytosolic fraction under the same conditions.

To verify that release of Smac/DIABLO from mitochondria
of cyt c�/� cells was not merely delayed compared to that of
our reference cell lines, we extended the STS treatment
(250 nM) over periods of up to 7 days (168 h, Figure 4c).
This extended STS treatment did not lead to detectable
release of Smac/DIABLO from mitochondria of cyt c�/� cells
(Figure 4c), in contrast to reference cell lines, which show
release of Smac/DIABLO as early as 8 h with STS treatment
(Figure 4a). Even though we observed no caspase-3

activation and limited DNA degradation in cyt c�/� cells
when treated with an increased concentration of STS, it has
been reported previously that under some conditions Smac/
DIABLO is only released from mitochondria with much
stronger apoptotic stimuli than those required to release cyt
c.10 Therefore, an increased concentration of STS (2 mM), as

Figure 3 Confocal microscope analysis of release of Smac/DIABLO and cyt c
from mitochondria of cells treated with STS. Representative images of cells
subjected to immunocytochemistry using antibodies specific for Smac/DIABLO
(secondary antibody labelled with Alexa 488; top row), having been previously
stained with MTR (middle row). Overlays of the Smac/DIABLO immunostaining
and MTR fluorescence are shown (bottom row). Scale bars 50 mm. (a) Reference
cells 143B and NIH3T3 were treated with 250 nM STS for 8 h and cyt c�/� cells
likewise treated for 24 h. Arrows in overlays (bottom row) indicate cells that have
released Smac/DIABLO from the mitochondria. (b) Quantification of cells
releasing Smac/DIABLO or cyt c from mitochondria in untreated cells (�) or after
treatment of cells with STS (þ ). Black bars, 143B; grey bars, NIH3T3; white
bars, cyt c�/� cells. Results are calculated from two independent experiments
with a minimum of 150 cells counted per experiment; error bars indicate standard
deviation. Note that in (a) two cells in the rightmost series of images show weak
staining for Smac/DIABLO relative to that for MTR. This is not an effect of STS
treatment because even in untreated cells a similar proportion of cyt c�/� cells
fail to stain efficiently with antibodies such as those used for Smac/DIABLO here
(data not shown)
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used previously, was used to treat the cyt c�/� cells.
Significantly, release of Smac/DIABLO from mitochondria
was not seen even after 24 h treatment at the higher STS
concentration (Figure 4d), compared to release of Smac/
DIABLO from mitochondria of another mouse embryonic
fibroblast cell line, NIH3T3, observed at 8 h after treatment
with 2 mM STS (data not shown). This implies that the cyt c�/�
cells are resistant to apoptotic induction via the mitochondrial
pathway, and that increasing the level of stimulus is
insufficient to overcome this resistance.

To test whether this distinction between cyt c-positive cells
and those lacking cyt c occurred with other apoptotic stimuli,
cells were treated with etoposide, a topoisomerase inhibitor
that causes DNA-damage induced apoptosis via cyt c release
and caspase activation.11 Reference cell lines 143B and
NIH3T3 treated with 50 mM etoposide release both cyt c and
Smac/DIABLO from the mitochondria as early as 12 h after
treatment (Figure 4b). In contrast, the cyt c�/� cells show no
detectable release of Smac/DIABLO into the cytosolic fraction
even after 48 h treatment with etoposide. This strengthens the
observation that apoptotic inducers acting through the

mitochondrial pathway are unable to induce Smac/DIABLO
release from the mitochondria in cyt c�/� cells, and that this
phenomenon is not unique to STS as an inducer.

It may be proposed that an explanation for the failure of
Smac/DIABLO release in the cyt c�/� cells is due to the
function of cyt c in the respiratory chain and not its role in
apoptosis. However, r0 206 cells from 143B TK� human
osteosarcoma cells which are also respiration-deficient, show
release of cyt c12 and Smac/DIABLO (Figure 4e) from
mitochondria after STS treatment. This indicates that a
deficiency in respiration is not sufficient in itself to retard
Smac/DIABLO release.

The failure to observe cytosolically localised
Smac/DIABLO in cyt c�/� cells is not due to
proteasome activity

Evidence has been presented that under some circumstances
Smac/DIABLO is susceptible to ubiquitinylation and subse-
quent degradation by the proteasome, after release from the

Figure 4 Western blot analysis of release of Smac/DIABLO and cyt c from mitochondria. Cells subjected to treatments for the times indicated were permeabilised with
digitonin and fractionated into mitochondrial and cytosolic fractions. Samples of both fractions were subjected to SDS-PAGE and Western blotting to detect Smac/
DIABLO and cyt c (with reference proteins Hsp60 and actin also detected). Treatment regimes were as follows: (a) 250 nM STS; (b) 50 mM etoposide; (c) 250 nM
STS over a 7-day period; (d) 2 mM STS; (e) r0 206 cells treated with 250 nM STS. Other indications, including cell line and duration of treatment, are shown in the
relevant panels
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mitochondria.13 To exclude the possibility that this may be the
reason that we observe no increase of Smac/DIABLO in the
cytosolic fraction of cyt c�/� cells after STS treatment
(Figure 4a), cyt c�/� cells were treated with the proteasome
inhibitor MG-132 prior to STS treatment. Initially we needed to
determine a concentration of MG-132 sufficient to inhibit the
proteasome in the cyt c�/� cells. As shown in Figure 5a, the
minimum concentration found to inhibit the proteasome in the
cyt c�/� cells was 1 mM, judged by the accumulation of
ubiquinitinylated proteins. However, treating cyt c�/� cells
with 1mM MG-132 resulted in detectable Smac/DIABLO
release in to the cytosol, even when no STS was added
(Figure 5b). However, since the mitochondrial matrix protein
Hsp60 is also observed to be released into the cytosol with
MG-132 treatment, we infer that some non-specific permea-
bilisation of mitochondria has occurred to a limited extent in
cyt c�/� cells. Note that Smac/DIABLO and Hsp60 are
released in parallel at MG-132 concentrations at or above the
threshold of 1mM at which the proteasome is inhibited
(Figure 5b). Significantly, when cyt c�/� cells were pretreated
with 1 mM MG-132 and then subjected to STS treatment, there
was no increase in the amount of cytosolically localised Smac/
DIABLO (Figure 5c). The intensity of the band was again in

parallel with that of the Hsp60 band under these conditions.
We therefore conclude that Smac/DIABLO is not released
into the cytosol of cyt c�/� cells during STS treatment,
under conditions where MG-132 pretreatment blocks protea-
some activity.

Discussion

The mitochondria play a key role in apoptosis elicited by many
stimuli. These signals are normally regulated at the mitochon-
dria by the Bcl-2 family of proteins, containing both proapop-
totic and antiapoptotic members, such as Bax or Bcl-2 itself,
respectively. Here we have shown defects in the mitochon-
drial apoptotic signalling pathway of cyt c�/� cells, which
extends beyond the possibility that downstream signalling is
blocked simply due to the absence of cyt c. Notwithstanding
the mobilisation of Bax to the mitochondria in the cells null for
cyt c after STS treatment, these mitochondria are evidently
unable to release Smac/DIABLO. These results raise inter-
esting questions about the possible hierarchical order of
release of IMS proteins and the role cyt c itself may play in
outer mitochondrial membrane permeabilisation leading to
release of other IMS proteins. Moreover, the apoptotic effects
in cyt c�/� cells extend beyond failure to activate the
apoptosome; the consequential inability to release Smac/
DIABLO from mitochondria would prevent inhibition of IAPs
that would otherwise enable maximal caspase activation.

It would appear that the apoptotic stimuli provided are
capable of inducing the appropriate signalling to the mito-
chondria in the cyt c�/� cells. Thus, with STS treatment, Bax
is mobilised to the mitochondria from its prior location in the
cytoplasm, and then activated. Bax would normally be
expected to overcome antiapoptotic inhibition by proteins
such as Bcl-2 and Bcl-xL and be involved in permeabilisation
of the outer membrane leading to release of cyt c and other
IMS proteins. In the cyt c�/� cells, it appears that while the
proapoptotic Bax signal is received, it does not in this case
generate release of Smac/DIABLO from mitochondria. While
we have determined that Bax is indeed in its active
conformation at the mitochondria, we have not directly
investigated if oligomerisation of Bax occurs. If the cyt
c deficiency is preventing Bax oligomer formation, it may also
be preventing the formation of Bax channels at the mitochon-
drial membrane. While these channels may not be the
mechanism, as such, for release of cyt c or Smac/DIABLO,
formation of Bax oligomers can induce cyt c release in isolated
mitochondria,14 and Bax oligomerisation induced by tBid in
outer membrane vesicles is able to induce the formation
of lipidic pores which are able to release molecules up to
2000 kDa.15

From previous studies, using Western blotting and confocal
microscopy, it has been inferred that Smac/DIABLO and cyt
c are both released into the cytosol more or less at the same
time after apoptotic treatments.3,4,16,17 Thus, release of
Smac/DIABLO and cyt c is generally viewed to occur at the
same time, via the same pathway. Studies on Smac/DIABLO
release using Smac-YFP fusion proteins show its release
to have a similar onset time as cyt c release, but to take up to
three times as long to be released compared to cyt c.16,17 The

Figure 5 Treatment of cyt c�/� cells with the proteasome inhibitor MG-132.
(a) Cells treated with various concentrations of MG-132 as indicated; whole-cell
lysates were probed with antibodies to ubiquitin. (b) Cells were treated with
various concentrations of MG-132, then permeabilised with digitonin, separated
into mitochondrial and cytosolic fractions and probed for release of Smac/
DIABLO. (c) Cells were treated with 1 mM MG-132 prior to treatment with 250 nM
STS, fractionated and probed for release of Smac/DIABLO. Identical results to
those shown in (c) have been obtained on three separate occasions
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longer kinetics of release are proposed to be due to the larger
size of monomeric Smac/DIABLO (23 kDa) compared to that
of cyt c (14 kDa) and the existence of Smac/DIABLO as an
arch-shaped homodimer,18 which also increases its size
relative to that of cyt c. However, the extended duration of
Smac/DIABLO release might also be influenced by the use of
fluorescent protein tags. Recent work on STS-treated 143B
cells using immunocytochemistry to monitor the kinetics of
release of cyt c and Smac/DIABLO with respect to one
another has revealed a substantial portion of cells over
several hours of STS treatment, in which cyt c release has
occurred but not that of Smac/DIABLO (MLR Lim and
P Nagley, unpublished data). Thus, not only is Smac/DIABLO
slower to exit the mitochondria once release has been
initiated, but the initiation of release of Smac/DIABLO may
be significantly delayed with respect to that of cyt c under
some circumstances.

In the cyt c�/� cells, we showed that Smac/DIABLO was
unable to be released from mitochondria not only under mild
conditions that induced release in cyt c-positive mouse
embryonic fibroblast cells but also under more vigorous
conditions of apoptotic stimulation, such as higher concentra-
tions of STS and extended treatment times. Other apoptotic
inducers such as etoposide (Figure 4b), HA14-1 (a small
molecule Bcl-2 inhibitor19,20) and serum starvation (data not
shown) were also unable to induce Smac/DIABLO release in
the cyt c�/� cells, while inducing both Smac/DIABLO and
cyt c release in cyt c-positive cell lines.

Under some circumstances, Smac/DIABLO has been
shown to be degraded by the proteasome once released into
the cytosol,13 which can be prevented by the proteasome
inhibitor MG-132. Treatment with MG-132 itself in the cyt c�/�
cells appeared to cause a limited extent of nonspecific
permeabilisation of mitochondrial membranes, leading to
some release of both Smac/DIABLO and the mitochondrial
matrix protein Hsp60 (Figure 5b). The nature of this
permeabilisation in cyt c�/� cells has not been investigated
further, except to note that the mobility of the Smac/DIABLO
band observed corresponds to that of processed protein (after
import) rather than precursor, whose size is some 5 kDa larger
and easily distinguished by its mobility on SDS-PAGE as
applied here (data not shown). It is to be emphasised that the
amount of Smac/DIABLO released into the cytosol under
these conditions did not increase when cells were treated with
STS. Therefore, the possible release or Smac/DIABLO from
mitochondria and its rapid degradation by the proteasome in
the cytosol of cyt c�/� cells is eliminated as the explanation of
why we were unable to observe Smac/DIABLO in the cytosol
of such cells after treatment with apoptotic reagents such as
STS or etoposide.

The lack of detectable Smac/DIABLO release in the cyt
c�/� cells with multiple apoptotic stimuli suggests that Smac/
DIABLO is unable to be released independently of cyt c.
The question arises as to whether this lack of release is due to
cyt c and Smac/DIABLO being released via the same
mechanism, but there is a sequential requirement for cyt
c release to proceed before that of Smac/DIABLO, or
whether the defect is in some signalling circuit involving
mitochondria which would normally be initiated by cyt c after
its release into the cytosol.

The dependence of Smac/DIABLO release on cyt c could
be mechanistic, where cyt c is required either directly or as a
cofactor to activate the mechanism of Smac/DIABLO release.
This may be ‘internal’ to mitochondrial reorganisation whereby
mobilisation of cyt c from regions deep within the cristae, into
the IMS and through the outer membrane, enables or
promotes Smac/DIABLO release. tBid has been shown to
promote reorganisation of mitochondrial cristae, mobilising
cyt c and making it available for release.21 This cristal
reorganisation may also be required for Smac/DIABLO to be
available for release. Resolving whether cyt c and Smac/
DIABLO are released via the same mechanism may address
the possibility of mechanistic interdependence; if the release
mechanisms are different, this may imply a role for cyt
c in assisting pore formation in the OM for release of other
IMS proteins.

Alternatively, the dependence on cyt c of Smac/DIABLO
release may arise from some signalling mechanism external
to mitochondria. Thus, a signal may be initiated by cyt c, once
released into the cytosol, creating a feed-forward mechanism
that enables Smac/DIABLO release. Feed-forward or signal
amplification systems for mitochondria-induced apoptosis
have been reported, for example, Ca2þ signalling from the
ER.22 In this feed-forward model, apoptotic stimuli promote
small amounts of cyt c to be released, which move to the ER,
causing release of Ca2þ into the cytosol.22 This released
Ca2þ is suggested to activate the mitochondria to cause
extensive outer membrane permeabilisation and release of
the remaining cyt c.22 Release of Smac/DIABLO by this
mechanism was not examined in these studies, but if general
OM permeabilisation occurs, as is proposed to occur with
mitochondrial Ca2þ overload,23 release of Smac/DIABLO
would certainly be anticipated.

Such a feed-forward circuit is to be distinguished from that
involving downstream caspase activation which is reportedly
required for release of AIF.24 As there is little or no caspase-3
activation in the cyt c�/� cells6 (and Figure 2c herein), one
would expect release of AIF to be retarded. Indeed, we have
not been able to observe detectable AIF release in the cyt
c�/� cells after STS treatment (TM Hansen, unpublished
data) and AIF release from the mitochondria was not seen in
colon cancer cells that have had cyt c expression reduced by
RNAi.25 These results therefore indicate that cyt c plays a role
in mediating or signalling the release of other apoptogenic
proteins from the IMS during apoptosis.

The cyt c�/� cells undergo morphological changes after
STS treatment, such as cell shrinkage and clustering of the
mitochondria around the nucleus, which are typical of
apoptosis.1 Further work has also indicated mitochondrial
stress consequential to apoptotic stimuli in cyt c�/� cells, such
that mitochondria in the cyt c�/� cells have lost their
membrane potential after 24 h STS treatment as do 143B cells
(TM Hansen, unpublished data), characteristic of mitochondria
in the later stages of apoptosis, after caspase activation.26

Further work is required to elucidate how the cyt c�/� cells
normally maintain their membrane potential in the face of
impaired respiratory electron transport, what signals are
causing the reduction of membrane potential in cyt c�/� cells
with STS treatment and how this affects the various compo-
nents of the cell that are dependent on mitochondrial function.
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In this paper, we have focused on the role of cyt c in
apoptosis, rather than in respiratory electron transport, as the
potential explanation for why the cyt c�/� cells fail to undergo
apoptosis. We do not consider it likely that the respiration
deficiency affects the cells’ ability to die by apoptosis. This is
because 143B 206 r0 cells (lacking mitochondrial DNA),
which are absolutely respiration-deficient, are able to release
both cyt c27 and Smac/DIABLO (Figure 4e) from mitochondria
during STS-induced apoptosis. There may, however, be
some subtle disjunction of respiratory electron transport in
cyt c�/� cells that influences apoptotic signalling.

Although the mouse embryonic cell line NIH3T3 provided a
useful comparator in the present studies, cyt c�/� cells in
which cyt c expression has been genetically restored would
represent an important control in confirming that the observed
defects in cyt c�/� cells relate solely to the absence of cyt c
and not to some additional defect. However, in contrast to Li
et al.,6 we have thus far been unable to achieve significant
levels of transfection of cyt c�/� cells using vectors designed
for expression of cyt c, which would permit such experiments
to be performed. Nonetheless, Li et al.6 showed that on
restoration of cyt c expression in the cyt c�/� host cells, the
cells underwent apoptosis in response to UV irradiation,
indicating there that was no other intrinsic apoptotic signalling
defect in these cells. Downstream apoptotic mechanisms are
still functional in cyt c�/� cells as shown by treatment with
apoptotic inducers acting through the death-receptor path-
way.6 Concordantly, we have also observed caspase-3
activation in cyt c�/� cells treated with TNF-a and CHX, as
for Li et al.6 Such activation of caspase-3 is independent of
mitochondrial apoptotic signalling and presumably occurs via
an enhanced death-receptor pathway.6

In conclusion, the failure of cyt c�/� cells to release Smac/
DIABLO, after the recruitment of apoptogenic signals to the
mitochondria in the form of Bax, may represent an extreme
manifestation of some inherent difference in the process
whereby cyt c and Smac are released from the mitochondria.
The dependence of Smac/DIABLO release on cyt c may be
due to a requirement for cyt c to activate a mechanism for
Smac/DIABLO release, or the lack of cyt c abolishes a
signalling pathway required for the release of Smac/DIABLO.
Elucidation of the molecular regulation of such differential
release pathways is a current priority.

Materials and Methods

Materials and antibodies

RPMI 1640, DMEM and foetal calf serum were purchased from JRH
Biosciences (Lenexa, KS, USA), penicillin/streptomycin from CSL
Biosciences (Parkville, VIC, Australia), non-essential amino acids from
Gibco (Carlsbad, CA, USA) and pyruvate, uridine, HEPES, 2-
mercaptoethanol, protease inhibitor cocktail, STS, etoposide and MG-
132 were purchased from Sigma (St. Louis, MO, USA). Antibodies used
for immunocytochemistry and Western blotting were mouse monoclonal
cyt c (clone 7H8.2C12 for Western blotting and clone 6H2.B4 for
immunocytochemistry) and mouse monoclonal Bax (clone 6A7) from BD
Biosciences Pharmingen (San Jose, CA, USA); rat monoclonal Smac/
DIABLO (clone 10G7, used for immunocytochemistry) from Apotech
(Epalinges, Switzerland); rabbit polyclonal Smac/DIABLO (used for

Western blotting); mouse monoclonal pan-Actin from LabVision (Fremont,
CA, USA); rabbit polyclonal Hsp60 was a gift from Professor N
Hoogenraad; secondary antibodies conjugated to alkaline phosphatase
for Western blotting detection were purchased from Chemicon (Temecula,
CA, USA); rabbit anti-ubiquitin purchased from Sigma (St. Louis, MO,
USA); goat anti-rabbit IgG, H&L chain-specific peroxidase conjugate
purchased from Calbiochem (from Merck Biosciences, Kilsyth, Vic,
Australia); fluorescent secondary antibodies for immunocytochemistry
conjugated to Alexa 488 or Alexa 568 and MTR were purchased from
Molecular Probes (Eugene, OR, USA). Chemiluminescent detection using
ECF substrate from GE Healthcare (Chalfont St. Giles, UK) or ECL
detection using the Immun-Star HRP Substrate Kit from Bio-Rad
(Hercules, CA, USA) was used for Western blotting detection. The
Dead-End Fluorometric TUNEL System was purchased from Promega
(Madison, WI, USA) and the caspase-3 activity kit purchased from Roche
Applied Science (Mannheim, Germany).

Cell culture

Human osteosarcoma cells 143B TK� were cultured in RPMI 1640
medium supplemented with 10 mM HEPES, 100mM penicillin/strepto-
mycin and 10% foetal calf serum. Mouse embryonic NIH3T3 cells were
cultured in DMEM medium supplemented as above. Cyt c�/� cells
(ATCC no. CRL-2613) and r0 206 cells (derived from 143B TK� cells28)
were cultured in DMEM supplemented with 10 mM HEPES, 100 mM
penicillin/streptomycin, 10% foetal calf serum, 0.05 mM 2-mercaptoetha-
nol, 0.1 mM nonessential amino acids, 0.11 mg/ml pyruvate and
0.05 mg/ml uridine. All cells were cultured in a humidified incubator at
371C with 5% CO2.

Apoptotic inducers

Cells were treated with STS or etoposide at the concentrations and times
specified in individual figures.

Cellular fractionation and Western blotting

Fractionation of digitonin permeabilised cells was carried out according to
Adrain et al.29 to separate the mitochondrial and cytosolic proteins. Briefly,
cells were collected, washed with PBS and resuspended in cytosolic lysis
buffer (250 mM sucrose, 70 mM KCl, 137 mM NaCl, 4.3 mM NaPO4,
1.4 mM KH2PO4, protease inhibitor cocktail) for 5 min on ice. Cells were
centrifuged at 1000� g for 5 min and the supernatant was collected as the
cytosolic fraction. The remaining pellet was resuspended in mitochondrial
lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM
EGTA, 0.2% Triton X-100, 0.3% NP-40, protease inhibitor cocktail) for
5 min on ice. The suspension was centrifuged at 10 000� g for 5 min and
the supernatant collected as the mitochondrial fraction. Proteins from
fractionated cells or unfractionated whole-cell lysates were resolved on
12% SDS-PAGE, transferred to PVDF membrane and probed with
antibodies to cyt c and Smac/DIABLO. Detection of ECF substrate and
imaging was performed on a Storm Phosphoimager (GE Healthcare,
Chalfont St. Giles, UK), while ECL substrate was exposed to Hyperfilm
(GE Healthcare, Chalfont St. Giles, UK).

Immunocytochemistry and confocal imaging

Cells for immunostaining were seeded onto coverslips and incubated
overnight to establish adherence. Following treatment, cells were
incubated with 100 nM of the mitochondrial reporter dye, MTR for
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30 min at 371C to label mitochondria. Cells were then fixed with 3.5%
paraformaldehyde for 10 min at 371C and permeabilised with 0.1% Triton
X-100 at room temperature for 10 min. In some experiments, cells were
alternatively permeabilised with CHAPS buffer (150 mM NaCl, 10 mM
HEPES, 1.0% CHAPS) after fixation. Cells were immunostained at 41C
overnight with antibodies to cyt c, Smac/DIABLO and Bax. Cells were
imaged with an Olympus Fluoview 500 inverted confocal laser scanning
microscope equipped with an Argon/HeNe laser light source. Images were
collected using a 60x/1.2 water immersion lens. In dual-channel imaging,
photomultiplier sensitivities and offsets were set to a level at which bleed
through effects from one channel to another were negligible. Scale bars on
images were set at 50 mm.

TUNEL analysis for DNA degradation

Briefly, cells were collected, fixed in 1% paraformaldehyde for 20 min on
ice, and then permeabilised in 70% ethanol overnight before incubation
with FITC-conjugated anti-Tdt antibody for 1 h at 371C Data collection
were carried out using the FACSCalibur flow cytometer (BD Biosciences,
San Jose, CA, USA) using an excitation wavelength of 488 nm and
analysis on 10 000 events per sample performed using CellQuest
software.

Analysis of active caspase-3

The presence of active caspase-3 was determined on a fluorescence plate
reader (Flurostar Optima from BMG Labtech, Offenburg, Germany);
excitation 405 nm, emission 510 nm. Cell lysates were incubated on a
plate coated with antibody to active caspase-3. After removal of the lysate,
the caspase-3 substrate DEVD-AFC was added and incubated at 371C for
2 h before analysis. Fluorescence values obtained from independent
experiments were expressed as relative fluorescence units by comparison
with 143B TK� cells treated with STS (this consistently provided the
highest reading), which was taken to be 100 units.
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