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Cytochrome c is thought to play an important role in
he initiation of apoptosis following its release from
itochondria. It is controversial whether such release

s also involved in caspase activation and apoptotic
ell death after ligation of the cell surface molecule
as. We addressed this issue by investigating cells

rom the human cell lines Jurkat and SKW6 which had
een treated with the inhibitor of the mitochondrial
0/F1-ATPase, oligomycin. Oligomycin-treatment led,
ver a wide range of concentrations, to ATP-depletion
nd, at similar concentrations, abrogated the appear-
nce of caspase-3-like activity caused by stauroporine.
lectroporation of cytochrome c protein into intact
ells induced caspase activation in both cell lines and
ignificant nuclear apoptosis in Jurkat cells. In ATP-
epleted cells, electroporation of cytochrome c in-
uced neither caspase activation nor nuclear frag-
entation. Fas-induced caspase activation and nuclear

poptosis, however, were unaffected by the depletion
f ATP. Thus, cytochrome c is unlikely to be an impor-
ant factor in Fas-induced cell death. © 1999 Academic Press

Apoptotic cell death is the result of the activation of
specialized intracellular signaling system. The com-

onents of the apoptosis machinery which are required
or the implementation of cell death are probably
resent in all cells and are activated upon a specific
ignal. Over the last few years, it has become clear that
embers of the caspase family of cysteine proteases

re critical for at least most forms of apoptosis, and the
uestion of how caspases are activated has, accord-
ngly, attracted much attention (for review see (1)).
everal points of evidence support the concept that
ytochrome c plays a role in the induction of caspase

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: 49-89-4140-

868. E-mail: hacker@lrz.tum.de.
71
ctivity: In a cell-free system, cytochrome c can acti-
ate caspase-3 via a complex with Apaf-1 and
aspase-9 (2–4). When microinjected or electroporated
nto normal cells, cytochrome c can trigger apoptosis (5,
). Furthermore, cytochrome c-release from its normal
ocation in the mitochondria into the cytosol can be
etected as an early event in several forms of apoptosis
uch as cell death initiated by treatment with high
oncentrations of the kinase-inhibitor staurosporine
7). It appears therefore likely that cytochrome c can
ct as an initiator of the apoptotic system.
Whether the induction of apoptosis by the cell sur-

ace receptor Fas/APO-1/CD95 is mediated by cyto-
hrome c is controversial. Fas-ligation leads to the
ecruitment of a signaling complex and subsequently
he activation of caspase-8 (8, 9). Caspase-8 can by
tself process other caspases such as caspase-3 which is
nown to be involved in central events of apoptosis (1);
t is therefore plausible that this could be a direct way
f bypassing the caspase-activating capacity of cyto-
hrome c. Mice deficient for caspase-9, the only caspase
nown to be initially activated via cytochrome c, have
evere developmental defects and a disturbed apoptotic
esponse to many death-inducing stimuli; cell death
nduced by Fas-signaling, however, appears to be nor-

al (10, 11).
Recent data, on the other hand, contradict this
odel. Several groups of authors have reported that

ytochrome c is released from mitochondria following
igation of Fas (12, 13) although other publications
ispute this finding (14–16). Moreover, a mechanism
as been described which provides a molecular expla-
ation for such release as a consequence of caspase-8-
ctivation: The protein Bid can be cleaved by active
aspase-8 and one of the cleavage products is capable of
ssociating with mitochondria and triggering the re-
ease of cytochrome c (17–19). Along the same lines,
oth a naturally occuring and an engineered dominant
egative form of caspase-9 has been found to inhibit
as-induced cell death (20–22).
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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In this study, we addressed the question of the re-
pective contribution of cytochrome c to the activation
f caspases and apoptosis induced by either Fas-
igation or treatment with staurosporine. Cells from
he two human cell lines Jurkat and SKW6 were de-
leted of ATP by treatment with the inhibitor of the
itochondrial F0/F1 ATPase, oligomycin, during cul-

ure in glucose-free medium. Under these conditions,
aspase-activation by staurosporine was precluded but
aspase-activity initiated by anti-Fas-treatment was
naltered. To characterise this further, the depen-
ency of cytochrome c on ATP for the induction of
poptosis was tested by electroporation of the protein
nto intact cells.

It has been reported recently that different cell lines
eact in a different fashion to a Fas-signal and a model
as been proposed which allocates cells to either of two
roups (12). We therefore used for these studies two
ell lines in parallel, the human T cell line Jurkat (a
type II” cell line) and the human SKW6 lymphoblas-
oid line (a “type I” cell line).

ATERIALS AND METHODS

Cell lines and treatment of cells. Jurkat cells were from the
merican Type Culture Collection. SKW6 cells were obtained from
r. Andreas Strasser, Walter and Eliza Hall Institute, Melbourne,
ustralia. Both cell lines were grown in Click’s RPMI supplemented
ith 10% FCS, glutamine and antibiotics. For ATP-depletion, cells
ere collected by centrifugation, washed once in glucose-free RPMI
edium (Gibco BRL) containing 0.5% FCS and 2 mM pyruvate (here

eferred to as depletion medium) and cultured in depletion medium
t a density of 106 cells/ml in 12-well plates. Oligomycin (Sigma) was
dded to the concentrations indicated in the figure legends and cells
ere cultured at 37°C/7% CO2 for the time periods specified in the
gure legends. To induce apoptosis, to some samples anti-Fas mAb
Upstate Biotechnologies; 100 ng/ml for Jurkat cells, 50 ng/ml for
KW6 cells) or staurosporine (Sigma, 1 mM for Jurkat cells, 2 mM for
KW6 cells) was added, and culture was continued for two hours
efore cells were extracted and caspase-activity was determined.

Measurement of ATP levels in oligomycin-treated cells. Jurkat or
KW6 cells were cultured at 106/ml in depletion medium in the
resence of various concentrations of oligomycin as indicated in the
gure legends. After one or two hours, 0.5 ml-samples were taken,
ashed once in PBS and boiled in 50 ml of 40 mM Tris-borate buffer

pH 9.2) at 100°C for five minutes (23). Samples were centrifuged at
5 000 rpm for five minutes to pellet debris and supernatants were
rozen at 270° for up to two weeks. Measurement of ATP content was
one using a luciferin-luciferase kit (Sigma) in a Berthold luminom-
ter in duplicates (23). Data are expressed as percent of ATP in
ontrol cells (cells cultured for the same length of time in the absence
f oligomycin).

Electroporation of cells. For electroporation with cytochrome c,
ells were collected by centrifugation, washed once in depletion me-
ium (without oligomycin) and resuspended in depletion medium
ontaining oligomycin as indicated in the figure legends (3 3 106 per
ml-sample) and cultured in 6-well plates for one hour. Cells were

hen centrifuged again and resuspended in 400 ml PBS supple-
ented with 100 mg/ml BSA and cytochrome c (400 mg per sample) as

ndicated. Mock transfections were carried out by exactly the same
rocedure in the absence of cytochrome c. Cells were kept in 4 mm
lectroporation cuvettes for 10 minutes on ice, electroporated in a
72
urkat cells) and kept on ice for an additional 20–30 minutes. Cell
uspensions were then placed back into the original 3 ml of depletion
edium and culture was continued at 37°. Cells were extracted for
easurement of caspase-activity after one hour or stained for FACS

nalysis (see below for procedures) after 4 hours.

Measurement of caspase activity. Extracts were prepared from
ells stimulated as indicated. Cells were collected by centrifugation
nd washed once in PBS. Lysis was performed by incubating cells at
density of 2 3 107/ml in lysis buffer (150 mM NaCl, 50 mM

ris-HCl pH 8.0, 1% NP-40) for ten minutes on ice followed by
igorous vortexing. Extracts were then cleared by centrifugation for
minutes at 10 000 3 g at 4°. For assay of DEVD-cleaving activity,

xtracts were diluted 1:10 in reaction buffer (mitotic dilution buffer
24) [10 mM HEPES-KOH pH 7.0, 40 mM b-glycerophosphate, 50

M NaCl, 2 mM MgCl2, 5 mM EGTA, 1 mM DTT] supplemented
ith 0.1% CHAPS and 100 mg/ml BSA) containing the caspase sub-

trate Ac-DEVD-AMC (Bachem) at a final concentration of 10 mM.
eactions were performed in triplicates in flat bottomed 96-well
lates at 37° for one hour. Free AMC was then measured by deter-
ining fluorescence at 390 nm (excitation) and 460 nm (emission) in
Millipore Cytofluor 96-reader. Values were calculated by subtract-

ng background fluorescence (buffer/substrate alone) and are pre-
ented as mean/three times standard error of the mean.

Assay for nuclear apoptosis. Analysis of nuclear apoptosis was
arried out as described (25). Cells were washed in depletion medium
nd cultured at 2 3 105/200 ml depletion medium in triplicate cul-
ures in flat bottomed 96-well plates. Various concentrations of oli-
omycin were added (in the experiment shown here concentration
as 1.25 mM). To some samples, anti-Fas mAb was added one hour
fter the addition of oligomycin (100 ng/ml for Jurkat cells, 50 ng/ml
or SKW6 cells), and culture was continued for five hours. Cells were
hen washed once in PBS, resuspended in 200 ml of staining buffer
0.1 M sodium citrate, 0.1% Triton-X-100, 50 mg/ml propidium iodide)
nd kept at 4°C overnight. Samples were then analyzed in a FACS-
alibur flow cytometer (Becton Dickinson).

ESULTS

Effect of oligomycin treatment on the appearance of
aspase activity induced by staurosporine or anti-Fas
ignaling. In the absence of glucose in the culture
edium, treatment with oligomycin leads to the deple-

ion of cells for ATP (26, 27). To assess the effect of this
reatment on the appearance of caspase-activity, Jur-
at or SKW6 cells were cultured in the absence of
lucose with 2.5 mM oligomycin for one hour. Then
tauroporine was added and culture was continued for
wo more hours. Cells were then extracted and
aspase-3-like activity was measured as the activity
ble to cleave the substrate DEVD-AMC in the ex-
racts. As shown in Fig. 1, staurosporine induced
EVD-cleaving activity in both cell lines. Addition of
ligomycin did not induce caspase-activity but showed
he tendency to lower the basal level of this activity.

hen cells where pre-cultured with oligomycin, the
apacity of staurosporine to induce caspase-activity
as greatly reduced, in some experiments completely
brogated in both cell lines (Fig. 1 and data not shown).
In a similar setup, cells were pre-treated with oligo-
ycin and the capacity of Fas-signaling to induce

aspase-activity was investigated. As shown in Fig. 2
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left panel), oligomycin-treatment did not reduce the
as-induced DEVD-cleaving activity in either cell line.
n some experiments, there was even a tendency to-
ards enhancement of this proteolytic activity in Jur-
at cells (for example in the experiment shown in

FIG. 1. Treatment with oligomycin prevents the appearance of
taurosporine-induced DEVD-cleaving activity. Jurkat or SKW6
ells were cultured (106 cell in 1 ml) either in depletion medium alone
r in the presence of 2.5 mM oligomycin as shown. After 1 h, stauro-
porine (1 mM for Jurkat cells; 2 mM for SKW6 cells) was added to
ome samples, and culture was continued for another 2 h. Cells were
hen collected by centrifugation and washed in PBS. Cell pellets
ere extracted and activity was determined as described under
aterials and Methods. Columns show means, error bars 33 SEM of

riplicate assays. Similar results were obtained in five independent
xperiments.

FIG. 2. Fas-induced caspase activation and appearance of sub-G
ars) or SKW6 cells (open bars) were cultured in 1 ml depletion me
ndicated. After 1 h, anti-Fas mAb was added as indicated (100 ng/m
or another 2 h. Cells were harvested and DEVD-cleaving activity wa
s mean (error bars are 33 SEM) of triplicate assays. Similar results
ells (filled bars) or SKW6 cells (open bars) were cultured in triplicat
he presence of 1.25 mM oligomycin for 1 h. Anti-Fas mAb was added
or Jurkat cells and 50 ng/ml for SKW6 cells), and culture was continu
s described under Materials and Methods. Data are presented as me
1 staining (see also Fig. 6a). Similar results were obtained in thre
73
ig. 2). To obtain additional evidence that cells still
nderwent apoptosis, cell nuclei were stained with pro-
idium iodide and analyzed by flow cytometry. In ac-
ordance with the observed DEVD-cleaving activity,
uclei of oligomycin treated Jurkat cells did exhibit
his sign of apoptosis and there was even a consistent
ncrease in the percentage of cells with sub-G1-DNA
taining (Fig. 2, right panel). For SKW6 cells, there
as either no difference or a slight decrease in this
ercentage (Fig. 2).
In order to establish a correlation between ATP-

epletion and reduction in staurosporine-induced
aspase-activation, experiments were performed in
hich the concentration of oligomycin was titrated
ver a wide range. We had chosen the original micro-
olar ranges of oligomycin because this concentration

ad proved effective in inhibiting nuclear apoptosis in
ecent studies (26, 27). The concentration of oligomycin
equired to induce an almost complete depletion of
ellular ATP-levels was much lower and lay between
bout 10 and 40 nM (Fig. 3). The effective concentra-
ion was similar for Jurkat and SKW6 cells. After one
our, depletion had reached a level which was stable
ver the next hour of incubation (Fig. 3).
The oligomycin concentration was then titrated over
similar range and the effect on the induction of

aspase activity was investigated. As detailed in
ig. 4, the concentration required to reduce the
taurosporine-induced DEVD-cleaving activity by half
as between 10 nM and 50 nM (there was some vari-
tion within that range probably depending on the

uclei are not inhibited by oligomycin. (Left) 106 Jurkat cells (filled
m for 1 h either alone or in the presence of 2.5 mM oligomycin as
r Jurkat cells; 50 ng/ml for SKW6 cells), and culture was continued
easured as described under Materials and Methods. Data are given
re obtained in five independent experiments. (Right) 2 3 105 Jurkat
n flat-bottom, 96-well plates in depletion medium either alone or in
some samples as indicated (the final concentrations were 100 ng/ml
for an additional 5 h. Cells were permeabilized, stained and analyzed
and 33 SEM of the percentages of events with PI staining less than
dependent experiments.
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ondition of the cells) for both Jurkat (Fig. 4a) and
KW6 (Fig. 4b and c) cells. The capacity of a Fas-signal
o induce such activity was unaffected over the entire
oncentration range (Fig. 4).

It is well established that staurosporine causes apop-
osis in a wide variety of cell lines and there is compelling
vidence that this process involves the activation of
aspases (1). Recent work further suggests that this
aspase-activation is initiated by cytochrome c after it
as been liberated from its normal localization in the
itochondria into the cytosol. The following experiments
ere devised to determine at which step the inhibition of

aspase-activation by oligomycin takes place.

Electroporation of cytochrome c into cells leads to
aspase activation and apoptosis in normal but not in
ligomycin-treated cells. A recent report demon-
trates that electroporation of cytochrome c protein

FIG. 3. Correlation of ATP content and oligomycin concentra-
ion. 106 Jurkat (a) or SKW6 (b) cells were cultured in 1 ml of
epletion medium either alone or in the presence of various concen-
rations of oligomycin. After 1 (circles) or 2 (squares) h, 5 3 105 cells
ere collected and processed as described under Materials and
ethods. ATP levels were determined in a luciferin–luciferase assay,

nd results are presented as percentage of untreated control [values
re means of two measurements (single measurements in the SKW6
-h series)]. Similar results were obtained in two independent exper-
ments for each cell line.
74
FIG. 4. Effect of various concentrations of oligomycin on the
nduction of DEVD-cleaving activity by staurosporine and Fas
igation. (a) Jurkat cells (106 cells/sample in 1 ml of depletion

edium) were cultured either without (open symbols) or with
arious concentrations of oligomycin (filled symbols). After 1 h,
ne set of cells was left untreated (circles); to the other cultures,
ither anti-Fas mAb (100 ng/ml, squares) or staurosporine (1 mM,
riangles) was added. Culture was continued for another 2 h, and
ells were extracted and enzyme activity was measured as de-
cribed under Materials and Methods. The data are presented as
ean and 33 SEM of triplicate reactions. Similar results have

een obtained in three independent experiments. (b and c) SKW6
ells were cultured for 1 h as described (a) with (filled symbols) or
ithout (open symbols) oligomycin in various concentrations as

ndicated. To some samples, anti-Fas mAb (50 ng/ml) or stauro-
porine (2 mM) was added, and enzyme activity was measured 2 h
ater. (b) Circles, no apoptosis stimulus; squares, staurosporine.
c) Circles, no stimulus; squares, anti-Fas mAb. The data shown in
b) and (c) are taken from the same experiment and are presented
n two diagrams because of the difference in activity induced by
taurosporine and anti-Fas treatment. The data are presented as
ean and 33 SEM of triplicate reactions. Similar results were

btained in three independent experiments.
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nto intact cells leads to apoptosis as measured by the
ppearance of nuclei with sub-diploid DNA-staining
6). It appears plausible to assume that the mechanism
f this is the Apaf-1-dependent caspase-9/caspase-3 ac-
ivation and subsequent apoptosis as it had been dem-
nstrated earlier in cell extracts (4). We used this ex-
erimental setup to activate the apoptosis machinery
n cells that had been pre-treated with oligomycin.

Jurkat and SKW6 cells were cultured in depletion
edium in the presence of various concentrations of

ligomycin for one hour. Cells were then electroporated
n the absence or presence of cytochrome c protein and
aken back into culture. Two events were further ana-
yzed in these cells: After one hour, protein extracts
ere prepared to measure caspase- activity as above.
fter four hours, cells were permeabilised, DNA was
tained with propidium iodide (PI) and apoptosis was
uantified by flow cytometric analysis. As shown in
ig. 5, mock transfection of cells (i.e. electroporation
nder the same conditions but in absence of cyto-
hrome c) induced little caspase-activity in either Jur-
at or SKW6 cells. Electroporation in the presence of
ytochrome c, however, led to significant caspase-
ctivity in both Jurkat and SKW6 cells. When cells had
een pre-treated with oligomycin, caspase-activation
as suppressed in a dose-dependent manner (Fig. 5).
he concentration of oligomycin required to render
ells unresponsive to cytochrome c-electroporation was
n a similar range as the concentration needed for
TP-depletion and to abolish staurosporine-induced

aspase-activation (see Figs. 3 and 4). This is in agree-
ent with the interpretation that both mechanisms of

aspase-activation rely on the same molecular events,
.e. that staurosporine treatment leads to cytochrome

FIG. 5. Oligomycin treatment prevents the induction of DEVD-
leaving activity induced by electroporation with cytochrome c. Jur-
at (filled bars) or SKW6 (open bars) cells were cultured in depletion
edium either without or with various concentrations of oligomycin

s indicated. After 1 h, cells were collected and electroporated in the
bsence or presence of cytochrome c as described under Materials
nd Methods. Cells were then taken back into culture and incubated
or 1 h before they were extracted and DEVD-cleaving activity was
etermined as above. Similar results have been obtained in three
ndependent experiments with each cell line.
75
-release which acts in the same way as cytochrome c
ntroduced by electroporation.

When nuclear apoptosis was measured in electropo-
ated Jurkat cells, a similar picture was seen. Cells
lectroporated in the presence of cytochrome c dis-
layed an increased percentage of apoptotic nuclei
ompared to control transfected cells (Fig. 6a). When
he cells had been pre-treated with oligomycin, cyto-
hrome c did not induce nuclear fragmentation (Fig.
b). Similar experiments were performed in SKW6
ells but in five experiments like the one shown for
urkat cells (Fig. 6), only in one experiment significant
ytochrome c-induced nuclear fragmentation was ob-
erved (data not shown). We think it most likely that a
ower percentage of SKW6 cells was transfected and
hat therefore not enough cells reacted with fragmen-
ation of their DNA. Overall, the induction of caspase-
ctivity was lower when cells were cultured and
lectroporated in depletion medium than when exper-
ments were performed in complete culture medium
data not shown). This is probably explained by the less
han optimal conditions that had to be used such as low
rotein concentrations.
Taken together, these data demonstrate that by
TP-depletion conditions can be generated under
hich cytochrome c is incapable of inducing caspase-
ctivation and apoptosis. Activation of caspases by a
as-signal, however, is not noticeably altered under
hese conditions. Thus, cytochrome c appears to be
ispensable for Fas-induced apoptosis.

ISCUSSION

In this study evidence is presented that cytochrome
is dispensable for Fas-triggered caspase-activation

nd apoptosis. Treatment of cells with oligomycin effi-
iently blocked cytochrome c-mediated caspase-activa-
ion in two cell lines. Fas-induced caspase-activation,
owever, was unaffected under these conditions.
Over the past few years it has become clear that a

onserved cell death pathway exists which is responsi-
le for the implementation of both developmental cell
eath and physiological cell death in an adult organism
28). Although under experimental conditions excep-
ions can be demonstrated, members of the caspase
amily of cysteine proteases are likely to participate in
t least the vast majority of cases of naturally occur-
ing cell death (1). Based on this concept, much atten-
ion has been focused on the study of the initiation of
aspase activity following an apoptotic stimulus. An
pparently almost unlimited number of chemical sub-
tances and stimuli can induce caspase activity and
poptosis in a responsive cell.
A more recent line of research implicates cytochrome

in the activation of caspases and proposes this protein
or the role of common mediator of caspase-activation.
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ytochrome c can, in concert with Apaf-1, activate
aspase-9 which subsequently can process and activate
aspase-3 (4). Additionally, cytochrome c has been
emonstrated to be released from mitochondria during
ome forms of apoptosis (7, 14).
Earlier studies have found that ATP was required

or apoptosis and depletion of cells for ATP has been
roposed to convert apoptosis into necrosis (26, 27,
9) but the molecular events responsible were un-
lear. Recent work suggests that at least one step
hich requires ATP is the Apaf-1-mediated caspase
ctivation.
In cell extracts, both dATP and ATP can in concert
ith cytochrome c trigger caspase activation (4). Since
paf-1 contains an ATP-binding site which has been
eported to be important for its function (4, 30), it is
ikely that an ATP-dependent function of Apaf-1 such
s a conformational change is necessary for its function
nd that caspase-activation is blocked at this stage in
he absence of ATP. In extracts, dATP appears to exert
he same role as ATP, as the addition of an excess of an
ncleavable ATP-analogue also inhibits the dATP-

nduced caspase activation and both dATP and ATP
re hydrolysed by Apaf-1 (reference 31 and our unpub-
ished results). Therefore, it is at present reasonable to
ssume that the ATP-dependent step in the pathway to
aspase activation lies with Apaf-1.
In one recent study it was reported that in the pres-

nce of oligomycin the ability of Fas to activate DEVD-
leaving caspases was much reduced (26). These obser-
ations are in obvious conflict with our results and we
re not certain what the reason for this discrepancy is.
t is possible that different cell lines—or even sub-
lones of the same line—have acquired defects which
ight cause such a phenotype. It is also possible that

reparations of oligomycin might have side effects
ther than the inhibition of the F0/F1-ATPase which
gain might vary according to the cell type used. Ad-
itionally, the very high concentration of 10 mM used
n that study (26) may have contributed to such side
ffects; in our hands, the oligomycin concentrations
equired for both ATP-depletion and inhibition of
taurosporine-induced caspase-activation were about
000-fold lower (see Results section).
The Fas-triggered pathway to cell death has been

xtensively studied, and a model has been established
hich is able to cover most of the distance between

igand binding and apoptotic phenotype. Oligomerisa-
ion and conformational changes recruit a complex con-
isting of the molecules FADD/MORT-1, FLASH and
aspase-8 to the receptor. Individual caspase-8-
olecules activate each other and, subsequently, acti-

ate “effector” caspases such as caspase-3 (8, 9, 32).
owever, recent work has suggested that cytochrome c

s involved in fas-triggered cell death.
FIG. 6. Oligomycin treatment prevents the appearance of
ub-G1 nuclei induced by electroporation with cytochrome c. (a) Flow
ytometric profile of Jurkat cells after electroporation in the absence
upper panel) or the presence (lower panel) of cytochrome c. Cells
ere electroporated and taken back into culture. After 4 h, cells were
ermeabilized, stained and analyzed by flow cytometry. See Materi-
ls and Methods for details of electroporation and analysis proce-
ures. Debris was gated out. The percentages of events with normal
NA content or reduced staining are given. (b) Percentage of cells
ith sub-G1 staining following electroporation. Jurkat cells were

ultured in depletion medium either in the absence of oligomycin or
n the presence of various concentrations of oligomycin as indicated
or 1 h and then electroporated in the absence or presence of cyto-
hrome c as indicated. After 4 h, cells were analyzed in (a). Data are
ercentages of cells in the sub-G1 gate as in (a). Similar results were
btained in three independent experiments.
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A number of studies have found that cytochrome c is
eleased from mitochondria during Fas-induced apop-
osis (12, 13), and a molecular mechanism has been
roposed by which this could occur: Caspase-8 can
leave the protein Bid and one of the cleavage products
s capable of inducing release of cytochrome c from

itochondria (17, 18) suggesting that caspase-8 does
ot directly activate caspase-3 but does so via cyto-
hrome c-mediated activation of caspase-9. We and
thers have found that cytochrome c-release is at least
ot an early event during Fas-induced cell death (15,
6) and investigations of activation rates have sug-
ested that caspase-8 is well capable of directly acti-
ating caspase-3 (33). Furthermore, Bid-induced cyto-
hrome c-release from mitochondria could be inhibited
y Bcl-2 (17) which indicates that, at least in cases
here Bcl-2 does not inhibited Fas-induced cell death,
id does not contribute to apoptosis.
In this study, we found that the Fas-induced

aspase-activity was unaffected by pre-incubation with
ligomycin in both cell lines used and over a wide range
f oligomycin-concentrations, indicating that caspases
hemselves do not require ATP for their proteolytic
ctivity. Moreover, a recent report demonstrated that
n the absence of ATP Fas-ligation still led to the pro-
essing of pro-caspase-3 (13). We therefore believe that
he evidence is very strongly favoring a model in which
as-signaling can induce normal caspase-activation
nd -activity in the absence of ATP.
Downstream of caspases, some “post-mortem” events

f apoptosis undoubtedly do require ATP. Changes
n nuclear morphology and “ladder-like” DNA-
ragmentation was greatly reduced in Fas-induced cell
eath by ATP-depletion (26, 27) and our own unpub-
ished observations). The reduction in PI-uptake, how-
ver, which leads to the appearance of the “sub-G1-
eak” on a FACS-profile characteristic of apoptosis, is
ot or only slightly affected (13) and see above). All of
hese events of nuclear apoptosis occur in parallel dur-
ng normal apoptosis (25) and sub-G1 cells have been
hought to represent nuclei with less than normal
NA, a consequence of internucleosomal DNA-

leavage. A recent study, however, shows that such
ub-G1 cells can appear in the absence of apoptotic
NA-“laddering” (34), and the events of DNA-

ragmentation and appearance of sub-G1-nuclei may
herefore, although normally linked, result from differ-
nt molecular mechanisms.
It has been found that different cell lines react in a

ifferent fashion to a Fas death-signal; while so-called
type I” (such as SKW6 cells) cells immediately acti-
ate caspases following Fas-engagement, this process
s slower in “type II” cells (such as Jurkat cells). We
sed these two cell lines which have been reported to
over both known phenotypes of Fas-responders (12)
nd obtained the same results in both lines, i.e. normal
77
ppearance of caspase-3-like activity after ATP-
epletion.
In “type I” cells such as Jurkat Bcl-2 does inhibit

as-induced apoptosis (12). This could mean that in
urkat cells other factors are required to pass on a
as-signal. We found that in both cell types as exem-
lified with Jurkat and SKW6 cells, Fas can activate
aspases under circumstances when cytochrome c does
ot have this capacity, i.e. in the absence of ATP. This

ndicates that cytochrome c is not this mediator which
istinguishes Jurkat from SKW6 cells.
A wealth of data has accumulated to propose that

ytochrome c participates during drug-induced apopto-
is. There is, however, no evidence for such a role for
ytochrome c during programmed cell death (PCD)
uring development; a recent study was even able to
emonstrate that cytochrome c was not released dur-
ng PCD in Drosophila and that visible changes to

itochondria in that model occur downstream of
aspases (35). There is evidence that PCD was the
volutionary benefit which drove the evolution of a cell
eath pathway (28). It might therefore been argued
hat activation of this system by cytochrome c is a more
ecent adaptation of higher organisms and that, possi-
ly, death receptors trigger a shortcut to activation of
he ancient system.
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Mol. Cell. Biol. 19, 3299–3311.

7. Luo, X., Budihardjo, I., Zou, H., Slaughter, C., and Wang, X.
(1998) Cell 94, 481–490.

8. Li, H., Zhu, H., Xu, C. J., and Yuan, J. (1998) Cell 94, 491–501.
9. Han, Z., Bhalla, K., Pantazis, P., Hendrickson, E. A., and Wyche,

J. H. (1999) Mol. Cell Biol. 19, 1381–1389.
0. Pan, G., O’Rourke, K., and Dixit, V. M. (1998) J. Biol. Chem. 273,

5841–5845.
1. Srinivasula, S. M., Ahmad, M., Guo, Y., Zhan, Y., Lazebnik, Y.,

Fernandes-Alnemri, T., and Alnemri, E. S. (1999) Cancer Res.
59, 999–1002.

2. Seol, D. W., and Billiar, T. R. (1999) J. Biol. Chem. 274, 2072–
2076.

3. Kane, A. B., Petrovich, D. R., Stern, R. O., and Farber, J. L.
(1985) Am. J. Physiol. 249, C256–C266.
78
Earnshaw, W. C. (1993) J. Cell. Biol. 123, 7–22.
5. Nicoletti, I., Migliorati, G., Pagliacci, M. C., Grignani, F., and

Riccardi, C. (1991) J. Immunol. Methods 139, 271–279.
6. Eguchi, Y., Shimizu, S., and Tsujimoto, Y. (1997) Cancer Res. 57,

1835–1840.
7. Leist, M., Single, B., Castoldi, A. F., Kuhnle, S., and Nicotera, P.

(1997) J. Exp. Med. 185, 1481–1486.
8. Vaux, D. L., and Korsmeyer, S. J. (1999) Cell 96, 245–254.
9. Nicotera, P., Leist, M., and Ferrando-May, E. (1998) Toxicol.

Lett. 102–103, 139–142.
0. Hu, Y., Ding, L., Spencer, D. M., and Nunez, G. (1998) J. Biol.

Chem. 273, 33489–33494.
1. Zou, H., Li, Y., Liu, X., and Wang, X. (1999) J. Biol. Chem. 274,

11549–11556.
2. Imai, Y., Kimura, T., Murakami, A., Yajima, N., Sakamaki, K.,

and Yonehara, S. (1999) Nature 398, 777–785.
3. Stennicke, H. R., Jurgensmeier, J. M., Shin, H., Deveraux,

Q., Wolf, B. B., Yang, X., Zhou, Q., Ellerby, H. M., Ellerby,
L. M., Bredesen, D., Green, D. R., Reed, J. C., Froelich,
C. J., and Salvesen, G. S. (1998) J. Biol. Chem. 273, 27084 –
27090.

4. Susin, S. A., Lorenzo, H. K., Zamzami, N., Marzo, I., Snow, B. E.,
Brothers, G. M., Mangion, J., Jacotot, E., Costantini, P., Loeffler,
M., Larochette, N., Goodlett, D. R., Aebersold, R., Siderovski,
D. P., Penninger, J. M., and Kroemer, G. (1999) Nature 397,
441–446.

5. Varkey, J., Chen, P., Jemmerson, R., and Abrams, J. M. (1999)
J. Cell Biol. 144, 701–710.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG. 2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	FIG. 6

	ACKNOWLEDGMENTS
	REFERENCES

