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Abstract
The inhibition of protein tyrosine phosphatases by pervana-
date, a potent activator of B- and T-cells through the induction
of tyrosinephosphorylationanddownstreamsignalingevents
in different activation cascades, efficiently induced apoptosis
in lymphoid cell lines. Pervanadate-elicited apoptosis could
be blocked by the tyrosine kinase inhibitor herbimycin A. This
apoptotic process involved the activation of caspases 3, 8 and
9, the induction of mitochondrial permeability transition, the
release of cytochrome C and the fragmentation of chromoso-
mal DNA. T-cells lacking the CD95 receptor or caspase-8 and
T-cells stably overexpressing a transdominant negative form
of the adaptor protein FADD were still susceptible to
pervanadate-induced apoptosis, excluding the involvement
of theCD95 system or otherFADD-dependentdeath receptors.
The apoptotic program initiated by the inhibition of tyrosine
phosphatases did not require the presence of the tyrosine
kinase p56lck or phosphatase CD45, whereas Bcl-2 over-
expression protected T-cells from pervanadate-induced
cytochrome C release, caspase-8 cleavage and apoptosis.
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Introduction

Apoptosis can be triggered by various stimuli such as H2O2

and UV-radiation or the activation of transcription factors c-
Myc, p53 and the glucocorticoid receptor. Alternatively,
apoptosis is induced upon ligation of structurally related
cell surface receptors belonging to the family of death
receptors including CD95 (APO-1/Fas) and tumor necrosis
factor (TNF) receptors.1 Many apoptotic programs such as

the activation-induced cell death in T-cells are executed by
upregulation of the CD95 ligand, thereby activating the
CD95 receptor-mediated apoptosis program.2 Binding of
the extracellular ligands leads to trimerization of the
respective receptors and aggregation of their intracellular
domains. CD95 ligation leads to the formation of a death-
inducing signaling complex (DISC), which contains multiple
proteins including the intracellular ligand FADD.3 The
FADD protein also interacts with the cytoplasmic domains
of other death receptors and binds the protease caspase-
8.4 CD95-mediated apoptosis is executed by at least two
different signaling pathways. The amount of caspase-8
activated at the DISC seems to determine whether a
mitochondria-dependent or -independent signaling route is
taken.5 Most likely, the mitochondrial pathway is mediated
by cleavage and thus activation of caspase-8 which results
in the fragmentation of the proapoptotic Bid protein.6 The
Bid cleavage product then contributes to the mitochondrial
changes, which result in the formation of mitochondrial
permeability transition pores, the reduction of the mitochon-
drial transmembrane potential DCm and the release of
cytochrome C. The latter interacts with an Apaf-1/caspase-
9-containing complex, an event that results in the caspase-
9 activation.7 Activated caspase-9 then cleaves and
activates caspase-3, thus initiating a branched protease
cascade where each of the activated caspases controls
distinct downstream processes. The analysis of mice either
lacking caspase-9 or Apaf-1 shows, that the cell type and
the nature of the apoptotic stimulus determines the
apoptotic pathway.8,9 These early events are followed by
the cleavage of cellular substrate proteins including poly
(ADP ribose) polymerase (PARP) and ICAD, an inhibitory
protein for the caspase-activated deoxyribonuclease (CAD).
This nuclease cuts the genomic DNA in the internucleoso-
mal regions, thus generating multimers of domain-sized
fragments.10

The role of serine/threonine phosphorylation in apoptosis
is much better understood than the role of tyrosine
phosphorylation, which does not yield a homogeneous
picture yet. Apoptosis-promoting properties of tyrosine
phosphorylation are seen in experiments, where diverse
inhibitors of protein tyrosine kinases (PTKs) such as
genistein, tyrphostin and herbimycin A provide a protection
against hypoxia-induced apoptosis.11 Also overexpression
of the proline-rich tyrosine kinase 2 induces cell death in
fibroblasts.12 Activation of the SAPK/JNK pathway by TGF-
b results in the induction of transcription factor DPC4,
which leads to cell cycle arrest and the onset of
apoptosis.13 Similarly, triggering the STAT pathway in
HeLa cells by IFN-g results in the induced expression of
caspase-1 and the onset of cell death.14 However, there is
also evidence for antiapoptotic effects of tyrosine phos-
phorylation. The inhibition of epidermal growth factor
receptor tyrosine kinase results in apoptosis.15 A B-cell

Cell Death and Differentiation (1999) 6, 833 ± 841
ã 1999 Stockton Press All rights reserved 13509047/99 $15.00

http://www.stockton-press.co.uk/cdd



line lacking the tyrosine kinase Syk dies more efficiently by
apoptosis induced by hyperosmotic stress than the wild-
type cell line.16

Binding of the T- and B-cell receptors results in the
activation of numerous PTKs, which trigger different
signaling cascades including the mitogen-activated protein
kinase pathways and the activation of transcription
factors.17 ± 19 Tyrosine phosphorylation can be induced by
pervanadate (vanadate peroxide), which irreversibly inhibits
protein tyrosine phosphatases such as CD45 by oxidizing
catalytic cysteines.20 Therefore, pervanadate is a widely
used inducer of tyrosine phosphorylation, a process that is
normally mediated by PTKs. The pervanadate-elicited
phosphorylation of cellular regulators makes pervanadate
a widely used tool to mimic stimulation of B-cell signaling
cascades, activation of the T-cell receptor complex and
physiologic processes such as reoxygenation.17,21 ± 23

Here we identify pervanadate-induced tyrosine phos-
phorylation as a potent inducer of apoptosis in lymphoid
cells. Inhibition of tyrosine phosphatases resulted in a rapid
reduction of DCm, the release of cytochrome C, activation
of caspases 9, 8 and 3 as well as the fragmentation of
chromosomal DNA. T-cells lacking CD95 or overexpressing
a dominant negative form of FADD were still susceptible to
cell death induced by the inhibition of tyrosine phospha-
tases. This apoptotic process could be inhibited by Bcl-2
overexpression and did not require tyrosine kinase p56lck or
phosphatase CD45. These results identify early premito-
chondrial signaling events as the target for the novel
apoptotic stimulus described here.

Results

Pervanadate: a novel and effective inducer of
apoptosis in T lymphocytes

During a set of experiments using pervanadate as a stimulus
for T-cell activation, we noticed that prolonged periods of
pervanadate-treatment induced morphological changes re-
miniscent to apoptotic processes. We followed this initial
finding by exposing human Jurkat T-cells for various time
periods to different concentrations of pervanadate. Analysis of
the cellular DNA by flow cytometry revealed the characteristic
`sub G1' peak that is indicative for apoptosis (data not shown).
Pervanadate in a concentration of 100 mM already killed the
cells in a kinetics that was only slightly slower than apoptosis
induced by a-APO-1 antibodies. A pervanadate concentration
of 50 mM was only effective when kept on the cells for 2 days
(Figure 1A). The apoptotic process was further characterized
by the analysis of DNA laddering, another typical feature of
apoptosis. Jurkat cells were treated with various concentra-
tions of pervanadate for 12 and 24 h, and the genomic DNA
was analyzed by electrophoresis on agarose gels. Pervana-
date in a concentration of 100 mM was already sufficient to
induce the typical cleavage of chromosomal DNA into
multimers of nucleosomal domain-sized fragments (Figure
1B). The addition of the PTK inhibitor herbimycin A completely
suppressed pervanadate-induced apoptosis (Figure 2A),
demonstrating the importance of tyrosine phosphorylation
for this apoptotic pathway. Similarly, millimolar concentrations

of the antioxidative compound N-acetyl-cysteine (NAC)
protected Jurkat cells from pervanadate-induced apoptosis
(Figure 2B), highlighting the role of reactive oxygen species
for this apoptotic process.

Inhibition of tyrosine phosphatases results in the
activation of caspase-3 and -8

To determine the role of caspases in the course of
pervanadate-elicited apoptosis we tested the impact of
synthetic peptide inhibitors displaying different specificities
for various caspases. The broad spectrum irreversible
inhibitor zVAD-fmk prevented pervanadate-induced apopto-
sis almost completely (Figure 3A). The same concentration of
the inhibitor Ac-YVAD-CHO was less efficient in the protection
of Jurkat cells, suggesting that group I caspases (caspase-1,
-4 and -5) are of minor importance for pervanadate-induced
apoptosis. However, the participation of these group I
caspases cannot completely be ruled out, since different cell
permeability characteristics of aldehyde and fluoromethyl-
ketone conjugates have to be considered. Pervanadate-
induced apoptosis was prevented in the presence of DEVD-

Figure 1 Induction of apoptosis by inhibition of tyrosine phosphatases. (A)
The indicated concentrations of pervanadate and a-APO-1 antibodies were
added to Jurkat cells. Apoptosis was measured at the time points given by
FACS analysis and the percentage of hypoploid cells is shown. Bars indicate
the standard deviations from three independent experiments. (B) Jurkat cells
were cultured in the presence of pervanadate as indicated. Vinblastine was
used as a positive control (1 mM for 12 h). The fragmentation of DNA into
oligonucleosomes was determined by horizontal agarose gel electrophoresis
followed by staining with ethidium bromide. A representative experiment is
shown
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cmk, a peptide that efficiently prevents the activation of
caspases-3, -7 and -8,24 suggesting an important role for at
least one of these enzymes. The involvement of caspase-8,
caspase-3 and the caspase substrate protein PARP was
further investigated by following the fate of these proteins for
various time periods in the presence of 100 mM pervanadate.
The cleavage products were already detectable after 180 min
by Western blot experiments (Figure 3B). This experiment
shows the direct activation of caspases 8 and 3 during this
apoptotic process.

Pervanadate-induced cell death is prevented by
Bcl-2 overexpression and does not require the
CD95 receptor system

Each of the two CD95 signaling pathways described in a
recent study5 is almost exclusively used in two types of cells.
Type I cells are killed by a mitochondria-independent pathway
and type II cells utilize a mitochondria-dependent signaling
cascade. In order to test whether pervanadate preferentially
affects the signaling routes employed by type I or type II cells,

Figure 3 Activation of caspases. (A) The caspase inhibitors zVAD-fmk, Ac-YVAD-CHO and zDEVD-cmk were added 1 h prior to addition of 100 mM pervanadate
for 24 h at concentrations of 75 mM, respectively. The percentage of apoptotic cells was measured by FACS analysis, bars represent the standard deviation from
three independent experiments. (B) Jurkat T-cells were treated for various periods with 100 mM pervanadate. Equal amounts of cellular proteins contained in total
cell extracts were subjected to SDS ± PAGE and analyzed by Western blotting for caspase-3, -8 and PARP. Lines show the full length forms of the proteins,
arrowheads indicate the cleavage products

Figure 2 Inhibitors of pervanadate-induced apoptosis. (A) Prior to the addition of 100 mM of pervanadate for 24 h, Jurkat cells were exposed for 18 h to the
indicated concentrations of herbimycin A. (B) The experiment was performed as described for (A), with the exception that the indicated concentrations of NAC were
added 1 h prior to the induction of apoptosis by pervanadate. Error bars indicate the standard deviations
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we compared various type I and type II cell lines for their
susceptibility to apoptosis induced by pervanadate or a-APO-
1 (Figure 4A). The five cell lines tested were efficiently killed
by a-APO-1 antibodies. All type II cells (Jurkat and CEM-C7 T-
cells and BJAB B-cells) died upon exposure to pervanadate,
but both type I cells tested (SKW 6.4 B-cells and H9 T-cells)
were not significantly killed by pervanadate. This raises the
possibility that only type II cells are targets for this apoptotic
stimulus. Since pervanadate leads to caspase-8 cleavage
and the activation of T-cells, we tested whether it may exert its
apoptotic function by upregulation of the CD95 ligand. A T-cell

line lacking the CD95 receptor (CD957 cells)25 was exposed
either to a-APO-1 antibodies or to pervanadate and the
apoptosis rate was measured by FACS analysis (Figure 4B).
The CD957 cells were completely resistant to CD95-induced
cell death, but readily died upon exposure to pervanadate. In
order to test the possible involvement of the death receptor-
associated FADD protein which serves as an adaptor protein
for several death receptors, we generated Jurkat cell lines
stably overexpressing a dominant negative (DN) form of
FADD,26 lacking the death effector domain (data not shown).
Jurkat cells overexpressing FADD DN were not killed by

Figure 4 Comparative analysis of CD95- and pervanadate-triggered apoptosis in various cell-types. (A) The indicated type I and type II cells were treated either
for 24 h with 100 mM pervanadate or for 12 h with a-APO-1 (1 mg/ml). Apoptosis was determined by measuring the percentage of hypoploid cells, the standard
deviations from three experiments are displayed by bars. (B) The indicated cell lines and derivatives thereof were treated and analyzed as in (A). (C) The indicated
cell types were treated either with a-APO-1 antibodies (3 h) or 100 mM pervanadate (6 h) and analyzed by Western blotting for the cleavage of caspase-3, -8 and
PARP as shown in Figure 3B
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agonistic a-APO-1 antibodies, but died in the presence of
pervanadate. These results show that neither the CD95
receptor nor the FADD molecule, which is associated to
several different death receptors, are required for this
apoptotic process. We then tested the importance of
caspase-8, another component of the DISC. Caspase-8
deficient Jurkat cells27 were protected from CD95-mediated
cell killing, but retained their sensitivity to the apoptotic signals
provided by pervanadate (Figure 4B). In addition, Jurkat cells
lacking the PTK p56lck and the phosphatase CD45,20 two
known pervanadate targets, were included in these experi-
ments. Both cell lines were killed by the inhibition of tyrosine
phosphatases and a-APO-1 antibodies, showing that both
molecules are not essential for these apoptotic processes.
The antiapoptotic Bcl-2 protein prevents cell death by many,
but not all, apoptotic stimuli. However, this antiapoptotic
function affects processes during the initiation phase of
apoptosis and is not seen when active caspases are directly
microinjected into the cells.28 Therefore the impact of CD95
ligation and pervanadate treatment on T-cells overexpressing
Bcl-2 was tested. The overexpressing cells were protected
from a-APO-1- and pervanadate-induced apoptosis (Figure
4B).

Next, we compared the cleavage of caspase-3, -8 and
PARP between Jurkat wild-type (wt) cells and its CD957

and FADD DN derivatives. In Jurkat wt cells, the addition of
a-APO-1 antibodies and pervanadate induced the cleavage
of caspase-3, caspase-8 and PARP (Figure 4C). In CD957

cells these three proteins were efficiently activated in the
presence of pervanadate, but not upon addition of a-APO-1
antibodies. Pervanadate treatment resulted in the cleavage
of caspase-3, -8 and PARP in the Jurkat cells constitutively
overexpressing FADD DN, but these three proteins
remained almost completely intact upon CD95 ligation. In
summary, these experiments indicate that pervanadate
targets events downstream from the CD95 receptor system.

Apoptosis induced by inhibition of tyrosine
phosphatases involves the release of cytochrome
C and a decrease of the mitochondrial
transmembrane potential

The generation of mitochondrial permeability transition
pores and a drop in the transmembrane potential DCm

are considered to be the `point of no return' during various
apoptotic signaling pathways.29 Since some apoptotic
pathways are known to bypass mitochondrial events,5 we
tested the effects of pervanadate treatment on mitochon-
drial changes. Jurkat T-cells were treated with pervanadate
for various periods and the mitochondrial transmembrane
potential DCm was measured by using DiOC6(3) (Figure
5A). Within 2 h approximately 50% of the cells showed a
decreased DCm when compared to the untreated cells. The
percentage of pervanadate-treated cells with a low DCm

was even higher than in the positive control (CD95
ligation).

The mitochondrial events during this apoptotic process
were further characterized by analyzing the release of
cytochrome C from the mitochondria. Jurkat cells stably
transfected either with an empty expression vector (Jurkat

neo) or with an expression vector encoding Bcl-2, were
treated for 6 h with 100 mM of pervanadate or a-APO-1
antibodies. After fractionation of cells into a mitochondrial
and a cytosolic S100 fraction, cytochrome C was detected
by Western blotting. Cytochrome C was efficiently released
into the cytosol of the a-APO-1- and pervanadate-treated
Jurkat wt cells (Figure 5B). In contrast, the Jurkat Bcl-2
cells showed no cytochrome C release, indicating that Bcl-2
exerts its protective effects during this apoptotic pathway
prior to the onset of mitochondrial events. The released
cytochrome C enables the dATP-dependent activation of
the caspase-9/Apaf-1 complex.6 The activation of caspase-
9 in response to pervanadate was determined by
measuring the induced light emission of a caspase-9-
specific fluorogenic peptide substrate. Already 3 h after the
addition of the tyrosine phosphatase inhibitor, caspase-9
was activated to an extent comparable to ligation of the
CD95 receptor (Figure 5C). A possible mechanism which
might explain the effects elicited by pervanadate is a
caspase-8 activation which in turn would cause the
observed mitochondrial changes. Since overexpression of
Bcl-2 blocks caspase-8 cleavage in type II cells,5 we asked
whether this caspase would also be affected by pervana-
date treatment in Bcl-2 overexpressing Jurkat cells. These
cells were treated with pervanadate and the fate of
caspase-3, -8 and PARP was followed by immunoblotting
(Figure 5D). Pervanadate did not induce cleavage of both
caspases and PARP in the Bcl-2 overexpressing Jurkat
cells. A similar experimental approach was applied to
investigate whether caspase-8 is necessary for the
commitment to pervanadate-induced apoptosis. Exposure
of caspase-87 cells to pervanadate resulted in the
activation of caspase-3 and the cleavage of PARP (Figure
5D), showing that pervanadate can induce caspase
activation in the absence of caspase-8. Taken together,
these results show that pervanadate targets early apoptotic
signaling steps prior to the activation of the mitochondrial
pathways.

Discussion

Here we have identified pervanadate as a potent inducer of
apoptosis. The inhibition of tyrosine phosphatases efficiently
initiated an apoptotic program within 24 h. The apoptotic
potential of pervanadate relied on its ability to induce tyrosine
phosphorylation, as shown by the inhibitory effect of
herbimycin A. The molecular target(s) for this apoptosis-
inducing tyrosine phosphorylation are not known so far.
Apparently, neither the PTK p56lck nor CD45, an enzyme that
regulates many kinases including p59fyn and p56lck,30 are
involved in pervanadate-induced apoptosis. Also the CD95
receptor and the DISC components FADD and caspase-8 are
not required for the execution of pervanadate-elicited cell
death. The apoptotic program initiated by pervanadate follows
a common Bcl-2 inhibitable pathway upstream from the
mitochondrial events including the reduction of the mitochon-
drial transmembrane potential and release of cytochrome C.
The execution of this apoptotic pathway is accompanied by
the cleavage and activation of caspases 3, 8 and 9 and the
fragmentation of chromosomal DNA. Not all cell lines were
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susceptible to the apoptotic signals provided by the inhibition
of tyrosine phosphatases. Interestingly, all type I cells tested
were resistant and all tested type II cells were susceptible to
pervanadate. Assuming that this arrangement is not coin-
cidental, this finding raises the possibility that phosphatases
display distinct roles in transducing apoptotic signals in type I
and type II cells. In addition, the role of tyrosine phosphoryla-
tion can also depend on the nature of the apoptotic stimulus.
The inhibition of epidermal growth factor receptor tyrosine
kinase results in apoptosis,15 but the nerve growth factor can
prevent programmed cell death through stimulation of the
TrkA receptor protein tyrosine kinase.31

CD95 ligation results in an increased tyrosine phosphor-
ylation of cellular proteins, thus providing a rationale for the
previous finding that pharmacological tyrosine kinase
inhibitors prevent CD95-induced DNA fragmentation.32

The activated kinases include Lyn33 and MEKK1, which is
proteolytically activated by caspase cleavage.34 ± 36 In this
context it is noteworthy, that two phosphatases have been

reported to interact with the CD95 receptor: the Fas-
associated phosphatase-1 (FAP-1) and the tyrosine
phosphatase PTPL1.37,38 However, the functional impact
of these associated phosphatases on CD95-mediated cell
killing is not established yet39 and it remains to be seen
whether further and so far unidentified DISC proteins are
kinases or phosphatases. In support to the data presented
here, the induction of tyrosine phosphorylation induces a
regional, selective neuronal degeneration in hippocampal
slice cultures.40 Also the TNF-mediated cell death can be
modulated by tyrosine phosphorylation events. Here,
inhibition of the expression of mitogen-activated phospha-
tase 1 potentiates TNF-a-induced apoptosis in mesangial
cells.41 One possible mechanism for the death promoting
activity of tyrosine phosphorylation may be provided by the
previous finding that the induced phosphorylation of
tyrosine 331, which is located in the cytoplasmatic domain
of TNF-receptor 1, leads to the dissociation of the receptor-
associated kinase p60TRAK.42

Figure 5 Mitochondrial events during pervanadate-initiated apoptosis. (A) Jurkat T-cells were treated with a-APO-1 antibodies (0.5 mg/ml) or 100 mM pervanadate
for various time periods as indicated. Subsequently cells were stained and the green fluorescence emitted by the DiOC6(3) dye was determined by FACS analysis.
Mean values of three independent experiments performed in duplicate are shown, bars indicate the standard deviations. (B) Jurkat neo cells and Jurkat Bcl-2
overexpressing cells were treated either for 6 h with a-APO-1 antibodies (1 mg/ml) or for 6 h with 100 mM pervanadate. Proteins contained in cytosolic S100 extracts
and the mitochondrial fraction were analyzed by Western blotting for the occurrence of cytochrome C. (C) Cells were treated as in (B) and cell extracts were
incubated with the fluorogeneic peptide LEHD-AFC. The AFC product of the reaction was measured after 2 h of incubation using a plate reader. Mean values of the
light units (LU) measured in two independent experiments performed in duplicate are shown, bars indicate the standard deviations. (D) Jurkat Bcl-2 overexpressing
and caspase-87 cells were treated for 6 h with 100 mM pervanadate and analyzed for the cleavage of caspase-3, -8 and PARP by immunoblotting. A typical
experiment is shown
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This study does not address the question whether an
increase or decrease of tyrosine phosphorylation acts as a
general pro- or antiapoptotic signal. It seems that there may
be a subtle balance of tyrosine phosphorylation that
modulates the early signaling events of the apoptotic
response. This might explain why the lowest concentration
of herbimycin A is the most effective in preventing
pervanadate-induced apoptosis. By contrast, the highest
concentration of herbimycin A was also slightly cytotoxic
(Figure 2A). Well-defined events at the cell surface such as
activation of the insulin receptor or T-cell receptor lead to
the onset of distinct tyrosine phosphorylation cascades.
Adverse conditions such as UV radiation or reoxygenation
after hypoxia are known to cause a massive induction of
numerous parallel tyrosine kinase pathways.23 We spec-
ulate that the simultaneous activation of many PTK
signaling cascades inundating the cell leads to a loss of
control and the onset of the apoptotic program. This study
demonstrates that these phosphorylation events target the
early steps during the initiation phase of apoptosis
independent from the CD95 system.

Materials and Methods

Apoptosis inhibitors

The caspase inhibitors N-benzyloxycarbonyl-Val-Ala-Asp-fmk (zVAD-
fmk), acetyl-Tyr-Val-Ala-Asp-aldehyde (Ac-YVAD-CHO) and N-
benzyloxycarbonyl-Asp-Glu-Val-Asp-cmk (zDEVD-cmk) were pur-
chased from Enzyme System Products (Eugene, OR, USA).
Herbimycin A and NAC were from Sigma (St. Louis, MO, USA).

DNA fragmentation assay

Apoptosis was induced either by vinblastine or by pervanadate, which
was generated by incubation of equimolar concentrations of H2O2 and
sodium vanadate for 20 min at room temperature. Cells were collected
by centrifugation and washed twice with phosphate-buffered saline.
They were lyzed in 0.56TBE (25 mM TRIS, 25 mM boric acid and
0.5 mM EDTA) containing 0.25% (v/v) NP-40 and 0.5 mg/ml RNAseA.
After incubating the samples for 45 min at 378C, 0.5 mg/ml Proteinase
K (Sigma Inc., St. Louis, MO, USA) was added for another 45 min at
378C. The cell debris was pelleted upon centrifugation with
14000 r.p.m. at 48C for 10 min. The DNA-fragments contained in the
supernatant were transferred into a new Eppendorf tube and
separated on a 1.5% (w/v) agarose gel in 16TBE buffer at 50 V for
3 h. The ethidium bromide-stained DNA was analyzed and
photographed under ultraviolet light.

Cell culture

CEM-C7, H9, BJAB, SKW 6.4, Jurkat T leukemia cells and their p56lck-
(Jurkat JCam1.6), CD457 (Jurkat CD45 45.01), CD957 and caspase
87 derivatives as well as the Jurkat cells overexpressing Bcl-2, and
FADD DN were grown at 378C in RPMI 1640 medium containing 10%
heat-inactivated fetal calf serum, 10 mM HEPES and 1% (v/v)
penicillin/streptomycin (all from Life Technologies, Grand Island, NY,
USA). The Bcl-2 and FADD DN expressing cells were selected by the
addition of G418 (2 mg/ml) to the medium. All cells were kept in an
humidified incubator at 378C and 5% CO2.

Detection of apoptosis by FACS analysis

Apoptosis was determined by measuring DNA fragmentation after
lyzing the cells in a hypotonic buffer containing 50 mg/ml propidium
iodide, 0.1% (w/v) sodium citrate and 0.1% (v/v) Triton X-100 (all from
Sigma Inc., St. Louis, MO, USA). DNA fluorescence was determined in
a FACScan as described.43 The results were analyzed with
CELLQuest software (Becton Dickinson, Heidelberg, Germany).

Determination of the mitochondrial
transmembrane potential and cytochrome C
release

Cells were incubated with 100 nM 3,3'-dihexyloxacarbocyanine iodide
DiOC6(3) (Molecular Probes, Leiden, The Netherlands) in phosphate-
buffered saline for 15 min at 378C. Dead cells were excluded by
staining with propidium iodide and forward/sideward scatter gating
using a FACScan flow cytometer (Becton Dickinson, Heidelberg,
Germany). The cytochrome C release was measured essentially as
described.44

Determination of caspase-9 activation

A total of 106 Jurkat cells was washed with phosphate-buffered saline
and lysed in buffer A (100 mM HEPES, 10% (w/v) sucrose, 10 mM
leupeptin, 10 mM aprotinin, 1 mM EDTA, 5 mM DTT, and 0.15% (v/v)
3-cholamidopropyl-dimethylammonio-1-propansulfate, pH 7.4). To
determine caspase-9 activity, 10 ml of cell lysates were incubated
with 20 ml (final concentration 75 mM) of fluorogeneic peptide LEHD-
AFC. After several hours of incubation, the reaction product was
measured (excitation 405 nm, emission 535 nm) using a plate reader
(Victor 1420, Wallac, Freiburg, Germany).

Western blotting

Cell extracts contained in TOTEX buffer were separated by SDS ±
PAGE and blotted onto a polyvinylidene difluoride membrane
(Millipore, Bedford, MA, USA), using a semi-dry blotting apparatus
(Bio-Rad, Munich, Germany). The membrane was blocked with 5%
non-fat dry milk powder in TBST buffer (25 mM Tris/HCl, pH 7.4,
137 mM NaCl, 5 mM KCl, 0.7 mM CaCl2, 0.1 mM MgCl2, 0.05% (v/v)
Tween 20). The membrane was then incubated in a small volume of
TBST containing a 1 : 2000 dilution of the antibodies (caspase-3:
Transduction Laboratories, Lexington, KY, USA; caspase-8 (C15),45

cytochrome C: Pharmingen Inc. San Diego, CA, USA). The proteins
were detected after extensive washing with a horseradish peroxidase-
coupled secondary antibody using the ECL system according to the
instructions of the manufacturer (Amersham Lifescience, Braun-
schweig, Germany).
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