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Abstract
Themorphologicalfeaturesofprogrammedcelldeath(PCD)and
themolecularmachineryinvolvedinthedeathprograminanimal
cellshavebeenintensivelystudied. Inplants,celldeathhasbeen
widely observed in predictable patterns throughout differentia-
tion processes and in defense responses. Several lines of
evidence argue that plant PCD shares some characteristic
features with animal PCD. However, the molecular components
oftheplantPCDmachineryremainobscure.Wehaveshownthat
plant cells undergo PCD by constitutively expressed molecular
machinery upon induction with the fungal elicitor EIX or by
staurosporine in the presence of cycloheximide. The permeable
peptide caspase inhibitors, zVAD-fmk and zBocD-fmk, blocked
PCD induced by EIX or staurosporine. Using labeled VAD-fmk,
active caspase-like proteases were detected within intact cells
and in cell extracts of the PCD-induced cells. These findings
suggest that caspase-like proteases are responsible for the
execution of PCD in plant cells.
Cell Death and Differentiation (2002) 9, 726 ± 733. doi:10.1038/
sj.cdd.4401030
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Introduction

Cell death is a crucial process in animal life, and is currently
being recognized as such in plants as well.1 ± 3 Programmed
cell death (PCD) or apoptosis, is the mechanism by which
animal cells activate an intrinsic suicide program to kill
themselves.4 ± 6 The morphological features of apoptosis
and the molecular machinery involved in the death program
are conserved from the nematode to humans. Most animal

nucleated cells starting from the zygote are capable of
undergoing PCD, and the machinery required to execute the
death program is constitutively expressed.7 The observed
characteristics of PCD in animal cells include condensation of
the cytoplasm and nucleus, loss of cell to cell contacts in
organized tissue, DNA fragmentation, formation of apoptotic
bodies, blebbing and breakage of the cell membrane.8 The
execution of animal PCD is mediated by the activation of a
family of cysteine proteases (caspases) that cleave their
target proteins at specific aspartic acid residues.5,6,9

PCD has been recognized as having a major role in
plant life.1 ± 3 Part of the plant defense response is the
induction of PCD known as hypersensitive response
(HR).10,11 The HR classification is based on morphological
criteria of the resultant cell-death lesion.12,13 Although the
HR is a common feature of many resistant reactions, it is
not an obligatory component.11,14,15 Challenging tomato or
tobacco varieties with the ethylene-inducing xylanase (EIX)
elicitor causes rapid induction of different types of plant
defense responses, including HR.16 ± 18

Recent accumulating evidence suggests that animal and
plant PCD systems are s imi lar in several as-
pects.2,3,10,12,13,19 ± 21 During the development and autolysis
of xylem vessels in pea, the nuclei of cells undergoing lysis
contain fragmented DNA.22 Formation of apoptotic bodies
has also been reported in HR on several occasions.23,24

Other morphological similarities have also been reported,
such as cytoplasm shrinkage, nuclear condensation and
membrane blebbing.18,23,24 Recently, there has been grow-
ing evidence of caspase-like activity in plants.20,25 Cysteine
proteases were shown to be activated during HR in fungus-
infected cowpea plants, caspase-specific peptide inhibitors
abolished induction of plant HR,21,26 and caspase specific
inhibitors were shown to inhibit degradation of poly-ADP-
ribose polymerase (PARP), a caspase specific substrate, in
tobacco protoplasts.27 Moreover, caspase-3 like activity has
been demonstrated in barley and chara systems.25

We provide evidence that plant cells constitutively
express the proteins required to run the death program.
Our data strengthens the argument that plant PCD is
organized and functions in a similar way to that in the
animal kingdom. In this regard we show that peptide
caspase inhibitors block PCD and specifically bind to plant
proteins, and we have localized this binding in cells
undergoing programmed cell death.

Results

Bisbenzimide staining detects early morphological
changes of cell death in N. tabacum cell
suspension

We developed a cell viability test that identifies dead cells at
an early stage of plant cell death using the UV fluorescent dye
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bisbenzimide (Hoescht 33342). This dye labels cell nuclei in
animal cell cultures and is used for quantitative and nuclear
morphology studies.28 We found the staining of the
fluorescent dye bisbenzimide to possess higher sensitivity
than Fluorescein-diacetate (FDA) staining for the purpose of
observing live or dead cells (Figure 1). FDA stains living cells
as confirmed by their cell morphology seen by differential
interference contrast (DIC; Figure 1). In our assay healthy
tobacco cells exclude bisbenzimide dye from their nuclei (as
the dye cannot pass the membrane and enter the cell).
Bisbenzimide staining starts when tobacco cells exhibit early
morphological features of PCD such as early cytoplasm
shrinkage and nuclear condensation (as judged by DIC). This
takes place before FDA staining disappears. Dead cells at a
more advanced stage of PCD are bisbenzimide positives only
(Figure 1).

Staurosporine and EIX induce PCD in
tobacco cells

To examine whether the death program in plant cells acts
similarly to mammalians, we observed the induction of death
in tobacco cells. N. tabacum cv Xanthi cell suspension was
treated with 3 mg/ml of the fungal elicitor EIX (Figure 2A). This
elicitor is known to elicit defense responses, including HR, in
N. tabacum cv Xanthi.16,18,29,30 In a parallel set of experi-
ments, we treated tobacco cells with 50 mM staurosporine

(STS, a bacterial alkaloid that is a broad-spectrum inhibitor of
protein kinases; Figure 2B) that at micromolar doses induces
PCD in animal cells.7,28 To examine whether the death
program in plant cells is constitutively expressed, as it was
shown for animal cells, we supplemented the medium with
10 mg/ml of the protein synthesis inhibitor, cycloheximide
(CHX). Treatment of the cells with CHX did not affect the
viability of the cells throughout the duration of the experiment
(Figure 2; the percentage of dead cells remains about 3%),
while treatment of the cells with EIX or STS induced cell death
(Figure 2; the percentage of dead cells reached 44%).
Interestingly, the presence of CHX together with EIX or STS
did not diminish cell death percentage. Moreover, CHX
treatment seems to enhance the PCD induced by EIX (Figure
2). This suggests that protein synthesis may be required for
controlling the level of PCD. It can be concluded that PCD in
plant cells does not require new protein synthesis.

To show that CHX inhibits protein synthesis in the
tobacco cell suspension, we analyzed the induction of the
biosynthesis of a PR (Pathogenesis related)-protein.30

Pathogenesis related proteins are a heterogeneous group
of host-encoded, low-molecular-mass proteins that are
synthesized by the plant in response to various stimuli,
including pathogen attack.31

N. tabacum cv Xanthi cell suspension was incubated for
6 h in 3 mg/ml EIX or 50 mM STS, with or without the
addition of the protein synthesis inhibitor CHX as described

Figure 1 Morphological changes in dying tobacco cells. Cells were stained with FDA and bisbenzimide. Differential interference contrast (DIC) and fluorescent
images were photographed. Bar represents 50 mm
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above. The level of cell death was determined, and
cytosolic protein extracts were subjected to immunoblot
analysis with anti-PR1 basic antibodies (Figure 2C). The
PR1-basic protein was detected at 6 h in response to EIX
and STS treatment, but only in the absence of CHX (Figure
2C). The cells undergo PCD irrespectively of the presence
or absence of CHX as mentioned above (Figure 2C). These
results show that PR-1 basic synthesis is induced by EIX,
as shown previously,30,32 and by STS, as shown here.
Moreover, tobacco cell suspensions were labeled with 35S-
Methionine in the presence or absence of CHX. Labeled
proteins were identified only in the absence of CHX (data
not shown). It seems therefore that CHX can inhibit protein
synthesis in the tobacco cell suspension, but does not
inhibit the induction of PCD (Figure 2).

Caspase inhibitors suppress EIX and STS induced
PCD in tobacco cells

To determine whether caspase-like proteases are part of the
basic machinery of plant PCD, we applied to tobacco cell

cultures the cell permeable irreversible peptide caspase
inhibitors zVAD-fmk or BocD-fmk,33,34 in order to irreversibly
block caspase-like protease activity. N. tabacum cv Xanthi
cell cultures were treated with the caspase inhibitor zVAD-fmk
20 min before the application of EIX-CHX (Figure 3A) or STS-
CHX (Figure 3B). As can be seen in Figure 3, the induction of
PCD by EIX-CHX or STS-CHX can be dramatically inhibited
in the presence of 100 mM of the caspase inhibitor zVAD-fmk.
Moreover, a different caspase inhibitor, BocD-fmk, inhibits the
induction of PCD by STS-CHX as well (Figure 3B), reducing
the level of cell death to that of untreated cells. Treatment of
cells with an irrelevant caspase inhibitor, a cell permeable
cathepsin B inhibitor zFA-fmk, followed by application of STS-
CHX did not block induction of PCD (Figure 3B). These results
strongly suggest that the induction of cell death in tobacco
cells by EIX-CHX and STS-CHX is mediated by caspase-like
activity.

Cell permeable caspase inhibitors can reverse the
induction of PCD and block the morphological changes
that tobacco cells undergo under the influence of EIX-CHX
or STS-CHX (data not shown). Cells treated for 6 h with

Figure 2 Induction of cell death by EIX and Staurosporine. (A) N. tabacum cv Xanthi cell culture was incubated for different times as indicated in 3 mg/ml EIX,
10 mg/ml CHX, or a combination of both, and untreated cells. (B) N. tabacum cv Xanthi cell culture was incubated for different times as indicated in 50 mM STS,
10 mg/ml CHX, or both and untreated cells. Each data point represents the percentage of dead cells counted of a population of at least 200 cells, in three individual
experiments. Cell death was assessed morphologically. (C) N. tabacum cv Xanthi cell culture was incubated as indicated for 6 h in EIX (3 mg/ml), STS (50 mM) with
or without CHX (10 mg/ml). Total cytosolic proteins 60 (mg/lane) were separated on a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose filter, and probed
with anti-PR1 basic antibodies
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STS-CHX or EIX-CHX show advanced death morphology,
while cells treated in the same way but in the presence of
zVAD-fmk show normal cell morphology.

Localization of caspase-like proteins in cells
undergoing PCD

Peptide caspase inhibitors were shown to bind specifically to
activated caspase proteases.34 ± 36 We showed that the
caspase inhibitor zVAD-fmk inhibits the induction of PCD by
the fungal elicitor EIX or the protein kinase inhibitor STS
(Figure 3). We used a fluoroisothiocyanate (FITC) conjugate
of the cell permeable caspase inhibitor VAD-fmk37 to localized
caspase-like proteins during the induction of PCD (Figure 4).
Tobacco cell culture was treated with STS (50 mM) and CHX
(10 mg/ml). Following STS-CHX treatment, FITC labeled
VAD-fmk (10 mM) was added and proteins labeled with FITC
VAD-fmk were visualized (Figure 4). We found that treatment
with 10 mM FITC labeled VAD-fmk is below the biological
threshold level in our experiments: PCD induction was not
blocked. The labeled VAD-fmk inhibitor does not bind proteins
in untreated, living cells, and hence, no FITC labeled VAD-fmk
is visible (Figure 4K). The morphology of these cells, both in
DIC imaging and with bisbenzimide staining (Figure 4A,F),
corresponds with normal looking cells. To demonstrate that
this observation is not due to reduced permeability of FITC
labeled VAD-fmk, untreated cells were fixed with 4% para-
formaldehyde and then stained with bisbenzimide or FITC
labeled VAD-fmk. The DIC imaging of the fixed cells (Figure
4B) is similar to that of the unfixed cells (Figure 4A). Fixed
cells are permeable, and thus ± can be stained with
bisbenzimide (Figure 4G). However, fixed cells do not stain
with FITC labeled VAD-fmk (Figure 4), suggesting that the
inability of FITC-VAD-fmk to stain proteins in untreated cells is
not due to an inability of FITC-VAD-fmk to penetrate the cells.
STS-CHX treated cells exhibiting early death stages (Figure
4C,H) are labeled by FITC-VAD-fmk in their cytoplasm only,

and by bisbenzimide in their cell cytoplasm and nucleus
(Figure 4H,M). STS-CHX treated cells undergoing a late stage
of death show FITC-VAD-fmk labeled proteins primarily
localized to the nucleus, intensive bisbenzimide staining in
the nucleus and condensation of the cytoplasm (Figure
4D,I,N).

In order to demonstrate that FITC-VAD-fmk labels
specific proteins in the tobacco cell culture, we performed
a competitive binding experiment. Following pre-treatment
with a 10-fold concentration of unlabeled zVAD-fmk
(100 mM) cells were treated with STS-CHX and FITC-
VAD-fmk (10 mM). These cells show normal morphology,
do not stain with FITC-VAD-fmk or bisbenzimide and their
cytoplasm looks normal (Figure 4E,J,O). This experiment
suggests that FITC labeled VAD-fmk binds specifically to
plant proteins, which may be responsible for the morpho-
logical changes observed in the cells during STS-CHX
induced PCD. Similar to mammalian cells,38 active plant
caspase-like proteins can be found initially in the cytoplasm
and at a later stage of the death program, in the nucleus.

The caspase inhibitor zVAD-fmk binds specifically
to proteins in a tobacco cytosolic extract

We have shown here that zVAD-fmk inhibits STS and EIX
induced cell death in N. tabacum cv Xanthi cell culture (Figure
3) and binds cytosolic proteins in cells undergoing PCD
(Figure 4). We proceeded to characterize the proteins that
bind zVAD-fmk in plant cell extracts. N. tabacum cv Xanthi cell
culture was incubated with EIX (3 mg/ml) and CHX (10 mg/ml)
or STS (50 mM) and CHX (10 mg/ml). Total cytosolic proteins
were extracted, and a cell free binding assay was conducted
utilizing biotinylated VAD-fmk. Following incubation with the
biotinylated caspase inhibitor, the cell extracts were sepa-
rated on a SDS-polyacrylamide gel, blotted onto a nitrocellu-
lose filter, and bound with streptavidin-HRP (Figure 5). In
culture competition assays were performed to demonstrate

Figure 3 Inhibition of EIX and STS induced PCD by caspase inhibitors. (A) N. tabacum cv Xanthi cell culture was incubated for different times as indicated in
10 mg/ml CHX, 3 mg/ml EIX and 10 mg/ml CHX, or with the addition of 100 mM zVAD-fmk, as well as untreated cells. (B) N. tabacum cv Xanthi cell culture was
incubated for different times as indicated in 50 mM STS and 10 mg/ml CHX, or with the addition of 100 mM zVAD-fmk, 100 mM BocD-fmk, 100 mM zFA-fmk and
untreated cells. Each data point represents the percentage of dead cells counted of a population of at least 200 cells, in three individual experiments
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Figure 4 Localization of caspase-like proteins bound by an inhibitor in culture. Tobacco cell culture was incubated in 50 mM STS, 10 mg/ml CHX and 10 mM FITC
labeled VAD-fmk, with or without 100 mM zVAD-fmk. (A ± E) DIC imaging of untreated and treated cells. The above cells were photographed after bisbenzimide
staining (F ± J) or FITC-VAD-fmk labeling (K ± O). Bar represents 50 mm

Figure 5 Binding of a caspase inhibitor to tobacco cytosolic proteins. (A) Tobacco cell culture was incubated for 6 h in 3 mg/ml EIX, with or without 100 mM zVAD-
fmk, or 50 mM STS. Total cytosolic proteins were extracted and a binding assay with biotinylated-VAD-fmk (250 mM) was conducted as described in Materials and
Methods. Competitive binding assays were performed in culture with 100 mM zVAD-fmk or in the cell free extract with 5 mM zVAD-fmk. (B) Tobacco cell culture was
incubated for 6 h in 50 mM STS and 10 mg/ml CHX. Total cytosolic proteins were heat treated at 658C for 10 min prior to binding with biotinylated-VAD-fmk (250 mM).
Total cytosolic proteins (60 mg/lane) were separated on a 12% SDS-polyacrylamide gel, transferred to a nitrocellulose filter, and probed with streptavidin-HRP
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that zVAD-fmk binds to specific proteins. N tabacum cv Xanthi
cell culture was treated with zVAD-fmk prior to treatment with
EIX-CHX. Total cytosolic proteins were extracted, and a
binding assay was conducted utilizing biotinylated VAD-fmk.
Biotinylated proteins were detected as mentioned above
(Figure 5a). In addition, in vivo competition assays were
performed using the cell extracts by treatment of the above
cytosolic proteins with excess zVAD-fmk prior to treatment
with biotinylated VAD-fmk. As seen, upon the addition of
zVAD-fmk in the cell culture, the banding pattern is similar to
the banding pattern of the untreated sample (Figure 5a). The
amounts of VAD-fmk bound protein appear to be correlated to
the percentage of cell death at the time the extracts were
made. Cell extracts made from untreated tobacco cells in
culture (8% death) showed much less bound material as
compared to the lanes of EIX-CHX (36% death) and STS-
CHX (40% death) treated cells. Non-biotinylated VAD-fmk
competes successfully in the cell extract with the binding of
the biotinylated compound, indicating the binding to be
specific. This experiment shows that caspase-like proteins
are found in tobacco cells extracts, and the amount of protein
that binds the caspase inhibitor is correlated to the quantity of
cell death.

Caspase inhibitors were shown to bind to a conforma-
tional site in mammalian caspases.34 In order to show that
the inhibitor binds similarly to plant proteins, we conducted
a heating experiment. Cytosolic extracts prepared from
STS-CHX treated cells were heated at 658C for 10 min,
prior to binding with biotinylated VAD-fmk. Biotinylated-VAD
conjugated proteins were detected as mentioned above
(Figure 5B). Heating the extracts prior to incubation with
biotinylated VAD-fmk greatly diminishes binding, indicating
that the binding is dependent on the conformation of the
protein (Figure 5B). This indicates further similarity to
mammalian systems.34,35

Discussion

The present study characterizes some of the basic features of
PCD in plants. We have shown morphological and functional
similarities between plant and animal PCD.

The sequence of cellular morphological changes in
tobacco cells undergoing PCD that we describe here
(Figure 1) resembles classical animal apoptosis. Never-
theless, we found that loss of plasma membrane integrity,
judged by bisbenzimide nuclear staining (Figure 1), occurs
relatively early in plant cells while in animal cells, this is one
of the last events to occur in apoptosis.39

We find that plant cells of N. tabacum cv Xanthi are
capable of undergoing PCD through constitutively ex-
pressed machinery, as shown in the experiments using
STS or EIX to induce PCD with the addition of CHX (Figure
2). Moreover, CHX treatment seems to enhance the PCD
induced by EIX (Figure 2). This suggests that protein
synthesis may be required for controlling the level of cell
death, but not its execution. Several lines of evidence
suggest that plant programmed cell death results from
activation of an intrinsic program.40,41 Similarly, we have
found that the induction of PCD by the fungal elicitor EIX or
by the protein kinase inhibitor STS does not require protein

synthesis. Conceptually, this suggests that plant cells are
capable of dying in response to external signals by
activating an intrinsic suicide program that kills the cells
when needed.

Our data suggests that plants, like mammalians,7

possess constitutively expressed PCD machinery, which
resides in the cell cytoplasm (Figure 4), in an inactive state,
waiting to receive activation signals and execute cell death
if necessary.

We demonstrated that caspase-like activity in tobacco
cells might be responsible for the execution of PCD when
induced with STS-CHX or with EIX-CHX. This conclusion
can be made on the basis of our observation that PCD is
completely blocked in tobacco cells by the caspase
inhibitors zVAD-fmk and BocD-fmk (Figure 3). Moreover,
using FITC labeled VAD-fmk we were able to show that
during activation of plant PCD, caspase-like proteins are
activated initially in the cytoplasm, and later in the cell
nucleus (Figure 4). These caspase-like proteins can be
labeled with the caspase inhibitor only during the PCD
process (Figure 4); FITC labeled VAD-fmk does not bind
proteins in untreated healthy cells. Moreover, zVAD-bound
proteins were detected in tobacco cytosols using biotin-
VAD-fmk (Figure 5), and the amount of protein available to
bind zVAD is correlated to the percentage of death in the
cell culture.

Similar to the finding of dePozo and Lam,21 inhibition of
PCD by the caspase inhibitor zVAD-fmk is a common
characteristic between animal and plant PCD. Our data
correlates with the findings of caspase 3-like activity in
plant cells,25 but contradicts the results of Levine et al. and
Suzuki et al.,24,42 that caspase inhibitors do not inhibit plant
cell death. This discrepancy may be due to the different
systems used to measure cell death, different types of
caspase-inhibitors used (some of which are not cell
permeable) or differences in the inhibitor concentrations
used. Since the plant cell wall may tend to adsorb a certain
amount of the compounds added to the cell culture, a
higher concentration than used in animals is necessary in
order to observe a biological effect. Additionally, it is
possible that the compounds used, which were originally
designed for animal research, were not recognized as well
in the plant cell; this would also indicate the necessity of
higher concentrations.

Searching plant databases with mammalian caspase
sequences revealed no homologous proteins or DNA
sequences. Although caspase-like activity has been
reported in several plant systems,20 no caspase-like
proteins have been isolated from plants to date. It is our
belief, considering the growing evidence of resemblance
between plant and animal PCD systems in general, and the
many recent reports of caspase-like activity in plants in
particular, that caspase-like proteins most probably exist in
plants. Recently, using the caspase-like domain of the
Dictyostelium sequence as a query for a PSI-BLAST
search, a distantly related family of caspase-like proteins
was identified in the Arabidopsis genome.43 This gene
family bears low resemblance to mammalian caspases.43

Moreover, its biological function has not yet been
determined and, indeed, no proteins showing caspase

Cell Death and Differentiation

Caspase-like machinery in plants
M Elbaz et al

731



activity have been isolated from plants to date. Since we
were able to identify plant caspase-like proteins using a
biotinylated caspase inhibitor, and to show that the binding
of the caspase inhibitor to these proteins is correlated with
the percentage of cell death and is specific (using
competition assays and heat treatment experiments), it is
our belief that although animal caspases and plant
caspase-like proteins may share very little sequence
similarity, they probably share similar biological activity.

In conclusion, our findings demonstrate that plant cells
undergo PCD through constitutively expressed machinery.
This machinery involves caspase-like proteins and can be
activated by induction with EIX or STS.

Materials and Methods

Cell culture growth and media

N. tabacum cv Xanthi cell culture was grown in Murashige and Skoog
(MS) media44 containing 0.1 mg/l 2-4-D (Sigma) and supplemented
with 3% sucrose. Cells suspensions were maintained at 258C and
subcultured once a week.

Cell culture assays

N. tabacum cv Xanthi cell culture was incubated in 12-well tissue
culture plates, 1 ml culture per well, for up to 24 h. At each time point,
100 ml of the culture was removed, washed several times in culture
media and mixed with 4 mg/ml bisbenzimide (Hoechst 33342, Sigma)
or 10 mg/ml fluorescein-diacetate (FDA, Sigma). The cells were
examined by light and fluorescent microscopy (Axioplan Microscope;
Zeiss, Germany) using differential interference contrast imaging (DIC),
360/460 nm filter for bisbenzimide, and 485/520 nm filter for FDA and
FITC. Cell death was assessed by both morphological and fluorescent
staining criteria. Quantitative experiments were repeated three times
and for each time point at least 200 cells were counted. The
percentage of dead cells was calculated from the total of cells scored,
after subtracting the basal amount of dead cells (which was assessed
in the same manner prior to the beginning of each experiment). Only
cell cultures with less than 10% initial death were chosen for our
assays.

Cell culture treatment

N. tabacum cv Xanthi cell culture was incubated in MS media with the
addition of the PCD inducers 3 mg/ml EIX or 50 mM STS (Sigma) alone
or together with 10 mg/ml CHX (Sigma) and the caspase inhibitors
10 mM FITC-VAD-fmk (Promega), 100 mM zVAD-fmk, 100 mM BocD-
fmk, 100 mM zFA-fmk (Enzyme system products) used alone or
combined with the above mentioned inducers. The caspase inhibitors
were added to the medium 20 min before the PCD inducers EIX or
STS. Cells were incubated for various times and examined as
mentioned above.

Cytosolic protein extraction

Total cytosolic proteins were extracted according to del Pozo and Lam
(1998). Briefly, 10 ml cells of a 4 ± 5 day old cell culture were
harvested. Cells were ground in liquid N2 to a fine powder with mortar
and pestle and 1 ml extraction buffer (50 mM HEPES, pH 7.5, 20%
glycerol, 1 mM EDTA, 1 mM DTT, 1% BSA, 1 mM PMSF) was added.

Samples were centrifuged twice at 20 0006g for 15 min, to remove
cell debris. Cytosolic extracts were stored at 7808C until use.

Binding of zVAD to cytosolic proteins

Biotin-VAD-fmk (250 mM) was added to 150 mg total cytosolic proteins,
in a final volume of 150 ml, and the binding was conducted in room
temperature for 2 h with gentle shaking (25 r.p.m.). The competitive
binding assays were conducted by first adding 5 mM of zVAD-fmk
under the above binding conditions, and after 2 h, adding 250 mM
Biotin-VAD-fmk for an additional 2 h. (Incubation at room temperature
for up to 10 h was found not to cause protein degradation, although the
binding reaction reached a maximum after *2 h).

Protein analysis

Biotin-VAD-fmk bound proteins (50 mg) were analyzed by 12%
polyacrylamide gel electrophoresis in the presence of SDS,45

transferred to a nitrocellulose filter and probed with streptavidin
conjugated HRP (Jackson).
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