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The key effector proteins of apoptosis are a family of cysteine proteases termed caspases. Following activa-
tion of caspases, biochemical events occur that lead to DNA degradation and the characteristic morphological
changes associated with apoptosis. Here we show that cytoplasmic extracts activated in vitro by proteinase K
were able to cleave the caspase substrate DEVD-7-amino-4-methylcoumarin, while neither proteinase K nor
nonactivated extracts were able to do so alone. Caspase-like activity was inhibited by the specific caspase
inhibitor DEVD-aldehyde and by the protease inhibitor iodoacetamide, but not by N-ethylmaleimide. When
added to isolated nuclei, the activated extracts caused internucleosomal DNA degradation and morphological
changes typical of apoptosis. As DNA cleavage and morphological changes could be inhibited by N-ethylma-
leimide but not by iodoacetamide, we conclude that during apoptosis, caspase activation causes activation of
another cytoplasmic enzyme that can be inhibited by N-ethylmaleimide. Activity of this enzyme is necessary for
activation of endonucleases, DNA cleavage, and changes in nuclear morphology.

Experiments with Caenorhabditis elegans and mammals have
shown that the key effector molecules of apoptosis are a family
of cysteine proteases, called caspases, that cleave their sub-
strates at certain aspartate residues (2). Several other pro-
teases have also been implicated in apoptosis and may have
roles either upstream of caspases—for example, in the activa-
tion of these enzymes—or downstream, possibly in activating
other enzyme systems, such as nucleases.

In order to determine the requirements for proteases during
various stages of apoptosis, we have used protease inhibitors to
study biochemical events associated with apoptosis in a cell-
free system activated by the nonspecific protease proteinase K.

In these experiments, we have used the sulfhydryl (SH)
reagents iodoacetamide (IAA) and N-ethylmaleimide (NEM),
which inhibit cysteine proteases by reacting with them, but it
should be kept in mind that they also react with low-molecular-
weight SH compounds and all of the SH enzymes (14). To
inhibit the apoptotic caspases specifically, we have used acetyl
DEVD-aldehyde (Ac-DEVD-CHO), which inhibits caspase-3
(CPP32), caspase-6, and caspase-7 by acting as a pseudosub-
strate (10, 11, 20).

The activation of cysteine proteases from the caspase family
appears to be essential for the implementation of apoptosis
(29). These enzymes cleave their substrate after certain recog-
nition sequences ending with an aspartate residue. At least 10
of these enzymes are known, and they seem to cleave with
different substrate specificities (2). Several caspases, in partic-
ular those thought to be essential for cell death, have been
reported to be able to cleave the cellular enzyme poly(ADP-
ribose) polymerase after the sequence DEVD, a specificity
originally attributed to caspase-3 (CPP32) (19). The fluoro-
genic substrate DEVD-7-amino-4-methylcoumarin (DEVD-
AMC) can therefore be used to detect the activity of these
caspases in cellular extracts.

We examined whether proteinase K is able to induce

DEVD-cleaving activity in normal extracts. As apoptosis is
commonly accompanied by internucleosomal degradation of
DNA (27), we also tested whether the activated extracts could
cause DNA cleavage in isolated nuclei. In order to determine
which proteases were necessary for endonuclease activity, we
treated the cytosolic extracts with the protease inhibitors Ac-
DEVD-CHO, IAA, and NEM.

MATERIALS AND METHODS

Preparation of extracts and nuclei. The murine T-cell lymphoma cell lines LB
(18) and BW5147 (American Type Culture Collection, Rockville, Md.) and the
human T-cell leukemia line Jurkat (American Type Culture Collection) were
grown in RPMI medium supplemented with 5% fetal calf serum and 5 mM
glutamine (Biochrom, Hamburg, Germany). For LB cells, the medium was
further supplemented with insulin (10 mg/ml; Sigma, Munich, Germany). Ex-
tracts and nuclei were prepared as described for S/M extracts (15). Briefly, cells
for extracts were grown in Falcon roller bottles (Becton Dickinson, Heidelberg,
Germany) at 37°C in 5% CO2 to a density of approximately 5 3 106 cells/ml. For
some experiments, Jurkat cells were incubated with etoposide (50 mM) for 8 h
before extracts were prepared. Cells were collected by centrifugation; washed
once in phosphate-buffered saline and once in extraction buffer {50 mM PIPES
[piperazine-N,N9-bis(2-ethanesulfonic acid)] [pH 7.0], 50 mM KCl, 5 mM
EGTA, 2 mM MgCl2, 1 mM dithiothreitol (DTT), 20 mM cytochalasin B}
containing the protease inhibitors phenylmethylsulfonyl fluoride, chymopain,
leupeptin, antipain, and pepstatin (all from Sigma); and lysed in a centrifugal
Dounce homogenizer. The pellet was subjected to two cycles of freezing and
thawing in an ethanol-dry ice bath. The cell lysate was centrifuged for 90 min at
150,000 3 g. Supernatants from this step are referred to as extracts here. Extracts
were stored at 280°C for up to 2 months.

Nuclei from HeLa cells were prepared as described previously (15). Briefly,
after being harvested, the cells were washed once with phosphate-buffered saline
and once with nucleus buffer (NB; 10 mM PIPES [pH 7.4], 10 mM KCl, 2 mM
MgCl2, 1 mM DTT, 10 mM cytochalasin B). Cells were allowed to swell on ice for
20 min in 10 volumes of NB and then lysed with a Dounce homogenizer. The
resulting homogenate was layered over NB–30% sucrose. Nuclei were pelleted
by centrifugation at 800 3 g for 10 min; washed once in NB; resuspended in a
buffer containing 10 mM PIPES (pH 7.4), 80 mM KCl, 20 mM NaCl, 250 mM
sucrose, 5 mM EGTA, 1 mM DTT, 0.5 mM spermine, 0.2 mM spermidine,
protease inhibitors as described above, and 50% glycerol; and stored at 220°C
for up to 2 weeks. Nuclei were washed twice in mitotic dilution buffer (MDB; 10
mM HEPES [pH 7.0], 40 mM b-glycerophosphate, 50 mM NaCl, 2 mM MgCl2,
5 mM EGTA, 1 mM DTT) before addition to extracts.

Assay system for internucleosomal cleavage. Extracts were diluted to 50%
with MDB. As a source of ATP, reagents were added to yield final concentra-
tions of 2 mM ATP, 10 mM creatine phosphate, and 10 mM creatine kinase
(Sigma). Individual reaction mixtures contained 1 3 106 to 2 3 106 nuclei in 50
ml of diluted extracts in 1.5-ml tubes and were incubated at 37°C for 30 min.
Proteases were added at various concentrations immediately prior to the start of

* Corresponding author. Mailing address: Institut für Medizinische
Mikrobiologie, Immunologie und Hygiene, Technische Universität
München, Trogerstr. 9, 81675 Munich, Germany. Phone: 49 89 4140
4120. Fax: 49 89 4140 4868. E-mail: hacker@lrz.tu-muenchen.de.

6502



incubation. The protease inhibitors NEM (Sigma), IAA (Sigma), and Ac-
DEVD-CHO (Bachem Biochemica, Heidelberg, Germany) were added and al-
lowed to equilibrate on ice for 5 min before the protease was added and the tube
was shifted to 37°C. At the end of the incubation period, the reaction mixtures
were centrifuged and the supernatants were removed and stored on ice. The
pelleted nuclei were resuspended in lysis buffer (150 mM NaCl, 50 mM Tris-HCl
[pH 8.0], 0.5% sodium dodecyl sulfate (SDS), 500 mg of proteinase K per ml) and
digested for 30 min at 56°C. The supernatant and the digested pellet were then
recombined, extracted with phenol-chloroform-isoamyl alcohol (25:24:1), and
precipitated with ethanol. DNA was dissolved in 50 ml of Tris-EDTA buffer
containing RNase A (10 mg/ml; Sigma), incubated at 37°C for 1 h to digest RNA,
and run on a 1% agarose gel containing ethidium bromide. DNA was visualized
with UV light, and the gels were photographed with a video imaging system
(Eagle Eye II; Stratagene, Heidelberg, Germany).

Microscopy. Two microliters was taken out of each reaction mixture, stained
with acridine orange (Sigma; final concentration, 40 mg/ml), and examined under
a Leica DM RBE fluorescence microscope. Pictures were taken with a Leica
MPS52/48 camera.

Assay system for caspase activity. Extracts were diluted to final concentrations
of 2 to 5% (each extract was titrated to optimize for a protease-induced signal
and a low background) in MDB supplemented with 0.1% CHAPS {3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate} and 2 mM DTT (in some
initial experiments bovine serum albumin [BSA] [100 mg/ml] was included, with
identical results). Reactions were performed in triplicate in a 100-ml volume in
96-well flat-bottomed plates (Nunc plates; M & B Stricker, Oberschleissheim,
Germany). For inhibitor experiments, the inhibitors were added to the diluted
extract and preincubated at room temperature for 5 min. Then protease and a
fluorogenic substrate (DEVD-AMC) (10 mM; Biomol, Hamburg, Germany)
were added simultaneously, and the reactions were shifted to 37°C and allowed
to proceed for 30 min. Fluorescence was then measured in a Millipore Cytofluor
96-well reader with filter settings of 390 (excitation) and 460 (emission). Values
(means 6 3 standard errors of the means) are given as arbitrary units.

Assays for proteinase K and DNase I activity. To assess proteinase K activity,
BSA (1 mg/ml) was incubated in MDB in a 50-ml reaction volume for 20 min at
37°C alone and in the presence of proteinase K, proteinase K plus NEM (5 mM),
or proteinase K plus IAA (5 mM). The proteinase K concentration was 200
ng/ml. Twenty microliters of each reaction mixture was resolved by SDS-poly-
acrylamide gel electrophoresis on a 12% polyacrylamide gel, and the protein was
stained with Coomassie brilliant blue.

To assess DNase I activity, genomic DNA was prepared from day 14 embry-
onic fibroblasts by proteinase K digestion and phenol-chloroform-isoamyl alco-
hol extraction. Fifty micrograms of DNA was incubated in a 50-ml reaction
volume in restriction enzyme buffer L (Boehringer Mannheim, Mannheim, Ger-
many) for 20 min at 37°C alone, with DNase I (Sigma), or with DNase I and
either NEM (5 mM) or IAA (5 mM). The DNase concentration was 10 mg/ml.
Twenty microliters of the reaction mixture was resolved on a 1% agarose gel as
described above.

RESULTS
Proteinase K can activate cytosolic extracts, leading to DNA

degradation. In order to activate the apoptosis effector mech-
anism, proteinase K was added to cytosolic extracts from the
three different cell lines, which were then incubated with nuclei

from HeLa cells for 30 min at 37°C. The amount of DNA
cleavage that resulted was measured by extracting the DNA
and subjecting it to gel electrophoresis (Fig. 1). When unal-
tered cytosolic extracts from the three cell lines were incubated
with HeLa cell nuclei, no DNA fragmentation was seen. How-
ever, if proteinase K was added with the cytosolic extracts, the
DNA in the nuclei became degraded in the pattern typical of
internucleosomal DNA cleavage. Concentrations of proteinase
K between 2 mg/ml and 100 ng/ml yielded ladders of degraded
DNA. At higher concentrations, no fragmentation was ob-
served, and the reaction mixture became highly viscous, most
likely due to digestion of the nuclear matrix by the protease.
Staining with intercalating dyes indicated that in this case the
DNA was intact, and when subjected to electrophoresis little
DNA migrated into the gel (not shown).

Proteinase K itself did not directly cause cleavage of the
nuclear DNA, since in the absence of cytosolic extract, when
any concentration of proteinase K was added to the nuclei,
DNA fragmentation did not occur (data not shown). Similarly,
the proteases trypsin and chymotrypsin were unable to trigger
DNA cleavage in the presence or absence of cytosolic extract
despite titration over a wide range of concentrations (100
mg/ml to 10 ng/ml) that ran well into concentrations where the
nuclear matrix was digested and the reaction acquired a vis-
cous appearance (data not shown).

The cytosol from etoposide-treated Jurkat cells was apop-
totically activated, as it could induce internucleosomal DNA
cleavage (Fig. 2, leftmost lane) and typical apoptotic morpho-
logical changes (Fig. 3, top middle) in HeLa cell nuclei. Acti-
vation of caspase-3 (CPP32)-like proteases occurred in the
extracts, as they were able to cleave the fluorogenic substrate
DEVD-AMC (not shown).

The DNA-cleaving activity of the extracts from etoposide-
treated Jurkat cells was labile at 37°C, as incubation of the
extracts for 20 to 40 min prior to the addition of nuclei greatly
reduced the extent of DNA cleavage (Fig. 2). This decline was
not due to a consumption of the ATP regeneration system, as
replenishment of these components did not restore apoptotic
activity (not shown). Also, it is unlikely that the effect was the
consequence of diminishing caspase activity, as DEVD-AMC-

FIG. 1. Proteinase K induces DNA fragmentation in a cell-free system. Ex-
tracts were prepared from the lymphoid cell lines LB, BW5147, and Jurkat and
incubated for 30 min with isolated nuclei at 37°C alone or with proteinase K (pK)
as shown. The DNA was extracted and run on a 1% agarose gel. The experiment
was done at least three times with independently prepared extracts from each cell
line. The unlabelled lane contains DNA size standards.

FIG. 2. Proteinase K requires labile components from the cytosol to induce
DNA fragmentation. Extracts were prepared from Jurkat cells cultured for 8 h
with etoposide (50 mM) or from normal Jurkat cells. Aliquots of extract from
etoposide-treated cells were diluted in MDB as described in Materials and
Methods and incubated at 37°C. Nuclei were added either at the beginning of the
reaction or after 20 or 40 min of incubation at 37°C; proteinase K (500 ng/ml) was
added to two samples at the same time as the nuclei (as indicated). The reaction
was then allowed to continue for 60 min at 37°C. For comparison, nuclei were
incubated with extract from normal cells with or without proteinase K for 60 min.
DNA was then extracted and analyzed by electrophoresis.
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cleaving activity in such extracts was measured over 4 h and
found to be constant during this period (data not shown).

Significantly, the addition of proteinase K to these extracts
after preincubation for 20 min had little effect and the addition
of proteinase K after 40 min of preincubation did not induce
DNA fragmentation (Fig. 2), indicating that for proteinase K
to cause internucleosomal DNA cleavage, cytosolic compo-
nents which are used up or destroyed during the 40-min in-
cubation period are required. Addition of the same concen-
tration of proteinase K to extracts from Jurkat cells before
etoposide treatment did cause fragmentation (Fig. 2). Very
similar results were obtained when extracts from irradiated LB
cells were used (not shown).

Proteinase K-activated extracts can cause altered morphol-
ogy of nuclei. Characteristic of cells undergoing apoptosis are
changes in nuclear morphology, such as chromatin condensa-
tion and disintegration of the nucleus. We examined the mor-
phology of HeLa cell nuclei during and after incubation with
normal extract alone or with cytosolic extract in the presence
of proteinase K.

Nuclei incubated with extract alone at 37°C for 30 min (or up
to 120 min [data not shown]) did not change their morphology
(Fig. 3, left) and were indistinguishable from untreated nuclei
(not shown). When proteinase K plus cytosolic extract was
added, the nuclei started to disintegrate rapidly. Figure 3 (top
right) depicts a typical nucleus at the end stage, which is
reached in about 15 min at 37°C after the addition of protein-
ase K. The appearance of the nuclei was very similar to the
classical apoptotic morphology seen in intact cells undergoing
apoptosis or in nuclei exposed to extracts from Jurkat cells
treated with etoposide (Fig. 3, top middle). In both cases, the
classical morphology of chromatin condensation along the
margins of the nuclei was observed.

The proteinase K-induced morphological changes appear to
be caused by an extract component, as in the absence of extract
no chromatin condensation could be observed although some
deformation of nuclei was induced (not shown). Also, when
NEM was present in the extract, proteinase K was unable to
provoke the apoptotic changes (Fig. 3, bottom right), while

IAA was unable to prevent the proteinase K effect (Fig. 3,
bottom middle). High concentrations of proteinase K (above 2
mg/ml) led to swelling of the nuclei and leakage of long streaks
of DNA into the extracts (not shown).

Activation of cytosolic caspases. To determine whether pro-
teinase K could activate caspase-3-like proteases in extracts
from nonapoptotic cells, serial dilutions of proteinase K were
incubated for 30 min at 37°C with DEVD-AMC. AMC fluo-
rescence was then measured and found to be strongly induced
over a wide range of concentrations of proteinase K (Fig. 4a).
Proteinase K could not cleave the DEVD-AMC substrate di-
rectly, as in the absence of extract it did not cause AMC
fluorescence at any concentration (Fig. 4a). Neither of the
serine proteases trypsin and chymotrysin was able to activate
caspases within the extracts (Fig. 4b). Proteinase K did not lead
to activation of caspase-1 (ICE)-like proteases in BW5147
cell extracts, as the caspase-1 substrate YVAD-AMC was
not cleaved (not shown).

IAA strongly inhibited the induction of DEVD-AMC-cleav-
ing activity by proteinase K, whereas the inhibition by NEM
was only marginal (Fig. 4c).

In order to determine the abilities of NEM and IAA to
inhibit DNA fragmentation caused by proteinase K-activated
extracts, both agents were added to extracts and nuclei prior to
proteinase K. NEM at 5 mM completely inhibited DNA frag-
mentation, while IAA had no inhibitory effect (Fig. 5). The
tetrapeptide inhibitor of PARP-cleaving caspases Ac-DEVD-
CHO inhibited proteinase K-induced DNA fragmentation only
at the extremely high (.500 mM) concentrations at which it
could directly inhibit proteinase K when BSA was used as a
substrate (not shown). When added to extracts from etopo-
side-treated Jurkat cells, NEM completely inhibited DNA
fragmentation, while IAA had a distinct but not complete
inhibitory effect (not shown). This finding suggests that the
NEM-inhibitable enzyme is also required for the physiological
apoptosis pathway.

It was clear that NEM and IAA do not inhibit proteinase K
directly, as neither NEM nor IAA inhibited the digestion of
BSA by proteinase K (Fig. 6a). Therefore, NEM must act on a

FIG. 3. Morphology of nuclei after incubation with extract and proteinase K. Nuclei from HeLa cells were incubated for 30 min at 37°C in either normal extract
(i.e., extract prepared from normal Jurkat cells [left]), the same extract supplemented with 500 ng of proteinase K per ml (top right), or extract prepared from Jurkat
cells treated with etoposide (50 mM) for 8 h (top middle). Additional samples contained normal extract supplemented with proteinase K and either IAA (bottom
middle) or NEM (bottom right).
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cytosolic or nuclear enzyme activated by proteinase K that is
required for DNA fragmentation.

While it remains uncertain which nuclease is responsible for
DNA fragmentation during apoptosis, DNase I has been sug-
gested as one candidate. Neither NEM nor IAA was able to
inhibit the cleavage of murine genomic DNA by DNase I when
added at a concentration of 5 mM (Fig. 6b).

DISCUSSION

This study demonstrates that the proteolytic action of pro-
teinase K, a protease with low substrate specificity, can pro-
voke activation of enzyme systems in vitro which are normally
activated during apoptosis in vivo. Activation of both cell
death-associated proteases (caspases) and nucleases was ob-

served. Since the cysteine protease inhibitors NEM and IAA
affected the outcome of the assays differently, it is clear that the
enzymes they inhibit play roles at several points in the apopto-
tic process.

Earlier studies have suggested that proteases other than
caspases also play a role in cell death. For example, calpain,
cathepsin D, the proteasome, and proteases sensitive to the
inhibitors diisopropylfluorophosphate, N-tosyl-L-phenylala-
nine chloromethyl ketone, and Na-p-tosyl-L-lysine chloro-
methyl ketone, and others have been implicated (6, 7, 12, 13,
22–24, 28). Although it is widely accepted that caspases are
obligatory for physiological cell death, our data indicate that
other enzymes can act either upstream to activate caspases or
downstream to be activated as a consequence of proteolysis by
caspases.

FIG. 4. Activation of latent cytosolic caspases. (a) Proteinase K leads to the
activation of caspases. A constant concentration of DEVD-AMC (10 mM) in
MDB containing 2 mM DTT and 0.1% CHAPS was incubated for 30 min at 37°C
with proteinase K at the concentrations shown either without (circles) or with
(squares) normal extract from BW5147 cells (diluted to 1:40). (b) Trypsin and
chymotrypsin do not activate DEVD-AMC-cleaving activity. The proteases tryp-
sin (solid circles), chymotrypsin (triangles), and proteinase K (squares) were
incubated for 30 min at 37°C with DEVD-AMC in the presence of normal extract
from LB cells (diluted to 1:20). As a negative control, reactions without protease
were included (open circle). (c) IAA but not NEM inhibits proteinase K-induced
caspase activation. Extract from LB cells was incubated with proteinase K at a
constant concentration (200 ng/ml) and with various concentrations of IAA
(closed circles) or NEM (closed squares) at 37°C in the presence of DEVD-
AMC, and after 30 min fluorescence was determined. The negative control (open
circle) was the same reaction mixture without proteinase K; the positive control
(open square) contained proteinase K without the inhibitor. Reactions were
performed in triplicate, and the results are given as means 6 3 standard errors
of the means. The data shown here are representative of at least three indepen-
dent experiments using individually prepared extracts.

FIG. 5. NEM but not IAA inhibits proteinase K-induced DNA fragmenta-
tion. Extract from LB cells was incubated with HeLa cell nuclei at 37°C for 30
min alone (lane 1) or in the presence of proteinase K (500 ng/ml). One reaction
mixture also contained 5 mM NEM, and one reaction mixture contained 5 mM
IAA. DNA was extracted and analyzed by gel electrophoresis.

FIG. 6. NEM and IAA do not inhibit proteinase K or DNase I directly. (a)
BSA (1 mg/ml) was incubated in MDB in a 50-ml reaction volume for 20 min at
37°C either alone or in the presence of proteinase K, proteinase K plus 5 mM
IAA, or proteinase K plus 5 mM NEM. The proteinase K concentration was 200
ng/ml. Twenty microliters of each reaction mixture was subjected to SDS-poly-
acrylamide gel electrophoresis on a 12% polyacrylamide gel, and the protein was
stained with Coomassie mixture brilliant blue. (b) Fifty micrograms of genomic
DNA was incubated in a 50-ml reaction volume in restriction enzyme buffer for
20 min at 37°C either alone, with DNase I (Sigma), or with DNase I and either
5 mM IAA or 5 mM NEM. The DNase concentration was 10 mg/ml. Twenty
microliters of the reaction mixture was resolved on a 1% agarose gel.
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Several groups have proposed that the proteasome may be
involved in apoptosis. However, the role of the proteosome is
unclear; some have concluded that inhibition of the protea-
some causes apoptosis, whereas others have concluded that the
proteasome plays an essential role in apoptosis (8, 13, 23).

It is not clear at which step in the apoptotic pathway non-
caspase proteases act. One possibility is that they play a role in
the upstream stages of apoptosis induction; for example, cal-
pain has been found to be important in some but not other
forms of apoptosis (24). This finding suggests that unlike
caspases, calpain is involved in a part of the pathway which is
not common to all forms of apoptosis. Cathepsin D has been
found to be required for cell death induced by gamma inter-
feron, tumor necrosis factor, and CD95 signal (7). An inter-
esting feature of this protease is that it is strongly induced
during treatment of cells with gamma interferon or tumor
necrosis factor (7). Since in other cases of apoptosis new syn-
thesis of proteins is not required, this suggests that cathepsin
also is necessary for some but not other forms of cell death,
and this could be the case for most noncaspase proteases.

Caspases are present in all nucleated cells as inactive pre-
cursors and become activated upon initiation of cell death. It is
possible that caspase molecules activate each other, but the
primary cause for activation of the first molecule is unknown.
Adapter molecules such as MORT1/FADD (3, 4), RAIDD/
CRADD (1, 9), or homologs of ced-4 (5) could be involved in
this activation. One model is that physiological or experimental
activation of proteases in intact cells can lead to the proteolytic
destruction of adapter/inhibitor molecules, which in turn acti-
vates caspases. This process could then be mimicked by the
addition of proteinase K to extracts. It is remarkable how
resistant to proteolysis caspases themselves seem to be; at
concentrations of proteinase K as high as 2 mg/ml, caspase
activity can still be measured.

It has been reported that introduction of the proteases pro-
teinase K, trypsin, and chymotrysin via the osmotic lysis of

pinosomes induced cells to undergo apoptosis (26). Since tryp-
sin and chymotrypsin were unable to trigger either caspase or
nuclease activity in cell extracts (data not shown), it is likely
that these serine proteases act in an indirect fashion in that
system, where cellular components mimicking one or more
signals for apoptosis induction are digested (26).

It has been speculated that the caspase-mediated cleavage of
lamins during apoptosis accounts for some of the changes in
nuclear morphology (16). Interestingly, for both the morpho-
logical changes and the DNA fragmentation induced by pro-
teinase K, extract components were required, and both effects
could be blocked by NEM. This indicates that both effects are
mediated by one effector molecule or at least by one pathway
which can be blocked by NEM.

The properties of the NEM-inhibitable enzyme are remark-
ably similar to those described for DFF, a heterodimeric pro-
tein that is activated by caspase-3 and functions in the pathway
leading to DNA fragmentation (17). Both proteins are thought
to reside in the cytoplasm as inactive precursors. Both appear
to be activated by caspases following the induction of apopto-
sis. Both are required for endonuclease activation and DNA
degradation, but neither appears to be an endonuclease. We
think that it is likely that the NEM-inhibitable enzyme is one of
the components of DFF, and we predict that DFF activity will
be susceptible to inhibition by NEM. Since NEM targets pro-
teases with catalytic cysteines, if this is true then DFF is likely
to be a noncaspase cysteine protease. The subunit of DFF
cloned to date does not have any residues that resemble the
catalytic cysteines in any of the ;20 known families of cysteine
proteases (21), so if the NEM-inhibitable enzyme is DFF, the
yet-to-be-cloned subunit is likely to contain the catalytic resi-
due.

The agents IAA and NEM have both been described as
inhibitors of caspase-3-mediated PARP cleavage in extracts
from cells undergoing apoptosis (20). Both enzyme inhibitors
target cysteine residues and can inhibit a broad range of en-

FIG. 7. Model of the action of proteinase K and inhibition by IAA and NEM. IAA blocks the appearance of caspase activity but not nuclear fragmentation;
therefore, proteinase K must be able to bypass this stage. NEM did not block caspase activity but prevented DNA fragmentation, so its point of action must be further
downstream. Proteinase K did not cause DNA fragmentation in the absence of cytoplasmic extract, so the NEM-inhibitable enzyme precursor is most likely cytoplasmic.
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zymes. While we found that IAA could inhibit DEVD-cleaving
activity at concentrations of 2 to 5 mM and that NEM was not
able to inhibit DEVD-cleaving activity at any concentration up
to 5 mM, Nicholson et al. found that both inhibitors could
suppress PARP cleavage by apoptotic extracts at 5 mM. This
observation raises the possibility that IAA acts on an upstream
protease that is required for some apoptosis activation path-
ways but is not needed when proteinase K is used to artificially
activate them.

In our system, IAA inhibited all the DEVD-AMC-cleaving
activity that was induced by proteinase K, whereas the effect of
NEM was only marginal. Conversely, NEM completely inhib-
ited the DNA fragmentation induced by proteinase K, while if
anything IAA enhanced DNA fragmentation.

Digestion of nuclear DNA can be observed in most cases of
apoptosis; however, exceptions have been reported. For exam-
ple, one cell line has been observed to undergo apoptosis
without detectable nuclease activation (25). This phenotype
could be the result of a lack of either the responsible nuclease
itself or the NEM-inhibitable enzyme.

With the caveats that DEVD-AMC may not be efficiently
cleaved by all caspases and that some caspases (e.g., caspase-1
[ICE]) may not be activated in this system, we interpret these
results as shown in Fig. 7: both caspases and nucleases can be
activated either directly or indirectly by generalized proteolysis
caused by proteinase K. IAA can inhibit caspases, most prob-
ably directly. This inhibition cannot prevent activation of
nucleases by proteinase K, which means that endonuclease
activation does not require IAA-sensitive caspases. However,
as cytoplasmic extract was needed for proteinase K to cause
DNA degradation, proteinase K does not activate the endo-
nucleases directly. NEM inhibits nuclease activation indepen-
dently of caspase activity and therefore must act at a point
downstream of both the caspases and proteinase K. The sim-
plest explanation is that NEM acts on an enzyme whose pre-
cursor exists in the cytoplasm. This enzyme can be activated by
proteinase K or the caspases and is able to activate endonucle-
ases in the nucleus, ultimately resulting in DNA fragmentation.

As preincubation of activated extracts at 37°C for 40 min
resulted in the loss of the ability of proteinase K to induce
laddering when it and the extracts were added together to the
nuclei, some cytosolic component required for DNA degrada-
tion must be labile. This labile component is not likely to be the
caspase precursors, as preincubation did not destroy DEVD-
cleaving activity (not shown). Furthermore, this demonstrates
that proteinase K uses components of the physiological cell
death pathway.

Although caspases are necessary for the normal implemen-
tation of cell death, the results reported here show that there
are other essential enzyme systems involved in the intracellular
apoptosis pathway. The development of alternative methods of
activating this pathway in cell extracts may lead to the molec-
ular definition of such essential components.
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