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SUMMARY
DNA-dependent protein kinase (DNA-PK) consists of a 460
kDa subunit that contains the catalytic domain (DNAPKcs) complexed with two polypeptides of 70 kDa and 80
kDa (Ku70 and Ku80) which comprise the Ku autoantigen.
DNA-PKcs requires association with DNA via Ku for
catalytic activation and is implicated in double strand
break repair, V(D)J recombination and transcription. We
have utilised a cell-free system of concentrated Xenopus
laevis egg extracts to investigate the regulation and possible
functions of DNA-PK. Recently, we have shown that this
system can reproduce events of apoptosis, including activation of an apoptotic protease that cleaves poly(ADPribose) polymerase. Here, we report that DNA-PK is
rapidly inactivated with the onset of apoptosis in this

system. Loss of activity is concomitant with cleavage of the
catalytic subunit, whereas the Ku subunits are stable.
Cleavage and inactivation of DNA-PKcs is prevented by
prior addition of the anti-apoptotic protein Bcl-2 or inhibition of an apoptotic protease that has characteristics of
the CPP-32/Ced-3 family of cysteine proteases that cleave
poly(ADP-ribose) polymerase. These results suggest that
cleavage and inactivation of DNA-PKcs prevents this factor
from functioning in DNA repair, recombination or transcriptional regulation during apoptosis.

INTRODUCTION

al., 1995; Peterson et al., 1995; Rathmell and Chu, 1994;
Smider et al., 1994; Taccioli et al., 1994), suggesting that the
protein kinase activity of DNA-PK is required during these
processes. DNA-PK has also been implicated in trancriptional
regulation (Genersch et al., 1995; Giffin et al., 1996; Kuhn et
al., 1995).
In addition to DNA-PKcs, several other large proteins
homologous in their carboxy-terminal kinase domains have
been identified which form a subgroup of the phosphatidylinositol 3-kinase superfamily (Jackson, 1995, 1996; Keith and
Schreiber, 1995). One of these proteins, the human ATM gene
product is mutated in ataxia-telangiectasia (AT) (Savitsky et
al., 1995). AT cells have increased genomic instability, are
hypersensitive to ionising radiation and are defective in cell
cycle checkpoints induced by DNA damage. Other members
of this group include the products of MEC1/ESR1 (Kato and
Ogawa, 1994; Paulovich and Hartwell, 1995) and TEL11
(Greenwell et al., 1995; Morrow et al., 1995) in budding yeast,
Rad3 in fission yeast (Seaton et al., 1992) and Drosophila Mei41 (Hari et al., 1995). These gene products have also been
implicated in chromosome stability, DNA repair and cell cycle
checkpoints, suggesting that members of this subfamily have
roles in the detection and/or response to aberations in genomic
integrity throughout the eukaryotic kingdom. However,

DNA-PK is a nuclear protein-serine/threonine kinase that
needs to be associated with DNA to be catalytically active. It
is composed of a large subunit of approximately 460 kDa
(DNA-PKcs) that contains a catalytic domain related to phosphatidylinositol 3-kinase (Hartley et al., 1995) complexed with
a DNA binding component that is the autoantigen Ku (Dvir et
al., 1992; Gottlieb and Jackson, 1993). Ku was originally characterized as a nuclear antigen recognised by sera from patients
with various autoimmune diseases (Reeves, 1992). It consists
of two polypeptides of approximately 70 and 80 kDa (Ku70
and Ku80, respectively) that form a tightly bound heterodimer
that binds double-strand breaks and other aberrations in DNA
molecules (Blier et al., 1993; Griffith et al., 1992; Mimori and
Hardin, 1986; Paillard and Strauss, 1991; Zhang and Yaneva,
1992). Ku recruits DNA-PKcs to the DNA and this binding is
required for activation of the kinase (Gottlieb and Jackson,
1993). Genetic mutations leading to the loss of DNA-PKcs or
Ku result in hypersensitivity to ionising radiation due to
defective double strand break repair; cells lacking DNA-PK are
also defective in V(D)J recombination, a process that involves
site-specific DNA breaks and rearrangements (Blunt et al.,
1995; Boubnov et al., 1995; Finnie et al., 1995; Lees-Miller et
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different members of the subfamily may have distinct functions
within the same cell (Jackson, 1996).
DNA damage may also induce apoptosis, or programmed
cell death. Other stimuli, including depravation of extracellular survival signals or ligation of Fas, can trigger this process,
but most cells undergoing apoptosis exhibit similar changes,
including chromatin condensation and nuclear fragmentation,
suggesting a common biochemical mechanism. In many cases,
genomic DNA is severed into oligonucleosomal fragments that
produce a characteristic ladder when separated on agarose gels.
Apoptosis in many (perhaps all) cells involves the activation
of cysteine proteases related to the Ced-3 gene product of
Caenorhabditis elegans (Yuan et al., 1993) and human CPP32 (Fernandes-Alnemri et al., 1994; Nicholson et al., 1995),
members of the interleukin-1β-converting enzyme (ICE)
family (Kumar, 1995). One of the substrates identified for these
proteases is poly(ADP-ribose) polymerase (PARP) (Kaufmann
et al., 1993; Lazebnik et al., 1994). PARP has been implicated
in sensing DNA damage. It binds to DNA strand breaks and is
activated, catalysing the poly(ADP)-ribosylation of itself and
possibly other DNA-binding proteins (de Murcia and
Menissier de Murcia, 1994), although its precise function is
unclear. During apoptosis, PARP is cleaved at a site DEVDfG
releasing the catalytic domain from the DNA-binding domain
(Kaufmann et al., 1993; Lazebnik et al., 1994). The isolated
catalytic domain is insensitive to DNA damage and the DNAbinding domain can act as a dominant inhibitor by binding to
DNA strand breaks (Molinete et al., 1993).
Recently, we have developed a cell-free system of Xenopus
egg extracts that reproduces the activation of apoptotic
proteases in vitro (Cosulich et al., 1996; Newmeyer et al.,
1994). PARP cleavage occurs after 1 hour of incubation of the
extracts and about 2 hours before the onset of chromosome
condensation and DNA fragmentation. This cleavage is completely blocked by a tetrapeptide derivative (Ac-DEVD-CHO)
based upon the cleavage site in PARP that is a potent inhibitor
of human CPP-32 and closely related proteases (Nicholson et
al., 1995). Interestingly, activation of a Xenopus apoptotic
PARP protease (XAPP) with similar characteristics to CPP32/Ced-3 is negatively regulated by the addition of Bcl-2 antiapoptotic oncoprotein to the extracts (Cosulich et al., 1996). In
this report, we have investigated the possible role of DNA-PK
in this system. Initially, the egg extracts contain DNA-PK
activity, but upon incubation and activation of XAPP, DNAPK is rapidly inactivated. Inactivation is concomitant with
cleavage of the catalytic subunit into two large fragments and
is inhibited by prior addition of Ac-DEVD-CHO or Bcl-2. In
contrast, the Ku subunits are stable. These results suggest that
cleavage and inactivation of DNA-PKcs by a CPP-32/Ced-3like protease is an early event during the execution of apoptosis
in this system.
MATERIALS AND METHODS
Preparation of Xenopus egg extracts and HeLa nuclei
Xenopus egg extracts were prepared at 4°C as 10,000 g supernatants
supplemented with an ATP-regenerating system, cytochalasin B,
cyclohexamide and 5% (v/v) glycerol (Clarke, 1995; Félix et al.,
1993). They were snap frozen in 100 µl aliquots and stored in liquid
nitrogen. Extracts prepared in this way contain both nuclear and cyto-

plasmic proteins present in the eggs. They contain, typically, 30-40
mg protein/ml, as well as lipid vesicles and mitochondria, including
a dense fraction required for the initiation of apoptosis (Newmeyer et
al., 1994). Incubations were initiated immediately after thawing the
extracts at 23°C. Where described, HeLa cell nuclei (Cosulich et al.,
1996) were added to the extracts at the start of incubation in 1/10
volume to give a final concentration of 1,000/µl. In most extracts
prepared in this way, nuclei undergo condensed chromatin and DNA
cleavage typical of apoptosis after 2.5-4 hours of incubation (Cosulich
et al., 1996). Where stated, Sf21 cell lysates containing Bcl-2
(Cosulich et al., 1996) were added at 1/100 final dilution. The
tetrapeptide aldehyde Ac-DEVD-CHO (SNPE, Strasbourg, France)
was dissolved in 100 mM Hepes, pH 7.4, and added to the extracts at
the concentrations shown.
DNA-PK assays
DNA-PK activity was assayed using a kit according to the protocol
of the manufacturer (Amersham). Briefly, the egg extracts were
diluted 1/150 (unless stated otherwise) in the assay to a final concentration of approximately 0.2 mg protein/ml. Assays were carried out
at 30°C for 30 minutes (unless stated otherwise) using as an
exogenous substrate a peptide derived from a sequence in human p53
(EPPLSQEAFADLLKK) that includes a site phosphorylated by
DNA-PK (serine 15) (Lees-Miller et al., 1992). Assays were done in
the presence or absence of calf thymus DNA, and DNA-PK activity
was calculated as the difference between these values. For the pulldown assay, we used essentially the protocol of Finnie et al. (1995):
the extracts were diluted five times in buffer A (25 mM Hepes/KOH,
pH 7.9, 50 mM KCl, 10 mM MgCl2, 20% glycerol, 0.1% Nonidet P40, 1 mM dithiothreitol). The extracts were incubated with 40 µl of
preswollen double-stranded DNA-cellulose (Sigma) for 15 minutes at
room temperature. After two washes in 1 ml of buffer A, the dsDNAcellulose was resuspended in 20 µl of buffer A; 5 µl was used for the
DNA-PK assay and 15 µl of SDS loading buffer was added to the
remaining sample for SDS-PAGE. In all cases, DNA-PK assays were
performed at least in duplicate and the means of these values, which
agreed within ±10% are shown.
SDS-PAGE and immunoblotting
During incubation of the extracts at 23°C, samples were analysed on
polyacrylamide gels and transferred to nitrocellulose membranes for
immunoblotting. In the case of nuclear proteins, the nuclei were
recovered and washed as described previously (Cosulich et al., 1996).
Primary antibodies were a human autoimmune serum recognizing
human Ku70 and Ku80 (a gift from W. H. Reeves), polyclonal sera
raised against human DNA-PKcs and human Ku70 (Serotec, Oxford,
UK) and a monoclonal against Ku80 (Le Romancer et al., 1994). The
antigen-antibody complexes were revealed by an enhanced chemiluminescence procedure according to the manufacturer (Amersham).

RESULTS
In an attempt to measure the activity of DNA-PK in Xenopus
egg extracts we utilised a peptide derived from human p53 containing a site phosphorylated exclusively by DNA-PK (Finnie
et al., 1995; Lees-Miller et al., 1992). We found that kinase
activity towards this peptide was readily detected in egg
extracts and was stimulated about 5-fold by double stranded
DNA (Fig. 1A). This DNA-dependent activity was inhibited
by wortmannin, an inhibitor of phosphatidylinositol 3-kinase
(Fig. 1B). The sensitivity to wortmannin was similar to that
reported for mammalian DNA-PK (Hartley et al., 1995), with
half-maximal inhibition between 50 and 100 nM. These results
indicate that Xenopus egg extracts contain an activity closely
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Fig. 2. DNA-PK is inactivated upon incubation of apoptotic Xenopus
egg extracts. (A) Egg extract was incubated at 23°C with the addition
of lysate from Sf21 cells expressing Bcl-2 (1/100 final dilution, d), 1
µM Ac-DEVD-CHO (m) or buffer as a control (s). Samples were
removed at the times shown and assayed for total DNA-PK activity.
(B) Inhibition of DNA-PK inactivation by Ac-DEVD-CHO.
Incubations were carried out with the addition of Ac-DEVD-CHO at
the concentrations shown and samples removed for assay of DNAPK at the start of the incubation and after 2 and 4 hours.
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Fig. 1. DNA-PK activity in Xenopus egg extracts. (A) Time course
of DNA-PK activity assayed in the Xenopus system. Egg extract (at a
final dilution of 1/150) was incubated at 30°C with the p53 peptide in
the presence (d) or absence (s) of dsDNA for the times shown.
(B) Inhibiton of DNA-PK activity by wortmannin. Incubations were
carried out as in A in the presence of dsDNA and the concentration
of wortmannin shown. (C) DNA-PK activity was assayed using
different concentrations of egg extract. The activity at each final
dilution of the extract in the assay is shown. The arrow indicates the
concentration of extract used in other experiments (1/150 final
dilution).

related to mammalian DNA-PK. However, DNA-PK
activity was strongly inhibited when high concentrations of
extracts were used in the assay (Fig. 1C). Inhibition was not
relieved by adding more DNA or the protein phosphatase
inhibitor microcystin-LR (1 µM) to the assays (data not
shown), suggesting that it was not due to competition for DNA
binding sites or dephosphorylation of the substrate during the
assay. It remains possible that inhibition was due to the
presence of competing endogenous substrates for DNA-PK or
inhibitors of the kinase present in the extracts. In the experi-

ments described below, DNA-PK assays were carried out for
30 minutes using extracts diluted 150-fold. Under these conditions, kinase activity was not greatly dependent on the concentration of the extracts and was approximately linear with
respect to time (Fig. 1A).
Previously, we and others have shown that incubation of
Xenopus egg extracts may result in apoptotic chromosome condensation and DNA fragmentation in exogenous nuclei added
to the extracts (Cosulich et al., 1996; Newmeyer et al., 1994).
We examined DNA-PK activity during the incubation of
Xenopus egg extracts that undergo apoptotic DNA fragmentation after 2.5 hours (not shown; Cosulich et al., 1996). We
found that DNA-dependent activity was dramatically
decreased by approximately 50% within 30 minutes and
decreased to less than 10% after 3 hours (Fig. 2A). In contrast,
DNA-PK activity was stable in egg extracts that did not exhibit
apoptosis (not shown). In extracts that undergo apoptosis, chromosome condensation and DNA fragmentation is prevented by
addition of the anti-apoptotic oncoprotein Bcl-2 at the start of
the incubation (Cosulich et al., 1996; Newmeyer et al., 1994).
Strikingly, Bcl-2 added in Sf21 cell lysates completely stabilised DNA-PK activity in the extracts (Fig. 2A), strongly
suggesting that the inactivation of DNA-PK is related to the
onset of apoptosis.
One of the first events apparent during apoptosis in egg
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extracts is the rapid activation of an apoptotic protease that
cleaves PARP (Cosulich et al., 1996). This protease is inhibited
by Ac-DEVD-CHO, a tetrapeptide aldehyde based on the site
of cleavage in PARP that is a potent inhibitor of cysteine
proteases related to human CPP-32 and C. elegans Ced-3
(Cosulich et al., 1996; Nicholson et al., 1995), indicating that
the Xenopus protease is a similar enzyme. Activation of this
Xenopus apoptotic PARP protease (XAPP) and PARP
cleavage is greatly delayed by Bcl-2 (Cosulich et al., 1996),
indicating that at least one of the functions of Bcl-2 is to negatively regulate the activation of apoptotic proteases. We
therefore examined the effect of Ac-DEVD-CHO on the inactivation of DNA-PK. When 1 µM Ac-DEVD-CHO was added
at the start of the incubation, DNA-PK activity was maintained
at initial levels for at least 4 hours (Fig. 2A). At 100 nM, AcDEVD-CHO partially inhibited inactivation, whereas 10 nM
was ineffective (Fig. 2B). Both the time course of DNA-PK
inactivation and its sensitivity to Ac-DEVD-CHO is similar to
the characteristics of PARP cleavage in these extracts
(Cosulich et al., 1996; S. C. Cosulich et al., unpublished).
Taken together, these results strongly suggest that the inactivation of DNA-PK in apoptotic egg extracts is due to the activation of a protease that also cleaves PARP, is negatively
regulated by Bcl-2 and has very similar characteristics to CPP32/Ced-3-like proteases.
We investigated the cause of inactivation by examining the
stability of the components of DNA-PK during incubation of
the extracts. For this experiment, we incubated HeLa nuclei in
the Xenopus egg extracts under the same conditions used to
examine the cleavage of human PARP in the nuclei (Cosulich
et al., 1996). At certain times during the incubation, samples
were removed, and the nuclei were recovered by centrifugation. Nuclear proteins were analysed by SDS-PAGE and
immunoblotted using polyclonal antibodies that recognise
components of human DNA-PK. At the start of the incubation,
a single high molecular mass polypeptide was detected by an
antibody to the 460 kDa catalytic subunit of DNA-PK (DNAPKcs). However, following incubation of the nuclei in the
extracts, two reactive polypeptides of approximately 170 kDa
and 300 kDa appeared with a concomitant decrease in the
amount of intact DNA-PKcs (Fig. 3A). This suggested that
human DNA-PKcs was being cleaved to produce two major
products during incubation of the extracts, similar to the
cleavage of DNA-PKcs in cultured human cells undergoing
apoptosis (Casciola-Rosen et al., 1995; Song et al., 1996).
When Ac-DEVD-CHO or Bcl-2 was added at the start of the
incubation and the nuclear proteins analysed after 3 hours, the
cleavage of DNA-PKcs and the appearance of the lower
molecular mass fragments was significantly inhibited (Fig.
3B). By contrast, Ku70 and Ku80 present in the nuclei were
stable during the course of the incubation (Fig. 3C). These
results show that human DNA-PKcs in nuclei added to the
extracts is cleaved with very similar kinetics to the loss of
DNA-PK activity and is also sensitive to inhibitors and regulators of XAPP.
Since we had measured the total activity of Xenopus DNAPK in the extracts in the absence of intact nuclei, we wished
to confirm that inactivation was due to cleavage of the Xenopus
catalytic subunit. Using the antibody to human DNA-PKcs, we
could detect a weak signal from an endogenous polypeptide
present in the extracts that comigrated on SDS-PAGE with

Fig. 3. Human DNA-PKcs is cleaved during apoptosis in Xenopus
egg extracts. Xenopus egg extract was supplemented with isolated
HeLa cell nuclei (1,000/µl) and incubated at 23°C. At the times
indicated, nuclei were recovered by centrifugation and proteins were
analysed by SDS-PAGE and immunoblotting. (A) Samples were run
on a 6% polyacrylamide gel, transferred to nitrocellulose and
detected with a polyclonal antibody recognizing DNA-PKcs. The
positions of the molecular mass marker proteins are indicated on the
left (in kDa). The positions of intact DNA-PKcs and of two
fragments generated during the incubation are indicated on the right
by arrows. The asterix indicates a unidentified reactive Xenopus
protein that becomes associated with the nuclei by 1 hour and is
stable during the incubation. (B) Addition of Bcl-2 protein in Sf21
cell lysate or Ac-DEVD-CHO at the start of the incubation inhibits
the subsequent cleavage of DNA-PKcs. Incubations were carried out
for 3 hours as above (+buffer only) or with the addition of Bcl-2
(1/100 dilution) or 1 µM Ac-DEVD-CHO and analysed as in A.
(C) Ku subunits are stable during the incubation. Samples from the
same experiment as A were separated on a 10% polyacrylamide gel,
transferred to nitrocellulose and detected with a human autoimmune
serum recognizing both the 70 and 80 kDa subunits of Ku.
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domain continues to bind DNA and acts as a dominant inactive
inhibitor of the binding of PARP and possibly other molecules
to DNA ends (Molinete et al., 1993). A similar sequence
(DEVDfN) is present in human DNA-PKcs which is also in
the context of basic residues which form a putative NLS (Fig.
5). Cleavage at this site would generate fragments corresponding approximately to the sizes observed in our experiments. The smaller carboxyl-terminal fragment predicted to
contain the catalytic domain may be released from the DNA,
although in our experiments examining Xenopus proteins
bound to DNA cellulose (Fig. 4B) it remains possible that this
12.5
DNA-PK activity (pmol/min)

human DNA-PKcs (not shown). To ensure that this polypeptide was DNA-PKcs, we partially purified and concentrated
Xenopus DNA-PK using a modification of the pull-down
technique used to assay DNA-PK in extracts of cells with low
levels of activity (Finnie et al., 1995). Using this technique, we
recovered DNA-PK activity from non-incubated extracts
specifically bound to DNA-cellulose beads (Fig. 4A). As found
for total activity present in the extracts, DNA-PK activity associated with DNA-cellulose dramatically decreased when the
extracts were incubated prior to the addition of the beads. This
loss of activity in the precipitates was partially prevented by
the addition of Ac-DEVD-CHO or Bcl-2 to the extracts at the
start of the incubation (Fig. 4A). When the precipitates were
immunoblotted with the anti-DNA-PKcs antibody, we found
that a high molecular mass polypeptide that bound specifically
to DNA-cellulose and probably corresponds to Xenopus DNAPKcs was initially present in the precipitates, but was apparently cleaved with similar kinetics to human DNA-PKcs during
incubation of the extracts (Fig. 4B). A large fragment, similar
to that resulting from the cleavage of human DNA-PKcs, was
generated during the incubation and bound to DNA-cellulose.
Another polypeptide that bound specifically to DNA-cellulose
was detected on the blots, but it was detected in the precipitates even without incubation of the extracts and prior to DNAPKcs cleavage. It may therefore be due to another reactive
Xenopus protein present in the precipitates. Xenopus homologues of Ku70 and Ku80 were present in the DNA-cellulose
precipitates throughout the course of the same incubation (Fig.
4C).
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DISCUSSION
In this report, we have investigated the activity of DNAdependent protein kinase in a cell-free system prepared from
Xenopus egg extracts that faithfully reproduces many of the
events of apoptosis (Cosulich et al., 1996; Newmeyer et al.,
1994). We find that these extracts initially contain an activity
with very similar characteristics to mammalian DNA-PK, and
antibodies to the catalytic and Ku subunits of the kinase
recognise polypeptides of very similar size to those in
mammalian cells. During the onset of apoptosis, we observed
a rapid inactivation of DNA-PK activity. Our results strongly
indicate that inactivation is due to proteolytic cleavage of the
catalytic subunit during apoptosis. In contrast to a previous
report of the loss of Ku in apoptotic cells (Ajamani et al.,
1995), we find that the Ku subunits are stable during apoptosis
in this system. Cleavage of DNA-PKcs requires the activity of
a protease with very similar characteristics to a CPP-32/Ced3-like protease that cleaves PARP. Importantly, cleavage of
DNA-PKcs is prevented by prior addition of Bcl-2 protein,
reinforcing our previous conclusions (Cosulich et al., 1996)
that Bcl-2 protects against apoptosis, at least in part, by inhibiting the activation of apoptotic proteases.
The similarities between the cleavage and inactivation of
DNA-PKcs and PARP during apoptosis are striking. PARP is
cleaved at a site DEVDfG that lies in a bipartite nuclear localisation signal (NLS) (Fig. 5), releasing the catalytic domain
from the DNA-binding domain (Kaufmann et al., 1993;
Lazebnik et al., 1994). Studies using truncated versions of
PARP suggest that the fragment containing the DNA-binding

c
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Fig. 4. Inactivation and cleavage of Xenopus DNA-PKcs. Egg
extract was incubated as in Fig. 3A but without added nuclei. DNAPK was recovered on dsDNA-cellulose beads at the times shown.
Control precipitations used cellulose beads (C). (A) DNA-PK
activity recovered from incubations following the addition of Bcl-2,
Ac-DEVD-CHO or buffer at the start of the incubation.
(B) Immunoblot of precipitated proteins analysed as in Fig. 3A with
an antibody to DNA-PKcs. The asterix indicates an unidentified
reactive Xenopus protein that specifically associates with the DNAcellulose. (C) Immunoblot of precipitated proteins analysed with a
polyclonal serum recognizing Xenopus Ku70 and a monoclonal
antibody recognizing Xenopus Ku80.
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DNA-PKcs

↓

205KGERKRKGDEVDGIDEVTKKKSKKEKDKEI234
2701KKRLGLPGDEVDNKVKGAAGRTDLLRLRRR2730

Fig. 5. Alignment of amino acid sequences from a region of human
DNA-PKcs (residues 2,701-2,730) with the region containing the site
of cleavage in human PARP (residues 205-234). Residues identical
in the two sequences are shown in bold and basic residues are
underlined. The site of cleavage in PARP between aspartic acid-217
and glycine-218 is indicated by an arrow.

fragment was obscured by another reactive protein or was
simply not detected by the antibody. However, the larger,
amino-terminal fragment appears to remain associated with
DNA, probably via the Ku subunits, and this complex might
have a dominant inhibitory effect, or could perhaps carry out
other roles either through functional domains (as yet unidentified) within this fragment or through other activities of Ku.
Recently, Song et al. (1996) have found a very similar cleavage
and inactivation of DNA-PKcs in cultured human cells undergoing apoptosis. These authors have shown that CPP-32
protease cleaves purified human DNA-PKcs and the primary
site of cleavage is DEVDfN. These authors also found that Ku
subunits were stable in apoptotic cells.
The recognition of cleavage sites in substrates by ICE-related
proteases absolutely requires an aspartic acid residue immediately amino-terminal to the cleavage site, although the residue
carboxy-terminal to the cleavage site is variable. The amino
acid residue at position P4 is critical in determining the recognition of a site by particular enzyme (Nicholson et al., 1995).
In both DNA-PKcs and PARP the residues P1-P4 at the cleavage
sites are conserved, with an aspartic acid residue at P4. Our
experiments have also shown that the timing of cleavage and
the sensitivity to specific protease inhibitors is very similar for
DNA-PK and PARP. Together, these results strongly suggest
that a very similar or identical enzyme acts on both substrates
in Xenopus egg extracts, and this protease is likely to be closely
related to human CPP-32. However, the precise identity of the
enzymes responsible for cleavage of PARP and DNA-PKcs in
either Xenopus or human cells remains to be determined. A
number of other proteins are specifically cleaved during
apoptosis, but the relationship between the proteases that carry
out these reactions is also unclear: there may be the sequential
activation of a number of different proteases (Cosulich et al.,
1996; Martin and Green, 1995).
Although Xenopus DNA-PKcs and Ku subunits have not yet
been cloned and sequenced, our studies and previous reports
of DNA-PK activity (Finnie et al., 1995; Walker et al., 1985)
and Ku proteins (Higashiura et al., 1993) in Xenopus cell
extracts suggest that the structure and function of DNA-PK is
in all probability highly conserved. DNA-PK activity and Ku
are present in other eukaryotes indicating that their functions
may be universal (Jackson, 1996). DNA-PKcs is cleaved and
inactivated in Xenopus egg extracts (this study) and in human
cells undergoing apoptosis (Casciola-Rosen et al., 1995; Song
et al., 1996), suggesting the controlled proteolysis of DNA-PK
may be a common feature of apoptosis in eukaryotic cells.
The cleavage and inactivation of DNA-PK during apoptosis
would be expected to switch off the functions of the kinase in
DNA repair, recombination and transcriptional control. When
DNA-PK is lost in mammalian cells due to genetic mutations

it leads to an increased sensitivity to cell killing by treatments
that induce DNA double strand breaks. Loss of DNA-PK during
the early stages of protease activation may potentiate the
apoptotic response to DNA damage. It also remains possible
that DNA-PK plays a direct role in the suppression of apoptosis.
Alternatively, cleavage of DNA-PKcs and other proteins such
as PARP that are involved in sensing DNA damage may be
required to prevent their massive activation when DNA fragmentation occurs during the terminal stages of apoptosis.
Further experiments will be required to determine the precise
role of the cleavage and inactivation of DNA-PKcs in apoptosis.
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