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The activation of the cysteine proteases with aspartate specificity, termed caspases, is of fundamental
importance for the execution of programmed cell death. These proteases are highly specific in their action and
activate or inhibit a variety of key protein molecules in the cell. Here, we study the effect of apoptosis on the
integrity of two proteins that have critical roles in DNA damage signalling, cell cycle checkpoint controls, and
genome maintenance—the product of the gene defective in ataxia telangiectasia, ATM, and the related protein
ATR. We find that ATM but not ATR is specifically cleaved in cells induced to undergo apoptosis by a variety
of stimuli. We establish that ATM cleavage in vivo is dependent on caspases, reveal that ATM is an efficient
substrate for caspase 3 but not caspase 6 in vitro, and show that the in vitro caspase 3 cleavage pattern mirrors
that in cells undergoing apoptosis. Strikingly, apoptotic cleavage of ATM in vivo abrogates its protein kinase
activity against p53 but has no apparent effect on the DNA binding properties of ATM. These data suggest that
the cleavage of ATM during apoptosis generates a kinase-inactive protein that acts, through its DNA binding
ability, in a frans-dominant-negative fashion to prevent DNA repair and DNA damage signalling.

Apoptosis is of fundamental importance for the homeostasis
and development of metazoans (22). This process of cell death
occurs in response to a plethora of stimuli (45) and results in
distinct cellular features, from the morphological through to
the molecular level (1, 11). The regulation of this process is
one of high orchestration, and its deregulation has been shown
to contribute to a variety of disease states, including cancer and
neurodegenerative disorders (43). Key components of the ap-
optotic machinery have come to light over the last decade or
so, with the genetics and cell biology of the nematode Caeno-
rhabditis elegans being a tour de force for their identification
(12). One key discovery from studies of this organism was the
identification of the Ced-3 gene, whose product was found to
be related in sequence to the interleukin 1B-converting enzyme
protease (50). This then led to the identification of mammalian
interleukin 1B-converting enzyme-like proteases (33, 42).
These proteases are now termed caspases (cysteinyl aspartate-
specific proteinases), and there are at present 14 mammalian
proteases belonging to this family that are believed to be in-
volved in apoptosis (11, 34). Two of these, caspase 3 (CPP32)
and caspase 6 (Mch2), have been shown to be the major active
caspases of apoptotic cells (14) and have been described as the
executioner caspases of apoptotic cell death (31).

To fully understand the function of the caspases, it is of
fundamental importance to identify their downstream targets.
Despite caspases having been known for several years, targets
for the executioner caspases have remained elusive. To date,
around 20 targets for caspase 3 and caspase 6 have been iden-
tified (11, 34). This lack of substrate identification may be
linked to the fact that the caspases are highly specific in their
targeting of proteins and appear to cleave only critical compo-
nents involved in maintaining the integrity of the cell rather
than cleaving proteins in a random and inefficient manner. One
characteristic of the caspases is that they perform proteolysis at
a limited number of sites within their targets and do not totally
degrade the protein substrate (36). Two critical proteins in-
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volved in DNA repair and DNA damage signalling that have
been identified as targets of caspase 3 are poly-(ADP-ribose)
polymerase (PARP) (26, 29) and the catalytic subunit of the
DNA-dependent protein kinase (DNA-PKcs) (7, 17, 40). How-
ever, it is apparent from cell lines deficient in caspase 3 that
other caspases are able to perform these cleavage events in
vivo (23, 48). Since nuclear DNA is cleaved during apoptosis by
the caspase-activated deoxyribonuclease (CAD) (13), the inhi-
bition of the DNA break-dependent catalytic activities of these
two highly abundant enzymes makes not only energetic sense
for the dying cell but might inhibit both signalling from and
repair processes at the site(s) of damaged DNA.

In light of the facts described above, we have studied the
effects of apoptosis on the integrity of two mammalian DNA-
PKcs homologues that have been shown to be involved in the
maintenance of genomic integrity and in DNA damage detec-
tion and its signalling. Thus, we have examined the product of
the gene defective in ataxia telangiectasia (A-T), ATM (ataxia
telangiectasia mutated) (35, 37), and its relative ATR (ATM
related) (9) in cells undergoing apoptosis. A-T is a human
autosomal recessive disorder. Characteristics of this disease
are the debilitating symptoms of ataxia resulting from cerebel-
lar degeneration, oculocutaneous telangiectasia, immune defi-
ciency, aspects of premature aging, and increased sensitivity to
ionizing radiation (IR) (19, 20, 32, 38). A-T cells (both human
and those derived from Atm knockout mice) show a high level
of chromosomal instability, radioresistant DNA synthesis, and
hypersensitivity to IR and radiomimetic agents. A-T cells also
display a defective G,/S cell cycle checkpoint after IR-induced
DNA damage through, in part, a loss of the ability to signal
effectively to p53 (25, 27, 30, 39, 49). Indeed, very recent
findings show that ATM is able to mediate the phosphorylation
of p53 (2,6). Furthermore, A-T cells have been recently shown
to be debilitated in the repair of DNA double-strand breaks
(15). Cloning the ATM gene led to the exciting discovery that
it encodes a phosphatidylinositol 3-kinase-like protein of ap-
proximately 350 kDa (35, 37). Of particular note is that ATM
displays high homology across its kinase domain to several
other proteins shown or proposed to be involved in maintain-
ing genomic stability (21, 51). This subfamily of phosphatidyl-
inositol 3-kinase-like proteins includes the double-strand DNA
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break repair protein DNA-PKcs, the Saccharomyces cerevisiae
cell cycle checkpoint regulatory protein Meclp, its Schizosac-
charomyces pombe homologue Rad3, and its human homo-
logue ATR (also termed FRP1) (9, 21, 51). Consistent with the
phenotypes of yeast defective in Meclp or Rad3, recent work
has shown that ATR functions in DNA damage-induced cell
cycle checkpoint processes in mammalian cells (10).

Here, we show that ATM but not ATR is proteolytically
cleaved in cells induced to undergo apoptosis by a variety of
agents and identify the major caspase 3 cleavage site in ATM.
Furthermore, we show that cleavage by caspase 3 does not
abrogate ATM’s ability to bind DNA but does affect its ability
to phosphorylate p53. Our data not only provide the identifi-
cation of another protein cleaved during apoptosis but, for the
first time, identify an apoptotic cleavage target that has been
unequivocally shown to be involved in the signalling of DNA
damage to the checkpoint machinery. This strongly supports
the argument that the repair and signalling of DNA damage
induced during apoptosis are specifically inactivated in apo-
ptotic cells by the action of cell death proteases.

MATERIALS AND METHODS

Reagents. Dimethyl sulfoxide, phenylmethylsulfonyl fluoride (PMSF), 1-1-
chloro-3-(4-tosylamido)-7-amino-2-heptone (TLCK), antipain, E-64, leupeptin,
etoposide, bleomycin, EGTA, ethanol, and cycloheximide were purchased from
Sigma. Tumor necrosis factor alpha (TNF-a) was obtained from Peprotech EC
Ltd. (London, England). Staurosporin and Z-Val-Ala-Asp (OMe)-fluorometh-
ylketone (ZVAD-FMK) were purchased from Alexsis Corporation. Antibodies
ATM-B and ATM-V and monoclonal antibodies 2C1 and SYR10G31 have been
described previously (2, 8, 28). The polyclonal rabbit antiserum ATM-N was
raised against a recombinant ATM fragment comprising amino acid residues 1 to
306. The rabbit antiserum ATR-A was raised against a recombinant ATR frag-
ment comprising amino acid residues 2122 to 2644. The monoclonal anti-gluta-
thione S-transferase (GST) antibody (B-14) was purchased from Santa Cruz, and
the anti-PARP monoclonal antibody (isotype immunoglobulin G1) was pur-
chased from Serotec, Oxford, United Kingdom. Anti-lamin B antisera was a gift
from J. Pines, Cambridge University, Cambridge, United Kingdom.

Cells and extraction and analysis of apoptotic DNA. HL60 cells, human
lymphoblastoid cells (GM02184D), and A-T lymphoblastoid cells (GM00718B)
were maintained in RPMI 1640 media supplemented with 15% fetal calf serum
(Sigma), 100 IU of penicillin per ml, and 10 IU of streptomycin (Sigma) per ml
at 37°C with 7% CO,. HeLa cells were grown in Dulbecco modified Eagle
medium supplemented with 10% fetal calf serum (Sigma), 100 IU of penicillin
per ml, and 10 IU of streptomycin per ml at 37°C with 7% CO,. For the induction
of apoptosis, HL60 cells were treated with 68 wM etoposide for various times or
with 5 pM STS for 5 h, 100 pg of bleomycin per ml for 6 h, 5% ethanol for 4 h,
or 5 mM EGTA for 5 h. Apoptosis in HeLa cells was induced with TNF-a (10
ng/ml) and cycloheximide (20 pg/ml). For inhibitor studies, HL60 cells were
grown in the presence of an inhibitor and etoposide for 4 h prior to harvesting.
DNA was extracted from cells undergoing apoptosis by using the reagent DNA-
zol (Gibco-BRL) as described by the manufacturer. Isolated DNA (20 pg for
each time point) was electrophoresed on a 1.5% agarose gel in Tris-acetate-
EDTA buffer at 40 mA. Fluorescence-activated cell sorting (FACS) analysis was
performed with a Becton Dickinson FACSort apparatus to determine sub-G,
chromosomal DNA levels as an indicator of the apoptotic population. Cells were
harvested, washed twice in phosphate-buffered saline (PBS), and fixed with
ice-cold 70% methanol overnight. Cells were then washed in PBS and suspended
in PBS containing 1% Tween 20, 10 pg of RNase A per ml, and 25 pg of
propidium iodide per ml, prior to FACS analysis.

Nuclear extract preparation and partial purification of ATM. Approximately
5 X 107 HL60 cells or ~1 X 107 HeLa cells, control cells or those induced to
undergo apoptosis, were used as starting material to prepare nuclear extracts. An
enriched pool of ATM, termed ATM-Q, was purified from 10 ml (200 mg) of
HeLa nuclear extract (Computer Cell Culture Centre, Mons, Belgium) by Q-
Sepharose (Pharmacia) anion-exchange chromatography. Nuclear extract was
diluted twofold in buffer A (20 mM HEPES [pH 7.6], 10% glycerol, 1 mM
MgCl,, 0.5 mM EDTA, 1 mM dithiothreitol, 1 mM PMSF) before being applied
to a 20- by 1.5-cm Q-Sepharose column previously equilibrated in buffer A
containing 50 mM KCI. After the extract was loaded and washed with 5 column
volumes of buffer A containing 50 mM KCl, a 10-column volume gradient of 50
to 500 mM KCl in buffer A was applied. ATM fractions, judged by Western blot
analysis, were obtained at KCl concentrations between 150 and 200 mM, pooled,
dialyzed against buffer A containing 50 mM KClI, and stored at —80°C.

Caspase 3 expression and purification. Recombinant His-tagged caspase 3 was
purified on Ni*"-nitrilotriacetic acid agarose. Caspase 6 was purchased from
Pharmingen.

CLEAVAGE OF ATM DURING APOPTOSIS 6077

In vitro cleavage of ATM and ATM fragments. Partially purified ATM (see
above), recombinant GST-ATM-caspase 3 site (CS) (see below), or in vitro-
translated ATM fragments (see below) were incubated with various amounts of
caspase 3 or caspase 6 in a final buffer composition of 20 mM HEPES (pH 7.6),
0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
20 mM dithiothreitol, and 5 mM EDTA at 37°C for 30 min. Reactions were
terminated by the addition of an equal volume of sodium dodecyl sulfate (SDS)-
protein sample buffer to the reaction mixture.

Recombinant ATM d in production and purification. The regions of ATM
containing potential caspase 3 cleavage sites (comprising amino acid residues 727
to 859 or 819 to 939) were amplified from the cDNA with the following primers:
for amino acids 727 to 859, 5'GGATCCTAATACGACTCACTATAGGAACA
GACCACCATGGGCTGCTACTGTTACATG-3" and 5'TCAGTTAAATAGA
TTCATGGA-3’; for amino acids 819 to 939, 5’GGATCCTAATACGACTCAC
TATAGGAACAGACCACCATGTGTAAAAGTTTAGCATCC-3" and 5'TCA
GGTAGGTTCTAGCGTGCT-3'. The amplified cDNAs were placed directly
into a rabbit reticulocyte in vitro transcription and translation system (L1170)
(Promega) to produce the relevant ATM fragments. For bacterial expression, the
region of ATM containing the potential caspase 3 cleavage sites (amino acids 721
to 939) was amplified from the cDNA, cloned into the bacterial expression
plasmid pGEX-TK, and expressed and purified as a GST fusion protein. This
construct is termed GST-ATM-CS. Primers used to amplify this region were
5'-CATCGGATCCATTACAAATTCAGAAACT-3" and 5'-GATGTGCTCGA
GTCAAACATCTTGGTCACGACG-3'.

Western blotting and immunoprecipitation. For in vivo analysis of ATM and
ATR cleavage during apoptosis, a nuclear extract (50 pg) was subjected to
electrophoresis on SDS-7% polyacrylamide gels followed by transfer to nitro-
cellulose membranes. GST-ATM-CS and in vitro-translated products were re-
solved on 12 and 18% gels, respectively. Western blots were developed with the
ECL reagents (Amersham). Partially purified ATM was cleaved or mock treated
with caspase 3 prior to incubation on ice for 1 h with the N-terminal directed
antiserum ATM-N or preimmune serum. Protein A-Sepharose (25 pl), equili-
brated in Tris-buffered saline (TBS) containing 0.1% Nonidet P-40 (NP-40), was
then added, followed by a further 1-h incubation on ice, before the Sepharose
beads were washed 10 times with 1 ml of TBS containing 0.1% NP-40. Pellets
were resuspended in an equal volume of SDS-protein sample buffer, resolved on
an SDS-7% polyacrylamide gel, transferred to nitrocellulose, and probed with
the monoclonal antibody 2C1 directed to the kinase domain region of ATM (9).

ATM DNA binding and p53 kinase assays. Partially purified ATM (200 pg)
was mock treated or treated with caspase 3 prior to DNA binding by using
double-stranded DNA (50 bp) coupled via a 5’ biotin group to streptavidin-
coated iron-oxide particles as described elsewhere (39a). Protein was visualized
by Western blotting with antiserum ATM-B or ATM-N. The ATM kinase assay
was performed by using nuclear extracts prepared from HeLa, HL60, or etopo-
side (68 wM)-treated HL60 cells (2). Baculovirus-expressed and purified human
p53 (100 ng) was used as the substrate. Phosphorimage analysis and quantifica-
tion was performed with a Fuji BAS-2500 phosphorimager.

Microsequencing. Recombinant GST-ATM-CS (10 ng) was incubated with
500 ng of caspase 3 for 30 min at 37°C. Samples were resolved by SDS-poly-
acrylamide gel electrophoresis (PAGE) on a 12% gel prior to being transferred
onto a polyvinylidine difluoride membrane. The membrane was stained with
0.1% Coomassie blue R250 in 50% methanol and 1% acetic acid. After destain-
ing with 50% methanol, a band of approximately 10 kDa, not present in the uncut
control or samples with caspase 3 alone, was excised and sequenced by Edman
degradation by using an Applied Biosystems Procise sequencer according to the
manufacturer’s protocols.

RESULTS

ATM cleavage in HL60 cells treated with etoposide. To study
whether ATM and/or ATR is proteolytically cleaved during
apoptosis, we induced HL60 cells to undergo apoptosis with
the topoisomerase II inhibitor etoposide. The HL60 apoptotic
system has been well characterized previously (16, 17). ATM
and ATR protein integrity was followed by Western blot anal-
ysis of nuclear extracts prepared from HL60 cells that had been
treated with drug over a time course of 5 h. Polyclonal anti-
bodies raised against ATM (ATM-B [28]) or ATR (see Mate-
rials and Methods) were used. The former antibody was raised
against a C-terminal portion of ATM (amino acid residues
1980 to 2337), and the ATR antibody was raised against the
kinase region of ATR (amino acid residues 2122 to 2644). As
shown in Fig. 1A, the ATM protein becomes shifted to a faster
migrating product, AATM, in cells undergoing apoptosis. This
mobility shift appears to start before the onset of the DNA
laddering, a classic characteristic of the apoptotic response
(Fig. 1D). FACS analysis was used to quantify the population
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FIG. 1. ATM, but not ATR, is cleaved during apoptosis in HL60 cells treated
with etoposide. HL60 cells were grown in the presence of 68 pM etoposide for
the times indicated. Cells were harvested, nuclear extracts were prepared, and
protein (50 pg for each lane) was subjected to Western blot analysis with
polyclonal rabbit anti-ATM antiserum ATM-B (A), polyclonal rabbit anti-ATR
antiserum ATR-A (B), or monoclonal anti-PARP antibody PARP (C). (D) Time
course of genomic DNA fragmentation in HL60 cells treated with 68 pM eto-
poside and visualized by ethidium bromide staining after agarose gel electro-
phoresis (1.5%).

of cells that had chromosomal DNA sub-G; as an indicator of
the population of cells undergoing apoptosis. This revealed
that, after 1 h of etoposide treatment, 4% of the cells were
undergoing apoptosis, after 2 h 14% of the cells were apopto-
tic, after 3 h 61% of the cells were apoptotic, after 4 h 76% of
the cells were apoptotic, and after 5 h 79% of the cells were
apoptotic. Similar to what occurs with PARP cleavage (Fig.
1C), ATM appears to be degraded as early as 1 h after the
induction of apoptosis with etoposide. In stark contrast, the
ATR protein is not altered in its mobility, as determined by
Western blotting (Fig. 1B). Therefore, ATM but not ATR
exhibits an altered electrophoretic mobility upon the induction
of apoptosis by etoposide in the HL60 system.

ATM cleavage occurs in HL60 and HeLa cells treated with
any of a variety of apoptotic inducers. The studies described
above utilized etoposide, which results in the generation of
DNA double-strand breaks. To investigate whether ATM is
cleaved during apoptotic responses that are initiated by other
agents, we treated HL60 cells with a variety of insults that have
been reported to act as apoptotic inducers in this cell line. The
results of these studies revealed that ATM is cleaved to a
breakdown product similar to that induced by etoposide
(AATM) when staurosporin, bleomycin, alcohol, or EGTA is
employed (Fig. 2A). FACS analysis was used to quantify the
population of cells that had chromosomal DNA sub-G,, as an
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FIG. 2. ATM, but not ATR, is cleaved in HL60 cells induced to undergo apo-
ptosis by any of a variety of agents and in apoptotic HeLa cells. (A) Cleavage of
ATM during HL60 cell apoptosis induced by etoposide (68 wM for 4 h), stauro-
sporin (5 uM for 4 h), bleomycin (100 pg/ml for 6 h), alcohol (5% for 4 h), or EGTA
(5 mM for 5 h), as indicated. Nuclear extracts were prepared and 50 pg of protein
was loaded per lane. (B) Cleavage of ATM but not ATR in HeLa cells treated with
TNF-a (10 ng/ml) and cycloheximide (CHX; 20 uM) for the times shown. Nuclear
extracts were prepared, and 50 wg of protein was loaded per lane.

indicator of the population of cells undergoing apoptosis by
these different inducing agents. This revealed that for stauro-
sporin treatment 61% of the cells were apoptotic, for bleomy-
cin treatment 37% of the cells were apoptotic, for alcohol
treatment 69% of the cells were apoptotic, and for EGTA
treatment 22% of the cells were apoptotic. The cleavage of
ATM is not unique to HL60 cells, since HeLa cells treated with
TNF-a and cycloheximide also exhibit cleavage of the ATM
protein to its faster migrating form, AATM (Fig. 2B). For the
HeLa cell treatment, FACS analysis revealed that for the 4-
and 8-h time points the population was 12 and 51% apoptotic,
respectively, judged by the chromosomal DNA that was sub-
G;. In contrast, ATR is not cleaved detectably under any of the
apoptosis-inducing conditions that we have tested (Fig. 2A and
B, lower panels).

Inhibition of ATM proteolysis in vivo. In order to make an
initial identification of the class of protease involved in ATM
cleavage, we grew etoposide-treated HL60 cells in the pres-
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FIG. 3. ATM cleavage is inhibited in vivo by the caspase inhibitor ZVAD-
FMK. HL60 cells were treated with 68 pM etoposide for 4 h in the presence of
the following protease inhibitors: 200 uM PMSF, 200 uM TLCK, 100 pM
antipain, 200 uM E64, 200 uM leupeptin, and 20 pM ZVAD-FMK. Nuclear
extracts were prepared, and 50 pg of protein was loaded per lane.
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ence of a range of protease inhibitors (Fig. 3). Most notably,
we found that the cell-permeable caspase inhibitor ZVAD-
FMK was effective in inhibiting ATM breakdown. In contrast,
inhibitors of other classes of protease had little or no effect.
Treatment of the cells with etoposide and ZVAD-FMK re-
sulted in only 8% of the population being apoptotic, while the
population was over 70% apoptotic for all other treatments.
Although these studies do not indicate exactly what protease(s)
is involved in the cleavage of ATM, they suggest strongly that
the protease is an apoptotic cysteine protease and serve as the
basis for the more detailed studies described below.

Caspase 3 but not caspase 6 cleaves ATM efficiently in vitro.
It has been demonstrated previously that caspase 3 and caspase
6 are the two most prevalent proteases activated during apo-
ptosis that cleave critical cellular proteins (14). These caspases
have therefore been described as the executioners of apoptosis.
However, it must be borne in mind from studies utilizing cells
defective in caspase 3 that other caspases are carrying out
cleavage events during apoptosis (23, 48). Taking this informa-
tion together with our data on ATM proteolysis in vivo, we
asked whether partially purified ATM can be cleaved by re-
combinant caspase 3 or caspase 6 in vitro and, if so, whether
the pattern of degradation seen in vitro mirrors that observed
in vivo? As shown in Fig. 4A, partially purified ATM is cleaved
efficiently by caspase 3. The efficiency of cleavage by caspase 3
of ATM is similar to that observed when PARP is cleaved by
this enzyme in vitro (Fig. 4A, lower panel). However, unlike
lamin B, caspase 6 does not cleave ATM under our assay
conditions (Fig. 4A). Notably, additional analyses reveal that,
as is the case for ATM cleavage in vitro by caspase 3, the
cleavage of ATM in HL60 cells undergoing apoptosis in vivo
also yields the major product, AATM (Fig. 4B). These data
therefore strongly suggest that caspase 3 or a caspase 3-like
enzyme is the active ATM protease in cells undergoing pro-
grammed cell death. To try to support this suggestion we
looked at ATM cleavage in the caspase 3-deficient MCF-7 cell
line. As shown in Fig. 4C, ATM is not cleaved in MCF-7 cells
treated with TNF-a and cycloheximide to undergo apoptosis,
while as has been reported previously, PARP is cleaved (23).

Antibody mapping of ATM fragments generated by caspase
3. In an initial attempt to identify the major site of ATM
cleavage by caspase 3, we treated partially purified ATM with
caspase 3 and subjected the products to Western blot analysis
with antibodies to various regions of the protein. By using
antiserum ATM-N, which was raised against an N-terminal
region of ATM (amino acid residues 1 to 306), a major product
of 100 kDa is observed (A2ATM; Fig. 5A). In contrast, antisera
ATM-V and ATM-B recognize a major fragment of 240 kDa
(AATM) and a very minor ~150-kDa fragment (Fig. 5B and
C), while an antibody that recognizes the kinase domain
(ATM-2C1) also recognizes a 240-kDa fragment (Fig. 5D).
Since the former antibody was raised against an N-terminal
fragment and the latter antibodies were raised against central
and C-terminal portions of the ATM protein, it can be con-
cluded that a major site of ATM cleavage lies approximately
100 kDa from the amino terminus of the protein.

Identification of caspase 3 cleavage sites in ATM. Previous
studies have established that caspase 3 cleaves carboxy-termi-
nally to sequences conforming to the optimal consensus se-
quence DEXD (41, 44). Notably, around 100 kDa from the N
terminus of the ATM protein are two potential caspase 3
cleavage sites: the first comprising amino acid residues 814 to
818 with the sequence DIAD/I (the slash indicates the cleavage
site in the amino acid sequence) and the second correspond-
ing to amino acid residues 860 to 864 with the sequence
DYPD/S. To identify which one of these (or both) is targeted
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FIG. 4. (A) Caspase 3, but not caspase 6, cleaves partially purified ATM
in vitro. Partially purified ATM pool (ATM-Q; 50 pg of total protein) was
incubated with no caspase (—) or increasing amounts (33, 100, or 300 ng) of
caspase 3 or caspase 6 for 30 min at 37°C. The cleavage of PARP by caspase
3 is shown in the left, lower panel, and the cleavage of lamin B by caspase 6
is shown in the right, lower panel. (B) Caspase 3-mediated cleavage of ATM
in vitro yields the same proteolytic degradation pattern as that seen in HL60
cells undergoing apoptosis. Lane 1, 50 pg of nuclear extract from untreated
HL60 cells; lane 2, 25 g of nuclear extract from HL60 cells treated with 68
pM etoposide for 5 h; lane 3, 20 wg of partially purified ATM (ATM-Q)
incubated with 300 ng of caspase 3; lane 4, 20 pg of untreated partially
purified ATM (ATM-Q). Western blot analysis was performed with anti-
ATM antiserum ATM-B. (C) The caspase 3-deficient cell line MCF-7 does
not cleave ATM after treatment with TNF-a (30 ng/ml) and cycloheximide
(CHX) (10 pg/ml) for 20 h. Cleavage of PARP in the apoptotic MCF-7 cells
is shown in the right-hand panel.

by caspase 3, we generated by in vitro translation overlapping
regions of the ATM protein that span these two potential
cleavage sites (constructs X and Y; Fig. 6A). The in vitro-
translated products were then incubated with caspase 3 and
resolved by SDS-PAGE. The pattern of products generated
revealed that no detectable proteolysis takes place at the more
N-terminal of the two sites (Fig. 6A), whereas efficient caspase
3-mediated cleavage occurs in the more C-terminal site, cor-
responding to amino acid residues 860 to 864 (DYPD/S; Fig.
6A); note that the smaller part of the cleaved construct Y
cannot be seen clearly due to it containing only two radiola-
belled methionine residues. Although this site appears to be a
poor match for the caspase 3 recognition site, the sterol regu-
latory element binding protein 2 has been shown to be cleaved
by caspase 3 at a similar site (DEPD/S) (46). To unequivocally
identify the caspase 3 cleavage site in ATM, we overexpressed
the region of ATM corresponding to amino acids 721 to 939
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FIG. 5. Antibody mapping of ATM fragments generated by caspase 3. Partially purified ATM (ATM-Q; 50 wg of total protein) was incubated with 300 ng of
recombinant caspase 3 for 30 min at 37°C. Western blot analysis was performed with polyclonal rabbit antiserum raised against the N-terminal portion of ATM
(ATM-N) (A), the central region of ATM (ATM-V) (B), the C-terminal region of ATM (ATM-B) (C), or the kinase domain of ATM (ATM-2C1) (D). (E) Schematic
representation of ATM and the regions against which the antibodies were raised. Mk., molecular size markers; aa, amino acids.

of the protein as a GST fusion protein. Cleavage of this
fusion protein by caspase 3, as judged by Western blotting with
a monoclonal antibody to GST, is shown in Fig. 6B. We next
sought to identify the sequence of the cleaved C-terminal frag-
ment derived from caspase 3-cleaved GST-ATM-CS. After
transferring the cleavage reaction to polyvinylidine difluoride
membranes, N-terminal sequencing by Edman degradation of
an ~10-kDa fragment derived from cleavage of the GST-
ATM-CS protein was performed. This analysis resulted in the
amino acid sequence SSVSDA being derived. This sequence
confirms that in ATM, the caspase 3 cleavage site is between
Asp863 and Ser864 in the sequence DYPDSSVSDA (amino
acid residues 860 to 869). While searching the ATM protein
for other potential caspase 3 cleavage sites, we identified the
motif DIVD/G corresponding to amino acid residues 2913 to
2917. However, this site is only weakly cleaved by caspase 3 in
vitro, as judged by the cleavage of a GST-ATM kinase domain
fusion protein (data not shown). Moreover, we have been
unable to see cleavage at this site in vivo (data not shown).
ATM cleavage products retain an ability to bind to one
another and to DNA. We have shown recently that, like DNA-
PKcs, ATM has the ability to bind to DNA and has preference
for binding to DNA ends (39a). To study whether caspase 3 has
any effect on the DNA binding function of ATM, we subjected
untreated ATM and caspase 3-treated ATM to a DNA pull-
down assay in which ATM is tested for binding to iron-oxide
particles containing a double-stranded DNA oligonucleotide.
As seen in Fig. 7A, both the N-terminal 100-kDa fragment
(A2ATM) and the C-terminal 240-kDa fragment (AATM) of
cleaved ATM retain the ability to bind DNA in this assay (as
expected from our previous analyses of DNA binding by ATM,
no binding of either fragment was observed if the iron-oxide
particles lacked DNA [data not shown]). This therefore indi-
cated either that both protease-generated ATM fragments can

bind DNA independently or that one binds to DNA and re-
tains the other via protein-protein interactions. To probe for
possible interactions between the two ATM fragments, we
conducted immunoprecipitation studies. Thus, we immunopre-
cipitated caspase 3-treated ATM with the ATM-N antibody,
which recognizes the N-terminal ATM fragment, and then
probed the resulting immunoprecipitated material by Western
blotting with the monoclonal antibody 2C1 (8), which recog-
nizes the C-terminal fragment (Fig. 7B). The results of these
studies show clearly that the larger AATM fragment coimmu-
noprecipitates with the N-terminal fragment A2ATM (Fig. 7B,
lane 3). These results therefore indicate that the caspase 3-gen-
erated ATM fragments are still able to interact with one an-
other.

Apoptotic cleavage of ATM abrogates its p53 kinase func-
tion. It has recently been shown that ATM protein immuno-
precipitated from wild-type cells can effectively phosphorylate
p53 at serine-15 (2, 6). Furthermore, this kinase potential has
been shown to be dependent on an intact ATM protein. Thus,
the truncation of as few as 10 amino acid residues from the C
terminus of the ATM kinase domain destroys its ability to
phosphorylate p53 (2). To study whether apoptotic cleavage of
ATM leads to a loss of its p53 kinase function, we immuno-
precipitated ATM from HeLa nuclear extract or HeLa nuclear
extract treated with caspase 3 in vitro (Fig. 8B, left-hand panel)
(control immunoprecipitations are shown in Fig. 8A). Impor-
tantly, Western immunoblot analysis reveals that immunopre-
cipitation from these two sources yielded similar amounts
of ATM and AATM and that ATM had become efficiently
cleaved during the caspase 3 treatment to generate AATM
(Fig. 8B, left-hand panel). Samples of the immunoprecipitated
materials were tested in parallel for kinase activity by incubat-
ing them with p53, and radiolabelled ATP, and then detect-
ing radiolabelled p53 by autoradiography. Strikingly, these
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FIG. 6. Identification of caspase 3 cleavage sites in ATM. (A) The ATM
region containing the motif DYPD/S, but not the region containing the motif
DIADY/IL, is cleaved by caspase 3 in vitro. As shown in the top panel, the region
of ATM comprising amino acid (a.a.) residues 727 to 859 (region X) or the
region comprising residues 819 to 939 (region Y) was transcribed and translated
in vitro in the presence of **S-radiolabelled methionine before being incubated
for 30 min at 37°C in the absence or presence of 300 ng of caspase 3, as indicated.
Reaction products were detected by SDS-PAGE (18%) followed by autoradiog-
raphy. The bottom panel is a schematic representation of the regions of ATM
utilized in the above-mentioned studies together with potential caspase 3 cleav-
age sites. (B) Cleavage of the ATM caspase 3 cleavage site as a GST fusion.
Bacterially expressed and purified GST-ATM-CS fusion protein (2 ng) was
incubated with no caspase 3 (—) or with increasing amounts (33, 100, or 300 ng)
of caspase 3 for 30 min at 37°C. Products were analyzed by SDS-PAGE (12% gel)
followed by Western immunoblotting with an anti-GST monoclonal antibody.

studies revealed that ATM immunoprecipitated from caspase
3-treated nuclear extract displays significantly reduced p53
kinase activity (13% of control levels, determined by phosphor-
image analysis) compared to that of full-length ATM immu-
noprecipitated from the mock treated extract (Fig. 8B, right-
hand panel).

Furthermore, ATM kinase function was examined after im-
munoprecipitation of ATM or AATM from extracts of un-
treated HL60 cells or from extracts of HL60 cells that had been
treated with etoposide for 4 h. Western immunoblot analysis
reveals that immunoprecipitation from these two sources
yielded similar amounts of ATM and that ATM had become
efficiently cleaved during the etoposide treatment to generate
AATM (Fig. 8C, left-hand panel). Analyses, as described
above, confirmed that the etoposide-induced cleavage of ATM
in HL60 cells diminishes its p53 kinase function to 30% of
control levels (Fig. 8C). In line with previous studies (2, 6),
analysis with antisera capable of detecting p53 only after it has
become phosphorylated on serine-15 confirmed that p53 phos-
phorylation by ATM-containing immunoprecipitates occurs at
this site (data not shown). Using these two complementary
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FIG. 7. Proteolytically cleaved ATM fragments retain an ability to bind DNA
and bind to each other. (A) Untreated (left-hand panel) or caspase 3-treated
(right-hand panel) ATM was bound to DNA-coated iron-oxide particles, and
then these were washed in 100 mM KClI to remove unbound material before
elution of ATM protein with 150, 250, and then 500 mM concentrations of KCI.
On, input material; UB, unbound material; UC, uncleaved ATM control; MW,
molecular size markers. Samples were subjected to Western blot analysis with a
mixture of anti-ATM antisera ATM-B and ATM-N. (B) Untreated or caspase
3-treated ATM pool was immunoprecipitated with either preimmune or ATM-N
antiserum, as indicated. Following capture on protein A-Sepharose and extensive
washing with TBS containing 0.1% NP-40, samples were processed by Western
blotting with monoclonal antibody 2C1 that recognizes the C terminus of the
ATM protein. Lane 1, ATM plus preimmune serum; lane 2, ATM plus antiserum
ATM-N; lane 3, ATM plus caspase 3 plus antiserum ATM-N.

approaches to study the effect of ATM cleavage, we can con-
clude that the p53 kinase function of ATM is impaired by
caspase 3 or a caspase 3-like protease in cells undergoing
apoptosis (Fig. 8C).

DISCUSSION

The identification of substrates for the cell death-activated
caspases is of fundamental importance for the study of down-
stream events that take place during apoptosis. It is becoming
increasingly apparent that the caspases are more specific in
their action than was first presumed (11, 36). Caspases can be
divided into two classes: those that are involved in the activa-
tion of apoptosis (e.g., caspase 8 and caspase-10) and those
that are involved in the execution of apoptosis (e.g., caspase 3,
caspase 6, and caspase 7) (11). Caspases have the ability to
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FIG. 8. Caspase 3-mediated cleavage of ATM disrupts its p53 kinase activity.
(A) Control immunoprecipitations to show the specificity of the monoclonal
antibody raised against amino acid residues 819 to 844 of ATM (SYR 10G31).
Full-length ATM was immunoprecipitated from HeLa nuclear extract (300 pg)
or nuclear extracts (300 ng) prepared from control (wt) or A-T lymphoblastoid
cells with monoclonal antibody SYR 10G31. A control immunoprecipitation with
an isotype-matched antibody (anti-PARP) and HeLa nuclear extract (300 pg)
was also carried out. ATM was visualized by probing a Western blot of the
immunoprecipitated materials with the polyclonal antiserum ATM-B. Samples
of the immunoprecipitates were also incubated with recombinant p53 and
[y->*P]ATP in an in vitro kinase assay, and radiolabelled p53 was detected by
autoradiography (lower panel). (B) Full-length ATM or caspase 3-cleaved ATM
was immunoprecipitated from HeLa nuclear extract (N.E.) (300 pg) incubated at
37°C for 15 min in the absence or presence of recombinant caspase 3 (3 ug).
ATM and AATM were visualized as described for panel A. Immunoprecipitated
ATM samples were analyzed for p53 kinase function as described for panel A.
(C) ATM and AATM were immunoprecipitated, as described for panel A, from
nuclear extracts prepared from untreated HL60 cells or HL60 cells treated with
68 pM etoposide for 4 h (left-hand panel). Immunoprecipitated ATM samples
were analyzed for p53 kinase function as described for panel A.

both activate and inactivate their protein substrates. The spec-
ificity of the caspases is highlighted by the fact that relatively
few substrates have been identified to date. In this paper, we
have shown that ATM, the gene product defective in the hu-
man autosomal recessive disorder A-T, is cleaved specifically
in cells undergoing apoptosis. The cleavage of ATM not only
occurs after apoptotic induction by DNA-damaging agents but
appears to be a common event in cells undergoing apoptosis
induced by a variety of different stimuli.

Previous work has established that ATM is a predominantly
nuclear protein (5, 8, 28, 47) that is involved in the signalling of
DNA damage to the cell cycle checkpoint machinery (20, 35,
51). ATM has also been implicated in having a direct role in
DNA double-strand break repair (15). In regard to these
points, it is noteworthy that apoptotic cleavage of ATM is
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reminiscent of that seen for DNA-PKcs (7, 17, 40) and PARP
(26, 29), two other proteins involved in controlling DNA repair
and genomic stability (21, 24). Indeed, the time course for
apoptotic cleavage of ATM is very similar to that seen for the
classic caspase substrate PARP. In contrast to ATM, DNA-
PKcs, and PARP, however, the ATM-related protein ATR,
which is also involved in DNA damage signalling and main-
taining genomic stability, is not cleaved detectably in the situ-
ations that we have studied.

Through using a range of protease inhibitors, we established
that a caspase was the most likely candidate for mediating
ATM cleavage in apoptotic cells. Recent evidence has indi-
cated that caspase 3 and caspase 6 are the two most prevalent
proteases activated during apoptosis that are involved in the
cleavage of downstream targets (14), although importantly not
the only ones (23, 48). We find that ATM is cleaved efficiently
in vitro by caspase 3, although caspase 6 does not cleave ATM
under the assay conditions we have employed. Notably, the
cleavage pattern of ATM in vivo mirrors that produced when
partially purified ATM is treated in vitro by caspase 3. Fur-
thermore, by performing kinetic studies, we have found that
ATM appears to be as good a substrate for caspase 3 as PARP.
It was also found that ATM was not cleaved in the caspase
3-deficient MCF-7 cell line. Taken together, our data strongly
implicate caspase 3 or a caspase 3-like enzyme in the cleavage
of ATM during programmed cell death.

Mapping the regions on ATM that are targeted by caspase 3
revealed one major site ~100 kDa from the N terminus. Al-
though no specific function has yet been ascribed to the N-
terminal region of ATM, it is clear that even relatively minor
alterations within the ATM protein lead to the loss of ATM
function and the generation of the human A-T phenotype.
Indeed, we have demonstrated that caspase 3-mediated cleav-
age diminishes the ability of ATM to phosphorylate p53, a
known downstream effector of ATM-dependent DNA damage
signalling. We have shown recently that ATM binds to DNA
and has specificity towards DNA ends. Perhaps surprisingly, we
have found that DNA binding by ATM is not abrogated upon
caspase 3-mediated proteolysis. Indeed, both regions of the
cleaved ATM protein were still found to be retained on iron-
oxide particles bearing oligonucleotide DNA. Interestingly,
we have found by coimmunoprecipitation studies that, after
caspase 3 cleavage, the 100-kDa N-terminal region and the
240-kDa C-terminal region of ATM remain complexed with
one another, presumably via intramolecular interactions. It will
be of great interest to further define these interactions and to
investigate whether it is the N-terminal region, the C-terminal
region, or both that mediate DNA binding.

Although it is possible that ATM plays a key role in the
triggering or execution of apoptosis under normal physiologi-
cal circumstances, the fact that A-T patients and Atm knock-
out mice develop normally suggests that this is not the case (3,
49). Another possibility is that ATM functions in the triggering
of apoptosis in response to certain DNA-damaging agents.
Indeed, whereas mice treated with IR show a normal thymic
apoptotic response (4), certain regions of the mouse brain do
not undergo effective apoptosis after IR exposure in the ab-
sence of Atm function (18). Hence, signalling by ATM to the
apoptotic machinery might be a tissue-dependent phenome-
non. Nevertheless, our data indicate that a major involvement
of ATM in apoptosis is as a ubiquitous downstream target for
caspase-mediated proteolysis. In this regard, it is noteworthy
that the cleavage of ATM appears to occur before the onset of
a characteristic feature of apoptosis, DNA laddering, which is
brought about by CAD (13). Since we have shown that prote-
olysis diminishes the catalytic function of ATM, it is tempting
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to speculate that the degradation of this protein prevents it
from signalling this CAD-induced DNA damage to the cell
cycle checkpoint machinery and/or prevents attempts to repair
the damaged DNA. Finally, it is notable that cleaved ATM,
while catalytically inactive, retains its ability to bind to DNA.
An attractive model, therefore, is that this results in a trans-
dominant-negative protein which can bind to DNA but is in-
active, a model similar to that which has been proposed for the
cleavage of PARP. Given the demonstrated preference of
ATM to bind to DNA ends in vitro, this raises the possibility
that cleaved ATM binds to genomic DNA double-strand
breaks when they are generated during the apoptotic process,
preventing their recognition by other components. In regard to
the above issues, it will clearly be of great interest to generate
mutated derivatives of ATM that cannot be cleaved during
apoptosis and establish the effects that such mutations have on
the highly orchestrated process of apoptotic progression.
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