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ABSTRACT The product of the ataxia-telangiectasia gene
(ATM) was identified by using an antiserum developed to a
peptide corresponding to the deduced amino acid sequence.
The ATM protein is a single, high-molecular weight protein
predominantly confined to the nucleus of human fibroblasts,
but is present in both nuclear and microsomal fractions from
human lymphoblast cells and peripheral blood lymphocytes.
ATM protein levels and localization remain constant through-
out all stages of the cell cycle. Truncated ATM protein was not
detected in lymphoblasts from ataxia-telangiectasia patients
homozygous for mutations leading to premature protein ter-
mination. Exposure of normal human cells to g-irradiation
and the radiomimetic drug neocarzinostatin had no effect on
ATM protein levels, in contrast to a noted rise in p53 levels
over the same time interval. These findings are consistent with
a role for the ATM protein in ensuring the fidelity of DNA
repair and cell cycle regulation following genome damage.

Ataxia-telangiectasia (A-T) is an autosomal recessive disorder
marked by progressive cerebellar ataxia and oculocutaneous
telangiectases. Other clinical features include extreme cellular
and humoral immune deficiencies and an increased predispo-
sition to lymphoreticular malignancies (1, 2). Furthermore,
A-T carriers were reported to be at increased risk for cancer
(3, 4). At the cellular level, homozygous A-T cells are hyper-
sensitive to ionizing radiation and resistant to inhibition of
DNA synthesis following irradiation (5).
In response to DNA damage, the cell cycle is blocked at the

G1yS and G2yM transitions, allowing the repair of DNA
damage before initiating DNA replication and entry into
mitosis (6). Recent studies have shown that a signal transduc-
tion pathway involving p53 mediates the G1-S checkpoint after
exposure to ionizing radiation (7–9) by acting as a positive
transcriptional regulator of, among others, the cell growth
suppressor p21 (10–12). A series of studies (7, 13, 14) have
shown that A-T cells do not show an increase in radiation-
induced levels of p53 as seen in normal cells.
The A-T gene (designated ATM) was recently identified (15,

16) and encodes a protein with a predicted mass of'350 kDa.
The C terminus of the ATM protein is similar to the catalytic
domain of phosphatidylinositol 3 kinase and is found in several
yeast, Drosophila, and mammalian proteins known to be
involved in mitogenic signal transduction, meiotic recombina-
tion, and cell cycle control (17). Despite these homologies, the
function of the ATM gene product remains unknown.
To characterize the ATM protein, an antiserum was gener-

ated and utilized to characterize the human ATM protein by

immunoblot analysis and to determine subcellular location by
cell fractionation and indirect immunofluorescence. ATM
protein localization at all stages of the cell cycle was examined
as well as ATM protein and p53 levels following g-irradiation
exposure and treatment with the radiomimetic drug neocar-
zinostatin (NCS).

MATERIALS AND METHODS

Cell Culture. The human lymphoblast cell line B-310 and
A-T patient lymphoblasts were cultured in RPMI 1640 me-
dium with 15% fetal calf serum (FCS). Low-passage human
foreskin fibroblast line Hs-68 and lung fibroblast line MRC-5
were obtained from the American Type Culture Collection
and cultured as indicated. The human fibroblast line F-2054
was grown in DMEM containing 15% FCS. The A-T fibroblast
line F-169 was cultured in a customized media formulation
(M-99094; Sigma) containing 20% FCS. Peripheral blood
mononuclear cells were fractionated from whole blood by
centrifugation over Ficoll-Paque PLUS (Pharmacia) cushions
and further fractionated from monocytes and macrophages by
adherence to tissue culture flasks. When indicated, fibroblasts,
lymphoblasts, or lymphocytes were fractionated using estab-
lished protocols (18).
Construction and Expression of ATM Fusion Proteins.One

segment of ATM cDNA was amplified from a full-length ATM
cDNA via PCR using the primers 59-CCAGTATTGGATC-
CCTCTGTC-39 (ATM ORF nt 2026–2045) and 59-CATTC-
CTTCCTGAG AATTCAAGTATGC-39 (nt 3392–3371). The
'1.3-kb PCR product that encodes ATM protein residues
679-1126 was digested at the primer-encoded BamHI and
EcoRI sites and cloned into digested pGEX-2T in a carboxyl-
terminal fusion to the protein glutathione S-transferase
(GST). Similarly, another region of the ATM ORF was am-
plified using the primer 59-GCTGTGGATCCTCTGAGTG-
GCAGCTGG-39 (nt 6853–6879) and 59-GGTTTAGTCAG-
GAATTCATCTCTGTTTCG-39 (nt 7723–7695) and the
'0.9-kb PCR product that encodes ATM protein residues
2287–2572, was similarly cloned into pGEX2T. The two plas-
mids constructed in this scheme, pGEXAT 2026–3392 (pGEX
AT-6) and pGEX AT 6853–7723 (pGEX AT-4), were authen-
ticated by restriction and sequence analysis. pGEX AT-6 and
pGEX AT-4 were transformed into the Escherichia coli strain
DH5a and the encoded fusion proteins were induced by adding
isopropyl b-D-thiogalactoside (final concentration, 1.0 mM) to
a culture of logarithmically growing cells cultured in Luria–
Bertani broth containing 50 mgyml ampicillin.
Antibody Preparation and Affinity Purification. The pep-

tide NH2-CKSLASFIKKPFDRGEVESMEDDTNG-COOH,
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predicted ATM gene product primary structure, was synthe-
sized by automated methodologies. (Computer searches indi-
cated that the sequence was unique to ATM when searched
against currently available protein sequence databases.) This
peptide (designated AT peptide 4) was coupled to keyhole
limpet hemocyanin and injected into two adult rabbits at three
week intervals. (Peptide synthesis, coupling, and immuniza-
tions were performed by Phoenix Pharmaceuticals, St. Joseph,
MO). The serum from one of these rabbits (designated pAb
132) detected the ATM protein following the third boost.
Anti-ATM protein immunoreactivity was purified from pAb

132 in the following manner: E. coli transformed with pGEX
AT-6 were induced to express the encoded fusion protein by
addition of isopropyl b-D-thiogalactoside and lysates were
subjected to SDSyPAGE followed by transfer to a nitrocellu-
lose sheet. The sheet was stained with Ponceau-S and a thin
strip of nitrocellulose containing the GST–AT6 was cut from
the sheet. The strip was then blocked by incubation (30 min)
in Tris-buffered Saline (TBST; 10 mM TriszHCl, pH 7.5y150
mM NaCly0.1% Tween-20) containing 5% nonfat dry milk.
Following this, the strip was rinsed in TBST, incubated in 1 ml
of pAb 132 for 4 h, rinsed extensively in TBST, and the
antibody was eluted from the nitrocellulose by a 1-min incu-
bation in 1 ml of 100 mM Na-citrate (pH 2.2). The sample was
then neutralized by addition of 100 ml of 1M TriszHCl (pH 8.0)
and dialyzed for 16 h at 48C against 500 times volume of PBS.
Antibody was stored at 48C following the addition of Na-azide
to 0.02%.
Electrophoresis and Immunoblotting. Cells were harvested

and rinsed twice in cold PBS, and SDS lysates were formed and
protein assays were conducted as previously outlined (19).
SDSyPAGE and electrotransfer to nitrocellulose was carried
out using standard procedures (20, 21). Protein molecular
weight standards were purchased from BRL and Pharmacia.
Immunoblotting was conducted as outlined (19) using chemi-
luminescent substrate and recorded on Kodak XAR x-ray film.
Quantitation of immunoblot signals was performed using a
Molecular Dynamics densitometer and software. Where indi-
cated, blots were stripped by incubation (808C for 30 min) in
100 mM TriszHCl (pH 7.5), 1% SDS, and 50 mM 2-mercap-
toethanol followed by TBST rinses.
For immunoblotting, pAb 132 serum was used at a dilution

of 1:2000 and affinity purified pAb 132 at a final concentration
of 2 mgyml. Additionally, immunoblotting was performed
using the anti-a-tubulin mAb DM1A (22), the anti-p53 mAb
DO-1 (Santa Cruz Biotechnologies), or a rabbit anti-NuMA
antisera (23).
ImmunofluorescenceMicroscopy. Fibroblasts were cultured

on sterilized glass coverslips to '75% confluency before
processing. The cells were fixed by immersion in PBS contain-
ing 3.0% formaldehyde for 30 min (room temperature). Im-
munofluorescent staining was done as described (19) using
fluorescein isothiocyanate-labeled goat anti-rabbit secondary
antibody. Images were captured with a Zeiss Axioplan micro-
scope equipped with a Photometrics (Tucson, AZ) charged-
coupled device (CCD) camera.
Cell Synchronization. Hs-68 fibroblasts were synchronized

in G0 by culturing cells for 96 h under reduced (0.5% FCS)
serum conditions in DMEM. To synchronize cells in G1,
cultures of serum deprived cells were recultured in DMEM
plus 10% FCS for 6 h [cell cycle exit and re-entry was
confirmed by proliferating cell nuclear antigen (PCNA) stain-
ing]. Cells were synchronized at the G1yS border by culturing
in the presence of 2 mM hydroxyurea for 44 h, and mitotic cells
were obtained by culturing in colcemid (0.1 mgyml) for 24 h.

g-Irradiation and Radiomimetic Drug Treatment of Cells.
Exponentially growing cells were plated into tissue culture
dishes and irradiated with a 137Cs source at a dose rate of 2
Gyy5 sec. Postirradiation, cells were incubated in a 378C, 5%
CO2 atmosphere for indicated times, and extracts from '106

cells were analyzed for ATM protein levels. Approximately 105
cells were analyzed for p53 levels.
NCS was obtained from Kayaku (Tokyo) and diluted with

PBS before each experiment and applied directly to the
medium of cultures (80 ngyml) of the normal fibroblast line
F-2054. Following NCS addition, the cultures were incubated
in a 5%CO2, 378C atmosphere for the indicated period of time,
and subsequently cell extracts were formed, and immunoblot-
ting was performed as outlined above.

RESULTS

Characterization of ATM Protein Antiserum pAb 132. A
rabbit antiserum was prepared to a synthetic peptide antigen,
designated AT peptide 4, which corresponds to ATM protein
amino acid residues 819–844 (16). In addition, two segments
of the ATM ORF were expressed in bacteria as carboxyl-
terminal GST fusion proteins. These two ATM segments,
termed GST–AT6 and GST–AT4, comprise amino acid resi-
dues 679-1126 and 2287–2572, respectively, of the ATM pro-
tein ORF. Hence, AT peptide 4 is encoded within the GST–
AT6 fusion protein.
When E. coli transformed with these GST fusion protein

expression constructs were induced to express their respective
fusion proteins, accumulation of a '75-kDa protein in the
bacteria transformed with pGEX-AT6 (Fig. 1A, lane 1) and an
'55-kDa protein in the pGEX AT-4 transformed bacteria
(Fig. 1A, lane 2) were observed when compared with untrans-
formed E. coli (Fig. 1A, lane 3). pGEX AT-4 encodes GST-
AT4, an '33-kDa segment of the ATM polypeptide in a
carboxyl-terminal fusion to GST (molecular weight' 25 kDa)
and pGEX AT-6 encodes GST-AT6, an '50-kDa segment of
the ATM polypeptide in a similar fusion to GST. Thus, the
relative masses of these accumulated proteins are in close
agreement with the predicted sizes of the encoded fusion
proteins. At high dilution (1:2500), serum from a rabbit
immunized with AT peptide 4 (designated pAb 132) detected
an '75-kDa protein present in the extract from bacteria
expressing GST–AT6 (Fig. 1B lane 1). Nothing was detected in
extracts from either E. coli expressing GST AT-4 or untrans-
formed E. coli (Fig. 1B, lanes 2 and 3, respectively), indicating
that pAb 132 detected the ATM portion of the GST AT-6
fusion protein. Additionally, preimmune serum displayed no
reactivity to GST–AT6 (data not shown).
To test whether pAb 132 was capable of detecting the native

ATM protein in extracts from human cells, SDS extracts were
made from the human lymphoblast cell line B-310 and the A-T
lymphoblast line AT24RM. [Cells derived from the A-T
patient AT24RM possess a homozygous frameshift mutation
in the ATM gene at codon 252, leading to premature termi-
nation of the ATM protein before the pAb 132 epitope (24)].
Immunoblot analysis of these extracts showed that pAb 132
detected a high-molecular weight protein present exclusively in
B-310 cell extract (Fig. 1C). Furthermore, pAb 132 immuno-
reactivity with this protein was ablated by preincubation of the
antiserum with 100 ngyml of AT peptide 4 (data not shown).
Molecular weight estimates using appropriate electrophoretic
standards determined that the protein detected by pAb 132
possessed a mass of '320 kDa, in close agreement with the
predicted molecular weight of the ATM gene product ('350
kDa) (16).
Close to 90% of ATMmutations identified to date consist of

frameshifts resulting from out of frame insertion or deletion
events predicted to result in truncations throughout the pro-
tein (24, 25). Lysates were prepared from three lymphoblastoid
cell lines derived from homozygous A-T patients whose mu-
tations have been previously determined (24) and lead to
premature termination of the ATM polypeptide. IARC12y
AT3 cells are homozygous for a frameshift mutation causing
premature protein termination at codon 2714, which would
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predict a mutant ATM protein of '305 kDa. AT22RM and
AT29RM cells possess similar frameshifts expected to yield
truncated products of 281 and 163 kDa, respectively. Immu-
noblot analysis revealed that while the ATM protein was
detectable in the B-310 extract (Fig. 1D, lane 1), no bands were
detected at the expected molecular weight of the mutated
ATM protein products from these patient cell lines (or else-
where in their respective lanes) (Fig. 1D, lanes 2–4). This blot
was stripped and reprobed with an antiserum to the 235-kDa
nuclear protein NuMA (23) to demonstrate that equal
amounts of extracts were assayed (Fig. 1E). Hence, these
findings indicate that, in general, truncated ATM protein
products are unstable.
ATM Protein Localization in Normal Human Cells. pAb

132 was affinity purified and subsequently used for immuno-
blot analysis of the normal human fibroblast lines MRC-5 and
Hs-68. Extracts from these cells electrophoresed on steep
(5–15%) acrylamide gradient gels showed that affinity-

purified pAb 132 was monospecifically reactive with the ATM
protein present in these lines (Fig. 2A).
Indirect immunofluorescence was conducted onMRC-5 and

Hs-68 fibroblasts, and the A-T fibroblast line F-169, which is
homozygous for an ATM frameshift mutation (24) and which
possesses no pAb 132 immunoreactivity as judged by immu-
noblotting (data not shown). F-169 (Fig. 2B a and b), MRC-5
(Fig. 2B c and d), and Hs-68 (Fig. 2B e and f ) cells were stained
with affinity-purified pAb 132 (Fig. 2B a, c, and e), and
counterstained with the DNA stain Hoechst 33258 (Fig. 2B b,
d, and f ). No significant pAb 132 staining was observed in the
A-T cell line F-169, but punctate nuclear staining was observed
in both MRC-5 and Hs-68 cells. The lack of definite staining
in the cytoplasm of both normal fibroblast cell lines indicates
that the presence of the ATM protein is largely confined to the
nucleus in these cells.
Nuclear, microsomal, and cytoplasmic fractions were ob-

tained from both MRC-5 (Fig. 2C) and Hs-68 (Fig. 2D) cells.

FIG. 1. Characterization of ATM protein antiserum pAb 132. (A) Lysates from E. coli transformed with the plasmids pGEX AT-6 (lane 1) and
pGEX AT-4 (lane 2) following fusion protein induction and untransformed E. coli (lane 3) were subjected to SDSyPAGE and Coomassie blue
staining. Migration of the specific GST–AT fusion proteins are indicated by arrowheads. (B) Extracts shown in A were immunoblotted with pAb
132. (C) A total of 50 mg of B-310 (lane 1, wild type forATM) and AT24RM (lane 2, homozygous mutant forATM) cell extracts were immunoblotted
with pAb 132. (D) A total of 50 mg of SDS-lysate from B-310 lymphoblasts (lane 1) and A-T patient lines AT29RM (lane 2), AT22RM (lane 3),
and IARC12yAT3 (lane 4) were immunoblotted with pAb 132. (E) Blot displayed in D was stripped and reprobed with an antisera to NuMA.

FIG. 2. Localization of ATM protein in normal human fibroblasts. (A) A total of 50 mg of SDS lysate from the normal human fibroblast lines
MRC-5 (lane 1) and Hs-68 (lane 2) was immunoblotted with affinity purified pAb 132. (B) F-169 (a and b), MRC-5 (c and d), and Hs-68 (e and
f) cells were stained with affinity purified pAb 132 (a, c, and e), and Hoechst 22358 (b, d, and f). (C) MRC-5 fibroblasts (13 107) were fractionated
and 10% of the nuclear (lane 1), microsomal (lane 2), and cytoplasmic (lane 3) fractions were immunoblotted with pAb 132 (Upper) or 1% of each
fraction were immunoblotted with antitubulin (Lower). (D) Hs-68 fibroblasts (1 3 107) were fractionated and analyzed as in C.
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Immunoblot analysis of equal percentages of these fractions
with pAb 132 (Fig. 2 C and D Upper) showed that the ATM
protein was confined to the nuclear fractions in these cells.
a-Tubulin was solely detected in the cytoplasmic fractions,
indicating that lysis was complete (Fig. 2 C and D Lower).
When normal human lymphoblasts and lymphocytes were

fractionated and analyzed for the presence of the ATM
protein, this protein was found to cofractionate with both
nuclei and microsomes in both transformed and peripheral
blood lymphocytes (Fig. 3 A and B Top). Immunoblot analysis
of these fractions with anti-NuMA showed minimal nuclear

contamination of the microsome fraction (Fig. 3 A and B
Middle), and analysis with anti-tubulin determined lysis was
complete (Fig. 3 A and B Bottom).
The location of the ATM protein at various stages of the cell

cycle was evaluated by indirect immunofluorescence micros-
copy on synchronized Hs-68 fibroblasts. pAb 132 stains only
the nucleus during theG0, G1, andG1yS-phases of the cell cycle
(Fig. 4 a–f ). Following breakdown of the nuclear envelope at
the onset of mitosis, ATM protein staining appears to be
diffuse throughout the cytoplasm and does not appear to be
associated with any particular structures in the cell (Fig. 4 g and
h). Immunoblot analysis of extracts from synchronized cell
populations reveal that ATM protein levels are relatively
constant throughout the cell cycle (data not shown).
Effects of Genome-Damaging Agents on ATM Protein

Abundance. Normal ATM protein function appears to play a
role in arresting cell cycle advance following genome damage
stemming from events such as exposure to ionizing radiation
or radiomimetic drugs (2, 26). To assess the effects of g-ray
exposure on ATM protein abundance, both Hs-68 fibroblasts
(Fig. 5A) and B-310 lymphoblasts (Fig. 5B) were exposed to 5
Gy of ionizing radiation. Quantitative analysis of extracts
from unirradiated cells as well as cells at 1, 2, 4, and 6 h
postirradiation showed that, in each cell line, the cellular
levels and electrophoretic mobility of the ATM protein
remained relatively unchanged following exposure to ioniz-
ing radiation (Fig. 5 A and B Upper). In contrast to the ATM
protein, and as previously observed (7), a quantitative
increase in p53 was observed following ionizing radiation
exposure in both cell lines (Fig. 5 A and B Lower). Addi-
tionally, we obtained similar results at other irradiation doses
(2 and 10 Gy) in both cell lines, and immunof luorescence of
irradiated Hs-68 fibroblasts showed no change in localization
of the ATM protein following irradiation (data not shown).
ATM protein levels following exposure to the radiomimetic

drug NCS (27) were also assayed. Similar to what was observed
following g-irradiation, NCS induced a 5-fold increase in p53
levels over the course of 4 h (Fig. 5C Lower), but quantitative
analysis of ATM protein levels determined that this protein
remained steady during this time interval (Fig. 5C Upper).

DISCUSSION

An initial characterization of the ATM gene product was
conducted following the generation of a specfic antiserum.
This antiserum detects a single distinct high-molecular weight

FIG. 3. Analysis of ATM protein in fractionated human lympho-
blasts and peripheral blood lymphocytes. (A) B-310 lymphoblasts (13
107) were fractionated. Ten percent of the resultant nuclear (lane 1),
microsomal (lane 2), and cytoplasmic (lane 3) fractions were immu-
noblotted with pAb 132 (Top). To evaluate purity of the preparations,
2% of each fraction was analyzed with NuMA antisera (Middle), or 1%
of each fraction was analyzed with anti-tubulin (Bottom). (B) Normal
peripheral blood lymphocytes (2 3 108) were fractionated and ana-
lyzed as in A.

FIG. 4. Localization of ATM protein at various cell cycle phases. Cells were synchronized at various cell cycle phases and processed for
immunofluorescence with affinity-purified pAb 132 (a, c, e, and g) and Hoechst 22358 (b, d, f, and h). (a and b) Cells synchronized at G0. (c and
d) Cells synchronized at G1. (e and f) Cells synchronized at G1yS. (g and h) Cells synchronized in mitosis.
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protein which was primarily, but not exclusively, located in the
nucleus of normal human cells. Transport of many proteins to
the nucleus is facilitated by the presence of a short contiguous
stretch of predominantly basic residues termed a nuclear
localization sequence (NLS) (28). However, sequence inspec-
tion of the predicted ATM gene product failed to detect the
presence of a NLS within the primary structure of this protein
(16). Perhaps a currently undefined NLS exists within the
ATM protein or, alternatively, nuclear import is facilitated by
the interaction of the ATM protein with cofactor(s). Interest-
ingly, a punctate staining pattern was observed within the
nucleus of fibroblasts stained with affinity purified pAb 132
(Figs. 2 and 4). This is unlikely to be a fixation artifact because
alternative fixation yielded similar results and suggests that the
ATM protein may be limited to certain domain(s) or associ-
ated with particular structure(s) within the nucleus.
Immunoblot analysis of three lymphoblast cell lines derived

from homozygous A-T patients with mutations predicted to
result in premature termination of the ATM protein failed to
detect the presence of truncated ATM protein within these
cells. Similarly, expression of other mutant genes predicted to
encode prematurely terminated proteins often results in
greatly diminished or subdetectable accumulation of the mu-
tant protein (29–31), a feature that is usually attributed to
disruption of proper protein folding (32). The failure to detect
mutant ATM protein levels in these cells indicates that these

patients suffer from greatly diminished, if not total, loss of
ATM protein function(s). Furthermore, these findings suggest
that A-T carriers who are heterozygous for similar alleles may
possess 2-fold reduced cellular ATM protein levels and that
this may account for the phenotype reported in these individ-
uals (3).
The observation that detectable levels of microsome-

associated ATM protein were found in lymphocytes and
lymphoblasts but not in fibroblasts suggests this protein may
perform function(s) in lymphoblasts and lymphocytes not
utilized in fibroblasts. Furthermore, this difference in ATM
protein distribution may be related to the striking differences
in chromosomal rearrangements seen between A-T lympho-
blasts and fibroblasts (33). While we cannot rule out the
hypothesis that this cytoplasmic component represents a stor-
age pool, irradiated lymphoblasts showed no increase in the
nuclear ATM protein fraction (data not shown).
Although A-T cells do not appear to be grossly defective in

the kinetics of DNA double-strand break (DSB) repair (34),
their radiosensitivity and chromosomal instability indicate a
defect in appropriate response to genomic damage. This is
supported by studies which demonstrate the presence of
elevated levels of both unrepaired DSBs and chromosomal
breaks in A-T cells (35, 36). In addition to these defects, A-T
cells fail to respond to DNA damage by activating cell cycle
checkpoints which normally function during G1, S, and G2 (2,
26). This is thought to stem, in part, from faulty up-
regulation of cellular p53 levels following genome damage
(7, 13, 14). These observations have led to the view that the
ATM gene product participates in either sensing DSBs
andyor triggering a signal transduction pathway that insures
the fidelity of DSB repair and halting cell cycle advance
following genome damage.
Given the rapidity of cellular response to genome damage

[i.e., mitotic fractions are generally reduced by 80–90% in
normal fibroblasts within 1 h after irradiation (37)] one would
expect that both the damage sensing mechanisms and imme-
diate downstream elements of the signal transduction pathway
which respond to DSB would be constitutively present within
the cell. Our finding that the ATM protein is located in the
nucleus during all phases of the cell cycle indicates that it is
appropriately located to perform an omnipresent genome
surveillance function. Furthermore, the observation that p53
levels are up-regulated following g-irradiation without a co-
ordinate increase in ATM protein indicates that the cell does
not require the time consuming constraint of synthesizing
nascent ATM protein to elicit an effective response to radia-
tion-induced genomic damage. Thus, it seems likely that the
ATM protein undergoes posttranslational modification(s)
andyor forms damage-specific complex(es) required to acti-
vate p53-dependent checkpoints. Similarly, G2 delay by RAD9
does not require protein synthesis but is mediated through a
rapid posttranslational control (38).
Genomic damage does not solely stem from external forces

such as radiation exposure, but may also arise from gene
rearrangements, recombination and replication errors during
the course of normal DNA metabolism. Furthermore, insuf-
ficient monitoring of genome fidelity would be predicted to
result in high rates of chromosomal aberrations. Indeed, high
levels of genomic instability have been noted in A-T patient
lymphocytes, a cell type that undergoes routine recombination
as a function of normal cell physiology and is likely to be a
major contributing factor to the high incidence of leukemias
and lymphomas observed in A-T patients (39). Moreover,
elevated rates of thymic lymphomas that contain chromosomal
anomalies have been observed in ATM deficient mice (40, 41).
These mice also lack germ cells, consistent with an essential
role of the ATM protein in the proper development of cells
that, in this case, routinely undergo recombination during the
process of meiosis.

FIG. 5. Effects of genome damaging agents on cellular ATM levels.
(A) Hs-68 fibroblasts were exposed to 5 Gy of ionizing radiation.
Unirradiated cells (No IR) and cells 1, 2, 4, and 6 h after exposure were
analyzed for ATM protein (Upper) and p53 (Lower) levels by immu-
noblotting. (B) B-310 lymphoblasts were exposed to 5 Gy of IR and
analyzed as in A. (C) The normal human fibroblast cell line F-2054 was
treated with NCS and extracts from treated cells at 5, 15, 30, 60, 120,
and 240 min following drug addition, and untreated cells (No NCS)
were analyzed for ATM protein (Upper) and p53 (Lower). Relative
immunoblot signal intensity (determined by densitometric scanning of
exposed films) is displayed below each band. Minor differences in
recorded ATM protein levels are likely due to slight inconsistencies in
protein loading andyor protein transfer.
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The pathway involved in the recognition of DNA DSBs is
not well characterized. Recent studies, however, have shown
that the Ku autoantigen recognizes and binds to ends of
double-strandedDNA and is able to recruit DNA-PKcs to form
a DNA-dependent protein kinase complex important in the
repair of DNA damage (42). DNA-PKcs, just like the ATM
protein, belongs to the family of phosphatidylinositol 3 kinase-
like proteins, and mice that lack functional DNA-PKcs show
phenotypes that partially overlap those of ATM-deficient mice
(43). It is plausible, since the ATM protein is located in the
nucleus, that a potential direct interaction of the ATM protein
with damaged DNA is modulated by a yet to be identified
Ku-like molecule. In support of this possibility, the ATM
protein was recently found to colocalize with meiotic chromo-
somes (44).
Another unresolved issue is the substrate specificity of the

ATM protein’s putative kinase function. For example, the
phosphatidylinositol 3 kinase-like family member DNA-PKcs
has been found to have protein kinase activity but undemon-
strable lipid kinase activity (45), and the ATM yeast homologs
TEL1 and MEC1 were recently found to phosphorylate
RAD53 (46). Whether the putative kinase activity of the ATM
protein is to act as a protein andyor as a phospholipid kinase
in a signaling mechanism remains unanswered.
In summary, our findings of constitutive expression and

nuclear localization of the ATM protein are consistent with its
potential role in choreographing appropriate cellular re-
sponses to genomic damage. Identification of proteins that
functionally interact with the ATM protein and that are
substrates for the putative kinase function following DNA
damage should lead to a greater understanding of the role of
the ATM protein in the maintenance of genome integrity.
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