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Ataxia telangiectasia-mutated gene (ATM) is a 350-kDa protein whose function is de-
fective in the autosomal recessive disorder ataxia telangiectasia (AT). Affinity-purified
polyclonal antibodies were used to characterize ATM. Steady-state levels of ATM protein
varied from undetectable in most AT cell lines to highly expressed in HeLa, U20S, and
normal human fibroblasts. Subcellular fractionation showed that ATM is predominantly
a nuclear protein associated with the chromatin and nuclear matrix. ATM protein levels
remained constant throughout the cell cycle and did not change in response to serum
stimulation. Ionizing radiation had no significant effect on either the expression or
distribution of ATM. ATM immunoprecipitates from Hela cells and the human DNA-
dependent protein kinase null cell line MO59J, but not from AT cells, phosphorylated the
34-kDa subunit of replication protein A (RPA) complex in a single-stranded and linear
double-stranded DNA-dependent manner. Phosphorylation of p34 RPA occurred on
threonine and serine residues. Phosphopeptide analysis demonstrates that the ATM-
associated protein kinase phosphorylates p34 RPA on similar residues observed in vivo.
The DNA-dependent protein kinase activity observed for ATM immunocomplexes,
along with the association of ATM with chromatin, suggests that DNA damage can
induce ATM or a stably associated protein kinase to phosphorylate proteins in the DNA

damage response pathway.

INTRODUCTION

Cells respond to DNA damage by activating check-
point pathways that delay progression through the
cell cycle. This cell cycle delay provides the necessary
time for the cell to assess and repair the damage before
reentering the cell cycle. If the damage is determined
to be beyond repair, the cell may undergo apoptosis to
prevent mutations from being propagated. When
mammalian cells are exposed to ionizing radiation
(IR) or radiomimetic drugs, a signal transduction
pathway is activated that arrests cells in G;, S, and/or
G, phases of the cell cycle. The G, arrest is the best
characterized and is dependent on a functional p53
response that leads to transcriptional activation of the
G,-specific cyclin-dependent kinase inhibitor p21/
WAF1/CIP (Kastan ef al., 1991). The S and G, check-
points seem to be p53 independent because p53-defec-
tive cells retain these checkpoints (El-Deiry et al.,
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1993). Although the existence of DNA damage—de-
pendent checkpoint pathways has been known for
some time, the molecular mechanism(s) by which the
cell senses the DNA double-strand breaks and con-
verts this information into a growth arrest signal re-
mains unclear.

Ataxia telangiectasia (AT)! is an autosomal recessive
disorder characterized by cerebellar ataxia, dilated
blood vessels in the eyes and skin (oculocutaneous
telangiectasias), immunodeficiency, hypersensitivity
to IR, and a 100-fold increase in the risk of some types

!Abbreviations used: AT, ataxia telangiectasia; ATM, ataxia tel-
angiectasia—-mutated gene; ATR, ATM-related protein kinase;
BSA, bovine serum albumin; cdk2, cyclin-dependent kinase 2;
dsDNA, double-stranded DNA; DTT, dithiothreitol; FBS, fetal
bovine serum; GST, glutathione S-transferase; IgG, immuno-
glubulin G; IR, ionizing radiation; MBP, maltose-binding pro-
tein; NHF, normal human fibroblasts; NP-40, Nonidet P-40; nt,
nucleotide; PBS, phosphate-buffered saline; PI3, phosphatidylino-
sitol 3; RIPA, radioimmunoprecipitation assay; RPA, replication
protein A; ssDNA, single-stranded DNA.
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of cancer (for example, lymphoma) (Taylor et al,
1994). AT is estimated to effect between 1 in 40,000 and
1 in 100,000 live births. Significantly, the 1% of the
general population that are estimated to be AT het-
erozygotes have a three- to fivefold greater risk of
cancer (Swift et al., 1991). Many of these clinical symp-
toms may be attributed to the cellular defects ob-
served in cell lines derived from AT patients. These
include chromosomal instability, defects in the cy-
toskeleton (Taylor et al., 1994), decreased telomere
length, failure to activate cell cycle arrest checkpoints
in response to IR (Houldsworth and Lavin, 1980;
Beamish and Lavin, 1994; Paules et al., 1995), and the
inability to activate damage response pathways (p53
[Kastan et al., 1992], stress-activated protein kinase
[Shafman et al., 1995], and replication protein A [RPA]
[Liu and Weaver, 1993]). Because the AT-defective cell
lines fail to activate the G;, S, and G, cell cycle check-
points, the defect is likely to occur early along the
DNA damage response pathway that may be common
among the three checkpoint pathways. Because AT
cells are also extremely sensitive to IR and undergo
apoptosis at very low doses, the AT gene product may
also be involved in programmed cell death. How, or
whether, this response is linked to the checkpoint
arrest is unclear.

Although genetic analysis suggested that AT could
be separated into five complementation groups, a sin-
gle gene that is mutated in all complementation
groups has been identified. Ataxia telangiectasia-mu-
tated gene (ATM) was identified by positional cloning
and localized to chromosome 11q22-23 (Savitsky et al.,
1995a,b; Gilad et al., 1996). Northern blot analysis re-
vealed that ATM is ubiquitously expressed in all hu-
man tissues that were examined. The ATM cDNA
encodes a 3056-amino acid protein with a calculated
molecular weight of 350 kDa. The carboxyl terminus
of ATM shares significant homology with the kinase
domain of phosphatidylinositol 3 (PI3)-kinase. ATM
also shares sequence homology with portions of the
yeast RAD3 gene. Although the functional signifi-
cance of these homologies remains speculative, it is
clear that ATM is a member of an emerging family of
exceptionally large (250- to 460-kDa) proteins that are
involved in cell cycle regulation or DNA damage rec-
ognition and repair (reviewed in Hunter, 1995; Lavin
et al., 1995; Meyn, 1995; Zakian, 1995; Jackson, 1996).
The family members share 30% identity and 60% sim-
ilarity in the PI3-like kinase domain and 20% identity
and 50% similarity in the RAD3 domain. This family
includes the Saccharomyces cerevisine proteins TEL1
and MEC1 (Greenwell et al., 1995; Morrow et al., 1995),
Schizosaccharomyces pombe RAD3 (Bentley ef al., 1995),
Drosophila MEI-41 (Hari et al., 1995), ATM-related pro-
tein kinase (ATR) (Cimprich et al., 1996) and human
DNA-PK_, (Hartley et al., 1995). These genes may be
functionally related because mutations in these genes
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exhibit many of the phenotypes observed in AT-de-
fective cells.

Although ATM is a member of a family of proteins
that share a PI3-like kinase domain, ATM does not
seem to function as a lipid kinase but as a protein
kinase. It has recently been reported that ATM immu-
noprecipitates can phosphorylate GST-I«B fusion pro-
tein in vitro (Jung et al., 1997). However, the specificity
of the protein kinase is uncertain given that protein
kinase activity was also observed in immunoprecipi-
tates from AT cells. When the kinase domain of ATM
was overexpressed and immunoprecipitated from atm
knock-out mouse cells, the immunocomplex was
found to phosphorylate c-abl (Baskaran et al., 1997).
Although ATM and c-abl coimmunoprecipitated from
lymphoid cell lines (Shafman et al., 1997), the c-abl
interaction domain of ATM was not included in the
construct used to overexpress the kinase domain.
Overexpression of the ATM kinase domain was also
found to complement partially the radiosensitivity
and the IR-induced S-phase arrest of AT-cells (Morgan
et al., 1997). For all of these studies, it is unknown
whether the correction of the radiosensitivity or the
phosphorylation of c-abl was simply caused by an
overly active protein kinase domain resulting from the
loss of important regulatory domains that lie outside
the kinase domain. Support for the importance of the
nonkinase domain in ATM function has come from
both genetic analysis of ATM mutants as well as the
finding that the putative leucine zipper region of ATM
(that lies N-terminal to the kinase domain) behaved as
a transdominant-negative mutant by rendering an AT-
like phenotype to transfected RKO cells (Morgan et al.,
1997).

In an effort to examine and understand the molecu-
lar mechanism of ATM in the DNA damage response,
we produced affinity-purified antibodies to ATM and
used them to characterize the properties of ATM with
regard to cell cycle expression, subcellular localiza-
tion, and response to IR. Furthermore, ATM immuno-
precipitates obtained from HeLa, MO59K, and the
DNA-PK null MO59J cells phosphorylated the p34
subunit of the RPA complex in a single-stranded and
linear double-stranded DNA-dependent manner.
This protein kinase activity was not detected in cells
from the ATM null AT2SF cell line. Phosphoamino
acid analysis showed that p34 RPA is phosphorylated
on serine and threonine residues by the ATM-associ-
ated protein kinase. Moreover, we demonstrate that
some of the residues phosphorylated by the ATM-
associated protein kinase in vitro are the same as those
observed when RPA is phosphorylated in vivo in
response to IR. The ATM-associated DNA-dependent
protein kinase activity suggests a mechanism by
which ATM or an associated subunit can detect DNA
damage and activate an associated protein kinase that
phosphorylates substrates that lead to cell cycle arrest.
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MATERIALS AND METHODS
Cell Culture

Cells were grown in a humidified incubator at 37°C and 5% CO,.
HeLa cells were grown as monolayers in RPMI medium supple-
mented with 10% fetal bovine serum (FBS). K562 and Jurkat cells
were grown as suspension cultures in RPMI supplemented with
10% FBS. Primary human and AT-defective fibroblast cell lines were
obtained from the Coriell cell repository (Camden, NJ). GM08333A
(primary human fibroblasts), GMO03487C (AT3Be), GMO09607A
(AT2SF), and GMO05823B (AT5BI) were grown as monolayers in
MEM supplemented with 20% FBS and 2X concentrations of amino
acids and vitamins. Normal human, AT3ABR, AT5ABR, and AT3Be
lymphocytes, a generous gift of Dr. Tim Shafman (Dana-Farber
Cancer Center, Cambridge, MA), were maintained in RPMI supple-
mented with 15% FBS. MO59K and MO59] cells, generously do-
nated by Dr. Joan Turner (Cross Cancer Institute, Edmonton, Al-
berta, Canada), were maintained in a 1:1 mixture of DMEM and
Ham’s F-12 media supplemented with 10% FBS and essential amino
acids.

Cell Synchronization, Elutriation, and Irradiation

HelLa cells were split 1:4 and allowed to attach to the plate for 8 h.
Cells were synchronized at the G,-S boundary by double thymidine
block. Normal human fibroblasts (NHF) were serum starved for
24 h in 0.5% FBS in MEM with 2X concentrations of amino acids and
vitamins. Cells were stimulated with 20% FBS and harvested at
various times after stimulation. K562 cells were synchronized by
centrifugational elutriation, as described by Kauffman et al. (1990),
with a JE5.0 rotor with a 40 ml chamber in a Beckman J6-MC
centrifuge (Beckman Instruments, Fullerton, CA). Cells were treated
with IR by a Shephard 81-14R cesium-137 beam irradiator (J.L.
Shepard, San Fernando, CA) at a dose rate of 1.32 Gy/min.

Bacterial Expression of ATM Fragments and
Generation of ATM Antibodies

Three nonoverlapping ATM ¢cDNA fragments derived from K562
cells were cloned into either pMAL or pET28 expression vectors to
facilitate expression and purification of recombinant ATM fusion
proteins. A 2.8-kb cDNA that begins at an internal EcoRI site at
nucleotide (nt) 6604 and extends to an EcoRI linker at the 3'-un-
translated region of ATM was subcloned into the EcoRI site of
pBluescript II SK. The resultant plasmid was digested with Pstl and
Sall that flank the cDNA to release an ~1.8-kb Pst fragment (from nt
6604 to 8404 of the ATM cDNA) and an ~1.4-kb PstI/Sall fragment
that encodes from nt 8404 in ATM to the 3’ end. These cDNAs were
subcloned into the corresponding sites in the expression vectors to
create pET28-ATMPst1.8 and pET28-ATMPst/ Sall.4. In addition, an
821-bp EcoRI fragment that is derived from nt 932 to 1753 of the
ATM cDNA was subcloned into pMAL to create pMAL-ATMRI821.

High-level protein expression from pET28-ATMPst1.8, pET28-
ATMPst/Sall.4, and pMAL-ATMRI821 was achieved in Escherichia
coli BL21 DE3 by inducing cultures that reached an ODy, of 0.6 with
2 mM isopropyl B-p-thiogalactopyranoside. Cultures were incu-
bated for 3—-4 h at 30°C, harvested, resuspended in 1/10 volume of
PBS and protease inhibitors, and lysed by sonication. The His-
tagged ATMPst1.8 and ATMPst/Sall.4 fusion proteins were found
to be insoluble, and their purification over a Ni-chelate column was
facilitated after dissolving in 6 M GuHCI according to the manu-
facturer’s instructions. The maltose-binding protein (MBP)-AT-
MRI821 was soluble and was affinity purified over an amylose
column.

Purified recombinant proteins were used to immunize rabbits.
Sera were collected after two boosts and tested for their ability to
identify the corresponding recombinant proteins by Western blots.
To distinguish antibody titers that were specifically directed to the
ATM portion of the MBP-ATM fusion protein, the MBP fusion
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protein was digested with Factor Xa and the digestion products
used for Western blots.

For affinity purification of the ATM antibodies, purified fusion
proteins at concentrations of 5-10 mg/ml were covalently coupled
to 1.5 ml of Affi-gell0 (Bio-Rad, Richmond, CA). Sera were incu-
bated overnight with the beads at 4°C, the bound beads were
washed with 25 column volumes of Tris-buffered saline (20 mM
Tris-HCI, pH 7.5, 0.5 M NaCl) and were eluted with 150 mM NaCl
and 0.5% acetic acid, and the fractions were neutralized with 1 M
Tris-HCI, pH 9.0. Fractions were monitored at OD,g,, and the peak
fractions were combined, desalted, concentrated, and stored in PBS
and 50% glycerol at —80°C. In the case of the MBP-ATM samples,
the sera were incubated successively over two columns that were
covalently coupled with MBP to reduce the titer of MBP antibodies
before passing over the MBP-ATM column. The affinity-purified
antibodies Abl, Ab2, and Ab3 were directed against epitopes en-
coded by Pstl.8, Pstl.4, and RI821, respectively.

Immunodetection

For Western blots, cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (150 mM NaCl, 1% Nonidet P-40 [NP-40], 0.5%
deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with protease inhibi-
tors (10 pg/ml AEBSF, 10 ug/ml leupeptin, 5 ug/ml pepstatin, 5
png/ml chymotrypsin, 10 pug/ml aprotinin), and the insoluble frac-
tion was pelleted by centrifugation at 160,000 X g for 10 min at 4°C.
Total cellular proteins were separated on a 4-12% gradient or on
8.5% low cross-linking (121:1, acrylamide:bis-acrylamide) SDS-
PAGE gels (recipe provided by D. Chan and Dr. S. P. Lees-Miller,
University of Calgary, Alberta, Canada). Proteins were transferred
to Immobilin-P membranes (Millipore, Bedford, MA). The mem-
branes were incubated with ATM antibodies at a 1:1500 dilution
(final concentration between 0.3 and 0.4 ug/ml) in I-block (Tropix,
Bedford, MA). After extensive washing with I-block, the mem-
branes were incubated with a 1:30,000 dilution of alkaline phos-
phatase—conjugated goat anti-rabbit (Sigma, St. Louis, MO). The
membranes were washed three times in I-block and three times in
assay buffer (100 mM diethanolamine, pH 10, 1 mM MgCl,) and
were incubated with CPD-Star chemiluminescent detection sub-
strate (Tropix), according to the manufacturer’s protocol. ATM was
visualized by exposing membranes to x-ray film. Antibodies to
DNA-PK and Ku proteins were generously provided by Dr. S. P.
Lees-Miller (University of Calgary). Antibodies to the ATM-related
protein kinase ATR were a generous gift of Dr. M. Hoekstra (Icos,
Bothell, WA).

For immunofluorescence experiments, cells were grown on glass
coverslips, fixed with 3.7% paraformaldehyde in PBS for 5 min, and
permeabilized with 0.1% Triton X-100 in PBS for 2 min. Coverslips
were incubated with 1 pg/ml affinity-purified ATM IgG diluted in
KB buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% BSA, 0.2% Triton
X-100) for 1 h in a humidified 37°C incubator. The coverslips were
washed three times for 5 min each in PBS and incubated with
biotinylated-goat anti-rabbit IgG (Jackson ImmunoResearch Labs,
West Grove, PA) diluted in KB buffer for 1 h at 37°C. The coverslips
were washed in PBS and then incubated with UltraAvidin Texas-
Red (Leinco Technologies, Baldwin, MO) in KB for 30 min at 37°C.
The coverslips were mounted onto glass slides with VectaShield
antifade (Vector Labs, Burlingame, CA), and the slides were visu-
alized on a Nikon Microphot-SA with the use of a 100X Neofluor
objective. Images were captured with a charge-coupled device
MTI CCD72S camera (Dage MTI, Michigan City, IN) that was
controlled by IP LabSpectrum software (Signal Analytics, Vienna,
VA).

Subcellular Fractionation

Normal human fibroblasts and HeLa cells were fractionated as
described (Frangioni et al., 1992). Asynchronously growing cells
were swollen in hypotonic buffer (10 mM Tris, pH 7.4, 0.2 mM
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MgCl,, 5 mM KCl), dounce homogenized, and returned to isotonic
conditions by the addition of sucrose and EDTA, and the nuclei
were pelleted at 1000 X g for 5 min at 4°C. The supernatant was then
centrifuged at 100,000 X g for 1 h at 4°C. The S100 fraction was
removed and diluted in an equal volume of 2X RIPA (300 mM
NaCl, 2% NP-40, 1% deoxycholate, 0.2% SDS, 100 mM Tris, pH 8.0).
The membrane fraction (100,000 X g pellet) was resuspended in 1X
RIPA buffer. Each fraction was brought to a final volume of 750 ul
with 1X RIPA. Equal volumes (hence, proteins from equal cell
numbers) of each fraction (whole cell, cytoplasm, nucleus, and
membranes) were separated on 4-12% SDS-PAGE gels, and ATM
was detected by Western blotting with Abl and was confirmed with
Ab3.

Nuclear fractionation was performed as described previously
with minor modifications (Staufenbiel and Deppert, 1984; Liao ef al.,
1995). Cells grown to 80% confluence were washed three times with
PBS and lysed in KM buffer (10 mM N-morpholinoethanesulfonic
acid, pH 6.2, 10 mM NaCl, 1.5 mM MgCl,, 10% glycerol) containing
1% digitonin, 1 mM EGTA, and 5 mM DTT. Nuclei were pelleted by
centrifugation at 1000 X g, and the supernatant was saved. The
nuclei were washed three times with KM buffer and then extracted
with KM buffer containing 100 ug/ml DNase I. The nuclei were
pelleted, and the supernatant was saved. The nuclei were then
extracted with 2 M NaCl, 1 mM EGTA, and 5 mM DTT in KM buffer.
The nuclei were again pelleted, and the supernatant was saved.
Finally the nuclei were lysed in RIPA buffer, and the insoluble
fraction was pelleted by centrifugation at 160,000 X g for 10 min at
4°C. The soluble fraction of the RIPA lysate and all the previously
saved supernatants were diluted to 1 ml with a final concentration
of 400 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and 50
mM Tris, pH 8.0. ATM was immunoprecipitated with a 1:200 dilu-
tion (final concentration of ~3 ug/ml) of Abl, Ab3, or nonimmune
rabbit IgG for 3 h at 4°C followed by incubation with 30 ul of a 50%
slurry of Protein A sepharose (Sigma). The sepharose beads were
pelleted and washed three times with RIPA buffer. Proteins were
removed from the beads by adding 1X SDS sample buffer and
boiling for 5 min. The proteins were separated on 8.5% low cross-
linking gels as described above.

Protein Kinase Assays

Cells were lysed in PBS containing 10% glycerol and 1% NP-40 with
protease and phosphatase inhibitors (10 mM NaF, 1 mM Na;VO,, 60
mM B-glycerophosphate, 100 nM microcystin), and the insoluble
fraction was pelleted by centrifugation at 160,000 X g for 10 min at
4°C. Lysates were incubated with a 1:200 dilution (final concentra-
tion of ~3 ug/ml) of nonimmune rabbit IgG, Ab1, Ab3, or peptide-
blocked Ab3 for 3 h at 4°C followed by incubation with 30 ul of a
50% slurry of Protein A sepharose (Sigma). For peptide-blocking
controls, Ab3 was incubated with a 10-fold molar excess of the
R1821 fusion protein for 3 h before addition to the cell lysates. The
immunocomplexes were pelleted and washed five times with lysis
buffer and three times with protein kinase buffer (20 mM HEPES,
pH 7.4, 10 mM MgCl,, 10 mM MnCl,, protease and phosphatase
inhibitors). Kinase reactions were performed at 37°C by incubating
the ATM-bound beads in 25 ul of protein kinase buffer supple-
mented with 50 uM ATP, 2 mM DTT, 1 uM protein kinase inhibitor
(Sigma), 0.2 pg of single-stranded M13 DNA (ssDNA), 1 ug of
HindIlI-digested A DNA (dsDNA), 50 uCi [y-**P]ATP, and 0.5 ug of
RPA (generous gifts of Dr. Marc Wold, University of lowa, Ames,
IA, and Dr. George Iliakis, Thomas Jefferson University, Philadel-
phia, PA). After 15 min, the ATP concentration was increased to 500
uM to drive the reaction to completion, and the reaction was
stopped by the addition of SDS-PAGE-loading buffer. The proteins
were separated on 12% SDS-PAGE gels, fixed, dried, and exposed to
x-ray film.

2364

Phosphoamino Acid and Phosphopeptide Analysis

Phosphorylated p34 RPA was excised from dried gels, minced with
a razor blade, rehydrated in 50 mM NH,CO;, pH 8.05, with 10 pg of
trypsin (Sigma), and digested 16 h at 37°C. To ensure complete
cleavage, we added another 10 pg of trypsin and continued the
incubation for another 3 h. Peptides were lyophilized and resus-
pended in 100 pl 6N HCI and boiled at 100°C for 1 h. The sample
was frozen, lyophilized, resuspended in 50 ul of water that con-
tained unlabeled phosphoamino acid standards, and then relyophi-
lized. The sample was resuspended in 3 ul of water, spotted onto
cellulose TLC (0.1-mm-thick) plates (VWR, Philadelphia, PA), and
electrophoresed at 1300 V for 20 min in each direction in pH 3.5
buffer (5% glacial acetic acid, 0.5% pyridine) (van der Geer et al.,
1993). After electrophoresis, the plates were sprayed with ninhydrin
to stain phosphoamino acid standards. Radiolabeled phosphoamino
acids were visualized after exposure to x-ray film.

Phosphorylated p34 RPA was obtained either by the in vitro
protein kinase reactions described above or by immunoprecipita-
tion of in vivo phosphate-labeled RPA. HeLa cells were grown to
80% confluence and starved in phosphate-free media for 30 min.
The cells were then labeled with 1.0 mCi/ml [**P]orthophosphate
for 2 h, irradiated with 10 Gy of IR, and lysed in RIPA buffer 1 h
after irradiation. RPA was immunoprecipitated with a 1:100 dilu-
tion of mouse monoclonal anti-RPA antibody (a generous gift of Dr.
Marc Wold, University of lowa) followed by incubation with 30 ul
of a 50% slurry of Protein G sepharose (Sigma). Proteins were
separated on a 12% PAGE gel, dried, and exposed to x-ray film as
above. Phosphopeptide mapping was performed by standard meth-
ods (van der Geer et al., 1993). The p34 RPA phosphorylated bands
were cut out of the dried gel, removed from the drying paper, and
minced. The minced gel slices were incubated for 24 h at 37°C with
10 ug of trypsin (Sigma) in 80 wl of 50 mM NH,HCO;, pH 8.0.
Another 10 ug of trypsin was added, and the peptides were incu-
bated for 3 h at 37°C. The gel fragments were pelleted and washed
three times with water and once with methanol. The washes and
original supernatant containing the phosphorylated peptides were
lyophilized, resuspended in 15 ul of 25 mM Tris-HCI, pH 8.5, and 1
mM EDTA containing 0.02 ug/ml endoproteinase lys-C (sequenc-
ing grade) (Boehringer Mannheim, Indianapolis, IN), and incubated
for 24 h at 37°C. Another 0.015 ug of endoproteinase lys-C was
added to the peptides and incubated another 3 h at 37°C. The
peptides were again lyophilized, resuspended in 3 ul of water, and
loaded onto TLC (0.1-mm-thick) plates (VWR). The peptides were
separated in the first dimension by electrophoresis for 1.5 h at 1000
V toward the cathode in pH 3.5 buffer The peptides were separated
in the second dimension by ascending chromatography in 62.55%
isobutyric acid, 4.8% pyridine, 2.9% acetic acid, 1.9% butanol,
27.85% water. The plates were dried, and the peptides were visu-
alized by the use of a Fujix BAS 1000 PhosphorIlmager (Fuji Medical
Systems, Stamford, CT).

RESULTS

Characterization of Antibodies Raised against ATM

We raised three sets of rabbit polyclonal antibodies
against nonoverlapping domains of ATM that were
expressed as bacterial fusion proteins. All antibodies
were affinity purified on columns that were coupled
with the corresponding ATM fusion protein. Abl was
raised against the RAD3 domain (aa 2138-2739), Ab2
was raised against the kinase domain (aa 2740-3056),
and Ab3 was raised against a domain of unknown
function near the N terminus (aa 247-521). In Western
blots of HeLa whole-cell lysates that were separated
on 4-12% gradient gels, all three antibodies recog-
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Figure 1. Characterization of antibodies raised against ATM. (A)
Three antibodies raised against ATM recognize a 350-kDa band in
Western blots of HeLa whole-cell lysates (20 ug) that were sepa-
rated on 4-12% gradient SDS-PAGE gels. (B) Each of the three ATM
antibodies immunoprecipitated a 350-kDa band that is recognized
by the other two antibodies on Western blots.

nized a protein of ~350 kDa, the calculated size of
ATM (Figure 1A). Additional bands identified by Ab2
are likely to be other proteins that contain a PI3-like
kinase domain, such as the 450-kDa DNA-PK (Figure
1A, top arrow). The 350-kDa band was only detected
by ATM antibodies because no signal was detected
with preimmune IgG (our unpublished results). A
350-kDa protein was also detected in NHF, but this
band was not detected in several fibroblast lines that
were derived from AT-deficient individuals (see Fig-
ure 2B). To confirm further the specificity of the anti-
bodies, we found each antibody to immunoprecipitate
a ~350-kDa band from HeLa extracts that was recog-
nized by the other two antibodies on Western blots
(Figure 1B). We also found that the immunoprecipi-
tated 350-kDa protein was not DNA-PK or ATR be-
cause these two proteins were not detectable when the
ATM immunoprecipitates were probed with DNA-PK
and ATR antibodies (our unpublished results). The
combined data demonstrate that the ~350-kDa pro-
tein recognized by the three antibodies is ATM.
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Figure 2. Comparison of ATM protein levels in different cell lines.
(A) Whole-cell lysates of 10° NHF and HeLa and U20S cells and of
10”7 K562, Jurkat, and HL-60 cells probed with Ab3. (B) Whole-cell
lysates (20 ug) of normal human lymphocytes (NHL) and of
AT3ABR, AT5ABR, AT5BI, AT2SF, AT3Be, and HeLa cells sepa-
rated and probed with Ab3. Top arrow, full-length ATM; bottom
arrow, truncated ATM in AT3Be.

ATM Protein Varies among Different Cell Lines

We compared the ATM protein levels in various nor-
mal and transformed cell lines and in cell lines derived
from AT patients. ATM was most abundant in the
NHF and in transformed HelLa and U20S cell lines.
ATM protein levels in the K562 and Jurkat cell lines
were 10-15% of that observed for an equivalent num-
ber of adherent cells that were examined (Figure 2A).
Unexpectedly, ATM was not detectable in the highly
radiosensitive HL-60 cells (Chapman, Fox Chase Can-
cer Center, personal communication). The molecular
basis for the ATM deficiency in HL-60 cells is unclear.
Of the five AT-defective cell lines examined in this
study, the mutations for three of the lines are known.
AT3ABR and AT5ABR have mutations that cause pre-
mature termination at amino acids 2755 and 2137,
respectively (Shafman et al., 1997). AT5BI is a com-
pound heterozygote in which each allele has a two-
amino acid deletion (amino acids 1079-1080 and
2426-2427) (Savitsky et al., 1995a; Gilad et al., 1996).
The mutations in AT3Be and AT2SF are unknown.
AT3ABR, ATS5ABR, and AT2SF cells did not express
detectable amounts of ATM, whereas low levels of
ATM were detected in the AT5BI mutant (Figure 2B,
top arrow). Interestingly, the AT3Be mutant expressed
a truncated peptide of ~300 kDa (Figure 2B, bottom
arrow) that was detected by Abl that was generated
against amino acids 2138-2739 that span the RAD3-
homology domain of ATM.

Subcellular Localization of ATM

Because AT cell lines are defective in their response to
DNA damage, we wanted to determine the subcellular
localization of ATM to obtain clues as to its function.
We initially undertook a biochemical approach by
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Figure 3. Subcellular localization of ATM. (A) Irradiated and un-
irradiated normal human fibroblasts fractionated as described in
MATERIALS AND METHODS. Protein from unfractionated cells
and from the nucleus, cytoplasm, and membrane fractions of an
equal number of cells was probed with Ab3. Purity of the nuclear
fraction was assessed by probing the same filter for the 367-kDa
nuclear matrix protein CENP-F. (B) Subnuclear localization of ATM.
NHF were sequentially extracted with 1% digitonin, 100 ug/ml
DNase I, 2 M NaCl, and RIPA buffer (soluble matrix). ATM was
immunoprecipitated with Ab1l from each of the soluble fractions
that were adjusted to identical composition to minimize differences
in immunoprecipitation efficiency. The insoluble pellet was directly
dissolved in SDS sample buffer and loaded as the insoluble matrix.
ATM was also immunoprecipitated from an equal number of NHF
to serve as a control for the efficiency of ATM recovery (Total). The
filter was probed with Ab3. (C) Immunofluorescence staining with
ADb3 (right) of NHF (top) and AT2SF cell lines (bottom). Nuclei were
visualized by DAPI staining (left).
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fractionating cells to examine the distribution of ATM
in various subcellular compartments. When NHF
were fractionated, ATM was found to be highly en-
riched in nuclei (Figure 3A, top). The purity of the
subcellular fractions was determined by probing the
Western blots with an antibody raised against the
367-kDa nuclear matrix protein CENP-F (Figure 3A,
bottom) (Liao et al., 1995). Because CENP-F is predom-
inantly a nuclear protein, these results indicate that
there is slight but detectable contamination of the
cytoplasmic and membrane fractions from the nuclear
fraction (see below). IR had no significant effect on the
distribution pattern of either protein.

To probe further the biochemical interactions of
ATM in the nucleus, nuclei were separated into chro-
matin and nuclear matrix fractions (Staufenbiel and
Deppert, 1984; Liao et al., 1995) and then probed for
ATM (Figure 3B, top). Cytoplasmic proteins were re-
leased by extracting the cells with digitonin, which
binds to cholesterol and disrupts the plasma mem-
brane but leaves the nuclear membrane intact. This
procedure was used to minimize the possibility that
some ATM might leak out of the nucleus and contam-
inate the cytoplasmic fractions. ATM was not detected
in the cytoplasmic fraction obtained by digitonin lysis
(Figure 3B). Thus the cytoplasmic signal observed
when cells were disrupted by dounce homogenization
(Figure 3A) is likely caused by leakage of ATM from
the nucleus. When nuclei were digested with DNase I,
no detectable amount of ATM was released. A large
fraction of ATM was solubilized when the nuclease-
treated nuclei were extracted with 2 M NaCl. How-
ever, a substantial fraction of the total nuclear pool of
ATM remained in the insoluble fraction that consists
of the nuclear matrix (Figure 3B). Similar results were
obtained with Hela cells (our unpublished results).
This extraction profile indicates that ATM is associ-
ated with the chromatin and the nuclear matrix. Be-
cause ATM is involved in the cellular response to
DNA damage, we investigated whether the chroma-
tin-associated fraction of ATM was altered after IR-
induced damage. No quantitative changes in the sub-
nuclear distribution of ATM were observed for normal
human fibroblasts (Figure 3B, bottom) or HeLa cells
(our unpublished results) 1 h after being exposed to 10
Gy of IR.

The subcellular localization of ATM was also exam-
ined by indirect immunofluorescence staining. Stain-
ing with antibodies raised against ATM confirmed the
fractionation data because ATM was localized exclu-
sively in the nucleus of NHFs (Figure 3C, top) and
other human cell lines such as HeLa and U20S (our
unpublished results). This pattern was absent in the
AT cell line AT2SF (Figure 3C, bottom), confirming the
specificity of the antibodies. As above, the nuclear
localization of ATM in NHF was not noticeably
changed 1 h after exposure to 10 Gy of IR (our unpub-
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Figure 4. Comparison of the steady-state levels of ATM protein
across the cell cycle. (A) Abl immunoblot of HeLa whole-cell lysates
synchronized by double thymidine block and harvested at 1-24 h
after release. (B) Ab1l immunoblot of K562 whole-cell lysates after
separation by centrifugal elutriation. (C) Abl immunoblot of NHF
serum starved for 24 h in 0.5% FBS and harvested at 1-24 h after
stimulation with 20% FBS.

lished results). Because there is a weakly cross-react-
ing band at 120 kDa that was identified by Ab1 (Figure
1), these results were confirmed with Ab3 that had
been preabsorbed with proteins from HeLa whole-cell
lysates of <200 kDa.

ATM Protein Expression during the Cell Cycle and
after Exposure to y-Radiation

We next examined the expression pattern of ATM
during the cell cycle in four different cell lines by the
use of different synchronization methods. HeLa cells
were synchronized at the G,-S boundary by a double
thymidine block. At regular intervals after release
from the G,-S block, equal cell numbers were ana-
lyzed for ATM content by Western blot. ATM levels
did not fluctuate significantly during the cell cycle in
HelLa cells (Figure 4A). To ensure that our finding was
not an artifact produced by the method of synchroni-
zation or because of some unknown anomaly of HeLa
cells, we repeated the experiment with Jurkat and
K562 cells. These cells were enriched for discrete pop-
ulations in different parts of the cell cycle by centrif-
ugal elutriation. Consistent with the expression pat-
tern in HeLa cells, ATM protein levels did not vary
significantly during the cell cycle in elutriated K562
(Figure 4B) or Jurkat cells (our unpublished results).
The modest increase in ATM levels in cells at late
stages of the cell cycle is consistent with the increase in
cell size. If the signal was corrected for equal protein,
the level of ATM remains constant throughout the cell
cycle. Because all of these cell lines are transformed,
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Figure 5. The effect of IR on expression of ATM protein. (A) Abl
immunoblot of HeLa cells treated with 2 Gy of IR and harvested
1-24 h after treatment. (B) Abl immunoblot of HeLa cells treated
with 10 Gy of IR and harvested 1-24 h after treatment. (C) Abl
immunoblot of NHF treated with 10 Gy of IR and harvested 1-24 h
after treatment.

we investigated whether ATM protein levels might
change after stimulation of serum-starved primary hu-
man fibroblasts. ATM protein levels were found to be
insensitive to serum withdrawal or stimulation (Fig-
ure 4C). Using four different cell lines and three
methods of synchronization, we determined that
ATM is expressed throughout the cell cycle and its
levels do not vary significantly at any point in the
cell cycle.

We examined the effects of y-irradiation on the
expression of ATM. HeLa cells were exposed to 2 Gy
(ICs0) or 10 Gy (ICy9) of IR, and the steady-state
levels of ATM were probed at various times after
irradiation. Exposure to 2 or 10 Gy did not signifi-
cantly alter the levels of ATM measured 1-24 h after
irradiation (Figure 5, A and B). These experiments
were repeated with both NHF (Figure 5C) and K562
cells (our unpublished results). ATM protein levels
were unchanged 1-24 h after 2 or 10 Gy of IR in both
of these cell lines.

ATM-associated Protein Kinase Activity

AT cells exhibit a decreased and delayed ability to
phosphorylate the p34 subunit of the RPA complex
(RPA p34) in response to IR (Liu and Weaver, 1993).
To investigate whether p34 RPA might be an in vitro
substrate for ATM, we immunoprecipitated ATM
from HeLa cells that were exposed to 10 Gy of IR and
tested the immunocomplex for its ability to phosphor-
ylate p34 RPA. Because phosphorylation of p34 RPA is
known to be stimulated when it is bound to ssDNA
(Wold, 1997), circular M13 ssDNA was included in the
kinase reaction. If ATM is important for recognizing
dsDNA breaks that are induced by radiation, its pro-
tein kinase activity may only be stimulated under
conditions that mimic the radiation-induced DNA
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Figure 6. Phosphorylation of p34 RPA by ATM-associated protein kinase. All kinase reactions were performed with immunoprecipitates
from equal amounts of cellular protein. (A) ATM immunoprecipitated from HeLa cells with nonimmune rabbit IgG (Nonimmune IgG, lane
1), peptide-blocked Ab3 (Blocked, lane 2), or Ab3 (ATM Ab3, lane 3) and incubated with [y-*P]JATP, ssDNA, dsDNA, and purified RPA. (B)
ATM protein kinase activity immunoprecipitated from HeLa (lanes 1 and 2), MO59K (lane 3), AT2SF (lane 4), and MO59] (lane 5) cells. (C)
Lysate (50 pg) from HeLa (lane 1), AT2SF (lane 2), MO59] (lane 3), and MO59K (lane 4) cells probed with antibodies to DNA-PK (top) or ATM
Ab3 (bottom). (D) ATM-associated protein kinase activity in AT2SF cells (AT) (lanes 1 and 2) or in HeLa cells (H) (lanes 3-9) with purified
RPA used as a substrate (lanes 1-7). (E) Kinase reactions performed on immunoprecipitates from MO59]J cells with blocked Ab3 (lane 1) and
Ab3 (lanes 2 and 3) in the presence (lanes 1 and 2) or absence (lane 3) of dsDNA.

damage response. We therefore supplemented the ki-
nase reaction mix with Hindlll-digested A DNA that
consisted of a mixture of different-sized linear
dsDNAs (500 bp to >20 kb). In the presence of ssDNA
and linear dsDNA, the ATM immunoprecipitate spe-
cifically phosphorylated the p34 subunit of RPA,
whereas the p14 and p70 subunits were not phosphor-
ylated (Figure 6A, lane 3). The RPA protein kinase
activity was specific for the ATM immunocomplex
because RPA remained unphosphorylated when the
kinase reaction was performed with immunoprecipi-
tates obtained with nonimmune rabbit IgG or peptide-
blocked Ab3 (Figure 6A, lanes 1 and 2). This protein
kinase activity was observed when ATM was immu-
noprecipitated with both Abl and Ab3 (Figure 6B,
lanes 1 and 2). Moreover, ATM is required for the
protein kinase activity because immunoprecipitates
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from AT2SF cells that lacked detectable levels of ATM
also failed to phosphorylate RPA (Figure 6B, lane 4).
Because p34 RPA is known to be phosphorylated by
DNA-PK/Ku and cdc2 (Niu et al., 1997), ATM immu-
noprecipitates from HeLa cells were probed with an-
tibodies to these protein kinases. We were unable to
detect coimmunoprecipitating DNA-PK/Ku, cdc2, or
cdk2 (our unpublished results). To eliminate the pos-
sibility that the observed DNA-dependent protein ki-
nase activity is caused by contaminating DNA-PK
activity, we performed these kinase assays in human
MO59] glioblastoma cells that have been shown to
contain no DNA-PK (Allalunis-Turner et al., 1995). As
shown in Figure 6C, HeLa, MO59K, and AT2SF all
contain approximately equal levels of DNA-PK,
whereas MO59] cells contain no detectable DNA-PK.
Interestingly, as reported previously, the MO59]J cells
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Figure 7. ATM-associated protein kinase phosphorylation of p34
RPA on serine and threonine residues. Two-dimensional phos-
phoamino acid analysis of phosphorylated p34 RPA is shown.

also contain decreased levels of ATM (Chan et al.,
1998). Although HeLa and MO59K cells immunopre-
cipitated high levels of protein kinase activity (Figure
6B, lanes 1-3), consistent with the lower steady-state
level of ATM in the MO59]J cells, the ATM-associated
protein kinase activity was significantly lower relative
to that in cell lines that contain higher steady-state
levels of ATM (Figure 6B, lane 5).

Although the initial kinase assays were performed
with extracts prepared from irradiated cells, we found
that ATM immunoprecipitates obtained from unirra-
diated cells phosphorylated p34 RPA as efficiently as
those seen for irradiated samples as long as linear
dsDNA was included in the kinase reaction (Figure
6D, compare lanes 3 and 4). Consistent with the find-
ing that p34 RPA phosphorylation is stimulated by
ssDNA, no phosphorylation of p34 RPA by the ATM
immunocomplex was detected when ssDNA was
omitted from the reaction mix (Figure 6D, lane 5).
Interestingly, only background levels of p34 RPA
phosphorylation were observed when linear dsDNA
was omitted from the reaction (Figure 6D, lane 7).
Consistent with the results obtained from Hela cells,
the protein kinase activity immunoprecipitated from
MO59J cells was also stimulated by dsDNA (Figure
6E, compare lanes 2 and 3).

Phosphoamino acid analysis of the phosphorylated
p34 RPA revealed that the ATM-associated protein
kinase phosphorylated serine and threonine residues,
but no detectable phosphotyrosine was observed (Fig-
ure 7). The combined data show that p34 RPA phos-
phorylation was mediated by a DNA-dependent
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serine and threonine protein kinase that is present
specifically in the ATM immunocomplex.

Phosphopeptide Mapping of p34 RPA
Phosphorylated by the ATM-associated Protein
Kinase Activity

To determine whether the phosphorylation of p34
RPA by the ATM-associated protein kinase occurs at
physiologically relevant sites, we compared the phos-
phopeptide maps of p34 RPA phosphorylated in vitro
by the ATM-associated protein kinase and in vivo
after exposure to IR. The majority of the phosphopep-
tides observed in the in vivo sample were also ob-
served when p34 RPA was phosphorylated by the
ATMe-associated protein kinase activity (Figure 8B,
numbered areas). The additional spots present in the
in vivo phosphopeptide map (Figure 8A, arrows) may
be caused by other protein kinases that also phosphor-
ylate p34 RPA or by minor contaminating phospho-
proteins that coimmunoprecipitated and comigrated
with p34 RPA.

DISCUSSION

We raised and affinity purified three sets of rabbit
polyclonal antibodies against ATM that specifically
recognize ATM by Western blotting, immunoprecipi-
tation, and immunofluorescence. These antibodies
specifically identified an ~350-kDa protein, the pre-
dicted size of ATM, on Western blots. Each antibody
immunoprecipitated a 350-kDa protein that is recog-
nized by the other two antibodies on Western blots.
Because this protein contains epitopes that are recog-
nized by three antibodies that were raised against
nonoverlapping regions of ATM, this protein must be
ATM or a closely related protein. Because these anti-
bodies failed to detect a 350-kDa protein in the major-
ity of AT cell lines examined, the protein identified in
the non-AT cell lines must be ATM. These findings are
consistent with those of other groups that have raised
antibodies against ATM (Chen and Lee, 1996; Lakin et
al., 1996; Brown et al., 1997). Finally, the protein that
was immunoprecipitated by these ATM antibodies
was not recognized by antibodies directed against
DNA-PK or to ATR, a ATM-related protein kinase
(Cimprich et al., 1996; Keegan et al., 1996).

ATM protein levels were found to vary considerably
among different cell lines, ranging from undetectable
in many AT cell lines and HL-60 cells to high levels in
HeLa, U20S, and normal human fibroblasts. Although
cells with no detectable ATM (AT cell lines and HL-60)
are extremely sensitive to IR, the steady-state protein
levels of ATM (measured per cell or per milligram of
total protein) did not correlate with radioresistance as
measured by the surviving fraction at 2 Gy (Chan et
al., 1998). Similar findings have been reported for
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Phosphopeptide maps of p34 RPA phosphorylated in vitro by ATM-associated protein kinase and in vivo in response to IR. In

vivo-phosphorylated p34 RPA (A) and in vitro-phosphorylated p34 RPA (B) were digested with trypsin and endoproteinase lys-C and
separated by electrophoresis in pH 3.5 buffer in the first dimension and ascending chromatography in the second dimension. Numbered areas
correspond to phosphopeptides that are common in the two maps; arrows in A identify peptides that are specific to the in vivo sample.

DNA-PK (Allalunis-Turner et al., 1995), suggesting
that the amount of these proteins may not be rate
limiting in the cellular DNA damage response and
that other factors may contribute toward the overall
radiosensitivity of a cell.

ATM steady-state protein levels did not vary signif-
icantly during the cell cycle as measured in four dif-
ferent cell lines synchronized by three different proce-
dures. These quantitative data extend the findings of
Brown ef al. (1997) who used immunofluorescence
staining to demonstrate that ATM is present through-
out the cell cycle. Consistent with data reported pre-
viously by others (Lakin et al., 1996; Brown et al., 1997),
ATM protein levels were unchanged from 1 to 24 h
after exposure to IR. This lack of observable changes in
ATM in response to DNA damage is in marked con-
trast to the changes in p53 and other proteins that are
induced upon DNA damage. The constitutive expres-
sion of ATM during the cell cycle is consistent with its
role as a sensor of DNA damage.

Others have demonstrated that ATM is a nuclear
protein (Chen and Lee, 1996; Lakin et al., 1996, Brown
et al., 1997) and that ATM colocalizes with chromatin-
associated proteins on meiotic chromosomes (Keegan
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et al., 1996; Plug et al., 1997). However, our data pro-
vide the first biochemical evidence that ATM is asso-
ciated with chromatin in somatic cells. Subcellular
fractionation of NHF and HeLa cells showed that
ATM is a nuclear protein that was partially solubilized
after nuclei were digested with DNase I and extracted
with high salt. This property suggests that ATM is
associated with chromatin where it may monitor DNA
damage and activate the DNA damage response path-
way.

Ir}: three of the five AT cell lines examined, ATM was
not detected even though the antibodies recognized
epitopes that lie upstream of the mutations that pre-
maturely truncated the protein. Although the low
sample number prevents any firm conclusion, it is
interesting to speculate that elements near the car-
boxyl terminus of ATM are important for its stability.
If these elements are deleted, the protein becomes
unstable and is degraded. This may explain the high
incidence of null mutations observed in samples from
AT patients, as even short carboxyl-terminal trunca-
tions would be predicted to destabilize ATM and thus
produce a null phenotype (Gilad et al., 1996).

Molecular Biology of the Cell



Two of the five AT cell lines examined expressed
detectable amounts of ATM protein. The molecular
nature of the AT3Be mutant has not been identified.
However, our antibodies identified an ~300-kDa pro-
tein that we believe is the mutant AT3Be protein. On
the basis of our hypothesis that mutations near the
carboxyl terminus destabilize ATM, we predict that
AT3Be has an in-frame deletion that does not disrupt
the putative stabilization domain. Because AT3Be was
recognized by antibodies raised against amino acids
2138-2739 within the RAD3-like domain, the deletion
is predicted to lie upstream of this domain.

The compound heterozygote AT5BI has a different
two-amino acid deletion in each of its ATM alleles
(amino acids 1079-1080 and 2426-2427) (Savitsky et
al., 1995a; Gilad et al., 1996). Even though AT5BI cells
accumulated detectable levels of ATM protein, they
nevertheless exhibit an AT phenotype that consists of
radiation sensitivity and the failure to activate cell
cycle checkpoints. Lakin et al. (1996) have also found
AT patients in which small deletions lead to detectable
protein levels. Thus, these mutant alleles must define
a critical functional domain within a region of ATM
that shares no significant similarities with other
known proteins.

We demonstrate that ATM immunocomplexes from
HeLa cells phosphorylated p34 RPA. Because neither
the p14 nor the p70 subunits of RPA were phosphor-
ylated in these assays, the ATM-associated protein
kinase activity exhibits substrate specificity. The ATM-
associated protein kinase activity could not be attrib-
uted to some contaminating protein kinase that non-
specifically coprecipitated with ATM because no
protein kinase activity was observed in ATM immu-
noprecipitates derived from AT cells or in immuno-
precipitates obtained from HeLa lysates with nonim-
mune IgG or when the ATM antibodies were blocked
with excess peptide. Although DNA-PK and cdc2 ki-
nase have been shown to phosphorylate p34 RPA in
vitro (Fried et al., 1996), we are confident that this
activity is not caused by contaminating DNA-PK or
cdc2 because neither DNA-PK, the Ku proteins, cdc2,
nor cdk2 coimmunoprecipitated with ATM. More-
over, in MOb59J cells that lack the catalytic subunit of
DNA-PK, ATM-associated protein kinase was still de-
tected, even though this cell line expressed lower lev-
els of ATM per cell than did HeLa or MO59K cells. The
combined data suggest that either ATM or a tightly
associated protein kinase is responsible for the phos-
phorylation of p34 RPA in vitro.

AT cells are defective in their ability to phosphory-
late the p34 subunit of RPA in response to IR (Liu and
Weaver, 1993). Moreover, this defect is also observed
in yeast with mutations in MEC1, a yeast homologue
of ATM (Brush et al., 1996). We demonstrate that the
ATM-associated protein kinase phosphorylates p34
RPA on peptides that are phosphorylated in vivo in
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response to IR. This indicates that the ATM-associated
protein kinase may be responsible for the phosphory-
lation of p34 RPA in response to IR. Interestingly,
phosphorylation of RPA in vitro by the ATM-associ-
ated protein kinase activity induces a shift of mobility
on SDS-PAGE gels similar to that observed after IR-
treatment in vivo (our unpublished results). Although
the use of different proteases precludes direct compar-
ison of the phosphopeptide data, the number of resi-
dues in p34 RPA that were phosphorylated in re-
sponse to UV irradiation is similar to our in vitro and
in vivo findings (Zernik-Kobak et al., 1997). Ongoing
work will determine whether the peptides phosphor-
ylated by the ATM-associated protein kinase are the
same as those phosphorylated in response to UV irra-
diation.

Our data support the hypothesis that p34 RPA is an
in vivo substrate for the ATM-associated protein ki-
nase and are consistent with the recent findings of
Plug et al. (1997) who demonstrated that ATM and
RPA colocalize on synapsed meiotic chromosomes.
However, our data seem to be inconsistent with the
finding that overexpression of the ATM kinase do-
main in AT cells corrected the radiosensitivity of these
cells and yet failed to hyperphosphorylate the p34
subunit of RPA (Morgan and Kastan, 1997). The dis-
crepancy can be accounted for in several ways; as
suggested by the authors, the overexpressed kinase
domain may not correct all of the phenotypes associ-
ated with defective ATM (Morgan and Kastan, 1997;
Morgan et al., 1997). Furthermore, they suggested that
the phosphorylation of p34 RPA can be dissociated
from radiation sensitivity. Perhaps the overexpression
of an unregulated kinase can restore radioresistance
through alternative pathways that do not lead to the
hyperphosphorylation of p34 RPA. This possibility is
supported by the recent finding that overexpression of
the ATR kinase domain can also correct radiosensitiv-
ity in AT cells (Cliby et al., 1998). However, the effects
of overexpression of the ATR kinase domain on the
phosphorylation of p34 RPA were not investigated in
this report.

In contrast to the ATM kinase overexpression stud-
ies, when the leucine zipper region of ATM was over-
expressed in RKO cells, it increased radiosensitivity in
RKO cells even though p34 RPA was phosphorylated
in response to IR (Morgan and Kastan, 1997). Al-
though these experiments were designed so that the
transfected leucine zipper region would interfere with
endogenous ATM function, whether the effects ob-
tained with this mutant were mediated via ATM is
unknown. Even if this was the case, it is possible that
ATM functions that are important for radioresis-
tance were disrupted, and yet the ability to phos-
phorylate p34 RPA was not effected. A second pos-
sibility is that although the predicted mobility shift
of p34 was observed in the RKO cells containing the
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leucine zipper construct, the phosphorylated sites
may be different from those normally seen when
ATM function is intact.

The ATM-associated protein kinase appears to be in
a protein complex. In HeLa cells labeled with
[*?PJorthophosphate or [**S]methionine, we have ob-
served six coimmunoprecipitating bands that are not
observed in AT2SF cells (our unpublished data).
Moreover, gel filtration data show that ATM exists in
a protein complex of over two million daltons (our
unpublished data). Similar unpublished findings have
been reported by Chen and Lee (1996). Therefore, we
cannot eliminate the possibility that a protein that
coimmunoprecipitates with ATM, and not ATM itself,
is the protein kinase responsible for the phosphoryla-
tion of p34 RPA. Even if ATM was the protein kinase
that directly phosphorylates p34 RPA, we do not
know whether the protein kinase activity depends on
other associated subunits. Along this line, the ATM-
associated protein kinase activity is eliminated when
the immunoprecipitates were washed in either RIPA
buffer or in kinase buffer supplemented with 1 M urea
(our unpublished results).

The ATM-associated protein kinase was found to
phosphorylate p34 RPA only when both ssDNA and
linear dsDNA were present. Although we suspect that
the requirement for ssDNA is specific to the p34 RPA
substrate (Wold, 1997), we speculate that the require-
ment for linear dsSDNA may mimic the radiation-in-
duced DNA damage response by ATM. This possibil-
ity is supported by the finding that the addition of
dsDNA to ATM immunocomplexes obtained from
nonirradiated HelLa cells was sufficient to induce
phosphorylation of p34 RPA to the same extent as that
seen with parallel irradiated samples. Whether ATM
directly binds to DNA or DNA binding is mediated
via an associated subunit in a manner analogous to
that for Ku and DNA-PK remains to be clarified. It is
interesting that the ATM kinase domain alone does
not exhibit a requirement for DNA when it was used
to phosphorylate c-Abl in vitro (Baskaran ef al., 1997).
These data suggest that regions outside of the ATM
kinase domain are responsible for the DNA depen-
dence of ATM-associated protein kinase activity. Al-
though Keegan et al. (1996) have observed that ATM is
autophosphorylated in the absence of ssDNA and
dsDNA, further work will be needed to determine
whether autokinase activity is affected by the addition
of exogenous DNA.

The finding that ATM immunoprecipitates ob-
tained from irradiated cells exhibited no protein
kinase activity until exogenous dsDNA was added
to the reaction suggests that irradiation per se does
not induce some stable modification that activates
and maintains the ATM protein kinase activity dur-
ing preparation of the cell extract and immunopre-
cipitation. These data suggest that the ATM protein
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kinase activity might have been inactivated when it
was no longer exposed to damaged DNA that was
present in the irradiated cell. If ATM protein kinase
activity is critical for checkpoint-mediated cell cycle
arrest, a mechanism must exist to turn off the pro-
tein kinase once the damage DNA is repaired so that
the cells can resume their cell cycle. Direct coupling
of the ATM protein kinase activity to damaged
DNA would provide a sensitive method to inacti-
vate the protein kinase and release arrested cells
after their DNA is repaired.
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