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Phosphorylation at Ser-15 may be a critical event in the
up-regulation and functional activation of p53 during
cellular stress. In this report we provide evidence that
the ATM–Rad3-related protein ATR regulates phos-
phorylation of Ser-15 in DNA-damaged cells. Overex-
pression of catalytically inactive ATR (ATRki) in human
fibroblasts inhibited Ser-15 phosphorylation in response
to g-irradiation and UV light. In g-irradiated cells, ATRki

expression selectively interfered with late-phase Ser-15
phosphorylation, whereas ATRki blocked UV-induced
Ser-15 phosphorylation in a time-independent manner.
ATR phosphorylated p53 at Ser-15 and Ser-37 in vitro,
suggesting that p53 is a target for phosphorylation by
ATR in DNA-damaged cells.
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In eukaryotic cells, members of the phosphoinositide-3
kinase-related kinase (PIK) superfamily function in con-
served signal transduction pathways that regulate di-
verse processes, including cell-cycle progression and
DNA repair. The PIK family can be divided into three
structurally and functionally distinct subfamilies: the
TOR subfamily, the ataxia telangiectasia mutated
(ATM) subfamily, and DNA-PK. Whereas the yeast and
mammalian TOR proteins transduce signals required for
G1-to-S-phase progression (Lawrence and Abraham
1997), the ATM/ATR and DNA-PK subfamilies are in-
volved in DNA damage responses. ATM and ATR par-
ticipate in the activation of cell-cycle checkpoints in-
duced by DNA damage (Keith and Schreiber 1995; Za-
kian 1995), whereas DNA-PK acts primarily during DNA
repair (Anderson and Carter 1996; Jackson 1996). Cells
from AT patients, who bear loss-of-function mutations
in ATM (Savitsky et al. 1995), display defective DNA
damage checkpoints, hypersensitivity to ionizing radia-

tion and radiomimetic drugs, and elevated frequencies of
chromosomal abnormalities (Meyn 1995; Beamish et al.
1996; Lavin and Shiloh 1997). The ATM–Rad3-related
protein ATR is structurally related to ATM as well as the
yeast PIK family members Mec1p and Rad3 (Bentley et
al. 1996; Cimprich et al. 1996). Mec1p and Rad3 partici-
pate in checkpoint pathways induced by DNA replica-
tion blocks, DNA strand breaks, and other chromosomal
abnormalities, which implies that ATR performs similar
functions in mammalian cells (Elledge 1996; Carr 1998).
A recent report demonstrated that overexpression of a
catalytically inactive version of ATR (ATRki) in human
fibroblasts caused hypersensitivity to g-radiation and hy-
droxyurea and abrogation of the radiation-induced G2

checkpoint (Cliby et al. 1998). The checkpoint defects
observed in ATRki-overexpressing cells resemble those
found in AT cells, suggesting that ATR and ATM carry
out partially overlapping functions in response to geno-
toxic stress.

Accumulating evidence suggests that ATM functions
upstream of the p53 tumor suppressor protein (Giaccia
and Kastan 1998; Prives 1998). Functional ATM is re-
quired for optimal p53 induction and activation follow-
ing cellular exposure to agents that induce DNA double-
strand breaks (DSBs) (Canman et al. 1994). Although
ATM may regulate p53 activity by multiple mechanisms
(Waterman et al. 1998), recent findings suggest a direct
role for ATM in the DNA damage-induced phosphoryla-
tion of p53 on Ser-15 (Banin et al. 1998; Canman et al.
1998). Ser-15 is a functionally important residue within
the p53 amino-terminal region (Fiscella et al. 1993), and
phosphorylation of Ser-15 represents an early cellular re-
sponse to a variety of genotoxic stresses (Shieh et al.
1997; Siliciano et al. 1997). p53 that has been phosphory-
lated at Ser-15 in vitro displays reduced binding to the
inhibitor protein MDM2 (Shieh et al. 1997). Because as-
sociation with MDM2 targets p53 for proteosome-medi-
ated degradation and inhibits its transactivating function
(Haupt et al. 1997; Kubbutat et al. 1997), Ser-15 phos-
phorylation promotes both the accumulation and func-
tional activation of p53 in response to DNA damage .
However, several lines of evidence suggest that ATM is
not the only protein kinase that mediates Ser-15 phos-
phorylation in DNA-damaged cells. First, p53 induction
(Canman et al. 1994) and Ser-15 phosphorylation (Sili-
ciano et al. 1997) are observed in AT cell lines after UV
irradiation. Second, g-radiation triggers both Ser-15
phosphorylation and p53 accumulation in AT cells, al-
though the kinetics of these responses are delayed when
compared to normal cells (Lu and Lane 1993; Canman et
al. 1994). DNA-PK also phosphorylates p53 at Ser-15 and
Ser-37 in vitro (Lees-Miller et al. 1992); however p53 in-
duction is unperturbed in DNA-PK-deficient cell lines
following exposure to g-radiation (Fried et al. 1996; Jong-
mans et al. 1996). These results suggest that both the
modification of Ser-15 and the accumulation of p53 are
controlled by multiple protein kinases, which may, in
turn, be responsive to different types of DNA damage.
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In this report we provide evidence that ATR functions
as an upstream regulator of p53 phosphorylation in
DNA-damaged cells. In g-irradiated human fibroblasts,
overexpression of a catalytically inactive version of ATR
(ATRki) selectively interferes with the late phase of Ser-
15 phosphorylation induced by g-radiation. In contrast,
the increase in Ser-15 phosphorylation provoked by UV
light exposure is suppressed by ATRki overexpression in
a time-independent fashion. ATR phosphorylates p53 at
both Ser-15 and Ser-37 in vitro, suggesting that ATR is
directly involved in the modification of p53 in DNA-
damaged cells. When considered in light of recent reports
concerning ATM (Banin et al. 1998; Canman et al. 1998),
these results suggest that ATR and ATM play both over-
lapping and independent roles in the phosphorylation of
p53 during cellular exposure to genotoxic stress.

Results

The present studies addressed the possibility that ATR
functions as an upstream regulator of p53 phosphoryla-
tion in cells exposed to DNA-damaging agents. The
model system used for these studies was an SV40-trans-
formed, GM847 human fibroblast cell line engineered to
overexpress a Flag epitope-tagged ATRki mutant when
cultured in the presence of doxycycline (Dox) (Cliby et
al. 1998). Although the presence of SV40 large T in these
cells precludes studies of p53 function, we have found
that cellular exposure to a variety of DNA-damaging
agents (g-rays, UV light, and camptothecin) induces the
phosphorylation of p53 at Ser-15 with time courses simi-
lar to those found in cells expressing functional p53 (data
not shown). Moreover, although the determination of
changes in p53 phosphorylation in normal fibroblasts is
complicated by concomitant fluctuations in p53 protein
levels, the expression of p53 remains relatively constant
after exposure of SV40 large T-expressing fibroblasts to
DNA-damaging agents. The stabilization of p53 levels by
SV40 large T therefore facilitates the interpretation of
immunoblotting results obtained with phosphospecific
antibodies directed against p53.

In the absence of Dox, exposure of GM847 cells to 20
Gy of g-radiation led to a 50-fold increase in the a-pSer-
15 immunoreactivity of p53 after 4 hr (Fig. 1A). The ra-
diation-induced increase in Ser-15 phosphorylation was
substantially inhibited when the cells were pretreated
with Dox to induce ATRki expression. At the time of
irradiation, the Dox-treated cells overexpressed the
ATRki protein by 8- to 10-fold relative to the endogenous
ATR (Fig. 1A, top). Immunoblotting with a-p53 revealed
that the 75% reduction in pSer-15 levels in ATRki-ex-
pressing cells was not explained by an overall decrease in
p53 protein levels in the irradiated cells (Fig. 1A, bot-
tom).

To investigate the effect of ATRki on p53 phosphory-
lation in greater detail, we examined the phosphoryla-
tion of Ser-15 at various times after exposure of unin-
duced versus Dox-treated GM847 cells to g-irradiation.
This experiment revealed that overexpression of ATRki

did not alter Ser-15 phosphorylation at times up to 1 hr
postirradiation (Fig. 1B; data not shown). However, the

inhibitory effect of ATRki overexpression on Ser-15
phosphorylation was clearly evident by 2–4 hr after ra-
diation treatment (Fig. 1B). These findings suggest that
ATR function is more important for the maintenance of
steady-state Ser-15 phosphorylation rather than for the
early, inductive phase of this response. The inhibitory
effects of the ATRki mutant on p53 phosphorylation
were specific for the catalytically inactive form of the
protein, as inducible overexpression of wild-type ATR
neither augmented nor suppressed Ser-15 phosphoryla-
tion in GM847 cells (data not shown).

The evidence presented above suggested that the cata-
lytic activity of ATR was required for the normal phos-
phorylation of p53 at Ser-15 in response to g-radiation.
To test whether ATR phosphorylated p53 directly, we
performed ATR immune complex kinase assays using a
GST fusion protein encompassing the first 70 amino ac-
ids of human p53 (GST–p53) as the substrate. The GST–
p53 protein was phosphorylated by the anti-ATR
(a-ATR) immunoprecipitate at a level substantially
above the background obtained with a preimmune se-
rum immunoprecipitate (Fig. 2A). Mutation of Ser-15
(S15A) reduced the phosphorylation of GST–p53 by
∼80%, and mutation of Ser-37 (S37A), which, like Ser-15
contains a Gln residue at the +1 position, resulted in a
20% decrease in phosphorylation relative to wild-type
GST–p53 protein (Fig. 2A). Mutation of both Ser-15 and
Ser-37 virtually abrogated the phosphorylation of GST–
p53 by ATR. The phosphorylation of Ser-15 and Ser-37
by ATR was confirmed by immunoblotting the kinase
reaction products with a-pSer-15 and a-pSer37 (Fig. 2B).
These results demonstrate that both Ser-15 and Ser-37 of
human p53 are phosphorylated by ATR in vitro and that
Ser-15 is the predominant phosphorylation site for this
protein kinase.

To confirm that phosphorylation of GST–p53 was me-
diated by ATR, rather than a contaminating protein ki-

Figure 1. Overexpression of ATRki inhibits DNA damage-in-
duced phosphorylation of p53 on Ser-15. (A) Inhibition of g-ra-
diation-induced Ser-15 phosphorylation. GM847/ATRki cells
were cultured either in the absence (−) or presence (+) of Dox for
48 hr to induce ATRki. Cells were either left untreated or ex-
posed to 20 Gy of g-radiation, and cell lysates were prepared
after 4 hr. Immunoblots were performed with the indicated an-
tibodies. (B) Time course of Ser-15 phosphorylation. Cells were
treated as in A, except that cells were harvested at the indicated
times after irradiation.
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nase, we transiently expressed Flag-tagged wild-type
ATR (ATRwt) and ATRki in K562 cells. The recombinant
ATR proteins were immunoprecipitated with a-Flag, and
kinase assays were performed with GST–p53 as the sub-
strate. These results demonstrated that ATRwt phos-
phorylated GST–p53, whereas the level of phosphoryla-
tion observed with ATRki immunoprecipitates was only
marginally above background (Fig. 2C). We also noted
that ATR catalytic activity was present in AT cells. ATR
that was immunoprecipitated from the AT cell line
AT3BI retained the ability to phosphorylate p53 in vitro,
indicating that ATR catalytic activity does not require
coexpression of a functional ATM polypeptide (Fig. 2D).

The observation that ATRki inhibits Ser-15 phos-
phorylation, in combination with the finding that ATR
phosphorylates p53 in vitro on Ser-15, implies that ATR
regulates p53 in DNA-damaged cells via direct phos-
phorylation of Ser-15. However, it is formally possible
that ATRki inhibits Ser-15 phosphorylation indirectly,
perhaps by trans-suppression of ATM or another kinase
that phosphorylates p53 at Ser-15. Two recent reports
demonstrated a 1.5- to 4.0-fold increase in ATM catalytic
activity within minutes after exposure of cells to g-ra-
diation (Canman et al. 1998) or radiomimetic drugs (Ba-
nin et al., 1998) We considered the possibility that over-
expression of ATRki might interfere with radiation-in-
duced ATM activation, which would suggest that ATR
lies upstream of ATM in a signaling pathway. In the
absence of ATRki overexpression, ATM catalytic activ-

ity, as measured by the in vitro phosphorylation of GST–
p53, was elevated 1.3-fold at 1 hr after exposure of
GM847 cells to 20 Gy g-radiation (Fig. 3). A similar in-
crease in ATM activity was obtained in ATRki-overex-
pressing cells. We noted that the levels of ATM protein
were reduced by ∼20% in Dox-treated cells, in the ab-
sence or presence of radiation exposure (Fig. 3, bottom).
Whether this decrease in ATM protein reflects a biologi-
cally relevant effect of ATRki overexpression is unclear.
Nonetheless, these results support the conclusion that
ATR kinase activity is not required for the activation of
ATM in g-irradiated cells. Moreover, the findings argue
against the possibility that the inhibitory effects of
ATRki on Ser-15 phosphorylation are due to trans-domi-
nant suppression of ATM.

Previous studies demonstrated that UV-induced DNA
damage signals to p53 via an ATM-independent pathway
(Canman et al. 1994; Siliciano et al. 1997; Giaccia and
Kastan 1998). Inhibition of UV-light induced Ser-15
phosphorylation in ATRki-overexpressing fibroblasts
would implicate ATR as the pivotal PIK family member
in this checkpoint pathway. We examined the status of
Ser-15 phosphorylation at various times after exposure of
uninduced versus Dox-treated GM847 cells to 50 J/m2 of
UV radiation. This experiment revealed that overexpres-
sion of ATRki strongly inhibited UV-induced Ser-15
phosphorylation (Fig. 4). Intriguingly, whereas ATRki

preferentially suppressed the plateau phase of Ser-15
phosphorylation in g-irradiated cells (Fig. 1B), it inhib-
ited both the inductive and plateau phases of Ser-15
phosphorylation in cells exposed to UV light (Fig. 4). In
uninduced cells, Ser-15 phosphorylation was maximal at
1 hr after UV irradiation, and this response was inhibited
by 80% in ATRki-overexpressing cells. In contrast, over-
expression of ATRki did not substantially inhibit Ser-15
phosphorylation in cells exposed to the topoisomerase I
inhibitor, camptothecin (CPT), indicating that overex-
pression of ATRki does not result in global inhibition of
DNA damage-induced Ser-15 phosphorylation (data not
shown). When combined with the observation that
ATRki does not inhibit ATM catalytic activity, our re-
sults strongly suggest that the inhibition of UV- and g-ra-
diation-induced Ser-15 phosphorylation by catalytically
inactive ATR reflects a dominant-negative effect of the
mutated protein on the checkpoint functions of endog-
enous ATR.

Figure 2. ATR phosphorylates p53 on Ser-15 and Ser-37. (A)
Wild-type GST–p53, and p53 mutants bearing single (S15A and
S37A) or double (S15A, S37A) Ser → Ala amino acid substitu-
tions were tested as ATR substrates. ATR was immunoprecipi-
tated from testis extracts using either preimmune rabbit serum
(P) or a-ATR (A). Numbers below each lane indicate the incor-
poration of [32P]phosphate into each substrate normalized to the
value obtained with wild-type GST–p53. (B) Immunoreactivity
of the phosphorylated wild-type and mutant GST–p53 fusion
proteins with antibodies specific for phospho-Ser-15 and phos-
pho-Ser-37, respectively. (C) Phosphorylation of p53 by ATR
requires a functional kinase domain. K562 cells were tran-
siently transfected with either pcDNA3, or plasmid constructs
encoding Flag-tagged ATR (ATRwt), or Flag-tagged ATRki. Cell
extracts were immunoprecipitated with Flag mAb, and immune
complex kinase assays were performed with GST–p53 as the
substrate. (D) ATR kinase activity in AT cells. Detergent ex-
tracts prepared from AT3BI cells or bovine testis extract were
immunoprecipitated as in A, and kinase assays performed as
described.

Figure 3. g-Radiation-induced ATM activation in ATRki over-
expressing cells. GM847/ATRki cells were cultured and cells
treated as in Fig. 1A. After 1 hr, ATM was immunoprecipitated
and ATM kinase assays were performed as in Fig. 2A. Numbers
below sample lanes are as in Fig. 2A. Levels of ATM protein
were determined by immunoblotting with a-ATM (bottom).
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Discussion

The observation that overexpression of ATRki inhibited
g-radiation-induced phosphorylation of p53 at Ser-15 in-
dicates that ATR is an upstream signaling element in the
pathway leading to Ser-15 phosphorylation in g-irradi-
ated cells. In addition, immunoprecipitated ATR phos-
phorylates the amino-terminal region of p53, suggesting
that the interaction between ATR and p53 is direct.
While this manuscript was in preparation, Canman et al.
(1998) reported that ATR phosphorylates p53 at Ser-15.
We have confirmed and extended this observation by
showing that ATR phosphorylates p53 at two function-
ally important sites, Ser-15 and Ser-37. Based on the re-
cent report that ATM does not modify Ser-37 in p53
(Banin et al. 1998), our results suggest that the substrate
specificities of ATR and ATM are partially, but not en-
tirely, overlapping.

Two recent reports demonstrated that ATM has a di-
rect role in the phosphorylation of Ser-15 in response to
g-radiation (Canman et el. 1998) and radiomimetic
agents (Banin et al. 1998). Because overexpression of
ATRki preferentially inhibited the later, steady-state
phase of Ser-15 phosphorylation, rather than the early,
inductive phase of this response, we hypothesize that
ATM and ATR function sequentially during the induc-
tion and maintenance of Ser-15 phosphorylation in g-ir-
radiated cells. This hypothesis is supported by two ex-
perimental observations. First, ATM catalytic activity is
activated two- to fourfold within minutes of DNA strand
breakage, compatible with a function during the early
phase of p53 phosphorylation (Banin et al. 1998). Second,
g-radiation-induced p53 accumulation (Canman et al.
1994), and Ser-15 phosphorylation (Siliciano et al. 1997)
are delayed, but not abrogated, in ATM-deficient cells.
We propose that the delayed p53 induction and Ser-15
phosphorylation observed in DNA-damaged AT cells are
at least partly attributable to the activity of ATR. The
sequential recruitment of ATM and ATR into the p53
phosphorylation pathway may be a consequence of dy-
namic changes in the initiating lesion during the cellular
response to g-radiation-induced DNA damage. The pri-
mary genetic lesions induced by g-radiation (e.g., DSBs
and SSBs) may activate ATM efficiently, but subsequent
processing of the lesions may be required for the recog-
nition of altered DNA structures by ATR. An alternative

hypothesis posits that ATM and ATR are both recruited
to the initial DNA strand break but that ATM catalytic
activity is up-regulated more robustly and subsides more
quickly than ATR catalytic activity. Only when ATM
activation diminishes does the contribution of ATR to
Ser-15 phosphorylation become prominent. The model
that ATM and ATR function sequentially during the re-
sponse to damaged DNA has an interesting precedent in
the process of meiotic recombination, during which
ATR and ATM are selectively associated with asynapsed
and synapsed regions of meiotic chromatin (Keegan et al.
1996).

In contrast to the results obtained with g-irradiated
cells, overexpression of ATRki strongly interfered with
UV light-induced Ser-15 phosphorylation at both the
early and late stages of this response (Fig. 4). This finding
may reflect a predominant role for ATR in checkpoint
activation by UV-induced DNA lesions, including modi-
fied DNA bases, thymine dimers, and excision repair in-
termediates. Participation of ATR in UV-induced dam-
age responses is consistent with the finding that ectopic
expression of ATR complements the UV-sensitive phe-
notype of a Saccharomyces cerevisiae mec1 mutant
(Bentley et al. 1996). A role for ATR in mediating UV
responses is also suggested by two reports that ATRki

confers increased UV sensitivity when expressed in
mammalian cells (Cliby et al. 1998; Wright et al. 1998).
Intriguingly, UV light induces phosphorylation of p53 at
Ser-37, and this phosphorylation event may regulate the
sequence-specific DNA-binding activity of p53 (Sakagu-
chi et al. 1998). Therefore, the ability of ATR to phos-
phorylate p53 at Ser-37 in vitro suggests that the regula-
tory interaction between p53 and ATR may not be lim-
ited to phosphorylation of Ser-15.

Because AT cells are not hypersensitive to UV light
and neither UV-induced p53 accumulation (Canman et
al. 1994) nor Ser-15 phosphorylation (Siliciano et al.
1997) is defective in AT cell lines, the participation of
ATR in UV responses implies a divergence of function
between these two PIK family members. Supportive evi-
dence for this conclusion stems from the demonstration
that overexpressed ATRki does not confer a significant
radio-resistant DNA synthesis phenotype on GM847
cells (Cliby et al. 1998). We also noted that overexpres-
sion of ATRki did not substantially inhibit Ser-15 phos-
phorylation induced by the topoisomerase I inhibitor,
CPT (R.S. Tibbetts et al., unpubl.), suggesting that an-
other kinase such as ATM or DNA-PK is predominantly
responsible for Ser-15 phosphorylation after recognition
of the DNA damage caused by CPT. Collectively, the
available data strongly support the conclusion that ATM
and ATR carry out both overlapping and distinct signal-
ing functions during cellular responses to different types
of genotoxic stress.

Materials and methods
Cell culture and antisera
SV40-immortalized GM847 cells and the SV40-immortalized AT cell
line AT3BI were grown in Dulbecco’s modified Eagle medium containing
10% fetal calf serum (FCS; Hyclone) supplemented with 2 mM L-gluta-

Figure 4. Effects of ATRki overexpression on Ser-15 phos-
phorylation induced by UV light. GM847/ATRki cells were cul-
tured as in Fig. 1A and were either left untreated or exposed to
50 J/m2 UV light; cell lysates were prepared at the indicated
time intervals. Detergent-soluble proteins were separated by
SDS-PAGE and were immunoblotted with the indicated anti-
bodies.
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mine. K562 cells were maintained in RPMI-1640 medium containing
10% FCS. The generation, maintenance, and characterization of GM847
cells that express ATRwt or ATRki under control of the bacterial tet
operator have been described previously (Cliby 1998). Induction of
ATRwt or ATRki was accomplished by plating out 3 × 105 cells in 100-
mm dishes in culture medium containing 1 µg/ml Dox for 48 hr. Where
indicated, cells were irradiated with a 137Cs g-ray source or exposed to a
310-nm wavelength UV source. The viabilities of DNA-damaged cells
were not affected over the brief time courses used in these studies (data
not shown).

ATR-specific antiserum was generated by immunizing rabbits with a
GST fusion protein containing amino acids 400–460 of ATR. The result-
ing a-ATR antiserum was purified with protein G–Sepharose (Pharmacia)
and was used at a concentration of 1 µg/ml for immunoblotting. a-Hu-
man p53 (Ab-6) and a-ATM (Ab-3) were purchased from Oncogene Re-
search Products. The methodology used to generate the a-p53–phospho-
serine-15 antibody (a-pSer-15) has been described (Shieh et al. 1997). The
a-pSer-37 polyclonal antibody was raised against a KLH-conjugated phos-
phopeptide VLSPLP(pS)QAMDDLC and was affinity purified as described
previously (Kitagawa et al. 1996). The Flag (M2)-specific mAb was pur-
chased from Kodak–IBI.

Plasmid constructs and transfections
Two ATR constructs bearing inactivating amino acid substitutions in
the kinase domain were used in this study. The catalytically inactive
ATR mutant used for Dox-inducible expression in GM847 cells contains
an inactivating Asp-2475 → Ala substitution in the ATP-binding cleft
(Cliby et al. 1998). The second ATR mutant contains a Lys-2327 → Arg
substitution and was used for expression in K562 cells. Both constructs
are denoted as ATRki. To generate a plasmid encoding the amino termi-
nus of p53, a PCR-generated fragment spanning nucleotides 1–210 of the
human p53 coding region was subcloned into pGEX-2T. The resulting
plasmid encodes the amino-terminal 70 amino acids of p53 fused to GST.
For transient transfections, 1 × 107 K562 cells were subjected to a 340V
10-msec electropulse in the presence of 45 µg of plasmid DNA using a
BTX square wave electroporator (BTX, San Diego, CA). The transfected
cells were then cultured for 24 hr prior to harvest.

Immunoprecipitations, immunoblotting, and kinase assays
Cell extracts were prepared by resuspending cells in lysis buffer (25 mM

HEPES at pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 0.2 mM

sodium orthovanadate, 20 nM microcystin, 50 mM b-glycerophosphate,
0.5% Triton X-100) with protease inhibitors (10 µg/ml leupeptin, 5 µg/
ml pepstatin A, 5 µg/ml aprotinin). Forty micrograms of protein per
sample was then analyzed by SDS-PAGE and immunoblotting with the
appropriate antibodies.

An ATR-enriched testis extract was prepared by homogenizing 5 grams
of bovine testis in 10 ml of homogenization buffer (50 mM Tris at pH 7.4,
0.3 M NaCl, 1 mM EDTA) with protease inhibitors. The homogenate
was centrifuged at 140,000g and fractionated with 30% ammonium
sulfate as described previously (Sabers et al. 1995). For ATR kinase as-
says, ATR was immunoprecipitated with 3 µg of a-ATR from 1 mg of
cell or testis extract. Immune complexes were washed twice in lysis
buffer containing 1 M NaCl and then twice in knase buffer (10 mM HEPES
at pH 7.4, 50 mM NaCl, 10 mM MgCl2). The immunoprecipitates were
resuspended in 40 µl of kinase buffer containing 1 mM dithiothreitol, 0.5
mM sodium orthovanadate, 20 nM microcystin, 20 mM b-glycerophos-
phate, protease inhibitors, 1 µg of the indicated substrate, 10 µM

ATP, and 20 µCi of [g-32P]ATP (3500 Ci/mmole). Kinase reactions were
terminated and analyzed as described (Brunn et al. 1996). ATM kinase
assays were performed by a similar procedure. GM847 cells were har-
vested by trypsinization, washed with PBS, and subjected to two freeze–
thaw cycles. Cell pellets were resuspended in cell lysis buffer containing
0.2% Tween-20 in place of 0.5% Triton X-100, and the lysates were
clarified by centrifugation. Immunoprecipitations were carried out with
750 µg of extract protein and 2.5 µg of either a-ATM or nonimmune
rabbit IgG. The ATM immunoprecipitates were prepared for kinase as-
says according to procedures described above, except that the ATM im-
munoprecipitates were washed with lysis buffer containing 150 mM

NaCl in place of 1 M NaCl. Levels of 32P incorporation into p53 sub-
strates were quantitated using a Molecular Dynamics STORM 840 im-
aging system.
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