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The ATM protein kinase is essential for cells to repair and survive genotoxic events. The activation of ATM’s
kinase activity involves acetylation of ATM by the Tip60 histone acetyltransferase. In this study, systematic
mutagenesis of lysine residues was used to identify regulatory ATM acetylation sites. The results identify a
single acetylation site at lysine 3016, which is located in the highly conserved C-terminal FATC domain
adjacent to the kinase domain. Antibodies specific for acetyl-lysine 3016 demonstrate rapid (within 5 min) in
vivo acetylation of ATM following exposure to bleomycin. Furthermore, lysine 3016 of ATM is a substrate in
vitro for the Tip60 histone acetyltransferase. Mutation of lysine 3016 does not affect unstimulated ATM kinase
activity but does abolish upregulation of ATM’s kinase activity by DNA damage, inhibits the conversion of
inactive ATM dimers to active ATM monomers, and prevents the ATM-dependent phosphorylation of the p53
and chk2 proteins. These results are consistent with a model in which acetylation of lysine 3016 in the FATC
domain of ATM activates the kinase activity of ATM. The acetylation of ATM on lysine 3016 by Tip60 is
therefore a key step linking the detection of DNA damage and the activation of ATM kinase activity.

Ataxia telangiectasia (A-T) is an inherited disease charac-
terized by immune deficiencies, neurodegeneration, suscepti-
bility to cancer, and sensitivity to ionizing radiation (28). The
A-T gene product, the ATM protein kinase, is activated in
response to DNA double-strand breaks (DSBs) (24, 35) and
phosphorylates multiple DNA damage response proteins, in-
cluding Nbs1, p53, chk2, and SMC1 (reviewed in reference 24).
The phosphorylation of these proteins by ATM is essential for
correct activation of cell cycle checkpoints and for the initia-
tion of DNA repair. Consequently, cells lacking functional
ATM protein exhibit defects in DNA repair and a loss of cell
cycle checkpoints (24, 28, 35), resulting in increased sensitivity
to ionizing radiation.

A central question in studying the ATM protein has been to
determine the mechanism by which ATM’s kinase activity is
activated by DNA damage. Activation of ATM’s kinase activity
is associated with increased autophosphorylation of ATM at
multiple sites (23), including serine 1981 (2). This autophos-
phorylation of ATM is proposed to initiate a dimer-monomer
transition and the release of active ATM monomers (2), al-
though the exact contribution of ATM autophosphorylation to
ATM activation is still under debate (31). Several additional
molecular events, including the Mrell-Rad50-Nbsl (MRN)
DNA binding complex (8, 11, 14, 41) and changes in chromatin
structure (2, 4), also contribute to activation of ATM’s kinase
activity. Mutations in the individual protein components of the
MRN complex can reduce or abolish the activation of ATM’s
kinase activity by DNA damage (8, 11, 14, 41). The recent
characterization of a conserved C-terminal domain in Nbsl
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which is essential for recruitment of ATM to the MRN com-
plex and for the efficient activation of ATM’s kinase activity
(14, 42) further supports a key role for MRN in ATM activa-
tion. Finally, biochemical studies have shown that MRN can
activate ATM’s kinase activity in vitro (25, 26), suggesting that
inactive ATM is recruited to DSBs by MRN prior to MRN-
dependent activation of ATM’s kinase activity. However, other
studies indicate that disruption of chromatin structure in the
absence of DNA damage can activate ATM’s kinase activity
(2) and that kinase-inactive ATM is not recruited to enzymat-
ically induced DSBs (4), suggesting that ATM is activated in
the nucleoplasm by DNA damage-induced changes in chroma-
tin structure. In this case, the MRN complex may function as
an adaptor complex which maintains ATM in an active form at
the DSB (2, 4, 22). However, the mechanism by which inter-
actions between ATM and MRN or structural changes in chro-
matin activate ATM’s kinase activity is not known.
Previously, we demonstrated that the Tip60 histone acetyl-
transferase (HAT) is essential for the activation of ATM’s
kinase activity (19, 37). The HAT activity of Tip60 is increased
by DNA damage, and the loss of Tip60 blocks the autophos-
phorylation and subsequent activation of ATM’s kinase activity
(37). However, although activation of Tip60’s HAT activity is
associated with an increase in the overall acetylation level of
ATM, neither the acetylation site nor the functional signifi-
cance of ATM acetylation is known. We now demonstrate that
Tip60 directly acetylates ATM on lysine 3016 and that this
acetylation is required for activation of ATM’s kinase activity.
The DNA damage-dependent acetylation of ATM on lysine
3016 by Tip60 is therefore the critical step which links the
detection of DSBs to the activation of ATM kinase activity.

MATERIALS AND METHODS

Cells. 293T, HeLa (American Type Culture Collection, VA), and GM5849 A-T
cells (Coriel Institute, NJ) were cultured according to the suppliers’ recommenda-
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tions. Transfection of cells (using Fugene-6 [Roche, IN]), establishment of stable cell
lines by G418 selection, and clonogenic cell survival assays were done as previously
described (15, 37). Small interfering RNAs (siRNAs) T3 (GGAAGCUGCUGAU
CGAGUUUU) and T4 (GACGUAAGAACAAGAGUUAUU) and green fluo-
rescent protein (GFP; Dharmacon, CO) were transfected into cells by using Lipo-
fectamine 2000 (Invitrogen, CA) as previously described (37).

Mutagenesis. Two overlapping fragments at the C terminus of ATM were
subcloned from pcDNA3.1-ATM into pBluescript, creating pBS-SPBA (contain-
ing a 3,582-base-pair internal Spel-BamHI fragment) and pBS-XBXH (contain-
ing an approximately 1,800-base-pair Xbal-Xhol fragment carrying the entire 3’
end of the cDNA, with the Xhol site located in pcDNA3.1). Mutagenesis was
carried out using QuikChange IT XL site-directed mutagenesis kits (Stratagene,
CA) and the primers listed in Table S1 in the supplemental material. Following
sequencing, mutations were released from pBS-SPBA and pBS-XBXH by diges-
tion with Spel-Blpl and BlpI-Xhol, respectively. The corresponding fragments
were then excised from pcDNA3.1-ATM, and the mutated versions were ligated
into the plasmid to create full-length ATM constructs.

Immunoprecipitation, Western blot analysis, HAT assay, and kinase assay.
General protocols for lysis buffers, immunoprecipitation, and Western blot anal-
ysis were done as described previously (19, 37). ATM immunoprecipitation was
routinely performed using ATM antibody PC116 (EMD Biosciences, CA). Cells
were lysed in ATM lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 0.2%
Tween 20, 1.5 mM MgCl,, 1 mM EGTA, 2 mM dithiothreitol, 50 mM NaF, 500
pM NaVO,, 1 mM phenylmethylsulfonyl fluoride, 0.1 pg/ml aprotinin, 0.1 pug/ml
leupeptin) and cleared by centrifugation. For kinase assays, ATM was immuno-
precipitated and washed sequentially in ATM lysis buffer followed by ATM
kinase buffer (10 mM HEPES, pH 7.4; 10 mM MgCl,; 50 mM NaCl; 10 mM
MnCl,). Immunoprecipitates were incubated in kinase buffer (50 pl) supple-
mented with 50 puM ATP, p53 peptide (2 ng; EPPLSQEAFADLWKK), and 10
wCi [y-*?P]ATP for 15 min at 30°C (37). For HAT assays, ATM or Tip60 was
immunoprecipitated and washed sequentially in ATM lysis buffer followed by
HAT assay buffer (50 mM Tris, pH 8; 10% glycerol; 0.1 mM EDTA; 1 mM
dithiothreitol). Immunoprecipitates were then incubated in HAT assay buffer (60
wl) supplemented with acetyl-coenzyme A (100 pM) and either biotinylated
histone H4 peptide, biotinylated atm™* peptide (ERVLMRLQEKLKGVEEGT),
or atm®® peptide (ERVLMRLQEALKGVEEGT) (0.5 j.g) for 30 min at 30°C.
An aliquot of the reaction mix was immobilized on a streptavidin plate, and
acetylation was detected using a HAT enzyme-linked immunosorbent assay
according to the manufacturer’s instructions (Upstate Biotechnology, NY). For
both kinase and HAT assays, each datum point represents the average for three
separate immunoprecipitations, with each derived from approximately 3 X 107
cells and containing equivalent amounts of protein. Antibodies used were as
follows: ATM antibodies PC116 (EMD Biosciences, CA), 5C2, 2C1 (both from
Genetex, TX), and pS1981 ATM (Rockland Immunochemicals, PA) and anti-
bodies to B-actin, chk2, hemagglutinin (HA), myc, phospho-chk2 (all from Cell
Signaling, MA), Tip60, acetylated lysine (AcLys; Upstate Biotech, NY), p53, and
pS15-p53 (EMD Biosciences, CA). A rabbit polyclonal antibody (AcK6) was
raised against peptidle CRVLMRLQE[KACc|LKG and affinity purified using im-
mobilized acetylated peptide followed by absorption against immobilized non-
acetylated peptide. The resulting antiserum was used at a 1:50 dilution for
Western blot analysis.

Immunofluorescence. Cells were seeded on LabTek II chamber slides (Nunc,
NY). Cells were fixed as previously described (15) and stained with primary
antibody ATM 5C2 (Genetex, TX) followed by immunoglobulin G (IgG)-fluo-
rescein isothiocyanate (Santa Cruz, CA). Slides were mounted with Fluoro-
mount-G (Southern Biotech, AL) and visualized with a Nikon Eclipse TE 2000
microscope.

RESULTS

Previously, we demonstrated that the Tip60 HAT plays a key
role in the activation of ATM (19, 37) and that ATM is acety-
lated in cells exposed to agents which induce DNA DSBs. Here
we report on studies designed to identify acetylation sites on
the ATM protein. ATM acetylation can be monitored using a
pan-specific acetyl-lysine antibody, previously characterized by
us (37), which specifically detects the Tip60-dependent acety-
lation of ATM. The specificity of the pan-specific acetyl-lysine
antibody is demonstrated in Fig. 1A and B. As shown in Fig.
1A, a previously validated siRNA was used to deplete cellular
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FIG. 1. Lysine 3016 of ATM is acetylated after DNA damage.
(A) 293T cells were transfected with siRNA targeting GFP or Tip60.
Extracts were immunoprecipitated with either IgG (lane 1), Tip60
antibody (lanes 2 and 3, upper panel), or ATM antibody (lanes 2 and
3, lower panel). ATM and Tip60 were detected by Western blotting
(WB). (B) 293T cells were transiently transfected with siRNA target-
ing either GFP (siGFP) or Tip60 (siTip60). Forty-eight hours later,
cells were exposed to solvent (—) or bleomycin (5 wM for 30 min). Cell
extracts were immunoprecipitated with IgG (lane 1) or anti-ATM
antibody PC116 (lanes 2 to 5), and ATM protein levels (ATM), ATM
acetylation (AcLys), and autophosphorylation (pS1981) of ATM were
measured by Western blot analysis. (C) ATM-deficient GM5849 A-T
cells transfected with vector, ATM, or ATM mutant K2 (K1772/
1773A), K6 (K2204/2207A), or K17 (K3016/3018A) were exposed to
bleomycin (+; 5 uM) for 30 min. ATM was immunoprecipitated with
ATM antibody PC116, and ATM and ATM acetylation (AcLys) were
measured by Western blotting. (D and E) GM5849 A-T cells trans-
fected with vector, ATM, or ATMs with the indicated point mutations
were exposed to bleomycin (+; 5 uM) for 30 min. ATM was immu-
noprecipitated, and Western blot analysis was used to monitor ATM
levels, ATM acetylation (AcLys), and ATM autophosphorylation on
serine 1981 (pS1981). (F) Location and sequence comparison of ATM
acetylation sites.

Tip60 protein levels (19, 37). As shown in Fig. 1B, cells ex-
posed to the radiomimetic agent bleomycin displayed in-
creased ATM acetylation as well as autophosphorylation of
serine 1981, which can be used to monitor the intrinsic kinase
activity of ATM (2). Depletion of Tip60 by siRNA reduced
both the acetylation and autophosphorylation of ATM (Fig.
1B) and blocked the ability of ATM to phosphorylate down-
stream effector proteins (37). The pan-specific acetyl-lysine
antibody can therefore detect Tip60-dependent acetylation of
ATM. This antibody was then used in a focused, site-directed



8504 SUN ET AL.

lysine mutagenesis study designed to identify ATM acetylation
sites. Lysines were selected for mutagenesis based on three
criteria. First, regulatory acetylations are predicted to occur in
the conserved FAT/kinase domain/FATC region at the C ter-
minus of ATM. Second, regulatory lysines should be conserved
among ATMs from higher eukaryotes. Third, HATs frequently
acetylate multiple lysines located within a few amino acids of
each other. Based on these criteria, 17 regions within the C
terminus (amino acids 1698 to 3056) containing closely spaced,
conserved lysine residues were identified (see Table S1 in the
supplemental material). Seventeen full-length ATM cDNA
constructs, each containing two closely spaced lysine-to-ala-
nine mutations, were then constructed and expressed in ATM-
negative A-T fibroblasts. Each construct was then screened for
DNA damage-induced acetylation by treating the cells with the
radiomimetic agent bleomycin. Although mutation of several
lysines in the FAT and kinase domains destabilized the ATM
protein (see Table S2 in the supplemental material), only the
ATM mutant ATMKI17, containing the double mutation
K3016/K3018A, lacked inducible acetylation (Fig. 1C). Lysines
3016 and 3018 were then mutated individually to arginine to
determine which of these lysine residues was acetylated. Figure
1D demonstrates that ATM*3°'°® Jacked both acetylation and
autophosphorylation on serine 1981, whereas ATM*3018R wag
acetylated and autophosphorylated to the same extent as wild-
type ATM. These results imply that lysine 3016 of ATM is
acetylated when cells are exposed to DNA damage. Because
mutations within the C termini of ATM and related proteins
can destabilize ATM (see Table S2 in the supplemental mate-
rial) (3, 29), lysine 3016 was mutated to alanine (to abolish the
positive charge), to threonine or glutamic acid (to alter
charge), or to the acetyl-lysine mimic glutamine. The mutants
were expressed at similar levels to that of wild-type ATM
protein (Fig. 1E). However, none of the mutants, including
that containing the acetyl-lysine mimic glutamine, exhibited
increased ATM acetylation or autophosphorylation in re-
sponse to DNA damage. These results indicate that lysine 3016
is required for activation of ATM’s kinase activity but does not
influence the overall stability of the ATM protein. Further-
more, the acetyl-lysine mimic glutamine does not substitute for
acetyl-lysine in ATM.

Lysine 3016 is located within the conserved FATC domain at
the C terminus of ATM and is conserved between ATMs from
higher eukaryotes (Fig. 1F). The ATM acetylation site has
sequence homology to previously identified Tip60 acetylation
sites in the androgen receptor (ARKLK) (16) and the myc
oncogene (SEKLA) (30). Overall, the data in Fig. 1 indicate
that ATM is inducibly acetylated on lysine 3016 in response to
DNA damage. However, we cannot exclude the possibility that
there are additional acetylation sites within the ATM protein
which are not detected by the pan-specific acetyl-lysine anti-
body used here. The ATM®3%'%* and ATM™'°R mutants
were chosen for further analysis and yielded essentially iden-
tical results.

Previously, we demonstrated that the acetylation of ATM
(detected using the pan-specific acetyl-lysine antibody used for
Fig. 1) was abolished when Tip60 was inactivated using either
siRNA (Fig. 1B) (37) or dominant-negative Tip60 proteins
(37). Figure 1 demonstrates that this Tip60-dependent acety-
lation of ATM occurs on lysine 3016. To determine if Tip60
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FIG. 2. Lysine 3016 of ATM is acetylated in vivo. (A) Tip60 was
immunopurified from HeLa cells expressing either HA-Tip60 (Tip60)
or HAT-inactive HA-Tip60 (Tip60"®). Cell extracts were incubated
with either HA antibody or IgG and washed as described in Materials
and Methods to immunopurify Tip60. The ability of immunopurified
Tip60 to acetylate peptides derived from either ATM or the N termi-
nus of histone H4 was determined. Peptides used were as follows:
amino acids 3007 to 3024 of ATM (atm™'; ERVLMRLQEKLKGVE
EGT); amino acids 3007 to 3024 of ATM, with lysine 3016 replaced
with arginine (atm®®; ERVLMRLQERLKGVEEGT); or amino acids
1 to 21 of histone H4 (SGRGKGGKGLGKGGAKRHRKYV). All pep-
tides contained a C-terminal biotin label. Cells were treated for 30 min
with bleomycin (+; 5 wM), where indicated. Results are means *+
standard deviations (SD) (n = 3). (B) GM5849 A-T cells transfected
with vector, ATM, or ATM**%1®A were exposed to bleomycin (+; 5
wM) for the indicated times (minutes). ATM was immunoprecipitated,
and Western blot analysis (WB) was used to monitor ATM levels,
ATM autophosphorylation on serine 1981 (pS1981), and ATM acety-
lation, using the K3016Ac-specific antiserum AcK6. (C) 293T cells
were irradiated (2 Gy) and allowed to recover for the indicated times
(minutes). ATM was immunoprecipitated, and Western blot analysis
was used to monitor ATM levels, ATM-pS1981, and ATM acetylation,
using the K3016Ac-specific antiserum AcKo6.

could directly acetylate lysine 3016 of ATM, a peptide corre-
sponding to amino acids 3007 to 3024 of ATM (atm™") and a
control peptide in which lysine 3016 was replaced with arginine
(atm™®) were synthesized. HA-Tip60 and HA-Tip60 with
point mutations in the HAT domain (Tip60™") were immu-
nopurified from HeLa cells as described previously (37, 38). As
shown in Fig. 2A, Tip60 acetylated both the histone H4 and
atm™ peptides, and the ability of Tip60 to acetylate these
peptides was increased following exposure to bleomycin (Fig.
2A). The higher levels of acetylation of the H4 peptide reflect
the presence of three Tip60 acetylation sites in the histone H4
peptide (21), in contrast to one in the atm™ peptide. When
lysine 3016 was replaced with arginine, the atm®® peptide was
minimally acetylated by Tip60 and displayed no detectable
increase in HAT activity in response to bleomycin. Further-
more, when a Tip60 protein with inactivating mutations in the
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HAT domain (Tip60™") was used (18), minimal acetylation of
either the H4, atm™, or atm®® peptide was seen (Fig. 2A).
These results demonstrate that Tip60 can directly acetylate a
peptide containing lysine 3016 of ATM in vitro. In a further
series of experiments, immunopurification of the ATM-Tip60
complex from cells also demonstrated that Tip60 acetylated
lysine 3016 in vitro (see Fig. S1 in the supplemental material).
Figure 2A therefore demonstrates that Tip60 can directly acet-
ylate peptides containing lysine 3016 of ATM in vitro.

Before examining the in vivo acetylation of ATM, immuno-
fluorescence staining was used to confirm that ATM™3°1R was
located in the nucleus of the cell (see Fig. S2 in the supple-
mental material). To monitor the in vivo acetylation of lysine
3016 of ATM, a sequence-specific antibody was raised against
acetylated lysine 3016. As shown in Fig. 2B, this antibody
(AcK6) detected rapid (within 5 min) DNA damage-depen-
dent acetylation of ATM. No significant acetylation or auto-
phosphorylation of ATM was detected in either ATM-defi-
cient A-T cells or A-T cells expressing ATM*?°' for up to 2 h
following exposure to bleomycin, demonstrating that the AcK6
antibody specifically recognizes ATM acetylated on lysine
3016. To examine the acetylation of endogenous ATM, 293T
cells were exposed to low doses of ionizing radiation. Figure 2C
demonstrates the rapid acetylation of lysine 3016 of ATM
(detected with the sequence-specific AcK6 antibody) and cor-
responding autophosphorylation of serine 1981 following ex-
posure to ionizing radiation. Lysine 3016 of ATM is therefore
rapidly acetylated in vivo in response to DNA damage, and this
acetylation occurs with the same rapid kinetics as those for the
previously described autophosphorylation of ATM on serine
1981 (2).

Previously, we demonstrated that ATM and Tip60 interact
and that this interaction requires the FATC domain at the C
terminus of ATM (19). Because lysine 3016 is located within
the FATC domain of ATM (Fig. 1F), we determined if the
mutation of lysine 3016 affected either ATM-Tip60 interac-
tions or activation of Tip60’s HAT activity by DNA damage.
Immunoprecipitation studies demonstrate that mutation of
lysine 3016 does not alter the interaction between ATM and
Tip60 (see Fig. S3A in the supplemental material). As shown in
Fig. 3A, ATM was immunoprecipitated from ATM-deficient
A-T cells complemented with either vector, ATM, or ATM*316A,
and the associated Tip60-dependent HAT activity was mea-
sured. In the absence of ATM, minimal Tip60 HAT activity
was measured, and this was not increased by bleomycin (Fig.
3A, vector). However, the HAT activities of Tip60 associated
with both ATM and ATM*3°'%* were increased to similar
levels in response to bleomycin treatment (Fig. 3A). Mutation
of lysine 3016 therefore does not affect either the activation of
Tip60’s HAT activity or the interaction between ATM and
Tip60.

Next, we examined if lysine 3016 was required to activate
ATM’s kinase activity by monitoring the ability of ATM*316R
to phosphorylate p53 and chk2 in vivo. A potential problem in
analyzing the ATM" 'R mutant is that although the intro-
duced arginine maintains the overall charge, it may introduce
structural changes which affect ATM function independently
of the loss of the acetylation site. To address this point, the
activity of ATM™3?'°R was compared with that of ATM*3918R,
in which the adjacent lysine at amino acid 3018 was mutated to
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arginine (described in Fig. 1D). A-T cells expressing each con-
struct were treated with bleomycin, and the ability of ATM,
ATMFSOIR “and ATM® 38R o phosphorylate p53 and chk2
was determined. Both wild-type ATM and ATM¥%!8R .
duced the ATM-dependent phosphorylation of p53 and chk2
in response to DNA damage (Fig. 3B), whereas ATM*3°1R
failed to elicit phosphorylation of either p53 or chk2, consistent
with the failure of ATM*3°!R to exhibit either autophosphor-
ylation or acetylation (Fig. 1). Similar results were seen with
ATM®3014 (see Fig. S3B in the supplemental material). Mu-
tation of lysine 3016, but not of the adjacent residue lysine
3018, therefore blocks acetylation of ATM and the subsequent
phosphorylation of p53 and chk2 by ATM. Furthermore, the
ability of ATM®°!8R to function like wild-type ATM indicates
that this region of ATM can tolerate lysine-to-arginine substi-
tutions without affecting function, suggesting that the loss of
activity of ATM®3°'R is due to a loss of acetylation rather
than to structural effects.

The inability of ATM***'® to phosphorylate p53 or chk2
suggests a defect in the kinase activity of ATM®3?1°R The
kinase activity of ATM was measured by immunoprecipitating
ATM and then incubating it with a substrate peptide contain-
ing the phosphorylation site of the p53 protein. Immunopre-
cipitation with IgG or from cells expressing a kinase-inactive
ATM (ATMKkd) yielded minimal levels of ATM kinase activity
(Fig. 3C). ATM had significant basal levels of ATM kinase
activity, which were increased threefold following exposure to
bleomycin. In contrast, whereas ATM™ 'R had the same
levels of basal kinase activity as ATM, the kinase activity of
ATM™ 1R was not increased by bleomycin exposure (Fig.
3C). This implies that the function of acetylation is to activate
ATM’s kinase activity. To further explore the functional prop-
erties of ATM®%1°R we took advantage of previous work
demonstrating that ATM and protein phosphatase 2A exist as
a complex in the cell (17). Inhibition of protein phosphatase
2A by okadaic acid (OA) leads to rapid accumulation of ATM
autophosphorylated on serine 1981, a process requiring ATM’s
kinase activity. However, this form of ATM does not exhibit
elevated kinase activity and is functionally inactive (17). There-
fore, we examined if OA treatment of ATM®°1°R could in-
duce autophosphorylation of ATM on serine 1981. Figure 3D
demonstrates that OA induced the autophosphorylation of
both ATM and ATM®3°'°R on serine 1981. However, only
wild-type ATM showed inducible acetylation and autophos-
phorylation in response to ionizing radiation or combined
DNA damage and OA treatment. Mutation of lysine 3016 of
ATM therefore does not affect the ability of ATM to undergo
autophosphorylation on serine 1981, indicating that substitu-
tion of arginine for lysine at amino acid 3016 does not affect
the intrinsic kinase activity of ATM. Autophosphorylation of
ATM is postulated to be a key step in the production of active
ATM (2, 23). This raises the possibility that sequential expo-
sure of ATM*3**R_expressing cells to OA (to induce auto-
phosphorylation of serine 1981) followed by ionizing radiation
may bypass the need for acetylation, leading to the generation
of an active ATM molecule able to phosphorylate key target
proteins, including p53. A-T cells expressing wild-type ATM
did not exhibit p53 phosphorylation following OA treatment
but displayed robust p53 phosphorylation after either ionizing
radiation or ionizing radiation plus OA (Fig. 3D), as previously
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FIG. 3. Mutation of lysine 3016 of ATM blocks activation of ATM’s kinase activity. (A) GM5849 A-T cells transfected with vector, ATM, or
ATM®3010A were left untreated (—) or exposed to bleomycin (+; 5 wM) for 30 min, and ATM was immunoprecipitated. The HAT activity of the
Tip60 associated with ATM was measured using histone H4 peptide as the substrate. Results are means = SD (n = 3). (B) GM5849 A-T cells
transfected with vector, ATM, ATM*3*1eR or ATM*3018R were exposed to bleomycin (+; 5 wM) for 20 min. p53, phospho-p33 (pS15-p53), chk2,
phospho-chk2 (pT68-chk2), and B-actin were detected by Western blotting (WB) of whole-cell extracts. (C) GM5849 A-T cells transfected with
vector, ATM, ATMkd, or ATM®3"1R were left untreated (—) or exposed to bleomycin (+; 5 wM) for 30 min, and ATM was immunoprecipitated.
The intrinsic kinase activity of ATM was then measured using a p53 peptide (containing serine 15) as the substrate. Results are means = SD
(n = 3). (D) GM5849 A-T cells expressing ATM or ATM*3”1°R were preincubated with OA (0.5 uM) or dimethyl sulfoxide (—) for 20 min and
then irradiated (IR; 2 Gy), and cell extracts were prepared 40 min later. ATM was immunoprecipitated, and the levels of ATM, acetylated ATM
(AcLys), and ATM autophosphorylated on serine 1981 (pS1981) were determined. In addition, whole-cell extracts were probed by Western blot
analysis to determine the levels of pS3 and p53 phosphorylated on serine 15 (pS15-p53).

shown (17). However, OA treatment of ATM*?*'R cells, ei-
ther alone or in combination with ionizing radiation, did not
generate an active ATM molecule able to phosphorylate p53 in
vivo (Fig. 3D). Figure 3D therefore clearly shows that
ATM™316R retains the ability to undergo autophosphorylation
on serine 1981 in response to OA exposure but does not un-
dergo autophosphorylation in response to DNA damage sig-
nals.

Next, we determined if the failure to activate the kinase
activity of ATM™?'R was reflected in a loss of functional
activity. First, the ability of ATM®*°'R to complement the
increased radiosensitivity of A-T cells was examined. As shown
in Fig. 4A, the expression of ATM or ATM**"'¥R comple-
mented the radiosensitivity of A-T cells, whereas expression of
ATM®3016R had no effect, consistent with the lack of activation
of the kinase activity of ATM¥*°!SR and its inability to phos-
phorylate key target proteins. Autophosphorylation of ATM is
proposed to initiate a dimer-monomer transition, releasing

active ATM monomers (2, 23). To determine the contribution
of acetylation to the dimer-monomer transition, the ability of
ATM, ATMkd, and ATM¥%14 (o undergo dimer-monomer
conversion was examined. 4-T cells were stably transfected
with equimolar ratios of HA-ATM and myc-ATM expression
vectors, and the dimer-monomer transition was monitored by
examining dissociation of the HA-ATM/myc-ATM dimer by
coimmunoprecipitation techniques. Figure 4B demonstrates
the coexpression of HA-ATM and myc-ATM in A-T cells. In
some experiments, a nonspecific band of 340 kDa was detected
for the ATM-negative A-T cells by the HA and myc antibodies
(Fig. 4B and C); however, this band was not detected with
ATM antibodies (Fig. 1 and 2). Following exposure to bleo-
mycin, wild-type ATM, but not ATMkd or ATM*3%1%4 was
autophosphorylated on serine 1981. Similarly, wild-type ATM,
but not ATM®'4 was acetylated. Interestingly, ATMkd,
which does not possess kinase activity and does not autophos-
phorylate (40), was also acetylated. Immunoprecipitation with
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FIG. 4. Lysine 3016 of ATM is required for ATM to regulate ra-
diosensitivity and dimer-monomer transition. (A) GM5849 A-T cells
stably transfected with vector (@), ATM (O), ATM*¥R (A), or
ATM 18R (M) were irradiated, and cell survival was measured using
a clonogenic cell survival assay. Results are means = SD (n = 3).
(B) A-T cells were stably cotransfected with HA- and myc-tagged ATM
constructs, such that both HA-ATM and myc-ATM were expressed in
the same cell. Cell lines coexpressing HA- and myc-tagged ATM, HA-
and myc-tagged ATMkd, or HA- and myc-tagged ATM**?'64 were
exposed to bleomycin (5 pM for 30 min). Levels of HA-ATM, myc-
ATM, pS1981, and acetylation of lysine K3016 (AcK6) were measured.
(C) Cells were treated as described above and then immunoprecipi-
tated with HA antibody. Interaction between HA-ATM and myc-ATM
was then assessed by Western blot (WB) analysis to detect HA-ATM
and coprecipitating myc-ATM.

HA antibody brought down both HA-ATM and myc-ATM in
all unstimulated cells (Fig. 4C). Following exposure to bleo-
mycin, wild-type HA-ATM no longer interacted with myc-
ATM, whereas both ATMkd and ATM*3°1°A remained in the
dimeric form. Importantly, since ATMkd was still acetylated
on lysine 3016, this indicates that acetylation on its own is not
sufficient for initiating the dimer-monomer transition of the
ATM protein, suggesting that additional events, such as auto-
phosphorylation of ATM, may also be required (2, 23). The
AcK®6 anti-acetyl K3016 antiserum was not competent for im-
munofluorescence, precluding its use for monitoring recruit-
ment of the acetylated ATM to DSBs.

DISCUSSION

Previously, we established that Tip60 was essential for acti-
vation of ATM’s kinase activity (19, 37, 38) and that DNA
damage increased the overall level of ATM acetylation in a
Tip60-dependent manner. The results reported here have
identified lysine 3016 of ATM as the amino acid acetylated by
Tip60 (19, 37) and provide evidence that this acetylation of
ATM is required for the activation of ATM’s kinase activity.
The acetylation of lysine 3016 is maximal within 5 min and is
temporally indistinguishable from the time course of autophos-
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phorylation of serine 1981 of ATM (Fig. 2) (2, 37). However,
a kinase-inactive ATM protein was still acetylated on lysine
3016, demonstrating that ATM acetylation is independent of
ATM’s kinase activity. This implies that ATM acetylation pre-
cedes ATM autophosphorylation and defines acetylation of
lysine 3016 of ATM as the earliest posttranslational modifica-
tion of ATM identified to date.

The results indicate that mutation of lysine 3016 blocks the
activation of ATM’s kinase activity and subsequent autophos-
phorylation and dimer-monomer transition. Furthermore,
ATM®?1R does not phosphorylate downstream target pro-
teins or complement the increased radiosensitivity of A-T cells.
These results are consistent with an essential role for acetyla-
tion in the activation of ATM kinase activity. A potentially
confounding problem is that mutation of lysine 3016, within
the FATC domain of ATM, may have a negative impact on the
correct function of the kinase domain independent of the loss
of acetylation. However, we carried out several controls which
suggest that this is not the case, as follows: (i) ATM*3°16R
retains normal basal kinase activity and lacks only inducible
activation; (ii) unlike many mutations in the kinase domain
identified in A-T patients, substituting lysine 3016 for arginine
does not destabilize ATM or alter its intrinsic kinase activity;
(iii) introducing a lysine-to-arginine mutation at an adjacent
lysine (amino acid 3018) does not affect ATM function, indi-
cating that the region of ATM containing lysine 3016 can
tolerate small changes in protein architecture; and (iv)
ATMFO1R can still undergo autophosphorylation on serine
1981 following the addition of OA, indicating that mutation of
lysine 3016 to arginine does not disrupt the critical intermo-
lecular protein-protein interactions within the ATM dimer
which are required for the autophosphorylation of ATM by the
kinase domain (2). Taken together, we interpret these results
to support a model in which the failure of ATM*!°R to
increase its kinase activity in response to DNA damage is due
to a loss of acetylation of lysine 3016 rather than to nonspecific
effects related to the lysine-to-arginine substitution. Thus, the
primary function of acetylation of lysine 3016 is to upregulate
ATM’s kinase activity.

Insights into how acetylation may regulate the intrinsic ki-
nase activity of ATM are provided by recent structural studies
on ATM and the structurally related DNA-PKcs protein.
PIKK protein family members, including ATM and DNA-
PKcs, contain a conserved FAT domain/kinase domain/FATC
domain structure (6). Low-resolution structural modeling of
the DNA-PKcs and ATM proteins indicates that the FAT and
FATC domains protrude from either side of the kinase domain
(27, 33, 36). The FAT domain is weakly conserved between
family members, whereas the kinase and FATC domains are
highly conserved (1). FATC domains are highly flexible a-
helical structures (10, 33) and are required for the kinase
activities of the mTor (39), DNA-PKcs (3, 32), and ATM (19)
proteins. Studies indicate that the interaction between
DNA-PK and DNA induces conformational changes in the
FATC and FAT domains (33, 36), and these conformational
changes are predicted to influence the catalytic activity of
DNA-PK and ATM (33). Acetylation of lysine 3016 within the
flexible FATC domain of ATM may therefore influence ATM
kinase activity. This is further supported by reports that a
tumor-derived mutation near the kinase domain of the ATM-
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like p110a phosphatidylinositol 3-kinase subunit results in con-
stitutive kinase activity (20, 34). Sequence alignment of ATM
and pl110«a indicates that one of these pl10a mutations (at
amino acid 1054) occurs in the same relative position as lysine
3016 of ATM. This implies that the C-terminal regions of
p110a and ATM may be essential for regulating kinase activity.
Based on the results presented here and the results of struc-
tural studies (10, 33, 36), we propose that acetylation of lysine
3016, which is located at the junction between the FATC and
kinase domains, alters the conformation of the FATC domain.
This altered conformation of the FATC domain could allow
substrate proteins access to the kinase domain as well as pos-
itively regulating the intrinsic kinase activity of the kinase do-
main. Further structural studies are required to address this
point.

A key question is to address the mechanistic links between
ATM acetylation and autophosphorylation. The autophos-
phorylation of serine 1981 of ATM was originally proposed to
be essential for ATM activation and to play a key role in
initiating the dimer-monomer transition and the release of
active ATM monomers (2). However, recent biochemical stud-
ies have shown that in vitro activation of ATM kinase activity
can be achieved in the absence of significant serine 1981 au-
tophosphorylation (12, 25). In addition, a mouse model ex-
pressing a mutation in the mouse equivalent of serine 1981 of
ATM (serine 1987) displays normal ATM function. These ob-
servations indicate that autophosphorylation of serine 1981 is
dispensable for ATM function under some conditions (31).
Recently, several additional ATM autophosphorylation sites
were identified (23). Mutation of these sites impaired the abil-
ity of ATM to phosphorylate downstream targets and to cor-
rect the radiosensitive phenotype of A-T cells (23). Therefore,
although some studies demonstrate that autophosphorylation
of serine 1981 is dispensable for ATM activity (12, 25, 31, 42),
the identification of additional ATM autophosphorylation sites
raises the possibility that, similar to the case for DNA-PKcs (5,
9), multiple ATM autophosphorylation sites contribute to
ATM activation. The results presented here indicate that the
main function of ATM acetylation is to activate ATM’s kinase
activity. In this model, acetylation of ATM precedes and is
required for the activation of ATM’s kinase activity. Once
activated, ATM kinase activity induces autophosphorylation of
ATM at multiple sites, including serine 1981 (2, 23), and sub-
sequent conversion of ATM dimers to monomers. Thus, while
ATM autophosphorylation and subsequent dimer-monomer
transitions may be important for achieving full ATM activa-
tion, the results presented in this report indicate that acetyla-
tion of ATM, rather than autophosphorylation, is the key step
in upregulating ATM’s kinase activity.

The results reported here and in previous works from us (19,
37) and other groups (13) demonstrate that Tip60 plays a key
role in the acetylation and activation of ATM and indicate a
central role for Tip60 in the early events leading to activation
of ATM’s kinase activity. However, other significant contribu-
tors to ATM activation include both the MRN complex (8, 11,
22, 25, 41) and changes in chromatin structure (2). A wide
range of experimental approaches have established that the
MRN complex plays a key role in several aspects of ATM
activation, including the recruitment of ATM to DSBs (14, 42)
and modulation of the activation of ATM’s kinase activity by
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DSBs (8, 22, 25, 26, 41). This raises the possibility that MRN
may regulate ATM activation by influencing the HAT activity
of Tip60, either through direct interactions between MRN and
Tip60 or through positioning of the ATM-Tip60 complex at
DSBs. Tip60 also contains a chromodomain, a protein domain
with the potential to interact with methylated lysine residues
on histones (7). Changes in chromatin structure following ion-
izing radiation (either localized to the DSB or generated over
large chromatin domains) may expose methylated histones as
potential binding sites for Tip60’s chromodomain. Such inter-
actions between Tip60 and altered chromatin structures adja-
cent to DSBs may be essential for upregulating Tip60’s HAT
activity and for the acetylation and activation of the ATM
protein. Tip60 may therefore provide the key step which links
previous observations on the relative contributions of the
MRN complex, chromatin structural changes, and ATM acet-
ylation with the activation of the ATM protein kinase by DNA
damage.
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