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a b s t r a c t

The ATM protein kinase, is a serine/threonine protein kinase that is recruited and activated by DNA dou-
ble-strand breaks, mediates responses to ionizing radiation in mammalian cells. Here we show that ATM
is held inactive in unirradiated cells as a dimer and phosphorylates the opposite strand of the dimer in
response to DNA damage. Cellular irradiation induces rapid intermolecular autophosphorylation of serine
1981 that causes dimer dissociation and initiates cellular ATM kinase activity. ATM cannot phosphorylate
the substrates when it could not undergo dimer monomer transition. After DNA repair, the active mono-
mer will undergo dephosphorylation to form dimer again and dephosphorylation is critical for dimer re-
formation. Our work reveals novel function of ATM dimer monomer transition and explains why ATM
dimer monomer transition plays such important role for ATM cellular activity during DNA repair.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Ataxia telangiectasia (A-T) is an inherited disease characterized
by immune deficiencies, neurodegeneration, susceptibility to can-
cer, and sensitivity to ionizing radiation [1,2]. The A-T gene prod-
uct, the ATM protein, is activated in response to DNA double-
strand breaks (DSB) [3–6]and ATM become phosphorylated on
Ser 1981 [7]. ATM autophosphorylation initiates the conversion
of the inactive ATM dimer to an active monomeric ATM [7]. ATM
then phosphorylates multiple DNA damage response proteins,
including Nbs1, P53, Chk2, and SMC1 [3,5,8–13]. The phosphoryla-
tion of these proteins by ATM is essential for correct activation of
cell cycle check points and for the initiation of DNA repair [5]. Con-
sequently, cells lacking functional ATM protein exhibit defects in
DNA repair and loss of cell cycle checkpoints [8,14], which results
in increased sensitivity to ionizing radiation [15–18].

Although the downstream signaling pathway activated by ATM
is well characterized, the mechanism of ATM activation in response
to DSB remains to be elucidated. Previous work showed that the
phosphorylation of ATM does not directly regulate the activity of
the kinase, but instead disrupts ATM dimer, and the dimer mono-
mer transition plays important role during ATM activation [7].
However, a key question has not been answered in almost a decade
since this dimer monomer model was identified: why ATM activa-
tion undergoes dimer monomer transition and why dimer dissoci-
ation or monomer formation is so important? We identified here
that ATM phosphorylated the opposite strand of ATM during inter-
molecular autophosphorylation and only monomer of ATM can
phosphorylate the substrates of ATM including P53 and Chk2
[19–21]. ATM monomer could form dimer again after
dephosphorylation.
2. Materials and methods

2.1. Cells and antibodies

GM5849 A-T cells (Coriell Institute, NJ) were cultured according
to the suppliers’ recommendations. Cells were transfected using
Lipofectamine 2000 according to the manufacturer’s instructions
(Invitrogen, CA). Clonogenic cell survival assays were done as pre-
viously described [16–18]. Antibodies used were ATM antibodies
5C2 and 2C1 (Genetex, San Antonio, TX), phospho-Ser 1981 (Rock-
land, Gilbertsville, PA), P53 (Calbiochem), anti-phospho-Ser 15 P53
(EMD Biosciences), H2AX (Oncogene Science), anti-cH2AX (Cell
Signaling), anti-phospho-Thr 68 Chk2 (Cell Signaling Technology),
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Fig. 1. ATM dimer phosphorylates the opposite strand instead of the same strand within the dimer. (A) Schematic model of experiment design. The left arrow shows the
possibility of self-autophosphorylation of the dimer; the right arrow shows the possibility of interactive autophosphorylation. GM5849 ATM negative cells were stably
cotransfected with HA and Myc-tagged ATM constructs. Cells were treated with IR. Cells expressing ATMKD and ATM1981 was immunoprecipitated either HA or Myc antibody.
Only Myc tagged ATMKD can be phosphorylated and since ATMKD lack kinase activity, thus it can only be phosphorylated by the counterpart strand of the dimer which can
only be ATM1981. (B) GM5849 ATM negative cells were stably cotransfected with HA and Myc-tagged ATM constructs. Cells were treated with IR (+). Cells expressing ATMKD

and ATM1981 was immunoprecipitated and analyzed by Western blot analysis for ATM, phospho-ATM (pS1981), P53 and phospho-P53 (pS15-P53), and H2AX and phospho-
H2AX (cH2AX). (C) GM5849 ATM negative cells were stably cotransfected with HA and Myc-tagged ATM constructs. Cells were treated with IR (+). Cells expressing ATMKD

and ATM1981 was immunoprecipitated either HA or Myc antibody. ATM and ps1981 ATM level were measured. Only Myc tagged ATMKD can be phosphorylated. (D) Cells were
irradiated at the indicated dose, and the number of surviving colonies measured 12 days later. Data represent the mean ± s.d. from three independent assays. (E) GM5849
ATM negative cells were stably cotransfected with HA and Myc-tagged ATM constructs. Cells were treated with IR (+) as indicated time course. ATM was immunoprecipitated.
The intrinsic kinase activity of ATM was then measured using P53 peptide (containing serine 15) as the substrate.
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anti-Tip60 (Santa Cruz), anti-HA (Abcam), anti-Myc (Cell
Signaling).
2.2. Mutagenesis

Point mutations were inserted by site-directed mutagenesis to
create restriction sites for SpeI (nucleotide 9279:
A9281TG9282A) and EcoR1 (nucleotide 9373: A8378C) in the
ATM cDNA. The C terminus of ATM was removed by SpeI–EcoR1
digestion, and oligonucleotides with overhanging SpeI–EcoR1 sites
encoding the indicated mutations were inserted.
2.3. Immunoprecipitation and Western blot analysis

Cells (1 � 107) were lysed in ATM lysis buffer (20 mM Hepes at
pH 7.4, 150 mM NaCl, 0.2% Tween 20, 1.5 mM MgCl2, 1 mM EGTA,
2 mM DTT, 50 mM NaF, 500 lM NaVO4, 1 mM PMSF, 1 lg/ml apro-
tinin and 1 lg/ml leupeptin) and cleared by centrifugation. Anti-
bodies against ATM (PC116; EMD Biosciences) or Tip60 (HA or
Tip60; Abcam and Upstate Biotechnology) were used for immuno-
precipitation, and immune complexes collected on protein-A aga-
rose beads. Immunoprecipitates were washed three times in ATM
lysis buffer, and once each in high salt buffer (100 mM Tris at pH
7.4, 600 mM NaCl, 1 mM DTT and 1 mM PMSF), and base buffer
(10 mM Hepes at pH 7.4, 10 mM MgCl 2, 50 mM NaCl, 1 mM DTT
and 1 mM PMSF).
2.4. Kinase assays

Extracts were immunoprecipitated as above. Immunoprecipi-
tates were washed once in kinase buffer (10 mM Hepes, pH 7.4/
10 mM MgCl2/50 mM NaCl/10 mM MnCl2) and incubated in 50 ll
of kinase buffer containing 50 lM ATP, P53 peptide (2 lg of EPPLS-
QEAFADLWKK), and 10 lCi of [c-32P] ATP (1 Ci = 37 GBq) for
30 min at 30 �C. Reactions were terminated with 30% acetic acid
(20 ll), spotted onto P81 paper, washed in 15% acetic acid, air-
dried, and counted.
2.5. HAT assays

Extracts were immunoprecipitated as above, except that the
high salt wash was omitted. Immunoprecipitates were washed
twice in HAT assay buffer (50 mM Tris, pH 8/10% glycerol/
0.1 mM EDTA/1 mM DTT), and incubated in 60 ll of HAT assay buf-
fer containing acetyl-CoA (100 lM) and biotinylated histone H4
peptide (0.5 lg) for 30 min at 30 �C. An aliquot of the reaction
was immobilized onto streptavidin plates and acetylation detected
by using a HAT ELISA according to the manufacturer’s instructions
(Upstate Biotechnology). HAT activity is expressed as the change in
absorbance relative to the reference wavelength (450–540 nm).
2.6. Immunofluorescence

Cells (on cover slides) were fixed in phosphate-buffered saline
(PBS) containing 2% paraformaldehyde. Cells were permeabilized



Fig. 2. Mutagenesis study of the function of PETPVFRLT box of ATM C terminal reveals its role in dimer monomer transition. (A) PETPVFRLT box of ATM C terminal. ATM2904

mutation, ATM2907 mutation and ATM2908 mutation comprising the last 33 amino acids at the C terminus of each of the proteins are shown. Blue box: identical; Red box:
similar. (B) GM5849 ATM negative cells were stably cotransfected with mutations of ATM2904, ATM2907, ATM2908 constructs. Cells were treated with IR (+). Cells were
immunoprecipitated and analyzed by Western blot analysis for ATM, phospho-ATM (pS1981), P53 and phospho-P53 (pS15-P53), and H2AX and phospho-H2AX (cH2AX). (C)
GM5849 ATM negative cells were stably cotransfected with mutations of ATM2904, ATM2907, ATM2908 constructs. Immunofluorescent staining to detect ATM was then carried
out. It shows efficient expression of ATM in the nuclear of GM 5849 cells. Scale bar equals 10 lM. Scale bar, 10 lm. (D) Cells were irradiated at the indicated dose, and the
number of surviving colonies measured 12 days later. Data represent the mean ± s.d. from three independent assays. (E) GM5849 cells expressing vector, ATM2904, or ATM2907,
ATM2908 were exposed to bleomycin and ATM immunoprecipitated with ATM antibody. ATM-associated HAT activity was measured as above. Results are shown as
mean ± s.d. (n = 6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in 0.2% Triton X-100 in PBS for 5 min, and then blocked in fetal
bovine serum for 20 min. Primary antibodies were prepared in
10% fetal bovine serum supplemented with 0.2% saponin. After a
1 h incubation with primary antibody, cells were washed three
times with 0.2% Tween-20 and incubated for 1 h in secondary anti-
body (conjugated to either Texas Red or FITC; Santa Cruz Biotech-
nology, CA). Slides were mounted with Fluoromount-G (Southern
Biotech, AL). Images were collected with an AxioImager Z1 micro-
scope (Carl Zeiss, Inc.) equipped with a color digital camera (Axio-
cam MRc Rev.3; Carl Zeiss, Inc.) and Plan Apochromat oil M27 lens
(636, NA 1.4) Acquisition software.

3. Results

3.1. ATM phosphorylates the opposite strand in the intermolecular
dimer in response to DSB

Although it has been demonstrated that ATM undergo dimer
monomer transition during DNA repair and it is critical for ATM
to be functional, it is very difficult to address if ATM phosphorylate
the same strand or the opposite strand. Every single molecular of
ATM has both kinase domain and phosphorylation site, which
make it impossible to rule out one possibility from another. We
use both Myc tagged kinase dead ATM and HA tagged Ser 1981
mutation in our work. Previous work showed that the 350-
amino-acid kinase domain located at the carboxy terminus of
ATM and the kinase dead mutation the ATMKD does not possess
kinase activity and does not autophosphorylate [17,22]. Following
DNA exposure to DNA damage, ATMKD does not undergo dimer
monomer transition and remain dimeric form [17]. Previous work
also showed that ATM1981 can not undergo dimer monomer transi-
tion. Although mutation of serine 1981 did not abolish ATM kinase
activity in vitro [7], expression of S1981A-ATM fails to complement
AT cells, and effectively inhibit the cellular activity of endogenous
ATM.

If ATM phosphorylates the same strand within dimer in
response of DSB, we should not detect any phosphorylation of
ATM after cotransfection of myc tagged ATMKD and HA tagged



Fig. 3. ATM2907 mutation cannot undergo dimer monomer transition and lack functional substrate phosphorylation. (A) ATM negative GM5849 cells were stably
cotransfected with HA and Myc-tagged ATM mutation constructs of ATM2904, ATM2907, ATM2908, such that both HA-ATM and Myc-ATM were expressed in the same cells. Cells
were treated (+) or nontreated with IR (�) as indicated. Then immunoprecipitation was used 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. (B) GM5849 ATM negative cells were stably transfected with ATM2904, ATM2907 and
ATM2908. Cells were treated with IR (+) as indicated time course. ATM was immunoprecipitated. The intrinsic kinase activity of ATM was then measured using P53 peptide
(containing serine 15) as the substrate. (C) GM5849 ATM negative cells were stably transfected with ATM2904, ATM2907 and ATM2908. Cells were irradiated (5 Gy +) and
allowed to recover for 20 min. Cells were fixed and immunostained with P-Chk2 antibody (red) and phospho-Ser 1981 antibody to detect active ATM (green). Scale bar,
10 lm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ATM1981 into AT cells (Fig. 1A). Interestingly, we detected phos-
phorylation of ATM S1981 in ATMKD and ATM1981 cotransfected
cells, whereas neither ATMKD or ATM1981 can be autophosphory-
lated (Fig. 1B). We further showed that after immunoprecipitation
with HA and myc antibody, only myc tagged ATM, ATMKD, can be
phosphorylated (Fig. 1C). These data strongly suggest that ATM
molecular phosphorylate the opposite strand but not the same
strand (Fig. 1A). Further work showed that ATMKD+1981 can not only
undergo autophosphorylation but can phosphorylate P53 and
H2AX (Fig. 1B). Clonogenic assay showed that they can partially
complement AT cells (Fig. 1D). The phosphorylated ATMKD+1981

showed partial stimulated kinase activity in response to DNA dam-
age (Fig. 1E).

Comparing to the autophosphorylation in full length ATM trans-
fected cells, the autophosphorylation is very weak in the ATMKD

and ATM1981 cotransfected cells (Fig. 1B). We also detected much
weak P53 and H2AX phosphorylation in the cotransfected cells
(Fig. 1B), as well as kinase activity (Fig. 1E). These results are con-
sistent with the model that ATM phosphorylates the opposite
strand (Fig. 1A). After cotransfection into AT cells, myc-ATMKD

and HA-ATM1981 will form three types of dimers: myc-ATMKD plus
myc-ATM1981, myc-ATMKD plus HA-ATM1981, HA-ATM1981 plus HA-
ATM1981 (Fig. 1A). If ATM molecular phosphorylates the same
strand, none of these dimers will be phosphorylated. However, if
we can detected any phosphorylation, that could only be myc-
ATMKD plus HA-ATM1981 dimer, and it can only be the opposite
strand phosphorylation model.
3.2. Dimer-monomer transition plays a key role for ATM in vivo
activation and cellular activities

The PETPVFRLT box located at the C terminus of ATM and it is
conserved between ATM, ATR and DNA-PK. ATM, ATR and DNA-
PK are all large proteins that belong to the phosphoinositde 3-
kinase (PI(3)K) superfamily. The function of the PETPVFRLT box
remains unclear. We generated 3 point mutations in the PETPERLT
box, which including ATM2904, ATM2907 and ATM2908 (Fig. 2A). ATM
2907 mutation has been found in AT patient but the mechanism is
not clear how ATM2907 cause the loss of ATM activity. After trans-
fection of AT cells with ATM2904, ATM2907 and ATM2908, we
detected normal ATM phosphorylation, P53 phosphorylation and
H2AX phosphorylation (Fig. 2B) in all the mutants. But interest-
ingly, the ATM2907 mutant showed IR radiation sensitivity and
behaved like AT cells which lack ATM protein (Fig. 2D). To rule
out the possibility of ATM expression and nuclear location change,
we detected ATM level and expression by both Western blot and
immunofluorescence, no detectable difference was detected
between ATM full length transfected cells and these mutants
(Fig. 2C and D). Our previous work showed that Tip60 acetyltrans-
ferase bind to ATM and make contribution to ATM activation
[16,17], and C terminus of ATM could be the binding site of
Tip60. So we detected ATM associated Tip60 HAT activity in these
cells. We observed normal HAT activity in response to DNA damage
in all the mutants and wide type cells, which indicate that the PET-
PVFRLT box does not affect the association of Tip60 and ATM



Fig. 4. The dephosphorylation of ATM is important for its re-dimerization. (A) Cells cotransfected with HA-ATM and Myc-ATM were treated with solvent or IR (5 Gy +), and
0.5 lM Okadaic acid (OA) was added. Cells were fixed as indicated time course and then underwent immunofluorescent staining of cH2AX antibody. Scale bar, 10 lm. (B)
ATM negative GM5849 cells were stably cotransfected with HA and Myc-tagged ATM constructs, such that both HA-ATM and Myc-ATM were expressed in the same cells.
Cells were treated (+) or nontreated with IR (�) as indicated. Then immunoprecipitation was used 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. Levels of ATM and ps1981ATM was measured. Upper panel: No OA treated. Lower
panel: OA was added as indicated. (C) GM5849 ATM negative cells were stably cotransfected with HA and Myc-tagged ATM constructs. Cells were treated with IR (+) as
indicated time course. ATM was immunoprecipitated. The intrinsic kinase activity of ATM was then measured using P53 peptide (containing serine 15) as the substrate. Left:
no OA was added; Right: cells were preincubated with OA after IR.
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(Fig. 2E). These observations showed PETPVFRLT box play an
important role for ATM activation but not autophosphorylation
and it is not due to the binding to Tip60.

To further address the mechanism that how the PETPVFRLT box
affect ATM function, we detected the dimer monomer transition
and we found that ATM2907 remain dimeric after IR treatment
(Fig. 3A). We then performed kinase assay using P53 peptide as
the substrate. Interestingly, we could not detect any kinase activity
in the ATM2907 mutant, which indicated that only monomeric form
of ATM can phosphorylate the substrate (Fig. 3B). This observation
was further confirmed by the weak Chk2 phosphorylation in
ATM2907 mutant (Fig. 3C). We further use immunofluorescence to
detect ATM phosphorylation and Chk2 phosphorylation and
observed ATM foci after IR treatment in ATM2907 mutant
(Fig. 3C), which indicated that although ATM2907 mutant cannot
undergo dimer monomer transition, the autophosphorylated
dimer can still be recruited to damaged site. Thus monomeric form
is not required for ATM recruitment.

3.3. Dephosphorylation of ATM is essential for ATM dimer re-formation
after DNA repair

It has been shown that ATM will undergo autophosphorylation
and dimer monomer transition in response to DNA damage. After
the DNA damage was repaired, ATM will undergo dephosphoryla-
tion and form dimer again [23]. However, it is not clear if there’s
correlation between dephosphorylation of ATM and dimer re-for-
mation. Here we showed that the dephosphorylation of ATM is
important for ATM dimer re-formation. If ATM dephosphorylation
is inhibited, ATM will not form dimer correctly after DNA repair.

We took the advantage of previous work demonstrating that
ATM and protein phosphatase 2A exist as a complex in the cell.
Inhibition of protein phosphatase 2A by okadaic acid (OA) leads
to rapid accumulation of ATM autophosphorylation on Ser 1981.
The immunofluorescence work showed that H2AX phosphoryla-
tion and dephosphorylation did not change within examined time
course after OA treatment during DNA repair (Fig. 4A). However,
we observed that the dephosphorylation of ATM was inhibited
(Fig. 4B). Interestingly, we also observed that when dephosphoryl-
ation of ATM was inhibited, ATM could not form dimer again and
remain monomeric form (Fig. 4B). Further investigation showed
that without OA treatment, ATM cannot phosphorylate P53 pep-
tide in kinase assay after dimer re-formation, whereas the mono-
meric ATM form with accumulated consistent phosphorylation
could still phosphorylated P53 peptide in kinase assay (Fig. 4C).
These results showed that monomer is the active form of ATM
and dimer is the inactive form of ATM. More importantly, not only
dimer monomer transition is important for ATM activation, but the
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dimer re-formation play important role for ATM proper function in
the cell.

4. Discussion

Generation of ATM dimer monomer transition monitor Co-IP
with two different tags led to the mechanistic insights into the
phosphorylation event within the dimer after IR treatment. Our
results point to a new mechanism that after DNA damage, the
kinase domain of one ATM molecule phosphorylates serine 1981
of an interacting ATM molecule, and the phosphorylated ATM is
then dissociated from the complex and is freed to phosphorylate
other substrates in the cells. The PETPVFRLT box mutant ATM2907

retains endogenous ATM in a complex. Although it can be phos-
phorylated but it cannot undergo dimer monomer transition, thus
it cannot phosphorylate the substrates and has no cellular activity.
After DNA repair, the dephosphorylation of ATM is essential for the
active monomer to form inactive dimer again. This mechanism
provides an explanation that why ATM pre existed in the cells as
dimer since one molecule of ATM cannot phosphorylate itself,
the dimer of ATM need one molecule to phosphorylate another.
Our work also show that both dimer monomer transition in
response to DNA damage and monomer dimer transition after
DNA repair are very important for ATM to play proper cellular
function.

Since dimer monomer model is proposed in 2003, for almost
a decade, most work focused on finding new factors which help
to initiate the kinase activity of kinase domain and P1981 phos-
phorylation [18,24–29]. Here we showed that both kinase activ-
ity and P1981 are essential but not enough for ATM cellular
activity and function. The dimer monomer transition and the
structure change itself help to release the active monomeric
form, otherwise the dimer could not phosphorylate the sub-
strates and the cells will lack ATM function. Our work also
reveals the important function of PETPVFRLT box for dimer dis-
sociation, which indicates that there might be other factors that
could contribute to dimer monomer transition except for kinase
domain and P1981 phosphorylation site. For example, the phos-
phorylation site other than P1981 could play important role for
this dynamic process [8].

Although a lot work has shown that dephosphorylation is very
important for ATM proper function, it is not easy to explain the cor-
relation of ATM dephosphorylation and ATM function defect. Data
presented here is consistent with the previous work that dephos-
phorylation is as important as phosphorylation. Moreover, we pro-
posed based on the data that ATM can only form dimer again after
dephosphorylation. This mechanism also provide dynamic model
for the regulation of ATM activation in the cells, which might be
a little different from the in vitro activation of ATM. In a cell free
system, once ATM is activated, it cannot come back to the inactive
dimer form, whereas the ATM dimer monomer transition in the
cells are reversible, which provide perfect functional base for the
dynamic DNA repair process.
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