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Structural insights into the activation of ATM kinase
Cell Research (2019) 29:683–685; https://doi.org/10.1038/s41422-019-0205-0

Dear Editor,
ATM (ataxia telangiectasia-mutated) is a master regulator in

response to DNA damage and activates downstream pathways
involved in cell cycle checkpoints, DNA damage repair, transcrip-
tion regulation, immune response, central nervous system devel-
opment and metabolism.1,2 Loss of ATM activity in human results
in the pleiotropic neurodegeneration disorder ataxia-telangiectasia
(A-T) that is characterized by immunodeficiency, cancer predis-
position, premature aging and insulin-resistant diabetes.3–5 Despite
extensive studies over the past two decades,6,7 it remains
controversial how ATM is activated. Particularly, whether ATM
exists in a monomeric form, whether the monomer is more active
than dimer, and how dimer-to-monomer transition affects the ATM
kinase activity, remain controversial.
To prepare ATM proteins for biochemical and structural studies,

we overexpressed human ATM in HEK 293 suspension cells. In
most cases, the purified ATM existed in a dimeric form. Monomeric
ATM could be obtained when the cells were lysed using
homogenizer in a buffer lacking DNase I. The monomeric and
dimeric ATM peaks were fairly separated using glycerol gradient
centrifugation and the peak fractions were used in the following
biochemical and structural analyses (Fig. 1a; Supplementary
information, Fig. S1). The generation of monomeric ATM is
probably induced by double-strand breaks (DSBs) during cell
disruption.
To compare the kinase activities of dimeric and monomeric

ATM, we performed an in vitro kinase assay using two
representative substrates, the purified human p53 and Chk2
(kinase dead mutant, referred to as Chk2 below).8 The monomeric
ATM shows kinase activity ~10-fold higher than the dimeric ATM
(Fig. 1b; Supplementary information, Fig. S2a). No obvious
difference in the level of S1981 autophosphorylation was
observed between the two ATM forms (Supplementary informa-
tion, Fig. S2b), in agreement with previous studies.9 Therefore,
ATM monomer is enzymatically more active than dimer and such
difference is independent of ATM autophosphorylation at S1981.
We next determined the cryo-EM structures of dimeric and

monomeric ATM using single particle reconstructions (Supple-
mentary information, Figs. S3 and S4, Table 1 and movies S1 and
S2). The cryo-EM maps of ATM dimer and monomer were refined
to 4.3 and 7.8 Å resolution, respectively. The ATM dimer structure
reveals a butterfly architecture with two monomers arranged in a
two-fold symmetry, indicating a similar fold to that of previously
reported ATM dimer in the closed form.10 Each monomer has an
N-terminal superhelical α-solenoid (designated NATM), followed by
a C-terminal compact core containing the FAT, KD, and FATC
domains (designated CATM) (Fig. 1c, d; Supplementary information,
Figs. S5 and S6). The FAT domain contains three tetratricopeptide
repeat domains (TRD) followed by a short HEAT-repeats domain
(HRD) (Fig. 1c, d; Supplementary information, Fig. S6f).
The ATM dimerization is mediated by two CATM (Fig. 1d, f). A

four-helix bundle (fα19–fα22) of the TRD3 makes extensive
contacts with the C-lobe of ATM′ (Fig. 1f; Supplementary
information, Fig. S6b). The two parallel helices kα10/10′ (k

represents kinase domain) are sandwiched by helices fα21-22/
fα21′-22′. A loop connecting fα19 and fα20 packs against the FATC′
of the KD′. The helices fα21-fα22 of TRD3 and kα9a′ and kα10′ of
the KD′ together buttress the kinase domain. The protruded
portion of the two long α helices (fα21–fα22) (designated TRD3
dimeric helices, TRD3-DH) packs against two kinase regulatory
elements of the other ATM molecule: the kα9b′-9c′ and the
activation loop of the KD’ (Fig. 1f). The PIKK regulatory domain
(PRD) consisting kα9b-9c and the following linker is predicted to
prohibit substrate entry and inhibit kinase activity in PIKK kinases.11

In ATM dimer, the PRD′ is well-ordered because of stabilization by
the TRD3-DH and helices kα9a’ and kα10′ of the KD′, supporting an
inhibitory function.
The structure of ATM monomer reveals a similar overall fold to

one copy of ATM in the dimeric form (Fig. 1e; Supplementary
information, Fig. S6d). Compared with ATM dimer, the monomer
reveals a more open catalytic pocket due to lack of stabilization by
dimer contacts (Fig. 1g, h; Supplementary information, movie S3).
In particular, the height of catalytic pocket, as represented by the
distance between LBE (LST8 binding element) and HRD, is 53 Å in
dimer and 60 Å in monomer. The width of the catalytic pocket, as
represented by the distance between kα1 and helices kα10, is 43 Å
in dimer and 47 Å in monomer (Fig. 1h). Thus, the associated PRD
tends to be more flexible due to less restraint by kα9a and kα10
and lack of stabilization by otherwise associated TRD3-DH’ in ATM
dimer. The EM density indicates that the PRD is highly dynamic
and disordered in ATM monomer, indicating a less restrained
catalytic pocket that is more favorable for substrate entry. The
conformational switch of PRD is probably the key for the
activation of ATM kinase (Fig. 1g–i; Supplementary information,
movie S4). Thus, ATM adopts an autoinhibitory conformation in
dimeric form and monomerization releases such inhibition and
enhances the kinase activity. The pattern of ATM dimerization is
generally similar to that of the ATR–ATRIP complex.12 However,
ATM dimerization is primarily mediated by the upper interface and
has less contacts at the lower dimer interface (Supplementary
information, Fig. S7a–e). Moreover, ATM monomer has a more
open catalytic pocket than the previously reported ATM open
dimer (PDB: 5NP1)10 (Supplementary information, Fig. S7f–h),
suggesting that the open dimer represents a transition state from
dimer to monomer.
To test the effect of PRD and TRD3-DH on the dimer-to-

monomer transition and on the regulation of kinase activity, we
made four internal deletions of ATM: ATMΔPRD (Δ2964–2998),
ATMΔPRD-S (Δ2981–2998, the invisible linker, S represents short),
ATMΔDH (Δ2408–2450, TRD3-DH), and ATMΔDH-S (Δ2422–2435, the
invisible linker) (Fig. 1i). The four mutants were purified using
glycerol gradient centrifugation and the fractions at dimer
position were used in the in vitro kinase assay. Interestingly, all
the four ATM mutants tend to form monomer in solution
compared with the wild-type ATM (Supplementary information,
Fig. S8), indicating that PRD and TRD3-DH are involved in ATM
dimerization. As predicted, ATMΔPRD and ATMΔPRD-S showed robust
activation of kinase activities compared with the wild-type ATM,
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Fig. 1 a Separation of monomeric and dimeric ATM using glycerol gradient centrifugation. The fractions were subjected to SDS–PAGE and
stained using Coomassie blue. The fraction volumes were indicated below the figure. b In vitro kinase assay using increasing amount of
purified monomeric and dimeric ATM kinases. The purified human Chk2 (1 μg) serves as substrate. The reaction was subjected to SDS–PAGE
and visualized by immunoblotting (8 μL reaction products) with antibody specifically targeting phospho-Thr-68 of Chk2. Bar representations
of the relative kinase activities were generated according to the immunoblotting results. c Color-coded domain structure of human ATM with
boundaries indicated with numbers above the schematic representation. The same color scheme is used in all structure figures for one ATM
(right one in d) in dimer if not specified elsewhere. The FAT domain consists of TRD1–TRD3 and HRD. We refer to the FAT, KD, and FATC as CATM

and the N-terminal solenoid as NATM for simplicity. d–f Ribbon representations of dimeric ATM in front view d, top view f, and ATM monomer
e, respectively. In dimeric ATM, the molecule in right side is colored as in c. The monomer ATM is colored in salmon (NATM), olive (TRD1), red
(TRD2), blue (TRD3), cyan (HRD), green (KD), and lightblue (FATC), respectively. g, h Structural comparison of ATM dimer and monomer. Cryo-
EM maps g and ribbon representations h of ATM dimer and monomer are shown in a similar view. One ATM molecule in the dimer is omitted
in g for clarity. The ATM dimer is colored in yellow. The heights (distance between Cα atoms of residue D2597 and D2795) and widths
(distance between Cα atoms of residue M3011 and A2626) of the catalytic pockets of ATM dimer and monomer are indicated for comparison. i
A top view structure of ATM dimer showing critical regulatory elements for dimerization and kinase activity. The regions deleted in the four
ATM mutants are indicted with arrows. j In vitro kinase assay using purified wild-type ATM and four ATM mutants in equal concentration (20
ng). The assays were performed as in b. The purified human Chk2 (1 μg) and p53 (0.7 μg) were used as substrates, respectively. The activities
were visualized with antibodies against phospho-Thr-68 of Chk2 and phospho-Ser-15 of p53, respectively. k, l The in vitro kinase assays were
performed using dimeric ATM (30 ng) in the presence of increasing amount of DNA fragments in three different lengths. The lengths and
amounts of DNA were indicated, and 1 μg purified human Chk2 k and 0.7 μg p53 l serves as substrates in 20 μL 50mM KCl system. The
reactions were subjected to SDS–PAGE for immunoblotting with the activities detected by antibodies against phospho-Thr-68 of Chk2 k and
phospho-Ser-15 of p53 l. m, n Short DNA could activate ATM dimer m and monomer n. The kinase assays were performed as in k with the
lengths and amounts of DNA indicated. o The in vitro kinase assays were performed using equal amount (20 ng) of purified wild-type ATM and
ATM mutants in the absence or presence of 1.8 kb dsDNA (500 ng). SE short exposure, LE long exposure. p A working model that illustrates the
mechanism for ATM activation in response to DNA damage (see the main text for details)
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supporting the key role of PRD in inhibiting the kinase activity
(Fig. 1j). Unexpectedly, ATMΔDH and ATMΔDH-S showed similar (p53
as substrate) or even decreased (Chk2 as substrate) kinase
activities compared with the wild-type ATM (Fig. 1j). The deletion
of TRD3-DH may not be sufficient to release the inhibition by PRD,
which is still supported by helices kα9a and kα10. Alternatively,
the TRD3-DH might also be required for phosphorylation of
substrates like Chk2.
Biochemical studies have shown that ATM can be activated not

only by MRN complex, but also by individual DNA (Supplementary
information, Fig. S9). The ATM was activated by dsDNA in a
manner dependent on the concentration and type of free DNA
ends (Fig. 1k–m; Supplementary information, Fig. S10). Although
ATM monomer is enzymatically more active than ATM dimer
(Fig. 1b), ATM monomer activity can be further stimulated by DNA
fragments (Fig. 1n), indicating that DNA stimulates ATM activity
independently from oligomerization state. The four ATM mutants,
ATMΔPRD, ATMΔPRD-S, ATMΔDH and ATMΔDH-S could not be
stimulated by dsDNA (Fig. 1o), suggesting that these regulatory
elements (PRD and TRD3-DH) are required for DNA-mediated
activation. Consistently, oxidative crosslinking of C2291/C2291’
may lead to close association of two PRD domains and
autoinhibition release in the context of ATM dimer.13 Therefore,
the above observations indicate a combinatorial mechanism for
activation of ATM, the dimer-to-monomer transition and DNA-
mediated activation.
We here proposed a model for ATM activation in response to

DNA damage (Fig. 1p). The ATM dimer adopts an autoinhibitory
fold, in which the PRD is restrained in an inhibitory conformation
by kα9a, kα10 and TRD3-DH′. The well-positioned PRD prohibits
substrate entry and inhibits kinase activity of ATM. In monomeric
ATM, the PRD is more flexible due to lack of stabilization by TRD3-
DH and less support by kα9a and kα10. The ATM monomer can be
further activated by dsDNA. These regulatory elements (PRD and
TRD3-DH) are also required for DNA-mediated ATM activation,
suggesting that DNA may also regulate the conformation of PRD
and TRD3-DH for activation. Thus, dimer-to-monomer transition
and DNA association independently release the inhibitory
conformation of PRD and collectively lead to a fully activated
ATM. Upon DNA damage, MRN and other factors may facilitate the
recruitment of ATM to the broken DNA ends, which directly
activates ATM kinase activity for substrate phosphorylation.
The cryo-EM maps have been deposited in the EM Databank

under accession numbers: EMD-9950 (human ATM dimer), EMDB-
9951 (core region of ATM dimer) and EMDB-9949 (human
ATM monomer). The coordinates of structural models have
been deposited in the Protein Data Bank under accession
numbers: 6K9L (human ATM dimer) and 6K9K (human ATM
monomer).
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