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Structure of the human dimeric ATM kinase
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ABSTRACT

DNA-double strand breaks activate the serine/threonine protein kinase ataxia-telangiectasia mutated
(ATM) to initiate DNA damage signal transduction. This activation process involves autophosphorylation
and dissociation of inert ATM dimers into monomers that are catalytically active. Using single-particle
electron microscopy (EM), we determined the structure of dimeric ATM in its resting state. The EM map
could accommodate the crystal structure of the N-terminal truncated mammalian target of rapamycin
(mTOR), a closely related enzyme of the phosphatidylinositol 3-kinase-related protein kinase (PIKK) family,
allowing for the localization of the N- and the C-terminal regions of ATM. In the dimeric structure, the
actives sites are buried, restricting the access of the substrates to these sites. The unanticipated domain
organization of ATM provides a basis for understanding its mechanism of inhibition.

Introduction

ATM initiates the mammalian DNA-damage response (DDR)
through the Mrel1/Rad50/Nbsl (MRN) complex at the dam-
age sites." ™ Specifically, direct interaction with the MRN com-
plex bound to DNA leads to ATM activation, resulting in its
conversion of a catalytically inactive homodimer to an active
monomeric form® that phosphorylates numerous downstream
targets critical for cell-cycle checkpoints, apoptosis and DNA
repair.**® Notably, mutations in the ATM gene cause ataxia
telangiectasia (A-T), a rare hereditary disorder characterized by
progressive neurodegeneration, radiosensitivity, immunodefi-
ciency and cancer predisposition, all of which are hallmarks of
deficiencies in the DDR machinery.”'" Knowledge on the
structure-function relationship of ATM at the molecular level
is paramount to the understanding of its multifaceted role in
the maintenance of genome stability.

Monomeric ATM is a large polypeptide of 350 kDa that
belongs to the family of PIKKs. The family of PIKKs also
includes ataxia-telangiectasia and Rad3-related (ATR), DNA-
dependent protein kinase catalytic subunit (DNA-PKcs), as
well as mTOR, among others.'">"> All members of the PIKK
family possess a kinase domain at the C-terminal region of the
protein, which shares significant homology with the catalytic
domain of phosphatidylinositol 3-kinase (PI3K). Two addi-
tional domains of homology are also found within this C-termi-
nal region, including the FRAP, ATM and TRRAP (FAT)
domain and the FATC domain that are located N-terminal and
C-terminal to the kinase domain, respectively.l‘*’15 While the
C-terminal region is conserved throughout the PIKK family,
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the large N-terminal region exhibits considerable sequence var-
iation and is comprised of repeated units of o helical HEAT
repeat motifs.'® These motifs likely act as scaffolds in mediating
protein-protein and protein-DNA interactions,'”"* facilitating
the interaction of these enzymes with diverse cellular partners
and their recruitment to sites of DNA leisons. Indeed, several
ATM-interacting proteins have been shown to bind to this
region, such as Nbs1 of the MRN complex,”**' ATMIN (ATM
INteracting protein)*> and the prostate tumor suppressor
NKX3.1.2> A number of reported subnanometer resolution
structures of PIKK enzymes have shed light onto the unique
structural aspects of this kinase family. The crystal structure of
an N-terminally truncated mTOR in complex with mLST8 at
3.2 A resolution shows that the kinase domain is clamped on
by the FAT domain, and this unique architecture may be a
common feature among members of the PIKK family.** In that
structure, the FATC domain is integrated with the kinase
domain. The recently determined cryo-electron microscopy
(cryo-EM) structure of the mTORC1 (mTOR with subunits
Raptor and mLST8) at 5.9 A resolution reveals that the N-ter-
minal region consists of elongated, «-solenoid helical repeats
that are organized into a “horn” and a “bridge.”* On the other
hand, in the crystal structure of the DNA-PKcs, determined to
6.6 A resolution, the circular arrangement of the HEAT repeats
within the N-terminal region gives rise to a ring structure.*
Currently, no high-resolution structures have been reported for
intact ATM or any fragments thereof.

Analogous to PI3K enzymes, members of the PIKK family are
strongly autoinhibited for their kinase activity in the resting state
and only become active upon interactions with their binding
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partners. To date, limited structural information is available on
ATM, despite its fundamental importance in the regulation of
the DDR. Herein we report the structure of full-length human
ATM in the resting, dimeric state, determined by single-particle
EM. Our data advances the current understanding of the molec-
ular architecture of ATM and provides a first glimpse of the
structural requirements underlying its inhibitory mechanism.

Results

To carry out structural analysis, we transiently overexpressed
human ATM in 293T cells and purified via a Flag-tag on its N-
terminus under mild conditions that preserve both the mono-
meric and dimeric forms of the enzyme, as previously
described."**” Our one-step purification using anti-Flag affin-
ity resin yielded highly purified enzymes as determined by sil-
ver-stained gel (Fig. 1A), albeit the concentration of the
preparation was very low (0.02 mg/mL). The inherent difficulty
in obtaining large quantities of purified ATM prompted us to
carry out negative-stain EM on continuous carbon support.
The resulting EM micrographs showed monodisperse particles,
but there appeared to be two distinct populations of particles of
different sizes (Fig. 1B; Fig. 2A). Following iterative reference-
free alignment and classification, we obtained two-dimensional
(2D) class averages that clearly revealed the presence of mono-
meric and dimeric ATM in our preparation, representing about
40% and 60% of the particles, respectively (Fig. 2B and C). It is
apparent from the class averages that the dimeric ATM, which
has dimensions about twice that of the corresponding mono-
mer, exhibits two-fold symmetry, in agreement with the homo-
dimeric nature of the complex. We followed a multi-reference
classification approach to separate the monomeric and dimeric

forms of ATM and calculated a final reconstruction of the
ATM in the dimeric state at 26 A resolution (Fig. 3A; Fig. 4A).
Good agreement was observed between the reference-free class
averages and the corresponding projections from the map of
the dimeric ATM (Fig. 2C). On the other hand, structural het-
erogeneity and strong preferred particle orientation on the car-
bon support likely limited our ability to obtain a stable
reconstruction of the monomeric ATM, thus precluding further
analysis of the three-dimensional (3D) structure.

The dumbbell appearance observed in some of the 2D class
averages of monomeric ATM suggested that it adopts an overall
bilobed architecture (Fig. 2B). By contrast, the 3D map of
dimeric ATM adopts a remarkably different structure that
resembles the shape of a butterfly (Fig. 4A). The unambiguous
delineation of the subunit and domain boundaries of the EM
map permitted segmentation of the density of ATM monomer
as well as the disk-like, C-terminal FAT/kinase/FATC region
within the monomer (Fig. 4B). In the crystal structure of the
N-terminally truncated mTOR, the FAT domain has an
appearance of a ring formed by o helical segments and clamps
onto the kinase domain** Both the kinase and the FAT
domains also form similar interaction in the refined electron
density map of DNA-PKcs.”*?° It has been suggested that these
two domains may also assume similar configurations in ATM,
as the helical segments of the FAT domain found adjacent to
the kinase domain are highly conserved throughout the PIKK
family.'>*® The kinase domain is also highly conserved in
sequence similarity among the family members with an average
sequence identity of about 30% (40% identity between ATM
and mTOR)". We were able to dock this truncated mTOR
crystal structure as a rigid body into the segmented density
with high fidelity, which provides strong evidence that the
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Figure 1. Specimen preparation and EM imaging. (A) Silver-stained SDS-PAGE gel of human ATM purified from 293T cells. (B) Representative negative-stain EM micro-
graph of purified human ATM. Examples of individual ATM monomers and dimers particles are boxed in white and black, respectively.
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Monomer

Figure 2. 2D image processing. (A) Examples of individual boxed-out raw particles. (B) Reference-free class averages of ATM monomer. (C) Comparison between repre-
sentative map projections of ATM dimer (i) and their corresponding reference-free class averages (ii) in the same orientations.

bimodal interaction between these two domains is also congru-
ent with those of mTOR and DNA-PKcs (Fig. 4C). The unoc-
cupied EM density not accounted for by the crystal structure
can be attributed to the N-terminal region of ATM, which is
organized into a ‘head’ and a ‘tail’ domain (Fig. 5). Whereas
the C-terminal regions are positioned relatively far apart from
each other in the dimeric structure, the tail domains are

juxtaposed around the central two-fold axis of the complex,
likely contributing to the interactions of subunits. The N-termi-
nal HEAT repeats have also been implicated in the dimeriza-
tion of DNA-PKcs.”® For mTOR, dimerization occurs through
the interaction between the first HEAT repeat of the N-termi-
nal region with the FAT domain from the opposing subunit of
the dimer as seen by cryo-EM.*® The distinct modes of
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Figure 3. 3D reconstruction. (A) Resolution estimation for the 3D reconstructions by the gold-standard Fourier shell correlation (FSC) plot. (B) Euler angle distribution
plots showing the asymmetric unit for the 3D reconstruction. The height of the bar is proportional to the number of particles assigned to that projection. Note that the

ATM dimer structure was reconstructed with C2 symmetry imposed.
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Figure 4. Overall structure of ATM dimer, volume segmentation and rigid-body fitting of atomic model into the EM map revealing the location of the N-terminal and the
C-terminal regions. (A) EM map of the dimeric ATM in different views. The 2-fold symmetry axis is indicated with an oval. Scale bar represents 25 A. (B) Reference-free
class average showing the end-on view of the ATM dimer. The C-terminal FAT/kinase/FATC region within one of the monomers is outlined. (C) Left, volume segmentation
of the EM map. The two monomers are distinguished by different colors (yellow and blue). The C-terminal FAT/kinase/FATC region on one of the monomers is displayed
in semi-transparent pink with the crystal structure of the N-terminally truncated mTOR (PDB ID 4JSV) docked in. Right, blown-up view showing the fit between the mTOR
crystal structure and the corresponding map segment. The viewing direction is indicated on the left with an arrow. The domain structures of ATM and mTOR in schematic
representation are included. ATM: FAT domain (1966-2566), kinase domain (2614-2960), FATC domain (3025-3056). mTOR: FAT domain (1385-2002), kinase domain
(2003-2450), FATC domain (2518-2549). The domains of the crystal structure are colored according to the schematic representation. The region consisting of residues
2021-2118 (FRB domain; light green) is removed from the crystal structure since this insertion region is not conserved in ATM.

interactions mediated through the N-terminal regions of the
PIKK family members are not unexpected, as these regions
have no apparent sequence similarity among each other.

Discussion

The predominant form of ATM in unstressed cells is homodi-
meric and catalytically inactive. DNA damage triggers the
monomerization and thus the activation of the ATM homo-
dimer through an ill-defined mechanism. In this work, we
show that both the N- and the C-terminal regions of each
monomer physically associate with that of the other monomer
within the dimer, where each monomer likely participates in
blocking the activity of the other monomer, leading to an auto-
inhibited state. How does the self-association of ATM lead to
inhibition of its kinase activity? On the basis of our docking
result, the substrate-binding sites are deeply buried in the inte-
rior of the complex such that they are physically hindered
where access to these sites is highly restricted (Fig. 5). Specifi-
cally, the close proximity of the tail domain of the N-terminal
region with respect to the active-site cleft in trans results in
enclosure of its opening to 10 A. This architectural element
bears a striking resemblance to the recently reported studies
showing that access to the active-site cleft of the human
mTORC1 complex bound to FK506 binding protein (FKBP)-
rapamycin is also restricted by the relative positioning of the
FRB domain, FKBP, mLST8 and the RNC domain of Raptor,
leading to inhibition of the activity of the complex.”” Therefore,

kinase inhibition by steric hindrance appears to be a common
mechanism for both ATM and mTOR.

Autophosphorylation has been suggested to be important
for ATM function, and ATM activation is always accompanied
by autophosphorylation at serine 1981 in vivo. Upon mono-
merization, S1981 phosphorylation could play a role in pre-
venting the re-association of the ATM monomers back to
dimers.”® Based on in vitro biochemical data, Bakkenist and
Kastan proposed that the kinase domain binds to a region in
the FAT domain surrounding S1981 in the dimer.” The present
front-to-front arrangement of the monomers within the
dimeric complex does not favorably support this model because
the FAT domains are situated away from the interface of the
monomers (Fig. 5; Fig. 6). Nonetheless, we do not formally
exclude this model owing to low resolution of the EM map.
Notably, our current model is consistent with ATM autophos-
phorylation being dispensable for its activation in mice, as
shown in previous studies.*”°

The MRN complex has been identified to play an indispens-
able role in the localization and activation of ATM. Not only it
promotes localization of ATM to the sites of DSBs through
engagement to both DSBs and ATM, it also facilitates its
dimer-to-monomer conversion process through direct binding
as well as presenting DSB ends to ATM, simultaneously. The
last 20 amino acid residues at the C-terminus of the Nbs1 com-
ponent of the MRN complex has been shown to contact ATM
and is essential for its activation.’>*! In yeast, this short stretch
of residues interacts with a HEAT repeat segment in the N-
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Figure 5. Intersubunit interaction and proposed mechanism of kinase activity inhi-
bition. The N-terminal regions comprising of HEAT repeats are represented in solid
surface. The head and the tail domains of the N-terminal region are labeled. The
domains of the mTOR crystal structure are colored according to the schematic
representation in Fig. 4C. The EM map is represented in semi-transparent gray sur-
face. The kinase activity center is indicated with an asterisk. Bottom left, the dis-
tance between the tail domain and the active site is 10 A. Bottom right, similar
restriction of the active-site cleft due to the presence of mLST8 (yellow), the FRB
insertion (brown) and FKBP-rapamycin in mTOR. The RNC domain of Raptor is
omitted for clarity.

terminal region of Tel, an ortholog of ATM.>" The Mrell-
Rad50 component also binds ATM, although the correspond-
ing interaction surface on ATM has not been mapped.'
According to our structure, it is conceivable that the MRN
complex, which itself is also a dimer, recognizes the large con-
cave surface in the ATM dimer formed by the head domains of
the N-terminal regions via multiple contacts in order to elicit
the dimer dissociation reaction. This vertex region of the dimer
may also contain putative DNA-binding sites formed by HEAT
repeats. A domain comprising of HEAT repeats has also been
ascribed to the putative DNA-binding site in the N-terminal

Viewing direction

Figure 6. Localization of the C2991 residue in ATM necessary for activation via the
oxidative mechanism. The top portion of the map is removed for clarity. The loca-
tions of the variable loop consisting of residues 2437-2491, which is disordered in
the crystal structure, are indicated with asterisks. This loop region contains the crit-
ical residue C2991 in the corresponding ATM structure that is essential for its oxi-
dation activation. The domains of the mTOR crystal structure are colored
according to the schematic representation in Fig. 4C.
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region of DNA-PKcs.”® Support for the notion that HEAT
repeats can mediate protein-DNA interactions come from the
previous studies of the DNA glycosylase AlkD and
condensins.'®"?

Recently, Paull and colleagues have elucidated an MRN/
DNA-independent mechanism of ATM activation.’>>> This
alternative activation mechanism is induced by oxidative stress.
In vitro, exposure of ATM to hydrogen peroxide resulted in the
formation of a disulfide-cross-linked dimer that is also catalyti-
cally active. A cysteine residue 2991 within the FATC domain
was found to be absolutely necessary for this oxidation-depen-
dent activation. Mutation of this residue did not affect the
MRN/DNA-dependent activation, however, suggesting the
presence of two distinct mechanisms of activation for ATM.
Even though this critical residue C2991 is found in a loop
region that is disordered in the mTOR crystal structure,'>** fit-
ting of the crystal structure into the EM map revealed that these
residues would be localized to the central region of the dimer
(Fig. 6). This observation is consistent with a disulfide bond
being able to form under oxidizing conditions only if these cys-
teines are in close proximity to each other in the dimer. We
posit that the formation of this disulfide could lead to reorgani-
zation of the monomer-monomer interface, leading to exposure
of the catalytic and substrate-binding sites.

We noted that our structure of monomeric ATM obtained
from segmentation of the EM map is markedly different com-
pared to the published structure of the same enzyme.** While
such a discrepancy may be explained by gross conformational
changes associated with the dimer-to-monomer conversion,
the inconsistency between our obtained class averages of the
ATM monomer and the expected 2D projections of the pub-
lished structure makes this assumption highly unlikely and
awaits further studies. In conclusion, the structure reported
here unravels a central mechanism of regulation of ATM activ-
ity and pave the way for higher resolution cryo-EM studies on
ATM and ATM-containing complexes.

Materials and methods
Protein preparation

The pcDNA-FLAG-His-ATM wt expression construct encoding
was transfected into 293T cells for transiently expression of
full-length human ATM. Protein purification was carried out
as described previously with slight modifications.”” Cells were
lysed by homogenization on ice in buffer containing 25 mM
Tris pH 8.0, 250 mM NaCl, 20 mM MgCl,, 0.5 mM phenylme-
thylsulfonyl fluoride (PMSF), 1 mM Tris(2-carboxyethyl)phos-
phine hydrochloride (TCEP), 20% glycerol. After centrifugation
at 10000g for 15 min at 4°C, the supernatant was collected and
incubated with anti-Flag M2 affinity gel (Biotool) for 1 hr at
4°C. The resin was washed twice with the same buffer followed
by twice with buffer A (25 mM Tris pH 8.0, 100 mM NaCl,
1 mM TCEP, 10% glycerol). Proteins were eluted from the
resin with 100 pug/mL Flag peptide (Sigma) in buffer A. To
remove the Flag peptide, eluted proteins were finally dialyzed
in buffer A using a Slide-A-Lyzer MINI Dialysis Device (Ther-
moFisher Scientific). TCEP was included in all purification
steps to avoid spontaneous oxidation of ATM. The purity of
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the eluted fractions was estimated to be >95% by silver stain-
ing. A total of 5ug protein could be obtained from 0.8 - 1L of
media. Purified ATM was used immediately for EM analysis.

Electron microscopy specimen preparation and data
acquisition

Samples were stained with 2% (w/v) uranyl acetate following an
established protocol using freshly glow-discharged, continuous
carbon coated copper grids (Ted Pella). Images of ATM were
acquired on a JEOL JEM2010 electron microscope operated at
200 kV using a Gatan Ultrascan 4k x 4k CCD camera at a nom-
inal magnification of 50kx, corresponding to a calibrated pixel
size of 2.14 A at the specimen level. The electron exposure was
adjusted to ~20-30 electrons/A.> The data was recorded with
defocuses ranged between —1 and —4 um.

Image processing

Image processing steps were carried out in EMAN 2.1°° and
RELION 1.4.°¢ A total of 13833 particles were selected
either manually or semi-automatically and the contrast
transfer function (CTF) parameters were determined from
windowed particle images in EMAN. Subsequent iterative
reference-free 2D image classification in RELION using
phase-flipped particles without further CTF correction
revealed the presence of two distinct populations of par-
ticles within the sample, which correspond to the mono-
meric and the dimeric forms of ATM. Initial model
generation was performed using two independent
approaches. In the first approach, a subset of these class
averages was selected as inputs for ‘e2initialmodel.py’ within
EMAN to obtain starting models of the monomer and
dimer of ATM, followed by multi-reference 3D classification
using ‘e2refinemulti.py’ to separate the dataset into two dis-
tinct particle populations and to improve the starting mod-
els. In the second approach, the particles were directly
extracted from the class averages to generate two distinct
particle population, followed by the ab initio reconstruction
algorithm PRIME in the SIMPLE 2.0 software package to
produce the starting models.”” Using the independent sub-
sets of data either extracted from 2D or 3D classification as
described above, final iterative 3D refinements with full
CTF correction against the starting models were carried out
by the gold-standard procedure in EMAN. Only spatial fre-
quencies up to 1/35A were used during the refinement to
avoid noise fitting, where Fourier ring correlation was used
as the similarity comparator. For dimeric ATM, since clear
two-fold symmetry was apparent in the reference-free class
averages and the starting models, hence, subsequent refine-
ment was carried out with C2 symmetry imposed. Both
approaches produced maps that are nearly identical for the
dimeric data set but not for the monomeric dataset, and
therefore the monomeric data set was omitted for further
analysis. The resolution of the final 3D reconstruction of
the ATM dimer was estimated to be 26 A by the Fourier
shell correlation (FSC) 0.143 cut-off.*®

Map interpretation, visualization and validation

Semi-automatic volume segmentation using the watershed
algorithm, rigid-body docking, visualization and rendering
were performed using UCSF Chimera.” Segmentation and
molecular docking was carried out with the Segger routine*’
and the ‘Fit-in-map’ option in Chimera, respectively. The com-
parison between the map projections and the corresponding
reference-free class averages highlighted the self-consistency of
our final 3D reconstruction. The excellent agreement between
the fitted crystal structure and the map segment provided sup-
port to the validity of our map. The map was further validated
by the tilt-pair test with pairs of images of the same field
recorded at 0 and +10°.

Abbreviations

ATM ataxia-telangiectasia mutated

EM electron microscopy

Mtor mammalian target of rapamycin

PIKK phosphatidylinositol ~ 3-kinase-related  protein
kinase

DDR DNA-damage response

MRN Mrel1/Rad50/Nbs1

A-T ataxia telangiectasia

ATR ataxia-telangiectasia and Rad3-related

DNA-PKcs DNA-dependent protein kinase catalytic subunit

PI3K phosphatidylinositol 3-kinase

FAT FRAP, ATM and TRRAP

ATMIN ATM INteracting protein

cryo-EM cryo-electron microscopy

3D Three-dimensional

2D Two-dimensional

PMSF phenylmethylsulfonyl fluoride

TCEP Tris(2-carboxyethyl)phosphine hydrochloride

ESC Fourier shell correlation
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