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DNA-PKcs structure suggests an
allosteric mechanism modulating
DNA double-strand break repair
Bancinyane L. Sibanda, Dimitri Y. Chirgadze, David B. Ascher,* Tom L. Blundell†

DNA-dependent protein kinase catalytic subunit (DNA-PKcs) is a central component of
nonhomologous end joining (NHEJ), repairing DNA double-strand breaks that would otherwise
lead to apoptosis or cancer.We have solved its structure in complex with the C-terminal
peptide of Ku80 at 4.3 angstrom resolution using x-ray crystallography.We show that the
4128–amino acid structure comprises three large structural units: theN-terminal unit, theCircular
Cradle, and theHead.Conformational differences between the twomolecules in the asymmetric
unit are correlated with changes in accessibility of the kinase active site, which are consistent
with an allosteric mechanism to bring about kinase activation.The location of KU80ct194 in
the vicinity of the breast cancer 1 (BRCA1) binding site suggests competition with BRCA1,
leading to pathway selection between NHEJ and homologous recombination.

D
NA double-strand breaks (DSBs), which
threaten genomic stability andmust be re-
paired promptly, may be caused either by
endogenous agents, such as reactive oxygen
species and failed replication forks, or by ex-

ogenous ionizing radiationand chemicals.DSBs can
be repaired by using nonhomologous end joining
(NHEJ) (1), a process used also in V(D)J recombi-
nation (2), or through homologous recombina-
tion (HR) (3), which provides more accurate
repair by retrieving lost information from the
sister chromatid. DNA-dependent protein kinase
catalytic subunit (DNA-PKcs), which is regu-
lated by extensive autophosphorylation (4–7),
and the KU70/80 heterodimer (8) play major
roles in initiating NHEJ, allowing recruitment of
Artemis, x-ray repair cross-complementing protein
4 (XRCC4), XRCC4/DNA ligase IV, XRCC4-like
factor (XLF), and PAXX (paralog of XRCC4 and
XLF). Structural information on DNA-PKcs has
been limited to our low-resolution (6.6 Å) crystal
structure (fig. S13) (9) and cryo–electron micros-
copy (cryo-EM) structures (>13Å) (10–13), limiting
our understanding of intermolecular interactions
necessary for NHEJ.
We now report crystals of selenomethionine

(Se-Met)–labeled DNA-PKcs complexed with na-
tive KU80ct194 (KU80 residues 539 to 732) diffract-
ing to 4.3-Å resolution. The resulting electron
density map allows chain tracing from N to C
terminus, using 228 evenly spaced Se-Mets in two
molecules of the asymmetric unit to check se-

quence registration (figs. S6 and S7) and
definition of ~90% of the 4128 amino acids in
each chain. DNA-PKcs folds into three well-
defined large structural units, within which mo-
tifs resembling HEAT (Huntingtin, Elongation
Factor 3, PP2 A, and TOR1) repeats recur through-
out the structure and give rise to supersecondary
structures with continuous hydrophobic cores
(Fig. 1A). As detailed in Fig. 1B (also fig. S14), the
structural units comprise the N-terminal region
(38 a-helices, residues 1 to 892; four super-
secondary structures, N1 to N4), the Circular
Cradle (85 a-helices, residues 893 to 2801; five
supersecondary structures: CC1 to CC5), and the
C-terminal Head (64 a-helices, residues 2802 to
4128, FAT, FRB, kinase, and FATC) (table S7).
Conserved regions and phosphorylation sites
are shown in Fig. 2A and fig. S11A. Also shown
are acetylation sites (fig. S11B), the predicted nu-
clear localization sites (NLS) (fig. S11C), and the
point of cleavage by caspase 3 to deactivate DNA-
PKcs (fig. S11D).
The bilobal kinase (3676 to 4100) (Fig. 2, B and

C) is similar to that of other PI3-kinases (14, 15). It
comprises a well-conserved P-loop (3729 to 3735),
catalytic loop (3919 to 3927), and activation loop
(3940 to 3963) (Fig. 2C and figs. S15 and S16).
There is also a conserved metal, which coordi-
nates residues N3927 andD3941 in the C-lobe, the
catalytic base D3922 responsible for substrate
activation, and a conserved histidine (H3924) that
stabilizes the transition state analog as in mam-
malian target of rapamycin (mTOR). (Single-
letter abbreviations for the amino acid residues
are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu;M,Met;
N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V,
Val; W, Trp; and Y, Tyr.)
As inmTOR, there is restricted access to the active

site. The FAT region [FRAP (FKBP12-rapamycin–

associated protein), ATM (ataxia-telangiectasia mu-
tated),TRRAP(transformation/transcriptiondomain
associated protein); residues 2802 to 3564; with
supersecondary structures FR1 to FR5], conserved
inDNA-PKcs orthologs but not inmTOR (fig. S15),
folds around the kinase (fig. S17). The four–a-
helical bundle (residues 3582 to 3675) known as
FRB(FKBP12-rapamycin-binding) (16), and inserted
after the kinase N-terminal helix, is poorly con-
served, suggesting that it does not mediate rapa-
mycin binding in DNA-PKcs as it does in mTOR
(fig. S18). An additional small region known as
FATC (17) (residues 4101 to 4128) follows the kinase.
The crystal structure of DNA-PKcs aligns well
with the cryo-EMmaps of DNA-PKcs (12, 18, 19),
with additional density for more mobile regions
observed at this higher resolution (fig. S19). The
proximity of FRB to a-hairpin 1 (residues 3836 to
3872) (Fig. 2B) and FATC to a-hairpin 2 (residues
3995 to 4053) (Fig. 2C) results in a deep cleft in
which the substrate binds. A mutation in mice
leading to severe combined immune deficiency
(SCID) gives rise to a termination codon (20) and
results in loss of the 83 C-terminal residues (Fig.
2C), which would be expected to destabilize the
C-terminal domain, leading to negligible activity.
This led to the idea that mutations in DNA-PKcs
would also be found in human SCID, a prediction
confirmed a decade later (21).
An insertion ina-hairpin 1 inDNA-PKcs (residues

3836 to 3872) (Fig. 2B), adjacent to theFATCregion,
allows the hairpin to reach the active center, unlike
the upright and shorter loop (LBE) in mTOR that
binds mammalian lethal with SEC13 protein 8
(mLST8) (19). a-hairpin 2 (residues 3995 to 4053),
adjacent to FRB, blocks the entrance into the ac-
tive site cleft and extends into the active site cleft
(Fig. 2C). a-hairpin 3 (residues 4059 to 4082) is
specific to DNA-PKcs and obscures the activation
loop (Fig. 2C), thus burying the conserved T3950
autophosphorylation site thatdeactivates thekinase
(6). In much the same way, the catalytic loop is
protected by FATC.
Full access to the active site requires substantial

concerted conformational changes. The FRB and
the P-loop are moved further into the active site
cleft in DNA-PKcs than in the intrinsically acti-
vatedmTOR structure. Furthermore, comparison
of the two molecules in the asymmetric unit
reveals that the active site of one molecule (B)
is more concealed than the other (A). These
differences correlate withmuch larger changes in
conformation and position of N1 and N2 (movies
S1 and S2). Similar but more extensive concerted
changes could mediate allosteric interactions be-
tween the N-terminal and Circular Cradle units
and the kinase, providing a mechanism for ensur-
ing that DNA-PKcs selectively phosphorylates its
targets.
The KU70/80 heterodimer binds and recruits

DNA-PKcs to DNA ends, through the C-terminal
189residuesofKU80 (22),whichcontainsaglobular
core of six a-helices (23, 24). Two regions of electron
density near CC4 are candidates for the KU80ct194
binding. Both sites are outside the cryo-EM elec-
tron density maps of apolipoprotein structures,
supporting their assignment toKU80ct194 (fig. S19),
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and cocrystallization of Se-Met-labeled KU80ct194
with wild-type DNA-PKcs provided further confir-
mation (supplementary materials). Binding site A
(Fig. 3), which shows anomalous scattering density
for KU80 Se-Met, is likely the C-terminal a-helix of
Ku. It lies near the “PQR” autophosphorylation
cluster (4, 5) and proposed BRCA1-binding site
(25), suggesting the hypothesis that BRCA1 bind-

ing could compete with KU70/80 to change the
pathway fromNHEJ toHR. Binding site B (Fig. 3)
could be part of KU80ct194 between the globular
region and the C-terminal helix (site A), which is
predicted to have helical propensity. The lack of
further density in our anomalous differencemaps
suggests that the globular region containing the
other Se-Met is not bound in an ordered fashion.

Although the findings of Weterings and col-
leagues (26) indicate that the C terminus of KU80
is not absolutely required for activation of DNA-
PKcs, our structure indicates that it likely facili-
tates recruitment. Comparison with the cryo-EM
maps of the DNA-PKcs–KU70/80 complex (18) re-
veals that density for the KU70/80 complex is
located beneath CC4 and N1 (fig. S19). There is
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Fig. 1. The overall structure of DNA-PKcs. (A) Structural units of DNA-
PKcs.The N terminus is in blue, the Circular Cradle is in green, Head comprising
the FAT region is in pink, kinase is in yellow, and the FATC is in light pink. Also
shown are the Forehead in light green and FRB (FKBP12-rapamycin-binding) in
orange.The surface shown is the solvent-accessible surface area calculated by
use of Pymol. (B) A schematic representation highlighting the three units of DNA-
PKcsand their supersecondarystructural components: theN terminus,composed
of four supersecondary a-helical structures (N1 to N4); the Circular Cradle, com-

posed of five supersecondary a-helical structures (CC1 to CC5); and the Head,
which contains the FATregion (FR1 to FR4), kinase, FRB, and FATC regions.
Highly conserved regions (HCRs), KU80 binding area (Sites A and B) and in-
teracting areas for other proteins, autophosphorylation sites, and caspase 3
cleavage sites are shown above the schematic. (C) Domain organization
compared with other PI3-K family members,TRRAP, mTOR, ATM, ATR (ATM-
and Rad3-related), and SMG1 (human suppressor of morphogenesis in geni-
talia 1), color coded as in (A), with the insertion in SMG1 in light blue.
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growing evidence that N1 to N3 of DNA-PKcs
mediates DNA binding (6, 7, 13, 18, 19, 27). This
region, together with the Circular Cradle, forms a
ring at the base of the molecule through which
KU70/80 may present DNA for repair. This re-
gion has higher thermal factors and adopts dif-
ferent conformations between molecules A and
B (movies S1 and S2), confirming flexibility. Our
results suggest that the binding of KU or DNA
activates the allosteric mechanism needed for
communication between the N terminus and the
Circular Cradle to communicate with the kinase
in the Head.
The mechanism (fig. S21) may be mediated by

two conserved residues, K881 in the extension be-
yond N4 and E3933 of a b-hairpin in the kinase
active center, which forms a salt bridge between

the N-terminal unit and the Head (Fig. 2A). Loss
of this interaction could trigger conformational
changes in nearby highly conserved regions
(18, 28, 29) that open up the active site (fig. S21C),
exposing T3950 and culminating in full kinase
activity. The changes at the active center in concert
with the dephosphorylation and phosphorylation
of T3950maybe theONandOFF switch to the full
kinase activity.
It is possible that once the DNA has been re-

paired, the N terminus moves away from the Cir-
cular Cradle, a move analogous to a gate opening
(movies S1 and S2), and thus releases the repaired
and ligated DNA. This movement can be inferred
from comparison of the DNA-PKcs crystal struc-
ture with the cryo-EM maps of the apo structure
(fig. S19) (12, 19).

Most models of the role of DNA-PKcs involve its
dimerization as part of a larger complex (30) that
guides the relativepositionsof the twobrokenends.
Such dimers have been observed in cryo-EM
studies (28). Although theDNA-PKcs is amonomer
on gel filtration columns, the relative arrangement
of the twomolecules in the asymmetric unit of the
crystals (Fig. 4), which is consistent with the ob-
served EM dimers (fig. S20), would align the two
broken ends ready for ligation, positioning the
DNA near to where the density for the Ku70/80
complex has been observed.
The DNA-PKcs crystal structure shows that

the molecule folds into three well-defined units
that differ in relative positions in molecules A
and B, which is consistent with allosteric confor-
mational changes likelymediating the regulation
of activity. Its active site, which is closed relative
to that in the intrinsically activemTOR, indicates
that its activity is tightly regulated with the C
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Fig. 2. The active site of DNA-PKcs/mechanism. (A) The color scheme is the same as in Fig. 1.The
extension at the end of the N-terminal unit interacts with the active center; the contact between E3933
and K881 is highlighted; the autophosphorylated residues, HCR (I) 979 to 1121, HCR (II) 1918 to 1995,
and the JK phosphorylation cluster (T946 and S1003), thought to promote HR, are also highlighted.
(B) The kinase with the N-lobe is shown in red, the C-lobe is in yellow, andHCR (IV) ismarked.The P-loop
is shown in purple, the activation loop is in green, the catalytic loop is in dark blue, and the FRB
(orange) and the a-hairpin 1 carrying the LBE site in mTOR are shown in dashed lines. Also indicated is
G4123 on the FATC region positioned on the edge of the active site cleft. (C) T946, S1003, and T3950
autophosphorylation sites are labeled. The SCID mutation at Y4046 that leads to a termination codon
resulting in the loss of the C-terminal 83 residues is also shown; this would remove a substantive part of
the C-terminal lobe and very likely allosterically affect the active site cleft, drastically reducing the kinase
activity. The dotted and dot-dashed lines in (C) depict the supersecondary structures that enclose the
active site.

Fig. 3. KU70/80 binding area. (A) KU80ct194
(sites A and B in red) shown bound to DNA-PKcs,
colored according to structural units, with the N
terminus in blue and theCircular Cradle in green as
in Fig. 1; in gray is the highly conserved region HCR
II that is close to thePQRautophosphorylation site.
(B) Shows magnified binding sites A and B for
KU80ct194, where site A is near the PQR auto-
phosphorylation cluster, with its residues (S2023,
S2029,S2041, S2053, andS2056) shownaspurple
spheres.
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terminus of the N-terminal structural unit im-
plicated as the trigger for full kinase activation.
The located Se-Met site of the KU80ct194 in-
dicates that a portion of this domain binds close
to the putative binding site for BRCA1, implying a
pathway change to either NHEJ or HR. Further-
more, growing evidence points to the N-terminal
region as the putative DNA binding site, a region
that could also play a part in the release of the
repaired DNA. Dimers, observed in EM and the

crystal structure, are well positioned to present
the broken DNA ends for repair.
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Fig. 4. The dimeric arrangement of the two DNA-PKcs molecules in the crystallographic asymmetric
unit.The arrangement may allow broken ends to be brought together in a way that would facilitate DSB
repair. The possible positions for the DNA helices bound to each DNA-PKcs molecule are shown in red,
modeled in Maestro (Schrodinger Suite), making good electrostatic interactions to N1 and N2.The cryo-EM
map of DNA-PKcs bound to KU70/80 at 25-Å resolution (18) is shown superimposed on each monomer,
showing the position of the KU complex relative to the overall structure.
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binding site on DNA-PKcs, could provide a switch between NHEJ and homologous recombination.
modulated by interactions between the monomers. Binding of either Ku80 or BRCA1, which may compete for the same 
Ku80. The structure suggests that Ku80 presents the DNA ends for repair to a DNA-PKcs dimer and that activity is
the DNA repair machinery, the DNA-dependent kinase catalytic subunit (DNA-PKcs), bound to a C-terminal peptide of 

 present a high-resolution x-ray structure of a key component ofet al.uses information from the sister chromatid. Sibanda 
directly ligated by nonhomologous end joining (NHEJ) or more accurately repaired by homologous recombination that 

DNA double-strand breaks must be repaired efficiently to avoid cell death or cancer. The break ends can either be
Activating DNA repair
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