Cell Research (2017) 27:1341-1350.
©2017 IBCB, SIBS, CAS  All rights reserved 1001-0602/17 $ 32.00
www.nature.com/cr

ORIGINAL ARTICLE

Cryo-EM structure of human DNA-PK holoenzyme

. . * .o . * . . . .
Xiaotong Yin"*>", Mengjie Liu">>", Yuan Tian">", Jiawei Wang*, Yanhui Xu">*°

'Fudan University Shanghai Cancer Center, Institute of Biomedical Sciences, Shanghai Medical College of Fudan University,
Shanghai 200032, China; *Key Laboratory of Molecular Medicine, Ministry of Education, Department of Systems Biology for
Medicine, School of Basic Medical Sciences, Shanghai Medical College of Fudan University, Shanghai 200032, China; *State
Key Laboratory of Genetic Engineering, Collaborative Innovation Center of Genetics and Development, School of Life Sciences,
Fudan University, Shanghai 200433, China; *State Key Laboratory of Membrane Biology, School of Life Sciences, Tsinghua Uni-
versity, Beijing 100084, China; *CAS Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, Shanghai
200031, China

DNA-dependent protein kinase (DNA-PK) is a serine/threonine protein kinase complex composed of a catalytic
subunit (DNA-PKecs) and KU70/80 heterodimer bound to DNA. DNA-PK holoenzyme plays a critical role in non-ho-
mologous end joining (NHEJ), the major DNA repair pathway. Here, we determined cryo-electron microscopy struc-
ture of human DNA-PK holoenzyme at 6.6 A resolution. In the complex structure, DNA-PKes, KU70, KU80 and
DNA duplex form a 650-kDa heterotetramer with 1:1:1:1 stoichiometry. The N-terminal a-solenoid (~2 800 residues)
of DNA-PKcs adopts a double-ring fold and connects the catalytic core domain of DNA-PKcs and KU70/80-DNA.
DNA-PKecs and KU70/80 together form a DNA-binding tunnel, which cradles ~30-bp DNA and prevents sliding in-
ward of DNA-PKcs along with DNA duplex, suggesting a mechanism by which the broken DNA end is protected from
unnecessary processing. Structural and biochemical analyses indicate that KU70/80 and DNA coordinately induce
conformational changes of DNA-PKcs and allosterically stimulate its kinase activity. We propose a model for activa-
tion of DNA-PKGcs in which allosteric signals are generated upon DNA-PK holoenzyme formation and transmitted to
the kinase domain through N-terminal HEAT repeats and FAT domain of DNA-PKcs. Our studies suggest a mecha-
nism for recognition and protection of broken DNA ends and provide a structural basis for understanding the activa-
tion of DNA-PKcs and DNA-PK-mediated NHEJ pathway.
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Introduction across cell cycle and during variable, diversity and join-
ing (V(D)J) recombination [4, 5]. NHEJ does not require
a DNA template, but instead mediates direct re-ligation
of the two free DNA ends of DSBs. In animal models

and human diseases, NHEJ defects result in growth retar-

DNA double-strand breaks (DSBs) can be induced by
intrinsic or extrinsic stimuli and may lead to genomic in-
stability, tumorigenesis and other cellular abnormalities

[1]. In mammalian cells, DSBs are primarily repaired by
non-homologous end joining (NHEJ) and homologous
recombination (HR) [2]. HR repairs DSBs by using a ho-
mologous sister chromatid to guide repair of the broken
DNA strand, and is primarily active during the S and G2
phases of the cell cycle [3]. In contrast, NHEJ functions
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dation, immune deficiency, embryonic lethality, ezc. [6-9].

When DSBs are present, NHEJ is initiated through the
recognition of DSB ends by the KU70/80 heterodimer,
which subsequently recruits the DNA-dependent protein
kinase catalytic subunit (DNA-PKcs) to the DNA dam-
age sites [5]. The complex consisting of DNA, KU70/80,
and DNA-PKcs is referred to as the “DNA-PK” complex
or holoenzyme [10-14]. DNA-PK is essential for further
recruitment and regulation of other NHEJ factors, includ-
ing DNA ligase IV, X-ray cross complementing protein
4 (XRCC4), XRCC4-like factor (XLF), endonuclease
Artemis, and other factors that function in the processing
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and ligation of broken DNA ends [5]. DNA-PK has been
proposed to prompt the DNA broken ends to form a syn-
apsis complex for further processing and joining [15-17].

DNA-PKcs is a giant protein kinase that belongs to
phosphoinositide-3-kinase-related kinase (PIKK) family
[13]. Representative PIKK family members include two
master regulators of DNA damage responses, ataxia-tel-
angiectasia mutated (ATM), and ATM- and Rad3-related
(ATR), as well as a key regulator for cell growth, mecha-
nistic target of rapamycin (mTOR) [18]. Like other PIKK
family members, DNA-PKcs is composed of a large
N-terminal a-solenoid, a FAT (FRAP, ATM, TRRAP)
domain, and a kinase domain (KD), followed by FATC, a
C-terminal short segment [19, 20] (Figure 1A).

DNA-PKcs phosphorylates a number of protein sub-
strates, including the heat shock protein 90 (HSP90) [21],
the transcription factors p53 [10], specificity protein 1
(Sp1) [22] and MYC [23], and a majority of NHEJ fac-
tors [24]. The function of DNA-PKcs is regulated by ex-
tensive phosphorylation, autophosphorylation, and other
protein partners [24, 25]. The kinase activity of DNA-
PKcs is essential for NHEJ [26-28], although the exact
role of its kinase activity is not fully understood. Sibanda
et al. previously reported the crystal structure of DNA-
PKes in complex with C-terminal fragment of KU80
(residues 539-732, designated KU80ct194) at 6.6 A res-
olution [19] and recently pushed the resolution to 4.3 A
[20]. Sharif et al. [29] recently reported a cryo-electron
microscopy (cryo-EM) structure obtained from puri-
fied endogenous DNA-PK holoenzyme. However, no
KU70/80-DNA was built into the structural model and
very limited structural insights were revealed beyond the
previously reported low-resolution cryo-EM structure
[30].

Results

Structure determination of the DNA-PK complex

The DNA fragment for structural study contains a 35-
bp DNA duplex with a three-way junction formed by
intra-strand annealing within 13 nucleotides (Figure 1A).
Thus, the DNA contains a blocked DNA end so that the
other end (free DNA end) mimics the broken DNA end
in vivo and forces KU70/80 or DNA-PKcs-KU70/80 to
adopt a single DNA-binding mode [30, 31]. We purified
the full-length human DNA-PKcs (the apo form) and the
KU70/80 heterodimer (Supplementary information, Fig-
ure S1). KU70/80-DNA complex was pre-assembled and
purified to homogeneity. DNA-PK (the holo form) was
then assembled by mixing DNA-PKcs with KU70/80-
DNA, followed by gel filtration. Purified DNA-PKcs,
KU70/80, KU70/80-DNA, and DNA-PK complex were

used for structural and biochemical studies.

The cryo-EM structure of DNA-PK was determined
using single-particle reconstruction (Supplementary
information, Figure S2, Table S1 and Movie S1). The
overall structure of DNA-PK was determined at 6.6 A
resolution. We built structural model according to the
cryo-EM map using the available structures of DNA-
PKcs [20] and KU70/80-DNA [31] as template models
(Supplementary information, Figure S3). In the DNA-PK
structure, DNA-PKcs, KU70, KU80 and DNA duplex
form a 650-kDa heterotetramer with 1:1:1:1 stoichi-
ometry (Figure 1B-1D; Supplementary information,
Movie S2), which is consistent with the gel filtration
data (Supplementary information, Figure S1). The com-
plex is composed of a compact core (the FAT, KD and
FATC domains of DNA-PKcs, designated Core”™*"™), a
“body” (N-terminal a-solenoid), and a “tail” (KU70/80-
DNA), with overall dimensions of ~160 x 180 x 170 A°.
The DNA is embedded within the complex with the free
DNA end inserted into the “body” and the blocked DNA
end flanking outside of KU70/80 (Figure 1C).

Structure of DNA-PK and intermolecular interactions

As in mTOR [32], the N-terminal a-solenoid of
DNA-PKcs contains an N-terminal (residues 1-892)
and a middle (residues 893-2 801) HEAT (Huntingtin,
elongation factor 3, PP2A and TOR1) repeats, referred
to as “N-HEAT” and “M-HEAT”, respectively (Figure
1A). The M-HEAT forms a curved elliptical ring and
serves as a scaffold to maintain the integrity of the whole
complex (Figure 2A and Supplementary information,
Movie S2). The N-HEAT forms an open ring (diameter
of ~80 A) with a gap filled by five a-helices (FAT helices
fal3-fal7 corresponding to residues 3 056-3 174) of the
FAT domain (Figure 2B). The C-terminal part (HEAT9-
HEAT17 corresponding to residues 383-892) of the
N-HEAT makes extensive contacts with the M-HEAT.
The N-HEAT and M-HEAT pack against each other and
form a hollow double-ring structure (Figure 2C).

The catalytic pocket of the KD faces outward, present-
ing an open catalytic cavity for substrate phosphorylation
(Figure 2A and Supplementary information, Figure S4).
The FAT domain adopts a “C”-shaped conformation and
wraps around the KD for about 2/3 of a turn (Supplemen-
tary information, Figure S4). The FAT domain contains
five short a-solenoids: FAT region 1 (FR1) to FRS. FR1-
FR4 wrap around the C-lobe of the KD. FRS5 is followed
by the FKBP12-rapamycin-binding (FRB) domain and
packs against the characteristic five-stranded -sheet of
the KD.

The DNA-PKcs KD adopts an overall fold similar to
that of mTOR [33] with a root-mean-squared deviation
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Figure 1 Overall structure of the DNA-PK complex. (A) Color-coded domain architecture of human DNA-PKcs, KU70 and
KUB80. The same color scheme is used in all of the structure figures if not otherwise specified. The secondary structure of the
biotinylated DNA is shown with the free and blocked DNA ends as indicated. The bases that were not built into the structural
model are colored in gray. The inter- and intra-molecular contacts are shown as connected lines. Three major contacts (Inter-
face-1 to Interface-3) between DNA-PKcs and KU70/80 are indicated. (B-D) Ribbon representations of the DNA-PK complex
in three different views. The Core®™**** (composed of the FAT, KD and FATC) is indicated with dashed rectangle. The DNA is
colored in yellow. The bases of DNA are shown in stick representations. FAT, ERAP, ATM, TRRAP domain; FATC, FAT C-ter-

free
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minal domain; KD, kinase domain; M-HEAT, middle HEAT repeats; N-HEAT, N-terminal HEAT repeats.

(RMSD) of 3.01 A for 325 aligned Ca (Supplementary
information, Figure S5). Unlike mTOR [32, 33], DNA-
PKcs has a three-helix insertion (Hairpin-2), which
covers the FATC and the activation loop. The FRB and
mLST8-binding elements (LBE) form two sides of the
substrate entry groove. Substrate access to the active site
of mTOR 1is proposed to be restricted by the helix ka9b
(Supplementary information, Figure S5B), although de-
letion of this region did not increase its kinase activity
[33]. The equivalent of ka9b in DNA-PKcs is a two-he-
lix a-hairpin (Hairpin-1) that is stacked between the FRB
domain and the catalytic loop (Supplementary informa-
tion, Figure S5A).

While we used the full-length KU70 and KU80 for
structural analysis, neither the C-terminus (residues 535-
609) of KU70 nor the C-terminus (residues 542-732) of
KUB80 was built into the model, owing to a lack of den-
sity in the EM map. KU70/80 in the DNA-PK complex
adopts an overall fold similar to that in the KU70/80-
DNA structure (PDB: 1JEY), with an RMSD of 2.44 A
for 838 aligned Ca (Supplementary information, Figure
S6). Structural comparison indicates that the two KU80

www.cell-research.com | Cell Research | SPRINGER NATURE

molecules are essentially similar with an RMSD of 1.88
A for 507 aligned Ca, whereas the two KU70 molecules
display distinct conformations with an RMSD of 3.21 A
for 377 aligned Ca. As observed in the KU70/80-DNA
structure [31], KU70 is proximal, and KU80 is distal, to
the free DNA end. KU70 and KUS80 share a similar fold
and together form a pseudo-symmetrical ring that encir-
cles the DNA duplex.

We observed three major intermolecular interfaces be-
tween DNA-PKcs and KU70/80 heterodimer (Figure 3A
and Supplementary information, Figure S6). (1) The o/
B domain of KU70 makes contacts (Interface-1) with the
convex surface of the M-HEAT. (2) The convex surface
of the N-HEAT interacts with the “bridge” formed by
two anti-parallel strands of KU70/KU80 and the “pillar”
of KU70 (Interface-2). Structural comparison indicates
that DNA-PK complex formation forces the o/f domain
of KU70 to move by as much as 12 A, yet results in few
changes on other regions (Supplementary information,
Figure S6A). (3) Previous studies have indicated that
the C-terminal region of KU80 is important for inter-
action between KU70/80 and DNA-PKcs [34-36], and
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Figure 2 Structure of DNA-PKcs in the DNA-PK complex. (A-C) Ribbon representations of the DNA-PKcs in three different
views. The domains are indicated and colored as in Figure 1A. The sizes of the large ring (M-HEAT) and the small ring (N-HEAT
and part of FAT) are indicated. Note that the catalytic cavity faces outward (A) and the M-HEAT primarily makes contacts with

N-HEAT on repeats HEAT-9 to HEAT-17 (B).

three a-helices of KU80ct194 bind to the M-HEAT in
the DNA-PKcs-KUS80ct194 structure [20]. In the DNA-
PK structure, a 4-turn helix (equivalent to the second
a-helix of KU80ct194, designated KU80cta2) is located
close to the free DNA end and binds to the concave side
of the M-HEAT of DNA-PKcs (Interface-3). The other
two helices were not observed in the DNA-PK complex
structure.

Recognition and protection of broken DNA ends
According to the EM map, a 34-bp DNA duplex oc-
curred in the model but no three-way junction was visible,
possibly due to a lack of stabilization by protein-DNA
contacts (Supplementary information, Figure S3). DNA-
PKcs and KU70/80 together form a DNA-binding tun-
nel. DNA-PKcs is relatively proximal, and KU70/80 is
distal, to the free DNA end. DNA-PKcs and KU70/80
both wrap around one and a half turn of the DNA duplex
with the blocked DNA end flanking outside of the com-
plex (Figure 3A and Supplementary information, Movie
S2). KU70/80 binds to the dsDNA in a manner similar
to that observed in the KU70/80-DNA structure (PDB:
1JEY; Supplementary information, Figure S6), wherein
KU70/80 was proposed to sterically define the position
of the DNA helix to pass through the protein ring [31].
The DNA duplex fills the gap between the two ridges
of the N-HEAT and the M-HEAT of DNA-PKcs (Figure
3B). The inner surface of the DNA-binding tunnel with-
in DNA-PKcs is rich in positively-charged residues, in
agreement with its DNA-binding affinity. Intriguingly,
we did not observe extensive protein-DNA interaction,

which may reflect limitations of the EM map at 6.6 A res-
olution. Alternatively, the apparent lack of protein-DNA
contact and the opened DNA-binding tunnel may allow
DNA-PKcs to accommodate a wide spectrum of DNA
ends to facilitate NHEJ. This observation is supported
by the in vitro pull-down assay, in which DNA-PKcs
alone barely binds to DNA but strongly binds to DNA in
the presence of KU70/80 (Supplementary information,
Figure S7), suggesting that DNA-PKcs-DNA interac-
tion would not be stably maintained in the absence of
KU70/80.

The free DNA end makes contacts with helix KU80cta2
and a region that was not traced because the correspond-
ing EM map was insufficiently resolved for model build-
ing (Figure 3A and Supplementary information, Figures
S3 and S6). The existence of these structural elements
likely provides steric hindrance to prevent inward sliding
of DNA-PKcs along with the DNA duplex, and may also
obscure the free DNA end to avoid unnecessary pro-
cessing. Thus, DNA-PKcs and KU80 together provide a
“block” for the DNA-binding tunnel proximal to the free
DNA end. Such a striking structure agrees with previous
studies, which show that DNA-PKcs-KU70/80 recogniz-
es and protects DNA ends from unnecessary processing
[37, 38]. Although DNA-PK does not form a dimer of
tetramer in solution (Supplementary information, Figure
S1), two DNA-PK complexes might be bridged together
by other NHEJ factors so that two free DNA ends (broken
DNA ends in vivo) are brought into close proximity. No-
tably, the free DNA end is located within an open cradle
(50 A high, 50 A wide, and 40 A deep; Figure 1B and

SPRINGER NATURE | Cell Research | Vol 27 No 11 | November 2017
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Figure 3 Intermolecular interactions within the DNA-PK complex. (A) Close-up views of intermolecular interactions within
DNA-PK in two different views. Ribbon representations are shown with three major contact interfaces indicated. Note that a
helix (KU80cta2) binds to DNA-PKcs and obscures the free DNA end. The DNA-binding tunnel forces DNA duplex to undergo
a 30° kink. (B) Close-up views of the electrostatic potential surface of DNA-PKcs in two different views. The inner surface of
DNA-binding tunnel within DNA-PKcs is rich in positively-charged (blue) residues. KU80cta2 is omitted for clarity.

1C) that is large enough to easily accommodate NHEJ
factors such as DNA ligase IV and DNA polymerase p
[39, 40]. It is tempting to speculate that some unidenti-
fied factors free the protected DNA end, allowing down-
stream NHEJ processes to occur under precise control.

Allosteric activation of DNA-PKcs

Previous studies have indicated that purified endog-
enous DNA-PKcs-KU70/80 is activated by DNA [10,
12, 21, 41, 42], and that DNA and KU70/80 heterodimer
can independently stimulate the kinase activity of DNA-
PKcs [12, 13, 43]. To investigate mechanism for the
activation of DNA-PKcs, we performed in vitro kinase
activity assays using purified human p53, HSP90a, and

www.cell-research.com | Cell Research | SPRINGER NATURE

MYC as substrates. KU70/80 heterodimer showed unde-
tectable activation of DNA-PKcs kinase activity toward
the three substrates. DNA slightly enhanced the DNA-
PKcs kinase activity toward HSP90a, but showed no
detectable activation in the reaction using p53 or MYC
as substrate (Figure 4). Robust activation of DNA-PKcs
kinase activity, with substrate phosphorylation (Figure
4A and lower bands in Figure 4B and 4C) and autophos-
phorylation (upper bands in Figure 4B and 4C), was only
observed in the reactions when both DNA and KU70/80
were present. Consistently, neither DNA nor KU70/80
exhibited binding to DNA-PKcs, whereas DNA and
KU70/80 together obviously bound to DNA-PKcs under
our experimental conditions (Supplementary information,
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Figure 4 Kinase activity assays of DNA-PKcs. Phosphorylation
of p53 (A), HSP90a (B), or MYC (C) by DNA-PKcs in the pres-
ence of KU70/80 and/or increasing amounts of DNA. Y-shaped
DNA employed in the holoenzyme assembly or sonicated calf
thymus DNA is used as indicated. Purified proteins used for the
assays are indicated in Supplementary information, Figure S1.
Protein and DNA concentrations used in the assay are indicat-
ed. Substrate phosphorylation and/or DNA-PKcs autophosphor-
ylation were detected by antibody (A) or autoradiography (B-C).
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Figure S7). This also agrees with multiple intermolecu-
lar contacts between DNA-PKcs, KU70/80, and dsDNA
observed in the DNA-PK complex structure (Figures 1C
and 3A). These results indicate that KU70/80 heterodi-
mer and DNA together bind to DNA-PKcs and coordi-
nately stimulate its kinase activity. Intriguingly, KU70/80
and KD bind to distinct surfaces of the N-terminal a-so-
lenoid of DNA-PKcs, and the two structural units have
no direct contact with each other (Figure 1D), suggesting
that KU70/80-DNA allosterically stimulates the kinase
activity of DNA-PKcs.

We next compared the structures of the apo and holo
forms of DNA-PKcs (Figure 5A-5C). Note that in the
DNA-PKcs-KUS80ct194 structure (apo form), molecule
B was used for comparison since it is slightly more con-
cealed than the other (molecule A) in the asymmetric
unit of the crystals [20]. The two M-HEAT domains are
superimposed well with an RMSD of 2.60 A for 839

aligned Ca. The most significant structural difference ex-
ists at the N-terminus (HEAT1-HEATS corresponding to
residues 1-382) of the N-HEAT, which adopts an extend-
ed fold in the apo form but folds inward to join with the
M-HEAT and FAT in the holo form (Figure SA and 5B).
DNA entry would be prohibited by this region in the apo
form. Moreover, structural analyses indicate that intramo-
lecular contact between FAT and KD-FATC is ~3 500 A” in
the apo form and ~4 100 A’ in the holo form, suggesting
that the FAT domain may transmit KU70/80-DNA-trig-
gered conformational changes to the KD and lead to the
activation of DNA-PKcs. This hypothesis is supported by
previous studies that the KD of DNA-PKcs is active and
its kinase activity is inhibited by the N-terminal regions
[44, 45].

We here propose a model for activation of DNA-PKcs
in which allosteric signals are transmitted to the KD
through the following steps (Figure 5 and Supplementary
information, Movie S3). (1) Formation of the DNA-PK
complex forces the N-terminal region (HEAT1-HEATS)
of DNA-PKcs to twist and move (by as far as 30 A) and
leaves the rest of the N-HEAT and M-HEAT essentially
unchanged. The switch point is located at the site be-
tween HEATS8 and HEAT9. As a result, the N-terminus of
the N-HEAT is brought to close proximity to fal3-fal5
of the FAT domain (Figure 5A and 5B). (2) This intra-
molecular contact forces FR2 and FR3 to twist and move
toward the N-HEAT, which makes FR1-FR3 more com-
pact (Figure 5A). (3) As shown in Figure 5B, FR4 and
FR5 move leftward and rotate to fill the gap generated by
the movement of FR3. (4) The above movements collec-
tively lead to coordinated conformational changes of the
KD. Most strikingly, the potential substrate entry groove
is wider in the holo conformation, in which the two par-
allel helices (FRBa4 and LBEal) on top of both sides are
34.2 A (distance between Ca of K3672 and Ca of P3835)
apart from each other, compared to 28.6/29.3 A in the apo
conformation (A/B molecule in apo form; Figure 5C-5E
and Supplementary information, Figure S8). The wider
groove may facilitate substrate entry to the catalytic cav-
ity and thus stimulate the kinase activity of DNA-PKcs.
Conformational changes within the catalytic pocket may
also lead to more favorable substrate recognition or ef-
ficient reaction, which could be evaluated with a higher
resolution structure and/or molecular dynamics analysis.

Discussion
DNA DSBs could be induced by a wide range of stim-
uli exampled by ionizing radiation and chemical agents.

It can also result from intrinsic factors such as replication
errors and reactive oxygen species. Failure to repair DSBs

SPRINGER NATURE | Cell Research | Vol 27 No 11 | November 2017
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Figure 5 Mechanism for activation of DNA-PKcs. (A-C) Superimposition of the DNA-PKcs in the apo form (PDB: 5LUQ,
molecule B) and the holo form shown in three different views. Transition from the apo form (colored in gray) to the holo form
(colored as in Figure 1A) indicates conformational changes of DNA-PKcs induced by KU70/80-DNA. The directions of move-
ment of structural units are indicated with arrows. ® represents the direction of movement that is downward perpendicular to
plane of paper. (D-E) The kinase domain in the apo form (D) and the holo form (E) shown in similar orientations. The distance
between FRBa4 and LBEa1, two a-helices on top of both sides of the groove, is shown for each kinase domain, indicating ob-
viously distinct substrate entry grooves. The same conclusion can be obtained using molecule A (PDB: 5LUQ) for comparison

(Supplementary information, Figure S8).

would cause genome instability, cell cycle checkpoint
abnormalities, and ultimately cell death [46]. NHEJ plays
a vital role in repairing DSBs throughout the cell cycle
and is required in physiological processes such as V(D)
J recombination. Core NHEJ factors include KU70/80
heterodimer, DNA-PKcs, ligation complex DNA ligase
IV-XRCC4-XLF, and other processing factors like en-
donuclease Artemis, DNA polymerases, polynucleotide
kinase/phosphatase (PNKP), and aprataxin and PNKP
related protein (APLF). In the currently proposed model,
upon detection of DNA DSB site by KU70/80, DNA-
PKcs is recruited and activated [24, 25]. Although the

www.cell-research.com | Cell Research | SPRINGER NATURE

function of DNA-PK has been extensively studied, a
number of critical questions remain elusive. (1) How are
DNA-PKcs and KU70/80 organized at the broken DNA
ends and how are the broken DNA ends protected? (2)
How is DNA-PKcs activated by KU70/80 and/or dsD-
NA? (3) How are the broken DNA ends brought to close
proximity for ligation? Addressing these questions is im-
portant to fully understand this complicated process.

In this work, we report the cryo-EM structure of DNA-
PK holoenzyme at 6.6 A resolution and reveal the mech-
anism for assembly of this giant protein kinase complex.
Within DNA-PK holoenzyme, the N-terminal a-solenoid



Cryo-EM structure of human DNA-PK holoenzyme

1348

(~2 800 residues) of DNA-PKcs forms a double-ring
structure, which connects the catalytic core domain
of DNA-PKcs and KU70/80-DNA. DNA-PKcs and
KU70/80 together form a DNA-binding tunnel, which
cradles ~30-bp DNA. Previous models assumed that the
bound DNA is unbent [20, 30]. However, the cryo-EM
structure clearly shows that DNA-PKcs and KU70/80
both recognize DNA and together result in a 30° kink of
the DNA duplex (Figure 3A). This unexpected observa-
tion suggests that the DNA-binding tunnel is relatively
rigid to allow distortion of the DNA. Whether and how
this DNA distortion plays a role in NHEJ remain further
investigation.

Intriguingly, the free DNA end inserts into the dou-
ble-ring structure of DNA-PKcs and a helix of KU8S0
prevents sliding inward of DNA-PK along with DNA
duplex (Figure 6). Such structural organization suggests
that the broken DNA ends might be protected from un-
necessary processing upon DNA-PK complex formation,
and DNA-PK holoenzyme serves as a scaffold to allow
further dynamic ligation processes to occur. The observa-
tion is consistent with previous studies, which show that
DNA-PKcs and KU70/80 recognize and protect the free
DNA ends from unnecessary processing [37, 38].

DNA-PK was initially purified and identified as a

high-molecular weight protein kinase [10, 21, 22]. Sub-
sequently, multiple lines of evidence converge on the
conclusion that purified endogenous DNA-PK is strongly
activated by linearized dsDNA and KU70/80, but the ac-
tivation mechanism has been unknown over two decades
[47]. In this work, by comparing structures of DNA-
PKcs in apo form and DNA-PK holoenzyme, a signifi-
cant conformational difference was observed, indicating
that KU70/80-DNA induces conformational changes
of DNA-PKcs and allosterically stimulates its kinase
activity (Figure 6). We therefore propose a model for
activation of DNA-PKcs in which allosteric signals are
initiated by DNA-PK holoenzyme formation and then
transmitted through the FAT domain to the KD. In the
absence of KU70/80-DNA, DNA-PKcs possesses bas-
al-level kinase activity to avoid non-specific phosphory-
lation. Once DNA-PKcs is recruited to the broken DNA
ends by KU70/80, the kinase is activated in an impermis-
sible genomic region.

In summary, our study reveals a structural basis for the
complex assembly of DNA-PK and an allosteric mech-
anism for the activation of DNA-PKcs (Figure 6). The
structure also provides foundation for the future design
of allosteric activators/inhibitors that target DNA-PKcs
for potential therapeutic or basic biological research ap-

DNA-PKcs in apo form
COI’e ONa-pyog

Figure 6 A working model for DNA-PK complex assembly and activation. When DNA DSB occurs, KU70/80 heterodimer rec-
ognizes the broken DNA ends and binds to the DNA with the preformed ring structure (left). DNA-PKcs is then recruited to the
DSB end and binds to KU70/80-DNA (right). KU70/80-DNA stimulates the kinase activity of DNA-PKcs through an allosteric
activation mechanism. DNA-PKcs and KU70/80 together bind to DNA and prevent sliding inward of DNA-PKcs along with
DNA duplex, suggesting a mechanism by which the broken DNA end is protected from unnecessary processing.

SPRINGER NATURE | Cell Research | Vol 27 No 11 | November 2017



plications. Finally, our structure motivated us to propose
a mechanism for the recognition and positioning of bro-
ken DNA ends, thus shedding light on understanding the
complicated processes of NHEJ.

Materials and Methods

Protein purification

Biotinylated Y-shaped dsDNA was synthesized and annealed
as described previously (Supplementary information, Table S2)
[30]. KU70/80-DNA was purified to homogeneity using Superose
6 (Increase 5/150 GL, GE healthcare). Purified DNA-PKcs and
KU70/80-DNA were mixed and DNA-PK complex was obtained
by gel filtration through Superose 6. Human p53, HSP90a and
MYC were expressed in E. coli BL21(DE3) and purified by affini-
ty purification followed by ion exchange chromatography.

Kinase activity assays

In vitro kinase assays were performed as described previously
[10]. In brief, 1 pg HSP90a or MYC was incubated with 200 ng
DNA-PKcs in 15 pl reaction buffer containing S0 mM HEPES-
NaOH, pH 7.4, 100 mM KCI, 10 mM MgCl,, 2 mM EGTA, 0.1
mM EDTA, and 2 ul of [y-P]JATP (6 000 Ci/mmol, 10 mCi/ml)
at 30 °C for 10 min. For assays using p53, the same condition was
used except that 2.3 ng p53 was catalyzed by DNA-PKcs in 40
ul reaction buffer and the final ATP concentration is 1 mM. Soni-
cated calf thymus DNA was added as indicated. The assays were
performed in the absence or presence of KU70/80. The reaction
was stopped by adding SDS-PAGE loading buffer. The reaction
product was analyzed by SDS-PAGE, and the gel was subjected
to autoradiography (for MYC and HSP90a) or western blot using
site-specific antibody (for p53).

Accession codes

The electron density map and corresponding atomic coordi-
nates have been deposited in the Protein Data Bank (http://www.
resb.org/pdb) with code: 5Y3R and EMDB (http://www.ebi.ac.uk/
pdbe/emdb/) with code: EMD-6803.

Please refer to Supplementary information, Data S1 for EM
data acquisition, image processing, model building, and other de-
tails on Materials and Methods.
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