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Background: The Ku70/80-DNA complex recruits DNA-PKcs to DSBs and results in activation of DNA-PKcs kinase
activity.
Results: Truncation fragments of DNA-PKcs show that different regions of the protein are required for complete functionality
of DNA-PKcs.
Conclusion: The N-terminal region of DNA-PKcs is required for its ability to interact with the Ku-DNA complex and its full
activation.
Significance:We provide insights into the biochemical mechanism required for DNA-PKcs activation.

DNA-dependent protein kinase (DNA-PK) plays an essential
role in the repair of DNA double-stranded breaks (DSBs) medi-
ated by the nonhomologous end-joining pathway. DNA-PK is a
holoenzyme consisting of aDNA-binding (Ku70/Ku80) and cat-
alytic (DNA-PKcs) subunit. DNA-PKcs is a serine/threonine
protein kinase that is recruited to DSBs via Ku70/80 and is acti-
vated once the kinase is bound to the DSB ends. In this study,
two large, distinct fragments of DNA-PKcs, consisting of the N
terminus (amino acids 1–2713), termed N-PKcs, and the C ter-
minus (amino acids 2714–4128), termed C-PKcs, were pro-
duced to determine the role of each terminal region in regulat-
ing the activity of DNA-PKcs. N-PKcs but not C-PKcs interacts
with the Ku-DNA complex and is required for the ability of
DNA-PKcs to localize to DSBs. C-PKcs has increased basal
kinase activity compared with DNA-PKcs, suggesting that the
N-terminal region of DNA-PKcs keeps basal activity low. The
kinase activity of C-PKcs is not stimulated by Ku70/80 and
DNA, further supporting that the N-terminal region is re-
quired for binding to theKu-DNAcomplex and full activation of
kinase activity. Collectively, the results show the N-terminal
regionmediates the interactionbetweenDNA-PKcs and theKu-
DNA complex and is required for its DSB-induced enzymatic
activity.

DNA double-stranded breaks (DSBs)3 are the most lethal
damage among the different kind of DNA damages because

unrepaired DSBs can result in genomic instability, cell death,
and tumorigenesis (1). In humans, nonhomologous end joining
(NHEJ) plays an important role in repairing DSBs (2). The
DNA-dependent protein kinase (DNA-PK) plays an essential
role inNHEJ-mediatedDSB repair (3). DNA-PK consists of two
subunits, a scaffold subunit (Ku70/Ku80) and a catalytic sub-
unit (DNA-PKcs). Upon creation of a DSB, Ku70/80 recognizes
and quickly binds to the DNA double-stranded break ends (4).
The DNA-bound Ku protein then recruits DNA-PKcs to the
DNA ends where the catalytic activity of DNA-PKcs is
increased (5). The large DNA-PKcs molecule forms a distinct
structure at the DNA termini and likely plays an active role in
the formation of a synaptic complex that holds the two ends of
the broken DNA molecule together (6, 7). In low salt condi-
tions, DNA-PKcs can bind to dsDNA ends, and its kinase activ-
ity is activated independently of the Ku heterodimer, but in
physiological salt conditions, DNA-PKcs has limited affinity for
DNA ends in the absence of Ku70/80 and has no to limited
kinase activity (8, 9). Thus, the Ku heterodimer plays a signifi-
cant role in stabilizing DNA-PKcs at DNA ends. Inactivation of
DNA-PKcs kinase activity via point mutations or small mole-
cule chemical inhibition results in radiosensitivity and a defect
in DSB repair, indicating that the kinase activity is essential for
NHEJ (10).
Once activated, DNA-PKcs can phosphorylate a number of

substrates including XRCC4, H2AX, p53, and Ku70/80 (11).
The best characterized DNA-PKcs substrate is DNA-PKcs
itself. A large number of the phosphorylation sites are clustered
in different regions of DNA-PKcs (12–15). Two prominent
phosphorylation clusters that have been identified to be phos-
phorylated and autophosphorylated in response to IR are the
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Thr-2609 (12, 16) and Ser-2056 clusters (17–19). Phosphoryla-
tion of Ser-2056 is a bona fide autophosphorylation site (18),
whereas phosphorylation of the Thr-2609 cluster can be phos-
phorylated by DNA-PKcs itself, ATM, andATR (19, 20). Inhib-
iting phosphorylation at Ser-2056 together with the Thr-2609
cluster leads to severe radiosensitivity and alters the dynamics
of DNA-PKcs at DSB sites, resulting in a rigid binding of DNA-
PKcs to DNA ends in vivo, which interferes with the NHEJ
process (21). A number of phosphorylation sites have been dis-
covered in the C terminus, but most are uncharacterized. One
that has been characterized is threonine 3950 (13). Ablation of
this site by alanine (T3950A) substitution does not affect the
kinase activity of DNA-PKcs, but the phospho-mimic aspartic
acid (T3950D) substitution results in ablation of DNA-PKcs
kinase activity. Finally, a solution structure of DNA-PKcs
obtained by small angle x-ray scattering revealed that auto-
phosphorylation of DNA-PKcs induces a conformational
change, which likely releases DNA-PKcs from DNA ends (22).
DNA-PKcs is a member of PI-3K-like kinase (PIKK) family

(23). Three PIKK familymembers, DNA-PKcs, ATM, andATR,
play important roles in the cellular response to DNA damage
(24). The N-terminal region of the family members is not well
conserved, but it has been postulated to be composedmostly of
HEAT (Huntington, Elongation, A-subunit, TOR) repeats (25).
TheN-terminal region of DNA-PKcs contains a leucine zipper,
which was shown to contribute to its innate DNA affinity (26).
The C-terminal region of the family contains a FAT (FRAP,
ATM, TRRAP) domain, a PI3K domain, and a FATC (FAT
C-terminal) domain (27). The FAT domain is not highly con-
served between the family members, but the PI3K and FATC
domains are. The FATandFATCdomains likely play an impor-
tant role in regulating kinase activity of the PIKK family mem-
bers (28). A low resolution structure showed that binding to the
Ku-DNAcomplex induces a conformational change in the FAT
domain of DNA-PKcs and enhancement of DNA-PKcs kinase
activity (29). Deletions in the FATC domain of ATM, ATR, and
mammalian target of rapamycin result in a significant decrease
of kinase activity, suggesting that this domain is important for
the activity of the entire PIKK family (30–32). The importance
of the FATC domain in regulating DNA-PKcs activity was first
delineated when it was discovered that scidmice contain a pre-
mature terminationmutation at amino acid 4045, which results
in the deletion of the last 83 residues encompassing the FATC
domain (33, 34). Predictions from a low resolution structure
show that binding to the Ku-DNA complex results in a confor-
mational change in the FATC domain of DNA-PKcs (35, 36).
This conformation change is predicted to result in the altera-
tion of the catalytic groups and/or the ATP-binding pocket of
DNA-PKcs, resulting in full activation of its kinase activity.
However, because of the large size DNA-PKcs (450 kDa), lim-
ited structure to function experiments have been performed, in
particular experiments to determine the role the N-terminal
region plays in regulating DNA-PKcs kinase activity.
Here, we show the purification and biochemistry of two large

fragments of DNA-PKcs. The N-terminal region (amino acids
1–2713) of DNA-PKcs serves an important role in regulating
DNA-PKcs because it is required for binding to the Ku-DNA
complex, for the ability to localize to DSBs in vivo, and for full

activation of the enzymatic activity of the protein. The C-ter-
minal fragment (amino acids 2714–4128) of DNA-PKcs
(C-PKcs) has kinase activity, but it is differentially regulated
comparedwith full-lengthDNA-PKcs. First, C-PKcs has higher
basal activity than DNA-PKcs, and unlike DNA-PKcs, C-PKcs
is not activated by Ku and DNA. The data suggest that the N
terminus is important for keeping the basal activity of DNA-
PKcs low and is required for the Ku and DNA binding-induced
conformational change required for activation of the protein.
The ability of C-PKcs to phosphorylate knownDNA-PKcs sub-
strates is limited, suggesting that theN terminusmay play a role
in substrate recognition either directly or via an N terminus-
mediated conformational change. Collectively, the data show
that theN-terminal region ofDNA-PKcs is required for full and
complete activation of the protein.

EXPERIMENTAL PROCEDURES

Purification of Full-length DNA-PKcs, N-terminal fragment
(N-PKcs), C-terminal fragment (C-PKcs), Ku70/Ku80, and
XRCC4 C-terminal Fragment—Full-length DNA-PKcs was
purified fromHeLa cells as previously described withmodifica-
tions (37). HeLa nuclear extracts were prepared and sequen-
tially bound to phosphocellulose (PC11) resin. Proteins were
eluted with a 100 mM step gradient from 0.1 to 1 M KCl. Peak
DNA-PKcs containing fractions were pooled and equilibrated
to column buffer (CB) (50 mM Tris-HCl, pH 7.9, 1 mM EDTA,
2% glycerol, 1 mM DTT, and 0.1 M KCl and protease inhibitors)
before progressing to the next round of chromatography. The
peak DNA-PKcs-containing fractions were next bound to a
DEAE-Sepharose column and then a heparin-agarose column.
As stated above, for each of these columns, the samples were
eluted with a 100 mM step gradient from 0.1 to 1 M KCl, and
peak DNA-PKcs-containing fractions were pooled and equili-
brated to CB buffer. DNA-PKcs-containing fractions were fur-
ther purified by two final rounds of chromatography: an ssDNA
cellulosematrix followed by aMonoQanion exchange column.
Each column was eluted using a linear salt gradient from 0.1 to
1 M KCl, and peak fractions were collected and dialyzed in CB
buffer before the next column. Purified DNA-PKcs was flash
frozen and stored at �80 °C.
The N-PKcs and C-PKcs of DNA-PKcs were generated by

PCR and subsequently subcloned into pFASTBac. Recombi-
nant baculovirus expressing N-PKcs or C-PKcs were generated
by using Bac-to-Bac baculovirus expression system (Invitro-
gen). Sf9 cells were infected with either N-PKcs or C-PKcs
recombinant baculovirus and harvested 60 h after infection.
Harvested Sf9 cells were lysed in 50 mM Tris-HCl, pH 7.9, 150
mM KCl, 1 mM EDTA, 10% glycerol, 20 �g/ml PMSF, 1 �g/ml
pepstatin A, 1 �g/ml leupeptin, 1 �g/ml soybean trypsin inhib-
itor, and 1 mM DTT. Total cell lysate was centrifuged at 35,000
rpm for 1 h, and the supernatant was saved. NH2SO4 (33%) was
added to the cleared supernatant with stirring for 1 h. The pre-
cipitate was pelleted via centrifugation at 14,000 rpm for 30
min. For N-PKcs, the pelleted precipitate was resuspended in
CB buffer and bound to aDEAE column. N-PKcs was eluted via
a step gradient of KCl (0.1, 0.3, and 0.5 M), and the samples were
subsequently dialyzed in CB buffer. The samples were then
applied to a heparin-agarose column, and the samples were
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eluted via a step gradient (0.1, 0.3, and 0.5 M), dialyzed, and then
bound to a DEAE column and eluted as above. The dialyzed
samples were then bound to a single-stranded DNA cellulose
column and eluted via a linear gradient of KCl (0–1 M) and
dialyzed. Finally, the samples were separated using a Mono Q
column and eluted via a linear gradient of KCl (0–1 M). Frac-
tions containing N-PKcs was confirmed by Western blotting
with anti-DNA-PKcs (18-2) or anti-FLAG antibodies. N-PKcs-
containing fractionswere flash frozen and stored at�80 °C. For
C-PKcs, the pelleted precipitate was resuspended in CB buffer
and bound to a phosphocellulose (PC11) resin. C-PKcs was
eluted via a linear gradient of KCl (0–1 M), and the sample was
subsequently dialyzed in CB buffer overnight. The sample was
applied to aMonoQ (GEHealthcare) column chromatography
and eluted via a linear gradient of KCl (0–1 M) and then applied
to Superdex 200 16/60 column. Finally, the samples were
applied to a Mono Q column and eluted via a linear gradient of
KCl (0–1 M). Fractions containing C-PKcs were confirmed by
Western blotting with anti-DNA-PKcs (25-4) or anti-FLAG
antibodies. C-PKcs containing fractions were flash frozen and
stored at�80 °C. Ku70/Ku80 andGST fusionXRCC4C-termi-
nal fragments were prepared as previously described (37).
Cell Culture and Transfection—V3 cells and V3 cells stably

expressing YFP-tagged DNA-PKcs were cultured in �-mini-
mum Eagle’s medium supplemented with 5% (v/v) fetal bovine
serum, 5% (v/v) fetal calf serum, 100 units/ml penicillin, and
100 mg/ml streptomycin at humidified 5% CO2 incubation. V3
cells expressing YFP-DNA-PKcs were generated as previously
described (21). For transient expression of YFP-N-PKcs or
YFP-C-PKcs and DsRed-PCNA, V3 cells were transfected with
YFP-N-PKcs or DsRed-PCNA and YFP-C-PKcs via electropo-
ration using the reagents supplied in the Amaxa Nucleofector
kit (Lonza) according to the manufacturer’s instructions.
dsDNA Cellulose Pulldown Assay—dsDNA cellulose (GE

Healthcare) was used for pulldown assays. Purified DNA-PKcs,
N-PKcs, or C-PKcs were subjected to pulldown in the presence
or absence of Ku70/80 protein. Pulldowns with or without 50
�g/ml ethidium bromide were also performed with DNA-PKcs
andC-PKcs. Purified proteins were incubatedwith 40�l of 50%
slurry of DNA cellulose in binding buffer containing 50 mM

Tris-HCl, pH 8.0, 0.5% EDTA, 150mMKCl, 1%Nonidet P-40 at
4 °C for 1 h. DNA cellulose was pulled down by centrifugation
at 2,000 rpm for 2 min and washed with binding buffer three
times. Proteins pulled down via the dsDNA cellulose were
resolved by a SDS-PAGE gel and transferred to a nitrocellulose
membrane, andWestern blot analysis was performed using the
antibodies indicated in figure legends.
Live Cell Imaging and Laser Microirradiation—Live cell

imaging combined with laser microirradiation was carried out
as described previously (21, 38, 39).
InVitroKinaseAssay—In vitro kinase assaywas performed as

previously described (37). Phosphorylation reactions contained
25 mM Tris-HCl, pH 7.9, 25 mM MgCl2, 1.5 mM DTT, 50 mM

KCl, 10% glycerol, 100 ng of sonicated herring DNA, 0.16 �M

[�-32P]ATP (6000 Ci/mmol), 8 nM DNA-PKcs, N-PKcs, or
C-PKcs, 20 nM Ku70/80, and GST-tagged XRCC4 C-terminal
domain protein. The final volumewas 10�l. The reactionswere
incubated for 30min at 30 °C and terminated by the addition of

SDS-PAGE sample buffer. In vitro kinase assays with DNA-
PKcs or C-PKcs in the presence concentrations of N-PKcs were
performed as above, but N-PKcs at the following concentra-
tions (8, 16, and 24 nM) was added. In vitro kinase assays with
ssDNA oligonucleotides were performed as indicated above
except in 10 mM KCl. The reactions were resolved via a 12%
SDS-PAGE, and �-32P incorporationwas detected by Phospho-
rImager analysis (Amersham Biosciences).

RESULTS

TwoLarge,Distinct Fragments ofDNA-PKcs Purified fromSf9
Cells—Deciphering the mechanisms regulating the activities of
DNA-PKcs has been mostly limited because of the inability to
express and purify recombinant DNA-PKcs protein fragments.
DNA-PKcs is cleaved by caspase 3 following induction of apo-
ptosis into two stable fragments (40, 41). Using the cleavage site
as a guide, two large fragments of DNA-PKcs termed N-PKcs
(amino acids 1–2713) and C-PKcs (amino acids 2714–4128)
were expressed in and purified from Sf9 insect cells. N-PKcs
contains the leucine zipper motif and the well characterized
serine 2056 and threonine 2609 phosphorylation clusters,
whereas C-PKcs contains the FAT domain, catalytic kinase
domain (PI3K), and the FATC domain (Fig. 1A). N-PKcs and
C-PKcs were purified by a series of column chromatography
steps (supplemental Fig. S1, A and B, respectively) to near
homogeneity (Fig. 1, B and C, respectively). Western blot anal-
ysis using monoclonal antibodies that specifically recognizes
the C-terminal (25–4) and N-terminal (18-2) regions of DNA-
PKcswas performed to confirm the identity of the purified frag-
ments (supplemental Fig. S1, A and B, respectfully). The data
show the successful purification of two large, distinct fragments
of DNA-PKcs.
The N-terminal Fragment of DNA-PKcs Interacts with the

Ku-DNA Complex and Localizes to DSBs—DNA-PKcs is
recruited to DSBs by the Ku heterodimer where binding to
Ku70/80 stabilizes DNA-PKcs at the DSB and results in activa-

FIGURE 1. Purification of N-PKcs and C-PKcs. A, schematic diagram of
domains of DNA-PKcs, N-PKcs, and C-PKcs. LZ, leucine zipper. B, purification of
N-PKcs. 5 �l of the indicated fractions were resolved via a 6% SDS-PAGE gel
and stained with Coomassie Brilliant Blue stain. The full-length N-PKcs protein
is indicated. C, purification of C-PKcs. 5 �l of the indicated fractions were
resolved via a 6% SDS-PAGE gel and stained with Coomassie Brilliant Blue
stain. The full-length C-PKcs protein is indicated.
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tion of the kinase activity of DNA-PKcs (5, 21). Previous data
showed that Ku70/80 interacts with amino acids 3002–3850 in
the C-terminal region of DNA-PKcs, but it is not known
whether this region of DNA-PKcs is required to interact with
the Ku-DNA complex, which is the true DNA-PKcs binding
partner in vivo (42). To test which portion of DNA-PKcs is
required to interact with the Ku-DNA complex, pulldown
assays were performed with dsDNA cellulose which was or was
not prebound by the Ku heterodimer. Similar to previous stud-
ies, full-lengthDNA-PKcs has weak binding affinity for DNA in
the absence of Ku70/80 (9), but the addition of the Ku het-
erodimer resulted in a marked increase in the amount of DNA-
PKcs, which is bound to the dsDNA cellulose (Fig. 2A, lanes 2
and 3). Similar to full-length DNA-PKcs, N-PKcs has low affin-
ity for dsDNA in vitro (Fig. 2A, compare lanes 2 and 5), and the
addition of the Ku heterodimer on the dsDNA cellulose
resulted in a marked increase in the amount of N-PKcs bound
to the dsDNA cellulose (Fig. 2A, lane 6). dsDNA cellulose pull-
down assays showed that C-PKcs interacts with dsDNA cellu-
lose in the absence of Ku70/80, and this binding appears to be
stronger than full-length DNA-PKcs (Fig. 2B, compare lanes 2
and 7). The addition of Ku70/80 did not result in an increase in
the amount of C-PKcs, which bound to the dsDNA cellulose,
suggesting that C-PKcs does not interact with the DNA-Ku
complex (Fig. 2B, compare lanes 7 and 9). Ethidium bromide
was also added in the dsDNA pulldown assays to disrupt DNA-
protein interactions. The addition of ethidium bromide results
in a marked decrease in the amount of DNA-PKcs, which is

pulled down with the dsDNA cellulose even in the presence of
Ku70/80,which is consistentwith previous results showing that
DNA is required for the DNA-PKcs-Ku70/80 interaction (Fig.
2B, lane 5) (5). The addition of ethidium bromide results in a
marked decrease in the dsDNA-C-PKcs interaction (Fig. 2B,
lanes 8 and 10), and C-PKcs could not interact with shorter
dsDNA molecules (data not shown), which, taken together,
suggests the DNA binding affinity of C-PKcs may not be spe-
cific. Together, the data show that the N-terminal region of
DNA-PKcs interacts with the Ku-DNA complex and that the
previously identified Ku-binding domain (amino acids 3002–
3850), which is present in C-PKcs is not sufficient to interact
with the Ku-DNA complex on its own in vitro.

DNA-PKcs rapidly localizes to laser-generated DSBs, and
this localization is dependent on the Ku heterodimer (21). To
test whether N-PKcs or C-PKcs localizes to laser-induced
DSBs, each fragment was tagged with a YFP. YFP-tagged
N-PKcs or C-PKcs expressed in the DNA-PKcs-deficient cell
line, V3, was strictly cytoplasmic (data not shown). The addi-
tion of a nuclear localization signal (NLS) resulted in diffuse
localization of N-PKcs to the nucleus and the cytoplasm and
C-PKcs to the nucleus in a relatively low number of V3 cells
(Fig. 2, C and D, respectively). It was next determined whether
the YFP-tagged N-PKcs or C-PKcs with a NLS could localize to
laser-generated DSBs in the nucleus. YFP-tagged full-length
DNA-PKcs and N-PKcs � NLS both rapidly localize to laser-
generated DSBs (Fig. 2C), whereas YFP-tagged C-PKcs � NLS
did not (Fig. 2D). Exogenously expressed DsRed-PCNA local-

FIGURE 2. The N-terminal region of DNA-PKcs mediates the interaction between DNA-PKcs and the DNA-Ku complex. A and B, double-stranded
DNA-cellulose was prebound with or without purified Ku70/80. Purified DNA-PKcs, N-PKcs, or C-PKcs were incubated with the DNA-cellulose with our without
prebound Ku heterodimer for 1 h at room temperature. Additionally, DNA-PKcs or C-PKcs reactions were incubated with or without ethidium bromide. The
samples were washed three times, resolved via a 6% SDS-PAGE gel, and transferred to nitrocellulose paper for Western blot analysis. Western blot analysis was
performed using antibodies to DNA-PKcs (18-2 or 25-4), N-PKcs (18-2), and C-PKcs (25-4), Ku70, and Ku80. C and D, YFP-tagged full-length DNA-PKcs, N-PKcs,
or C-PKcs with DsRed-PCNA were transiently expressed in the DNA-PKcs-deficient CHO cell line, V3. The nucleus was microirradiated using a 365-nm laser, and
accumulation of the YFP-tagged and DsRed-tagged proteins to the DNA damage site was monitored. Localizations of DNA-PKcs, N-PKcs, or C-PKcs and
DsRed-PCNA to laser-generated DSBs are marked by white arrows.

Role of DNA-PKcs N-terminal Region in Regulating Activity

7040 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 10 • MARCH 8, 2013



ized to the laser-induced DNA damage in the YFP-C-PKcs �
NLS-expressing cells, which shows that DNA damage was pro-
duced in these cells (Fig. 2D). The data show that N-PKcs, but
not C-PKcs, is able to localize to DSBs in vivo, which further
supports that the N-terminal region of DNA-PKcs is required
to interact with the Ku-DNA complex.
The C-terminal Fragment of DNA-PKcs Has Kinase Activity—

The C-terminal fragment of DNA-PKcs contains the catalytic
domain of DNA-PKcs; therefore, it was assessed whether C-PKcs
has kinase activity in vitro. Furthermore, assayswithC-PKcs could
reveal apossible role that theN-terminal regionof theproteinmay
play in regulating the kinase activity of DNA-PKcs. The kinase
activity of C-PKcs was determined by performing standardDNA-
PKcs in vitro kinase assays and compared with full-length DNA-
PKcs and N-PKcs, which is not predicted to contain a kinase
domain (43). C-PKcs has kinase activity in vitro, but N-PKcs does
not (Fig. 3A). Unlike DNA-PKcs, C-PKcs prefers to autophos-
phorylate than phosphorylate the established DNA-PKcs sub-
strate, the C-terminal domain (CTD) of XRCC4 (Fig. 3A).
C-PKcs has �10% activity toward the XRCC4 CTD (supple-
mental Fig. S2A) and another established DNA-PKcs substrate,
H2AX (data not shown), compared with full-length DNA-
PKcs. Overall, the kinase activity of C-PKcs was reduced by
�80% compared with full-length DNA-PKcs (supplemental
Fig. S2B). Because C-PKcs has reduced activity compared with
full-length DNA-PKcs in our assays, it was next tested whether
this was due to inactivation via being autophosphorylated at
threonine 3950. Threonine 3950 is located in the highly con-
served PI3K kinase domain, and autophosphorylation at this
site results in inactivation of DNA-PKcs kinase activity (13).
Western blot analysis showed that the purified DNA-PKcs and
C-PKcswere not phosphorylated at threonine 3950, illustrating
that the lower activity of C-PKcs is not due to being autophos-
phorylated at this site in Sf9 cells or during purification of the
protein (supplemental Fig. S3, lanes 1 and 3). Because C-PKcs

autophosphorylates in vitro, it was assessed whether C-PKcs
phosphorylated itself at threonine 3950. Surprisingly, in con-
trast to full-length DNA-PKcs, C-PKcs does not autophospho-
rylate at threonine 3950 (supplemental Fig. S3, lanes 2 and 4).
C-PKcs has kinase activity in vitro, and to our knowledge
C-PKcs is the first purified fragment of DNA-PKcs to retain
kinase activity. The marked decrease in substrate phospho-
rylation suggests that the N terminus may play a role in the
proper phosphorylation of DNA-PKcs substrates.
C-PKcs Has Constitutive Kinase Activity and Is Not Activated

by Ku70/80 and DNA—One characterized mechanism for reg-
ulating DNA-PKcs activity is its interaction with the Ku-DNA
complex, which stimulatesDNA-PKcs kinase activity (5). In the
absence of the Ku heterodimer and DNA, full-length DNA-
PKcs has limited kinase activity at physiological salt concentra-
tions (5). It was next determinedwhether theKu-DNAcomplex
activated C-PKcs kinase activity. In vitro kinase assays were
performed in the presence Ku70/80, dsDNA, or Ku70/80 and
dsDNA. As shown in Fig. 3B, full-length DNA-PKcs has very
little kinase activity in the absence of the Ku heterodimer (lane
2), DNA (lane 3), and both Ku70/80 and DNA (lane 4) but was
activated in their presence (lane 1). C-PKcs had kinase activity
in the absence of Ku70/80 and DNA, and the addition of the
Ku-DNA complex did not further activate the kinase activity of
C-PKcs (Fig. 3B, lanes 5–8). A previous study showed that in
low salt concentrations, free ssDNA ends can activate DNA-
PKcs in vitro in the absence of the Ku heterodimer (44). Fur-
thermore, a structural study of DNA-PKcs suggested that the
C-terminal crown structure of the protein may contain a
ssDNA-binding pocket that was hypothesized to possibly be
responsible for ssDNA-mediated activation of DNA-PKcs (45).
Thus, kinase assays were performed in the presence of ssDNA
in low salt conditions or dsDNA and Ku70/80 in normal salt
conditions to determine whether ssDNA activates the kinase
activity C-PKcs. The kinase assays showed that the addition of

FIGURE 3. C-PKcs has kinase activity in vitro and activity is not activated by Ku70/80and dsDNA. A, in vitro kinase assay using purified DNA-PKcs, N-PKcs,
or C-PKcs. The kinase assays were performed using standard DNA-PKcs kinase assay conditions, which include adding purified Ku70/80 heterodimer, DNA, and
a 1:5 32P-ATP:cold ATP mixture to the reaction. GST-tagged C-terminal domain of XRCC4 (GST-X4 CTD) was used as a substrate. 32P-Labeled proteins were
observed using phosphorimaging, and Coomassie staining was performed to verify equal amounts of substrate were included. B, kinase activity of C-PKcs is
Ku70/80- and DNA-independent. In vitro kinase assays were performed using purified DNA-PKcs or C-PKcs either in the presence or absence of Ku70/80, dsDNA,
and Ku70/80 and dsDNA, and activity was assessed as described above.
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ssDNA did not further activate either full-length DNA-PKcs or
C-PKcs (supplemental Fig. S4A, lanes 1–4), whereas dsDNA
and Ku70/80 activated DNA-PKcs but not C-PKcs (supple-
mental Fig. S4A , lanes 5–8). Lastly, kinase assays were per-
formed with C-PKcs in the presence of ssDNA of various
lengths, but none were able to stimulate the enzymatic activity
of C-PKcs (supplemental Fig. S4B). The data implicate that
ssDNA is unlikely able to activate DNA-PKcs in vitro. Taken
together, the data suggest that the N-terminal region of DNA-
PKcs plays a role in regulating the kinase activity by keeping the
basal activity of the protein low because removal of the N-ter-
minal region of the protein results in spontaneous activation of
the kinase. Furthermore, the ability of the N-terminal region of
DNA-PKcs to interact with the Ku-DNA complex is required
for full activation of DNA-PKcs. Overall, the data show that the
kinase activity of C-PKcs is differentially regulated compared
with DNA-PKcs.
Activity of C-PKcs Is Inhibited by the DNA-PKcs Specific

InhibitorNU7026 butC-PKcs IsDifferentially Inhibited by PI3K
Inhibitors Compared with DNA-PKcs—Because the kinase
activity of C-PKcs is differentially regulated compared with
DNA-PKcs, it was next assessed using inhibitors whether the
activity which was observed was due to the C-PKcs protein or
due to a contaminating kinase. Furthermore, experiments with
the inhibitors could give clues to the integrity of the kinase
domain, in particular the ATP-binding pocket of C-PKcs com-
pared with DNA-PKcs. Both competitive inhibitors (LY294002
and those derived from LY294002, which include the DNA-
PKcs specific inhibitors NU7441 and NU7026 and the ATM
specific inhibitor KU55933) and a noncompetitive inhibitor
(wortmannin) for the ATP-binding pocket of DNA-PKcs were
used to determine whether the kinase activity of C-PKcs could
be inhibited (46–49). In vitro kinase assays were performed
with full-length DNA-PKcs or C-PKcs with a panel of kinase
inhibitors which included Me2SO (mock), NU7441 (DNA-
PKcs), NU7026 (DNA-PKcs), KU55933 (ATM), LY294002
(broad PI3K inhibitor), and wortmannin (broad PI3K inhibi-
tor). Full-length DNA-PKcs was inhibited by NU7441,
NU7026, and wortmannin (Fig. 4A, compare lanes 1with lanes
2, 3, and 6). KU55933 and LY294002 slightly inhibited DNA-
PKcs kinase activity at the concentration (10 �M) used in this
assay (Fig. 4A, lanes 4 and 5) but were not able to inhibit DNA-
PKcs at lower concentrations (data not shown). Surprisingly,
C-PKcs was only effectively inhibited by NU7026 (Fig. 4A, lane
9). To further expand on this, full-length DNA-PKcs and
C-PKcs were incubatedwith increasing concentrations (0.1–10
�M) of NU7441, NU7026, or wortmannin. Comparing inhibi-
tion of autophosphorylation of DNA-PKcs and C-PKcs shows
that DNA-PKcs is inhibited by each inhibitor at low concentra-
tions (Fig. 4B), whereas C-PKcs autophosphorylation is only
comparably inhibited by NU7026 (Fig. 4B, compare lanes 6–9
for DNA-PKcs and C-PKcs). Wortmannin can inhibit C-PKcs
kinase activity only at high concentrations of the drug, but the
potent DNA-PKcs inhibitor NU7741 does not appear to inhibit
C-PKcs. C-PKcs kinase activity is blocked by the DNA-PKcs
specific inhibitorNU7026, suggesting that the observed activity
in our assays is due toC-PKcs. Binding to theKu-DNAcomplex
produces a conformational change that opens theATP-binding

pocket and results in activation of the kinase activity of DNA-
PKcs (5, 29). Enzymatic activity in the absence of the Ku-DNA
complex and inhibition by NU7026 illustrates that deletion of
the N-terminal region of the protein likely produces a confor-
mational change in the catalytic core of the protein, which
results in its activation. However, the inability of wortmannin
andNU7441 to effectively inhibit C-PKcs implies that this con-
formational change at or near the ATP-binding pocket of the
protein is not the same as the one induced by binding to the
Ku-DNA complex in full-length DNA-PKcs.
Addition of N-PKcs to Kinase Assays Does Not Correct Mis-

regulation of C-PKcs and Inhibits Full-length DNA-PKcs Kinase
Activity—Because N-PKcs is able to interact with the Ku-DNA
complex, it was next tested whether addition of N-PKcs to the
in vitro kinase assays could correct the apparent misregulation
of the C-PKcs kinase activity. In vitro kinase assays were per-
formed as outlined above, butwith increasing concentrations of
purified N-PKcs protein. The addition of N-PKcs did not affect
the kinase activity of C-PKcs because C-PKcs still had little
activity toward the substrate XRCC4 CTD (Fig. 5A, compare

FIGURE 4. C-PKcs is differentially blocked by PI3K inhibitors compared
with DNA-PKcs. A, in vitro kinase assays were performed and assessed as
described for Fig. 3A except 10 �M of the indicated PI3K kinase inhibitor was
preincubated with the reaction mixture before the addition of the ATP mix.
B, in vitro kinase assays were performed as previously described except in the
presence of the control dimethyl sulfoxide (DMSO), the broad PI3K inhibitor
wortmannin, or specific DNA-PKcs inhibitor NU7441 or NU7026. Increasing
concentrations (0.1, 1, 10, or 100 �M) of each inhibitor were used. Equal load-
ing was confirmed by Coomassie staining of each SDS-PAGE gel.
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lanes 2 and lanes 4–6), and its autophosphorylation was unaf-
fected (Fig. 5B, lanes 4 and 5). Surprisingly, the addition of
N-PKcs to the kinase assays with full-length DNA-PKcs
resulted in a decrease in phosphorylation of the XRCC4 CTD
(Fig. 5A, compare lanes 1 and lanes 7–9) and its autophos-
phorylation (Fig. 5B, lanes 1 and 3). The decrease in DNA-
PKcs-mediated phosphorylations in the presence of N-PKcs is
likely because N-PKcs is completing with DNA-PKcs for the
Ku-DNAcomplex,which is required for activation of the kinase
activity of DNA-PKcs. The data further suggest that N-PKcs
interacts with the DNA-Ku complex.

DISCUSSION

To study the structure to function relationship of DNA-
PKcs, we attempted to make truncation fragments of the pro-
tein. The first site chosen to cut was the caspase cleavage site at
aspartic acid 2713. Previous work from our laboratory (data not
shown) and others (40, 41) has shown that following apoptosis,
the two apoptotic-induced fragments of DNA-PKcs are present
in cells and appeared to be stable. Subautomic structure of
DNA-PKcs modeled that the caspase cleavage site is located
near a hinge region of the protein, which links the two main
phosphorylation clusters, Ser-2056 and Thr-2609, to the C-ter-
minal PI3K kinase, FAT, and FATC domains (50). Using this as
a clue to make stable fragments of DNA-PKcs, two large and
distinct protein fragments were expressed and purified from
Sf9 insect cells. Testing the kinase activity first showed that the
C-terminal, but not the N-terminal, fragment has kinase activ-
ity. To our knowledge, these are the first large recombinant

fragments of DNA-PKcs to be purified and the first fragment of
the protein, which still retains catalytic activity.
The kinase activity we observed in our assays is likely from

the C-PKcs protein because it was inhibited by the DNA-PKcs
specific inhibitor NU7026 and the general PI3K kinase inhibi-
tor wortmannin. Furthermore, it was able to phosphorylate,
albeit weakly compared with full-length DNA-PKcs, three
known substrates of DNA-PKcs, the CTD of XRCC4, H2AX
(data not shown), and the Ku heterodimer (data not shown).
Taken together, the kinase activity purified from the Sf9 insect
cells is in fact a PI3K-like kinase and is likely from the C-PKcs
molecule. NU7026 is a competitive inhibitor for the ATP-bind-
ing pocket ofDNA-PKcs; thus inhibition byNU7026 and kinase
activity of C-PKcs suggests the C-PKcs ATP-binding pocket is
intact (46). Surprisingly, the DNA-PKcs specific inhibitor
NU7441 does not inhibit C-PKcs. NU7441 and NU7026 were
both derived from the chromenone backbone of LY29004 (47).
Because NU7026 is a smaller molecule than NU7441, the data
suggest that the conformational change in the ATP-binding
pocket produced by deletion of the N terminus does not result
in a fully open ATP-binding pocket, resulting in the ability of
the smaller molecules, ATP andNU7026, to bind but occlusion
of the larger NU7441. At high concentrations, C-PKcs is inhib-
ited by wortmannin. Wortmannin is a noncompetitive inhibi-
tor of DNA-PKcs, which covalently attaches to DNA-PKcs at
lysine 2751 via a nucleolyitc attack by a furan group (48). Inhi-
bition by wortmannin further suggests that C-PKcs retains a
structural integrity similar to full-length DNA-PKcs.
The major step in the recruitment of DNA-PKcs to DSBs is

its ability to interact with the DNA-Ku70/80 complex (5). This
stabilizesDNA-PKcs at theDSB and results in a conformational
change that results in activation of its kinase activity (5). Exper-
imental evidence in this study shows that theN-terminal region
of DNA-PKcs mediates the interaction between DNA-PKcs
and the Ku-DNA complex. This notion is supported by struc-
tural studies showing that the N-terminal region of DNA-PKcs
forms a central cavity that has been implicated to produce a
putative dsDNA-binding channel (45, 50). Eliminating the
N-terminal portion of DNA-PKcs results in the loss of this cen-
tral cavity and thus a loss in DNA threading through the chan-
nel, which is likely required to stabilize the DNA-PKcs-Ku-
DNA complex. A previous study identified a Ku-binding motif
in the C-terminal portion of DNA-PKcs (amino acids 3002–
3850), but our data show that C-PKcs, which contains this
motif, cannot interact with the Ku-DNA complex, suggesting
that this motif is not sufficient for the interaction with Ku70/80
in vivo (42). Predictions from low resolution structure show
that Ku has multiple contacts with DNA-PKcs including con-
tacts with theN- and C-terminal regions of the protein (29, 36).
We hypothesize that both the N- and C-terminal regions of the
DNA-PKcs make contacts with Ku70/80, but that the N-termi-
nal region is absolutely necessary for the ability of the protein to
interact with and/or be stabilized by the Ku-DNA complex.
Finally, the N-terminal region of the DNA damage-responsive
PI3K-like protein kinase family members may play a general
role in mediating the association of the proteins to DNA dam-
age or the area near the damage site. A previous report showed
that, similar to C-PKcs, a C-terminal domain fragment of ATM

FIGURE 5. A, in vitro kinase assays were performed and assessed as described
in Fig. 3A except kinase assays with DNA-PKcs or C-PKcs were performed
either in the absence or with increasing concentrations of N-PKcs. B, in vitro
assays were performed as described above, but in the absence of the sub-
strate XRCC4 CTD, in order to assess autophosphorylation of DNA-PKcs or
C-PKcs in the absence or presence of N-PKcs.
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(amino acids 1303–3056) is strictly cytoplasmic, but addition of
an exogenous NLS to the fragment results in its localization to
the nucleus (51). Furthermore, this C-terminal fragment of
ATM even after the addition of a NLS could not localize to
DNA damage and had significantly decreased ability to phos-
phorylate known ATM substrates, similar to the C-terminal
fragment of DNA-PKcs. Taken together, the data strongly sug-
gest that the N-terminal regions of both DNA-PKcs and ATM
play a significant role in mediating their association with DNA
damage and play an important role in modulating the ability of
each protein to phosphorylate substrates.
C-PKcs showed increased basal level of kinase activity com-

pared with DNA-PKcs. Activation of kinase activity of DNA-
PKcs is dependent on binding to the DNA-Ku complex as
shown in Fig. 3A. However, deletion of the N-terminal
region of DNA-PKcs not only abrogates binding to the Ku-
DNA complex, but also results in spontaneous activation of its
kinase activity. A recent study showed DNA and Ku-independ-
ent activation of a N-terminally constrained DNA-PKcs (52).
The data suggest that a conformational changemediated by the
N terminus of the protein results in enzyme activation. Our
data suggest that deletion of the N-terminal region deletes a
physical restraint, which keeps DNA-PKcs basal activity low. It
is likely that the deletion of the N-terminal portion results in a
slight conformational change, which opens the ATP-binding
pocket of the protein, which results in an increase in basal
kinase activity. Furthermore, similar to C-PKcs, DNA-PKcs
tethered by its N terminus also autophosphorylates efficiently
in the absence of DNA and Ku. C-PKcs preferred to autophos-
phorylate over phosphorylating substrates, suggesting that
binding to the DNA-Ku complex results in a conformational
change, which affects substrate binding and its DNA-PKcs-me-
diated phosphorylation. C-PKcs does not autophosphorylate at
a known site (Thr-3950), which further supports the hypothesis
that substrate recognition is affected by deletion of the N-ter-
minal region of DNA-PKcs. Taken together, the two studies
clearly show that the N terminus plays a role in modulating the
enzymatic activity of DNA-PKcs.
The truncation of DNA-PKcs was designed using the known

caspase-3 cleavage site (40). Previous studies have shown that
apoptotic-mediated cleavage results in a near elimination in
DNA-PKcs kinase activity at 24 h after treatment with etopo-
side (40). Although we do see a significant (�90%) decrease in
activity toward known substrates (XRCC4 and H2AX), auto-
phosphorylation is still observed, and total activity is �20%
compared with full-length DNA-PKcs. Our data implies that
apoptosis-driven caspase cleavage of DNA-PKcs abrogates the
ability of DNA-PKcs to bind to the DNA-Ku complex and thus
likely completely inhibits the ability of NHEJ to be completed.
Because apoptosis results in fragmentation of the chromosomal
DNA and thus generates a large number of DSBs, blocking DSB
repair andDNAdamaging signaling would be required for apo-
ptosis to be completed. Therefore, apoptosis-mediated cleav-
age of DNA-PKcs may be one method by which an apoptotic
cell blocks DSB repair because cleaved DNA-PKcs cannot
interact with the Ku-DNA complex and assist in mediating
NHEJ. The fact that C-PKcs retains kinase activity but its reg-
ulation is different from DNA-PKcs suggests that there is a

possibility that this truncated DNA-PKcs may play some other
significant role in apoptosis, because DNA-PKcs has been
implicated in preventing and also being required for apoptosis
(53, 54). Recently, a study showed that a large number of pro-
teins are phosphorylated in response to apoptosis in a DNA-
PKcs-dependentmanner (55). It was found thatDNA-PKcswas
cleaved early following the induction of apoptosis, and the
C-terminal fragment produced by caspase cleavage relocated
from the nucleus to the cytoplasm,where, it is assumed, it phos-
phorylates a number of proteins. Taken together with our
study, C-PKcs likely has its own unidentified substrates, and its
total activity is completely different from that of DNA-PKcs
and may play a role in the communication between DSB repair
pathways and apoptosis.
Taken together, our study shows that the N-terminal region

(amino acids 1–2712) of DNA-PKcs serves an important role in
regulatingDNA-PKcs. TheN-terminal portion ofDNA-PKcs is
required for binding to the DNA-Ku complex and activation of
the enzymatic activity of the protein. The C-terminal fragment
of DNA-PKcs lacking the N-terminal region of the protein has
kinase activity in vitro, but its activity is differentially regulated.
C-PKcs has higher basal activity than DNA-PKcs, and unlike
DNA-PKcs, C-PKcs is not activated by Ku and DNA. The data
suggest that the N terminus is important for keeping the basal
activity of DNA-PKcs low and is required for the Ku and DNA
binding conformational change required for activation of the
protein. Lastly, we propose that the apoptotic cleaved fragment
of DNA-PKcs may also be involved in other cellular functions
during apoptosis through the differentially regulated kinase
activity of C-PKcs.
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