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Abstract
DNA double strand breaks (DSBs) can be generated by endogenous cellular processes or

exogenous agents in mammalian cells. These breaks are highly variable with respect to

DNA sequence and structure and all are recognized in some context by the DNA-dependent

protein kinase (DNA-PK). DNA-PK is a critical component necessary for the recognition and

repair of DSBs via non-homologous end joining (NHEJ). Previously studies have shown that

DNA-PK responds differentially to variations in DSB structure, but how DNA-PK senses dif-

ferences in DNA substrate sequence and structure is unknown. Here we explore the enzy-

matic mechanisms by which DNA-PK is activated by various DNA substrates and provide

evidence that the DNA-PK is differentially activated by DNA structural variations as a func-

tion of the C-terminal region of Ku80. Discrimination based on terminal DNA sequence varia-

tions, on the other hand, is independent of the Ku80 C-terminal interactions and likely results

exclusively from DNA-dependent protein kinase catalytic subunit interactions with the DNA.

We also show that sequence differences in DNA termini can drastically influence DNA repair

through altered DNA-PK activation. These results indicate that even subtle differences in

DNA substrates influence DNA-PK activation and ultimately the efficiency of DSB repair.

Introduction
Efficient repair of DNA DSBs requires the recognition and resolution of a wide variety of DNA
termini including variations in structure, DNA sequence, and chemistry. The DNA-dependent
protein kinase (DNA-PK) is a heterotrimer consisting of Ku70, Ku80, and the catalytic subunit
(DNA-PKcs). DNA-PK initiates the repair of the preponderance of DSB in mammalian cells
and regulates the Non-Homologous End Joining Pathway (NHEJ) through its kinase activity.
DNA-PK activation requires both protein/protein interactions within the heterotrimer and
protein/DNA interactions, which are not mutually exclusive [1,2]. Following activation,
DNA-PK phosphorylates several important targets including p53, RPA, and histone H2AX [3–
8]. We have previously reported that the DNA to which DNA-PK is bound modulates
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DNA-PK activation [2,9]. Each strand of the DNA has a unique influence on DNA-PK activa-
tion as the 5’ end directly activates the kinase while the 3’ strand anneals DNA termini across
the break. However, the mechanism by which DNA-PK recognizes different DNA substrates
and responds to them specifically remains unknown [2]. Other studies have implicated a role
for the C-terminal region of Ku80 in stimulating DNA-PK activity through protein/protein in-
teractions; however, the location and extent of these stimulatory interactions is debated [10–
12]. Multiple reports, including our own, have indicated that the C-terminal region of Ku80
undergoes large conformational changes upon the Ku heterodimer-DNA interaction and that
the C-terminus of Ku80 directly interacts with DNA-PKcs [13–15].

We have tested the role of different structural regions within the C-terminus of Ku80 in acti-
vating DNA-PK as a function of DNA termini structure, length and sequence. Previous in vivo
studies have provided limited mechanistic information regarding DNA-PK activation by DNA
because mixtures of DNA substrates were used [10,11]. To address this issue, a series of in vitro
assays were utilized to assess how the different Ku80 structural domains impact the enzymatic
activity of DNA-PK with a level of resolution and sensitivity not currently possible with in vivo
systems. The in vivo analyses, while limited in some terms, importantly allow the manipulation
of DNA—PK activation in the context chromatin which has been postulated to influence
NHEJ efficiency [16]. Our in vitro results demonstrate that distinct regions within the C-termi-
nus of Ku80 are responsible for stimulating DNA-PK activity depending on the structure of
the DNA substrate to which Ku is bound. This suggests that Ku recognizes different DNA
structures based on DNA length, the presence of overhangs, and orientation of overhangs and
subsequently differentially activates DNA-PK. Additionally, we demonstrate that the sequence
of DNA substrates on 5’ overhangs can modulate DNA-PK activity. Interestingly, this modula-
tion is independent of the Ku80 C-terminal structural regions suggesting that the discrimina-
tion is intrinsic to DNA-PKcs. Furthermore, the terminal sequence bias of pyrimidines versus
purines in DNA-PK activation correlated with increased DNA repair via NHEJ in vivo.

Overall this study answers long held questions in the field of DSB repair and defines a novel
mechanism by which DNA-PK recognizes distinct DNA termini. Differential activation of
DNA-PK due to alterations in DNA structures is assigned to various interactions occurring be-
tween the protein structural regions within the C-terminus of Ku80 and DNA-PKcs, while dif-
ferential activation due to terminal sequences are assigned to DNA/DNA-PKcs interactions. In
addition, our data provide a mechanism for the conflicting reports on the role of Ku80 C-ter-
minus in DNA-PK activation where Ku80 C-terminal truncation mutants either displayed no
DNA-PK activation or nearly wild type activation. Our data demonstrate that these differences
are largely a function of the individual DNA substrates employed in the different systems used
to assess activity.

Materials and Methods

Expression and purification of Ku and DNA-PKcs
Ku80 truncation mutant constructs were created via site directed mutagenesis by inserting stop
codons following the indicated amino acids and recombinant baculoviruses prepared (Fig 1A).
The various Ku80 constructs were each co-expressed with wild type His-tagged Ku70 and puri-
fied from SF9 cells as previously reported by Ni-NTA affinity chromatography [9]. The Ni-pu-
rified Ku70/80 was further fractionated on a Q-Sepharose column and Ku70/80 containing
fractions pooled, dialyzed and stored at -80°C until use. [14]. All mutant constructs were as-
sessed for DNA binding activity by EMSA. DNA-PKcs was purified from HeLa cells as previ-
ously described [9,17]. Notably it was imperative that DNA-PKcs be purified in the absence of
endogenous Ku and thus this was monitored throughout the purification via western blot.
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Importantly no detectible Ku70 or Ku80 was observed in final pools of DNA-PKcs (Fig 1B
Lane 5) and kinase activity was stimulated at least 4-fold by the addition of purified Ku, de-
pending on the specific DNA assessed. Final pools of all proteins were dialyzed in a dialysis
buffer consisting of 20 mMHEPES pH 7.5, 75 mM KCl, 10% glycerol, 0.005% Triton X-100,
and 2 mMDTT.

DNA-PK Kinase Assays
Kinase assays were essentially performed as we have previously reported using the DNA and
protein concentrations indicated [2,9]. Reactions using 30bp and 60bp substrates were per-
formed with 500fmol of DNA per reaction while reactions with ~400bp and plasmid DNA
were performed with 154fmol of DNA. Single stranded oligonucleotides were purchased from
Integrated DNA Technology (IDT, Coralville, IA, USA) (S1 Table). The ~400bp substrates

Fig 1. Ku80 Protein Structure, Mutant Construction, and Protein Purification. a) Linear representation of Ku80 structural domains and mutant
construction. b) Coomassie stained SDS gel of purified Ku and DNA-PKcs proteins used in this study. All Ku80 mutants were purified with wild type Ku70
which remains consistent in lane 1–4. Ku80 mutant constructs are indicated along the top of the gel and the Ku80 protein bands are denoted with red
asterisks. c) Model of wild type and Ku mutant constructs used in this study. Ku80 is depicted in dark blue and Ku70 is depicted in grey. The structural regions
of the Ku80 C-terminus are depicted in their corresponding color from (a).

doi:10.1371/journal.pone.0127321.g001
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were purchased as double stranded “gBlocks” Gene Fragments from IDT(S2 Table). G50 spin-
columns were used to purify the 397bp digested DNA from the short terminal fragments. Ki-
nase assays using plasmid DNA substrates were performed with pcDNA3.1 digested with either
XhoI, BamHI, EcoRV, and KpnI or pCAG-GFP digested with XbaI or EcoRI (New England
Biolabs). The specific sequences recognized by the restriction enzymes and DNA termini gen-
erated are shown in S3 Table. Complete digestion of the plasmid DNA was analyzed by native
agarose gel electrophoresis of the reaction products.

We and others have previously reported that the C-terminus of Ku80 is dispensable for Ku/
DNA binding [17,18]. In order to control for slight variations in binding activity which may
occur between protein purifications, equal amounts of active Ku as measured by DNA binding
activity was used in kinase assays containing 42ng of DNA-PKcs. Titration experiments were
performed and demonstrate that these concentrations of Ku and DNA were in excess and
DNA-PKcs is the limiting factor for all enzymatic analyses (S1 Fig).

DNA-PK Recruitment Assay
DNA-PK Recruitment was determined using an enzyme-linked immunosorbent assay (ELISA)
as we have described previously [19,20]. Briefly, 2pmol of 5’ biotinylated 30mer top annealed
to 30mer bottom, 60mer top annealed to 60mer bottom, and 421mer top annealed to 421mer
bottom DNA was bound to streptavidin coated wells of a 96 well plate overnight at 4°C in
100μl. Unbound DNA was removed and wells were then blocked with 200μl of 2% BSA in
TBS/Tween for 1 hour at room temperature. Wild type or Ku mutants (1000 units) were added
to the DNA coated wells with 424ng of DNA-PKcs in a total volume of 100μl of dialysis buffer.
Protein complexes were allowed to bind DNA at room temperature for 1 hour. The unbound
protein was removed and again wells were blocked with 200μl 2% BSA in Tris-buffered saline/
0.5% Tween (TBS/Tween) for 1 hour at room temperature to avoid non-specific antibody
binding. 100μl 2% BSA in TBS/Tween and a 1:750 diluted primary antibody specific for
DNA-PKcs (Calbiochem) was added to each well and incubated at room temperature for 1
hour. Then wells were washed with 200μl of 2% BSA in TBS/Tween three times for 5 minutes
each. 100μl of 1:2500 diluted goat anti-rabbit HRP secondary antibody in 2% BSA in TBS/
Tween was added to each well and incubated for 1 hour at room temperature. Wells were
washed three times with 200μl of 2% BSA in TBS/Tween for five minutes in each wash. 100μl
of 1-Step TMB ELISA reagent (Thermo Scientific) was added to each well and a kinetic read of
absorbance 370 nm was initiated at 37°C and read every 5 minutes for 60 minutes total. The av-
erage change in optical density at 370 nm per minute is reported at 15 minutes where the reac-
tion remained linear with time. Each condition is reported as an average of triplicate
determinations and error bars indicate one standard deviation. Standard curves were used to
evaluate the responsiveness of the assay (data not shown).

Protein DNA interactions analysis, electrophoretic mobility shift assay
Electrophoretic Mobility Shift Assays (EMSAs) were used to evaluate DNA binding activity of
Ku on 30bp and 60bp blunt ended DNA substrates as we have previously described [2,14,21].
All Ku preparations, mutant and wild type, were assessed for DNA binding activity to allow
normalization between the various constructs and protein preparations. Reactions were per-
formed in a volume of 20 μl containing 500 fmol of DNA (30bp blunt substrate). Gels were run
using standard conditions and were visualized using Phosphoimager analysis. One unit of Ku
DNA binding activity is defined as the amount of Ku necessary to bind 50 fmol of DNA in an
EMSA containing 500 fmol of DNA.
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Cellular NHEJ/ Host Cell Reactivation Assay
Linearized pCAG-GFP was used in a host cell reactivation assay as pervious reported in H460
cells with only minor modifications [22]. The NHEJ reporter plasmid was linearized by indicat-
ed restriction enzyme digestion as recommended by manufacturer (New England Biolabs). Co-
valently closed circular pCAG-Red was used as a transfection control in all experiments. All
transfections were performed using 2ug of the indicated plasmid DNA. 48-hours following
transfection, cells were fixed on the coverslip, counterstained with DAPI and fluorescent im-
ages captured. The independent red and green fluorescence images were pseudo colored using
ImageJ and an overlay figure prepared merging the two images as previously reported [22].
Quantification was performed scoring a minimum of 100 cells in each condition. Results re-
ported are the average and SD of 6 independent transfections.

Statistical Analysis
All statistical analysis was completed using Sigma Plot 12.0 software using a Student’s t- test.
The P<0.05 was used as a significance threshold for all tests unless otherwise indicated. All sta-
tistical analysis of kinase assays and ELISAs were from triplicate determinations.

Results

Ku Mutant Design and Purification
To determine if the Ku80 C-terminus plays a role in DNA discrimination by DNA-PK, a series
of Ku80 C-terminal truncation constructs were constructed based on the Ku 80 structural fea-
tures and domains (Fig 1A). The first construct was engineered with a stop codon after core
DNA binding/Ku70 dimerization domain (amino acid 550) to create the “core” construct. A
stop codon engineered after the disordered Linker domain (amino acid 594) resulted in the
core-linker construct (C-L). A stop codon placed after the α-Helical bundle (amino acid 704)
to create the core-linker-helix (C-L-H) construct. Each of these constructs was compared to
the full length, wild type construct which contained the core-helix-linker and extreme C-termi-
nus. These constructs were each used to generate recombinant baculoviruses and were co-ex-
pressed with wild type Ku70 and purified from infected SF9 insect cells using a two—column
procedure to ensure a high degree of purity and without any contamination DNA-binding ac-
tivity. A coomassie blue stained SDS gel of the final pool of protein from each construct is pre-
sented in Fig 1b (lanes 1–4). DNA-PKcs was purified from HeLa cells as previously reported
[17] (Fig 1b, lane 5) and was devoid of endogenous Ku as assessed by western blot analysis of
the DNA-PKcs pool of protein using (data not shown). A cartoon model of the Ku constructs
is shown in Fig 1c.

Different Structural Regions of the Ku80 C-terminus Stimulate
DNA-PKcs Activity Depending on the Structure of the DNA Substrate
We have previously reported that DNA-PK activation is influenced by the structure of the
DNA substrate to which the holoenzyme is bound [2,9]. We interrogated how the different
structural regions within the C-terminus of Ku80 impacted activation of DNA-PK as a func-
tion of DNA substrate structure and length (Fig 2). The sequence of the DNA substrates used
is presented in S1 Table. Analysis of DNA-PK activation with the Ku80 constructs on a 30bp
fully duplex DNA in presented in Fig 2A. No reduction in activity was observed upon deletion
of the extreme C-terminus of Ku 80 (CLH construct) compared to the wild type. Interestingly,
removal of the helical bundle (CL construct) resulted in a significant decrease in activity, which
was also observed in the core construct which was devoid of each the linker, as well as the helix
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Fig 2. Different Structural Regions of the Ku80 C-terminus Stimulate DNA-PKcs Activity Depending
on the Structure of the DNA Substrate.DNA-PK kinase activity is reported as pmol of phosphate
transferred using the indicated DNA substrates. Reactions were completed with 30bp substrates containing a
blunt (a) 3’ overhang (b) or 5’ overhang (c). DNA-PK activity was assessed on 60 bp substrates with blunt (d)
3’ or 5’ (e and f respectively. Y-substrates of 30 and 60bp are presented in panels g and h respectively. Ku
constructs used in the reactions are indicated along bottom of the figure. Wild type bars are white, CLH bars
contain horizontal lines, CL bars contain crosshatching, Core bars contain diagonal lines and no added Ku (-)
bars are black. The 5’ and 3’ overhangs were prepared by digestion of the Blunt-ended gBlock with EcoRI
and KpnI respectively. Sequences and other details concerning DNA substrates can be found in S1, S2, and
S3 Tables. Data are presented as the mean and SD with asterisks indicating statistically significant
differences compared to wild type (p <0.05).

doi:10.1371/journal.pone.0127321.g002
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and extreme C-terminus. These data demonstrate the requirement for the α-helical domain for
full DNA-PK activation (Fig 2a). A modest reduction in activity was observed in the core con-
struct compared to the CL construct though neither of these were significantly greater than the
no Ku control. Analysis of 30bp substrates with either 4 base 5’ or 3’ overhangs (Fig 2b and 2c)
showed somewhat different results. While the CLH mutant, devoid of only the extreme C-ter-
minus retained full wild type kinase activity, the CL mutant containing the devoid of both the
helix and extreme C-terminus also had kinase activity above the no Ku control, albeit at ~50%
of the wild type level of activation. In contrast, this CL mutant did not stimulate DNA-PKcs ac-
tivity above background on the 30bp blunt ended substrate (Fig 2a). These data suggest that
the single stranded overhangs (both 3’ and 5’) can partially compensate for helical bundle in
the activation of the kinase.

Analysis of longer DNA substrates, 60bp in length, revealed kinase activation that, similar
to the 30bp substrate, was independent of the extreme C-terminus. The activation achieved on
these longer substrates, however did reveal differences as a function of the Ku80 construct
used. An intermediate level of stimulation was observed in reactions with the Ku80 core mu-
tant on the blunt and 3’ overhang (Fig 2d and 2e) while full, wild type levels of activation were
observed with the 60bp 5’overhang substrates (Fig 2f). Further, the level of activation by the CL
mutant, containing the disordered linker region, was statistically indistinguishable from wild
type (p = 0.139) in the presence of 60bp blunt-ended and 4 base 5’ overhang substrates while
only intermediate activation was observed with this mutant in reactions performed with the
60bp substrate with 4 base 3’ overhangs (Fig 2d–2f). Together these data indicate that the heli-
cal bundle and disordered linker region are necessary for wild type levels of DNA-PK stimula-
tion when the complex is bound to certain DNA structures while being dispensable on others.
To further interrogate the influence of terminal overhangs on Ku80 dependent DNA-PK stim-
ulation, Y- substrates were utilized to essentially provide single strand overhangs on both the 5’
and 3’ termini. In the presence of the 30bp Y DNA substrate, Ku stimulates the kinase to wild
type levels even in the absence the Ku80 C-terminus similar to the results observed with the
60bp 5’ overhang substrate (Fig 2g and 2h). Interestingly, in the presence of the 60bp Y sub-
strate, Ku is completely dispensable for maximum activation of DNA-PK no statistically signif-
icant difference was observed between the no Ku and wild type controls (Fig 2h).

The observed differences in activation between the 30bp substrates and the 60bp substrates
even when the terminal structures were the same were attributed to length of the DNA which
could influence complex formation. Accordingly, we tested the influence of significantly longer
DNA substrates on these activation relationships. Overall the affect or the Ku80 C-terminus on
DNA-PK activation was similar in reactions performed with blunt ended and 3’ overhang
~400bp substrates as their respective 60bp counterparts (Fig 3a, 3b and 3c). The only major dif-
ference among these substrates is that the CL mutant is unable to restore wild type levels of ac-
tivation on the ~400bp blunt end unlike the blunt end 60bp DNA. The CLHmutant was able
to fully activate the kinase to wild type levels while the CL mutant was able to partially stimu-
late the kinase. Additionally the Core mutant, which completely lacks the C-terminal region,
can stimulate the kinase above background and these differences are statistically significant. In
contrast, the ~400bp substrate containing 4 base 5’ overhangs alters the influence of the C-ter-
minus on DNA-PK activation in such a way that is similar to the 30bp substrates containing 4
base 5’ overhangs (compare Fig 3c to 2c and 2f). Here the CLH mutant is sufficient to activate
DNA-PKcs to wild type levels, with partial activation using the CL mutant and above back-
ground activation using the Core mutant (Fig 3c). These activation relationships are summa-
rized in Table 1 and together illustrate the importance of C-terminus of Ku80 on DNA-PKcs
activation as distinct structurally defined protein regions differentially influence kinase activa-
tion depending of the structure of the DNA substrate to which they are bound.
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The Ku80 C-terminus is Dispensable for DNA-PKcs-DNA Binding
Differences in DNA-PK kinase activity as a function of DNA co-factor length or structure
could result from effects on DNA binding, effects in the catalytic cycle or both. The DNA bind-
ing activity of the various Ku70/Ku80 constructs used in this study were not statistically differ-
ent from the wild type full length construct, consistent with other reports using different Ku80
mutants [23]. However, the role of the Ku80 C-terminal region, if any, in supporting
DNA-PKcs to a DNA terminus and site of a DSB has been debated. While some evidence
shows that the extreme C-terminus of Ku80 is necessary and sufficient for DNA-PKcs to bind
to DNA [12], others show that the C-terminus has only a modest impact on DNA-PKcs-DNA

Fig 3. DNA-PK activity stimulated by 400bp substrates. DNA-PK kinase activity is reported as pmol of
phosphate transferred using the indicated DNA substrates. Reactions were completed with 400bp substrates
containing a blunt (a) 3’ overhang (b) or 5’ overhang (c). Sequences and other details concerning DNA
substrates can be found in S1, S2, and S3 Tables. Data are presented as the mean and SD with asterisks
indicating statistically significant differences compared to wild type (p <0.05).

doi:10.1371/journal.pone.0127321.g003

Table 1. DNA-PK activation.

DNA substrate Ku Constructs*

Length Term. struc. wild type C-L-H C-L Core

30bp Blunt ++++ ++++ - -

5' ++++ ++++ ++ -

3' ++++ ++++ ++ -

Y ++++ ++++ ++++ ++++

60bp Blunt ++++ ++++ +++ ++

5' ++++ ++++ ++++ ++++

3' ++++ ++++ ++ ++

Y Ku Independent

~400bp Blunt ++++ ++++ ++ +

5' ++++ ++++ ++ +

3' ++++ ++++ ++ +

Plasmid Blunt ++++ +++ ++ -

5' ++++ ++++ ++ -

3' ++++ ++++ ++ -

*Each plus sign indicates 25% of kinase activity for each DNA substrate normalized to wild type activity levels.

doi:10.1371/journal.pone.0127321.t001
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binding [10,11]. Accordingly we asked if the differences we observed in kinase activation as a
function of DNA length were the result of alterations in DNA-PKcs-DNA binding activity.
Therefore, an ELISA based interactions assay was employed where the DNA to which
DNA-PK binding was assessed was biotinylated on one end and bound to the wells of a strepta-
vidin coated 96-well plate. The bound DNA was then incubated with the indicated Ku con-
struct and purified DNA-PKcs. Unbound protein was washed away and DNA-PK-DNA
complexes were detected using a DNA-PKcs specific antibody. Results using the 30bp (Fig 4A)
and 60bp substrates (Fig 4b) illustrate a greater than 4-fold increase in DNA-PKcs with wild
type Ku consistent with the DNA dependence of the PKcs binding event [24,25]. Each of the
mutants and wild type Ku were able to effectively recruit DNA-PKcs to DNA, but no statistical-
ly relevant differences were observed between the mutants and wild type. Taken into consider-
ation with the results of the kinase assay that the CL and Core mutants did not stimulate
DNA-PKcs above background in the presence of this substrate (Fig 2a), these data suggest the
differential DNA-PKcs stimulation result from differences in catalysis and not from differences
in DNA-PKcs-DNA binding efficiency. Further the 30bp duplex is the most restrictive sub-
strate in terms of lateral movement of the protein complex on DNA which in turn would also
be expected to lead to the highest level of molecular crowding events. Such events would cause
the most restriction to DNA-PK-DNA complex formation and retention of the complex on
DNA. Despite this, the Core mutant was able to recruit and retain DNA-PKcs on the 30 base
duplex DNA at levels that were statistically indistinguishable from wild type. Similarly, the
Core mutant was able to recruit and retain DNA-PKcs at wild type levels on the 60bp and
400bp substrates (Fig 4B and Data not shown). These data provide strong evidence that the en-
tire C-terminus of Ku80 is dispensable for Ku-dependent DNA-PKcs-DNA binding.

The results in Fig 2 indicate profound differences in DNA-PK stimulation by the C-termi-
nus of Ku80 among different DNA substrates, with the most dramatic differences observed
with the 60bp substrates. We tested if DNA-PK complexes form more readily on these different
substrates. 60bp substrates recruit and retain more than double the amount of DNA-PK com-
pared to 30bp and 400bp substrates which themselves were statistically indistinguishable (Fig
4C). This is an interesting result considering it is not obvious why a longer DNA substrate
would result in reduced DNA-PK/DNA complex formation. It is possible that increased
DNA-PKcs recruitment on the 60bp substrate negates the stimulatory effect of the Ku80 C-ter-
minus. Ku-DNA binding on 30bp and 60bp substrates was assessed using EMSA assays. Re-
sults indicate that among equal concentrations of protein and DNA, Ku primarily binds 30bp
DNA in a 1:1 ratio. Interestingly, the 60bp DNA is bound by both 2 molecules of Ku and 1 mol-
ecule of Ku with preference for the multiple binding events (Fig 4D). This is consistent with a
previously described phenomenon which showed that cooperative Ku loading on DNA sub-
strates ends is length dependent [26]. Of the DNA substrates evaluated for their ability to stim-
ulate DNA-PK, the 60bp substrates show the greatest divergence in relation to the effect of the
Ku80 C-terminal regions. The 60bp substrates are also unique in that they can accommodate 2
Ku molecules, but unlike the longer 400bp substrates, both Ku molecules are in close proximity
to DNA termini where DNA-PKcs is known to bind [27], which may be responsible for this
interesting distinction.

Distinct Influences of the Ku80 C-terminus on DNA-PK Activation using
Linearized Plasmid DNA
Substantial differences in DNA-PK activation were observed between substrates of various
lengths (Fig 2). In order to evaluate the longest DNA substrates available while maintaining a
homogenous preparation of substrates, plasmid DNA was linearized with various restriction
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Fig 4. The Ku80 C-terminus is Dispensable for DNA-PKcs-DNA Binding. Amodified ELISA was used to
monitor DNA-PKcs-DNA binding and was performed as described in Materials and Methods. (a) Recruitment
on 30bp DNA (b) Recruitment on a 60bp DNA. (c) DNA substrate influence on DNA-PKcs-DNA binding was
tested on indicated substrates. Data are reported as the mean and SD of the rate of change in absorbance at
OD370nm in 15 minutes. (a-b) Asterisks indicate statistically significant differences compared to wild type
(p<0.05). (c) Differences between 60bp vs 30bp substrate were statistically significant (p<0.05). (d), DNA
binding Activity of Ku on 30bp and 60bp DNA. EMSA analysis of DNA binding activity was performed as
described in Materials and methods. Ku was titrated at equal concentrations with the 30bp DNA (Lanes 1–4
and 60bp DNA (lanes 5–8). Products separated via native electrophoresis and imaged on a PhosphorImager.
The free DNA is indicated by the bracket, and protein-DNA complexes representing a single Ku bound to a
DNA and 2 Ku molecules bound to a DNA are indicated by the arrows.

doi:10.1371/journal.pone.0127321.g004
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enzymes yielding blunt ends, 4 base 3’ overhangs and 4 base 5’ overhangs and used in kinase
assays as before (S1 Table). Additionally, using these substrates to test DNA-PKcs activation
was advantageous because it is possible to assess their DNA repair in vivo. Analysis of activa-
tion on the plasmid DNA led to a series of interesting results and interactions. The blunt ended
plasmid DNA for the first time revealed a role for the extreme C-terminus as the activation
with the CLH was significantly reduced compared to wild type Ku (Fig 5a), an effect not ob-
served with the 30, 60 or 400bp DNA substrates. This result is consistent with the extreme C-
terminus harboring the previously defined “PIKK interaction motif” which has been reported
to be necessary and sufficient for Ku80/DNA-PKcs interactions [12,28], but is in stark contrast
our enzymology data demonstrating Ku dependent activation in the absence of the extreme C-
terminus on 30,60 and 400bp substrates. Interestingly, the reliance on the extreme C-terminus
for kinase activation was lost on both plasmid DNA substrates containing 5’ or 3’ overhangs
where the CLH construct displayed reduced kinase activity compared to wild type (Fig 5a and
5b). Further loss of activity was observed in reactions containing the CL indicating that the α-
helical domain was also involved in supporting kinase activation. Finally the core mutant had
no stimulatory effect with linearized plasmid DNA consistent with the low, near background
level of activation observed on the other DNA substrates. To more closely interrogate how the
extreme C-terminus is impacted by length we analyzed a series of DNA substrates with identi-
cal blunt end termini and of differing lengths. The results demonstrated that at 500bp in length,
a modest but statistically significant decrease in activation is observed upon depleting the ex-
treme C-terminus. Consistent with the 30, 60 and 400bp substrates, no effect of deleting the ex-
treme-C-terminus was revealed on a 300bp substrate (S2 Fig). Considering the interesting
effect of kinase activation as a function of overhangs and previous research, including our own,
that has demonstrated the influence of regions of micro-homology within DNA termini on
NHEJ catalyzed repair [2,29,30], we sought to determine if the different Ku constructs altered
kinase activation as a function of complementary and non-complementary DNA termini. We
observed no detectible differences in overall activation or Ku80/DNA-PKcs activation relation-
ships on complementary versus non-complementary DNA termini (data not shown).

Overall, the data suggest that the Ku80/DNA-PKcs interactions necessary for DNA-PK acti-
vation cannot be defined to any one structural region of the Ku80 C-terminus regardless of
DNA substrate. Instead different structural regions are required for kinase stimulation depend-
ing on the structure and length of the DNA substrate to which the complex is bound. Further,
all previous models of Ku dependent activation of DNA-PK, including our own, have involved
Ku remaining at DNA termini without regard to distant DNA length. These data show that Ku
discriminates the length of the DNA cofactor to which it binds and activates DNA-PK accord-
ingly through its C-terminus. A summary of the stimulatory effects of each of the structural
Ku80 mutants normalized to wild type is shown in Table 1 and highlights the differences in
activation observed.

Terminal Pyrimidines Preferentially Stimulate DNA-PK
The demonstration that DNA-PK is differentially activated as a function of DNA length and
structure is reminiscent of our previous data demonstrating that a strand and sequence bias for
activation [2,9]. Substrates with 5’ overhangs are of particular interest as the influence of the C-
terminal domains on DNA-PKcs stimulation varied dramatically. In order to determine if
overhang sequences influences the ability of the Ku80 C-terminal structural regions to stimu-
late the kinase, the same plasmid was digested with different sequence-specific restriction en-
donucleases. Despite the differences in terminal sequences, the influence of C-terminus was
similar when both experiments when normalized to wild type (S3 Fig). Under both conditions
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Fig 5. Distinct Influences of the Ku80 C-terminus on DNA-PK Activation with Linearized Plasmid DNA.
a) DNA-PK kinase stimulation with plasmid DNA linearized with EcoRV generating blunt-ended termini and
with KpnI generating 4 base 3’ single stranded overhangs. b) DNA-PK kinase stimulation with plasmid DNA
linearized with XhoI and BamHI generating 4 base 5’ single stranded overhangs. DNA substrates are
depicted pictorially. DNA termini generated by digestion are depicted below each graph indicating locations
of pyrimidines (Py) and purines (Pu). Kinase activity is reported as the mean and SD of pmol of phosphate
transferred. Asterisks indicate statistically significant differences compared to wild type (p <0.05). (b) Asterisk
comparing wild type of XhoI digested DNA and wild type of BamHI digested DNA indicates statistically
significant differences (p<0.05).

doi:10.1371/journal.pone.0127321.g005
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the helical bundle was required for maximum stimulation while the core DNA binding/Ku70
dimerization domain and disordered linker regions both contributed to stimulation above the
no Ku control. While the relationships between the abilities of the mutants remains the same
(S3 Fig), the overall kinase activation from XhoI digested DNA was drastically greater than the
activation observed by the BamHI digested DNA (Fig 5b). Despite the substantial differences
in kinase stimulation, the DNA sequence differences in the ends generated from digestion with
these restriction enzymes are subtle. While digestion from both enzymes results in a 4 base 5’
overhang, digestion by XhoI generates a 5’TCGA overhang and digestion by BamHI generates
a 5’GATC overhang. Using additional restriction enzymes and a GFP reporter plasmid, we
next tested whether the terminal pyrimidines generated by XhoI digestion were responsible for
increased activation. XbaI digestion yields a 5’CTAG single stranded overhang while EcoRI di-
gestion yields a 5‘AATT single stranded overhang. Consistent with our prediction, the linear-
ized plasmid with terminal pyrimidines (XbaI digested) resulted in greater DNA-PK activation
than that of terminal purines (EcoR1) (Fig 6a, S3 Table). Interestingly, both BamHI and EcoRI
digested DNA contain single stranded overhangs with pyrimidines adjacent to the terminal pu-
rines however these ends do not stimulate DNA-PK as high as those with terminal pyrimidines.
All four of the 5’ overhang-generating restriction enzymes used in this study result in single
strand regions containing 2 pyrimidines and 2 purines and yet these cause drastically different
levels of DNA-PK stimulation. This illustrates that subtle variations in DNA sequence can
have profound effects on DNA-PK activation.

Preferential DNA-PK Activation by Terminal Pyrimidines Leads to
Increased NHEJ
Because DNA-PK activation is a major regulator in NHEJ [8], we asked if the sequence-specific
activation by terminal pyrimidines would impact DNA DSB repair via NHEJ. To investigate
this question, a host cell reactivation assay was employed utilizing a linearized plasmid encod-
ing a green fluorescent protein (GFP) reporter gene that is expressed following NHEJ. This
plasmid was linearized with either XbaI or EcoRI, both of which generate 4 base 5’ overhangs
between the promoter and GFP expression reporter gene, however XbaI digestion yields an
NHEJ substrate with terminal pyrimidines while EcoRI digestion yields an NHEJ substrate
with terminal purines. Differences in transfection efficiency were controlled for by co-transfec-
tion with circular pCAG-dsRED which produces a red fluorescent protein (RFP) independent
of NHEJ [22]. The results presented in Fig 6b are representative images of individual fields and
an overlay of the images. Quantified results are presented in Fig 6c as a ratio of green cells: red
cells and show that NHEJ substrates generated with XbaI digestion are repaired more efficient-
ly than those generated via EcoRI digestion (p< 0.001). We have previously shown with this
plasmid that expression of the GFP is inhibited by the DNA-PK inhibitor, NU7441, and absent
in NHEJ deficient cells [22]. Thus expression of GFP is indicative of NHEJ and it is clear that
NHEJ substrates with terminal pyrimidines are repaired more efficiently than those of with ter-
minal purines. These results are consistent with a model where the sequences at the termini of
DSBs influence DNA-PK activation and ultimately DSB repair via NHEJ.

Discussion
Overall, our results establish distinct mechanisms by which DNA-PK is able to respond to a va-
riety of DNA substrates to support repair. We show that the structures of individual DNA sub-
strates dictate specific structure/function relationships between the Ku80 C-terminus and
DNA-PKcs. These relationships are complex and are intimately tied to the protein structure
and the structure of the DNA substrate to which the holoenzyme is bound. Previous studies
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Fig 6. Preferential DNA-PK Activation by Terminal Pyrimidines Leads to Increased NHEJ. a) DNA-PK kinase activity is determined with wild type Ku
and linearized reporter plasmid digested with restriction enzymes XbaI and EcoRI. DNA termini generated by digestion are depicted below the graph
indicating locations of pyrimidines (Py) and purines (Pu). Activity is reported as pmol of phosphate transferred. b) Representative images analyzed for host
cell reactivation assay showing GFP and RFP expression. Images were obtained using a 40x objective. Scale bar = 50 μm. c) Quantified results from host
cell reactivation assay. Results are reported as ratio of green cells to red fluorescent cells relative to NHEJ activity. Results from XbaI digested DNA are
shown in blue and results from EcoRI digested DNA are shown in purple. Data is presented as the mean and SD with asterisks indicating statistically
significant differences.

doi:10.1371/journal.pone.0127321.g006
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have either concluded that the extreme C-terminus is critical for kinase activity or that the C-
terminus is entirely dispensable for activation [10,11]. Results presented here indicate that each
structural region within the C-terminus of Ku80 is distinctly necessary for stimulation of the
kinase depending on the structure of the DNA substrate (Table 1). We have observed that mul-
tiple structural features of the DNA influence Ku80/DNA-PKcs interactions and DNA-PK ac-
tivation including: 1) length of DNA 2) presence of overhangs 3) orientation of overhangs and
4) sequence of overhangs. Thus differing conclusions from previous studies are likely due to
differences in methodology with regard to the structure of the DNA substrates used to evaluate
DNA-PK activation. Further, our in vitro data assessing the effect of these structural regions on
DNA-PKcs-DNA binding activity suggests that differences in DNA-PK activation are a func-
tion of reduced catalytic activity and not substrate binding activity as measured by DNA-PKcs
recruitment to DNA (Fig 4). In addition some substrates promote complex formation more
than others, i.e. 60bp substrates, independent of the Ku80 C-terminus (Fig 4). This is consistent
with previous reports that the Ku80 C-terminus is dispensable for DNA-PKcs recruitment to
DSBs in vivo [11].

The sheer size of the DNA-PK complex has hindered high resolution structural analysis.
DNA-PKcs is approximately 470kDa and when in complex with the 150kDa Ku heterodimer,
is ~620kDa. Keeping in mind that DNA-PK complexes exist on both sides of the DSB, the ef-
fective size of the active complex as it performs its function in NHEJ is over 1 mega Da. Despite
this, a crystal structure of DNA-PKcs has been solved to 6.6 Å [31]. Importantly, crystals only
formed in the presence of the Ku80 C-terminus. While the site(s) of Ku80 C-terminus/
DNA-PKcs interactions could not be discerned from these studies, the authors were able to
conclude that such interactions are necessary for stabilizing highly mobile regions of
DNA-PKcs. This stabilization effect on mobile regions support an interaction but certainly
does not limit these complex interactions to the region being stabilized. More recently small
angle X-ray scattering data confirmed our initial finding that the C-terminus experiences a
conformational change upon Ku binding to DNA and becomes more accessible potentially to
allow for additional protein interactions [15]. Further they show that different surfaces of
DNA-PKcs interact across the synapse when the complexes are bound to different DNA sub-
strates. This is consistent with our data and suggests distinct protein/protein interactions are
necessary for activation on different DNA substrates. These studies together with our enzymol-
ogy data support a model by which DNA-PK responds to structurally distinct DSBs by “sens-
ing” these structures through its interactions with Ku80 (Fig 7). On substrates with 5’ or 3’
overhangs, the helical bundle and linker regions of Ku80 stimulate kinase activity. The over-
hangs themselves play unique roles in this process as terminal pyridines preferentially stimu-
late kinase activity while 3’ overhangs align DNA termini across the synapse [2]. Interestingly,
blunt-ended substrates uniquely require the extreme C-terminus for maximum activation.
DSBs with blunt-ended termini arise in the cell from replication through nicked DNA. Perhaps
these events which produce one-sided DSBs are “sensed” through interactions with the extreme
C-terminus of Ku80. Previous reports indicate that extended conformations of the C-terminus
are capable of interactions with DNA-PKcs across the synapse [15]. Thus the stimulatory inter-
actions reported here may occur either in-cis or in-trans.

Here we present the novel finding that Ku discriminate terminal structures of DNA sub-
strates and activates DNA-PKcs through distinct mechanisms. The ability of Ku to distinguish
terminal DNA structures is in accord with its terminal DNA binding activity [18]. Interestingly
the C-terminus of Ku80 is dispensable for activation of 30bp Y substrates as is Ku in its entirety
for 60bp Y substrates (Fig 2). DNA strand separation being a likely component of the DNA-PK
activation model is consistent with the structural studies of DNA-PKcs which reveal a punitive
ssDNA binding site along with a dsDNA binding site [15,32]. Further our previously published
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results reveal unique contributions from single strand overhangs implicate strand separation as
a likely intermediate during NHEJ [8].

An interesting and unexpected finding from this work is that Ku also utilizes distinct mech-
anisms of DNA-PKcs activation based on DNA length. Previous studies which directly visual-
ized Ku/DNA interactions reveal that very few Ku molecules translocate internally on the
DNA substrate with the vast majority remaining at the termini [27,33]. Structural studies reveal
that Ku directly binds approximately 20bp or 2 DNA turns [18]. Despite this, Ku distinguishes
between 400bp and 500bp DNA substrates as evidenced by the distinct mechanisms utilized to
activate DNA-PKcs (S3 Fig). How this distinction occurs remains unknown but suggests that
Ku/DNA interactions are more complex than previously thought.

To the best of our knowledge, we provide the first evidence that where a DSB occurs may in-
fluence how efficiently it can be repaired as a function of DNA-PK activation. Indeed, DNA-PK
displays a dramatic sequence bias for terminal pyrimidines even over sequences with terminal
purines containing adjacent pyrimidines. We did not observe any differences DNA-PKcs stim-
ulation by the Ku truncation constructs due to terminal sequence variations. Clearly when it
comes to DNA-PK activation, not all bases are created equal and their precise location at the
DSB has an impact on repair. The mechanisms by which terminal pyrimidines are more stimu-
latory than terminal purines is still unknown, but are possibly due to direct ssDNA interactions
with DNA-PKcs [15]. The fact that Ku is not involved in sequence discrimination is consistent

Fig 7. Model of Distinct Mechanisms of DNA-PK Activation Dependent on DNA Cofactor Structure. 1.
The Ku heterodimer binds to DNA termini and undergoes a conformational change involving the C-terminus
of Ku80 [14]. 2. DNA-PKcs is recruited to the DNA terminus through interactions with Ku but independent of
interactions with the Ku80 C-terminus (See Fig 3). 3. When bound to blunt-ended DNA, DNA-PKcs is
activated through interactions with the disordered linker, helical bundle, and extreme C-terminus of the Ku80
C-terminus. When bound to DNA with 3’ or 5’ overhangs, DNA-PKcs is activated through interactions with the
disordered linker and helical bundle of the Ku80 C-terminus. The 5’ end of DNA activates the kinase while the
3’ end is free to anneal across the synapse [2]. A DSB with a 5’ overhang is depicted. DNA sequence specific
interactions between the 5’ overhang and DNA-PKcs are indicated in the model.

doi:10.1371/journal.pone.0127321.g007
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with structural data which shows that Ku interacts exclusively with the phosphodiester back-
bone of DNA. Further recent high profile work indicates that Ku is a 5’-dRP/AP lyase [34,35]
and excises nucleotide damage near broken ends of DNA. These reports show that Ku cannot
distinguish normal bases from abasic sites on internal sequences but can accomplish this at
DNA termini. These data are consistent with our finding that base distinction by this complex
occurs only at DNA termini. Therefore Ku’s inability to differentiate sequence variation is not
surprising. Structural studies of DNA-PKcs, on the other hand, reveal two potential DNA bind-
ing domains [15,32]. The larger of the two located in the palm domain is almost assuredly in-
volved in binding dsDNA while the smaller domain located in the head domain has been
implicated in binding ssDNA [32]. Perhaps the single ring structure of pyrimidines interacts
more strongly with this putative ssDNA binding domain as compared to the double ring struc-
ture of purines. This mechanism is currently under investigation. Further, there are numerous
other DNA structures and conformations that exist throughout the genome, all of which are
susceptible to DSBs. It will be important to evaluate how these regions influence DNA-PK acti-
vation in light of the differential activation and repair observed in this study.

Supporting Information
S1 Fig. DNA and Ku Titrations Used to Determine Optimal Conditions of Kinase Assays.
a) Kinase Assays were performed with 30bp and indicated amounts of DNA. These data were
used to determine that 500fmol of DNA results in excess of DNA cofactor. b) Kinase Assays
were performed with indicated amounts of Wild type Ku. 50 Units was found to be optimal for
kinase assays and Ku was found to be in excess. Kinase activity is reported the mean and SD of
pmol of phosphate transferred.
(PDF)

S2 Fig. Kinase Assays Using Blunt End Substrates. a) 500bp Blunt End Substrates require the
extreme C-terminal region of Ku80 for maximum activation. All differences between groups
are statistically significant. b) 300bp Blunt End Substrates do not require the extreme C-termi-
nal region of Ku80 for maximum activation. Differences between wild type and C-L-H are not
statistically significant. Kinase activity is reported as the mean and SD of pmol of
phosphate transferred.
(PDF)

S3 Fig. Distinct Influences of the Ku80 C-terminus on DNA-PK Activation with Linearized
Plasmid DNA. DNA-PK kinase stimulation with plasmid DNA linearized with XhoI and
BamHI generating 4 base 5’ single stranded overhangs. DNA substrates are depicted pictorially
with the terminal bases generated by digestion depicted below each graph indicating locations
of pyrimidines (Py) and purines (Pu). The data from Fig 5b was used to calculate the kinase ac-
tivity as reported as percentage of wild type activity for each DNA. The mean and SD are pre-
sented and asterisks indicate statistically significant differences compared to wild type (p
<0.05).
(PDF)

S1 Table. Oligonucleotide DNA substrates.
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S2 Table. 400 bp DNA substrate sequences.
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S3 Table. Restriction enzyme recognition sequences.
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