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Background: PP6c3 and SAPSR1 bind to DNA-PK and are required for DNA-PK activation following ionizing radiation.
Results: R1 associates with DNA-PK independently of PP6c through two distinct regions.
Conclusion: Contact between R1 and DNA-PK involves two binding sites: one dominant, the other supporting.
Significance: DNA-PK-R1 interface may be exploited as a drug target to inhibit DNA-PK activation and radiosensitize cells.

DNA-dependent protein kinase (DNA-PK) becomes acti-
vated in response toDNAdouble strand breaks, initiating repair
by the non-homologous end joining pathway. DNA�PK com-
plexeswith the regulatory subunit SAPSR1 (R1) of protein phos-
phatase-6 (PP6). Knockdown of either R1 or PP6c prevents
DNA-PK activation in response to ionizing radiation-induced
DNA damage and radiosensitizes glioblastoma cells. Here, we
demonstrate that R1 is necessary for and bridges the interaction
between DNA-PK and PP6c. Using R1 deletion mutants,
DNA-PK binding was mapped to two distinct regions of R1
spanning residues 1–326 and 522–700. Either region expressed
alone was sufficient to bind DNA-PK, but only deletion of resi-
dues 1–326, not 522–700, eliminated interaction of R1 with
DNA-PK. We assign 1–326 as the dominant domain and 522–
700 as the supporting region. These results demonstrate that R1
acts as a bidentate anchor to DNA-PK and recruits PP6c. Tar-
geting the dominant interface with small molecule or peptido-
mimetic inhibitors could specifically prevent activation of
DNA-PK and thereby sensitize cells to ionizing radiation and
other genotoxic agents.

DNAdouble strand breaks (DSBs)2 are one of themost lethal
forms of DNA damage. DNA DSBs arise from normal cellular
processes such as V-D-J recombination and the production of
free radicals as well as from exogenous stimuli such as exposure
to DNA-damaging agents like IR. In mammalian cells, DNA
DSBs are repaired by twomajor pathways: homologous recom-
bination (HR) and non-homologous end joining. A critical
component of the non-homologous end joining-mediated
DNA DSB repair pathway is DNA-dependent protein kinase

(DNA-PK). DNA-PK is a nuclear Ser/Thr protein kinase and a
member of the PI3K-related kinase superfamily, which includes
the human ataxia telangiectasia mutated (ATM) and ATM-
Rad3 related proteins as well as other PI3-like kinases (1, 2).
DNA-PK is composed of a catalytic subunit (DNA-PKcs) and
two Ku heterodimers (Ku70 and Ku80) that act as regulatory
subunits (2).Multiple lines of evidence demonstrate the central
role of DNA-PK in and non-homologous end joining-mediated
DNA DSB repair and cell survival. DNA-PK deficient glioblas-
toma cells (M059J) are highly sensitive to DNA-damaging
agents (3). siRNA-mediated silencing of DNA-PK or chemical
inhibition of DNA-PK inhibits DNA repair and sensitizes mul-
tiple tumor cell types to DNA-damaging agents (4–9). DNA-
PKcs�/� mice have high levels of unrepaired DSBs after treat-
ment with genotoxic agents and are hypersensitive to
irradiation (10). DNA-PK activity is regulated by phosphoryla-
tion in twomajor clusters denoted asABCDEandPQR (11–17).
Some of these residues are DNA-PK autophosphorylation sites
and some are targets of ATM (11–16, 18). In addition to regu-
lation by kinases, an accumulating body of evidence suggests
that DNA-PK activity is also regulated by phosphatases. Phos-
phatase inhibitors okadaic acid and microcystin, at concentra-
tions that inhibit PP2A and PP2A-like phosphatases, have been
shown to activate DNA-PK and promote DNA repair activity
(19, 20). Wechsler et al. (21) have demonstrated that DNA-PK
interactswith and is dephosphorylated by the phosphatase PP5.
Our previous work (22) has demonstrated that DNA-PK inter-
acts with the protein phosphatase PP6.
PP6 is a Ser/Thr protein phosphatase classified as a type 2A

phosphatase familymember on the basis of its sequence homol-
ogy to the catalytic subunit of protein phosphatase 2A (PP2A)
and its sensitivity to active site inhibitors such as okadaic acid,
microcystin, and calyculin A (23–25). PP6 is conserved among
all eukaryotic species from yeast to humans, attesting to its
fundamental importance. The Saccharomyces cerevisiae homo-
logue, Sit4, is required for G1 to S progression, expression of G1

cyclins, and several other cellular processes (23, 26). The
human PP6 also promotes G1to S progression, predominantly
by regulating the levels of cyclinD1 (27). Recently, PP6 has been
shown to play a role in regulation of spindle checkpoint by
inhibiting Aurora A activation (28).
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PP6 belongs to a class of phosphatases known as phospho-
protein phosphatases (phosphoprotein phosphatases), which
function as multimeric phosphatases (29, 30). phosphoprotein
phosphatase holoenzymes typically consist of a catalytic sub-
unit and one or more regulatory subunits (29, 30). The regula-
tory subunits impart substrate specificity, determine subcellu-
lar localization, and sometimes activate or inhibit the
phosphatase holoenzyme (29, 30). The PP6 holoenzyme con-
sists of a trimer including the PP6 catalytic subunit (PP6c), one
of the three regulatory subunits (R1, R2, or R3), and one of the
three ankyrin repeat subunits (ARS-A, ARS-B, or ARS-C) (31,
32). The regulatory subunits of PP6 (R1, R2, and R3) contain an
evolutionarily conserved, highly homologous N-terminal
domain designated as the sit4-associated protein sequence
(SAPS) domain (31). In fact, R1, R2 and R3were originally iden-
tified by the sequence homology of their SAPS domains to their
yeast counterparts (31). Although the different PP6c regulatory
subunits may have some redundant functions, as in the case of
Aurora A dephosphorylation (28), there is evidence that each
subunit may also have specific non-redundant functions (26,
31). Knockdown of R1, but not R3, enhances degradation of
endogenous I�B� in response to TNF-� (31). Similarly, knock-
down of R1, but not R3, abrogates DNA-PK activation in
response to IR (22). Identifying the binding partners of different
PP6 regulatory subunits will provide insight into how PP6 reg-
ulates various cellular processes.
We have demonstrated previously that DNA-PK binds to

both the PP6 catalytic subunit and its regulatory subunit, R1.
Knockdown of PP6c resulted in reduced DNA-PK activity,
impaired DNA repair, and sensitization of glioblastoma cells to
irradiation, suggesting that PP6c is required for DNA-PK func-
tion. Knockdown of R1mimicked the PP6c knockdown pheno-
type, suggesting that R1 is necessary for activation of DNA-PK
by PP6c in response to IR. AlthoughDNA-PK, PP6c, and R1 are
known to exist in a complex, the interface between DNA-PK
and PP6 has not been defined. We present data demonstrating
that R1 functions as a bridge between DNA-PK and PP6c. In
addition, we have mapped two distinct regions of R1, one nec-
essary but both sufficient for binding to DNA-PK.

EXPERIMENTAL PROCEDURES

Cell Lines and Transfections—HEK293 and HEK293T cells
were maintained in DMEM (Invitrogen) containing 10% (v/v)
fetal bovine serum (Invitrogen) at 37 °C in a humidified 5% (v/v)
CO2 atmosphere. Plasmids were transfected using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. siRNA smart poolswere purchased fromDharma-
con. siRNAs were transfected in 293 cells at a final concentra-
tion of 100 nmusing Lipofectamine RNAiMax according to the
manufacturer’s instructions.
Plasmids, PCR, and Cloning—FLAG-R1, FLAG-1–521, and

FLAG-522–881 have been described previously (31). FLAG-
522–700 was PCR amplified from FLAG-R1 using primers 5�-
GAATTCGTGAACACCCACCACCTACA-3� and 5�-ATGC-
CTCGAGCTAGTAGGACAGAGGGGTGGCCC-3�. FLAG-
701–881 was PCR-amplified from FLAG-R1 using primers
5�-ATGCGAATTCCCCAGCCCTGGCCCTCAGCC-3� and
5�-CTCGAGCTATTGGGAGCCTGGGGATG-3�. FLAG-522-

700 and FLAG-701–881 PCR amplicons were cloned into
pcDNA-FLAG using the EcoRI-XhoI sites. FLAG-�522–700,
FLAG-�1–326, FLAG-1–521-HIS, FLAG-1–326-HIS, FLAG-R1
(4DE-KK), FLAG-1–521-HIS (4DE-KK), and FLAG-1–326-HIS
(4DE-KK) were generated using the Phusion site-directed
mutagenesis kit (Finnzymes) according to the manufacturer’s
instructions. FLAG-1–521-HIS was PCR-amplified from
FLAG-1–521 using primers 5�-TAGCTCGAGCATGCAT-
CTAGA-3� and 5�-AAGCTTATGGTGATGGTGATGGT-
GCAGGTCCACCATGTTCTTCTT-3�. FLAG-1–326-HIS
was PCR-amplified from FLAG-1–326 using primers 5�-
TAGCTCGAGCATGCATCTAGA-3� and 5�-AAGCTTAT-
GGTGATGGTGATGGTGGCAGCTGAGCCGCGGGCG-
TAG-3�. Charge reversal mutants (4DE-KK mutants) of
FLAG-R1, FLAG-1–521-HIS, and FLAG-1–236-HIS were
generated from the wild-type versions of these constructs by
sequential site-directed mutagenesis using primers 5�-
AGCAGATCCACCCGTCGAAGAAGAAGAATCAACAT-
TCCAACGCATC-3� and 5�-CAATCAGCCGCTGGACGA-
TCT-3� followed by 5�-AGCTCTTAAGCAACATGTTCA-
AGGGGAAGCAGAGCCAGTCTGTCATCGT-3� and 5�-
GCTCAATCGTCTCCTGCTTCT-3�. FLAG-�522–700 was
PCR-amplified from FLAG-R1 using primers 5�-CCCAGC-
CCTGGCCCTCAGCC-3� and 5�-CAGGTCCACCATG-
TTCTTCTT-3�. FLAG-�1–326 was PCR-amplified from
FLAG-R1 using primers 5�-GAATTCATGTTCCACCAGC-
TCCTGCTGGAG-3� and 5�-CTCGAGCTAGTTGACGAC-
CTTGCACTCCTG-3� followed by digestion with EcoRI
and circularization of the plasmid. HA-tagged wild-type
PP6c has been described previously (33). HA-PP6c-H114A
was generated from HA-WT-PP6c using the Stratagene
site-directed mutagenesis kit with primers 5�-CGTATTAC-
ACTTTTGCGAGGAAATGCAGAGAGTAGACAGATTA-
CAC-3� and 5�-GTGTAATCTGTCTACTCTCTGCATTT-
CCTCGCAAAAGTGTAATACG-3�. HA-PP6c-HR-QA was
generated from HA-PP6c-WT by sequential site-directed
mutagenesis using primers 5�-GAGATATCCAGGGAC-
AGTTTT-3� and 5�-CACACACTGTTACTGGTGTTG-3�
followed by 5�-GATTTTGTAGACGCAGGTTACTATAGT-
3� and 5�-ACCCATAAATATGTAGTTTGT-3�.
Immunoprecipitations and Western Blotting—Whole cell

lysates were prepared in EBC lysis buffer as described previ-
ously (34). Lysates were cleared by centrifugation at 20,000 � g
for 15 min at 4 °C. Extracts were precleared by incubation with
protein-G-Sepharose antibodies for 30 min at 4 °C. One milli-
gram of precleared extracts was incubated with the indicated
antibodies overnight followed by incubation with protein-G-
Sepharose beads for 2 h at 4 °C. Immune complexes immobi-
lized on protein-G-Sepharose beads were washed three times
with coldNET-N as described previously (34). Immunoprecipi-
tates were resolved on 4–20% precast gradient gels (Bio-Rad)
and transferred to a 0.22 �M nitrocellulose membrane using a
wet transfer assembly. Membranes were incubated with the
indicated primary antibodies overnight at 4 °C, followed by
incubation with secondary antibodies at room temperature for
1 h. Antibody signal was captured on x-ray films with multiple
exposures using enhanced chemiluminescence as described by
the manufacturer (Pierce). Film exposures in the linear range
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were scanned using a densitometric scanner (Bio-Rad GS800)
and analyzed using ImageJ software. Statistical significance was
determined using a Student’s t test.
Antibodies—For Western blotting, FLAG antibody (Sigma)

and HA antibody (Abcam) were used at a dilution of 1:1000.
DNA-PK antibody (Labvision) and R1 antibody (Bethyl) were
used at a dilution of 1:2000. PP6c antibody has been described
previously (31) and was used at a dilution of 1:5000. For immu-
noprecipitations, FLAG antibody was used at 5 �g/�g of lysate.
HA antibody was used at 2 �g/mg of lysate. PP6 antibody
(Bethyl) was used at 3 �g/mg of lysate.

RESULTS

Orientation of Components in the R1�PP6c�DNA�PKComplex—
In living cells DNA-PK, R1, and PP6c are present in a complex
that can be recovered by immunoprecipitation of any one of the
three proteins. To better understand the organization of this
complex, we considered three possible models (Fig. 1A). PP6c
acts as a bridge to span R1 andDNA-PK (i); R1 bridges between
PP6c and DNA-PK (ii); or the three proteins independently
interact with one another (iii). To test these models, we
knocked down R1 in 293 cells using siRNA (Fig. 1B) and trans-
fected cells with non-targeting siRNA as a control. The knock-
down of R1 was effective in reducing R1 protein levels � 80%.
Control, knockdown, and untreated cells had the same unper-
turbed levels of PP6c andDNA-PKon the basis of immunoblot-
ting of cell extracts (Fig. 1B, top panels). Endogenous PP6c was
immunoprecipitated in parallel from control and R1 knock-
down cells, and the immunoprecipitates were analyzed for the
recovery of PP6c and DNA-PK by Western blotting (Fig. 1B,
lower panels). Non-immune IgG was used to demonstrate the
specificity of the PP6c precipitation. DNA-PK coprecipitated
efficiently with PP6c from control cells. However, the amount
of DNA-PK coprecipitating with PP6c from R1 knockdown
cells was significantly reduced by� 80%, indicating that R1was
required forDNA-PK to associatewith PP6c. These results sup-
port models ii and iii above (Fig. 1A).
Effects of Active Site Mutations in PP6c—We made substitu-

tions of key active site residues in PP6c to test whether phos-
phatase activity influenced the stability of the heterotrimer
complex. Catalysis by phosphoprotein phosphatase phosphata-
ses requires a conserved histidine residue to act as a general acid
for protonation of the leaving group (H125 in PP1, H118 in
PP2A, and H114 in PP6). Other active site residues are the
metal ligandH55 and phosphoryl group binding Arg-85, which
we substituted to Glu and Ala, respectively, to produce an
HR-QAmutant. TheH114A andHR-QAversions of PP6cwere
expressed in 293T cells at levels identical to the wild-type pro-
tein (Fig. 1C,upper panels). Immunoprecipitateswere prepared
and analyzed by immunoblotting for coprecipitation of endog-
enous R1 and endogenous DNA-PK (Fig. 1C, lower panels).
Wild-type HA-tagged PP6c coprecipitated both R1 and DNA-
PK. In contrast, neither of the PP6c mutants, H114A or
HR-QA, coprecipitated either R1 or DNA-PK. It was unex-
pected that single residue substitutions in the active site would
completely abrogate association with R1. We suspect that sub-
tle alterations in the catalytic subunit conformation are
detected by the SAPS domain of R1. Regardless, these results

were consistent with the idea that association of PP6c with
DNA-PK is dependent on the ability of PP6c to bind R1.
PP6c Is Not Required for R1 Association with DNA-PK—If R1

binding simultaneously to DNA-PK and PP6c is responsible for
heterotrimer formation, we would predict that the complex
does not depend on interactions betweenDNA-PK and PP6c. If
so, then the ability of R1 to coprecipitateDNA-PKwould not be
affected in the absence of PP6c. To test this hypothesis, PP6c
was knocked down in 293 cells using siRNA, but this also
resulted in a reduction in the levels of R1 (Fig. 2A), as we
reported previously (31). The expression levels of R subunits are
dependent on the expression of PP6c, suggesting that the R

FIGURE 1. R1 is required for DNA�PK�PP6c interaction. A, schematic repre-
sentation of the three possible modes of DNA-PK-R1-PP6c interaction. i,
DNA-PK binds to PP6c directly, and R1 in the complex is bound to only to PP6c
and not to DNA-PK. ii, R1 binds to both DNA-PK and PP6c, thus bringing
DNA-PK and PP6c in close proximity. iii, DNA-PK binds to both PP6c and R1
simultaneously. B, 293T cells were transfected with control (non-target) or R1
siRNA (R1). Seventy-two hours post-transfection, endogenous PP6c was
immunoprecipitated (IP) from the lysates of these cells using anti-PP6c anti-
body. The levels of input proteins (top four panels) and immunoprecipitated
proteins (bottom two panels) were determined by Western blotting with the
indicated antibodies. The relative amount of coprecipitated DNA-PK was
quantified by densitometric analysis and compared with the amount of
DNA-PK coprecipitated from cells transfected with non-targeting siRNA (first
lane). Values below the Western blot analysis are mean � S.D. from three
independent experiments. p � 0.001. C, 293T cells were transfected with
empty vector (vector) or the indicated HA-tagged PP6c constructs. Forty-
eight hours post-transfection, HA-tagged PP6c was immunoprecipitated
from the lysates of these cells using anti-HA antibody. The levels of input
proteins (top three panels) and immunoprecipitated proteins (bottom three
panels) were determined by Western blotting with the indicated antibodies.
The relative amount of coprecipitated DNA-PK was quantified by densitomet-
ric analysis and compared with the amount of DNA-PK coprecipitated from
cells transfected with HA-PP6c-WT (second lane). Values below the Western
blot analysis are mean � S.D. from three independent experiments. p � 0.001
for both HA-PP6c-H114A and HA-PP6c-HR-QA.
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subunits are more stable when present in a complex with PP6c
as compared with individual free proteins, as discussed by Ste-
fansson et al. (31). As an alternative approach, we expressed
FLAG-tagged R1 in control and PP6c knockdown cells. This
allowedus to achieve equivalent levels of FLAG-R1 in cells, with
or without PP6c (Fig. 2B, upper panels). The FLAG-R1 was
immunoprecipitated, and the amount of endogenous DNA-PK
recovered was determined by Western blot analysis (Fig. 2B,
lower panels). The results showed that FLAG-R1 coprecipitated
the same amount of DNA-PK either in the presence or absence
of PP6c, demonstrating that PP6c is not required for stable
association of DNA-PK with R1. Taken together, these results
show that R1 is essential for DNA-PK-PP6c interaction. R1 can

mediate this interaction in two possible ways, as shown inmod-
els ii and model iii (Fig. 1A).
Mapping R1 Regions Required for Binding DNA-PK—To

define which regions of R1 constitute the binding site for DNA-
PK, FLAG-tagged constructs of full-length R1 (FLAG-R1), the
N terminus (FLAG-1–521), and the C terminus (FLAG-522–
881) (Fig. 3A) were transfected into 293T cells. Both FLAG-R1
and FLAG-522–881 were expressed robustly, whereas FLAG-
1–521 consistently appeared at lower levels on the basis of anti-
FLAG immunoblotting when equivalent amounts of plasmid
DNA were transfected (Fig. 3B, upper panels). Transfection of
increasing amounts of the plasmid encoding FLAG-1–521
failed to increase the expression of this protein (data not
shown). These FLAG-tagged proteins were immunoprecipi-
tated, and the endogenous PP6c and endogenous DNA-PK that
coprecipitated were analyzed by immunoblotting with specific
antibodies (Fig. 3B, lower panels). FLAG-R1 coprecipitated
both PP6c and DNA-PK. FLAG-522–881 coprecipitated
DNA-PK but not PP6c. On the other hand, FLAG-1–521,
which contains the SAPS domain, did not coprecipitate
DNA-PK but coprecipitated significantly higher amounts of
PP6c as compared with FLAG-R1. It appears that the SAPS
domain is more readily accessible to PP6c in the absence of the
C terminus, suggesting that theC terminus in the full-length R1
protein folds back onto the SAPS domain and limits access of
PP6c. These results indicated that R1 binds PP6c using its
N-terminal SAPS domain (residues 1–521) and depends on res-
idues 522–881 for association with DNA-PK. From this trun-
cation analysis it would appear that the two ends of the R1
protein independently interact with PP6c and DNA-PK.
Interaction of DNA-PK with residues 522–881 of R1 was

delineated further by deletion using FLAG-tagged constructs
expressing residues 522–700 or residues 701–881 (Fig. 3C).
These proteins were expressed in 293T cells and immunopre-
cipitated with anti-FLAG antibody (Fig. 3D). FLAG-522–881
was used as a positive control that coprecipitated DNA-PK and
FLAG-1–521 as a negative control. We observed equal or
slightly better coprecipitation ofDNA-PKwith FLAG-522–700
compared with FLAG-522–881 but no coprecipitation with
FLAG-701–881 (Fig. 3D). Our conclusion was that the
DNA-PK binding site in R1 was between residues 522 and 700
because this region alone was sufficient for coprecipitation.
These results led us to predict that residues 522–700 of R1

would be necessary for the association with DNA-PK, so we
deleted this region from R1 (Fig. 4A). FLAG-tagged constructs
expressing either full-length R1 (FLAG-R1) or the deleted R1
(FLAG-�522–700) were expressed in 293T cells (Fig. 4B, upper
panels). As expected, wild-type R1 (FLAG-R1) coprecipitated
DNA-PK (Fig. 4B). Surprisingly, the R1 lacking residues 522–
700 (FLAG-�522–700) coprecipitated a nearly equivalent
amount of DNA-PK (Fig. 4B, lower panels). This showed, con-
trary to our expectations, that residues 522–700 were not nec-
essary for association of R1 with DNA-PK. Therefore, we sus-
pected that therewas an additional site in R1 that was necessary
for association with DNA-PK. The second DNA-PK binding
site in R1 was suggested by a different loss of function R1
mutant. We introduced charge reversal substitutions of Lys for
four acidic residues (Asp-204,Glu-205,Glu-257, andGlu-59) in

FIGURE 2. PP6c is not required for DNA-PK-R1 interaction. A, 293T cells
were transfected with control (non-target) or PP6c siRNA (PP6c). Seventy-two
hours post-transfection, lysates were subjected to Western blotting with the
indicated antibodies. The levels of PP6c and R1 were quantified by densito-
metric analysis and normalized to actin. Values below the Western blot anal-
ysis are mean � S.D. from three independent experiments. p � 0.005 for PP6c
and p � 0.05 for R1. B, 293T cells were transfected with control or PP6c siRNA.
Twenty-four hours post-transfection, both control and PP6c knockdown cells
were transfected with the FLAG-R1 plasmid. Forty-eight hours post-transfec-
tion, FLAG-R1 was immunoprecipitated (IP) from the lysates of these cells
using anti-FLAG antibody. The levels of input proteins (top three panels) and
immunoprecipitated proteins (bottom two panels) were determined by West-
ern blotting with the indicated antibodies. The relative amount of coprecipi-
tated DNA-PK was quantified by densitometric analysis and compared with
the amount of DNA-PK coprecipitated from cells transfected with non-target-
ing siRNA (second lane). Values below the Western blot analysis are mean �
S.D. from three independent experiments, difference not significant.
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the SAPS domain of R1 (Fig. 4C). Substitutions of the corre-
sponding acidic residues in R3 resulted in loss of PP6c binding
(35), and indeed, this mutated form of R1 showed loss of PP6c
binding (supplemental Fig. S1). These mutations in R3 do not
cause perturbations in the overall structure of R3, and because
the SAPS domain is highly conserved across R subunits, there is
no reason to believe that mutations in R1 would affect R1 con-
formation.Herewe found that the charge reversal substitutions
in the SAPS domain eliminated association with DNA-PK (Fig.
4D, lower panels). Taken together, deletion of 522–700 and
charge reversal substitutions in the SAPS domain suggested
that there was a secondDNA-PK binding site in theN terminus
of R1 (residues 1–521).
This second site in R1 for binding toDNA-PKwasmapped to

the N-terminal 326 residues. In an attempt to enhance the
expression levels of FLAG-1–521, we added a hexahistidine tag
(HIS) to the C terminus (Fig. 5A). This tag did not increase
levels of the protein seen in transfected cells when compared

with full-length R1 (FLAG-R1) (Fig. 5B). However, although
FLAG-1–521 and FLAG-1–521-HIS were expressed at similar
levels (Fig. 5B), we discovered that HIS-tagged FLAG-1–521
effectively coprecipitated DNA-PK (B) in contrast to the same
protein without the HIS tag. Both the FLAG-1–521 and FLAG-
1–521-HIS proteins coprecipitated comparable amounts of
PP6c, suggesting that the structure of the proteins, predicted to
be predominantly � helical, was not grossly altered by the HIS
tag (Fig. 5B). We expressed a truncated protein comprising R1
residues 1–326 that was dual-tagged with an N-terminal FLAG
tag and a C-terminal HIS tag (Fig. 5A). This FLAG-1–326-HIS
construct coprecipitated DNA-PK but not PP6c (Fig. 5B).
These results show that a region for association with DNA-PK
lies within the N terminus of R1 and that this region does not
support binding to, or require involvement of, PP6c.
To rule out the possibility that the binding of DNA-PK to the

FLAG-1–521-HIS and FLAG-1–326-HIS was due to the HIS
tag itself, we introduced the same charge reversal substitutions

FIGURE 3. Residues 522–700 of R1 are sufficient for binding DNA-PK. A, schematic representation of the FLAG-tagged constructs of R1 used. F, N-terminal
FLAG tag. B, 293T cells were transfected with empty plasmid or plasmids encoding the FLAG-tagged proteins described in A. Forty-eight hours post-transfec-
tion, FLAG-tagged proteins were immunoprecipitated (IP) from the lysates of these cells using anti-FLAG antibody. The levels of input proteins (top three panels)
and immunoprecipitated proteins (bottom three panels) were determined by Western blotting with the indicated antibodies. The arrows indicate the position
of FLAG-tagged proteins. The asterisk indicates the migration of the antibody heavy chain. The relative amount of coprecipitated DNA-PK and PP6c was
quantified by densitometric analysis and compared with the amount of these proteins coprecipitated from cells transfected with FLAG-R1 (second lane). Values
below the Western blot analysis are mean � S.D. from three independent experiments. For DNA-PK binding to FLAG-522– 881, difference not significant and
for FLAG-1–521, p � 0.05; for PP6c binding to FLAG-522– 881, p � 0.001 and for FLAG-1–521, p � 0.05. C, schematic representation of the FLAG-tagged
constructs of R1 used. F, N-terminal FLAG tag. D, 293T cells were transfected with empty plasmid or plasmids encoding the FLAG-tagged proteins described in
C. Forty-eight hours post-transfection, FLAG-tagged proteins were immunoprecipitated from the lysates of these cells using anti-FLAG antibody. The levels of input
proteins (top two panels) and immunoprecipitated proteins (bottom two panels) were determined by Western blotting with the indicated antibodies. The arrows
indicate the position of FLAG-tagged proteins. The asterisk indicates the migration of antibody heavy chain. The relative amount of coprecipitated DNA-PK was
quantified by densitometric analysis and compared with the amount of DNA-PK coprecipitated from cells transfected with FLAG-522–881 (second lane). Values below
the Western blot analysis are mean � S.D. from three independent experiments. For FLAG-701–881, p � 0.05 and for FLAG-522–881, p � 0.05.

SAPSR1 Bidentate Anchor to DNA-PK

9234 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 12 • MARCH 16, 2012

http://www.jbc.org/cgi/content/full/M111.333708/DC1


in these two proteins by mutating Asp-204, Glu-205, Glu-257,
and Glu-259 to lysine (Fig. 5C). The dual-tagged wild-type and
charge reversal mutant versions of 1–521 and 1–326 were
expressed in 293T cells and immunoprecipitated with anti-
FLAG antibody (Fig. 5D). Western blotting revealed that either
of the wild-type proteins coprecipitated DNA-PK but not the
charge reversal mutants (FLAG-1–521-HIS (4DE-KK) and
FLAG-1–326-HIS (4DE-KK)) (Fig. 5D). Thus, the HIS tag itself
was not sufficient for interaction with DNA-PK.
Furthermore, we entirely removed the HIS tag from the C

terminus of FLAG-1–521 and replaced it with sequences from
two different regions of R1 (supplemental Fig. S2). Most of
these proteins were expressed to only low levels, as compared
withwild-type FLAG-R1, although some demonstrated higher-

level expression (supplemental Fig. S3). Irrespective of the
expression level, FLAG-1–521 with residues fused to the C ter-
minus formed a complex with DNA-PK, whereas the FLAG-1–
521 protein itself did not (supplemental Fig. S3). All versions of
FLAG-1–521, with or without extensions at the C terminus,
bound PP6c in the same way (supplemental Fig. S3).
Having shown that R1 residues 1–326 were sufficient for

association with DNA-PK, we asked whether this region of R1
was necessary for coprecipitation of DNA-PK. We deleted res-
idues 1–326 from R1 (FLAG-�1–326) (Fig. 6A). Full-length
FLAG-R1 and FLAG-�1–326 were expressed in 293T cells
and immunoprecipitated with anti-FLAG antibody (Fig. 6B).
Western blotting of the immunoprecipitates with anti-
DNA-PK antibody revealed that only full-length R1 (FLAG-

FIGURE 4. Residues 522–700 of R1 are not required for binding to DNA-PK. A, schematic representation of the FLAG-tagged constructs of R1 used. F,
N-terminal FLAG tag. The mutant lacking residues 522–700 is denoted as FLAG-�522–700. B, 293T cells were transfected with empty plasmid or plasmids
encoding the FLAG-tagged proteins described in A. Forty-eight hours post-transfection, FLAG-tagged proteins were immunoprecipitated (IP) from the lysates
of these cells using anti-FLAG antibody. The levels of input proteins (top three panels) and immunoprecipitated proteins (bottom three panels) were determined
by Western blotting with the indicated antibodies. The arrows indicate the position of FLAG-tagged proteins. The relative amount of coprecipitated DNA-PK
was quantified by densitometric analysis and compared with the amount of DNA-PK coprecipitated from cells transfected with FLAG-R1 (second lane). Values
below the Western blot analysis are mean � S.D. from three independent experiments, difference not significant. C, schematic representation of the FLAG-
tagged constructs of R1 used. The asterisks indicate the position of the charge reversal mutations. The charge reversal mutant is denoted as FLAG-R1 (4DE-KK).
D, 293T cells were transfected with empty plasmid or plasmids encoding the FLAG-tagged proteins described in C. Forty-eight hours post-transfection,
FLAG-tagged proteins were immunoprecipitated from the lysates of these cells using anti-FLAG antibody. The levels of input proteins (top two panels) and
immunoprecipitated proteins (bottom two panels) were determined by Western blotting with the indicated antibodies. The relative amount of coprecipitated
DNA-PK was quantified by densitometric analysis and compared with the amount of DNA-PK coprecipitated from cells transfected with FLAG-R1 (second lane).
Values below the Western blot analysis are mean � S.D. from three independent experiments. p � 0.001.
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R1), but not the deletionmutant (FLAG-�1–326), coprecipi-
tated DNA-PK, showing that residues 1–326 were necessary
for R1 interaction with DNA-PK (Fig. 6B). Thus, there are
two regions in R1 involved in association with DNA-PK. One
is necessary and sufficient, whereas the other is sufficient but
not necessary.
DISCUSSION
Understanding the role of R1 in DNA�PK�PP6c complex for-

mation is a prerequisite for uncovering a druggable target for

radiosensitization.Our data demonstrate that R1 is required for
DNA�PK�PP6c interaction, as evidenced by the loss of interac-
tion between DNA-PK and PP6c in the absence of R1. Thus, R1
acts a bridge to bring DNA-PK and PP6c in close proximity.
The DNA-PK binding site was mapped to two regions of R1,
spanning residues 1–326 and residues 522–700. Although each
region could associate with DNA-PK independently, only resi-
dues 1–326 were critical for the DNA�PK�R1 association. Nei-
ther of the DNA-PK binding sites of R1 bound PP6c, further

FIGURE 5. Residues 1–326 of R1 are sufficient for binding DNA-PK. A, schematic representation of the FLAG-tagged constructs of R1 used. F, N-terminal
FLAG tag; H, C-terminal 6X-histidine tag. B, 293T cells were transfected with empty plasmid or plasmids encoding the FLAG-tagged proteins described in A.
Forty-eight hours post-transfection, FLAG-tagged proteins were immunoprecipitated (IP) from the lysates of these cells using anti-FLAG antibody. The levels
of input proteins (top four panels) and immunoprecipitated proteins (bottom three panels) were determined by Western blotting with the indicated antibodies.
The arrows indicate the position of FLAG-tagged proteins. The relative amount of coprecipitated DNA-PK was quantified by densitometric analysis and
compared with the amount of DNA-PK coprecipitated from cells transfected with FLAG-R1 (second lane). Values below the Western blot are mean � S.D. from
three independent experiments. For FLAG-1–521, FLAG-1–521-HIS, and FLAG-1–326-HIS, p � 0.05. C, schematic representation of the FLAG-tagged constructs
of R1 used. The asterisks indicate the position of the charge reversal mutations. The charge reversal mutants are denoted as 4DE-KK. D, 293T cells were
transfected with empty plasmid or plasmids encoding the FLAG-tagged proteins described in C. Forty-eight hours post-transfection, FLAG-tagged proteins
were immunoprecipitated from the lysates of these cells using anti-FLAG antibody. The levels of input proteins (top two panels) and immunoprecipitated
proteins (bottom two panels) were determined by Western blotting with the indicated antibodies. The arrows indicate the position of FLAG-tagged proteins.
The relative amount of coprecipitated DNA-PK was quantified by densitometric analysis and compared with the amount of DNA-PK coprecipitated from cells
transfected with FLAG-1–521-HIS (lane 2). Values below the Western blot are mean � S.D. from three independent experiments. For FLAG-1–521-HIS (4DE-KK)
and FLAG-1–326-HIS (4DE-KK), p � 0.005; difference not significant for FLAG-1–326-HIS.
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suggesting that the DNA�PK�R1 interaction is independent of
the presence of PP6c. We conclude that R1 associates directly
with DNA-PK, thus establishing R1 as a targeting subunit that
recruits PP6c to DNA-PK.
In agreement with our observations, recent work by Douglas

et al. (36) showed the association of DNA-PKwith PP6c and its
regulatory subunits both in vivo and in vitro. On the basis of the
observation that purified recombinant PP6c could interact with
purifiedDNA-PK in an in vitro binding assay,Douglas et al. (36)
concluded that PP6c could directly associate with and activate
DNA-PK in the absence of PP6 regulatory subunits. There are
many explanations for the direct association between DNA-PK
and PP6c in vitro but not in vivo, including the absence of post-
translational modifications on the bacterially produced PP6c
protein, which may occur normally in human cells and prevent
the direct interaction between DNA-PK and PP6c in vivo. It is
also possible that in the presence of regulatory subunits in vivo,
PP6c has a higher affinity for its regulatory subunits than for
DNA-PK.

The results published by Douglas et al. (36) and our unpub-
lished data show that all three PP6 regulatory subunits (R1, R2
and R3) can associate with DNA-PK in vivo, suggesting that
these subunits may function redundantly to mediate activation
of DNA-PK by PP6c. However, using siRNA mediated knock-
down we have previously demonstrated that loss of R1, but not
R3, results in impaired DNA-PK activation (22). It is possible
that although each R subunit forms a trimeric complex with
DNA-PK and PP6c, only the R1-containing complexes are able
to promote DNA-PK activation. One possible explanation for
this observation is that each R subunit binds to a different
region of DNA-PK and regulates different functions of DNA-
PK. It is also possible that PP6c is active only when R1, but not
R2 or R3, is present in the DNA�PK�PP6c complex. The data
presented here and published previously strongly suggest that
R1 is critical for DNA�PK�PP6c complex formation and activa-
tion of DNA-PK.
Additional evidence that PP6c was not required for

DNA�PK�R1 complex formation comes from our mapping
experiments. The DNA-PK binding site was mapped to two
regions of R1, one comprising residues 1–326 and the other
residues 522–700. Both these regions of R1 could interact with
DNA-PK in the absence of any detectable PP6c in the immuno-
precipitation assay, providing further evidence that R1 directly
interacts with DNA-PK. Although both of these regions were
sufficient for DNA-PK binding, only 1–326 was necessary for
DNA-PK-R1 interaction.We propose that residues 1–326 con-
stitute the primary DNA-PK binding site on R1, whereas resi-
dues 522–700 form secondary contacts to strengthen the inter-
action. We hypothesize that residues 1–326 impart binding
specificity, whereas residues 522–700 bind DNA-PK nonspe-
cifically. The nonspecific binding of region 522–700 to
DNA-PK is supported by the observation that C-terminal resi-
dues of R2 and R3 corresponding to the residues 522–881 (C
terminus) of R1 also bind toDNA-PK, as determined by a coim-
munoprecipitation assay (supplemental Fig. S4). The absence
of significant sequence similarity between the C termini of the
three R subunits suggests that the binding is not sequence-de-
pendent. It is possible that theC termini of the three R subunits,
as well as residues 522–700 of R1, adopt a conformation that
facilitates interaction with DNA-PK nonspecifically. However,
this nonspecific interaction may strengthen the DNA-PK-R1
interaction. Another possibility is that the region 522–700 is
not a bona fide DNA-PK binding site and that the interaction
was an artifact of deletion mutation analysis. For example, the
full-length R1 protein may have a conformation, where the
region 522–700 is buried deep inside the protein and, hence,
not accessible for complex formation with DNA-PK. Then, in
deletion mutants containing residues 522–700 or 522–881,
residues 522–700 would be accessible to mediate interaction
with DNA-PK.
In our initial deletionmutation analysis we failed to detect an

association of DNA-PK with region 1–521 of R1. Our inability
to detect the interaction was not due to low levels of the FLAG-
1–521 protein because HIS-tagged FLAG-1–521 expressed at
similar levels but could bind DNA-PK robustly. We demon-
strated that the association of DNA-PK with FLAG-1–521 was
not a function of the HIS tag because HIS-tagged charge rever-

FIGURE 6. Residues 1–326 of R1 are required for binding DNA-PK. A, sche-
matic representation of the FLAG-tagged constructs of R1 used. F, N-terminal
FLAG tag. The mutant lacking residues 1–326 is denoted as FLAG-�1–326, and
the mutant lacking residues 522–700 is denoted as FLAG-�522–700. B, 293T
cells were transfected with empty plasmid or plasmids encoding the FLAG-
tagged proteins described in A. Forty-eight hours post-transfection, FLAG-
tagged proteins were immunoprecipitated (IP) from the lysates of these cells
using anti-FLAG antibody. The levels of input proteins (top three panels) and
immunoprecipitated proteins (bottom three panels) were determined by
Western blotting with the indicated antibodies. The arrows indicate the posi-
tion of FLAG-tagged proteins. The relative amount of coprecipitated DNA-PK
was quantified by densitometric analysis and compared with the amount of
DNA-PK coprecipitated from cells transfected with FLAG-R1 (second lane).
Values below the Western blot are mean � S.D. from three independent
experiments. For FLAG-�1–326, p � 0.001, and difference not significant for
FLAG-�522–700.
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sal mutants failed to bind DNA-PK. Furthermore, replacement
of the C-terminal HIS tag with two different regions of R1
resulted in detectable binding ofDNA-PK to FLAG-1–521. The
dramatic difference in the DNA-PK binding efficiency of native
FLAG-1–521 and FLAG-1–521 with added residues at its C
terminus could be a result of differences in the secondary struc-
ture of these peptides. We have reported previously reported
that the SAPS domain of R3 forms �-helical repeats (35).
Because the sequences of the SAPS domains of the three R
subunits are highly conserved, the SAPS domain of R1 can be
predicted to consist of similar �-helical repeats. The residues
1–521 of R1 contain the SAPS domain. It is possible that the
stability of the � helices in region 1–521 of R1 is different in the
presence and absence of additional residues at the C terminus
of this region. Indeed, � helices are known to be stabilized
throughhelix capping residues that flank theNandC termini of
� helices and stabilize the helices through hydrogen bonding
and hydrophobic interactions (37–39). Although certain amino
acids are preferred as capping residues, there is some degree of
variability in terms of the type and number of amino acids in the
cap (37). Thus, histidine residues in the HIS tag or amino acids
in the sequences from the two regions of R1 added to the C
terminus of FLAG-1–521 could function as C-terminal helix
capping residues and stabilize the � helices in this region.
Indeed, histidine residues in the cap have been shown to con-
tribute to the stability of � helices (40, 41). In the wild-type,
full-lengthR1protein, theC-terminal residues immediately fol-
lowing the � helices of the SAPS domain would act as helix
capping residues to stabilize the helices in the SAPS domain
and enable interaction of residues in region 1–521 with DNA-
PK. In the absence of helix capping residues, the � helices in
region 1–521 are destabilized so that the resulting peptide can
either no longer bind DNA-PK or the interaction is too weak to
be detected by a coimmunoprecipitation assay. Because the
binding of PP6c to FLAG-1–521 is not affected by the presence
or absence of additional C-terminal residues, we believe that
the interaction between PP6c and FLAG-1–521 is resistant to
changes in helix stability.
In summary, we have identified two regions of R1 that medi-

ate its interaction with DNA-PK. Blocking either one or both of
these interfaces could potentially be a means to prevent the
association of DNA-PK with R1 and, hence, prevent activation
of DNA-PK by PP6c. However, we believe that the N-terminal
region of R1 is the primary interface. Solving the crystal struc-
ture of DNA-PK in complex with either one or both of the
binding sites of R1 could aid in the rational development of
small molecule or peptide inhibitors to block the DNA�PK�R1
association. Targeting the DNA�PK�R1 interface would specifi-
cally prevent radiation-induced DNA-PK activation without
affecting its other cellular functions. This approach can be
exploited to specifically impair DNA repair in tumor cells by
using targeted radiation delivery to improve tumor cell killing.
The advantage of this approach would be that by specifically
blocking the radiation-induced DNA-PK activation, the toxic
effects associated with general DNA-PK inhibition could be
circumvented. Also, because this approach does not involve
knockdown or chemical inhibition of either R1 or PP6c, the
normal functions of these proteins would also remain unaf-

fected. Although we have defined the DNA-PK-R1 interface,
further investigations are necessary to determine whether this
interface can be exploited as a druggable target.
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