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DNA-dependent protein kinase (DNA-PK) is the only eukaryotic protein kinase known to be specifically
activated by double-stranded DNA (dsDNA) termini, accounting for its importance in repair of dsDNA breaks
and its role in physiologic processes involving dsDNA breaks, such as V(D)J recombination. In this study we
conducted kinase and binding analyses using DNA-PK on DNA termini of various lengths in the presence and
absence of Ku. We confirmed our previous observations that DNA-PK can bind DNA termini in the absence
of Ku, and we determined rate constants for binding. However, in the presence of Ku, DNA-PK can assume
either a productive or a nonproductive configuration, depending on the length of the DNA terminus. For
dsDNA greater than 26 bp, the productive mode is achieved and Ku increases the affinity of the DNA-PK for
the Ku:DNA complex. The change in affinity is achieved by increases in both the kinetic association rate and
reduction in the Kinetic dissociation rate. For dsDNA smaller than 26 bp, the nonproductive mode, in which
DNA-PK is bound to Ku:DNA but is inactive as a kinase, is assumed. Both the productive and nonproductive
configurations are likely to be of physiologic importance, depending on the distance of the dsDNA break site

to other protein complexes, such as nucleosomes.

One can broadly classify eukaryotic DNA repair into exci-
sion repair, mismatch repair, and double-strand break repair.
Two types of double-strand break repair are homologous re-
combination and nonhomologous DNA end joining (NHEJ).
NHEJ is the major mechanism of repairing double-stranded
DNA (dsDNA) breaks during most of the cell cycle yet is the
least understood type of DNA repair. Unlike single-strand
breaks, which have the other strand to maintain both the phys-
ical integrity and the information content of the DNA, double-
strand breaks do not. Hence, double-strand breaks have the
highest potential to result in either loss of genetic information
or loss of chromosomal integrity, each of which can further
contribute to subsequent genomic destabilization events.

The nucleic acid and protein biochemical properties of
NHEJ are largely undefined (28). Recently, we and others
determined that DNA ligase IV complex is responsible for
NHEJ in Saccharomyces cerevisiae (34, 39, 40). In mammalian
cells, we and others also recently identified a complex of
XRCC4 (X-ray cross-complementation group 4) and DNA
ligase IV (9, 17). The XRCC4 stimulates the DNA ligase IV by
physical association (17). This is interesting because null mu-
tations in XRCC4 in mammalian cells result in sensitivity to
ionizing radiation, especially in G, and early S phases of the
cell cycle (15). XRCC4 mutant cells that are made active for
V(D)J recombination (by transfection with RAG expression
vectors) are defective for both signal and coding joint forma-
tion (32, 37, 38). All of the XRCC mutants that are defective
for double-strand break repair are also defective for V(D)J
recombination (28). This is not surprising given that V(D)J
recombination is a physiologic process of creating dsDNA
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breaks, which, once formed, must be repaired like pathologic
dsDNA breaks.

The other three XRCC groups are XRCCS, -6, and -7 (28).
XRCCS5 and -6 encode the two subunits of Ku (Ku86 and
Ku70, respectively) (18, 35, 36). The Ku heterodimer (Ku70-
Ku86) loads onto DNA termini and diffuses in an energy-
independent fashion to internal positions (10). XRCC7 is com-
plemented by chromosomal regions that contain the gene for
the DNA-dependent protein kinase (DNA-PK) (3, 23, 33), a
469-kDa protein that is activated by DNA termini (1).

The earliest work on purified DNA-PK presumed that it
functioned by itself as the first (and still only) protein kinase
activated by dsDNA termini (5, 26). A function suggested
originally was that it served as an alarm system for exogenous
(viral) or endogenous (genomic) dsDNA ends. That proposed
function continues to be the most likely one (20, 21, 26). The
Jackson and Dynan laboratories discovered that DNA-PK ac-
tivity in vitro could be stimulated by Ku (11, 16). Gottlieb and
Jackson proposed that Ku, in fact, was the DNA binding sub-
unit for DNA-PK, implying that DNA-PK was inactive in the
absence of Ku (16). They proposed that the name for the
469-kDa DNA-PK (then thought to be 350 kDa) be changed to
DNA-PK to indicate that this is merely the catalytic subunit
and that it is inactive without Ku. Recently, we found that
purified, native DNA-PK can be activated by direct binding of
DNA ends in the absence of Ku (41), a finding previously
described for some DNA-PK phosphorylation targets by others
as well (4, 11, 27, 30). We were also able to confirm Ku
stimulation of DNA-PK up to eightfold (41). Hence, we retain
the original name of DNA-PK. We refer to the complex that
forms on DNA termini as Ku:DNA-PK:DNA or, if Ku is ab-
sent, as DNA-PK:DNA; complexes of Ku:DNA-PK do not
appear to form except on DNA (41).

Our basic finding that DNA-PK can bind directly to DNA
has been confirmed (19), though these authors have raised the
question as to whether these results could be explained by
undetectable Ku. However, our DNA-PK preparation has no
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detectable Ku. By Western blotting with three monoclonal
antibodies and by a highly sensitive cross-linking assay stan-
dardized against the Ku Western blots, we know that Ku, if
present, represents less than 1 molecule for every 110
DNA-PK molecules (41). Evidence that the DNA-PK can bind
to DNA directly includes mobility shifts in which it is apparent
that over 30% of the DNA-PK molecules can bind to an
equimolar amount of DNA. It is clear that undetectable Ku
contamination below the 0.9% level could not account for
binding of 30% of the DNA-PK molecules. Results of atomic
force microscopy, immunoprecipitation, and cross-linking all
confirm these results (41). We have now confirmed that
DNA-PK is able to maintain a Ku-independent binding at
physiologic ionic strength by several independent methods (see
below).

To further understand the interaction between DNA-PK
and Ku at DNA termini, we have conducted a detailed study
with these components, examining both the functional rela-
tionship (in the context of kinase activity) and the physical
relationship. The DNA-PK kinase activity has been measured
for the DNA-PK:DNA complex in the presence and absence of
Ku. We find that Ku can stimulate DNA-PK activity if DNA of
at least 26 bp in length is used. This 8-fold level of activation
has been described previously; however, at saturating DNA
concentrations, the stimulation is only about 1.6-fold. A short
DNA fragment of 18 bp can fully stimulate DNA-PK (41). This
size is also sufficient to bind Ku as efficiently as all larger DNA
fragments. However, when this 18-bp DNA fragment is used
for kinase assays, addition of Ku inhibits DNA-PK activity. In
conjunction with these functional observations, we present sur-
face plasmon resonance (SPR) measurements of Ku and
DNA-PK binding with DNA. We generated the first kinetic
data for Ku binding to DNA and then generated similar data
for DNA-PK alone binding to DNA. Using this technique to
examine the effect that Ku has on DNA-PK when binding to
DNA, we find that DNA-PK is not blocked from interacting
with the 18-mer DNA but rather binds to the 18-mer:Ku com-
plex. These observations support a new model for DNA-PK
and Ku interaction on DNA. In this model, Ku binds to the
DNA end, changes conformation, and recruits DNA-PK to the
Ku:DNA end complex. If the DNA end is long enough, the
DNA-PK will be active as a kinase. If the DNA end is too
short, as would be the case for breaks within internucleosomal
regions, the DNA-PK kinase activity will be inhibited by being
bound but in a nonproductive mode.

MATERIALS AND METHODS

Purification of DNA-PK and Ku proteins. DNA-PK was purified from 20 liters
of HeLa cells as described by Chan et al. (8). Recombinant Ku protein was
expressed in a baculovirus expression system and purified by using three col-
umns: Ni-nitrilotriacetic acid agarose with imidazole elution, dsSDNA-Sepharose,
and MonoQ 5/5 (41).

Oligonucleotides and DNA fragments. The following synthetic DNA frag-
ments were used in this study: 16-mer, 5'-AGGCTGTGCTCAGAGG-3' and
5'-CCTCTGAGCACAGCCT-3'; 18-mer, 5'-AGGCTGTGTCCTCAGAGG-3'
and 5'-CCTCTGAGGACACAGCCT-3'; 22-mer, 5'-AGGCTGTGTTAGC-
CCTCAGAGG-3" and 5'-CCTCTGAGGGCTAACACAGCCT-3'; 26-mer, 5'-
AGGCTGTGTTAAGTCGCCCTCAGAGG-3'" and 5'-CCTCTGAGGGCGAC
TTAACACAGCCT-3'; 30-mer, 5'-AGGCTGTGTTAAGTAGCTCGCCCTCA
GAGG-3' and 5'-CCTCTGAGGGCGAGCTACTTAACACAGCCT-3'; 35-
mer, 5'-AGGCTGTGTTAAGTATCTGCGCTCGCCCTCAGAGG-3' and 5'-C
CTCTGAGGGCGAGCGCAGATACTTAACACAGCCT-3"; 59-mer, 5'-ATC
AGGATGTGGTGATGCACAGTGTGATCCCTCCTCACAAAAACCGCAG
GTCTTCAGTT-3" and 5'-AACTGAAGACCTGCGGTTTTTGTGAGGAGG
GATCACACTGTGCATCACCACATCCTGAT-3'; and 79-mer, 5'-GATCCTC
TGAGGACACAGCCTTGTATTACTGTGCAAGACACACAATGAGCAAA
AGTTACTGTGAGCTCAAACTAAAACC-3" and 5'-GATCGGTTTTAGTTT
GAGCTCACAGTAACTTTTGCTCATTGTGTGTCTTGCACAGTAATACA
AGGCTGTGTACTCAGAG-3'. The complementary single-stranded oligo-
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nucleotides were annealed in 10 mM Tris-HCI (pH 7.5)-1 mM EDTA-0.15 M
NaCl by heating in boiling water for 5 min and slow cooling.

Phosphorylation assay. Kinase assays were performed as described previously,
using p53 synthetic peptide as the substrate (8, 13, 41). The phosphorylation
reactions were carried out in a final volume of 20 wl with a buffer composed of
20 mM Tris-HCI (pH 7.9), 50 mM KCI, 10 mM MgCl,, 1 mM EDTA, 1 mM
EGTA, 2 mM dithiothreitol, 0.02% Tween 20, and 10% glycerol. The concen-
trations of the peptide and the [y-*P]JATP (3,000 Ci/mmol; Amersham) in the
assay were 200 pM and 3.3 X 10~% M, respectively. Time course and dose-
response analysis showed that the linear range of the enzyme activity was be-
tween 5 and 20 min at 37°C and that this activity was dependent on the amount
of DNA-PK in a linear manner over a 10-min time course (41). Two methods
were used to separate the peptide-incorporated label from the unincorporated
label. In one method, the reaction contents were applied to phosphocellulose
filters and washed with acetic acid as described previously (41). In the second
method, the reaction contents were separated on a sodium dodecyl sulfate
(SDS)-15 to 20% polyacrylamide gel and quantitated on a PhosphorImager plate
by using ImageQuaNT software.

Characterization of the purified DNA-PK and Ku proteins. The purity of the
kinase was analyzed by electrophoresis in SDS-containing gels. Following stain-
ing with Coomassie blue, no bands other than the major band migrating at
approximately 470 kDa were observed. (By gel filtration, DNA-PK migrates at
approximately 470 kDa, which closely matches the value computed based on the
c¢DNA sequence of 12.5 kb.) This result indicates that the preparation was
essentially devoid of contaminants and that no significant proteolysis had oc-
curred during the purification procedure. The major band staining with Coo-
massie blue was also reactive with all three monoclonal antibodies tested. The
specific activity of the DNA-dependent kinase in the peak fraction was deter-
mined to be 243 mol of PO, incorporated into the p53 peptide per mg of
purified protein per 10 min.

It was important to determine if the kinase preparation contained any traces
of copurifying Ku. Immunoblot analysis with four anti-Ku monoclonal antibodies
by using the highest sensitivity detection method did not reveal the presence of
Ku (41). We have used UV cross-linking to achieve an even higher sensitivity for
detection of contaminating Ku down to a level of 2 fmol (41). We detected no
Ku70 or Ku86 by this method either (41). We determined that in this prepara-
tion, a maximum possible contamination with Ku, if any existed at all, would be
less than 1 molecule per 110 molecules of DNA-PK (41). We therefore conclude
that there is no evidence of Ku contamination and that any possible undetected
contamination would have insignificant effects on the bulk activity of DNA-PK.

The Ku heterodimer was purified from HeLa cells, and recombinant Ku was
purified by using a baculovirus overexpression system. The native and recombi-
nant Ku behaved identically in DNA binding assays and DNA-PK kinase assays
(41).

Protein analysis. The proteins were analyzed for purity by electrophoresis in
SDS-8% polyacrylamide. The gels were stained with Coomassie blue or trans-
ferred to a nitrocellulose membrane for Western blotting analysis using specific
anti-DNA-PK and anti-Ku monoclonal antibodies as described previously (41).
The immune complexes were detected with either alkaline phosphatase-conju-
gated (with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate as
substrates) or peroxidase-conjugated (enhanced chemiluminescence) anti-mouse
antibodies. The protein concentration was determined by the method of Brad-
ford (Bio-Rad), using a standard curve produced with bovine serum albumin. We
independently determined the protein concentration by calculating the extinc-
tion coefficient from the amino acid composition (based on the tryptophan and
tyrosine residues) and measuring the absorbance of the purified protein in 6 M
guanidinium hydrochloride at 280 nm.

SPR DNA binding assays. Binding experiments were performed on a Biacore
X machine (Biacore), using basic methodology described elsewhere (14, 22). The
running buffer included 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA,
and 0.005% surfactant P20. Sensorgrams involving DNA-PK with or without Ku
were generated over a range of flow rates (10 to 30 wl/min) without significant
change in binding characteristics. Sensorgrams of Ku binding without DNA-PK
were generated over a range of flow rates (20 to 100 pl/min), and representative
sensorgrams were chosen for presentation. Proteins were diluted in running
buffer subsequent to injection into the Biacore unit. Each protein injection was
followed by a 3- to 5-min dissociation phase in which running buffer was passed
through the flow cell. All experiments were performed at least three times. A
simultaneous no-oligonucleotide control run was performed for each sensor-
gram, and this background was subsequently subtracted from the sensorgram
values. The sensorgram response units per time were evaluated by using software
supplied with the instrument (Evaluation version 3.0; Biacore). To regenerate
the sensor chip binding surface, a 30-s incubation with a 0.05% SDS solution was
performed, which resulted in a return of the signal to pre-protein injection levels.
During data analysis, sensorgrams were fitted with models considering mass
transport effects when applicable.

RESULTS

Stimulation of DNA-PK activity as a function of DNA con-
centration in the presence or absence of Ku. To pursue the
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FIG. 1. Activity of purified DNA-PK in the presence of a 59-bp DNA frag-
ment and in the absence or presence of Ku. Reaction mixtures of 20 wl contained
1.2 X 10~° M purified DNA-PK without (bottom curve) or with (top curve) 2.4 X
10™® M purified Ku protein and increasing concentrations of the 59-bp DNA
fragment. The probes containing Ku were preincubated with DNA for 10 min at
room temperature before addition of the enzyme. The phosphorylation reaction
was carried out at 37°C for 10 min as described in Materials and Methods. The
curves from this experiment are representative of multiple experiments, and
kinase determinations at each DNA concentration are within =10% of the values
obtained in this experiment.

relationship between Ku and DNA-PK, we studied how the
presence or absence of Ku influences the kinase activity profile
of DNA-PK as a function of DNA concentration. Using a
59-bp duplex oligonucleotide as the DNA activator, we gener-
ated a profile of kinase activity over a range of DNA concen-
trations under standard kinase assay conditions (7) for
DNA-PK alone. The kinase activity was initially detected at a
DNA concentration of 2 X 107'° M and reached a plateau at
approximately 10~° M (Fig. 1). A similar profile was generated
in the presence of a 10-fold molar excess of Ku (24 nM) over
DNA-PK (2.4 nM). Under these conditions, the kinase activity
was already detectable at a concentration of 6 X 10~'"' M
DNA, and the plateau was reached at a concentration of 5 X
10~® M DNA (Fig. 1). Several features of these two profiles
are worth noting. First, the lowest concentrations of DNA at
which kinase activity was stimulated in the presence of Ku
relative to its absence are within an order of magnitude of each
other. Ku does not significantly shift the concentration of DNA
at which DNA-PK is initially activated. However, the maximal
activities observed in the two profiles are different. The maxi-
mum activity achieved by DNA-PK by itself is only 60% of the
maximum activity obtained when Ku is present. The most
striking feature is that in the presence of Ku, the activity
reaches the plateau and also the half-maximal activity at a
20-fold lower DNA concentration. We conclude that DNA-PK
alone has a significant ability to be activated by DNA and that
the fold induction of DNA-PK activity by Ku depends on the
DNA concentration used in the assay.

Inhibition of DNA-PK activity by Ku protein. While
DNA-PK clearly interacts with DNA on its own, based on the
DNA-PK activation by DNA alone (Fig. 1), the nature of the
stimulation by Ku is still unclear. When Ku stimulates DNA-
PK, does Ku act as the binding subunit for DNA-PK or, rather,
do both proteins bind DNA, with Ku acting as an allosteric

MoL. CELL. BIOL.

effector of DNA-PK? To distinguish between these two possi-
bilities, we used the same assay as above but with a much
shorter oligonucleotide. We chose an 18-bp DNA fragment
because the data from DNA footprinting demonstrate that the
Ku protein covers at least this length of DNA (10). Assuming
that the 18-bp DNA fragment may be entirely covered by Ku,
DNA-PK will be unable to directly interact with DNA.

The resulting activity profiles with the smaller oligonucleo-
tide revealed that in the presence of a 20-fold molar excess of
Ku (2.4 X 10~% M) over DNA-PK (1.2 X 10~° M), there was
an absolute inhibition of kinase activity at low DNA concen-
trations up until the concentration of DNA exceeded that of
Ku, at 2.4 X 1078 M DNA (Fig. 2A). In other words, only when
DNA-PK was in the presence of Ku-free DNA was there any
kinase activity. It is very important to note, however, that when
the concentration of free DNA is corrected for the DNA
bound by Ku, the kinase activity still requires a 10-fold-higher
concentration of DNA compared to assays using DNA-PK and
DNA alone (Fig. 2B). This finding indicates that the inhibition
by Ku is not simply one of exclusion of the DNA-PK from
DNA occupancy; otherwise, the two curves in Fig. 2B would be
the same. Rather, it suggests that the Ku recruits the DNA-PK
into a nonproductive complex.

At higher DNA concentrations, the activity on the 18-mer
DNA plus Ku finally reaches a plateau that matches that of the
18-mer without Ku. Interestingly, the 18-mer-plus-Ku kinase
activity profile fails to reach the level of the 59-mer-plus-Ku
kinase activity profile (Fig. 1). This effect is not due to the
inability of either of the two proteins to interact with this
shorter DNA fragment. The DNA-PK activity profile without
addition of Ku is identical to the profile of the 59-mer oligo-
nucleotide (Fig. 2), confirming that the 18-mer oligonucleotide
can activate DNA-PK to the same extent as the 59-mer oligo-
nucleotide. This result also indicates that the DNA-PK is re-
cruited to the Ku:DNA complex to form a ternary complex
(Ku:DNA-PK:DNA) that lacks kinase activity.

Determination of the minimal DNA length necessary for the
activation of DNA-PK by Ku. From the experiments described
up to this point, it appears as if both Ku and DNA-PK must be
bound to DNA simultaneously for maximal phosphorylation of
the peptide substrate. Next, we designed experiments to deter-
mine the minimal length of DNA that can still activate
DNA-PK if Ku is present in a molar excess over DNA. A series
of synthetic dsDNA fragments with different lengths (16, 18,
22,26, 30, and 35 bp) were tested. The ends of these fragments
were blunt and uniform in sequence; the length was increased
only through addition of random nucleotides in the middle of
the dsDNA fragment. Thus, possible end-sequence differences
that could affect kinase activity were minimized (even though
no sequence specificities have been reported for DNA-PK or
Ku on linear DNA).

DNA-PK kinase activity was inhibited by a molar excess of
Ku when DNA of 16, 18, or 22 bp in length was used (Fig. 3).
These results are consistent with the data shown in Fig. 2.
When 26-bp DNA was used, Ku did not inhibit the kinase
activity anymore but, at the same time, did not lead to further
activation. With the 30-bp DNA fragment, the expected two-
to threefold additional stimulation of the kinase activity by Ku
was observed. Activation of the DNA-PK by Ku was the same
for the 30- or a 35-bp DNA fragment, indicating that the
maximal activation had been reached with the 30-bp DNA.
Hence, DNA of 30 bp in length is necessary and sufficient for
the functional stability of the complex of DNA:Ku:DNA-PK.

In the absence of Ku, DNA-PK was activated with these
DNA fragments with different efficiencies: the shortest DNA
(16 bp) activated the kinase to the lowest degree, while DNA
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FIG. 2. Activity of DNA-PK in the absence or presence of Ku protein, using
the 18-bp DNA fragment. (A) Reaction mixtures of 20 ul contained 1.2 X 1077
M purified DNA-PK without (circles) or with (squares) 2.4 X 10~® M Ku protein
and increasing concentrations of the 18-bp DNA fragment. The probes contain-
ing Ku were preincubated with DNA for 10 min at room temperature before
addition of the enzyme. The phosphorylation reaction was carried out for 10 min
at 37°C as described in Materials and Methods. Percent activity was calculated
based on an independent sample at 10~® M of the 18-mer in the absence of Ku.
The curves from this experiment are representative of multiple experiments, and
kinase determinations at each DNA concentration are within =10% of the values
obtained in this experiment. (B) Same data as in panel A, but plotted as a
function of the free [DNA] instead of the total [DNA] for the dsDNA fragment.
The conversion from total DNA to free DNA was approximated by subtracting
the total possible amount of oligonucleotide bound by Ku from the total amount
of oligonucleotide added in the sample.

of 22 bp and longer had higher and almost constant activity
(Fig. 3). It seems that a fragment of 16 bp is too short to allow
a stable interaction between the kinase and DNA. These re-
sults, together with those presented above, suggest that there is
a minimal length of DNA, beginning at a 22 bp, for the acti-
vation of DNA-PK activity.

It is noteworthy that the dsDNA length necessary for half-
maximal activation of the DNA:Ku:DNA-PK complex is 26 bp,
whereas that for the DNA:DNA-PK complex is between 20
and 22 bp (Fig. 3). Ku binding studies indicate that it binds to
18- and 20-bp dsDNA equivalently to all larger dsDNA frag-
ments, ranging from 18 to 130 bp for oligonucleotides and
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FIG. 3. Activity of DNA-PK in the absence and presence of Ku protein, using
DNA fragments with different lengths. Reaction mixtures of 20 ul contained
1.2 X 10~ M purified DNA-PK without (filled circles) or with (open squares)
2.4 X 1078 M Ku protein and a DNA fragment with a length of 16, 18, 22, 26,
30, or 35 bp at a concentration of 10~® M. The probes with Ku were incubated
for 10 min at room temperature prior to the addition of DNA-PK. The phos-
phorylation reactions were carried out for 10 min at 37°C as described in Ma-
terials and Methods. In several experiments, kinase determinations at each DNA
length were within £10% of the values shown.

from 169 to 2,000 bp for restriction fragments or sheared
salmon sperm DNA (12, 41). Both Ku (10, 12) and DNA-PK
(41) appear to load onto linear dSDNA at the DNA terminus
at the structural transition between single-stranded DNA and
dsDNA. But Ku diffuses internally along the DNA in an ATP-
independent manner (10, 41), whereas DNA-PK does not (41).

Direct analysis of DNA-PK and Ku binding to DNA by SPR.
Because the kinase assay gives a readout based on productive
complexes, absence of activity could be caused by either (i) the
inability of DNA-PK to bind DNA directly or (ii) DNA-PK
binding to DNA and Ku, but failing to form a kinase active
complex. The kinase assay cannot directly distinguish between
these two possibilities. From Fig. 2B, we infer the presence of
a nonproductive complex between DNA-PK, Ku, and the
18-bp oligonucleotide, based on the observed suppression by
Ku of DNA-PK activity at DNA concentrations where at least
half of the DNA is unbound by protein. Measuring the binding
of DNA-PK to these different complexes would resolve this
issue. For these studies, we use SPR. We use this approach to
analyze not only the nonproductive but also the productive
complex.

To accurately measure protein-DNA interactions with SPR,
we performed the studies in a buffer containing 150 mM salt to
approximate the ionic strength within the nucleus and also to
prevent any nonspecific interactions between the proteins and
the supporting matrix. A recent study was unable to detect
DNA-PK kinase at salt concentrations of 100 mM and above in
the absence of Ku (19). However, we have conducted a study
of the kinase activity as a function of monovalent salt concen-
tration by using a kinase assay that distinguishes between in-
corporated and unincorporated phosphate more accurately
than that used by Hammersten and Chu (19). Though we find
that DNA-PK activity decreases with increasing salt concen-
tration, we find that there is vigorous kinase activity that is
258-fold above background at 150 mM salt and over 1,000-fold
above background at 100 mM salt (Table 1). This demonstrates
that DNA-PK can in fact phosphorylate peptides under phys-
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TABLE 1. DNA-PK kinase activity as a function of monovalent
salt in the absence of Ku

Phosphorylated peptide Fold increase over

Condition* (total counts)® control counts
1 6.2 X 10° 1
2 21 X 10° 3,416
3 6.4 x 10° 1,032
4 1.6 X 10° 258

“ Reactions with DNA-PK in the absence of Ku were performed as detailed in
Materials and Methods, with the following variations: condition 1, 200 pM
mutant p53 peptide in place of the wild-type p53 peptide and in 50 mM NaCl;
condition 2, 200 uM wild-type p53 peptide and in 50 mM NaCl; condition 3, 200
wM wild-type p53 peptide and in 100 mM NaCl; condition 4, 200 uM wild-type
p53 peptide and in 150 mM NaCl. All reactions were done at an ATP concen-
tration of 3.3 X 1077 M.

® PhosphorImager counts of the labeled peptide after separation on an
SDS-15 to 20% polyacrylamide gel.

iologic conditions and that binding studies under these condi-
tions are physiologically relevant.

Direct examination of Ku binding to DNA by SPR. We first
examined the kinetics of Ku binding to the 18- and 35-bp
double-stranded oligonucleotides (Fig. 4 and 5) to determine
the stability of the Ku:DNA complex. Low levels of double-
stranded oligonucleotide were loaded onto separate streptavi-
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din-precoated sensor chips to give a maximum Ku binding
response of between 100 and 200 response units. Purified re-
combinant Ku was then passed over the DNA-dextran matrix
at varied concentrations close to the published equilibrium
dissociation constant (2, 29). In the sensorgram shown in Fig.
4, four different concentrations of Ku were examined in the
context of the 18-bp oligonucleotide (the bulk refractive index
changes have been removed from the curves). Ku shows both
a high association rate and a low dissociation rate. Using a 1:1
Langmuir fitting program, we calculated the equilibrium dis-
sociation constant to be 5.9 X 107 '° M, which is very close to
our own (unpublished) and to previously published data ob-
tained in assays using filter binding or mobility shift techniques
(2, 29). The calculated kinetic rate of association in our mea-
surements is 2.3 X 10 M~ ! s™!, while the calculated kinetic
rate of dissociation is 1.4 X 1072 s~ .,

The sensorgrams of Ku binding with the 35-bp oligonucle-
otide are shown in Fig. 5. Three different concentrations of Ku
were used under identical conditions of Ku binding to the
18-bp oligonucleotide. Interestingly, Ku binding under these
conditions shows a higher affinity for the DNA. Difficulties in
fitting the curves precluded precise measurements of the ki-
netic constants. However, the kinetic rate of dissociation is at
least 10-fold lower than that for Ku binding to the 18-bp
oligonucleotide, while the kinetic rate of association is equal to
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FIG. 4. Sensorgram of Ku protein binding to a sensor chip loaded with the 18-bp oligonucleotide. Single runs of four Ku concentrations (28.5, 11.4, 5.7, and 2.9

nM) are shown.
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FIG. 5. Sensorgram of Ku protein binding to a sensor chip loaded with the 35-bp oligonucleotide. Single runs of three Ku concentrations (28.5, 11.4, and 5.7 nM)

are shown.

or higher than that for Ku binding to the 18-bp oligonucleo-
tide. Though Ku appears to bind to both oligonucleotides in a
stable fashion, there appears to be a difference in degree of
stability. We are currently pursuing further studies regarding
this difference.

Direct examination of DNA-PK binding by SPR. Having
used SPR to establish the stability of Ku binding, we examined
the binding of DNA-PK. Direct binding of DNA-PK to DNA
in the absence of Ku has already been established in assays
using UV cross-linking (41). However, attempts in our labora-
tory at examining DNA-PK binding using quasi-equilibrium
methods, such as filter binding based assays or gel shift assays,
have not been successful. To measure DNA-PK binding, we
created a sensor chip with a high concentration of 35-bp oli-
gonucleotide (as reflected by a higher magnitude of response
units).

In Fig. 6, the sensorgram of three different DNA-PK con-
centrations are shown. DNA-PK has both extremely high as-
sociation and dissociation rates to give an equilibrium dissoci-
ation constant of 3.1 X 10~° M. However, the calculated
kinetic rate of association is 1.5 X 107 M~ ! s™!, while the
calculated kinetic rate of dissociation is 0.048 s~ '. These ex-
tremely high association and dissociation rates explain why it
was difficult to measure DNA-PK binding by using the elec-
trophoretic mobility shift (in which rapid debinding results in
loss of the complex) or filter binding (in which rapid debinding
results in loss of the complex in the washing step). Similar
results were achieved with DNA-PK binding to the 18-bp oli-
gonucleotide (data not shown).

DNA-PK binding to the Ku:35-bp complex. The preincuba-
tion of Ku with the 35-bp oligonucleotide in the kinase assay
demonstrated that Ku shifts the half-maximal activity to lower
DNA concentrations (Fig. 1). This finding suggests that Ku
stabilizes DNA-PK binding in the DNA complex. To evaluate
the effect of Ku on the stability of DNA-PK association with
DNA, we preincubated Ku with a chip containing a low level of
the 35-bp oligonucleotide. Immediately after attaining satura-
tion of the DNA with Ku, we injected DNA-PK. An example
of this series of injections is shown in the sensorgram in Fig.
7A: two consecutive Ku injections followed by an injection of
DNA-PK. Multiple Ku injections are used to ensure that sat-
uration of the DNA is achieved. This is followed by a large rise
and fall in response units due to the injection and subsequent
dissociation of DNA-PK.

In Fig. 7B, we show three different concentrations of the
DNA-PK association and dissociation part of the sensorgram.
The analysis of these sensorgrams is less reliable due to the
poorer fit of the modeling program because of the complexity
of the macromolecular interactions. However, it is obvious
from the curves that the kinetic rate of dissociation is much
lower than with DNA-PK alone. We calculate that the kinetic
rate of dissociation is 5 X 1072 M ™' s~!. The kinetic rate of
association appears not to be significantly affected; we calcu-
late it to be about 10-fold higher (1.4 X 10° M~ ' s~ ") than with
DNA-PK alone. The difference between the rate of dissocia-
tion of DNA-PK alone and DNA-PK with Ku illustrates that
the primary effect of Ku is to stabilize the DNA-PK on the
DNA, though Ku does have some effect on the fast association
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FIG. 6. Sensorgram of DNA-PK protein binding to a sensor chip loaded with the 35-bp oligonucleotide. Single runs of three DNA-PK concentrations (2.4, 1.6, and

0.6 nM) are shown.

rate of DNA-PK. These findings are completely consistent with
the kinase assay results in Fig. 1. Furthermore, the striking
qualitative difference between DNA-PK binding with and with-
out Ku conclusively demonstrates that there is no Ku contam-
ination in the DNA-PK stock; otherwise, the binding profiles
would be identical.

Previous work has shown that DNA-PK and Ku do not
associate in the absence of DNA (41). To confirm this in the
more sensitive SPR system, we immobilized Ku on an nitrilo-
triacetic acid-containing chip through a C-terminal histidine
tag engineered on each of the polypeptides. We find no signif-
icant binding when DNA-PK is introduced under conditions
similar to those in the studies described above (data not
shown).

DNA-PK binding to the Ku:18-bp complex. As mentioned
above, the findings in Fig. 2 suggest that DNA-PK and Ku
enter into a nonproductive complex for kinase activity when
incubated with the 18-bp oligonucleotide. However, the other
interpretation of these results is that Ku simply prevents
DNA-PK from contacting DNA. We used a similar technique
as with the 35-bp oligonucleotide in Fig. 7 to analyze whether
or not DNA-PK bound to a Ku:18-bp complex.

In Fig. 8, two sensorgrams for the DNA-PK:Ku:18-bp oligo-
nucleotide are shown. In Fig. 8A, three consecutive injections
with Ku are made before purified DNA-PK is injected. Under
these conditions, Ku does achieve saturation; however, due to
its weaker stability on the 18-bp oligonucleotide than on the
35-bp oligonucleotide, slightly more Ku dissociates from the

DNA before the DNA-PK is injected. Despite this, a robust
signal is achieved when DNA-PK is injected. This signal is
comparable in intensity (900 response units [RU] versus 1,200
RU on chips with similar DNA amounts) to the signal seen
with DNA-PK binding to the 35-bp oligonucleotide alone (Fig.
7). If Ku was blocking DNA-PK binding on the 18-bp oligo-
nucleotide, one would expect to see a much lower signal given
that Ku was saturated on the chip prior to DNA-PK injection.
Though the nature of these conditions precludes our analysis
of kinetic constants, it appears from the shape of the sensor-
gram that the complex is very unstable. However, the magni-
tude of the signal exceeds the maximum possible signal if
DNA-PK was binding to the free DNA at saturating condi-
tions. In SPR studies of DNA-PK at similar low DNA concen-
trations (data not shown), we find that the DNA-PK-generated
signal is much lower than saturation. Thus, the signal that we
observe in Fig. 8A comes from weak direct binding between
DNA-PK and the Ku:18-bp oligonucleotide. However, to en-
sure that DNA-PK is binding to DNA complexed with Ku and
not just free DNA, we injected a mixture of DNA-PK and Ku
in Fig. 8B. The concentration of Ku is the same as for the
previous saturating injections, while the concentration of
DNA-PK is the same as that injected in the assay represented
in Fig. 8A. We find that the ensuing signal is higher than the
signal for DNA-PK alone. This finding demonstrates that
DNA-PK and Ku were not competing for the small fraction of
sites that were vacated after the last saturating Ku injection.
We conclude that DNA-PK can form a weak nonproductive
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complex with Ku and short pieces of DNA. This corroborates
the functional data in Fig. 2, where we find that Ku has a weak
inhibitory effect on the kinase activity independent of its bind-
ing to DNA.

DISCUSSION

Using kinase assays, we show that DNA-PK has strong ki-
nase activity independent of Ku over a wide range of DNA
concentrations. Using SPR, we find that DNA-PK has high
association and dissociation rates for binding DNA termini.
Combining these methodologies, we find that Ku:DNA can
stabilize DNA-PK in its active or productive configuration as a
kinase. The productive DNA-PK in complex with Ku:DNA
(called DNA-PK:Ku:DNA or the ternary complex) is shifted in
half-maximal kinase activity to lower DNA concentrations.
Furthermore, we find that on short DNA fragments, DNA-PK
and Ku can complex on DNA in a nonproductive mode. We
functionally determine the minimum DNA terminus length
required for a productive complex. Based on these quantitative
and qualitative insights, we propose a model for the order of
events at DNA termini when DNA-PK and Ku are both
present (see below).

DNA-PK interactions with DNA in the absence of Ku. We
have studied DNA-PK interaction with DNA in both its affinity
for DNA and its activation by DNA in the absence of Ku. The
kinase profiles yield some interesting data (Fig. 1). First, the
maximum activities for the two profiles differ only marginally.
The maximal activity in the presence of Ku is 1.6-fold higher
than the maximal activity observed in absence of Ku. This
finding confirms that DNA-PK has at least a functionally sig-
nificant DNA binding domain. While previous studies demon-
strated that DNA-PK could bind DNA termini directly (41), it
was unclear whether this binding could activate the kinase
function to the same extent that Ku does. Second, the
DNA-PK activity alone on DNA never reaches the activity
achieved with Ku. This small effect (1.6-fold) may be an allo-
steric one. Third, the kinase activity in the presence of Ku
never falls to that of the activity without Ku. This means that
the preference of DNA-PK for Ku:DNA versus free DNA is
large. We discuss this aspect further below.

The sensorgram of DNA-PK binding to the 35-bp oligonu-
cleotide presented in Fig. 6 defines the DNA binding affinities
of DNA-PK. These are the first measurements of DNA-PK
binding to DNA in equilibrium. This experiment clearly de-
fines DNA-PK as a protein capable of binding to DNA alone
under physiologic conditions. It must be stressed that there can
be no Ku contamination that might be responsible for this
binding activity because the DNA-PK and Ku complex has a
completely different binding profile (Fig. 7). The extremely
high association and dissociation rates explain much of the
behavior of DNA-PK in different kinase assay conditions (see
below).

The productive complex of DNA-PK and Ku. In the presence
of Ku, the concentration of DNA required to give maximum
kinase activity drops 100-fold, from 5 wM to 50 nM. This
profound effect could explain why previous studies (7) showed
such large increases in stimulation by Ku. At concentrations of
DNA between 1 to 10 nM, a large difference in activity is seen,
but at higher concentrations this difference disappears.

Though the kinase profile with Ku spans only a range of 2
logs in DNA concentration, the kinase profile without Ku is
much broader, spanning at least 3 logs. The binding study of
DNA-PK alone (Fig. 6) clearly shows why the DNA-PK profile
is so spread out. With extremely high rates of association and
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dissociation, the stability of DNA-PK alone on DNA is very
poor. At low concentrations of DNA, the kinase may not be
activated for sufficient time to allow the kinase steps of peptide
binding and phosphorylation to take place. At high concentra-
tions of DNA, the overall occupancy of the DNA binding site
may be sufficient for efficient kinase activity. Though it shifts
the plateau of maximum activity, Ku does not significantly
change the concentration of DNA at which activity begins. This
could be due to the similar binding affinity constants that Ku
and DNA-PK possess, which indicates that the two proteins
begin interaction with DNA at similarly low DNA concentra-
tions.

As mentioned, a final interesting feature of the kinase pro-
files is that the plateau of kinase activity with Ku does not
decrease to the plateau without Ku at high DNA concentra-
tions (Fig. 1). At the highest DNA concentration, the concen-
tration of free DNA is 1,000 times greater than the concentra-
tion of Ku-bound DNA. It is surprising that the Ku effect
(higher maximum activity) is not diluted out. This clearly in-
dicates that DNA-PK has a much higher preference for Ku-
bound DNA. A comparison of the sensorgrams of DNA-PK
alone (Fig. 6) and DNA-PK with Ku on the 35-bp oligonucle-
otide (Fig. 7) illustrates why. In a mixed population of free
DNA and Ku:DNA complexes, DNA-PK will very quickly find
and form stable complexes with the Ku bound DNA. Because
of its very high association (1.5 X 107 M~! s~ ') and dissocia-
tion rates (0.048 s') DNA-PK will encounter and dissociate
from many free DNA molecules in a short period of time.
However, when DNA-PK encounters Ku-bound DNA, the dis-
sociation rate changes dramatically (5 X 1072 s~ ). In a very
short period of time, DNA-PK can search through a large
excess of free DNA to find Ku:DNA complexes. Once there,
the stability of DNA-PK is 100 times greater (Fig. 9, Ks at top
right versus bottom right).

The nonproductive complex of DNA-PK and Ku. While
DNA-PK can clearly bind DNA, it is unclear whether this
activity is used when Ku is present, given that Ku is present in
the cell in approximately a fivefold molar excess and given that
Ku has a tighter equilibrium binding constant (1, 39a). The
direct interaction of DNA-PK and DNA could account for the
difference in phenotype for V(D)J recombination between
cells lacking Ku (which fail to form both signal and coding
joints) versus those lacking DNA-PK (which fail to form cod-
ing joints but still form signal joints) (25, 35-37). The data
presented in Fig. 2 provide direct evidence that the DNA
binding by Ku alone (without DNA-PK contact of the DNA) is
not sufficient to activate the kinase activity. In kinase profiles
with an oligonucleotide 18 bp in length, Ku inhibits kinase
activity. This inhibition appears to involve two different phe-
nomena. At DNA concentrations lower than the Ku concen-
tration, there is an absolute inhibition of kinase activity. At
DNA concentrations above the Ku concentration, the kinase
activity is four- to fivefold less than expected for the concen-
tration of free DNA, unbound by Ku (Fig. 2B). Only when the
ratio of free to Ku-bound DNA reaches 100 to 1 does this
inhibition disappear.

There are two potential mechanisms for Ku inhibition of
kinase activity. Ku could directly compete for the DNA that
DNA-PK requires for kinase activity. Ku could also be a non-
competitive inhibitor by binding to DNA-PK and preventing it
from productively interacting with DNA.

Our studies using the kinase assay and the SPR analysis
indicate that there must be some extent of inhibition due to
generation of nonproductive complexes. When the total DNA
that Ku could bind has been subtracted from the kinase profile,
the kinase activity is still less than that seen in the profile
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without Ku (Fig. 2B). Because Ku can bind only one DNA
oligomer at a time (41), it cannot further change the free DNA
concentration. Therefore, in order for Ku to inhibit, it must be
interacting with DNA-PK. However, this complex is clearly not
as stable as a complex with longer DNA. Challenging the
nonproductive complex with more DNA appears to lead to
some DNA-PK binding to free DNA, thereby resulting in ki-
nase activity. If the nonproductive complex were extremely
stable, we would not see activity regardless of how much free
DNA was added. In contrast, the productive complex remains
intact, despite a 1,000-fold excess of free DNA (see above)
(Fig. 1). Thus, the nonproductive complex appears to be con-
siderably less stable than the productive complex.

The sensorgrams in Fig. 7 and 8 establish that DNA-PK
forms a strong complex with Ku and the 35-bp oligonucleotide
whereas it forms a weaker complex with the Ku:18-bp oligo-
nucleotide. Thus, the observations from both the kinase activ-
ity experiments and the SPR experiments indicate that two
complexes exist: a transient, nonproductive complex that oc-
curs on short DNA fragments, and a stable, kinase-active com-
plex that occurs on longer DNA fragments.

Functional footprinting of DNA:DNA-PK and DNA:Ku:
DNA-PK. The relationship between Ku and DNA-PK is fur-
ther defined by determining the minimum length of DNA
required for kinase activity (Fig. 3). Several groups have foot-
printed Ku bound on DNA (2, 16, 24). In this study, we define
the functional footprint of DNA-PK:DNA and of Ku:DNA-
PK:DNA. Between 22 and 26 bp, the Ku:DNA-PK:DNA com-
plex begins to have significant kinase activity. The length of
DNA may be critical in determining with which DNA lesions
this complex can interact. This may be of greater importance
when considering that the internucleosomal distance is 20 to 80
bp. A double-strand break in this region may leave only a very
short stretch of DNA for recognition. The lengths of DNA for

DNA-PK binding and activation defined here may be helpful
in considering dsDNA breaks in such regions (Fig. 9).

Physiologic functions of DNA-PK independent of Ku. We
have examined the activities of DNA-PK without Ku previ-
ously (41) and in this study. We have conducted several assays
to check for the presence of Ku and found no evidence of Ku
contamination, based on results of Western blot analyses,
cross-linking assays, selective immunoprecipitation assays,
atomic force microscopy, electrophoretic mobility shift assays,
and now SPR analysis. The fraction of the DNA-PK molecules
that bind DNA in the absence of Ku is nearly 2 orders of
magnitude higher than the upper limit of any possible contam-
ination.

Recently, one group has claimed that DNA-PK in the ab-
sence of Ku has no kinase activity in salt conditions that ap-
proximate those in the nucleus (19). However, we find clear
evidence of kinase activity by DNA-PK in the absence of Ku
(Table 1). Furthermore, the study by Hammarsten and Chu
(19) shows that the kinase activity of DNA-PK is inhibited by
the presence of Ku when a 22-bp DNA fragment is used as the
activator. The authors, however, offer no explanation as to the
nature of the inhibition or how this phenomenon might influ-
ence the physiologic activity of DNA-PK. Our studies examine
the interaction between DNA-PK and Ku in the context of
short DNA fragments in a much more detailed manner by
examining both a functional characteristic (kinase activity) and
structural characteristic (binding affinity constants) of the com-
plex. Our experiments show that while DNA-PK in the pres-
ence of Ku on short DNA fragments has no kinase activity,
there does exist a complex of slightly lower stability of
DNA-PK and Ku on the DNA. Our much more extensive study
provides a picture that includes both productive and nonpro-
ductive complexes at physiologic ionic strength and establishes
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sequentially. The model depicts Ku with an oval when it is free and a rectangle
when it is bound to DNA. This is based on the fact that free Ku does not
associate with DNA-PK to any detectable extent, whereas bound Ku does asso-
ciate with DNA-PK. The level of kinase activity of DNA-PK is reflected by the
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the profile of lengths over which the transition from nonpro-
ductive to productive occurs.

Model for the interaction of DNA-PK with Ku and DNA.
Based on the data that we have derived, we propose the fol-
lowing. First, DNA-PK binds and is activated as a kinase by
binding to DNA termini, regardless of DNA length (Fig. 9, top
right and left). Second, if Ku is present, it can stimulate
DNA-PK by associating with DNA-PK and lowering its kinetic
dissociation constant and by increasing its association constant
(Fig. 9, lower right). Third, if the DNA is too short (<26 bp),
then Ku, DNA-PK, and DNA may associate, but the DNA is
too short to stimulate DNA-PK (Fig. 9, lower left).

We have incorporated these observations into a model for
the function of Ku and DNA-PK (Fig. 10B), which is compared
with the model proposed by Gottlieb and Jackson (16) (Fig.
10A). Ku is present in the cell in excess over DNA-PK. Ku also
binds to DNA termini with an affinity higher than that of
DNA-PK alone. Upon binding to DNA termini, Ku must
change conformation. This is the only explanation for why free
Ku and free DNA-PK fail to associate but bound Ku associates
with DNA-PK (41). After Ku binds to the terminus, DNA-PK
binds to the Ku:DNA binary complex. We propose that ini-
tially, DNA-PK binds to the KuzDNA complex in a nonpro-
ductive mode, until Ku diffuses internally along the DNA ter-
minus to permit direct DNA-PK:DNA association to yield a
Ku:DNA-PK:DNA ternary complex.

This model would explain the inhibitory effect of Ku on
DNA-PK activity on short DNA fragments. On short DNA, the
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DNA-PK:Ku:DNA interaction results in inhibition (Fig. 2)
because the configuration is that of the nonproductive complex
(Fig. 9, lower left). In these cases, the DNA is not long enough
to activate the DNA-PK because Ku is occupying too much of
the DNA length. We do not know if there is any direct contact
between the DNA and DNA-PK at this step in the nonpro-
ductive configuration. On longer DNA, this association results
in activation (Fig. 1) because the configuration is that of the
active complex (Fig. 9, lower right).

It seems likely that DNA-PK does not recognize DNA alone
initially if Ku is present; rather it binds to some part of Ku or
both Ku and DNA in the Ku:DNA complex. Figure 1 shows
that once the plateau is reached, a 100-fold additional excess of
Ku-free DNA does not change the level of kinase activity. If
DNA-PK initially made contact with DNA, the plateau in the
Ku-stimulated curve should eventually fall back down to that in
the Ku-absent case as the Ku:DNA complexes are progres-
sively diluted out by the free DNA. The fact that this does not
happen in the kinase assays indicates that if Ku is present, it
recruits DNA-PK to the DNA. The extent of this recruitment
is reflected by the higher kinetic on rate of DNA-PK binding to
DNA when Ku is absent than when it is present. The fact that
Ku affects both the on and off kinetic rates supports an initial
Ku or, at least, KuzDNA contact. Otherwise, if the DNA were
the only initial contact, then only the off rate would be affected.

Once on the DNA, a second aspect to the Ku:DNA-PK:
DNA interaction is that the kinetic off rate of DNA-PK from
the DNA is lower when Ku is present than when it is absent.
Hence, Ku both recruits and stabilizes the binding of DNA-PK
to the DNA terminus.

Based on our previous biochemical atomic force microscopy
study (41) and the biochemical work presented here, the model
for DNA-PK and Ku at the terminus proposes that Ku takes up
a position internal to the terminus relative to DNA-PK (Fig.
10B). Neither we nor others (6) have observed movement of
DNA-PK to internal positions from the DNA terminus,
whereas Ku is able to do this (10, 31, 41).

We believe that the nonproductive mode may be of key
importance for end occupancy by Ku and DNA-PK. This may
permit the further configuration of proteins and the DNA ends
themselves along the path toward resolution. Upon movement
of the complex internally, perhaps after moving nucleosomes
further internally, the kinase is activated by the DNA end, and
this may actually cause the complex to eventually disassociate.
There are some data suggesting that the productive mode of
the complex phosphorylates itself, ultimately leading to its
inactivation (7). Hence, the nonproductive mode may be a
critical step in nonhomologous DNA end joining.

Concluding remarks. These studies help define the func-
tional relationships of Ku and DNA-PK on relevant lengths of
DNA. These studies further illustrate that DNA-PK can have
kinase activity in the absence of Ku. In the mammalian cell
nucleus, the ratio of Ku to DNA-PK may be about 5 to 1 (1).
At this ratio, we predict that Ku will initially bind, translocate
internally, and recruit DNA-PK; DNA-PK could then bind
DNA directly and be activated.

The DNA lengths examined here cover those relevant in
DNA damage. In the internucleosomal regions, dsSDNA breaks
would leave regions that are in many cases shorter than 30 bp
in length from the DNA end to the nearest nucleosome. The
studies here will be useful as we consider the order of events at
a dsDNA break.
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