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V(D)J recombination is initiated by a coordinated cleavage reaction that nicks DNA at two sites and then
forms a hairpin coding end and blunt signal end at each site. Following cleavage, the DNA ends are joined by
a process that is incompletely understood but nevertheless depends on DNA-dependent protein kinase (DNAPK), which consists of Ku and a 460-kDa catalytic subunit (DNA-PKCS or p460). Ku directs DNA-PKCS to DNA
ends to efficiently activate the kinase. In vivo, the mouse SCID mutation in DNA-PKCS disrupts joining of the
hairpin coding ends but spares joining of the open signal ends. To better understand the mechanism of V(D)J
recombination, we measured the activation of DNA-PK by the three DNA structures formed during the cleavage
reaction: open ends, DNA nicks, and hairpin ends. Although open DNA ends strongly activated DNA-PK,
nicked DNA substrates and hairpin-ended DNA did not. Therefore, even though efficient processing of hairpin
coding ends requires DNA-PKCS, this may occur by activation of the kinase bound to the cogenerated open
signal end rather than to the hairpin end itself.
from both SCID (25) and Ku86 knockout (34) mice accumulate abnormally high levels of hairpin coding ends, indicating
that intact DNA-PK is required for efficient processing of
hairpin ends.
These observations suggest that the processing of hairpin
coding ends may require activation of the kinase function in
DNA-PK. Candidates for the activating DNA include three
intermediates created during V(D)J recombination: DNA nicks,
open ends, and hairpin ends. Surprisingly, only open-ended
DNA efficiently activated the kinase. This result has implications for V(D)J recombination, which will be discussed.

V(D)J recombination is the process in which DNA of lymphoid cells is rearranged to form functional immunoglobulin
and T-cell receptor genes. The lymphoid cell-specific proteins
RAG1 and RAG2 initiate V(D)J recombination by recognizing recombination signal sequences adjacent to V, D, or J coding sequences and catalyzing a coordinated cleavage at two
sites, each at the border between a signal sequence and a
coding sequence (19, 31). RAG1 and RAG2 cleave DNA by
first nicking the DNA to produce a 39-hydroxyl and a 59phosphate and then mediating a nucleophilic attack by the
39-hydroxyl at the phosphodiester bond opposite the nick on
the second strand, creating a covalently closed hairpin coding
end and blunt signal end (30).
After cleavage, the ends are joined by multiple proteins, including those that mediate double-strand break repair: XRCC4
and DNA-dependent protein kinase (DNA-PK) (27). DNAPK consists of a 460-kDa catalytic subunit (DNA-PKCS or
p460), which possesses DNA binding and protein kinase activities, and a smaller subunit (Ku), which directs DNA-PKCS to
DNA ends so that it is efficiently activated (11, 12, 33). Ku
contains 70- and 86-kDa subunits and binds to several DNA
structures, including DNA ends, stem-loop structures, and
DNA nicks (3, 9).
Cells from the severe combined immunodeficient (SCID)
mouse have a mutation in the DNA-PKCS gene that leads to
truncation of the C-terminal kinase domain (4, 5, 7, 14). SCID
cells are hypersensitive to ionizing radiation (2, 10, 13) and
have a defect in V(D)J recombination that leads to absent
coding joints but relatively intact signal joints (18). Cells mutated in Ku are hypersensitive to ionizing radiation and defective for both coding and signal joints (8, 28, 29). Thymocytes

MATERIALS AND METHODS
Oligonucleotide preparation. A double-stranded 68-bp hairpin-ended DNA
molecule was synthesized from three oligonucleotides: oligonucleotide 1, TGC
AGCCCAAGCTTGGCGTAATCATCGAATTCAGCTGTCTAGAAG; oligonucleotide 2, CTTCTGCAGGTCGACCTGCAGAAGCTTCTAGACAGCTG
AATTCGA; and oligonucleotide 3, TGATTACGCCAAGCTTGGGCTGCAG
GTCGACTAGTACTAGTCGACC. Oligonucleotide 1 contains 45 nucleotides,
which anneal to the 59 end of oligonucleotide 3 and the 39 end of oligonucleotide
2. Oligonucleotide 2 contains 45 nucleotides, of which the 24 nucleotides at the
59 end are self annealing. Oligonucleotide 3 contains 46 nucleotides, of which the
22 nucleotides at the 39 end are self annealing. The left hairpin end created by
oligonucleotide 3 was identical to a sequence tested in an extrachromosomal
V(D)J recombination assay (20).
Each oligonucleotide (100 pmol) was phosphorylated at its 59 end by incubation in 10 ml of solution with 10 U of T4 polynucleotide kinase (New England
Biolabs, Beverly, Mass.) and either 100 mM ATP for oligonucleotides 2 and 3 or
40 mCi of [g-32P]ATP (6,000 Ci/mmol) for oligonucleotide 1. Following incubation at 37°C for 45 min, 1 ml of 1 mM ATP was added to the oligonucleotide 1
reaction, and all reaction mixtures were incubated for another 30 min. Reaction
mixtures were extracted with phenol once and chloroform twice and precipitated
in ethanol. Oligonucleotides 1, 2, and 3 were resuspended in 9 ml of 13 ligase
buffer, pooled, heated to 95°C for 5 min, and quick chilled on ice before the
addition of 400 U of T4 DNA ligase. After incubation at 16°C overnight, the
preparation was resolved by denaturing gel electrophoresis in 6 M urea–40%
formamide–6% polyacrylamide. (The gel was prerun for 45 min at 14 W and then
run with the DNA samples for 4 h at 14 W.) The band containing the hairpinended DNA was excised, and DNA was eluted by dicing the gel slice and
incubating it at 37°C overnight in 10 mM Tris (pH 8)–1 mM EDTA–0.4 M NaCl.
The eluted DNA was precipitated in ethanol, resuspended in formamide, and
resolved on a 7% polyacrylamide denaturing gel. After the two rounds of gel
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RESULTS
The activation of DNA-PK was tested with a 68-bp DNA
molecule containing two hairpin ends (Fig. 1). The hairpinended DNA was tested over a range of concentrations by
incubation with DNA-PK and found to be strikingly inefficient
in activating DNA-PK (Fig. 2). By contrast, a 70-bp open-ended DNA molecule produced a strong activation of DNA-PK.
The hairpin-ended DNA preparation did not contain contaminants that inhibited DNA-PK, since cleavage by EcoRI led to
strong activation of DNA-PK. The cleavage products consisted
of fragments of 28 and 40 bp, which were about 60% as active
as the 70-bp open-ended DNA. This degree of activation was
about equal to that seen with a molar equivalent of openended DNA of 32 bp (data not shown). Hairpin-ended DNA
failed to efficiently activate DNA-PK preparations purified to
either 70% or greater than 95%. Furthermore, the kinase assay
was repeated at the increased temperature of 37°C to promote
potential unwinding of the hairpin ends, and again there was
no significant activation of DNA-PK (data not shown). In summary, when DNA was rate limiting, activation of DNA-PK by
hairpin-ended DNA was less than 5% of the level for openended DNA.
The inefficient activation of DNA-PK by hairpin DNA ends
could be due to a failure of Ku to bind hairpin ends or to
recruit DNA-PKCS to hairpin ends. To address this issue, we
used an electrophoretic mobility shift assay, in which a 70-bp
open-ended DNA probe detected protein-DNA complexes
consistent with the binding of one, two, or three Ku molecules
(22) as well as the binding of both Ku and DNA-PKCS (Fig.
3A). The components of the protein-DNA complexes were
verified by showing that the complexes marked as Ku were
supershifted by anti-Ku antibodies but not by anti-DNA-PKCS
antibodies, and the complex marked as DNA-PK was supershifted by both anti-Ku and anti-DNA-PKCS antibodies (data

FIG. 1. Purification of hairpin-ended and nicked hairpin-ended DNA substrates. Lane 1, ligation products of oligonucleotides used to construct the hairpin-ended DNA. Lane 2, hairpin-ended DNA after gel purification. Lane 3,
ligation products of oligonucleotides used to construct the nicked hairpin-ended
DNA. Lane 4, nicked hairpin-ended DNA after gel purification. The DNA
samples were resolved by denaturing polyacrylamide gel electrophoresis.

not shown). We also observed a signal that was retained in the
well of the gel. The appearance of this higher-order proteinDNA complex in the well was dependent on the presence of
both Ku and DNA-PKCS, but the complex has not been further
characterized.
When labeled hairpin-ended DNA was incubated with
DNA-PK, it bound to Ku alone or to the DNA-PK complex,
but only for high concentrations of DNA-PK (Fig. 3B, lane 1).
For lower DNA-PK concentrations, formation of the DNA-PK
complex was not observed, suggesting that its affinity might be
lower for hairpin ends than for open ends. To directly compare
the affinities of DNA-PK for hairpin ends and open ends,
competitor DNA consisting of unlabeled hairpin-ended DNA
or open-ended DNA was mixed with the labeled hairpin-ended
DNA before the DNA-PK preparation was added. The addition of competitor DNA of both types was associated with
rapid disappearance of the DNA-PK band (Fig. 3B, lanes 2 to
7). In this experiment, the Ku bands displayed a complex be-
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purification, the DNA migrated as a single band on an 8% polyacrylamide
denaturing gel. This protocol yielded hairpin preparations less than 1% contaminated with nicked DNA or other species when quantitated on a phosphorimager. Unlabeled hairpin-ended molecules were prepared in parallel, by phosphorylating the oligonucleotides with cold ATP and resolving the samples in
lanes adjacent to the labeled preparation. Labeled and unlabeled nicked hairpinended DNA molecules were prepared similarly, except that oligonucleotide 3
was not phosphorylated. A single nick was thus positioned centrally, 35 bp from
the left end and 33 bp from the right end of the hairpin-ended DNA molecule.
The open-ended 70-bp DNA molecule was excised from pBluescript with KpnI
and BamHI, resolved on a 1.5% agarose gel, eluted, and purified with Qiaex
beads (Qiagen, Chatsworth, Calif.). Nicked plasmid was prepared by incubating
the 3,000-bp pBluescript plasmid (200 mg/ml) with 5 3 1026 U of DNase I in 20
ml at 37°C for 5 min, heated to 70°C in 25 mM EDTA to stop the reaction,
extracted twice with a 1:1 mixture of phenol and chloroform and once with ether,
and precipitated in ethanol. Successful nicking was determined by electrophoresis of the products in a 1% agarose gel containing 0.5 mg of ethidium bromide per
ml. DNA preparations were stained with PicoGreen dye (Molecular Probes,
Eugene, Oreg.) for quantitation on a fluorometer (TD-700; Turner Designs,
Sunnyvale, Calif.) which was capable of detecting as little as 100 pg of DNA.
DNA-PK assay. DNA-PK preparations, which were more than 70% (Promega,
Madison, Wis.) or more than 95% (12) pure, were assayed for kinase activity in
10 ml of buffer containing 13 mM spermidine, 25 mM HEPES-KOH (pH 7.5), 15
mM MgCl2, 0.2 mM ATP, 2.5 mCi of [g-32P]ATP, 20% glycerol, 0.1% Nonidet
P-40, 50 mM KCl, 100 mM NaCl, and 1 mM dithiothreitol by incubation at 20°C
for 10 min with the specific peptide substrate EPPLSQEAFADLWKK (15).
DNA-PK activity was quantitated by measuring phosphorylation of the peptide
upon addition of DNA. Reactions were stopped by adding an equal volume of
30% acetic acid, and reaction mixtures were spotted onto Whatman P81 phosphocellulose paper (VWR, San Francisco, Calif.), air dried, washed four times in
15% acetic acid, and counted in a scintillation counter.
DNA-PK electrophoretic mobility shift assay. DNA-PK or Ku purified to
greater than 95% homogeneity (12) was incubated with 0.2 ng of either hairpinended or open-ended labeled DNA probe in 10 ml of solution containing 10 mM
Tris-HCl (pH 7.4), 20% glycerol, and 200 mM NaCl2 at 20°C for 10 min and then
resolved on a 4% nondenaturing polyacrylamide gel in Tris-glycine buffer at 10
V/cm for 30 min.
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havior that is difficult to interpret. However, for lower DNAPK concentrations, at which formation of Ku complexes but
not the DNA-PK complex occurred, both hairpin-ended DNA
and open-ended DNA competed for Ku binding (data not
shown).
To extend this result, the reverse experiment, in which the
open-ended DNA was labeled, was performed. Like the hairpin-ended DNA, the open-ended DNA assembled complexes
containing either Ku alone or both Ku and DNA-PKCS (Fig.
3B, lanes 1 and 8). Both unlabeled hairpin-ended DNA and
open-ended DNA competed for binding activity (Fig. 3B, lanes
9 to 14). In summary, hairpin-ended DNA was capable of

assembling a DNA-PK complex, although quantitative determination of the relative affinities of Ku and DNA-PKCS
for hairpin- and open-ended DNA must await future experiments.
We next tested whether nicked DNA can activate DNA-PK.
Nicked hairpin-ended 68-bp DNA failed to activate DNA-PK
to any significant degree, while open-ended 70-bp DNA activated DNA-PK strongly (Fig. 4A). To extend this result, a
3,000-bp supercoiled plasmid was nicked with DNase I at a
concentration sufficient to produce a preparation free of linear
DNA, in which 40% of supercoiled plasmid was converted to
nicked plasmid (Fig. 4C, lane 3). Nearly all of the nicked
plasmid DNA could be ligated into a covalently closed circle
that migrated as a positively supercoiled species when resolved
by electrophoresis in agarose containing ethidium bromide
(Fig. 4C, lane 6). Thus, the preparation contained 40% simple
nicks and at most 8% other structures such as single-stranded
gaps. The DNase I-treated plasmid and supercoiled plasmid
preparations both failed to activate DNA-PK (Fig. 4B). By
contrast, when either of these preparations was linearized with
EcoRI, DNA-PK was strongly activated. Similar results were
observed for DNA-PK preparations purified to 70% and
greater than 95% and for incubation temperatures of 20 and
37°C. We calculated that activation of DNA-PK with the
DNase I-treated plasmid preparation was at most 1.5% that of
linear plasmid DNA under limiting DNA concentrations. Since
about 40% of the preparation was nicked, we estimate that
activation by DNA nicks is less than 4% that of open DNA
ends.
Since the DNase I-treated plasmid preparation contained
supercoiled DNA, we tested the effect of supercoiled DNA on
kinase activation. A mild inhibition of kinase activation was
observed when supercoiled plasmid was mixed with linearized
plasmid, but only at high DNA concentrations. Mild inhibition
was also seen when the DNase I-treated plasmid was mixed
with linearized plasmid. However, even in the mixed samples,
activation was strong compared to the results obtained with the
DNase I-treated plasmid alone. We also ruled out the possibility that an unforseen ligase activity in the DNA-PK preparation may have repaired the nicked DNA. After incubation of

FIG. 3. Ku and DNA-PK bind to DNA with hairpin ends. (A) Ku and DNA-PK binding to open-ended DNA. A 70-bp open-ended DNA probe was incubated with
increasing amounts of 70% pure DNA-PK (0.37, 1.1, and 3.3 Promega units in lanes 1 to 3, respectively) or purified Ku (14, 42, and 126 ng in lanes 4 to 6, respectively)
or without added protein (lane 7) and resolved by nondenaturing polyacrylamide gel electrophoresis. Positions are indicated for free DNA probe (F), complexes
containing one, two, or three Ku molecules, and a DNA-PK complex containing Ku and DNA-PKCS. (B) DNA-PK binding to hairpin- and open-ended DNA. DNA-PK
(1.1 U) was incubated with DNA probes consisting of either a 68-bp hairpin-ended molecule (lanes 1 to 7) or a 70-bp open-ended molecule (lanes 8 to 14). For each
probe, incubations were also done with unlabeled competitor DNA consisting of either the hairpin-ended molecule (lanes 2 to 4 and 9 to 11) or the open-ended
molecule (lanes 5 to 7 and 12 to 14) in increasing amounts of 0.04, 0.20, and 1.0 ng.
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FIG. 2. Inefficient activation of DNA-PK by hairpin-ended DNA. DNA-PK
(70% pure) and its peptide substrate were incubated with hairpin-ended DNA
(closed circles), hairpin-ended DNA cleaved with EcoRI (open triangles), or
open-ended DNA (closed squares). The uncleaved hairpin-ended DNA was
treated identically to its cleaved counterpart by incubation with heat-inactivated
EcoRI. Kinase activity was measured as the fold increase in counts from phosphorylation of peptide in the presence of DNA over background counts in the
absence of DNA. Similar results were obtained with 95% pure DNA-PK.
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the DNase I-treated plasmid with DNA-PK, no detectable
change was observed in the structure of the nicked plasmid
(Fig. 4C, lane 5).
DISCUSSION
DNA-PK is required for efficient double-strand break repair
and V(D)J recombination (27). Both Ku and DNA-PKCS must
be intact for efficient processing of hairpin coding ends during
V(D)J recombination (25, 34). Other investigators have reported that DNA molecules ending in loops of 4 to 20 bases
will bind to Ku and activate DNA-PK (9, 21). However, they
did not examine DNA molecules with perfect hairpin ends
such as those created during V(D)J recombination. Surprisingly, we found that hairpin-ended DNA was an extremely
poor substrate for activating DNA-PK, even though hairpinended DNA was capable of assembling a DNA-PK complex.
Thus, hairpin ends and stem-loops may differ with respect to
their ability to activate DNA-PK.
DNA nicks bind to Ku (3) and are created as a DNA intermediate during V(D)J recombination (19). However, we found
that nicked DNA failed to activate DNA-PK, arguing against
the possibility that DNA-PK might be activated at the nicking
step, prior to hairpin formation. Previous studies reported conflicting results for the effect of nicked DNA on DNA-PK. Our
results concur with those of Weinfeld et al., who found no
DNA-PK activation by nicked DNA isolated from irradiated
plasmid or generated by DNase I (32). In addition, Gottlieb
and Jackson found no activation of DNA-PK with plasmid
DNA that had been nicked by DNase I in the presence of
ethidium bromide (11). By contrast, Morozov et al. reported
full activation of DNA-PK with a gel-purified 350-bp nicked
minicircle not exposed to ethidium bromide (21). Our experiments used the same peptide as in those of Morozov et al. for
measuring kinase activity, tested DNA substrates both smaller
and larger than their minicircle, and created nicked DNA in
two different ways: by DNase I treatment and by partial liga-

tion of oligonucleotides in the absence of ethidium bromide.
The activity observed by Morozov et al. may be due to features
peculiar to the 350-bp minicircle. Indeed, the intrinsic rigidity
of DNA inhibits the covalent closure of linear DNA fragments
into circles for fragment lengths less than 500 bp (26). The
350-bp minicircle may impose structural abnormalities at the
site of the nick, making it an anomalously effective substrate
for DNA-PK. By contrast, our experiments used nicked substrates unconstrained by DNA rigidity, and we conclude that
simple DNA nicks do not activate DNA-PK.
It is noteworthy that nicked DNA (3, 9) and hairpin-ended
DNA bind to Ku, despite failing to activate the kinase. This
result is consistent with the recent observation that DNA-PKCS
is capable of DNA binding and activation in the absence of Ku
at low salt concentrations (12, 33). Therefore, even though a
DNA substrate may bind to Ku, it must also bind to DNAPKCS in a configuration that leads to activation of the kinase.
Such a configuration may not occur for hairpin ends or DNA
nicks, suggesting that the structure of the DNA ends is critical
for activation of the kinase.
What are the implications of our results for V(D)J recombination? Notably, we obtained results for two different hairpin
sequences, including one that was identical to a sequence previously tested in an extrachromosomal V(D)J recombination
assay (20). Intact DNA-PK is required for efficient hairpin
processing (25, 34) but fails to be efficiently activated by hairpin ends. Curiously, fully intact DNA-PK is not required for
signal joining (4, 23), even though it is activated by blunt signal
ends. To explain this apparent paradox, we propose a model in
which hairpin processing requires assembly and activation of
DNA-PK by the cogenerated signal ends and transphosphorylation of target proteins bound to the hairpin end (Fig. 5). The
target protein might be Ku, DNA-PKCS, or another protein,
which upon transphosphorylation makes the hairpin accessible
to a putative hairpin endonuclease. The opened coding ends
are then joined by a general double-strand break repair path-
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FIG. 4. Inefficient activation of DNA-PK by nicked DNA. (A) Nicked hairpin-ended DNA. DNA-PK was tested for activation by 68-bp nicked hairpin-ended DNA
or 70-bp open-ended DNA. (B) Nicked plasmid DNA. DNA-PK (70% pure) was tested for activation by untreated supercoiled plasmid DNA (closed circles), plasmid
linearized with EcoRI (closed squares), plasmid partially nicked with DNase I (open triangles), plasmid nicked with DNase I and linearized with EcoRI (open squares),
an equal mixture of untreated plasmid and plasmid linearized with EcoRI (open circles), or an equal mixture of plasmid nicked with DNase I and plasmid linearized
with EcoRI (closed triangles). For the DNA mixtures, each type of DNA was added in the amount indicated on the graph. (C) Analysis of nicked plasmid DNA. DNA
preparations were analyzed by electrophoresis in a 1% agarose gel containing ethidium bromide, which resolved nicked, linear, and negatively and positively supercoiled
(sc) plasmid DNA at the indicated positions. Negatively supercoiled plasmid DNA was left untreated (lane 1), linearized with EcoRI (lane 2), or partially nicked with
DNase I (lane 3). The DNase I-treated plasmid was converted to nicked linear DNA by EcoRI (lane 4), not affected by incubation with DNA-PK (lane 5), and contained
very few lesions other than simple nicks, since T4 DNA ligase converted nearly all of the nicked DNA to covalently closed circular DNA that migrated as positively
supercoiled DNA (lane 6). Similar results were obtained with 95% pure DNA-PK.
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way (6). Signal ends are joined precisely, perhaps because
proteins bound to the signal ends are protected from phosphorylation by RAG1 and RAG2, which remain bound to the
signal ends after cleavage (1). Thus, transphosphorylation
would not be involved in signal joining, explaining why signal
joining is spared in SCID mice.
Unlike hairpin ends generated by V(D)J recombination,
hairpin ends introduced into cells by transfection are joined
with equal efficiency in SCID and in wild-type cells (17). This
difference may be explained by in vitro V(D)J recombination
experiments, which show coupling between cleavage and end
joining (16, 24). Components of the end-joining machinery
may be assembled in a postcleavage complex that masks the
hairpin ends, so that subsequent activation of DNA-PK is
required to unmask the ends for the hairpin endonuclease.
Such a masking effect would not occur for hairpin ends introduced by transfection.
Our data are consistent with other models as well. Hairpin
end joining may require the kinase activity of DNA-PK indirectly, for example, through signaling pathways. Alternatively,
coding joints may not require the kinase activity at all but
instead require another biochemical activity contained in the
enormous DNA-PKCS molecule. Nevertheless, we have demonstrated that, of the three known DNA intermediates in the
V(D)J cleavage process, nicked DNA, hairpin-ended DNA,
and open-ended DNA, only open-ended DNA is capable of
significantly activating DNA-PK, thus adding important constraints to any model for the role of DNA-PK in V(D)J recombination.
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FIG. 5. Model for processing of hairpin ends by activation of DNA-PK.
RAG1-RAG2 (small ovals) induce cleavage adjacent to two recombination signal sequences (shaded triangles) to form blunt signal ends and hairpin coding
ends. The signal ends activate DNA-PK (large circles) so that phosphorylation in
trans will lead to processing of the hairpin end. The target of transphosphorylation could be Ku, DNA-PKCS, or some other protein bound to the hairpin end.
By contrast, DNA-PK bound to the hairpin coding end remains inactive as a
kinase. Proteins bound to the signal ends may be protected from transphosphorylation by RAG1-RAG2, which remain bound to signal ends after cleavage (1).
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