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ABSTRACT
Eukaryotic DNA is organized into nucleosomes and
higher order chromatin structure, which plays an
important role in the regulation of many nuclear
processes including DNA repair. Non-homologous
end-joining, the major pathway for repairing DNA
double-strand breaks (DSBs) in mammalian cells, is
mediated by a set of proteins including DNAdependent protein kinase (DNA-PK). DNA-PK is
comprised of a large catalytic subunit, DNA-PKcs,
and its regulatory subunit, Ku. Current models predict that Ku binds to the ends of broken DNA and
DNA-PKcs is recruited to form the active kinase
complex. Here we show that DNA-PK can be activated by nucleosomes through the ability of Ku to
bind to the ends of nucleosomal DNA, and that the
activated DNA-PK is capable of phosphorylating
H2AX within the nucleosomes. Histone acetylation
has little effect on the steps of Ku binding to nucleosomes and subsequent activation of DNA-PKcs.
However, acetylation largely enhances the phosphorylation of H2AX by DNA-PK, and this acetylation effect is observed when H2AX exists in the
context of nucleosomes but not in a free form.
These results suggest that the phosphorylation of
H2AX, known to be important for DSB repair, can be
regulated by acetylation and may provide a mechanistic basis on which to understand the recent observations that histone acetylation critically functions
in repairing DNA DSBs.
INTRODUCTION
DNA double-strand breaks (DSBs) are generated by exposure
to ionizing radiation, and also naturally occur as a
result of oxidative metabolism, stalled replication forks and

V(D)J recombination. The major pathway for repairing
DSBs in mammalian cells is the non-homologous endjoining (NHEJ), which is mediated by a set of cellular
proteins that include DNA-PK, DNA ligase IV and XRCC4
(1). DNA-PK is composed of an ~470 kDa catalytic subunit,
DNA-PKcs and a heterodimer of Ku70 and Ku80 subunits.
Mammalian cells that lack either component of the DNA-PK
complex are defective in repairing DNA DSBs and hence
are sensitive to the effects of exposure to ionizing radiation
(2).
Ku is an abundant nuclear protein that exists in a
heterodimeric form consisting of 70 (Ku70) and 80 kDa
(Ku80) subunits. A unique property of Ku is its ability to bind
with very high af®nity to the ends of double-stranded DNA,
independent of the sequence or precise structure of the DNA
ends (2). Once bound to the DNA ends, Ku was shown to
translocate inward thus allowing for multiple binding of the
protein on a single DNA fragment (3). These properties of Ku
re¯ect its characteristic structure with a preformed ring that
encircles double helix while binding to the DNA ends (4).
Because of its abundance and high af®nity for DNA ends, Ku
is thought to be the ®rst protein to bind to the broken DNA
ends during the process of NHEJ.
DNA-PKcs is a Ser/Thr kinase that belongs to the
phosphatidylinositol-3 (PI-3) kinase family (2). The kinase
domain of DNA-PKcs is encoded by the C-terminal 380 amino
acids of the 4128 amino acids and its kinase activity is
required for DSB repair and V(D)J recombination (5). The
unusual property of DNA-PKcs is the requirement of DNA for
its kinase activity. DNA-PKcs alone is capable of binding to
DNA ends but the presence of Ku is required for its full
activation (2). Current models predict that Ku binds to the
ends of DNA and then recruits DNA-PKcs to form the active
kinase complex. The XRCC4/DNA ligase IV complex is then
recruited to the site of damage for rejoining of the DSB (1,2).
In support of this model, a recent electron microscopic study
has revealed that DNA-PKcs is capable of bringing DNA ends
together to form DNA synapsis and this synaptic formation is
greatly enhanced by Ku (6).
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MATERIALS AND METHODS
Proteins and antibodies
Ku and DNA-PKcs were puri®ed to near homogeneity from
human placenta as previously described (26). Non-acetylated
and hyperacetylated core histones were puri®ed from
untreated and butyrate-treated HeLa cells, respectively, as
previously described (27). Antibodies against g-H2AX,

acetylated H4, phosphorylated H3 (Ser10) and H2A (acidic
patch) were purchased from Upstate Biotechnology.
Nucleosome assembly and chromatin puri®cation
Nucleosomes were assembled by salt dilution method using
puri®ed histone octamer and a 150-bp DNA containing
the 12RSS (12/TP1), and mononucleosomes were puri®ed
through a 5±30% glycerol gradient as previously described
(27). H1-depleted oligonucleosomes were puri®ed from HeLa
cells essentially as described (28). In brief, HeLa chromatin
was digested with 5 U/ml of micrococcal nuclease (Sigma) at
37°C for 5 min, and then adjusted to a ®nal concentration of
0.6 M NaCl to dissociate H1 from oligonucleosome cores.
Oligonucleosomes on the average length of two to three
nucleosomes were puri®ed through a 10±40% glycerol
gradient. To prepare hyperacetylated oligonucleosomes, the
chromatin of butyrate-treated HeLa cells was digested with
3 U/ml of micrococcal nuclease (Sigma), and hyperacetylated
oligonucleosomes were Mg2+-fractionated as previously
described (27), and subjected to a glycerol gradient puri®cation. The extent of acetylation of puri®ed oligonucleosomes
was determined by acid urea gel analysis and western blot with
speci®c antibodies.
Gel shift and DNase I footprinting
Gel shift asssays were carried out in 20 ml reactions containing
25 mM Hepes (pH 7.5), 60 mM potassium glutamate, 2 mM
CaCl2, 2 mM DTT and 0.1 mg/ml BSA. Ku and/or DNA-PKcs
were incubated with 0.5 ng of 32P-labeled template DNA in
the free form or in the context of mononucleosomes at room
temperature for 20 min. Samples were then subjected to a
polyacrylamide gel electrophoresis (PAGE) in 0.53 TBE, 5%
acrylamide (29:1) and 5% glycerol for 3 h at 200 V at 4°C.
DNase I footprinting was done by subjecting the Ku binding
reactions described above to DNase I digestion followed by
band separation on an 8% sequencing gel as previously
described (29).
DNA-PK kinase assays
Kinase assays were essentially the same as previously
described (30), except that PHAS-1 protein, free histones,
assembled mononucleosomes or puri®ed oligonucleosomes
were used as substrates. Ten microliter volume of kinase
reaction contains 25 mM Hepes (pH 7.6), 75 mM KCl, 10 mM
MgCl2, 1 mM DTT, 1 mM ATP (omitted when [g-32P]ATP
was used), 1 mCi [g-32P]ATP (where indicated), 10 mg/ml of
fragmented calf thymus (CT) DNA (where indicated), 40 ng
DNA-PKcs, 40 ng Ku70/80. To this, substrates were added as
follows: 100 ng of PHAS-1, 200 ng of free histones, 0.5±1 ng
(in 32P-labeled DNA) of assembled mononucleosomes, 25 ng
of puri®ed oligonucleosomes. Free core histones prepared in
2.5 M NaCl (27) were dialyzed against buffer containing
25 mM Hepes (pH 7.6) and 100 mM NaCl prior to addition to
kinase reactions. Kinase reactions were incubated at 30°C for
10 min, stopped with SDS sample buffer, and subjected to
15% SDS±PAGE. Gels were either dried followed by
exposure to X-ray ®lm for autoradiograph or subjected to
western blot analysis.
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In eukaryotic cells, DNA is organized into nucleosomes and
higher order chromatin structures that provide a regulatable
impediment to the access of proteins to their target DNA
(7±9). The nucleosomes, consisting of the histone octamer
(two molecules of each core histone, H2A, H2B, H3 and H4)
wrapped around by 146 bp DNA, are subjected to the various
mode of structural changes, of which reversible acetylation is
the best-known modi®cation that critically functions in the
regulation of transcription (10,11). In general, acetylation is
known to render chromatin more accessible to proteins
whereas deacetylation is associated with repressive chromatin
(12,13). Acetylation exerts its effect by both modulating the
compactness of higher order chromatin and directly inducing a
conformational change at the level of a single nucleosome.
By analogy with its crucial function in the regulation of
transcription, the chromatin is presumed to have roles in DNA
repair. Indeed, evidence from recent studies strongly suggests
that histone acetylation plays an important role in the process
of DSB repair (14±18). For example, acetylation of histone H4
has been shown to be required for repairing DSBs by the
NHEJ pathway and another pathway termed as replicationcoupled repair (17). Another evidence for a direct link
between DSB repair and chromatin comes from the ®nding
that H2AX, a variant of histone H2A, is phosphorylated in
response to ionizing radiation and other agents that introduce
DSBs (19,20). H2AX is phosphorylated at the C-terminal at
Ser139. The two amino acids that follow Ser139 are glutamine
and glutamate, thus making it a consensus SQE motif for
phosphorylation by the PI-3-like family of kinases including
DNA-PK, ATM and ATR. This family of PI-3-like kinase is
involved in DNA damage response and may play a role in the
phosphorylation of H2AX in response to DNA DSBs (20).
g-H2AX, the phosphorylated form of H2AX, has been
suggested to spread over a megabase range of chromatin and
serve to recruit a number of repair proteins to the site of DNA
damage (21,22). Recent gene targeting experiments highlighted the importance of the formation of g-H2AX in DSB
repair and hence radiation resistance of cells; however, its role
in DSB repair remains unknown (23±25).
As a step towards understanding the role of chromatin
structure in DSB repair, we have investigated the effects of
nucleosomes on activation of DNA-PK and its ability to
phosphorylate H2AX. Here we show that DNA-PK can be
activated by nucleosomes through the ability of Ku to bind to
the ends of nucleosomal DNA, and that the activated DNA-PK
is capable of phosphorylating H2AX within the nucleosomes.
Histone acetylation has little effect on these events.
Interestingly, however, acetylation largely enhances the
phosphorylation of H2AX by DNA-PK in the context of
nucleosomes but not in the form of free histone.
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RESULTS
Ku binds to nucleosomal DNA in the manner that does
not permit inward translocation

Acetylation does not signi®cantly affect Ku binding to
nucleosomes
While acetylation is thought to have a major effect on the
interaction between individual nucleosomes, its direct effect

on a single nucleosome has also been documented. For
example, acetylation has been shown to enhance the access of
RAG proteins and thereby V(D)J cleavage on DNA organized
into a nucleosome (29). We therefore asked whether
acetylation could affect Ku binding to nucleosomes.
Acetylated nucleosomes were prepared in the same way as
non-acetylated nucleosomes by using hyperacetylated core
histones puri®ed from butyrate-treated HeLa cells. Gel shift
analysis showed that Ku bound to acetylated nucleosomes in
much the same way it did to non-acetylated nucleosomes;
formation of the complexes A and B only (Fig. 1A, lanes
13±18). The pattern of DNase I footprinting for Ku binding to
acetylated nucleosomes was almost identical to that for nonacetylated nucleosomes (data not shown). These results
indicate that inward translocation of Ku is not permitted
even on acetylated nucleosomes. In addition, the results also
indicate that the levels of Ku binding to nucleosomes are not
much affected by acetylation. Consistent with these results,
the subsequent recruitment and activation of DNA-PKcs
following Ku binding on nucleosomes was not affected by
acetylation (see Fig. 5). The discussion of the results below
with regard to this issue thus focuses on those experiments
with non-acetylated nucleosomes.
DNA-PKcs can bind to Ku-bound nucleosomes
Although DNA-PKcs alone is able to bind to DNA ends to
some extent, a prior binding of Ku is required for the maximal
binding and activation of DNA-PKcs (31). In addition, the
property of inward translocation of Ku has been suggested to
facilitate subsequent recruitment of DNA-PKcs (32). Given
the results that inward translocation of Ku did not occur on
nucleosomal DNA, it was interesting to see whether DNAPKcs still could bind to the nucleosomes following Ku
binding.
To address this issue, we performed gel shift assays using
highly puri®ed human DNA-PKcs. As previously shown (33),
DNA-PKcs readily bound to free DNA when the DNA was
preoccupied by Ku, and it also bound to DNA in the absence
of Ku to some extent (Fig. 2, lanes 1±7). Incubation of
nucleosomes with DNA-PKcs in the presence of Ku consistently resulted in the generation of smeared bands migrating
slower than the nucleosome/Ku complexes (lanes 8±13). We
believe that these bands are likely to represent the complexes
of DNA-PKcs/nucleosome/Ku although they could not be
maximally detected in our experimental conditions, partly due
to the poorly resolved bands left in the well. More experiments
will be necessary for better de®ning these bands together with
the band detected from the incubation of nucleosomes with
DNA-PKcs in the absence of Ku (lane 14).
DNA-PK can be activated by nucleosomes
The observations that Ku and DNA-PKcs bound to nucleosomes prompted us to ask if nucleosomes could stimulate the
activity of DNA-PK. To address this question we performed
in vitro kinase assays using PHAS-1, a protein that has been
previously shown to be a potent substrate of DNA-PK (34). As
expected, DNA, fragmented CT DNA in this case, was
required for the activation of DNA-PK as assessed by
measuring the autophosphorylation of DNA-PKcs/Ku (lanes
4±5 in Fig. 3C) or the phosphorylation of PHAS-1 (data not
shown). Addition of nucleosomes to the kinase reactions
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In vitro, Ku binds to the ends of naked DNA with a
characteristic manner: upon the initial binding to the DNA
ends, Ku translocates inward thus allowing for multiple
proteins binding to the same DNA molecule. We wanted to
investigate how Ku would bind to the ends of DNA in the
context of nucleosomes. Nucleosomes were assembled using a
150-bp DNA fragment by salt dilution method and mononucleosomes were puri®ed through a glycerol gradient.
Puri®ed nucleosomes typically contained 2±10% of free
DNA as assessed by native gel analysis.
First, we examined the ability of Ku to bind to nucleosomes
by gel shift assays. Incubation of free template DNA with
moderate concentrations of Ku generated two shifted bands
(complexes I and II) and these bands were further shifted by
incubation with higher concentrations of Ku (complexes
III±VI) (Fig. 1A, lanes 1±6). This is the typical pattern of Ku
binding to free DNA, re¯ecting the inward translocation and
multiple binding of Ku proteins (3). When incubated with
nucleosomes, Ku was able to bind to the nucleosomes (Fig. 1A,
lanes 7±12). In contrast to that on free DNA, however, Ku
binding to nucleosomes resulted in the generation of only two
shifted bands (complexes A and B); the minor bands are due to
Ku binding to the free DNA present in our nucleosome
preparations (lanes 7±12). These two bands did not further
shift even at the highest concentration of Ku tested (lane 12),
indicating that multiple binding of Ku is not permitted on a
nucleosome. Incubation of nucleosomes with very high
concentrations of Ku (from 64 to 256 ng) resulted in most of
the radioactivity being left unresolved in the well (data not
shown).
We next analyzed Ku binding to nucleosomes by DNase I
footprinting assays. Free template DNA as a control showed
the expected pattern of DNase I digestion, such that, as Ku
increased, DNase I protection extended from the termini to the
center of the DNA molecule (Fig. 1B, lanes 1±5). DNase I
digestion of nucleosomes without Ku generated the pattern of
10-bp ladder through the length of DNA, indicative of
rotationally positioned nucleosomes (lane 6). Incubation of
nucleosomes with Ku followed by DNase I digestion resulted
in the protection of the sequence covering 20±30 bp at the
DNA ends (lanes 7±10). These data demonstrated that Ku
binds throughout free DNA but only to the ends of
nucleosomal DNA, in keeping with the results from the gel
shift experiments. Interestingly, Ku binding caused enhancement of DNase I digestion at many sites out of the protected
region (lanes 7±10; noted by open triangles), suggestive of
induction of structural changes on nucleosomes (possibly
distortions of DNA double helix) upon Ku binding.
Nonetheless, the overall structure of the nucleosomes
appeared to remain unchanged after Ku binding as diagnosed
by the retained 10-bp DNase I digestion.
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Figure 2. Binding of DNA-PKcs to Ku-bound nucleosomes. DNA-PKcs were incubated with free DNA or nucleosomes (non-acetylated) in the presence or
absence of Ku as indicated, and the reactions were subjected to 5% native gel analysis. Note that 10 times more Ku and DNA-PKcs were used for the
reactions with nucleosomes as compared to free DNA.
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Figure 1. Ku binds to nucleosomes. (A) Gel mobility shifts assays. Indicated amounts of Ku were incubated with in vitro assembled mononucleosomes in
either a non-acetylated (lanes 7±12) or an acetylated state (13±18), or with free template DNA as a control (lanes 1±6) and the reactions were subjected to 5%
native gel analysis. The bands representing the complexes of Ku/DNA (complexes I±VI) and of Ku/nucleosomes (complexes A and B) are indicated.
(B) DNase I footprinting assays. The binding reactions in which increasing concentrations of Ku were incubated with free DNA (lanes 1±5) or non-acetylated
nucleosomes (6±10) were subjected to DNase I digestion followed by band separation on an 8% denaturing gel. DNase I protection on free template DNA is
indicated by vertical arrows on the left of the gel. The typical 10-bp digestion pattern of rotationally positioned nucleosomes is noted on the far right side of
the gel. The vertical solid bar indicates the region of nucleosomal DNA protected by Ku. The open triangles indicate the bands that were enhanced by Ku
binding to nucleosomes.
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lacking CT DNA resulted in robust stimulation of the
phosphorylation of PHAS-1, with the magnitude of stimulation being proportional to the concentrations of added
nucleosomes (Fig. 3B, lanes 1±6).
Since the nucleosome preparation used in the assays
contained ~5% of free DNA as assessed by a native gel
(Fig. 3A), it was necessary to determine how much the free
DNA would contribute to the levels of the observed stimulation. We performed the titration experiments in which a
range of the concentrations of free template DNA was tested
for its effect on the phosphorylation of PHAS-1 (Fig. 3B, lanes
7±12). The results indicated that the robust stimulation of the
PHAS-1 phosphorylation by nucleosomes was attributed to
nucleosomes per se but not to the contaminating free DNA.
For instance, the activity supported by 1.6 ng of nucleosomes
(in DNA) was about 20 times higher than that supported by
0.1 ng of free DNA (compare lane 6 and lane 8 in Fig. 3B); the
amount of free DNA present in 1.6 ng of nucleosomes is
expected to be 0.08 ng. We therefore concluded that DNA-PK
can be activated by nucleosomes. Histone acetylation did not
affect the magnitude with which nucleosomes stimulated the
activity of DNA-PK as assessed by either the PHAS-1
phosphorylation (data not shown) or the phosphorylations of
DNA-PKcs and Ku (see Fig. 5A and C).
DNA-PK phosphorylates H2AX both in a free form and
in the context of nucleosomes
Having found that DNA-PK could be activated by nucleosomes, we asked whether the activated DNA-PK would
phosphorylate H2AX in the context of nucleosomes. Prior to
addressing this question, we wanted to con®rm the previous
observation that H2AX is a substrate of DNA-PK, and carried
out kinase assays with puri®ed HeLa core histones, where

~2.4% of the total H2A protein level is H2AX (19). DNA-PK
phosphorylated a histone migrating at the position of H3
(Fig. 4A, lanes 1±3), and this phosphorylated histone was
identi®ed as g-H2AX by western blot analysis using g-H2AX
antibody (Fig. 4C, lanes 1±3). The phosphorylation of the free
form of H2AX by DNA-PK required the presence of DNA as
expected (Fig. 4D, lanes 1 and 2).
We then examined whether DNA-PK could phosphorylate
H2AX in the context of the nucleosomal structure. Two types
of nucleosomes were used as substrates; oligonucleosomes
(two to three nucleosomes on the average) puri®ed from HeLa
cells and in vitro assembled mononucleosomes. As shown in
Figure 4D (lanes 5±6), DNA-PK was able to phosphorylate
H2AX within the oligonucleosomes, which was also veri®ed
by western blot analysis (data not shown). The phosphorylation of H2AX in the context of oligonucleosomes did not
require the presence of DNA, again demonstrating that
nucleosomes are suf®cient to activate DNA-PK (Fig. 4D,
lanes 5 and 6, and also see Fig. 5). Demonstrating the
phosphorylation of H2AX by DNA-PK using assembled
mononucleosomes was problematic because 32P-labeled DNA
template migrates at the same molecular weight as H2AX in
SDS±PAGE gels (see Fig. 4D, lanes 3 and 4). We overcame
this problem either by subjecting nucleosomes to an intensive
DNase I digestion prior to gel analysis (data not shown) or by
using the nucleosomes whose radioactivity had been decayed
(see below).
Acetylation stimulates the phosphorylation of H2AX by
DNA-PK in the context of nucleosomes but not in a free
form
We next asked whether acetylation could affect the phosphorylation of H2AX by DNA-PK. First, the effect of
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Figure 3. DNA-PK is activated by nucleosomes. (A) Native gel analysis shows that ~5% of free DNA is present in the nucleosome preparation
(non-acetylated) used in the kinase assays described below. (B) In vitro kinase assays were performed under the conditions described in Materials and
Methods. Indicated amounts of nucleosomes (non-acetylated) and free template DNA were incubated with DNA-PKcs/Ku in the presence of PHAS-1 and
[g-32P]ATP. Reactions were subjected to SDS±PAGE followed by autoradiograph. The amounts of nucleosomes are in DNA. The relative levels of the
PHAS-1 phosphorylation, shown at the bottom of the gel, were drawn from the quantitation of PhosphoImage of the gel. (C) Control experiments identi®ed
the bands of phosphorylated PHAS-1 on the gel by distinguishing them from those of template DNA. The phosphorylated PHAS-1 band was detected only
when PHAS-1 protein was added to the reactions (lane 3).
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acetylation on the phosphorylation of free H2AX was
examined by subjecting the equal amounts of non-acetylated
and acetylated core histones to kinase assays (Fig. 4B). As
shown in Figure 4A and C, acetylation did not have an effect
on the phosphorylation of H2AX when it existed as a free
histone.
Again, the two types of nucleosomes were examined with
respect to the effect of acetylation on the phosphorylation of
H2AX. As described above, the use of the nucleosomes
assembled with freshly prepared 32P-labeled DNA resulted in
the template DNA interfering with detecting the phosphorylation of H2AX (Fig. 4D, lanes 3 and 4). To avoid this problem,
the radioactivity of assembled nucleosomes had been decayed
by storing them at 4°C for a few months prior to being
subjected to kinase assays. Native gel analysis with a
prolonged exposure showed that the nucleosomes were still
intact although the percentage of free DNA increased up to
~20% (Fig. 5B). We found, using these nucleosomes, that
DNA-PK could phosphorylate H2AX within the assembled
nucleosomes, and that the phosphorylation of H2AX was
greatly enhanced by acetylation (Fig. 5A, lanes 3±6). The
magnitude with which DNA-PK was activated by nucleosomes, as assessed by the phosphorylations of DNA-PKcs and
Ku in the reactions, was not increased by acetylation (Fig. 5A
and also see Fig. 5C).
To con®rm the acetylation effect on the H2AX phosphorylation, highly acetylated oligonucleosomes (two to three

nucleosomes on the average) were puri®ed from butyratetreated HeLa cells. The extent of acetylation was determined
by acid urea gel (data not shown) and western blot analyses
(Fig. 5E, lanes 5 and 6). The phosphorylation of H2AX was
barely detectable on the non-acetylated oligonucleosomes
(Fig. 5C, lanes 1 and 2). However, a robust increase of the
phosphorylation of H2AX was observed for the acetylated
oligonucleosomes (Fig. 5C, lanes 3 and 4). This acetylation
effect was also demonstrated by western blot analysis of the
same reactions as the above except that cold ATP was
substituted for [g-32P]ATP (Fig. 5D). Similar experiments
showed that the extent of acetylation remained unchanged
during the kinase reactions (Fig. 5E, lanes 1±4). These results
together demonstrate that histone acetylation stimulates the
phosphorylation of H2AX by DNA-PK when H2AX is in the
context of nucleosomes but not in a free form.
DISCUSSION
We have studied the effects of chromatin structure on the
activation of DNA-PK and phosphorylation of its substrate,
H2AX, with a highly puri®ed system employing in vitro
assembled mononucleosomes and cell-puri®ed oligonucleosomes. Here we show that DNA-PK can be activated by
nucleosomes through the ability of Ku to bind to the ends of
nucleosomal DNA, and that the activated DNA-PK is
capable of phosphorylating H2AX within the nucleosomes.
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Figure 4. DNA-PK phosphorylates H2AX both in a free form and in the context of nucleosomes. (A) Kinase assays were performed using as substrates the
core histones puri®ed from untreated (non-acetylated) or butyrate-treated (acetylated) HeLa cells. g-H2AX, which was veri®ed by western blot (see below),
and phosphorylated DNA-PKcs and Ku are indicated. (B) Coomassie-stained SDS±PAGE for serially diluted core histones shows that equal amounts of the
two types of histones were used in the reactions described in (A). (C) Reactions for kinase assays were performed under the standard conditions except
substituting cold ATP for [g-32P]ATP, and were subjected to SDS±PAGE followed by western blot analysis with the antibodies speci®c for g-H2AX, H2A or
phosphorylated H3 (Ser10). (D) Kinase assays were performed with the indicated substrates (non-acetylated form) in the presence or absence of fragmented
CT DNA. The phosphorylation of H2AX by DNA-PK was clearly detected when H2AX was in a free form (lanes 1 and 2) or in the context of
oligonucleosomes (two to three nucleosomes on the average, lanes 5 and 6). The bands of g-H2AX from the reactions containing freshly assembled
mononucleosomes (lanes 3 and 4) are not apparent due to the interfering bands of 32P-labeled template DNA.
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Interestingly, histone acetylation has little effect on the steps
of Ku binding to nucleosomes and subsequent activation of
DNA-PKcs. However, acetylation largely stimulates the
phosphorylation of H2AX by DNA-PK, and this acetylation
effect is seen when H2AX exists in the context of nucleosomes
but not in a free form. These results suggest that the
phosphorylation of H2AX, thought to be important for DSB
repair, can be regulated by histone acetylation.
The observation that Ku can readily bind to the termini of
nucleosomal DNA may not be unexpected since the DNA at
the entry/exit point of nucleosome has been suggested to be in
a dynamic state whereby it continues to dissociate and
reassociate with the histone octamer (35). Ku could easily
come to catch the ends of nucleosomal DNA when they are in
the off state. Unlike on free DNA, however, Ku binding is
limited in the termini of nucleosomal DNA with the protein
being unable to translocate beyond the distal 20±30 bp region.
This is likely due to the inability of Ku to overcome the energy
barrier that exists 25 bp from the terminus of nucleosomal
DNA as has been previously suggested (36). Nonetheless, the
Ku binding on nucleosomes supported the activation of

DNA-PKcs, indicating that the distal 20±30 bp DNA of
nucleosome is suf®cient for the formation of the active kinase
complex. In support of this argument, photo-crosslinking
studies indicated that, prior to DNA-PKcs binding, Ku resides
at 10-bp region of the DNA terminus, and that Ku shifts
inward another 10 bp upon DNA-PKcs binding (32).
Our results showed that the magnitude with which Ku
bound to nucleosomes was not signi®cantly affected by
acetylation. Consistent with these results, the activation of
DNA-PKcs following Ku binding to nucleosomes was not
enhanced by acetylation (see Fig. 5A and C). These results
could be somewhat unexpected in that acetylation, in general,
is known to have direct effect on nucleosomes in a way to
render the nucleosomal DNA more accessible to proteins.
However, acetylation may not be crucial for proteins such as
Ku that bind to nucleosomes by gaining access through the
ends of nucleosomal DNA. This interpretation is supported by
the fact that histone acetylation occurs mainly on the
N-terminal tails of H3 and H4, and these tails make contact
with primarily the central 120-bp but not the distal region of
the nucleosomal DNA (37). The access of Ku to the ends of
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Figure 5. Histone acetylation stimulates DNA-PK phosphorylation of H2AX in the context of nucleosomes. (A) Kinase reactions were performed under the
standard conditions using the assembled mononucleosomes whose radioactivity had been decayed by storing at 4°C for about 3 months. The gel shown here
is from a 4 h exposure. (B) Native gel analysis of the nucleosomes used in (A) with a prolonged exposure (7 days) shows that they are still intact.
(C) Oligonucleosomes (two to three nucleosomes on the average) puri®ed from untreated (non-acetylated) or butyrate-treated (acetylated) HeLa cells were
used as substrates in the kinase reactions under the standard conditions. (D) A 5-fold scale-up of the same reactions as lanes 2 and 4 of (C) except substituting
cold ATP for [g-32P]ATP was subjected to SDS±PAGE followed by western blot with g-H2AX antibody (lanes 2 and 3). The control reaction in which
non-acetylated oligonucleosomes were incubated without DNA-PK was also included (lane 1). (E) The same reactions as in (C) except substituting cold ATP
for [g-32P]ATP were subjected to SDS±PAGE followed by western blot with g-H2AX antibody (lanes 1±4). The extent of histone acetylation of the puri®ed
oligonucleosomes was determined by western blot using acetylated H4 antibody (lanes 5 and 6).
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chromatin remodeling. In this regard, it will be of interest to
examine whether acetylation of histones at the site of DNA
damage is dependent on H2AX phosphorylation. Future
experiments to test these possibilities and others will provide
insights into the better understanding of the roles of chromatin
and its modi®cations in DSB repair.
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nucleosomal DNA and subsequent activation of DNA-PKcs
thus may not be dependent on histone acetylation.
When DNA DSB occurs on chromatin, it could exit in many
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