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GCNS, a putative transcriptional adapter in humans and yeast, possesses histone acetyltransferase (HAT)
activity which has been linked to GCN5’s role in transcriptional activation in yeast. In this report, we dem-
onstrate a functional interaction between human GCNS (hGCNS5) and the DNA-dependent protein kinase
(DNA-PK) holoenzyme. Yeast two-hybrid screening detected an interaction between the bromodomain of hGCN5
and the p70 subunit of the human Ku heterodimer (p70-p80), which is the DNA-binding component of DNA-
PK. Interaction between intact hGCNS and Ku70 was shown biochemically using recombinant proteins and by
coimmunoprecipitation of endogenous proteins following chromatography of HeLa nuclear extracts. We demon-
strate that the catalytic subunit of DNA-PK phosphorylates hGCNS both in vivo and in vitro and, moreover,
that the phosphorylation inhibits the HAT activity of hGCNS. These findings suggest a possible regulatory

mechanism of HAT activity.

Gene activity is normally repressed due to the organization
of DNA in chromatin. Prior to transcription, the repressive
chromatin structure is remodeled to allow access to DNA
binding sites (reviewed in references 33, 34, 59, and 72). Fol-
lowing processes that alter DNA structure, such as replication
(60) and DNA repair (27), the chromatin structure is rebuilt. A
number of proteins that remodel chromatin have been identi-
fied (for reviews, see references 63 and 82), and they exhibit
evolutionary conservation, suggesting a fundamental role in eu-
karyotes.

Several factors shown by biochemical means to alter chro-
matin structure were initially identified as transcriptional reg-
ulatory factors in the yeast Saccharomyces cerevisiae, suggesting
that modification of chromatin contributes to gene regulation.
For example, components of the SWI/SNF complex both alter
chromatin structure and are involved in transcriptional regu-
lation (17, 63). The SWI/SNF complex (61) disrupts nucleo-
some-DNA interactions in vitro, promoting the binding of tran-
scription factors to chromatin (22, 43). SWI2 contains ATPase
activity that is required for its role in both transcription and
nucleosome disruption (43, 44). Components of SWI/SNF were
isolated in genetic screens in yeast (56, 71), and mutations in
them down-regulated transcription (46, 62). The yeast complex
is functionally related to multiple similar complexes in both
yeast (13) and higher eukaryotes (40, 81).

A second link between factors required in transcription and
chromatin alteration has emerged recently. Components of the
ADA complex were identified by genetic selections in yeast for
reduced function of the herpes simplex virus activator, VP16
(7). Several genes were identified (52, 53, 64, 66) and their
products were shown to mutually interact in vitro and in vivo
(14, 37). Two of them, ADA2 and GCNS, are evolutionarily
conserved (15). ADA factors interact with specific activators
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(6, 20, 70) and with the general factor TBP (TATA-binding
protein) (6), suggesting that an ADA complex potentiates tran-
scription in vivo through these associations. Recently, GCNS5
was shown to possess histone acetyltransferase (HAT) activity
(12). Since hyperacetylation of amino-terminal tails of core
histones correlates with activity of certain genes (11, 23, 50,
83), the HAT activity of GCNS5 suggests a link between nu-
cleosome acetylation and transcriptional activation. Moreover,
since ADA components physically associate with transcription
factors, targeted histone acetylation may have a direct role in
transcriptional activation. Supporting this notion, deletion (16)
and substitution (80a) mutations in GCNS have defined a HAT
domain in vitro whose integrity of function corresponds closely
to the ability of GCNS to potentiate activated transcription in
vivo.

Many factors that regulate chromatin structure have a con-
served domain of unknown function, called a bromodomain
(BrD) (36). The BrD motif is present in nearly all HAT-
associated transcriptional cofactors, including yeast and hu-
man GCNS (12, 15, 29, 80), p300/CBP-associated factor (85),
CBP/p300 (3, 5, 21, 58), and human (hTAF,;250) and Drosoph-
ila TAF ;230 (55, 69). The BrD also is present in the SWI2/
SNEF?2 protein of the SWI/SNF chromatin remodeling complex
and in other members of the SWI2/SNF2 family (36, 74).
Secondary structure prediction suggests that the BrD may form
a surface for protein-protein contacts (36).

Phosphorylation is a common mechanism for regulation of
various cellular processes, including DNA-related activities
such as transcription, replication, and DNA repair. A well-charac-
terized kinase that specifically requires association with DNA
for its activity (18, 48) is DNA-dependent protein kinase
(DNA-PK) (19). The DNA-PK holoenzyme consists of a 450-
kDa catalytic subunit (DNA-PKcs) (35), which phosphorylates
serine/threonine, and a DNA-binding component known as Ku
autoantigen (31). Ku is a heterodimer comprised of 70-kDa
(65) and 80-kDa (84) subunits, and the 70-kDa subunit pos-
sesses DNA helicase activity (76). Ku and DNA-PK have been
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implicated in transcriptional repression (30, 41), DNA repair
(49, 73), and immunoglobulin gene rearrangements [V(D)J
recombination (8, 26)]. These last two processes are mecha-
nistically linked via the DNA-PK holoenzyme, since mutations
in DNA-PKcs cause the mouse SCID phenotype (8) and mu-
tations in Ku cause sensitivity to ionizing radiation brought
about by defects in DNA repair (73). Moreover, the phenotype
of a mouse bearing a Ku80 disruption includes both radiation
sensitivity and V(D)J recombination defects (57). Importantly,
although several substrates of DNA-PKcs have been identified
in vitro (reviewed in references 2 and 19), physiological targets
are still obscure.

In this report, we describe a functional interaction between
the BrD of the histone acetyltransferase hGCNS5 and the
DNA-PK holoenzyme. The apparent result of this interaction,
both in vitro and in vivo, is phosphorylation of hGCNS5 and
inhibition of its HAT activity. These data are the first report of
regulation of HAT activity within this new class of chromatin
modifying agents.

MATERIALS AND METHODS

Two-hybrid analysis. The LexA fusions of hBrD.Pro (amino acids [aa] 339 to
363) and hBrD.HT (aa 364 to 421) (see Table 1, footnote a, for definitions) were
generated as PCR products, bearing BamHI and Bgl/II restriction sites, cloned in
BamHI site of BTM116 (10). The carboxyl-terminal fragment of Ku70 fused to
the GAL4 activation domain (GAL4,p) was recovered from a HeLa cDNA
library (MatchMaker; Stratagene) in the two-hybrid screen (25) using yeast strain
L-40 (78) with LexA-BrD of hGCNS5. B-Galactosidase assays (68) were carried
out in yeast strain PSY316 (ade2-101 Ahis3-200 leu2-3,112 lys2 Atrpl::hisG ura3-
52) transformed with a reporter bearing eight LexA binding sites upstream of the
lacZ gene (15).

GST interactions. Human Ku70 and hGCN5 were cloned as PCR products
bearing BamHI sites into expression vector pGEX3, opened with BamHI. The
full-length hADA2 was cloned as a PCR product, bearing BamHI and EcoRI
restriction sites in the same sites of expression vector pGEXS. The glutathione
S-transferase (GST) deletion mutants of the BrD of hGCN35, as well as the BrD
of CBP, were cloned as PCR products with BamHI and BglII restriction sites into
the BamHI site of pGEX3. Expression and purification of GST fusion proteins
were performed as described previously (6). The same PCR products of Ku70
and hGCNS5 genes were cloned into pSP64 vector for translation in vitro.
hGCNS5ABrD was cloned in pSP64 cleaved with BamHI as a PCR fragment
bearing BamHI restriction sites. In vitro translation of proteins in rabbit reticu-
locytes was performed as instructed by the manufacturer (TNT kit; Promega).
Aliquots (25 pl) of TNT extracts were incubated for 1.5 h at 4°C with 25 ul of
beads carrying 5 to 7 pg of fusion protein in binding buffer (20 mM HEPES [pH
7.5], 100 mM NaCl, 10 mM MgCl, 12% glycerol, 1 mM phenylmethylsulfonyl
fluoride [PMSF]). After extensive washes with binding buffer, the beads were
washed twice with binding buffer containing 0.25 M NaCl and 0.1% Nonidet P-40
(NP-40). Material remaining on beads was eluted with elution buffer (20 mM
reduced glutathione, 100 mM Tris-Cl [pH 8.0], 0.1% NP-40) and subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
gel was fixed, dried, and exposed to X-ray film.

Fractionation and coimmunoprecipitation. Nuclear extract was prepared as
described previously (1). Nuclear extract (0.5 g [100 ml]) was loaded onto a
100-ml phosphocellulose (P11) column (Whatman) in 0.1 M KCI DB (20 mM
HEPES [pH 7.9], 10% glycerol, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM
PMSF, leupeptin [1 wg/ml], pepstatin A [1 wg/ml], apoprotinin [5 pg/ml]). The
flowthrough (FT; 100 ml) was loaded onto a 25-ml DE-52 column (Whatman) in
0.1 M KCI DB. Proteins were eluted in a 0.1 M to 0.5 M KCI DB gradient over
100 ml and collected in 5-ml fractions. Fractions containing GCN5 and Ku
proteins, as judged by Western blotting, were pooled (0.3 M KCl), and 0.5 ml of
this pool was loaded onto a 20-ml Superose 6 gel filtration column (Pharmacia).

In the immunoprecipitation experiments, 25 wl of fraction was used in each
reaction. Proteins were incubated with either 2 pl of antihemagglutinin (a-HA)
epitope or 2 pl of a-Ku80 monoclonal serum for 2 h on ice in binding buffer (10
mM HEPES [pH 7.6], 300 mM potassium acetate, 0.1% NP-40, 1 mM PMSF),
following by addition of 40 pl of protein G slurry. Then 0.5 pg of sonicated
salmon sperm DNA was added to the immunoprecipitation reaction using
a-Ku80 monoclonal antibody, to test the influence of DNA. Antibodies were
allowed to bind to protein G beads for 30 min and then were washed extensively
with binding buffer. Proteins were eluted with 1 M NaCl-0.2% SDS and immu-
noblotted with anti-hGCNS5 (a-hGCNS5) serum.

In vitro kinase assay. DNA-PKcs and Ku proteins were purified to near
homogeneity from HeLa cells, as described previously (18), with the following
modifications. Enzyme from the phosphocellulose column was separated from
Ku by fast protein liquid chromatography (FPLC) on a Superose 12 gel filtration
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column at 0.4 M KCI. Fractions containing DNA-PKcs which were devoid of Ku
were pooled and further chromatographed by FPLC on MonoQ. The Ku-con-
taining fractions, devoid of DNA-PKcs as judged by silver staining and Western
analysis, were pooled and dialyzed against B/0.1 (18). Purified DNA-PKcs (1.5 pl
[100 pg/ml]) and an equal amount of Ku heterodimer (when used) were incu-
bated with 100 ng of purified recombinant hGCNS at 30°C for 30 min in reaction
buffer (HEPES [pH 7.6], 50 mM NaCl, 10 mM magnesium chloride, 8% glycerol,
1 mM dithiothreitol, 12.5 pM [y-*?P]ATP) in the presence of 100 ng of sonicated
salmon sperm DNA (where indicated). When hGCNS5 was phosphorylated for
subsequent testing in the HAT assay, 0.5 mM cold ATP was used instead of
radioactive [y->?P]ATP. Reactions were stopped by addition of radioimmuno-
precipitation assay (RIPA) buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 1%
Triton X-100, 0.1% SDS, 1% deoxycholate); hGCNS5 was immunoprecipitated
with hGCN5 antiserum or preimmune serum and subjected to SDS-PAGE.
Phosphorylated proteins were visualized by autoradiography of the dried gel.

HAT assay. The HAT assay was performed as described elsewhere (12).
Purified recombinant hGCN35, or immunoprecipitated hGCNS on protein A-aga-
rose beads, was incubated with DNA-PKcs, ATP, Ku, and DNA for phosphor-
ylation (as described above) and then incubated for 30 min at 30°C with free calf
thymus type ITA histones (Sigma) in the presence of 0.1 mCi of *H-labeled acetyl
coenzyme A (Sigma). Acetylated histones were subjected to SDS-PAGE (15%
gel). The gel was fixed, soaked in Intensify liquid scintillant (Du Pont), dried, and
exposed to X-ray film. In parallel, 10-ml aliquots of reaction mixtures were
spotted on P-81 Whatman filters, washed four times in 50 mM sodium bicar-
bonate buffer (pH 9.0), and measured in a liquid scintillation counter. To mea-
sure HAT activity of GCN5 immunoprecipitated from MO59K or MOS59J cells,
loaded beads were incubated for 30 min at 30°C with rotation.

Immunodepletion. Fifty-microliter portions of the FT after P11 column chro-
matography were incubated with a-DNA-PKcs or a-HA monoclonal antibody
overnight on ice. Immunodepletion of hGCNS5 was done with antigen-purified
hGCNS5 polyclonal antiserum. To each immunodepletion reaction, 40 pl of
protein G beads preblocked in 5% bovine serum albumin (BSA) was added, and
the mixtures were incubated for an additional hour. Beads were removed by
centrifugation, and supernatants were subsequently used in the kinase assay. In
the add-back experiment, 100 ng of semipurified DNA-PKcs (18) was added to
the DNA-PKcs-depleted sample.

Affinity depletion and competition. Equalized amounts of glutathione-Sepha-
rose beads bearing either GST or GST-BrD were incubated with 100-wl portions
of P11 FT overnight with rotation. In competition experiments, equalized
amounts of eluted GST or GST-BrD were used. Beads were removed by cen-
trifugation. Proteins bound to beads were subjected to SDS-PAGE and Western
blot analysis with a-Ku70 monoclonal antibody. Affinity-depleted supernatants
were used in kinase assays, followed by immunoprecipitation using preimmune
or a-hGCNS serum. Immunoprecipitates were analyzed for phosphorylation of
hGCN5 by SDS-PAGE and autoradiography. As a control for equal amounts of
hGCNS, 20-pl aliquots of affinity-depleted supernatants were analyzed by im-
munoblotting using a-hGCNS polyclonal serum.

Phosphatase treatment. Phosphorylated hGCN5 was immunoprecipitated
from P11 FT fractions either immunodepleted for DNA-PK or mock treated
with a-HA monoclonal antibody. Following washes, equal portions of protein G
beads bearing hGCNS were either treated with 50 U of calf intestinal phospha-
tase at 37°C for 30 min or mock treated. Immunoprecipitates were then either
tested for HAT activity or subjected to SDS-PAGE and exposed to X-ray film.

In vivo labeling. Human MOS59K or MOS59J glioblastoma cells that had
reached 70 to 80% confluence were transfected with GCNS5 expression vector by
using Lipofectin (Boehringer). Prior to labeling, transfected cells were washed
with either Met/Cys-free or phosphate-free medium. For labeling with [>°S]Met,
cells were incubated for 2 h in Met/Cys-free Dulbecco modified Eagle’s medium
(DMEM) supplemented with 2% dialyzed fetal bovine serum prior to addition of
0.5 mCi of [*S]Met-Cys (ICN). Cells were labeled for 1 h, washed with cold
phosphate-buffered saline and lysed with RIPA buffer supplemented with pro-
tease inhibitors. For labeling with 3P, cells were incubated for 3 h in phosphate-
free DMEM supplemented with 2% dialyzed fetal bovine serum to exhaust the
pool of endogenous phosphates. Cells were labeled in 4 ml of medium with 1 mCi
of 32P; (DuPont) overnight and lysed with RIPA buffer supplemented with 50
mM NaF and protease inhibitors. Extracts were centrifuged at 40,000 rpm, and
supernatants were incubated with either preimmune or GCNS antiserum for 3 h
on ice following incubation with protein G beads for 1 h. Beads were washed 8
to 10 times with cold RIPA buffer and subjected to SDS-PAGE.

RESULTS

In vivo and in vitro interactions between the BrD of hGCNS5
and Ku70. The BrD is a conserved protein motif of unknown
function present in proteins that functionally interact with
chromatin. The BrD derived from hGCNS5 (Fig. 1) was used in
ayeast two-hybrid screen (25) with a HeLa cDNA library fused
to the yeast GAL4 , . We isolated six clones out of 10° primary
transformants that interacted with LexA-hGCNS5.BrD but not
with other unrelated fusion proteins such as LexA-protein ki-
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FIG. 1. hGCNS5 domain structure. The domains of GCNS5 are aa 1 to 110 (nonessential function) (14), aa 110 to 251 (the HAT domain) (16), aa 251 to 338 (the
ADA? interaction domain) (14), and aa 338 to 427 (the BrD motif) (53). Sequences within the BrD are aa 339 to 363 (the proline-rich sequence [hBrD.Pro]) and aa
364 to 421 (the helix-turn-helix-turn motif [hBrD.HT]). The prolines and helix-turn-helix-turn region are shown in boldface.

nase C, LexA-lamin, and LexA-rho, using a LacZ filter assay
(data not shown). All six clones contained overlapping cDNA
fragments coding for the carboxyl terminus of the 70-kDa
subunit of human Ku autoantigen (Ku70--GALA4 ;). Two in-
dependent clones were obtained (aa 279 to 499 and 349 to
602), and therefore the likely region of interaction encom-
passes aa 349 to 499. The largest clone (aa 349 to 602) was used
in subsequent experiments, because it interacted more strongly
with LexA-hGCNS5.BrD. Recently, Ku70 also has been identi-
fied in a two-hybrid screen as a protein interacting with the
proto-oncogene p95"“ (67), and an overlapping region of
Ku70 was found to interact with both p95”*" and hGCNS5.

To quantitate the strength and specificity of interaction, -
galactosidase activities of various LexA fusions and Ku70.-
GALA4 [, were determined (Table 1). The interaction between
LexA-hGCNS5.BrD and Ku70--GALA4 ., was strong, showing
54-fold induction over interaction with the GAL4,, alone. In
contrast, an unrelated LexA fusion (LexA-rho) showed less
than twofold induction. BrDs derived from human TAF,;;250
(aa 1400 to 1608) (69) and CBP (aa 1107 to 1247) (21) were
also able to interact with Ku70.-GAL4,, (Table 1), albeit
somewhat more weakly than did LexA-hGCNS5.BrD. Interac-
tion between the BrDs derived from either hGCNS or CBP was
tested in vitro. Full-length in vitro-translated [**S]Ku70 bound
to both GST-hGCNS5.BrD and GST-CBP.BrD (Fig. 2B). These
interactions indicate a general affinity between Ku70 and

TABLE 1. Interaction between LexA DNA-binding domain fusions
and the carboxyl terminus of Ku70 in the yeast two-hybrid assay

B-Galactosidase activity

LexApgp (U/mg of protein) Fold
fusion” induction”
GAL4,p Ku-GALA4 A
rho 10+ 6 171 ~2
hGCNS5.BrD 9=+1 489 * 58 54
hGCNS5.BrD.HT 7*+4 91 =21 13
hGCNS.BrD.Pro 6*+2 19 + 10 ~3
CBP.BrD 7*1 120 = 21 17
TAF250.BrD 8§+4 147 = 38 18

“ Shown are LexA DNA-binding domain (LexApgp) fusion proteins derived
from rho, the hGCNS5 BrD, the helix-turn-helix motif from the hBrD (BrD.HT;
aa 364 to 421), the proline-rich region from the hBrD (BrD.Pro; aa 339 to 363),
the CBP BrD, and the TAF250 BrDs. The LexA fusions were cotransformed into
yeast with either the GAL4 5, or the carboxyl terminus of Ku70 (aa 279 to 610)
fused to the GALA4 5.

? Ratio of each LexA fusion interaction with GAL4 ,,-Ku to interaction with
the GAL4,, alone.

BrDs, although the significance of the CBP and TAF;250
interactions with Ku70 has not been further tested.

Biochemical interaction between hGCNS5 and Ku70 was
further tested using GST fused to full-length Ku70 and [**S]
hGCNS translated in vitro. hGCNS bound to GST-Ku70 beads
but did not bind to control GST beads (Fig. 2A, left). The BrD
of hGCNS was required for interaction with Ku70, since
hGCNS5 lacking the BrD (hGCN5ABrD) bound poorly to
GST-Ku70 (Fig. 2A, right). In a control experiment, both
hGCNS5 and hGCNSABrD interacted with GST-hADA?2 (Fig.
2A). The GCN5-ADAZ? interaction previously was shown to be
independent of the BrD (14, 53).

To further analyze the interaction between Ku70 and the
BrD of hGCNS5, we identified the region within the BrD of
interaction with Ku70. Secondary structure prediction reveals
in all BrDs the presence of two amphipathic a-helices followed
by reverse turns (BrD.HT) (36) (Fig. 1). Also, the adjacent
region of the BrD contains several highly conserved prolines
(BrD.Pro) (Fig. 1). To address the question of whether the
BrD.HT or the BrD.Pro is required for interaction with Ku70,
two BrD deletion derivatives were fused to either LexA or
GST to test for interaction in vivo and in vitro. In the two-
hybrid assay, LexA-hGCNS5.BrD.HT interacted with Ku70.-
GALA b, but LexA-hGCNS.BrD.Pro interacted poorly (Table
1). Similarly, in the GST pull-down assay, GST-hGCNS5.BrD.
HT interacted with hKu70, but GST-hBrD.Pro bound poorly
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FIG. 2. Invitro interactions between hGCNS5 and Ku70. (A) hGCNS binding
to GST-hKu70. Equal amounts of GST-hADA2, GST-hKu70, or GST beads
were incubated with either *>S-labeled hGCN5 or hGCNSABrD translated in
vitro. After washing, the material remaining on beads was eluted with 20 mM
reduced glutathione and subjected to SDS-PAGE and autoradiography. (B)
hKu70 binding to GST-BrDs. Equal amounts of GST, GST-CBP.BrD, GST-
hGCNS.BrD.HT, GST-hGCNS5.BrD.Pro, GST-hGCN5.BrD, and GST beads
were incubated with in vitro-translated 3°S-labeled hKu70. The material bound
to beads was treated the same as for panel A. hKu70 input represented 50% of
the amount used in each reaction. See Table I, footnote a, for explanation of
GST fusion protein abbreviations.
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FIG. 3. Association of hGCNS5 and Ku70/80 in HeLa nuclear extract. (A)
Cofractionation of hGCNS5 and HAT activity over DE-52 ion-exchange chroma-
tography. Western blot analysis was performed on DE-52 column fractions, using
a-hGCNS5 polyclonal serum. The arrow designates the position of hGCN5 pro-
tein. HAT activity was quantitated by liquid scintillation counting, and the values
are shown for each fraction. (B) Cofractionation of Ku70/80 and hGCNS over
Superose 6 sizing chromotography. Western blot analysis was performed on
Superose 6 column fractions. Upper panel, hGCN5 immunoblot; lower panel,
Ku70/80 immunoblot. The column was calibrated with size marker proteins:
dextran blue (2,000 kDa) fraction 15; thyroglobulin (669 kDa) fraction 24; fer-
ritin (440 kDa) fraction 28; aldolase (158 kDa) fraction 32. (C) Coimmunopre-
cipitation analysis of Ku and hGCNS5. Western blot analysis of hGCN5 was
performed on immunoprecipitates from fraction 14 after DE-52 column chro-
matography (A). The monoclonal antibodies used in immunoprecipitation were
a-HA epitope, a-Ku70, and a-Ku80. The input lane (left panel) represents 15%
of the material used in each reaction. The right panel shows the effect of adding
sonicated salmon sperm DNA. Silver staining of immunoprecipitates with anti-
Ku80 or anti-HA serum indicated no differences in the overall pattern of proteins
bound by each antiserum (data not shown).
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to hKu70 (Fig. 2B). These data indicate that interaction be-
tween Ku70 and hGCNS requires the helix-turn-helix-turn re-
gion within the BrD of hGCNS5.

Cofractionation of hGCNS5 and Ku70/80. To determine wheth-
er hGCN5 and Ku70/80 interacted in vivo, HeLa nuclear ex-
tract was fractionated over three chromatographic columns
and the elution pattern of the proteins was monitored. Using
Western blot analysis, hGCNS5 was found largely in the P11
column FT (data not shown). Following separation of the P11
FT over DE-52 ion-exchange resin, hGCNS5 eluted in one
sharp peak, which coincided with the peak of histone acetyla-
tion activity (Fig. 3A). The peak of Ku70/80 elution coincided
with the peak of hGCN5 elution (fraction 14) on the DE-52
column (data not shown). The peak fractions of hGCN5-Ku70/
80 immunological staining in the DE-52 fractions were pooled
and size fractionated over Superose 6 resin. hGCNS5 and the
Ku heterodimer coeluted from the sizing column with an ap-
parent molecular mass of approximately 350 kDa (Fig. 3B).

To determine whether hGCNS5 and Ku were physically as-
sociated, coimmunoprecipitation of the proteins was tested.
Ku70 and Ku80 monoclonal antibodies were added to fraction
14 after the DE-52 column chromatography, which contained
hGCNS (Fig. 3A). hGCNS was detected in the a-Ku80 precip-
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itate, at approximately 15% of input (Fig. 3C). hGCNS5 was not
detected in the a-Ku70 precipitate (Fig. 3C, left). Since the
Ku70 monoclonal antibody is directed against its carboxyl ter-
minus (79), and since the carboxyl terminus of Ku70 is likely to
be the region of interaction with hGCNS, the monoclonal
antibody is likely to disrupt the Ku70-hGCNS interaction. A
control monoclonal antibody (a-HA epitope) also failed to
precipitate hGCNS (Fig. 3C). Ethidium bromide had no effect
on coimmunoprecipitation of the proteins (data not shown),
suggesting that contact between hGCNS and Ku is mediated by
mutual interaction rather than by coassembly on DNA. The
influence of DNA on stability of the Ku70/80-hGCNS interac-
tion was tested, since Ku binds to the ends of double-stranded
DNA (54). The addition of DNA did not affect the coimmu-
noprecipitation of Ku and hGCNS5 (Fig. 3C, right). Thus,
hGCNS cofractionates and coimmunoprecipitates with Ku
from HeLa nuclear extract, indicating an association between
the proteins.

In vitro phosphorylation by DNA-PKcs lowers HAT activity
of recombinant hGCNS. These data show interaction between,
and cofractionation of, hGCNS5 and Ku70/80. Since human Ku
autoantigen is the DNA-binding component of the DNA-PK
holoenzyme (31), this raised the possibility that DNA-PKcs
was also physically associated with hGCN5 and Ku. We exam-
ined the column fractions described above by immunostaining
for DNA-PKcs and Ku70/80 proteins. Although cofractionat-
ing with Ku70/80 proteins over P11 and DE-52 columns (Fig.
4A), DNA-PKcs eluted from the Superose 6 column in frac-
tions 24 to 26 (data not shown), distinct from the peak fraction
of hGCN5 and Ku70/80 (Fig. 3B and 4A). These results are
consistent with observations of others (24, 31) that DNA-PKcs
and the Ku heterodimer can be separated from each other by
gel filtration chromatography and, apparently, assemble into a
complex only in the presence of DNA.

As a next step, we tested whether purified recombinant
hGCNS can be phosphorylated by DNA-PKcs purified from
HeLa extract (18). DNA-PKcs phosphorylated hGCNS5, as
judged from control reactions using preimmune serum or lack-
ing recombinant hGCNS5 (Fig. 4B, left). The absence of Ku70/
80 and/or DNA in the reaction abolished phosphorylation (Fig.
4B, right), consistent with previous observations that maximal
activity of DNA-PKcs requires Ku and free DNA ends (31, 47).
Thus, the phosphorylation of hGCNS was likely to be mediated
by DNA-PKcs and not by a nonspecific kinase activity present
in the enzyme preparation.

The phosphorylation of hGCNS5 by DNA-PKcs shown above
prompted us to test whether phosphorylation affected hGCNS’s
HAT activity. Recombinant hGCNS5 acetylated free histone H3
(Fig. 4C) (55, 80), and, strikingly, phosphorylation by DNA-
PKcs decreased HAT activity six- to eightfold (Fig. 4C). In
control reactions, where hGCNS5 was poorly phosphorylated
because either ATP, Ku70/80, or DNA was omitted (Fig. 4A),
hGCNS’s HAT activity was affected only slightly (Fig. 4C). This
indicated that the inhibition of HAT activity was caused by the
kinase activity of the DNA-PK holoenzyme and not by non-
specific effects of the reagents. The data above indicate that
recombinant hGCNS interacted with the Ku heterodimer and
was a target of phosphorylation by DNA-PKcs, resulting in
decreased HAT activity of hGCNS.

Phosphorylation by DNA-PKcs affects the HAT activity of
endogenous hGCNS. Next we examined the physiological rel-
evance of these observations. We performed a series of exper-
iments using the P11 column FT after HeLa extract chroma-
tography. The P11 FT is a crude fraction and contains hGCNS5
(see Fig. 6A, lower panel), Ku70/80 (Fig. 4A), and DNA-PKcs
(Fig. 4A; see also Fig. 6B, lower panel). These experiments,
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FIG. 4. Effect of Ku/DNA-PKcs on recombinant hGCNS. (A) Western blot
analysis of DNA-PKcs in sequential column fractions. Input, HeLa nuclear
extract; P11 FT, FT from the P11 column; DE-52 Fr.14, fraction 14 (0.3 M KCl
elution) (Fig. 3A); Superose 6 Fr.30, fraction 30 (Fig. 3B). Equal volumes of
fractions described above were subjected to SDS-PAGE and transferred onto
nitrocellulose. Blots were incubated with either DNA-PKcs monoclonal antibody
(upper panel) or a mixture of Ku70 and p80 monoclonal antibodies (lower
panel). (B) Phosphorylation of hGCNS5 by DNA-PKcs in vitro. Recombinant
hGCNS5 was incubated with sonicated salmon sperm DNA, purified Ku70/80, and
purified DNA-PKcs, as indicated. In the control experiment in the left panel,
recombinant hGCN5 was not added to the lane marked —. [y-*’P]JATP was
added and, following the kinase reaction, samples were immunoprecipitated with
«-hGCN5 or preimmune serum and subjected to SDS-PAGE and autoradiog-
raphy. (C) HAT activity assay of phosphorylated hGCNS. Recombinant hGCN5
and purified DNA-PKcs were incubated with ATP, sonicated salmon sperm
DNA, and Ku70/80, as indicated. Following the HAT assay, to visualize >H-
histones, samples were subjected to SDS-PAGE and fluorography. One-fourth of
the sample volume was quantitated by liquid scintillation counting, and these
values are shown below the gel.

outlined in flow diagrams (Fig. 5 and 8A), were designed to
test whether endogenous hGCN5’s HAT activity is affected by
DNA-PKcs in these native conditions (Fig. 6) and, if so,
whether hGCNS is a phosphorylation substrate for DNA-PKcs
(Fig. 7) and, finally, if Ku70/80 interaction with the BrD of
hGCNS is required for this phosphorylation (Fig. 8).

The FT was tested for GCNS5-dependent HAT activity (Fig.
6). Immunodepletion of hGCNS (Fig. 5, column A) resulted in
a 50% decrease in HAT activity (Fig. 6A, lanes 3 and 4). The
remaining HAT activity is likely to be due to other, unknown
HAT:s in the FT, since hGCNS was not detected by Western
analysis following the immunodepletion (Fig. 6A, lower panel,
lanes 3 and 4). In a control experiment, the acetyltransferase
activity of the FT was largely specific for exogenous histones,
since the activity was 10-fold higher for free histones than for
BSA (Fig. 6A, lanes 1 and 2).

Next, a possible role for DNA-PKcs in modulation of the

REPRESSION OF GCN5S HAT ACTIVITY 1353

HAT activity in the FT was investigated (Fig. 5, columns B and
C). The HAT activity was lowered 25% by adding ATP (Fig.
6B, lane 2) and was reduced an additional 50% by adding both
ATP and DNA (Fig. 6B, lane 3), which are effectors of DNA-
PKcs kinase activity. To determine whether this latter reduc-
tion of HAT activity was due to repression by DNA-PKcs,
DNA-PKcs was immunodepleted prior to the HAT assay, as
confirmed by Western analysis (Fig. 6B, lower panel; compare
lanes 3 and 4). DNA-PKcs immunodepletion significantly al-
leviated the HAT repression (Fig. 6B; compare lanes 2, 3, and
4). Furthermore, add-back of purified DNA-PKcs once again
repressed HAT activity (Fig. 6B, lane 5). Taken together, the
data in Fig. 6 suggest that DNA-PKcs, in the presence of its
effectors, repressed the HAT activity of endogenous hGCNS.

We then determined whether hGCNS5 was indeed a phos-
phorylation substrate of DNA-PKcs in the FT and, if so, at-
tempted to establish a correlation between GCNS’s phosphor-
ylation state and the level of its HAT activity (Fig. 5, columns
D to F; Fig. 7). The FT was immunodepleted by using a-DNA-
PKcs or was mock treated with a-HA, and the supernatant was
used in a kinase reaction. The phosphorylation state of endog-
enous hGCNS was determined after immunoprecipitation us-
ing a-GCNS or preimmune serum as a control. As shown in
Fig. 7A (upper panel), hGCNS was phosphorylated in the
supernatant following mock immunodepletion (lane 2) but not
following immunodepletion of DNA-PKcs (lane 5). As a con-
trol, the amount of hGCN5 was comparable after immu-
nodepletion by the two antibodies, as shown by Western anal-
ysis (Fig. 7A, lower panel). Significantly, phosphatase treatment
of the mock-immunodepleted sample both reversed the DNA-
PKcs-dependent phosphorylation of hGCN5 (Fig. 7A; com-
pare lanes 2 and 3) and, importantly, largely alleviated the
DNA-PKcs-dependent repression of HAT activity of immu-
noprecipitated hGCNS5 (Fig. 7B). In the experiments shown in
Fig. 7, histones were added subsequent to the kinase reaction,
indicating that phosphorylation of histones themselves is un-
likely to cause changes in HAT activity. In summary, endoge-
nous hGCNS is apparently a phosphorylation substrate for

P11 flow-through fraction

immunodepletion

|
o-GCNS O"I]‘[A o-DNA-PK
|
+/- ATP, DNA {(activation of DNA-PK)
A l .
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Jfor HAT activity
(Fig.64) test supernatant C +
Jor HAT activity test s rmatant
ig.6B) Lpernata
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(Fig.6B}

immunoprecipitation using a-GCN5 or preimmune

phosphatase no
treatment treatment

D E F

determine phosphorylation status of GCN5 (Fig.7A)
test immunoprecipitate for HAT activity (Fig. 7B)

FIG. 5. Outline of experiments testing the effect of DNA-PK on endogenous
hGCNS5. HelLa nuclear extract was fractionated on a P11 column, and the FT was
tested for hGCN5-dependent HAT activity (column A) as well as DNA-PKcs-
dependent effects on hGCN5’s HAT activity (columns B and C) and DNA-
PKcs-dependent phosphorylation of hGCNS (columns D to F). The experimen-
tal results are shown in Fig. 6 and 7.
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FIG. 6. Effect of immunodepletion of endogenous hGCNS5 or DNA-PKcs on
HAT activity in HeLa cell extracts. (A) HAT activity of endogenous hGCNS. P11
FT fraction was preincubated with preimmune (lanes 1 to 3) or hGCNS5 (lane 4)
antiserum. Proteins bound to antibodies were depleted by incubation with pro-
tein G beads followed by centrifugation. Supernatants were incubated with either
BSA (lane 2) or free histones (lanes 1, 3, and 4) and subjected to HAT assay;
100% activity represented the incorporation of the H-acetyl moiety (dpm)
mediated by the P11 FT fraction after mock immunodepletion with preimmune
antiserum (lanes 1 and 3). Activities of other samples were calculated as a
percentage of the mock-treated values. The standard deviations are based on
results of two independent experiments. (B) Effect of DNA-PKcs on HAT
activity in P11 FT. P11 FT was preincubated with HA-epitope monoclonal
antibody (lanes 1 to 3) or DNA-PKcs monoclonal antibody (lanes 4 and 5) and
immunodepleted as for panel A. Prior to the HAT assay, immunodepleted
samples were incubated with ATP (lanes 2 to 5) and nonspecific DNA (lanes 3
to 5). Purified DNA-PKcs was added to the DNA-PKcs-immunodepleted sample
(lane 5). Following the kinase reaction, samples were subjected to HAT assay;
100% activity represented the incorporation of *H-acetyl moiety (dpm) mediated
by the P11 FT fraction after mock immunodepletion with HA epitope monoclo-
nal antibodies (lane 1). Activities of other samples were calculated as a percent-
age of the mock-treated values. The standard deviations are based on results of
three independent experiments.

DNA-PKcs, and this phosphorylation reversibly affects
hGCN5’s HAT activity.

The BrD is required for phosphorylation of hGCNS5 by the
DNA-PK holoenzyme. We then determined whether hGCNS-
Ku70 interaction, and specifically the BrD of hGCNS, is re-
quired for DNA-PKcs-mediated phosphorylation in the P11
FT fraction. The experimental strategy, outlined in Fig. 8A, is
based on the previous observation that GST-BrD interacts with
Ku70 in vitro (Fig. 2).

To test the importance of Ku70 for phosphorylation of en-
dogenous hGCNS5, GST-BrD beads were used to affinity de-
plete the FT fraction prior to the kinase reaction. Affinity
depletion of the FT with GST-BrD beads reduced phosphor-
ylation of hGCNS, while a mock depletion with GST alone had
little effect (Fig. 8B, upper panel). The amounts of hGCN5
in the supernatants after GST-BrD or GST affinity depletion
were equivalent (Fig. 8B, middle panel). GST-BrD precipi-
tated Ku70, while GST alone interacted poorly with Ku70 (Fig.
8B, lower panel), showing that GST-BrD interaction with
Ku70 competed with the normal association between hGCN5
and Ku70. These data illustrate that phosphorylation of en-
dogenous hGCNS5 requires the native Ku70-containing com-
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plex and thus extend our previous observation of the role of Ku
in vitro (Fig. 4).

We then addressed the specific role of the BrD in the phos-
phorylation of hGCNS. In contrast to the experiment using
GST-BrD beads (shown in Fig. 8B), GST-BrD was eluted from
the beads and incubated with the FT fraction (Fig. 8C). Thus,
in this experiment Ku70 was not depleted prior to the kinase
reaction. However, phosphorylation of hGCNS5 was still re-
duced in the presence of excess eluted GST-BrD but not GST
(Fig. 8C). Thus Ku70 was still present during the kinase reac-
tion in Fig. 8C but was titrated out by GST-BrD, thus being
unable to participate in the phosphorylation of full-length
GCNS. These data indicate that physical interaction between
the BrD of GCNS5 and Ku70 is required for phosphorylation of
hGCNS by DNA-PKcs.
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— 4+ 4| — +| o-GCN5 precipitation
— — 4| — —| phosphatase
’ -
- < [32P] hGCN5
1 2 3 45
_HA o-DNA-
¢ PKcs
<4 hGCN5
(Western)
Supernatant
B 100
28
ga"—‘
& £ 50 HAT activity
3§
© 9
X E
0
— + + | ATP + DNA (activation of DNA-PKcs)

— — + | phosphatase

FIG. 7. Effect of immunodepletion of DNA-PKcs and phosphatase treat-
ment on phosphorylation and HAT activity of endogenous hGCNS. (A) Effect on
phosphorylation of hGCNS5. The P11 FT was preincubated with HA epitope
monoclonal antibody (lanes 1 to 3) or DNA-PKcs monoclonal antibody (lanes 4
and 5) and immunodepleted as for Fig. 6A. The kinase reaction was done in the
immunodepleted samples in the presence of [y-**P]ATP and sonicated salmon
sperm DNA. Following the kinase reaction, hGCN5 was immunoprecipitated
and phosphatase was added to the reaction in lane 3, as indicated. The phos-
phorylation status of hGCNS5 was determined by SDS-PAGE and autoradiogra-
phy (upper panel). To show that the amount of hGCN5 input in any of the lanes
in the upper panel was the same following immunodepletion by a-HA (lanes 1 to
3) or a-DNA-PKcs (lanes 4 and 5), hGCNS5 input was analyzed by Western
blotting (lower panel). (B) Effect of phosphatase treatment on HAT activity of
hGCNS. The P11 FT was preincubated with HA epitope monoclonal antibody as
for panel A. The kinase reaction was performed with nonradiolabeled ATP and
sonicated salmon sperm DNA where indicated. Following the kinase reaction,
samples were immunoprecipitated with a-hGCNS5, and HAT activity was deter-
mined; 100% activity represented the incorporation of *H-acetyl moiety (dpm)
mediated by the P11 FT fraction without activation of DNA-PKcs (lane 1).
Activities of other samples were calculated as a percentage of the mock-treated
values. Standard deviations are based on results of three independent experiments.
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FIG. 8. Effect of BrD affinity depletion or affinity competition on hGCN5
phosphorylation in the P11 FT fraction. (A) Outline of experiments testing effect
of GST-BrD on hGCNS5 phosphorylation. P11 column FT was tested for Ku70-
dependent effects on hGCNS phosphorylation, following either affinity depletion
of Ku70 or affinity competition for Ku70, using GST-BrD. The experimental
results are shown in panels B (depletion) and C (competition). (B) Effect of
affinity depletion of Ku70 on phosphorylation of hGCNS. The P11 FT was either
not treated (—) or incubated with GST-BrD beads or GST beads. Proteins bound
to the beads were depleted by centrifugation. Upper panel, [y->*P]JATP and
sonicated salmon sperm DNA were added to the supernatants to activate DNA-
PKcs. Following the kinase reaction, samples were immunoprecipitated using
o-hGCNS5 and subjected to SDS-PAGE and autoradiography. Middle and lower
panels, following bead depletion, either the supernatants were assayed for
hGCNS5 (middle) or the beads were assayed for Ku70 (lower), using Western
analysis. (C) Effect of affinity competition for Ku70 on phosphorylation of
hGCNS5. GST-BrD and GST were eluted from the glutathione-Sepharose beads,
using reduced glutathione. The P11 FT was incubated with the bead-eluted
GST-BrD or GST, and a kinase assay was performed as for panel B.

Activity of hGCNS is inhibited by DNA-PKcs in vivo. To
further address the question of whether DNA-PKcs inhibits
activity of GCNS in vivo, we examined the state of phosphor-
ylation and levels of HAT activity of hGCNS in cells expressing
DNA-PKcs or lacking DNA-PKcs. hGCNS5 was transfected
into the human glioblastoma cell line MO59K (DNA-PKcs™)
or MO59J (DNA-PKcs ™) (49). hGCNS was expressed equally
in both cell lines, as judged by [**S]Met labeling (Fig. 9A).
Phosphorylation of immunoprecipitated hGCNS was deter-
mined following **P; labeling of cells and was approximately
two times higher in DNA-PKcs™ cells than in DNA-PKcs™
cells (Fig. 9B). Strikingly, hyperphosphorylated hGCNS5 from
DNA-PKcs™ cells possessed lower HAT activity compared to
hGCNS from DNA-PKcs™ cells (Fig. 9C). Thus, observations
in both cell lines (Fig. 9) and cell fractions (Fig. 6 to 8) strongly
support in vitro evidence (Fig. 4) that GCNS is phosphorylated
by DNA-PKcs, causing inhibition of GCN5’s HAT activity.

DISCUSSION

The BrD is present in proteins that modify or remodel chro-
matin, and the motif is conserved in primary structure through
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evolution. Therefore, it is striking that no function has yet been
attributed to the BrD. Because of the presence of the BrD in
proteins of similar overall function, i.e., chromatin alteration,
we initiated a two-hybrid genetic screen, using the BrD derived
from human GCNS. We identified a physical interaction be-
tween hGCNS5 and the Ku70/80 heterodimer, both in vitro and
in vivo, which resulted in phosphorylation of hGCNS by DNA-
PKcs. The consequence of the phosphorylation was repression
of hGCNS5’s HAT activity, which is the first report of modu-
lation of HAT activity. Hence, this is a potential regulatory
mechanism of HAT activity.

Role of the BrD in HATSs. The BrD is found commonly in
transcription factors having a role in histone acetylation, in-
cluding GCNS (12), hTAF,,250 and Drosophila TAF ;230 (55),
and CBP (5, 58). We and others previously have shown that the
BrD is dispensable for catalytic HAT activity (16, 55, 58),
which suggested that it may have an ancillary or regulatory
function related to HAT activity. Our current results suggest
that the BrD may play a role in negative modulation of HAT
activity.

Generally, deletion of the BrD causes either no effect or a
modest effect on overall function. No phenotypic effect was
observed by deletion of the BrD in SWI2/SNF?2 (45) or in the
related Drosophila melanogaster protein, brahma (74). Simi-
larly, deletion of the BrD in the yeast transcription factor
SPT7, belonging to the TBP-related group of SPT proteins,
caused no detectable loss of function (28). For yeast GCNS,
deletion of the BrD caused a slight reduction of the ability of
the protein to complement growth or transcription (16, 53),
although the stability of the truncated protein was reduced
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FIG. 9. Phosphorylation levels and HAT activity of hGCNS5 in DNA-PKcs™*
and DNA-PKcs™ glioblastoma cells. MO59K cells (DNA-PK™) (lane 3) or
MO59J cells (DNA-PK™) (lanes 1 and 2) were transfected with hGCN5 ex-
pressed from the cytomegalovirus promoter. The cells were lysed, and samples
were immunoprecipitated with hGCNS5 antiserum (lanes 2 and 3) or preimmune
serum as a control (lane 1). Transfected cells were labeled with either [*>S]Met
(A) to determine hGCNS5 expression levels in the two cell lines or *?P; (B) to
detect the levels of hGCNS5 phosphorylation. (C) Histogram of the HAT activity
detected in immunoprecipitates from unlabeled cells that were similarly trans-
fected with hGCNS. Standard deviations are based on results of two independent
experiments. The high background of HAT activity in lane 1 derived from a
combination of nonspecific precipitation of HAT activity by the protein G-
Sepharose beads, as well as by the preimmune serum (data not shown). Total
levels of incorporation of 3°P; into proteins from the two cell lines were compa-
rable, as judged by SDS-PAGE analysis (data not shown).
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(16). Our observation that the BrD confers a negative effect on
hGCNS activity may explain the absence of a clear function for
the BrD in previous studies. Since only potential positive ef-
fects of the BrD were tested previously, it may be necessary to
examine the role of the BrD in negative regulation of protein
activity.

We have shown that interaction with Ku70 requires the
helix-turn-helix motif in the BrD of hGCNS5 but not the pro-
line-rich region located upstream (Fig. 1). Since both motifs
are evolutionarily conserved in BrDs (36), it remains to be
determined whether the proline-rich region is required for
other, yet unknown functions of the BrD. For example, pro-
line-rich regions are present in transcriptional activation do-
mains (75) and thus are likely to be regions of protein-protein
interaction.

BrDs derived from the HAT enzymes TAF;250 and CBP
also interacted with Ku70 in the current study. TAF;250 is
associated with TBP and constitutes part of the TFIID com-
plex that is required for activated transcription (reviewed in
reference 77). CBP interacts with and potentiates transcription
of several transcriptional activators, including CREB and ste-
roid receptors (reviewed in reference 39). In addition, DNA-
PKcs and Ku70/80 were shown to be components of an RNA
polymerase II holoenzyme purified from HeLa cell nuclear
extracts (51). Thus, the interaction that we have observed be-
tween these other BrDs and Ku70 raises the intriguing possi-
bility that the DNA-PK holoenzyme may inhibit the activity of
these other transcriptionally relevant HATs, which is currently
under investigation.

hGCNS5 may be a physiological substrate of DNA-PK. After
obtaining Ku70 as a yeast two-hybrid partner of the BrD of
hGCNS, we tested the role of this interaction in three contexts:
in vitro using recombinant proteins, in HeLa cell nuclear ex-
tracts using endogenous proteins, and in vivo using DNA-
PK™/~ cell lines. In all three contexts hGCNS was seen to be
phosphorylated by DNA-PK, in a Ku70- and BrD-dependent
manner, resulting in inhibition of HAT activity. Taken to-
gether, these data constitute strong evidence supporting a
physiologically significant role for the hGCNS5-Ku interaction
and phosphorylation by DNA-PKcs.

Various proteins previously were shown to be phosphory-
lated by DNA-PKGcs in vitro; however, few of these have been
shown to be physiological targets. For example, many DNA-
binding transcriptional activators, such as Octl, SP1, p53, and
glucocorticoid receptor (GR), are phosphorylated by DNA-PK
(reviewed in reference 19), but none have been reported to be
modified in vivo. Other in vitro targets include the carboxyl-
terminal tail of the largest subunit of RNA polymerase II (24)
and the 34-kDa subunit of the replication factor RPA (9). As
we have shown for hGCNS, RPA is phosphorylated in vivo (9).
Importantly, the DNA-PKcs-dependent phosphorylation of
hGCNS has a functional consequence, i.e., down-regulation of
HAT activity both in vitro and in vivo.

The consensus motifs for DNA-PKcs kinase activity in vitro
have been determined. DNA-PKcs is a Ser/Thr kinase and
recognizes -SQ-, -TQ-, -PS-, or -PT- sites (reviewed in refer-
ences 2 and 19) surrounded by acidic residues (4). Since only
RPA was phosphorylated in vivo (9), and those sites have not
been characterized, it remains to be determined what sites are
used in vivo. Similarly, it will be important to identify sites
in hGCNS5 utilized by DNA-PKcs in vitro and to determine
whether the same sites are phosphorylated in vivo in a DNA-
PK-dependent manner. Our preliminary data suggest that the
phosphorylation of recombinant hGCNS5 occurs within the
amino terminus (5a), and within this region reside two poten-
tial phosphorylation sites. Currently, we are testing the role of

MoL. CELL. BIOL.

these sites in phosphorylation of hGCNS and function in vitro
and in vivo.

Given the wide range of phosphorylation substrates, it is
possible that DNA-PK holoenzyme targets a large number and
variety of transcription factors, including DNA binding activa-
tors as well as coactivators or HATS, to widely repress tran-
scription at sites of repair or recombination (see below for
further discussion).

Potential role of inhibition of GCN5’s HAT activity by DNA-
PKcs. What might be the functional consequence of phosphor-
ylation of hGCNS and inhibition of HAT activity? The DNA-
PK holoenzyme is known to play a role in DNA repair and
V(D)J recombination (38). One possibility is that during pro-
cesses that alter the DNA template, transcription of nearby
genes must be repressed. A second possibility is that following
transcriptional activation associated with increased acetylation
of histones, DNA-PK plays a role in inactivating HATs. As
discussed above, the presence of DNA-PK in the human RNA
polymerase II holoenzyme (51) lends support to the idea that
modulation of HAT activity by the DNA-PK holoenzyme may
be involved in transcriptional regulation.

There are several examples of Ku70/80 and/or DNA-PKcs-
dependent repression of transcription. For example, Ku medi-
ates repression of GR-dependent transcription of the mouse
mammary tumor virus long terminal repeat in vivo (30). DNA-
PK does indeed phosphorylate GR in vitro (30); however, it is
not yet known whether phosphorylation occurs in vivo. Thus,
the connection between DNA-PK-mediated phosphorylation
and transcriptional repression remains to be established.

RNA polymerase I transcription is repressed in vitro in two
ways by DNA-PK holoenzyme. First, Ku autoantigen was seen
to compete with the positive regulator of RNA polymerase [
transcription, UBF (upstream binding factor) (42), for binding
to DNA. Moreover, phosphorylation of the RNA polymerase I
cofactor, SL1, by DNA-PKcs prevented formation of the
preinitiation complex in vitro and lowered the overall level of
transcription (41). The relevance of this mechanism in vivo has
not been reported.

Repression of hGCNS activity via the DNA-PK holoenzyme
might operate at several levels. First, Ku70/80 may bind to
hGCNS via the bromodomain interaction and may sequester
hGCNS in nonfunctional complexes. Interestingly, hGCNS was
found in a relatively small complex (320 kDa) from HeLa cells,
compared to yeast GCNS, which is present in larger ADA
protein-associated complexes (800 kDa and 1.8 MDa) (32). A
second level of repression may be phosphorylation of hGCNS5
by DNA-PKcs, through DNA-PKcs interaction with Ku, result-
ing in inhibition of HAT activity of hGCNS5. Future experi-
ments will elucidate the role of DNA-PK-mediated modula-
tion of hGCNS activity.
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