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The TIP60 histone acetyltransferase plays diverse roles in DNA damage responses, DNA double-strand
break repair, and transcriptional regulation. TIP60 resides within a multisubunit complex that has been shown
to be targeted by transcription factors and to be involved in histone acetylation and transcriptional activation.
p400, an SWI2/SNF2-related ATPase that serves as an ATP-dependent chromatin remodeling enzyme, exists
as an integral subunit of a TIP60 complex but also resides within a distinct complex that presumably lacks
TIP60 and appears to be involved in the transcriptional repression of basal p53 target gene expression. Here,
we describe a TIP60-containing p400 complex population in which the acetyltransferase activity of TIP60 is
repressed by interactions with p400. We further show that an SWI3—ADA2-N-CoR-TFIIIB (SANT) domain of
p400 binds directly to the histone acetyltransferase (HAT) domain of TIP60 and blocks both its enzymatic
activity and its coactivator function in regulating basal p21 gene expression. Our results thus suggest that p400
represses basal p21 gene expression through dual mechanisms that include the direct inhibition of TIP60
enzymatic activity described here and the previously described ATP-dependent positioning of H2A.Z at the

promoter.

The compaction of eukaryotic DNA within nucleosomal and
higher-order chromatin structures allows intricate multilevel
regulatory responses to diverse environmental signals, al-
though these structures themselves provide physically repres-
sive barriers to critical nuclear processes such as DNA repli-
cation, transcription, and repair (12). Two types of enzymes
have evolved to regulate chromatin structure and thereby fa-
cilitate the transcriptional repression or activation of genes.
The first group includes ATP-dependent chromatin remodel-
ers that alter DNA-histone contacts without covalent bond
breakage and result in changes in nucleosome positioning or
composition (33). The second group includes diverse histone-
modifying enzymes that add or remove posttranslational mod-
ifications on histones (32). Each type of enzyme generally
forms a multisubunit complex with specialized subunits that
may play roles in targeting to DNA-bound transcription fac-
tors, in direct binding to chromatin through unmodified or
modified histones, or in interactions with basal transcription
machineries. In Saccharomyces cerevisiae, the two enzyme
types are usually found in distinct complexes that act together
in either a concerted or a sequential manner to regulate tran-
scription (11). This is generally the case in higher eukaryotes as
well, but in some cases, enzyme complexes have converged into
a combined complex that contains both an ATP-dependent
chromatin remodeler and a histone modifier (13, 36). The
TIP60 complex is one of a few complexes of this type in meta-
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zoans to mediate transcriptional regulation. Consistent with an
evolutionary convergence, the mammalian TIP60 complex has
been experimentally mimicked in yeast by assimilating yeast
NuA4 histone acetyltransferase and SWR1 ATP-dependent
chromatin remodeling complexes into a single complex (1).

TIP60 is a histone acetyltransferase (HAT) that acetylates
H2A and H4 histones within chromatin, and its enzyme activity
has been shown to be critical for multiple cellular processes
that include DNA damage responses, double-strand break re-
pair, and transcriptional activation (25). Besides the normal
core histone substrates, TIP60 targets also include histone vari-
ants (H2A.Z and H2AX), the ATM kinase, and DNA-bound
transcription factors such as p53 (2, 15, 27, 29). A complex
(“TIP60 complex”) that was affinity purified through an
epitope tag on TIP60 was shown to exhibit HAT activity and to
contain multiple subunits that included p400 (5, 13). p400 is an
ATPase in the SWI2/SNF2 class of ATP-dependent chromatin
remodelers (8) and was first identified as an E1A-interacting
protein crucial for E1A-dependent apoptosis and cellular
transformation (24). p400 has also been implicated in p53
target gene regulation through a repressive effect on basal-
level p21 transcription involving the localization of histone
variant H2A.Z to the promoter (9, 31). However, while there
is a close correlation between p2I transcriptional repression
and the joint recruitment of p400 and H2A.Z to the promoter,
a molecular mechanism for gene repression by H2A.Z remains
unknown. Of relevance here, p400 contains a conserved SWI3-
ADA2-N-CoR-TFIIIB (SANT) domain that has been shown
to interact both with histone tails and with other proteins and
is further implicated in both positive and negative chromatin-
regulatory modifications (26, 35).

Importantly, a complex (“p400 complex”) that was affinity
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purified with an anti-p400 antibody appeared devoid of TIP60
and any associated HAT activity, indicating the existence of a
complex that is distinct and separable from the p400-contain-
ing TIP60 complex (8, 13). However, especially in light of the
nearly identical polypeptide compositions of the p400 and
TIP60 complexes and the presence of HAT activity in the
TIP60 complex, it has not been clear why TIP60 was not evi-
dent in the p400 complex while the p400-containing TIP60
complex exhibited HAT activity. One possible explanation is
that the isolated TIP60 complex was heterogeneous, with a
population that contained p400 and one that did not, and that
the TIP60-p400 complex is dynamic. Moreover, because p400
was found to antagonize p53-dependent transcriptional activa-
tion mainly under basal (nonstressed) conditions, little is
known about how TIP60 and p400 enzymes in the same com-
plex might be modulated to achieve p53-dependent transcrip-
tional activation upon genotoxic DNA damage stress. Since
genotoxic stress has been reported to result in p400 dissocia-
tion from the p27 promoter followed by increased TIP60 re-
cruitment, the activated TIP60 complex at the promoter might
well lack the repressive p400 subunit (4, 9).

Here, we present evidence for a p400 complex subpopula-
tion that contains an integral TIP60 in an inactive form as a
result of a direct interaction between the TIP60 and p400
proteins. Remarkably, this interaction and the associated re-
pression have been shown to involve the SANT domain, which
binds to the HAT domain of TIP60 and suppresses HAT
activity. We also demonstrate that this novel interaction be-
tween p400 and TIP60 closely correlates with a loss of the
TIP60 coactivator function for basal p2/ promoter activity.

MATERIALS AND METHODS

Cell culture and transfection. HeLa, 293T, HCT116, and U20S cells were
cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum. Sf9 cells were cultured in Hink’s TNM-FH medium (Invitrogen)
supplemented with 10% fetal bovine serum. For transfection, cells were plated at
approximately 60 to 80% confluence and transfected with expression vectors, as
indicated, by using Fugene 6 (Roche).

Expression plasmids. The cDNAs for Flag-p400 and hemagglutinin (HA)-
TIP60 were subcloned into CBS mammalian expression vectors (19) for transient
expression assays. The p400 ATPase motif was mutagenized by PCR-mediated
site-directed mutagenesis (Stratagene) on the BsaBI-SgrAI cDNA fragment and
then reinserted into wild-type p400 cDNA. To prepare either HeLa or U20S
stable cell lines, lentiviruses encoding Flag-p400 proteins were generated and
then used for lentiviral infections according to the manufacturer’s protocol
(System Biosciences). For baculoviral protein expression, Flag-p400 or HA-
TIP60 cDNA was subcloned into pFAST-Bacl, and baculoviruses were then
generated according to the manufacturer’s protocol (Invitrogen). Glutathione
S-transferase (GST) fusion and His-tagged constructs were made in pGEX4T-1
and 6HpET11d vectors, respectively.

Luciferase reporter assay. The p2/ promoter-driven firefly luciferase plasmid
(pWWP-luc) (22) and the control pRL-CMV plasmid for Renilla luciferase were
used for dual-luciferase reporter assays (Promega), and experimental firefly
luciferase activities were normalized to pRL-CMV-driven Renilla luciferase ac-
tivities.

HAT assays. HA-TIP60 preparations were isolated from nuclear extracts ei-
ther on anti-HA agarose (Sigma) for HA-TIP60 alone or on M2 agarose (Sigma)
for HA-TIP60 bound to coexpressed Flag-p400 or its derivatives. HA-TIP60
preparations were released by the addition of excess HA or Flag peptides in
HAT assay buffer (50 mM Tris at pH 8.0, 10% glycerol, 50 mM KCI, 0.1 mM
EDTA, 10 mM butyric acid, 1 mM dithiothreitol [DTT], 1 mM phenylmethyl-
sulfonyl fluoride [PMSF]). HeLa core histones (2 pg) and [*HJacetyl coenzyme
A (CoA) were incubated with each eluate, and reaction mixtures were resolved
on an SDS-PAGE gradient gel (4% to 15%). Proteins were transferred onto a
nitrocellulose membrane and subjected to immunoblotting with the indicated
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antibodies. The bottom section of the gel below the 30-kDa molecular mass
marker was subjected to autoradiography for HAT activities. For reconstituted
HAT inhibition experiments, protein mixtures were preincubated at 30°C for 15
min, followed by an additional 30 min of incubation in the presence of
[*H]acetyl-CoA.

GST pulldown assay. Two micrograms of GST fusion proteins was bound to
glutathione-Sepharose 4B beads, and 300 ng of purified His-tagged proteins was
mixed in binding buffer (20 mM Tris-Cl [pH 7.5], 150 mM KCI, 0.2 mM EDTA,
20% glycerol, 0.05% NP-40, 1 mg/ml bovine serum albumin [BSA], and 0.5 mM
PMSF). After 3 h of incubation at 4°C, the beads were washed with binding
buffer, and bound proteins were resolved by SDS-PAGE and immunoblot anal-
ysis.

Protein purification. For the purification of p400 complexes from HelLa cells
that stably express Flag-p400 and HA-TIP60, nuclear extracts were prepared by
a modified Dignam procedure and directly applied onto a Sepharose CL6B gel
filtration column to remove unincorporated free HA-TIP60 (23). Fractions cor-
responding to the p400 protein peak, as determined by immunoblotting, were
combined and subjected to M2 agarose affinity purification. After being serially
washed with BC300 and BC500 buffers (20 mM Tris-Cl [pH 7.5], 0.2 mM EDTA,
20% glycerol, and 0.5 mM PMSF with 300 and 500 mM KClI, respectively)
containing 0.1% NP-40, captured Flag-p400 was eluted by the addition of 250
png/ml Flag peptide at 4°C. To prepare recombinant p400 plus TIP60 from Sf9
cells, 3 X 107 cells were plated onto 150-mm plates and infected with recombinant
Flag-p400 and HA-TTP60 baculoviruses at a multiplicity of infection (MOI) of 5
to 10 each. At 24 h postinfection, cells were harvested, and nuclear extracts were
subjected to the same Sepharose CL6B gel filtration chromatography and M2
agarose affinity purification procedures as those described above.

ChIP assay. Chromatin immunoprecipitation (ChIP) assays were conducted as
described previously (23). Briefly, 107 cells were cross-linked by the direct addi-
tion of formaldehyde (final concentration, 1%) to cells for 10 min at room
temperature. Fixed cells were harvested and washed twice with swelling buffer {5
mM PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)] (pH 8.0), 85 mM KClI,
0.5% NP-40, 0.5 mM PMSF, and 100 ng of leupeptin and aprotinin per ml}.
Nuclei were resuspended in sonication buffer (0.2% sodium dodecyl sulfate, 0.5
mM PMSF, 100 ng of leupeptin and aprotinin per ml) and sonicated on ice to
obtain 500-bp DNA fragments. Normalized chromatin lysates were incubated
overnight with the indicated antibodies (anti-GAL4[DBD] antibody from Santa
Cruz, anti-p53 antibody [FL-393] from Santa Cruz, anti-hyperacetylated histone
H4 from Millipore, anti-Flag antibody from Sigma, and anti-TIP60 antibody
raised in this study), and 20 pl of protein A beads was then added and incubated
for an additional 1 h at 4°C. Beads were washed and eluted, and following
cross-link reversal, eluted material was subjected to real-time PCR amplification.
Primers used for ChIP PCR are available upon request.

Histone variant exchange assay. The 196-bp DNA fragment from plasmid
pG5ML (14) was labeled with biotin-14-dATP and then assembled with recom-
binant histones into a mononucleosome. One milligram of Dynabead M-280
streptavidin (Invitrogen) was incubated with 700 ng of assembled mononucleo-
somes for 3 h at room temperature. Dynabead-bound mononucleosomes were
washed with preincubation buffer (20 mM HEPES [pH 7.5], 200 mM NaCl, 1
mM EDTA, 10% glycerol, 1 mg/ml BSA, 0.5 mM DTT, 0.5 mM PMSF) and then
used for the exchange assay. The exchange reaction was initiated by addition of
35 ng of mononucleosomes, 10 ng of purified p400, 1.5 mM ATP, and 300 ng of
the Flag-H2A.Z plus H2B (Flag-H2A.Z+H2B) dimer in exchange buffer (25
mM HEPES [pH 7.6], 0.1 mM EDTA, 5 mM MgCl,, 10% glycerol, 0.02% NP-40,
1 mM DTT, 0.1 mg/ml BSA, 70 mM KCl) for 1 h at 30°C. Dynabead-bound
mononucleosomes were washed with exchange buffer and resolved by SDS-
PAGE and immunoblot analysis.

RESULTS

A TIP60-containing p400 complex with suppressed HAT
activity. The TIP60 complex isolated through Flag-tagged
TIP60 was previously reported to contain p400 as an integral
subunit and exhibited a robust HAT activity (5, 13), whereas
the p400 complex isolated through an anti-p400 antibody was
reported previously to have neither TIP60 nor any significant
HAT activity (8). Those previous results suggested possible
heterogeneity, with respect to p400 occupancy, within isolated
TIP60 complexes in addition to the possibility of a TIP60-free
p400 complex. To see whether there might also be a TIP60-
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containing p400 complex lacking HAT activity, Flag-p400 was
ectopically overexpressed in 293T cells either alone or together
with HA-TIP60, and interactions were analyzed by coimmu-
noprecipitation and immunoblotting (Fig. 1A). The results in-
dicate that Flag-p400 stably associates with both endogenous
and ectopically expressed TIP60, thus arguing against the pos-
sibility of a p400 complex with little or no TIP60 protein. To
test for TIP60-driven HAT activity from a TIP60-p400 com-
plex, and in order to increase the population of complexes
containing both p400 and TIP60, we established a HeLa cell
line that stably expresses both Flag-p400 and HA-TIP60. The
Flag-p400 complex that was affinity purified on M2 agarose
contained stably associated TIP60 as well as other representa-
tive subunits, such as TRRAP and GAS41, but failed to show
detectable HAT activity (Fig. 1B). Our results thus indicate
that the lack of detectable HAT activity in a particular p400
complex may not be due simply to the normal absence of
TIP60 or to an unstable TIP60 association.

To understand the basis for the apparent suppression of
HAT activity in the TIP60-containing p400 complex, we asked
whether a direct one-to-one association between TIP60 and
p400 results in TIP60 HAT inhibition. For this purpose, and as
a control, we first showed that a preparation of HA-tagged
TIP60, which was purified on anti-HA agarose following ec-
topic expression in 293T cells and (based on immunoblotting)
deficient in p400, exhibited dose-dependent HAT activity with
core histones as a substrate (Fig. 1C, lanes 11 to 13). We then
coexpressed HA-TIP60 and either Flag-tagged p400 or p400
fragments and purified the corresponding HA-TIP60-contain-
ing Flag-p400/fragment complexes on M2 agarose. In contrast
to purified HA-TIP60, and even when comparable amounts
of HA-TIP60 (based on immunoblotting) were present in
the HAT assay mixtures, the HA-TIP60-containing Flag-
p400/fragment complexes showed no detectable HAT activ-
ity (Fig. 1C).

Since the TIP60-p400 association shown in a cell-based co-
immunoprecipitation assay could be mediated indirectly
through bridging proteins, we sought to determine whether
there is a direct physical interaction between these two en-
zymes. For this purpose, Sf9 cells were coinfected with baculo-
viruses that independently express Flag-p400 and HA-TIP60,
and cell lysates were analyzed by Sepharose CL6B gel filtration
(Fig. 1D, top). As revealed by immunoblots with anti-Flag and
anti-HA antibodies, Flag-p400 coeluted with a portion of HA-
TIP60 in fractions (fractions 1 to ~3) corresponding to higher
molecular masses. In contrast, when expressed without Flag-
p400 in Sf9 cells, HA-TIP60 was no longer detectable in high-
molecular-mass fractions (Fig. 1D, bottom), suggesting that
the molecular mass shift of TIP60 shown by gel filtration chro-
matography is mediated by a direct interaction with coex-
pressed p400 and not by related endogenous insect proteins.

From the gel filtration fractions containing Flag-p400 and
HA-TIP60 (fractions 1 to ~3) (Fig. 1D), we prepared a pre-
sumptive Flag-p400 and HA-TIP60 (Flag-p400+HA-TIP60)
heterodimer by M2 agarose immunopurification. As a control,
Sf9 cells that were infected with either mock or HA-TIP60
baculoviruses were used for mock and HA-TIP60 prepara-
tions, respectively (Fig. 1E). An SDS-PAGE analysis with sil-
ver staining revealed two prominent bands corresponding to
Flag-p400 and HA-TIP60, in addition to several nonspecific
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bands, in the Flag-p400+HA-TIP60 preparation. This suggests
that Flag-p400 is associated directly with HA-TIP60 in the
Flag-p400+HA-TIP60 preparation. Next, the HAT activities
of the baculovirus-expressed/affinity-purified proteins were
compared. The HA-TIP60-only preparation displayed robust,
dose-dependent HAT activity, whereas the Flag-p400+HA-
TIP60 preparation failed to show detectable histone acetyla-
tion activity above the background level (Fig. 1F). Taken
together, these results demonstrate a p400 complex
subpopulation that contains TIP60 in an inactive form as a
result of a direct interaction between the TIP60 and p400
proteins.

A SANT domain-containing p400 fragment interacts with
TIP60 and reduces TIP60-enhanced basal p21 promoter activ-
ity. Because the TIP60 HAT activity was suppressed only when
TIP60 was associated with p400, we sought to identify a specific
p400 region that could inhibit the HAT activity of TIP60. To
this end, vectors expressing six different Flag-tagged p400 frag-
ments (fragment 1 [F1] to F6) were constructed for further
analyses involving coexpression with HA-TIP60 in 293T cells
followed by coimmunoprecipitation and HAT assays (Fig. 2A).
Under conditions where comparable amounts of the six Flag-
p400 fragments (scored by anti-Flag immunoblotting) were
immunoprecipitated, the levels of coimmunoprecipitated HA-
TIP60 (scored by anti-HA immunoblotting) indicated direct or
indirect interactions with all three fragments (F1 to F3) span-
ning the N-terminal half of p400 (Fig. 2B). These results are
consistent with previous findings showing that the p400 region
spanning the helicase/SANT-associated (HSA) and SWI2/
SNF2 homology domains (Fig. 2A) is critical for interactions
with various subunits of the TIP60 complex (1, 8). Importantly,
of the C-terminal p400 fragments, only fragment 4, containing
the SANT domain, displayed a strong interaction with TIP60.

Since p400 appears not to be required for DNA damage-
induced p53 target gene activation, its repressive role in p53-
dependent transcription is evident mainly under basal, non-
stressed conditions (31). In addition, because the role of p400
in determining apoptotic versus growth arrest pathways de-
pends on its ability to repress basal p21 gene expression, we
chose the p27 promoter for studying the opposing functions of
p400 and TIP60. To identify a p400 fragment that could pre-
vent or reduce the coactivator function of TIP60, p2] promoter-
driven luciferase assays were conducted by transiently coex-
pressing TIP60 and Flag-p400 fragments in HCT116 cells (Fig.
2G, left). The ectopic expression of TIP60 with an empty vector
control induced a modest increase (~50%) in basal (nonin-
duced) p21 promoter activity. The ectopic expression of p400
fragments other than F4 did not significantly affect either basal
p21 promoter activity or TIP60-enhanced p21 promoter activ-
ity. In contrast, the ectopic expression of F4 resulted in a loss
of the ectopic TIP60 coactivator activity that consistently in-
creases the basal p21 promoter activities in our cell-based
reporter assay. As a control, the ectopic expression of a TIP60
HAT mutant resulted in a modest decrease, rather than an
increase, in basal p21 promoter activity regardless of the p400
fragments that were coexpressed (Fig. 2C, right). Together
with the coimmunoprecipitation results, these observations
raised the possibility that the SANT domain in F4 might inhibit
TIP60 coactivator function by a direct interaction.



A B et

«°
Flag-p400 - + + RPN\ I Qoo
o Q’bg N\ Q&Q
HA-TIP60 = + -
o -= | a-TRRAP

- a-Flag (p400) - @ | o-Flag (p400)

3 — | 0-GAS41
a-TIP60

Immunoblot H3
. o = K
C P‘:ﬁ\?‘b F:‘\?‘b HAT assay
X% o
<R o D F
< x\)&’\\;@‘ x& £12345678 910111213
D O M N}
o P;'Qb‘“ & <€° .. - a-Flag (p400)
(¢) ’
W e ¢ & i - . -FNs.
el el el
a-Flag
f ! -HA
i - P0 C @me-- - -eceo- | (g
- U - P -terminus
f‘::_ e = p400 N-terminus Flag-p400 + HA-TIP60
98 — : © i - a-HA
e csases - =- «® - o-HA (TIP60) ®*eoosc- (TIP60)
12345678 910111213
. a-Flag IP aHAIP HA-TIP60 alone
Immunoblot F N
O
S H3 :‘\?
HAT assay o~ :‘\Qb ’Q@Q
W N\ Q\QQ
——
E b&QQ el
‘«<\@Q:Q _a-Flag
x (p400)
\} \}
o 8 <f° l
(&) . .
WP Q¥
Anl . a-HA
206 " | Flag-p400 I ST (iPeo)
- e Immunoblot
115 — H3
i —/
e SN A B, it
o0 -——= e
- HA-TIP60 HAT assay
54 —

FIG. 1. Suppression of TIP60 HAT activity in the p400 complex. (A) Association of TIP60 with p400. Flag-p400 was ectopically expressed in
293T cells in the presence or absence of HA-TIP60 coexpression. Flag-p400 immunoprecipitates on M2 agarose were analyzed by immunoblotting
with anti-Flag and anti-TIP60 antibodies. Coimmunoprecipitated HA-TIP60 and endogenous TIP60 are indicated by the upper and lower asterisks,
respectively. (B) Analysis of the p400 complex containing TIP60. (Top) Immunoblot of polypeptides coimmunoprecipitated on M2 agarose with
Flag-p400 from HelLa cells that stably coexpress Flag-p400 and HA-TIP60. (Bottom) Autoradiogram for HAT activities using free histones as a
substrate. (C) Coimmunoprecipitation and HAT assays of p400-bound TIP60 that was ectopically coexpressed in 293T cells. HAT activities of
HA-TIP60 that was either immunoprecipitated alone by anti-HA antibody (lanes 11 to 13) or coimmunoprecipitated by anti-Flag antibody with
coexpressed full-length p400 (lanes 2 to 4), p400(1-1589) (lanes 5 to 7), or p400(1-108)+(1587-3122) (lanes 8 to 10) were compared. Input TIP60
amounts from immunoprecipitates (IP) on M2 agarose or anti-HA agarose were serially increased in both the immunoblot (top) and the HAT
(bottom) assays. Relative amounts of Flag-p400 and HA-TIP60 polypeptides in the HAT reactions were determined by immunoblots with anti-Flag
and anti-HA antibodies. (D) Immunoblotting of Flag-p400 and HA-TIP60 complexes that were resolved on Sepharose CL6B chromatography.
(Top) St9 cells were coinfected with two baculoviruses expressing Flag-p400 and HA-TIP60, respectively, and Sf9 cell lysates were analyzed on
Sepharose CL6B. (Bottom) As a control, the same analysis was conducted with an extract from Sf9 cells infected with a single baculovirus
expressing HA-TIP60. Fractions were subjected to immunoblotting with the indicated antibodies. Higher fraction numbers represent lower
molecular masses. N.S., not significant. (E) SDS-PAGE/silver stain analysis of mock control, HA-TIP60, and HA-TIP60+ Flag-p400 preparations
(from fractions 1 to 3) from the Sepharose CL6B gel filtration analysis described above (D) following affinity purification on anti-HA agarose
(HA-TIP60) or M2 agarose (Flag-p400+HA-TIP60). (F) HAT activities of HA-TIP60 and Flag-p400+HA-TIP60. (Bottom) Increasing amounts
of the purified materials used in E were analyzed for HAT activities using free core histones as a substrate. (Top) The relative amounts of
HA-TIP60 and Flag-p400 in the HAT reaction mixtures were determined by immunoblotting with anti-HA and anti-Flag antibodies.
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The p400 SANT domain directly binds the TIP60 HAT do-
main and represses the HAT activity and associated coactiva-
tor function of TIP60. To further investigate the function of
the p400 SANT domain, a smaller (311-residue) Flag-tagged
SANT fragment (residues 2170 to 2480) was expressed in 293T
cells and examined for interactions with coexpressed HA-
TIP60 by a coimmunoprecipitation assay (Fig. 3A). This small
fragment was expressed poorly relative to control F5 and F6
but nonetheless showed a strong and selective association with
HA-TIP60. In a further analysis, His-tagged TIP60 and GST-
SANT (residues 2260 to 2480) fusion proteins were purified
from Escherichia coli cells (Fig. 3B, top) and employed in a
GST pulldown assay. In contrast to the GST and GST-F6
control proteins, the GST-SANT polypeptide showed a robust
binding of His-TIP60 (monitored by an anti-His immunoblot-
ting) (Fig. 3B, bottom). These results indicate that the p400
SANT domain can bind directly to TIP60 in vitro without other
bridging proteins.

TIP60 contains three conserved domains corresponding to a
chromodomain, a C2HC zinc finger, and a HAT domain (Fig.
3C) (34). To identify the TIP60 domain that binds to the p400

SANT domain, GST pulldown assays were conducted with
recombinant GST-SANT (Fig. 3B, top) and His-tagged TIP60
fragments (Fig. 3D, top) that were purified from E. coli. Im-
mobilized GST-SANT specifically bound the TIP60 HAT do-
main, whereas the TIP60 chromodomain- and zinc finger-con-
taining fragments failed to show any interaction (Fig. 3D,
bottom).

Given the demonstration of a direct interaction between the
p400 SANT domain and the TIP60 HAT domain, we next
asked whether this interaction affects the TIP60 HAT activity.
To reconstitute the inhibitory activity of the SANT domain in
vitro, purified His-tagged TIP60 and GST-SANT proteins (Fig.
3B, top, and 4A, bottom) were tested for HAT activity on core
histones (Fig. 4A, top). Recombinant His-TIP60 alone acety-
lated free core histones, whereas the addition of the SANT
domain to the HAT reactions significantly compromised
TIP60-dependent HAT activity in a dose-dependent manner.
Interestingly, the SANT domain did not inhibit TIP60 auto-
acetylation activity in vitro, suggesting that the inhibition by the
SANT domain could be substrate specific (Fig. 4A, top). To
validate the SANT domain-dependent inhibition of TIP60
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FIG. 3. Identification of the TIP60 HAT domain as a direct target of the p400 SANT domain. (A) Association of TIP60 with the p400 SANT
domain in 293T cells. HA-TIP60 was coexpressed with Flag-p400 fragments (indicated at the top), and proteins bound to M2 agarose (anti-Flag
immunoprecipitation) were analyzed by immunoblotting with anti-Flag and anti-HA antibodies. A nonspecific immunoblot signal is marked by an
asterisk. (B) Direct binding of TIP60 to the p400 SANT domain. Recombinant His-tagged TIP60 and GST-p400 fragments were expressed in E.
coli cells; purified through Ni-nitrilotriacetic acid (NTA) and glutathione-Sepharose 4B resins, respectively; analyzed by SDS-PAGE with
Coomassie staining (top); and used in GST pulldown assays (bottom). His-TIP60 binding to GST or GST fusion proteins was scored by
immunoblotting with an anti-His antibody. (C) Schematic representation of TIP60. Three TIP60 fragments corresponding to the chromodomain,
the zinc finger, and the HAT domain are shown. (D) Binding of TIP60 fragments to the p400 SANT domain. The TIP60 fragments shown in C
were purified from E. coli cells, analyzed by SDS-PAGE with Coomassie staining (top), and used in GST pulldown assays (bottom). TIP60 binding
to GST-SANT was detected by immunoblotting with an anti-His antibody. A degraded His-chromodomain is indicated by an asterisk.

HAT activity in vivo, 293T cells were transfected with vectors
expressing either HA-TIP60 alone or both HA-TIP60 and
Flag-SANT, and preparations of HA-TIP60 or HA-TIP60 with
associated Flag-SANT were purified from cellular extracts on
anti-HA agarose or M2 agarose, respectively, and subjected to
comparative HAT assays. Quite significantly, the HA-TIP60-
only preparation showed robust HAT activity with free core
histones as a substrate, whereas the HA-TIP60 preparation
with associated Flag-SANT, at a comparable TIP60 input,

showed a drastically reduced level of HAT activity (Fig. 4B).
Thus, the SANT domain efficiently binds to TIP60 and re-
presses its intrinsic HAT activity.

Given the repressive effect of the SANT domain on TIP60
HAT activity, we next tested the ability of the ectopically ex-
pressed SANT domain to repress the TIP60-dependent en-
hancement of basal p2] promoter activity. To this end,
HCT116 cells were cotransfected with the p21 promoter-driven
luciferase reporter and plasmids expressing HA-TIP60 and
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(C) SANT domain inhibition of TIP60-mediated coactivator function on basal p27 promoter activity. HCT116 cells were cotransfected with either
Flag-SANT or Flag-F6, the pWWP-luc reporter, and increasing amounts (as indicated) of the TIP60 expression plasmid. The luciferase activity

obtained without ectopic TIP60 expression was set to 100.

either the Flag-SANT or Flag-F6 p400 fragment (Fig. 4C). The
ectopic expression of TIP60 and the Flag-F6 control effected a
nearly 2-fold increase in basal p21 promoter activity, whereas
the coexpression of the SANT domain completely blocked the
ectopic TIP60-dependent activity of the p2I promoter and
further lowered the overall basal activity as well. Taken to-
gether, these results demonstrate that the p400 SANT domain
binds directly to the TIP60 HAT domain and represses both
the HAT activity and the associated coactivator function of
TIP60 in basal p2] promoter activity.

ATPase-defective p400 derepresses basal p21 gene expres-
sion. Since our results suggest a novel mechanism for the
p400-mediated repression of basal p21 promoter activity, we
sought to reconfirm data from previous reports showing that
the ATPase-dependent function of p400 is also required for
the repression of basal p21 promoter activity. Previous findings
indicated a p400 requirement both for p53-dependent histone
variant H2A.Z localization at the p2]/ promoter and for the
repression of basal p53-dependent p2] gene transcription as
well as a requirement of H2A.Z for p21 repression (9). How-
ever, these findings did not clearly demonstrate that the
ATPase activity of p400 is required for p21 repression. To

investigate requirements for the ATPase activity of p400, and
based on the inactivation of the homologous SWR1 ATPase by
the same mutation (21), a K1085G mutation was introduced
into the ATP binding motif of the SWI2/SNF2 homology do-
main. The wild-type and ATPase-defective p400 proteins were
expressed in Sf9 cells via baculovirus vectors, purified on M2
agarose, and tested for their ability to catalyze H2A.Z deposition
into a mononucleosome. By incubating the wild-type Flag-p400
preparation with immobilized mononucleosomes, a Flag-
H2A.Z+H2B heterodimer, and ATP, the transfer of Flag-
H2A.Z to the nucleosome was detected by an anti-Flag immu-
noblot of the recovered mononucleosome (Fig. 5A). In
contrast, no significant H2A.Z deposition was observed with
the mock control or ATPase-defective p400 preparations.
These results clearly indicate that the enzymatic activity of
p400 is crucial for the catalysis of H2A.Z histone variant depo-
sition into nucleosomes. On the other hand, an ATPase-
defective p400 preparation that failed to catalyze H2A.Z depo-
sition retained a strong helicase activity in vitro, suggesting
that tightly associated contaminants, possibly insect-derived
TIP49/TIP48 ATPases, play a dominant role in the observed
helicase activity (data not shown) (8).
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HA-TIP60 alone was used as a positive control. (Top) Relative amounts of p400 and TIP60 proteins in the HAT reactions were determined by
immunoblots with anti-Flag and anti-HA antibodies. (C) Endogenous p21 protein expression. U20S-TetOn cells were infected with lentivirus
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carried out in triplicate, and average values are indicated.

The ATPase-defective p400 mutant retained the ability to
bind TIP60 and was as effective as wild-type p400 in repressing
the HAT activity of TIP60 in vitro (Fig. 5B). However, we were
unable to establish a repressive effect of ectopically expressed
p400, either wild type or mutant, on the basal promoter activity
of a transfected p21 reporter (data not shown). Since reporter
gene assays involving transient transfection may not be able to
recapitulate chromatin structural features that impose a de-
pendence upon the normal physiological functions of p400, we
established U20S cell lines that inducibly express either wild-
type or ATPase mutant forms of p400 and then examined the
effects on endogenous p27 gene expression. Following enrich-
ment by antibiotic selection of U20S cells expressing Flag-
p400 proteins, the expression of wild-type and mutant Flag-
p400 proteins was induced for 2 days with doxycycline. Both
proteins were expressed at comparable levels, as shown by

anti-Flag immunoblotting (Fig. 5C). However, as evidenced by
both p21 protein (Fig. 5C) and mRNA (Fig. 5D) analyses,
mutant Flag-p400 effected a modest upregulation of endoge-
nous p21 gene expression, whereas wild-type p400 did not. The
observed upregulation of basal p2/ gene expression, presum-
ably due to a dominant negative effect of mutant p400, is
mediated by a transcriptional derepression mechanism since it
was not accompanied by an increase in the p53 protein level
(Fig. 5C). Our results thus indicate that the repression of basal
p21 transcription by p400 requires both its ATPase activity and
its TIP60-inhibitory activity.

p400 is evicted from the p21 promoter after DNA damage.
p400 and TIP60 play antagonistic roles in regulating p53 down-
stream target genes (31). It has been shown that in IMR-90
human fibroblast and U20S osteosarcoma cells, p400 is pre-
bound to the p53 binding sites in the p27 promoter during gene
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dogenous p21 gene regions monitored were the kb —2.3 p53 response
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repression and released upon DNA damage-induced, p53-de-
pendent transcriptional activation (4, 9). To confirm a recip-
rocal recruitment of p400 and TIP60 to p53 binding sites (kb
—2.3 and —1.4) during p2] gene activation, chromatin immu-
noprecipitation assays were employed. Under normal growth
conditions, U20S cells have low basal levels of pS3 binding to
the p53 binding sites, but bleomycin-mediated DNA damage
induced a significant increase in levels of p53 binding to both
proximal and distal p53 binding sites (Fig. 6). DNA damage
also effected a modest increase in TIP60 binding and histone
H4 hyperacetylation at the p53 binding sites. p400 showed a
higher level of binding to the distal p5S3 binding site during the
normal cell cycle, but the level decreased to a basal level
following DNA damage. A control region 9 kb downstream of
the p21 promoter showed no significant binding by any of the
analyzed proteins either before or after DNA damage. These
results suggest a potential mechanism in which the dissociation
of p400 leads not only to the relief of H2A.Z-dependent re-
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pression but also to an increase in TIP60 HAT activity at the
promoter.

DISCUSSION

TIP60, through its histone acetyltransferase activity, func-
tions as a positive regulator of p53-dependent genes in the
DNA damage response pathway, whereas p400, through an
ATP-dependent chromatin remodeling activity that facilitates
H2A.Z deposition, acts to repress specific genes (p27) in this
pathway. Somewhat paradoxically, in view of these antagonistic
roles, TIP60 and p400 have been reported to jointly reside in a
large multisubunit complex that displays TIP60 activity. How-
ever, a report of the presence of p400 in a nearly identical
complex lacking detectable TIP60 HAT activity suggested that
the TIP60-p400 complex is dynamic. Here, in relation to the
antagonistic effects of TIP60 and p400 on basal p21 promoter
activity, we have demonstrated and functionally analyzed a
TIP60-p400 complex in which the TIP60 HAT activity is re-
pressed by p400 through the direct interaction of their respec-
tive HAT and SANT domains. These findings establish a new
mechanism of transcriptional repression by p400 and have
implications not only for the p53-dependent regulation of the
p21 gene but also for gene- and cell-specific functions of TIP60
and p400 within the TIP60-p400 complex.

A direct p400 interaction inhibits TIP60 HAT and coactiva-
tor functions. The previously reported antagonistic functions
of p400 and TIP60 in p53 target gene transcription are consis-
tent with, but not necessarily dependent upon, direct interac-
tions of p400 and TIP60, especially since these factors were
thought to act through distinct mechanisms (histone acetyla-
tion versus chromatin remodeling) (31). Importantly, however,
we demonstrate here a direct physical interaction through
these factors based on (i) the coelution of p400 and TIP60
upon gel filtration chromatography, (ii) copurification follow-
ing coexpression from baculovirus vectors in Sf9 cells, and,
most convincingly, (iii) the direct binding of TIP60 or the
TIP60 HAT domain to the p400 SANT domain in studies with
purified proteins. The functional consequences of these inter-
actions are a repression of the in vitro TIP60 HAT activity, as
assessed by in vitro HAT assays. This was evidenced both with
purified recombinant TIP60-p400 complexes assembled in in-
sect cells, where p400 alone was sufficient for repression, and
with purified TIP60-p400 complexes assembled in 293T cells,
where other common subunits of the TIP60/p400 complexes
might have contributed to the inhibition. In this regard, previ-
ous reports implicated the TIP49 and GAS41 subunits in the
repression of p2I transcription (4, 23), although it was not
established whether this was related to an inhibition of the
TIP60 HAT activity or to p400-mediated H2A.Z deposition.
Importantly, the SANT domain of p400 proved sufficient, when
assembled into a complex with TIP60 in vitro and in vivo, to
completely inhibit TIP60 HAT activity (Fig. 4A and B). Note
that a SANT motif in the SMRT corepressor was previously
implicated in the inhibition of PCAF and CBP HAT activities
but most likely through a different mechanism involving its
histone tail binding activity (35). Thus, the present results
establish a new p400 function, namely, the inhibition of TIP60
HAT activity through a direct interaction of the SANT domain
with the TIP60 HAT domain. (Although not further analyzed
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here, the ability of the p400 N terminus, when assembled into
a TIP60-containing complex in 293T cells, to repress the TIP60
HAT activity may reflect a secondary mechanism for the p400
inhibition of TIP60 HAT activity.)

Consistent with these results and with the previously estab-
lished p53 coactivator function of TIP60 (2, 16, 31), the p400
SANT domain, when overexpressed, was shown to repress
TIP60-enhanced basal p2/ promoter activity. Importantly,
these results establish a new p400-mediated repression mech-
anism that is complementary to, and may cooperate with, the
previously established repression mechanism involving the
deposition of H2A.Z (9). In further support of the latter mech-
anism, the present study also demonstrates an anticipated re-
quirement for the ATPase activity of p400 in repressing basal
p21 gene expression.

Dynamic TIP60 and p400 complexes and associated antag-
onistic functions of TIP60 and p400. Our results, along with
previous reports of a p400-containing TIP60 complex with
HAT activity (3, 5), a p400-containing complex lacking TIP60
HAT activity (8), and dynamic changes in p400 and TIP60
associations during the activation of the p27 promoter (4, 9),
are consistent with the possibility of dynamic p400 and TIP60
complexes. On the one hand, the TIP60 complex purified
through an affinity tag on TIP60 (5) or on other subunits,
including YL1 and MRGBP (3), could comprise a mixed pop-
ulation of HAT-inactive p400-containing complexes and HAT-
active p400-deficient complexes. On the other hand, the HAT-
deficient p400 complex(es) purified with an anti-p400 antibody
(8) might contain both a TIP60-deficient complex and a TIP60
complex in which the HAT activity is repressed by the p400
association. Of special note, and whereas the p2/ gene is char-
acterized by a high p400-to-TIP60 ratio in the repressed basal
state and a high TIP60-to-p400 ratio in the activated (dauno-
rubicin-induced) state (9), our demonstration of a HAT-re-
pressed TIP60-p400 complex allows the possibility of p400-
repressed genes that, through the prebinding of a composite
TIP60-p400 complex, are poised for rapid activation through a
loss or inactivation of p400 and the consequent function of
prebound TIP60.

The existence of a pool of p400-repressed TIP60 suggests
the possibility of a stress-induced release of p400 with a con-
sequent global increase in levels of TIP60 HAT activity. In this
regard, it has been reported that the level of total cellular
TIP60 HAT activity (including that due to ATM-associated
TIP60) in HeLa cells is increased after exposure to bleomycin
without any significant change in the non-ATM-associated
TIP60 activity (27). Consistent with this observation, we failed
to detect any significant increase in the level of the free non-
ATMe-associated TIP60 complex purified (through an affinity
tag) from cells shortly after DNA damage (data not shown).
This finding suggests that DNA damage may not increase the
proportion of the active TIP60 complex pool that lacks the
p400 module. In this regard, the p400-related yeast Eafl pro-
tein was shown previously to be critical for the assembly and
stability of the corresponding HAT complex (1). Thus, analo-
gous to the situation in yeast, a DNA damage-induced increase
in the soluble p400-free TIP60 complex subpopulation may be
precluded by the instability of this complex in the free (DNA-
unbound) state such that an increased level of this complex
may be evident mainly on induced, actively transcribed genes.
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Apoptosis

TIP60 acts at multiple steps during DNA damage response
pathways (25), with documented functions of TIP60-mediated
acetylation of (i) ATM in the DNA damage response, (ii)
H2AX in the DNA repair process, and (iii) p53 and histones in
p53-dependent transcriptional regulation (2, 15, 16, 27-29).
The TIP60 level evidently must be tightly controlled during the
normal cell cycle since levels that are too high or too low were
shown previously to induce growth arrest/apoptosis or tumor
formation, respectively (2, 10). Consistent with this notion and
with previous and present demonstrations of antagonistic func-
tions of TIP60 and p400, the p400-to-TIP60 ratio in colorectal
cancer cells was found to determine cellular sensitivity to che-
motherapy (18).

A model based on previous and present data for the recip-
rocal and antagonistic interaction of the TIP60 and p400 pro-
teins in regulating p53 and the p21 target gene is shown in Fig.
7. This model emphasizes (i) the TIP60-mediated acetylation
of p53 at lysine 120, which facilitates p5S3-mediated apoptosis
over growth arrest (28, 29); (ii) the TIP60-dependent acetyla-
tion of histones at p53-activated promoters, which is correlated
with gene activation (7, 25, 30); (iii) the p400-mediated depo-
sition of H2A.Z on the p21 promoter, which contributes to the
repression of p27 (9); (iv) based on findings reported for the
yeast Esal homolog of TIP60 (20), a possible acetylation of
H2A.Z at lysine 14 that relieves the inhibiting effect of H2A.Z;
and (v) based on the present studies, a direct p400-mediated
inhibition of TIP60 HAT and coactivator functions. This
model reemphasizes the complementary and potentially coop-
erative functions of p400-mediated H2A.Z deposition and
p400 inhibition of TIP60 in the repression of basal p2/ gene
expression.

Promoter recruitment of TIP60 and p400 complexes with
both gene- and cell-specific functions. The existence of hetero-
geneous TIP60 and p400 complexes raises questions about
which complexes are recruited to repressed versus activated
genes as well as potential changes in promoter complexes dur-
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ing transitions from repressed to active states. In the case of
the well-studied p21 promoter, the transition from a repressed
to an activated state is typified by a loss of promoter-associated
p400 and a gain of TIP60 (9). While clearly indicative of dy-
namic changes at the promoter, it is not yet clear whether this
reflects dynamic changes in the same promoter-bound complex
or the exchange of TIP60-deficient p400 complexes with p400-
deficient TIP60 complexes. Previous results indicating that
p400-containing TIP60 complexes represent a major subpopu-
lation of the total pool of TIP60 complexes (5, 8) and our
current demonstration of a TIP60-p400 complex in which
TIP60 is repressed also suggest the possibility of at least a
partial occupancy of the repressed p2/ promoter by both
TIP60 and p400, and other p400-repressed promoters (6, 31)
might well show a greater occupancy by complete TIP60-p400
complexes in which p400 both represses the HAT activity and
facilitates repression-associated H2AZ deposition. As men-
tioned above, this could facilitate a more rapid transition to an
activated state dependent upon TIP60.

Another important question concerns the possible gene and
cell type specificity of TIP60 and p400 functions. In relation to
p53 target genes, the repression by p400 appears to be gene
specific (31). Moreover, it remains to be determined whether
the recruitment of the TIP60-deficient p400 complex and
H2A.Z deposition on the repressed p21 promoter, with a sub-
sequent transition to a p400-deficient TIP60 complex in the
active state, can be generalized to other p400-repressed p53
target genes. Both gene-specific and cell-specific effects of p400
and TIP60 as well as variable p400 and TIP60 functions are
also apparent from other studies indicating, for example, that
p400 and TIP60 may be jointly required for either activated
(17) or repressed (6) promoters. Such results indicating clear
context effects suggest the possibility that the p400-mediated
TIP60 inhibition found in the free TIP60-p400 complex pool
described here could be relieved by unknown gene-specific
mechanisms on promoter-bound complexes or that there may
be an independent, stochastic recruitment of p400 and p400-
deficient TIP60 complexes to the same promoter.
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