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p53 promotes tumor suppression through its ability to function as
a transcriptional factor and is activated by posttranslational mod-
ifications that include acetylation. Our earlier study demonstrated
that p53 acetylation can enhance its sequence-specific DNA binding
in vitro, and this notion was later confirmed in several other
studies. However, a recent study has reported that in vitro acety-
lation of p53 fails to stimulate its DNA binding to large DNA
fragments, raising an important issue that requires further inves-
tigation. Here, we show that unacetylated p53 is able to bind
weakly to its consensus site within the context of large DNA
fragments, although it completely fails to bind the same site within
short oligonucleotide probes. Strikingly, by using highly purified
and fully acetylated p53 proteins obtained from cells, we show that
acetylation of the C-terminal domain can dramatically enhance
site-specific DNA binding on both short oligonucleotide probes and
long DNA fragments. Moreover, endogenous p53 apparently can
be fully acetylated in response to DNA damage when both histone
deacetylase complex 1 (HDAC1)- and Sir2-mediated deacetylation
are inhibited, indicating dynamic p53 acetylation and deacetyla-
tion events during the DNA damage response. Finally, we also
show that acetylation of endogenous p53 indeed significantly
augments its ability to bind an endogenous target gene and that
p53 acetylation levels correlate well with p53-mediated transcrip-
tional activation in vivo. Thus, our results clarify some of the
confusion surrounding acetylation-mediated effects on p53 bind-
ing to DNA and suggest that acetylation of p53 in vivo may
contribute, at least in part, to its transcriptional activation
functions.

ChIP � transcription � CBP�p300

O ften, p53 is referred to as the ‘‘guardian of the genome’’ (1).
In response to DNA damage and other types of stress, p53

is able to induce cell growth arrest, apoptosis, and cell senes-
cence (1–3). Mutations within the p53 tumor suppressor gene
have been well documented in �50% of all human tumors (4).
In cells that retain wild-type p53, multiple regulatory pathways
play an important role in modulating its activities in vivo (2, 5,
6). p53 promotes tumor suppression through its ability to bind
specific DNA sequences and to act as a transcription factor (7).
The importance of p53-mediated transcriptional activation is
underscored by the fact that the vast majority of tumor-
associated p53 mutations occur within the domain respons-
ible for sequence-specific DNA binding (4). A number of genes
that are critically involved in either cell growth arrest or apo-
ptosis have been identified as p53 direct targets. These include
p21CIP1/WAF1, Mdm2, GADD45, Cyclin G, 14–3-3�, Noxa,
p53AIP1, and PUMA, among others (7–15).

p53 is tightly regulated, with the protein often found in latent
form and the protein levels being very low in unstressed cells
(16). This regulation is essential for its effect on tumorigenesis,
as well as for maintaining normal cell growth. It is generally
thought that the mechanism of p53 activation by cellular stress
involves mainly posttranslational modifications, including phos-
phorylation and acetylation (17, 18). The discovery that CREB-
binding protein (CBP)�p300 could acetylate p53 and increase its

DNA binding activity established a new paradigm for transcrip-
tional regulation (19), and subsequent studies have shown that
many transcriptional factors are functionally modified by acet-
ylation (20–22).

p53 is acetylated by CBP�p300 at multiple lysine residues
(positions 370, 372, 373, 381, and 382) within the C-terminal
regulatory domain. The sequence-specific DNA binding activity
of p53 in electrophoretic mobility-shift assays (EMSA) was
shown to be dramatically stimulated by acetylation, possibly as a
result of an acetylation-induced conformational change (19, 23,
24). The physiological relevance of p53 acetylation became more
evident with the finding that p53 can be acetylated in vivo in
response to a variety of cellular stresses (25). In addition, another
histone acetyltransferase, p300�CBP-associated factor (PCAF),
was shown to acetylate p53 at Lys-320, although functional
consequences in vivo need to be further elucidated (23, 24, 26).
The level of acetylated p53 is up-regulated in primary fibroblasts
by the Ras oncogene and by promyelocytic leukemia (PML),
which also induce premature senescence of these cells in a
p53-dependent manner (27, 28). Interestingly, several studies
have indicated that p53 C-terminal domain lysine residues, five
of which are acetylation sites, play a critical role in Mdm2-
mediated ubiquitination and subsequent degradation (29–32). In
addition, increasing the levels of p53 acetylation with deacetylase
inhibitors was found to prevent p53 from degradation in vivo (41,
46), indicating that acetylation of p53 may directly regulate its
stability. Furthermore, Barlev et al. (33) have reported that
acetylation of p53 is important for efficient in vivo recruitment
of CBP and PCAF complexes to promoter regions and for
activation of p53-targeted gene expression. These recent findings
thus expand the in vivo role of p53 to include protein stability and
protein–protein interactions, in addition to DNA binding.

The ability of an mAb (PAb421) that recognizes the C
terminus of p53 (34) or of p53 C-terminal peptides (35) to
activate DNA binding and transcription functions of p53, both
in vitro and in vivo, underscores the importance of sequence-
specific DNA binding in p53 activation. These findings also
suggest the presence of a cellular pool of latent p53 that can
be activated posttranslationally. According to the allosteric
model that has been proposed in many studies (34, 36, 37), the
C-terminal tail of p53 acts as a negative regulator and may
interact with the core DNA binding domain to lock the DNA
binding domain into an inactive conformation. However, single-
strand DNA interactions, antibody binding, and posttransla-
tional modifications, such as acetylation or phosphorylation,
could disrupt interactions between the C-terminal domain and
the core domain, thus allowing the DNA binding domain to
adopt an active conformation (19, 34, 36, 37).

Recently, Espinosa and Emerson (38) proposed a contradic-
tory model based on their finding that, in the context of an
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artificially reconstituted chromatin-assembled p21 promoter,
p53 can activate transcription equally well regardless of its
acetylation status (38). Further, a C-terminal deletion mutant of
p53 was reported to be transcriptionally inactive in the in vitro
system, in contrast to reports that C-terminal deletion mutants
exhibit very strong p21 promoter activation and cell growth
repression (39, 40). Espinosa and Emerson also failed to observe
a significant enhancement of p53 binding to DNA, in response
either to antibody binding or to in vitro acetylation, when using
either a larger DNA fragment or an artificially reconstituted
chromatin template. To reevaluate the allosteric model, as well
as the role of acetylation in the regulation of p53-mediated
function, we have obtained highly purified and fully acetylated
p53 from cells and demonstrated that acetylation of p53 strongly
enhances its sequence-specific DNA binding both in vitro and in
vivo.

Experimental Procedures
p53 Protein Expression and Purification. pET-Flag-p53 and pET-
Flag-p53 (K-Q) mutant plasmids were constructed as previously
(41). Both plasmids were transformed into Escherichia coli BL21
competent cells. The proteins were induced by 1 mM isopropyl
�-D-thiogalactoside at 25°C overnight and extracted with buffer
BC500 (20 mM Tris�HCl, pH 8.0�500 mM KCl�0.5 mM EDTA�
20% glycerol�1 mM DTT�0.5 mM PMSF) containing 1% Non-
idet P-40, and purified by anti-Flag M2-agarose affinity gel
(Sigma). Total p53 and acetylated p53 were expressed in and
purified from H1299 cells as described (41) with some modifi-
cations. To purify the acetylated p53 proteins, H1299 cells were
cotransfected with Flag-p53 and p300. Twenty hours after the
transfection, the cells were treated with 1 mM trichostatin A
(TSA) and 5 mM nicotinamide for 6 h, then lysed in Flag–lysis
buffer (50 mM Tris�HCl, pH 7.8�137 mM NaCl�10 mM NaF�1
mM EDTA�1% Triton X-100�0.2% Sarkosyl�1 mM DTT�10%
glycerol and fresh proteinase inhibitors) with mild sonication,
and the cell extracts were immunoprecipitated with anti-Flag
mAb beads (M2, Sigma). After elution with the Flag peptide, the
total p53 proteins were loaded onto a PAb421 antibody column.
The unacetylated portion of the p53 protein was depleted by the
PAb421 column after repeated passage. Unbound proteins
consisted of purified acetylated p53 and were further tested for
purity by Western blot analysis with anti-p53 antibodies (DO-1,
PAb421, or acetylated p53-specific antibody). To avoid p53
deacetylation by both HDAC1- and Sir2-mediated deacetylases
(23, 24), 1 mM TSA and 5 mM nicotinamide were added in each
step.

EMSA. EMSA was carried out essentially as described (19) with
some modifications. The short probe (25 bp) was generated by
annealing the single-stranded oligonucleotides 5�-caggaacatgtc-
ccaagatgttgaa-3� and its complementary sequence. The long
probe (220 bp) was generated by PCR with 5�-tgctgcctgcttcccag-
gaaca-3� (sense) and 5�-ccatccccttcctcacctgaaa-3� (antisense)
primers. Both probes were 32P end-labeled by using T4 polynu-
cleotide kinase and further purified by QIAquick nucleotide
removal kit (Qiagen, Valencia, CA). The DNA binding reactions
(20 �l) contained 20 mM Tris�HCl (pH 7.5), 50 mM KCl, 5 mM
MgCl2, 1 mM DTT, 0.5 mM EDTA, 10% glycerol, 0.5 mg�ml
BSA, and 100 ng of poly(dI-dC) and proteins as indicated.
Reaction mixtures were preincubated at room temperature for
30 min before a 32P-labeled DNA probe was added and further
incubated at room temperature for 30 min. The mixtures were
then resolved on a native 4% polyacrylamide gel at 4°C followed
by autoradiography.

Chromatin Immunoprecipitation (ChIP) Assay. The ChIP assay was
performed essentially as described (42) with some modifications.

A total of 107 H460 cells (treated with 20 �m of etoposide for
4 h or untreated) were crosslinked with 1% formaldehyde for 10
min at room temperature. Cells were harvested in SDS buffer
(0.5% SDS�100 mM NaCl�50 mM Tris�HCl, pH 8.1�5 mM
EDTA). After centrifugation, the cell pellet was resuspended in
2.5 ml of IP buffer (0.3% SDS�100 mM NaCl�50 mM Tris�HCl,
pH 8.1�5 mM EDTA�2% Triton X-100), followed by sonication
to an average DNA length of 500–1,000 bp. The sample was
cleared by centrifugation and divided into five aliquots of 0.5 ml,
with 25 �l being saved for input control. Antibodies were added
to each of the sample tubes, which were then rotated at 4°C
overnight. Thirty microliters of protein A beads was then added
to each of the tubes, which then were further rotated for 2 h at
4°C. The beads were washed three times with 1 ml of mixed
Micelle wash buffer (150 mM NaCl�20 mM Tris�HCl, pH 8.1�5
mM EDTA�5% sucrose�1% Triton X-100�0.2% SDS), two
times with 1 ml of buffer 500 (0.1% deoxycholic acid�1 mM
EDTA�50 mM Hepes, pH 7.5�500 mM NaCl�1% Triton X-100),
two times with 1 ml of LiCl�detergent solution (0.5% deoxy-
cholic acid�1 mM EDTA�250 mM LiCl�0.5% Nonidet P-40�10
mM Tris�HCl, pH 8.0), and once with 1 ml of TE buffer. The
beads were eluted with 300 �l of elution buffer (1% SDS�0.1 M
NaHCO3) and incubated overnight at 65°C to reverse crosslinks.
The eluates were treated with proteinase K and extracted with
phenol�chloroform followed by ethanol precipitation. The
DNAs were dissolved in TE buffer and analyzed by PCR. The
following antibodies were used: anti-p53 FL (Santa Cruz Bio-
technology), antiacetylated p53 (43), and antiosteoprotegerin
(Santa Cruz Biotechnology). Primers used in PCR were from
p21 promoter sequences: 5�-ctcacatcctccttcttcag-3� (sense) and
5�-cacacacagaatctgactccc-3� (antisense). Input DNA was diluted
1:10 for PCR. The PCR products were amplified for 27 cycles.

Measuring the Proportion of Acetylated p53 Proteins. H460 cells
were harvested after treatment with 20 �m of etoposide (Sigma),
1 �M TSA (Sigma), and 5 mM nicotinamide (Sigma), or all three
drugs for 6 h. Cell pellets were lysed in RIPA buffer (2 mM
Tris�HCl, pH 7.4�5 mM EDTA�150 mM NaCl�1% Nonidet
P-40�1% deoxycholic acid�0.025% SDS�1 mM PMSF�1 mM
TSA�5 mM nicotinamide) with mild sonication. The cell extracts
were immunoprecipitated with anti-p53 (FL) and antiacetylated
p53 antibodies. The beads were eluted by SDS sample buffer
after being washed with 0.5 ml of RIPA buffer five times.
The samples were further tested by Western blot analysis with
anti-p53 (DO-1).

Results
Acetylation, which modifies the lysine residues of both histone
and nonhistone target proteins, is now recognized as an impor-
tant regulatory step in transcriptional regulation (19–21). Many
transcription factors other than p53, including GATA-1, MyoD,
HMG-1, E2F-1, ACTR, EKLF, and Smad7, have been demon-
strated to be bona fide substrates of acetyltransferases (44, 45).
The functional consequences of acetylation are diverse and
include increased DNA binding, increased stability, and altered
protein–protein interactions. However, most of the functional
studies on acetylated transcription factors, including those with
p53, used preparations of acetylated proteins that lacked quan-
titative analyses of the acetylation levels because of an inability
to resolve acetylated and unacetylated forms of the nonhistone
proteins on regular SDS�PAGE gels (19–21, 23, 24, 26, 46).
Thus, functional differences between the true acetylated and
unacetylated forms could be hard to distinguish if only a minor
fraction of the molecules in an acetylated preparation actually
were acetylated.

Recently, we developed a method to purify CBP�p300-
acetylated p53 proteins from mammalian cells on the basis of
their inability to be recognized by the anti-p53 mAb PAb421,
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raised specifically against the C-terminal domain of p53 (41).
Thus, a highly purified form of acetylated p53 was successfully
obtained through affinity chromatography procedures. To detect
acetylated p53, we used an antibody that specifically recognizes
acetylated p53 polypeptides at all different p300-mediated acet-
ylation sites (43). As shown in Fig. 1A, the purified acetylated p53
reacted strongly with the acetylated p53-specific antibody but
poorly with the PAb421 antibody, whereas the opposite was true
for the purified unacetylated p53 (Fig. 1 A Bottom, lane 3 vs. 1).
Equal reactivity with the DO-1 antibody, which recognizes the
N-terminal domain of p53, confirmed equal molar inputs of
acetylated vs. unacetylated p53. To examine the effect of acet-
ylation on site-specific DNA binding, we tested the DNA binding
activities of acetylated p53 on a short oligonucleotide probe (25
bp) and a 220-bp-long DNA fragment, both of which are derived
from the p21 promoter region (Fig. 1B, ref. 7). As expected (19),
the unmodified p53 was virtually inactive in site-specific DNA
binding to the 25-bp probe in an EMSA (Fig. 1C, lanes 2–4),
whereas significantly enhanced binding was observed with
acetylated p53 (Fig. 1C, lanes 5–7, and D). A weak, but rather
significant binding was observed by the same amount of unac-
etylated p53 proteins on a 220-bp probe (Fig. 1C, lanes 9–11),
indicating that unacetylated forms of p53 isolated from mam-

malian cells are capable of binding the target site. This obser-
vation is consistent with our earlier results (19) and those of
Espinosa and Emerson (38). However, in contrast to Espinosa
and Emerson (38) and by using a highly purified acetylated p53,
we found that acetylation of p53 strongly augments its DNA
binding on a long DNA fragment comparable with that used by
these investigators (Fig. 1C, lanes 12–14, and E).

Lysine residues (Lys-370, -372, -373, -381, and -382) of the
C-terminal regulatory domain of p53 are specifically acety-
lated by CBP�p300. Several studies have suggested that neu-
tralization of the positive charges on these lysine residues is
critical for disrupting the negative regulation of the p53 C
terminus and that replacing them with either alanine or
histidine residues significantly enhances the DNA binding
activity of p53 on a short nucleotide probe (19–21, 23, 24, 38).
Interestingly, it was previously reported that a histone H4
protein with a lysine to glutamine mutation at the H4 acety-
lation site was functionally comparable with the acetylated
form in preventing Sir3p from binding H4 and spreading to
form heterochromatin in yeast (47), consistent with the notion
that this mutation mimicked the acetylated state of lysine
through neutralization of the positive charges (41). Thus, to
further assess whether neutralization of positive charges on
p53 by acetylation might augment its DNA binding on a long
DNA fragment, we tested the DNA binding activity of a p53
(K-Q) mutant in which all five known p300-dependent acet-
ylation sites (Lys-370, -372, -373, -381, and -382) were replaced
by glutamine residues (Fig. 2A).

Both wild-type p53 and p53 (K-Q) proteins were expressed in
bacteria as Flag-tagged proteins, purified to near homogeneity
on M2 mAb affinity columns, and tested for DNA binding to

Fig. 1. p53 acetylation strongly enhances its DNA binding activity in vitro. (A)
Western blot analysis of purified acetylated p53 (lane 3), unacetylated p53
(lane 1), and a preparation of unresolved acetylated and unacetylated p53
(lane 2) proteins with the antiacetylated p53-specific antibody (Bottom), the
DO-1 antibody (Middle), or the PAb421 antibody (Top). (B) Schematic repre-
sentation of the short and long probes in the p21 promoter region used for
EMSA. (C) EMSA assay of unacetylated p53 (lanes 2–4 and 9–11) and acety-
lated p53 (lanes 5–7 and 12–14) with short (lanes 1–7) and long (lanes 8–14)
probes. (D and E) The DNA�protein complexes in C were quantitated by
phosphorimaging by using IMAGEQUANT software (Amersham Biosciences). (D)
Results with the short probe. (E) Results with the long probe.

Fig. 2. Lysine to glutamine mutations in the p53 C terminus enhance DNA
binding activity in vitro. (A) Schematic representation of the p53 (K-Q) mutant
with lysine to glutamine changes at residues 370, 372, 373, 381, and 382. (B and
C) EMSA assay of p53 wild type (wt) (lanes 2–4) and p53 (K-Q) mutant (lanes
5–7) with short probe (B). The resulting DNA-protein complexes in B were
quantitated by phosphorimaging by using IMAGEQUANT software (C). (D and F)
EMSA assay of p53 wt (lanes 2–4) and p53 (K-Q) mutant (lanes 5–7) with long
probe (D). The resulting DNA–protein complexes in D were quantitated by
phosphorimaging by using IMAGEQUANT software (F).
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both types of probes. As expected, wild-type p53 showed almost
no binding to a 25-bp probe containing the p53 binding site from
the p21 promoter. In contrast, p53 (K-Q) showed strong DNA
binding activity (Fig. 2 B and C). Significantly, when a 220-bp
DNA fragment was used as a probe, we observed the same
enhancement of DNA binding by the p53 (K-Q) mutant protein
(Fig. 2 D and E). These results demonstrate that neutralization
of the positively charged lysine residues at the C terminus and�or
a structural change is sufficient to render p53 able to bind
strongly to a target site within both a short probe and a large
DNA fragment.

To examine the role of acetylation in the regulation of p53
binding to DNA in vivo, we tested the effect of acetylation on
the ability of endogenous p53 to bind to DNA sequences within
a natural target gene (the 5� p53 binding site in the p21
promoter; Fig. 3A and ref. 7). ChIP assays were performed in
human lung carcinoma H460 cells by using anti-p53 antibodies.
To more accurately compare the DNA binding activity of
acetylated p53 vs. total p53 proteins, we used a rabbit poly-
clonal antibody directed against the full-length p53 (Santa
Cruz Biotechnology) and a rabbit polyclonal antibody that is
specific for CBP�p300-acetylated p53 (43) to immunoprecipi-
tate chromatin from cells after the treatment by DNA damage
agents. As indicated in Fig. 3B (lanes 1 and 2), a high level of
p53 binding to the p21 promoter was detected by immunopre-
cipitation with both anti-full-length p53 and antiacetylated p53
antibodies. Interestingly, although the antiacetylated p53 an-
tibody only immunoprecipitated a small fraction of the total
crosslinked p53 protein (Fig. 3B, lane 8 vs. 7), the p53 bound
to the p21 promoter was enriched about 3-fold in acetylated
p53 relative to total p53 (Fig. 3C). To quantitatively analyze
differences in p53 binding to the endogenous p21 promoter,
the amounts of the p53 proteins immunoprecipitated by these
two different antibodies were normalized on the basis of
immunoreactivity with the DO-1 antibody. As shown in Fig. 4,
ChIP analysis using similar amounts of immunoprecipitated
p53 proteins in the PCR assay (Fig. 4A, lanes 4 and 5) showed
an almost 10-fold enhancement of binding to p21 promoter
DNA by acetylated p53 (Fig. 4A, lanes 1–3, and B). Thus, our
results also indicate that it is critical to normalize the p53
protein amount when two different antibodies are used to
immunoprecipitate the endogenous p53 in the ChIP assay,
which may explain the failure of others to detect an effect of
acetylation on p53 binding to DNA in vivo (33).

To minimize contributions of other factors (e.g., p53 phos-
phorylation) that may also be involved in binding of p53 to the
p21 promoter under DNA damage conditions, we also per-
formed a similar experiment in unstressed cells. Cells were
cultured in the presence of deacetylase inhibitors that included
TSA (for HDACs) and nicotinamide (for Sir2) to accumulate
sufficient levels of acetylated p53. After ChIP with different
antibodies, PCRs were performed on samples with normalized
amounts of p53 proteins. As indicated in Fig. 4 C and D,
acetylated p53 showed high level binding to the p21 promoter,
whereas the same amount of total p53 protein revealed only a
very weak binding to the promoter in the same cells. Taken
together, the above results demonstrate that acetylation of p53
can strongly enhance its binding to the endogenous p21 promoter
under physiological conditions.

To further investigate the function of p53 acetylation in
transcription, we tested whether the levels of p53 acetylation
correlate with levels of p53-mediated transcription of the en-
dogenous p21 target gene. Interestingly, in H460 cells treated
with etoposide, a comparison of total p53 protein (immunopre-
cipitated with anti-full-length p53 antibody) and acetylated p53
protein (immunoprecipitated with antiacetylated p53 antibody)
indicated that only �20% of total p53 is acetylated (Fig. 5A,
lane 4 vs. lane 3). These results thus indicate that even under
conditions of DNA damage, apparently only a fraction of total
p53 is acetylated. Furthermore, the results also indicate that
HDAC1- and Sir2�-mediated p53 deacetylation may play critical
roles in regulating the levels of p53 acetylation, as treatment with
corresponding deacetylase inhibitors (TSA and nicotinamide)
significantly increased the levels of acetylated p53 in vivo (Fig.
5A, lane 6 vs. lane 2). More importantly, in the presence of TSA
and nicotinamide, p53 was fully acetylated in vivo in response to
DNA damage by etoposide (Fig. 5A, lane 8 vs. lane 7). Further-
more, as shown in Fig. 5B, p21 expression levels were signifi-
cantly enhanced when the cells were treated with DNA damage
reagents and�or deacetylase inhibitors. More importantly, the
acetylation levels of p53 also correlate well with p21 activation
in the H460 human lung carcinoma cells (Fig. 5B, lanes 5–8).

Fig. 3. p53 acetylation strongly enhances its DNA binding activity in vivo. (A)
Schematic representation of the primers in p21 promoter region used for ChIP
assay. (B) ChIP assay by using anti-p53 (FL) (lane 1), antiacetylated p53 (lane 2),
antiosteoprotegerin (lane 3), preimmune (lane 4), and no antibody (lane 5).
Western blot shows p53 protein amount in ChIP assay by anti-p53 (FL) (lane 7)
and by antiacetylated p53 (lane 8). Cells were treated by etoposide before the
ChIP assay. (C) The resulting DNA amounts in ChIP assay by anti-p53 (FL) and
antiacetylated p53 (B, lanes 1 and 2) were quantitated by phosphorimaging
using IMAGEQUANT software.

Fig. 4. Acetylation of p53 enhances its DNA binding on endogenous pro-
moters. (A) ChIP assay with equal amounts of immunoprecipitated acetylated
and total p53 proteins (lanes 1 and 2). A Western blot with the DO-1 antibody
shows the amounts of immunoprecipitated p53 proteins, either by anti-p53
(FL) (lane 4) or by antiacetylated-p53 (lane 5) antibodies, used in the ChIP
assays in lanes 1 and 2. Cells were treated by etoposide before the ChIP assay.
(B) The resulting DNA amounts in A were quantitated by phosphorimaging by
using IMAGEQUANT software. (C) ChIP assays with anti-p53 (FL) (lane 1) and
antiacetylated-p53 (lane 2). Western blot with the DO-1 antibody shows the
amounts of immunoprecipitated p53 proteins, either by anti-p53 (FL) (lane 4)
or by antiacetylated-p53 (lane 5) antibodies, used in the ChIP assays in lanes 1
and 2. Cells were treated with deacetylase inhibitors TSA and nicotinamide
before the ChIP assay. (D) The resulting DNA amounts in C were quantitated
by phosphorimaging using IMAGEQUANT software.
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There was no obvious p21 activation in p53-null human lung
carcinoma H1299 cells under the same conditions (Fig. 5B, lanes
1–4). These data suggest that acetylation of p53, at least in part,
contributes to p53-mediated transcriptional activation in vivo.

Discussion
Numerous studies indicate that the C terminus of p53 acts as a
critical regulator of p53 function. Deletion of the C terminus,
antibodies specific for the C terminus (PAb421), single-stranded
DNA, interacting proteins such as HMG-1, and posttranslational
modifications of the C terminus have all been reported to induce
the transactivation potential of p53 in various assays (34–37).
Consistent with this model, C-terminal acetylation of p53 was
found to dramatically stimulate its sequence-specific DNA bind-
ing activity in vitro, possibly as a result of an acetylation-induced
conformational change (19). These results were further con-
firmed in several similar studies (23, 24). Nevertheless, one
recent study (38) reported that the effects of p53 acetylation on
its DNA binding vary with the nature of the DNA binding
probes. In confirmation of the original idea that acetylation of
p53 can enhance its sequence-specific DNA binding, we have
shown that a highly purified and fully acetylated (at the CBP�
p300 sites) p53 isolated from cultured cells exhibits enhanced
site-specific DNA binding to several DNA probes in vitro.
Consistent with these findings, ChIP assays have demonstrated
that acetylation of p53 augments binding to an endogenous
target promoter. Our findings seem to be at odds with the results
reported by Espinosa and Emerson (38), who failed to see any
effect of in vitro acetylation on p53 binding to long DNA
fragments. However, their assays used an in vitro acetylated p53
protein without further purification, and it was not determined
whether acetylated p53 comprised a major or a minor fraction in
their preparation. In fact, because the PAb421 antibody (di-
rected against the p53 C terminus) does not recognize acetylated
p53 but was able to quantitatively supershift the p53�DNA
complexes (38), this would argue that the major proportion of
p53 in the acetylated p53 protein preparations used by Espinosa
and Emerson was indeed unacetylated. As a consequence, these

p53 preparations are likely compromised in their ability to show
acetylation-dependent binding of p53 to DNA, particularly on
the large DNA fragments that show a weak, but significant
binding of unacetylated p53. On the other hand, in relation to the
observation of a requirement for the p53 C terminus for p53
function in vitro (38), we cannot exclude the possibility that the
C terminus of p53 behaves as a positive factor for transcription
under certain circumstances (ref. 48; W. An and R.G.R., un-
published results). The reported role of p53 C-terminal acety-
lation events in coactivator recruitment is consistent with such a
function (33).

More than 30 years ago, acetylation was shown to be an
important modification of histones that correlated with in-
creased transcriptional activity (20). The significance of his-
tone acetylation for transcriptional regulation seems well
accepted, although the precise roles for the diverse acetylation
events are still not completely understood. More recently, a
large number of nonhistone transcriptional factors have been
demonstrated to be bona fide substrates for acetyltransferases,
suggesting that acetylation represents another type of general
protein modification important for functional regulation of
transcriptional factors (45). CBP�p300, a protein possessing
histone acetyltransferase activity, acts as a coactivator of p53
and potentiates its transcriptional activity as well as its bio-
logical function in vivo (49–51). The significance of CBP�p300,
and arguably its interaction with p53, is underscored by the
presence of p300 mutations in several types of tumors (52).
Additionally, mutations of CBP in human Rubeinstein–Taybi
syndrome, as well as CBP-knockout mice, lead to a higher risk
of tumorigenesis (52). Although CBP�p300-mediated tran-
scription activation by p53 also involves nucleosomal histone
acetylation at the promoter region, our results indicate that
acetylation of p53 may contribute, at least in part, to full
activation of specific p53 target genes in vivo by increasing its
site-specific DNA binding activity.

HDACs have emerged as notable components in regulating
transcriptional activation as well. Treatment of cells with the
HDAC inhibitor TSA was found to increase the level of
acetylated p53 and led to the identification of the adaptor
protein PID�MTA2, a component of the HDAC1 complex that
can enhance HDAC1-mediated deacetylation of p53 (43, 53).
Subsequent work has identified Sir2� (SIRT1), a TSA-
resistant, nicotinamide adenine dinucleotide (NAD)-
dependent histone deacetylase that can both deacetylate p53
and attenuate its transcriptional activity (54–56). Moreover,
SIRT1-deficient cells exhibit p53 hyperacetylation after DNA
damage and ionizing radiation-induced thymocyte apoptosis,
further supporting a role for SIRT1-mediated p53 deacetyla-
tion in p53-dependent stress responses (57). Recent studies
indicate that targeted deacetylation and acetylation occur very
quickly amidst a global equilibrium of genomic acetylation and
deacetylation (58, 59). Although the steady-state level of
acetylated p53 is low even in stressed cells, we have found that
p53 is fully acetylated (at the p300�CBP sites) in response to
DNA damage when p53 deacetylation is inhibited (Fig. 5A,
lane 7 vs. 8). Thus, it is possible that acetylation of p53 plays
a critical role in initiating the binding of p53 to at least some
DNA sites, in addition to the maintenance of this binding and
effects on coactivator interactions at the target promoter (33).
Because some p53 target promoters such as p21 contain very
strong DNA binding sites for p53, it also is possible that
acetylation-mediated augmentation of p53 DNA binding con-
tributes less to transcription activation on these promoters
relative to other p53 target promoters with weak binding sites.
Thus, just as phosphorylation of Ser-46 at the p53 N-terminal
domain seems to be important specifically in UV-induced
apoptosis through activation of the p53AIP1gene (11), acety-
lated p53 may preferentially interact with, or function at,

Fig. 5. Endogenous p53 is fully acetylated on DNA damage. (A) Western blot
with DO-1 antibody showing the amounts of p53 immunoprecipitated with
the indicated p53 antibodies from cells with no treatment (lanes 1 and 2),
treatment with etoposide (lanes 3 and 4), treatment with TSA and nicotin-
amide (lanes 5 and 6), or treatment with etoposide, TSA, and nicotinamide
(lanes 7 and 8). (B) Western blot showing p21 levels (Upper) in p53-null H1299
cells (lanes 1–4) or wild-type p53-expressing H460 cells (lanes 5–8) after
treatment with the indicated drugs. �-Actin (Lower) was used as a loading
control.
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specific promoters and induce subsequent cellular responses.
In this regard, it was reported that DNA damage-induced
acetylation of p73 potentiates its abilities to selectively activate
the transcription of proapoptotic genes (60), further support-
ing this notion. Importantly, acetylation of p53 also regulates
its own stability as well as its physical interactions with
transcriptional coactivators such as CBP�p300 (33, 41, 45, 46).
Taken together, it is very likely that acetylation of p53
acts through multiple mechanisms, including effects on DNA

binding, protein stability and protein–protein interactions, to
synergistically regulate transcription in vivo.
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