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The p53 tumor suppressor protein is a sequence-specific transcription factor that modulates the response of
cells to DNA damage. Recent studies suggest that full transcriptional activity of p53 requires the coactivators
CREB binding protein (CBP)/p300 and PCAF. These coactivators interact with each other, and both possess
intrinsic histone acetyltransferase activity. Furthermore, p300 acetylates p53 to activate its sequence-specific
DNA binding activity in vitro. In this study, we demonstrate that PCAF also acetylates p53 in vitro at a lysine
residue distinct from that acetylated by p300 and thereby increases p53’s ability to bind to its cognate DNA site.
We have generated antibodies to acetylated p53 peptides at either of the two lysine residues that are targeted
by PCAF or p300 and have demonstrated that these antibodies are highly specific for both acetylation and the
particular site. Using these antibodies, we detect acetylation of these sites in vivo, and interestingly, acetylation
at both sites increases in response to DNA-damaging agents. These data indicate that site-specific acetylation
of p53 increases under physiological conditions that activate p5S3 and identify CBP/p300 and PCAF as the

probable enzymes that modify p53 in vivo.

The tumor suppressor protein p53 responds to DNA dam-
age to slow cell growth and promote programmed cell death
(21, 31, 35). p53 achieves its antiproliferative properties
through its action as a DNA-binding transcriptional activator,
to induce expression of downstream target genes. These in-
clude p21/waflfcipl (16), GADD45 (30), cyclin G (46), bax
(40), IGF-BP3 (11), and mdm2 (6, 60), whose gene products
are involved in cell cycle arrest, apoptosis, and regulation of
p53 function in cells exposed to DNA-damaging agents.

Three major functional domains have been identified in p53:
an amino (N)-terminal transactivation domain (residues 1 to
80) (12, 17, 20, 49), a central sequence-specific DNA-binding
domain (residues 94 to 293) (7, 24, 57), and a carboxyl (C)-
terminal oligomerization domain (residues 325 to 355) (14, 28,
34, 50, 55). In addition to the oligomerization domain, the C
terminus of p53 contains two regions (residues 290 to 325 [58]
and residues 356 to 393 [26]) that negatively regulate its DNA-
binding activity. Multiple posttranslational modifications to
these regulatory domains, such as phosphorylation, affect p53
function through modulation of DNA binding (26, 56). In
addition, the highly positively charged C-terminal regulatory
region may interact with the core DNA-binding domain and
lock p53 in an inactive conformation (42). Evidence that sup-
ports this idea is the activation of DNA binding by (i) deletion
either of the C-terminal region or of the polyproline region at
the N-terminal border of the core DNA-binding domain, (ii)
binding of 14-3-3 proteins or the monoclonal antibody PAb421
to the C-terminal regulatory domain, and (iii) phosphorylation
within the regulatory regions (24-26, 29, 42, 56, 58).

CREB binding protein (CBP) and p300 are structurally re-
lated transcriptional factors, involved in cell cycle control and
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differentiation, which coactivate numerous transactivators, in-
cluding p53 (3, 23, 36, 52). CBP/p300 have extensive structural
and functional similarity, including the capacity to bind both to
the adenovirus oncoprotein E1A (la) and to transactivators,
such as CREB (la, 33, 38), c-Jun/c-Fos (2, 5), c-Myb/v-Myb
(15, 43), MyoD (62), and Stat1 (63) and Stat2 (9), and to p53.
p300 and CBP associate with PCAF (p300 and CBP associated
factor), which has been implicated as an important factor for
cell cycle progression (61) and differentiation (48, 61). The
complex formed between CBP and PCAF is disrupted by E1A
(61), leading to suppression of p53 transactivation (36, 48, 52).
These observations suggest that interaction of CBP and PCAF
with p53 is critical for p53 function. Supportive evidence is
provided by the finding that CBP/p300 and PCAF function as
transcriptional coactivators for p53 to fully activate endoge-
nous p21/wafl/cipl gene expression (52).

An important feature common to coactivators CBP/p300
and PCAF is their intrinsic histone acetyltransferase (HAT)
activity (45, 61). Acetylation of lysine residues in the N-termi-
nal tails of histones facilitates gene activation, perhaps by re-
ducing histone tail affinity for DNA and thereby promoting
transcription factor binding to nucleosomal DNA (10, 37, 41,
54). The finding that coactivators are HATs has led to an
appealing model that transactivators recruit these enzymes to
provide promoter-specific chromatin remodeling. Although
both are HATs, CBP/p300 and PCAF have little sequence
similarity within their HAT domains (44, 45) and, accordingly,
exhibit differences in substrate specificities: recombinant CBP/
p300 equally acetylate all four histones (H3, H2A, H2B, and
H4), even when incorporated into nucleosomes, while PCAF
preferentially acetylates H3 and primarily while in a free, non-
nucleosomal state. Other proteins, including components of
the transcriptional machinery, such as TFIIEB and TFIIF, are
acetylated in vitro by CBP/p300 as well as by other HATs (27).
Recently, p300 was shown to acetylate p53 on its C terminus
and to enhance p53’s DNA-binding activity in vitro (22). This
observation is consistent with the model discussed above, that
pS3’s C terminus regulates DNA binding. The observation that
HATs acetylate substrates other than histones has generated
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increased interest in the role of acetylation in regulation of
gene expression. However, the physiological significance of
acetylation of targets other than histones remains an open
question. Given the ability of p300 to acetylate p53 in vitro, we
investigated whether PCAF is also able to acetylate p53. In this
study, we demonstrate that PCAF does indeed acetylate p53
and that it does so at a specific lysine distinct from the residue
acetylated by p300. Significantly, both of these lysine residues
exhibit increased acetylation in cells in response to DNA dam-
age.

MATERIALS AND METHODS

Plasmids and recombinant proteins. Specific regions of p53 were amplified by
PCR and subcloned into the pGEX-5X-1 vector in frame with the glutathione
S-transferase (GST) coding region. The p53 substitution mutations were gener-
ated by two-step PCR within the p53 C-terminal region (nucleotides [nt] 900 to
1179) and subcloned into pGEX-5X-1. The acetyltransferases were expressed
from pGEX-2T-p300 (amino acids [aa] 1195 to 1810), pGEX-5X-PCAF (aa
352-832), or pRSETA-PCAF containing only the acetyltransferase domain (13).
For transfection assays, full-length pS3 substitutions (lysine to arginine or ala-
nine) were generated by PCR-directed mutagenesis and then subcloned into
pCR3.1 vector at HindIII and PstI sites.

The GST fusion acetylation domains were expressed in Escherichia coli, bound
to glutathione Sepharose beads, and eluted with buffer containing 25 mM glu-
tathione, and purified proteins were dialyzed in buffer containing 20 mM Tris
(pH 8), 0.5 mM EDTA, 100 mM KCl, 20% glycerol, 0.5 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) before storage at —80°C, as
previously described (8).

In vitro acetylation assays. Substrate proteins (GST-p53 beads) were incu-
bated with 0.25 wCi [*H]acetyl coenzyme A (CoA) (Amersham) and 0.2 pg of
purified enzyme in 30 .l of acetylation buffer containing 50 mM Tris (pH 8.0),
5% glycerol, 0.1 mM EDTA, 50 mM KCl, 1 mM DTT, 1 mM PMSF, and 10 mM
sodium butyrate. Reaction mixtures were incubated at 30°C for 30 min, stopped
by addition of Laemmli buffer, and resolved by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE). The reactions were analyzed first by
Coomassie blue staining to verify the amounts of proteins used in each reaction,
and the same gel was subsequently subjected to autoradiography to evaluate
acetylation activity.

Electrophoretic mobility shift assay. For DNA-binding assays, 30 ng of re-
combinant p53 was acetylated or mock acetylated and incubated with the p53
consensus binding oligonucleotide, 5'-TACAGAACATGTCTAAGCATGCTG-
3’, which was labeled with [y->P]ATP. The binding reaction was done in 20 pl
of DNA-binding buffer (20 mM Tris [pH 7.5], 50 mM KCIl, 5 mM MgCl,, 1 mM
DTT, 0.5 mM EDTA, 10% glycerol, 10 mM Na butyrate, 0.5 mg of bovine serum
albumin, and 100 ng of carrier DNA) with or without 1 pl of PAb421 monoclonal
anti-p53 antibody (100 pg/ml). PAb421 antibody was added to the reactions 20
min before DNA probe was added. After incubation at room temperature for
another 30 min, the reactions were resolved on a 5% native polyacrylamide gel
in Tris-glycine buffer (25 mM Tris base, 200 mM glycine, and 2 mM EDTA) and
run at room temperature for 4 h, followed by autoradiography.

p53 Transcriptional activity. Saos-2 cells were transfected by calcium phos-
phate precipitation with plasmids expressing wild-type p53 or mutant p53 (0.1
pg) and 29 pg of pEp21-TK-SEAP. Alkaline phosphatase activity was deter-
mined 48 h later, as previously described (59).

Generation of acetylation-specific antibodies. The p53 peptides for acetyl-
K320 and acetyl-K373 were SSPQKKKPLDGE and SHLKSKKGQSTSR, re-
spectively, where the underlined lysine residues were acetylated. The peptides
were injected into two rabbits each (Research Genetics, Inc.) and were boosted
three times. For both peptides, we obtained high-titer and high-specificity anti-
sera to detect pS3 acetylated at the appropriate lysine.

Western blotting and immunoprecipitations with «-acetyl-K320 and a
a-acetyl-K373 antibodies. Thirty nanograms of highly purified recombinant wild-
type p53 protein or the full-length p53 substitutions K320R and K373R was
incubated with or without 0.2 pg of GST-PCAF or GST-p300 protein in the
presence of 0.25 pCi of [*HJacetyl-CoA at 30°C for 30 min. The reactions were
stopped by adding Laemmli buffer and loaded onto SDS-10% PAGE, trans-
ferred to a 0.2-wm-pore-size nitrocellulose membrane, and immunoblotted with
the a-acetyl-K320 or a-acetyl-K373 antibodies.

To monitor p53 acetylation in vivo, whole cell extracts were prepared from
U20S cells that were either untreated, UV irradiated at 50 J/m?, or v irradiated
at 10 Gray. Whole cell extracts were prepared 4 h after irradiation by lysing the
cells in buffer containing 50 mM Tris (pH 8.0), 120 mM NaCl, 0.5% Nonidet
P-40, 10 uM Tricostatin A, 1 mM DTT, 1 mM Pefabloc, and 1 mM Pepstatin A.
The extracts were cleared by centrifugation and immunoprecipitated with the
a-acetyl-K320 or a-acetyl-K373 antibodies or antibody DO1. The amounts of
extracts used (1.3 mg of nonirradiated cell extracts and 0.65 mg of UV or
y-irradiated cell extracts) were predetermined by normalization of the amount of
p53 by Western analysis with the anti-p53 monoclonal antibody, DO1. The
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FIG. 1. Acetylation of p53 by PCAF and p300 in vitro. GST fused to either
full-length p53 (p53g; ) or a p53 truncation mutant (p53,rp) lacking 25 amino
acids from its C terminus was acetylated with either p300 HAT (left) or PCAF
HAT (right). Reaction products were separated by SDS-PAGE. The gel was
stained with Coomassie blue to demonstrate that equivalent substrate was used
in each reaction (lower panels), and [*H]acetate reaction products were subse-
quently visualized by autoradiography of the identical gel (upper panels).

amount of p53 in the immunoprecipitates was determined by immunoblotting
with antibody DO1.

RESULTS

PCAF HAT domain acetylates p53 in vitro. CBP/p300 and
PCAF physically interact, and both acetylate histones in vitro.
We have previously shown that CBP/p300 and PCAF synergis-
tically enhance p53-mediated transcriptional activation of the
endogenous p2I gene (52). The observation that CBP/p300
acetylates p53 raised the question of whether PCAF can also
acetylate p53 and, if so, whether the substrate specificity would
be distinct from that of CBP/p300. To address this question, in
vitro acetyltransferase assays were performed. p53 was fused to
GST to aid in purification and used as a substrate for PCAF or
p300 acetylation domains (4, 13, 45, 61), which had comparable
activity on histone H3, with core histones as substrates (data
not shown).

PCAF acetylated full-length p53 (p53g,), as did p300, and
they had nearly equal acetylation activities (Fig. 1). Identical
amounts of enzymes were then used to acetylate a C-terminal
truncated p53 protein (pS3,rp), lacking the last 25 residues,
which had previously been shown to harbor the lysine residues
acetylated by p300 (22). Consistent with previous observations,
p300-mediated acetylation of p53,r, was completely lost.
However, PCAF acetylated the truncation protein with no
apparent reduction in efficiency compared to that of p53;
(Fig. 1). This result indicated that PCAF efficiently acetylates
p53 in vitro and that PCAF and p300 target distinct residues
within p53.

PCAF binds to and acetylates p53 within a region spanning
residues 300 to 369. Next we sought to identify the domain of
pS3 acetylated by PCAF, using a series of deletions within p53
as acetylation substrates (Fig. 2A). The domains tested encom-
passed the transcriptional activation domain(s) (AD1 and
AD2; aa 1to 43 and 1 to 83), the DNA-binding domain (DBD;
aa 100 to 300), the C-terminal region (aa 300 to 393), the
C-terminal regulatory domain (RD2; residues 358 to 393), and
the tetramerization domain plus a second regulatory domain
(RD1 + TD; aa 300 to 369). The deletions were expressed as
GST fusion proteins in E. coli, purified on glutathione Sepha-
rose beads, and tested for acetylation by PCAF. Only GST
fusion proteins containing the entire C-terminal domain (res-
idues 300 to 393) of p53 or the RD1 + TD domains (aa 300 to
369) served as substrates for PCAF (Fig. 2B). Specifically,
PCAF was not able to acetylate the RD2 domain (aa 358 to
393) of p53 (Fig. 2B), in contrast to p300 (22). In addition, the
efficiency of PCAF acetylation of the 300 to 393 region was
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FIG. 2. Identification of p53 domains acetylated by PCAF. (A) Schematic
diagram of p53 domain structure. A series of GST-p53 constructs are depicted
containing functional domains of p53. AD1 and AD2, activation domains; DBD,
DNA-binding domain; TD, tetramerization domain; RD1 and RD2, regulatory
domains. (B) Acetylation of p53 functional domains by PCAF. GST bead slurry
of each domain indicated that p53 truncation protein was subjected to acetyla-
tion assays with PCAF HAT. Reactions were analyzed as described in the legend
for Fig. 1.

comparable to the RD1 + TD domains (aa 300 to 369), sug-
gesting that the RD2 domain did not have an important role in
the overall acetylation (Fig. 2B). These results indicate that
PCAF acetylates target residues within one of the regulatory
domains (RD1) and/or the tetramerization domain but not
within the regulatory domain (RD2) acetylated by p300.

Since PCAF acetylates p53 within a specific domain, we
wanted to determine whether a stable interaction could be
detected between PCAF and p53. To accomplish this, the
GST-p53 fusion proteins used in the acetylation assays (Fig.
2A) were incubated with in vitro-translated PCAF. Only full-
length p53 and the C terminus (aa 300 to 393) interacted with
PCAF (Fig. 3A). Importantly, this region of p53 was same as
that acetylated by PCAF.

Lysine 320 in p53 is acetylated by PCAF. We next wished to
define the lysine residue(s) acetylated by PCAF. Lysines within
the aa 300 to 369 region of p53 were substituted with arginines
either individually or in combination. The substitution muta-
tions were generated within the GST-p53 (300-393) construct
(Fig. 2A) and assayed for their ability to serve as substrates for
PCAF acetylation. p53 protein containing substitutions at aa
305, 351, or 357 were acetylated by PCAF at the same level as
the wild-type protein, whereas the triple substitution mutant
K(319/320/321)R was a poor acetylation substrate for PCAF
(Fig. 4A, upper panel). To precisely define the residue that is
targeted by PCAF in K(319/320/321)R, the individual lysines
were converted to arginine. The substitution mutants K319R
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FIG. 3. Interaction of p53 and PCAF in vitro. (A) Interaction of PCAF with
p53 domains. GST-p53 truncation proteins, as shown in Fig. 1A, were incubated
with in vitro-translated full-length [**S]methionine-labeled PCAF protein. Fol-
lowing incubation, the beads were washed and then subjected to SDS-PAGE,
Coomassie staining, and autoradiography. PCAF input (2 ul) represents 10% of
actual reaction volume. Unfused GST is present at the bottom of the gel in lane
1. The asterisk indicates a breakdown product of GST-p53(300-393). (B) Inter-
action of PCAF with GST-p53(300-393) bearing lysine substitutions, as indi-
cated. Binding reactions were performed as described for panel A.

and K321R were acetylated by PCAF with efficiency similar to
that of wild-type p53 (Fig. 4A, lower panel), whereas the
K320R substitution mutant was acetylated poorly (Fig. 4A,
lower panel). Each of the lysine substitution mutants within
GST-p53(300-393) was able to interact with in vitro-translated
PCAF (Fig. 3B), indicating that the decreased acetylation of
K320R did not result from inability of PCAF to interact with
p53.

We also examined p300-mediated acetylation of GST-
Pp53(300-393). In addition to the lysine substitution mutations
within the aa 300 to 369 region described above, lysines in RD2
previously shown to be acetylated by p300 (aa 373, 381, and
382) were replaced by arginine. The K373R substitution sig-
nificantly decreased the acetylation by p300 (Fig. 2B), whereas
none of the lysine substitutions within RD2 affected acetyla-
tion by PCAF (Fig. 2B). Reduced acetylation by PCAF and
p300 was also observed when the substitutions were made in
the context of full-length pS53 (data not shown). Thus, acetyla-
tion of p53 by PCAF and p300 is highly specific and, interest-
ingly, is targeted to distinct lysines in the regulatory domains of
pS3.

PCAF acetylation activates p53’s sequence-specific DNA
binding. p53’s function as a tumor suppressor is tightly corre-
lated with its DNA-binding activity (20, 47, 51), which is reg-
ulated in multiple ways. Both RD1 (56, 58) and RD2 (26, 31)
are involved in allosteric negative regulation of DNA binding.
For example, deletions within either region enhance DNA
binding by p53, as does the p53-specific monoclonal antibody
PADb421, which binds to an epitope in RD2 (aa 371 to 381),
thereby relieving the inhibitory effect of the carboxyl-terminal
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FIG. 4. Determination of lysine residues acetylated by PCAF and p300. (A)
PCAF acetylation of p53 lysine substitution mutants in RD1 and TD of p53.
Lysine residues in the RD1 region (residues 300 to 324) and the tetramerization
domain were mutated to arginine (aa 305, 319, 320, 321, 351, and 357). Each
mutant was introduced within the 300 to 393 aa region of p53 fused to GST and
named according to the position of the mutated amino acid(s). KKK319 stands
for triple mutant at residues 319 to 321. Experimental details were the same as
those described in the legend for Fig. 2. (B) Acetylation of p53 lysine substitution
mutations in RD2 by PCAF and p300. GST fusion proteins containing lysine-
to-arginine mutations at residues 373, 381, and 382 were analyzed for acetylation
p300 (upper panel) or PCAF (lower panel). Experimental details were the same
as those described in the legend for Fig. 2.

region on DNA binding (25, 26). In addition, acetylation by
p300 within RD2 stimulates p53 binding (22). Based on these
findings and on our observation of acetylation by PCAF in
RDI1, we tested whether acetylation by PCAF alters p53’s
DNA-binding properties. Using an electrophoretic mobility
shift assay, we monitored the sequence-specific DNA-binding
activity by p53 in the presence or absence of acetylation by
PCAF. An oligonucleotide bearing a p53 consensus binding
site was radiolabeled, and either the wild type (p53wt) or the
K(319/320/321)R substitution mutant (p53mut) was tested for
binding. The p53 proteins bound to DNA with similar affinity,
and PAb421 equivalently stimulated the binding (Fig. 5, com-
pare lanes 2 and 3 for p53wt to lanes 11 and 12 for p53mut).
Therefore, the substitutions in RD1 did not affect the behavior
of the DNA-binding domain of p53.

We then determined the effect of acetylation of p53 by
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FIG. 5. The effect of acetylation by PCAF on p53 sequence-specific binding
to DNA. Purified recombinant human wild-type p53 (p53,,,) or the triple lysine-
to-arginine mutant (319/320/321; p53,,,) was incubated with or without
[*H]acetyl-CoA and either active PCAF or heat-treated PCAF (inactive). The
reaction products were then incubated with a 3°P-labeled p53 cognate site in
binding buffer, and binding was determined by DNA mobility shift on a native
polyacrylamide gel. The polyclonal antibody Ab421 was added as indicated. The
mobility of the DNA probe alone is shown in lane 1. Multiple repetitions of the
assay were performed, with quantitatively similar effects of K320 acetylation on
DNA binding by p53.

PCAF. The addition of acetyl-CoA and PCAF greatly stimu-
lated the binding of p53, both in the presence and absence of
PAb421 (Fig. 5, compare lanes 2 and 3 to lanes 9 and 10).
Several negative controls were performed to determine
whether this enhancement of DNA binding was due to acety-
lation of p53 by PCAF. First, PCAF protein alone or with
acetyl-CoA did not possess DNA-binding activity (Fig. 5, lanes
5 and 6). Second, inactivation of PCAF by heat treatment
eliminated the activation of p53 DNA binding (Fig. 5, lanes 7
and 8). Third, and most significantly, DNA binding of p53
bearing the K(319/320/321)R substitutions was not potentiated
by PCAF and acetyl Co-A (Fig. 5, compare lanes 11 and 12 to
13 and 14).

The effect of acetylation at K320 on p53’s DNA-binding
activity in vitro suggested that transcriptional activation medi-
ated by p53 may be altered by acetylation. To test this, wild-
type p53 or p53 bearing substitutions at the PCAF-targeted
acetylation site at K320 was cotransfected into Saos-2 cells with
a p53-responsive reporter plasmid. The single substitution
K320R exhibited a modest 15% lowering of transcriptional
activity, and the triple substitution K(319/320/321)R was re-
duced 35% (Fig. 6). Thus, p53 bearing the triple substitution
possesses lower activity than the single change, perhaps be-
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FIG. 6. Transcriptional activity of p53 K320 substitutions in Saos-2 cells.
Cells were transfected with 0.1 pg of p53 wild type or mutant expression plasmid
and 29 pg of pEp21-TK-SEAP. The level of activity of each p53 construct was
compared to that of wild-type p53.

cause the loss of the single K320 shifts acetylation to one of the
adjacent lysine residues.

Acetylation of K320 and K373 in p53 increases in vivo by UV
or ionizing radiation treatment. Our observations that PCAF
specifically acetylates p53 at K320, that this acetylation stimu-
lates p53’s DNA binding in vitro, and that alteration of this
residue partially lowers p53 transcriptional activity in vivo
raised the question of whether the acetylation occurs in vivo,
and if so, whether it is regulated by previously known physio-
logical stimuli of p53, such as DNA damage. To determine the
acetylation state of p53 in vivo, we generated acetylation- and
site-specific anti-p53 antibodies and used them to probe the
acetylation status of pS3. Peptides were synthesized comprising
13 amino acids, with the central residue containing either
acetylated K320 or K373. These two peptides were then used
as antigens to generate polyclonal antisera. The specificities of
these antisera were determined by Western blot analysis of
wild-type or substitution mutants of p53 that had been acety-
lated by either PCAF or p300 (Fig. 7A). As a first level of
specificity, neither antibody detected unacetylated p53 (data
not shown). Secondly, the anti-acetyl-K320 («a-ac-K320) anti-
body detected p53 acetylated by PCAF but not by p300, while
the a-ac-K373 antibody behaved in the opposite fashion, de-
tecting pS3 acetylated by p300 but not by PCAF (Fig. 7A).
Thirdly, detection of p53 by the a-ac-K320 was lost in the
K(319/320/321)R substitution mutant, and detection by the
a-ac-K373 was lost in the K373R mutant (Fig. 7A). Finally,
neither antibody recognized core histones acetylated by PCAF
(which acetylates primarily H3) or p300 (which acetylates all
four core histones) (Fig. 7B). These results show that the
a-ac-K320 and a-ac-K373 antibodies are highly specific for p53
acetylation patterns generated either by PCAF or by p300 in
vitro.

Using the acetyl-specific antibodies, we then investigated the
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acetylation status of p53 in vivo. U20S osteosarcoma cells,
which express wild-type p53, were untreated or exposed to
either UV or ionizing radiation, since these DNA-damaging
agents are known to induce p53 function in vivo (39). Because
the amount of p53 increases in response to DNA damage, we
first immunoprecipitated p53 with the DO1 monoclonal anti-
body to determine the amount of cell extract that contains an
equivalent amount of p53 (Fig. 7C). Immunoprecipitation with
the a-ac-K320 or a-ac-K373 antibodies revealed a very low
amount of K320- or K373-acetylated p53 protein in mock-
irradiated cells. However, following irradiation, both antibod-
ies detected an increased amount of acetylated pS3 protein
(Fig. 7C, lower panel). Thus, p53 acetylation is induced at both
K320 and K373 after DNA damage.

DISCUSSION

In this study we have identified a novel function for the
acetyltransferase activity of the GenS family member human
PCAF. In addition to utilizing histones as a substrate, PCAF
acetylates the transcription factor and tumor suppressor p53.
The acetylation site in p53 is highly specific and, importantly, is
distinct from the previously characterized sites acetylated by
p300. The consequence of the acetylation by PCAF is greatly
stimulated DNA binding by p53 in vitro. Most significant is
that this study is the first to demonstrate that target lysines
within a nonhistone substrate exhibit increased acetylation un-
der physiological conditions that stimulate function. In partic-
ular, under in vivo conditions that cause DNA damage, which
potentiate p53 activity, increased pS53 acetylation is detected at
lysines acetylated in vitro by PCAF and p300.

Previous studies have shown that CBP/p300 and PCAF form
a coactivator complex to facilitate gene transcription by spe-
cific transcriptional activators (32). In particular, we have
shown that CBP and PCAF function synergistically to activate
pS3-dependent transcription of the endogenous p21/wafl/cipl
gene (52). The finding that CBP and PCAF both acetylate
histones in vitro has raised the question of why multiple acetyl-
transferases function in complexes to potentiate transcription
of target genes. One possibility, suggested by the fact that each
coactivator has distinct histone target specificity (27, 45), is that
they acetylate distinct sites within nucleosomes to achieve a
synergistic effect on chromatin remodeling, as previously sug-
gested (45). Our results show that PCAF and CBP have clearly
distinct specificities for acetylation of p53 and, hence, the po-
tential for synergistic activation of p53 as well. Thus, at one
level, CBP and PCAF acetylation of p53 enhances its binding
affinity for promoters of target genes. At a second level, once
bound to target genes, p53 recruitment of the CBP-PCAF
coactivator complex acetylates nucleosomal histones, thereby
promoting access to DNA of RNA polymerase II and other
basal transcription factors. Another possible explanation for
distinct acetylation by the different enzymes is that it allows
p53 to respond to different activating signals.

We have compared the primary sequence of the PCAF-
dependent acetylation site at K320 in p53 to the previously-
determined yeast GenS-dependent acetylation sites in core hi-
stones H3 and H4 (32a). Interestingly, there is no apparent
similarity between the sequences flanking K320 and the con-
sensus histone acetylation site, suggesting great flexibility in
the interaction of different acetylation substrates with the cat-
alytic domain of the GenS family. Structural studies of acety-
lation domains complexed with different substrates may reveal
the basis of this sequence flexibility in the sites of acetylation.

The effects of p300 (22) and PCAF acetylation (Fig. 5) on
p53 DNA binding in vitro are clear. In support of a similar
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FIG. 7. Acetylation of p53 in response to DNA-damaging agents. (A) Specificity of antibodies raised to p53 peptides encoding acetylated lysines 320 or 373.
Recombinant p53 was incubated with either PCAF or p300 in the presence of [*H]acetyl-CoA. A sample of each reaction was subjected to SDS-PAGE and analyzed
by autoradiography to determine the level of acetylation (upper panel). Samples of each reaction were then tested by Western analysis with the anti-K320-acetyl
antibody (lower left) and anti-K373-acetyl antibody (lower right). The Western blot membranes were then reprobed with the anti-p53 monoclonal antibody DO1 to
compare the amounts of p53 proteins used in each reaction. (B) Specificity of antibodies raised to acetylated p53 peptides against acetylated core histones. Equal
amounts of free core histones or p53 were acetylated by PCAF or p300. Samples were treated the same way as described for panel A. (C) Effect of DNA-damaging
agents on the acetylation state of p53. Whole cell extracts were prepared from untreated cells or cells treated with either ionizing radiation (IR) or UV radiation.
Extracts were immunoprecipitated (IP) with anti-ac-K320, anti-ac-K373, or anti-p53 monoclonal DO1 antibody. The amount of p53 in each immunoprecipitate was then

analyzed by Western blotting with DO1 antibody.

effect in vivo, we observed a modest reduction in transcrip-
tional activity of p53 in transfection assays, using the K320R
single substitution or the K(319/320/321)R triple substitution.
We also tested substitution at K373 and found that arginine at
this position exhibited less than a 10% reduction in transcrip-
tion activity, while alanine showed a decrease of approximately
65% lowering (52a). In general, these effects are qualitatively
similar to reported results on mutation of other sites of post-
translational modification of p53. For example, phosphoryla-
tion at S15, S315, and S392 increases after irradiation, but
substitutions at these residues have either a partial effect or no
effect on p53 function, respectively (18, 19, 29, 53, 56). There
are several explanations for these rather modest effects. First,
p300 and PCAF are likely to both acetylate histones and p53 to
activate p53-responsive genes, so mutation of the acetylation
sites within p53 may lower p53-mediated activation only par-
tially. Second, the amount of exogenous p53 introduced by
transfection may exceed the regulatory capacity of cells. Third,
as mentioned above, there is evidence of several or many
functionally redundant posttranslational modifications within

the regulatory region and the activation domains of p53. In
further support of physiological significance, we have screened
a database of p53 gene mutations found in human tumors and
cell lines (maintained by the International Agency for Re-
search on Cancer; www.iarc.fr/p53/homepage.htm) to deter-
mine the frequency of substitution mutations in RD1 and RD2.
Among the reported potential regulatory sites (serine 315 [56],
serines 376 and 378 [29], lysines 373, 381, and 382 [22], serine
389 [44], and serine 392 [44]), substitutions are found only at
lysine 320.

Abundant evidence indicates that p53’s ability to bind to
DNA is tightly linked to its physiological functions in tumor
suppression (35). p53 is a tetramer (25) and is postulated to
assume two dynamic states, a high-affinity state and a low-
affinity state for DNA binding (24, 25). Activation of p53 is
thought to require a conformational switch from the low-to-
high affinity states. In addition, both C-terminal regulatory
domains (RD1 and RD2) negatively regulate p53’s DNA-bind-
ing activity in vitro, perhaps by maintaining p53 in the low-
affinity state (25, 26, 58). These results raise the possibility that
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RD1 and RD2 are targeted by agents, such as DNA damage,
that regulate p53 function in vivo. Indeed, ionizing radiation
leads to a specific dephosphorylation at serine 376 within RD2,
which in turn leads to association of p53 with 14-3-3 proteins
and enhanced sequence-specific DNA-binding activity (29). In
addition, phosphorylation of serine 392 within RD2, which
activates p53 DNA binding in vitro (26), has been observed in
response to UV irradiation in vivo (18, 44).

The findings reported here and similar results from other
laboratories (1) suggest that RD1 and RD2 are also targeted
by acetyltransferases in vivo. Lysine 320 within RD1 and lysine
373 within RD2 become acetylated after exposure of cells to
UV or ionizing radiation. In vitro, the acetylation site at K320
is targeted by PCAF and the acetylation at K373 is targeted by
p300, and both p300 and PCAF increase the affinity of p53 to
bind its cognate DNA site. This suggests that there are multi-
ple and perhaps redundant pathways to increase p53’s capacity
for DNA binding in response to DNA damage. It will be
important to establish the conditions under which each of
these pathways contributes to the p53 DNA damage response
and whether these modifications can occur independently of
each other or only in a specific sequence.
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