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The adenovirus E1B 55-kDa protein binds to cellular tumor suppressor p53 and inactivates its transcrip-
tional transactivation function. p53 transactivation activity is dependent upon its ability to bind to specific
DNA sequences near the promoters of its target genes. It was shown recently that p53 is acetylated by
transcriptional coactivators p300, CREB bidning protein (CBP), and PCAF and that acetylation of p53 by these
proteins enhances p53 sequence-specific DNA binding. Here we show that the E1B 55-kDa protein specifically
inhibits p53 acetylation by PCAF in vivo and in vitro, while acetylation of histones and PCAF autoacetylation
is not affected. Furthermore, the DNA-binding activity of p53 is diminished in cells expressing the E1B 55-kDa
protein. PCAF binds to the E1B 55-kDa protein and to a region near the C terminus of p53 encompassing
Lys-320, the specific PCAF acetylation site. We further show that the E1B 55-kDa protein interferes with the
physical interaction between PCAF and p53, suggesting that the E1B 55-kDa protein inhibits PCAF acetylase
function on p53 by preventing enzyme-substrate interaction. These results underscore the importance of p5S3
acetylation for its function and suggest that inhibition of p53 acetylation by viral oncoproteins prevent its

activation, thereby contributing to viral transformat

ion.

The cellular tumor suppressor p53 exerts its tumor suppres-
sion functions largely by acting as a transcriptional transacti-
vator. In response to a variety of stimuli, such as DNA damage
and expression of cellular or viral oncoproteins, p53 is stabi-
lized and binds to specific DNA sequences in the vicinity of the
promoter of its target genes and activates their transcription.
The genes activated by p53 include p27 ( also called WAFI or
Cipl) (cyclin-dependent kinase inhibitor), cyclin G, GADD45,
Mdm?2, and Baxl (apoptosis inducer). The products of these
genes are implicated in regulation of cell cycle progression,
DNA replication, and apoptosis (13, 25, 31).

Growth arrest or apoptosis imposed by p53 could severely
hinder the replication of small DNA tumor viruses, as such
replication requires host cells to enter the S phase. Thus, it is
not surprising that a number of viral oncoproteins, such as the
adenovirus (Ad) E1B 55-kDa protein, human papillomavirus
(HPV) E6, and simian virus 40 large T antigen, bind to and
repress the biological functions of p53 (30, 34, 49, 66). The E6
proteins of highly oncogenic HPV types 16 and 18 (HPV16 and
HPV18) associate with p53 and target it for ubiquitination and
subsequent degradation (51). Simian virus 40 large T antigen
binds to the sequence-specific DNA binding domain of p53
(52, 56). This interaction interferes with sequence-specific
DNA binding of p53 and therefore inhibits p53-mediated tran-
scriptional transactivation (2, 10, 41).

Inhibition of p53 transactivation function is thought to be
the key step in cell transformation induced by Ad (45, 69). The
transforming function of Ad maps to the early region 1 (E1) of
the 36-kb Ad genome (45). The El region encompasses two
independent transcription units, E1A and E1B. E1A encodes
two major polypeptides, 289R and 243R, whereas E1B tran-
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script specifies two overlapping open reading frames which
encode E1B 19-kDa and 55-kDa proteins. The E1A proteins
bind to retinoblastoma protein pRb and inhibit its function in
regulating cell cycle progression (11) and also appear to affect
p53 functions (54). The E1B 19-kDa protein functions as an
inhibitor of apoptosis (7, 36; reviewed in reference 46). The
E1B 55-kDa protein suppresses p53 transactivation activity
and also p53-mediated apoptosis (38, 55, 58, 69, 71). Both E1B
proteins are required to fully transform cells in cooperation
with E1A (3, 14, 60).

In Ad-transformed cells as well as in vitro, the E1B 55-kDa
protein tightly associates with p53 (24, 48, 70, 72). Linker
insertion mutagenesis of Ad type 2 (Ad2) E1B 55-kDa protein
indicated that two regions around position H180 and between
positions A262 and H326 are important for p53-E1B 55-kDa
protein interaction (70). In a reciprocal study using in vitro
immunoprecipitation (IP) assays, the amino-terminal 123 res-
idues of murine p53 were shown to be responsible for binding
to E1B 55-kDa protein (24). Several hydrophobic amino acid
residues including Trp-23 and Pro-27 of human p53 are im-
portant for binding to the E1B 55-kDa protein, and these
hydrophobic residues are also critical for p53 transactivation
activity (33). These studies thus suggest that the interaction
between E1B 55-kDa protein and p53 is important to inacti-
vate p53 transactivation function. Further studies demon-
strated that transcriptional repression function of E1B 55-kDa
protein correlates with its ability to transform cells and that
binding to p53 is necessary but not sufficient for transcriptional
repression and transformation activities of the Ad2 E1B 55-
kDa oncoprotein (71). Moreover, phosphorylation of three
residues (Ser-490 and -491 and Thr-495) near the carboxyl
terminus of Ad5 E1B 55-kDa protein is also required for tran-
scriptional repression and transformation (57). The E1B 55-
kDa protein from highly oncogenic Ad12 also represses p53
transactivation activity (55). It shares a high level of sequence
identity with its Ad2 or AdS counterpart after position Lys-136
of the Ad12 protein, whereas sequence identity in the amino-
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terminal region up to residue Tyr-135 between Ad12 and Ad2
or Ad5 ranges from very weak to nonrecognizable (32). Since
it is the conserved sequence within the E1B 55-kDa protein
that is required for binding to p53, it is expected that Ad12
E1B 55-kDa protein might bind to p53 as well as does its Ad2
or Ad5 counterpart. However, previous studies using immuno-
fluorescence microscopy and IP failed to detect interaction
between Ad12 E1B 55-kDa protein and p53 (37, 61, 73). None-
theless, these results do not prove that there is no interaction
between p53 and Ad12 E1B 55-kDa protein; one possibility is
that specific antibodies used in those studies could block the
binding sites between p53 and E1B 55-kDa protein. Indeed,
interaction between p53 and Ad12 E1B 55-kDa protein was
detected in IP assays as well as in immunofluorescence micros-
copy using different antibodies (12, 16, 67).

How does E1B 55-kDa oncoprotein inhibit the p53-medi-
ated transcriptional transactivation function? There are sev-
eral possible scenarios. First, the E1B 55-kDa protein repres-
sion domain may be tethered to the transcriptional machinery
through its interaction with DNA-bound p53. In agreement
with this, it was shown previously that Ad2 E1B 55-kDa protein
has a generalized transcriptional repression activity, and elec-
trophoretic mobility shift assays indicated that E1B 55-kDa
protein can supershift a p5S3-DNA complex (71). Furthermore,
purified Ad2 E1B 55-kDa protein can specifically suppress p53
transactivation function in an in vitro transcription assay (39,
40). Second, E1B 55-kDa protein might interact with histone
deacetylases and bring them to chromatin through interaction
between E1B and DNA-bound p53 in a manner similar to that
of a number of known transcription repressors (6, 27, 59).
Third, the E1B 55-kDa oncoprotein might inhibit posttransla-
tional modifications of p53, as covalent modifications of p53
such as phosphorylation and acetylation play important roles in
activating p53 (42).

It has been shown recently that the acetylases p300, CREB
binding protein (CBP), and PCAF acetylate p53 and enhance
its sequence-specific DNA-binding activity (17, 35, 47). Fur-
thermore, such acetylation is induced in response to DNA
damage (35, 47), suggesting that this modification may repre-
sent a physiological response to activate p53; consequently,
suppression of p53 acetylation may inhibit its sequence-specific
DNA-binding activity and render it unable to transactivate
transcription.

In this study, we show that E1B 55-kDa protein from both
Ad2 and Ad12 inhibits acetylation of pS3 by PCAF in vitro and
in vivo, whereas it does not affect acetylation of histones by
PCAF or its autoacetylation. Moreover, the DNA-binding ac-
tivity of p53 in cells expressing E1B 55-kDa protein is greatly
reduced. PCAF interacts with a region near the C terminus of
p53 as well as with both Ad2 and Ad12 E1B 55-kDa proteins.
In addition, E1B 55-kDa protein appears to interfere with the
physical interaction between PCAF and p53. These results
suggest that abrogation of p53 acetylation by viral oncopro-
teins such as the E1B 55-kDa protein inactivates pS3 and
thereby contributes to viral infection and cell transformation.

MATERIALS AND METHODS

Cell culture. Sf9 cells were maintained at 27°C in Grace’s insect medium
(Gibco-BRL), supplemented with 10% fetal bovine serum (FBS), 1X lactalbu-
min hydrolysate, 1X yeastolate, and 0.1% pluronic F-48 (Gibco-BRL). A hybrid-
oma cell line producing monoclonal antibody 2A6 against Ad2 or Ad5 E1B
55-kDa protein (a kind gift of Arnold Levine) was cultured in RPMI medium
supplemented with 10% FBS. Monolayer cell lines, G401, G401-CC3, and 293,
were cultured in Dulbecco’s modified essential medium supplemented with 10%
FBS, 100 U of penicillin, and 0.1 mg of streptomycin per ml. For culturing G401
and G401-CC3, hypoxanthine (15 wg/ml) and thymidine (10 pg/ml) were added
to the medium. In addition, 250 g of G418 per ml was added to the medium for
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growing G401-CC3. G401 is a rhabdoid kidney tumor cell line (65); G401-CC3
is a derivative of G401, which was stably transfected with a vector expressing
Ad12 E1B 55-kDa protein (55). 293 was derived from human embryonic kidney
cells by transformation with Ad5 DNA fragments, and this cell line expresses
both E1A and E1B proteins (15).

Protein expression. The Ad E1B 55-kDa proteins were expressed in insect
cells and in Escherichia coli. To construct recombinant baculovirus, a BamHI-
Sall fragment containing the entire coding region of Ad2 or Ad12 E1B 55-kDa
protein was excised from plasmid pGEM-T/Ad2 HA-E1B or pGEM-T/Ad12
HA-E1B, and this fragment was cloned into pFastBacHTb (Gibco-BRL) donor
vector. To tag proteins with both the FLAG peptide and six His residues in the
donor vector, an oligonucleotide containing codons for the 9 amino acid (aa)
residues of the FLAG peptide was first inserted into BamHI and EcoRI sites of
pFastBacl, and then the BamHI-HindIIl fragment encompassing the FLAG
coding sequence and multiple cloning sites of pFastBacl was cloned into BamHI
and HindlIII sites of pFastBacHTa to make the plasmid FLAG-pFastBacHTa.
The human p53 coding region was cloned into the EcoRI site of FLAG-pFast-
BacHTa. Recombinant baculoviruses (bacmids) were generated by transforming
DH10Bac competent cells (Gibco-BRL) with various donor plasmids. The DNA
of these bacmids was isolated from E. coli and was transfected into Sf9 insect
cells. Viruses were produced typically at 72 to 96 h posttransfection. To amplify
the recombinant baculovirus, the supernatant of initial culture was used to
further infect Sf9 cells. After one round of amplification, the viral titer was
determined using plaque assay. We typically got a titer of ~10'° PFU/ml. To
determine optimal expression, Sf9 cells were infected with varying amounts of
virus and harvested at different time points postinfection. The Ad2 and Ad12
E1B 55-kDa proteins with amino-terminal six-His tag and p53 with both six-His
and FLAG tags at the amino terminus were expressed in the insect cells (see Fig.
1A).

The wild-type (WT) Ad12 E1B 55-kDa protein and its N-terminal portion
were also expressed in E. coli. The entire coding region for Ad12 E1B 55-kDa
protein was carboxyl terminally tagged with six-His residues by PCR with primers
AdI12E1B-Nde (5'-ACATATGGAGCGAGAAATCCCACCT-3’, Ndel site in
boldface) and AdI2E1B-His (5'-AGAATTCTCAGTGGTGGTGGTGGTGG
TGggatccGTTGTCGTCTTCATCACTTGA-3', EcoRI site in boldface, BarmHI
site in lowercase, and six-His region underlined). The PCR fragment was cloned
into Ndel and EcoRI sites of pET-22b(+) (Novagen). The coding sequence
for the amino-terminal portion up to residue K-158 of Ad12 E1B 55-kDa pro-
tein was generated by PCR with primers Ad12E1B-Nde and EI1BH3
(5'-AAAAGCTTCTTAATAGCACACTCCATATCCTC-3', HindIIl site in
boldface and Ad12 sequence underlined), which was cloned into the Ndel and
HindII sites of pET-22b(+). These constructs were verified by DNA sequencing.
These plasmids were introduced into E. coli strain BL21 (DE3), and the recom-
binant proteins were expressed at 30°C upon induction with isopropyl-p-p-thio-
galactopyranoside (IPTG; 0.5 mM) for 3 h. The N-terminal fragment of the Ad2
E1B 55-kDa protein (aa 1 to 161) was cloned into pQE30 (Qiagen) and ex-
pressed in E. coli strain XL1-Blue with IPTG induction.

Protein purification. All proteins were affinity purified with Ni-NTA (nickel-
nitrilotriacetic acid) agarose (Qiagen). All purification steps were carried out at
4°C. To purify proteins expressed in Sf9 cells, extracts were prepared from
infected cells by one cycle of freeze and thaw in buffer A (20 mM Tris-HCI [pH
7.9], 0.5 M NaCl, 20 mM imidazole, 0.5% Nonidet P-40, 10% glycerol, 10 mM
B-mercaptoethanol) supplemented with 1X protease inhibitor cocktail (16 wg of
benzamidin HCI per ml, 10 wg of phenanthroline per ml, 10 g of aprotinin per
ml, 10 pg of leupeptin per ml, 10 pg of pepstatin A per ml, 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]). The extracts were incubated for 30 min with slow
rotation. The extracts were then centrifuged and filtered through an 0.22-pm-
pore-size filter. The cleared extracts were mixed with Ni-NTA agarose and
incubated for 4 h with slow rotation. The resulting agarose was washed three
times with buffer A containing 60 mM imidazole, and the proteins were eluted
using buffer A containing 200 mM imidazole. Eluted polypeptides were dialyzed
in storage buffer (20 mM Tris-HCI [pH 7.9], 0.5 M NaCl, 50% glycerol, 0.1 mM
1,4-dithiothreitol), 0.1 mM EDTA, 0.5 mM PMSF, 1 mM benzamidine) over-
night.

To purify proteins expressed in E. coli, the bacterial pellets were resuspended
in buffer A supplemented with 10 pg of leupeptin per ml, 10 ng of aprotinin per
ml, and 0.5 mM PMSF. After sonication and centrifugation, the extracts were
filtered through an 0.22-pm-pore-size filter and were incubated with Ni-NTA
agarose for 4 h with slow rotation. The other steps in the purification protocol are
the same as described above.

Acetyltransferase assay. The human PCAF was purified as described previ-
ously (68) and used as acetylase. Purified p53 was subject to acetylation by PCAF
in the presence or absence of E1B 55-kDa protein as specified in Fig. 2. Protein
samples were incubated at 30°C for 30 to 60 min in a total volume of 20 ul
containing 50 mM Tris-HCI (pH 8.0), 10% glycerol, 1 mM 1,4-dithiothreitol, 1
mM PMSF, 0.1 mM EDTA, 10 mM sodium butyrate, and 90 pmol of 1-'*C-acetyl
coenzyme A (55 mCi/mmol; Amersham). The reaction mixtures were then an-
alyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and the gels were stained with Coomassie brilliant blue, dried, and were
subjected to autoradiography.

Detection of in vivo p53 acetylation by PCAF. G401, G401-CC3, and 293 cells
were grown for 24 h to 60 to 70% confluence. Cells were washed twice with
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phosphate-buffered saline (PBS) and then grown in complete medium supple-
mented with the deacetylase inhibitor trichostatin A (TSA; Sigma) at a final
concentration of 5 uM. At different time points following the addition of TSA,
cells were washed twice with ice-cold PBS and lysed on ice in ice-cold lysis buffer
(50 mM Tris-HCI [pH 7.5], 5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 50 mM
NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 g of
aprotin per ml, 10 pg of leupeptin per ml, 5 pg of pepstatin per ml, 0.5 mM
PMSF, and 5 M TSA). Lysates were clarified at 20,000 X g for 30 min at 4°C.
Before IP, each sample (containing 2.5 mg of total cellular proteins) was pre-
cleared by protein G-agarose (Roche Molecular Biochemicals) for 1 h. Subse-
quently, 2.5 pg of affinity-purified mouse monoclonal anti-p53 antibody DO-1
(Santa Cruz Biotechnology) was added to the precleared lysates and incubated
on ice for 1 h. Then protein G-agarose was added, and the IP mixture was further
incubated at 4°C for 1 h with rotation. The beads were collected by centrifugation
and then washed five times with ice-cold lysis buffer. The amount of p53 protein
in the immunoprecipitates was estimated by Western blotting using goat poly-
clonal anti-p53 antibody p53 FL-393-G (Santa Cruz Biotechnology) as primary
antibody. To determine the acetylation status of p53 in these cells, the same
immunoprecipitates with an equal amount of p53 protein were subjected to
SDS-PAGE and acetylated p53 was detected with rabbit anti-acetylated p53
(lysine-320) antiserum (Upstate Biotechnology) in Western blot analysis using
the enhanced chemiluminescence method (ECL; Amersham-Pharmacia) with an
appropriate peroxidase-conjugated secondary antibody.

Electrophoretic mobility shift assay. The DNA-binding activity of p53 in the
nuclear extracts of several cell lines was assayed using the NUSHIFT kit (Geneka
Biotechnology, Inc.) according to the protocol provided by the manufacturer.
The nuclear extracts of G401, G401-CC3, and 293 cells containing approximately
equal amounts of p53 were incubated with the oligonucleotide containing con-
sensus p53-binding sites, 5'-AGCTGGACATGCCCGGGCATGTCC-3’ (the con-
sensus binding sequence is in bold-face), which was labeled with [y->*P]ATP. An
excessive amount (200-fold over that of labeled probe) of unlabeled WT oligo-
nucleotide or a mutant oligonucleotide, 5'-AGCTGGATCGCCCCGGGC ATGT
CC-3' (mutated nucleotides are underlined), was used in the competition assay.
The Raji nuclear extract was supplied in the kit and used as positive control. Two
microliters of PAb421 anti-p53 monoclonal antibody (100 pg/ml; Calbiochem)
was added per assay in some reactions to supershift the p53-DNA complex. The
reactions were resolved on a 5% polyacrylamide gel and run at 4°C. The gel was
dried and subjected to autoradiography.

IP. In each IP experiment, approximately 0.5 to 1 pg of each purified protein
was incubated with an appropriate antibody in NET-gel buffer (20 mM Tris-HCI
[pH 7.4], 0.1 M NaCl, 0.5% Nonidet P-40, 10% glycerol, and 5 mM EDTA) for
at least 1 h with rotation at 4°C. The amount of antibody used per IP assay is
different depending on specific antibodies; the typical amount is 100 wl of
hybridoma supernatant (2A6; anti-Ad2 E1B 55-kDa protein), 3 pl of purified
monoclonal antibody against p53 (DO-1 [Santa Cruz Biotechnology] or PAb421
[Calbiochem]), 6 pl of anti-FLAG M2 antibody (Sigma), or 3 pl of rabbit
antiserum against the N terminus of Ad12 E1B 55-kDa protein. Protein A-aga-
rose beads (15 pl; Roche Molecular Biochemicals) were added into the protein-
antibody mixture and incubated at 4°C for 1 h with rotation. The beads were
collected by centrifugation and washed three times. The first wash was done with
NET-gel buffer supplemented with NaCl to a final concentration of 0.5 M; the
second wash was with NET-gel buffer supplemented with 0.1% SDS, and the
third wash was carried out with 10 mM Tris-HCI (pH 7.4) with 0.1% Nonidet
P-40. The beads were pelleted by centrifugation and mixed with 30 pl of 1X SDS
loading buffer. The precipitated proteins were separated by SDS-PAGE and
transferred onto a nitrocellulose membrane in 25 mM Tris base-190 mM glycine
at 50 V for 3 h at 4°C. The coprecipitated proteins were detected using an
appropriate antibody with the enhanced chemiluminescence (ECL) kit.

To detect EIB-PCAF interaction in vivo, 293 cells were washed twice with PBS
and lysed on ice with ice-cold RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, pH 7.5). Lysates were
clarified by centrifugation and then precleared with protein G-agarose. The IP
antibody was incubated with the cell lysates at 4°C for 1 h. Protein G-agarose was
added and incubated at 4°C for 1 h. The beads were collected by centrifugation
and then washed five times with ice-cold RIPA buffer. For detecting Ad12
E1B-PCAF interaction, G401-CC3 cell lysates were subjected to IP using anti-
E1B, and the immunoprecipitates were analyzed by Western blotting using
anti-PCAF. In addition, G401-CC3 cells were transfected with pCX-Flag-PCAF
by lipofection. Forty-eight hours after transfection, cell lysates were made and
then subjected to IP as described above for 293 cells.

Yeast two-hybrid assay. Various DNA fragments spanning different regions of
the Ad2 or Ad12 E1B 55-kDa protein open reading frame were fused either to
yeast GAL4 activation domain (AD) in plasmids pPGAD-C(x) or to GAL4 DNA-
binding domain (BD) in plasmids pGBDU-C(x) (22). Similarly, a DNA fragment
encoding the full-length human PCAF was cloned into pGAD-C3 and
pGBDU-C3 (22). A series of plasmids containing varying N-terminal deletions of
human p53 cDNA that were fused to GAL4 AD were described previously (21)
and were kindly provided by Stanley Fields. The p53 AD (aa 1 to 145) and
sequence-specific BD (aa 76 to 315) were separately cloned into pGAD-C1 and
pGBDU-CI1.

The yeast strain PJ69-4A (MATa trpI-190 leu2-3,112 ufa3-52 his3-200 gal4A
8al80A LYS2::GALI-HIS3 GAL2-ADE2 met2::GAL7-lacZ) was used for all two-
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hybrid assays as described previously (22). Plasmids are introduced into PJ69-4A
by the standard lithium acetate transformation method. To test potential pro-
tein-protein interaction, transformants were screened for growth in medium
lacking histidine but in the presence of 5 mM 3-aminotriazol (3-AT) (His™
phenotype) or lacking adenine (Ade™ phenotype) or assayed for B-galactosidase
activity (blue phenotype) in the presence of X-Gal (5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside) or by quantitative measurement using Galacto-Light re-
agents (Tropix) and a luminometer.

Reverse two-hybrid assay. The BamHI-Bg/II fragment encoding Ad2 E1B
55-kDa protein aa 1 to 437 (missing 58 aa residues in the C terminus) from
pGEM-T/Ad2 HA-E1B and the EcoRI fragment encoding the full-length Ad12
E1B from pGEM-T/Ad12 HA-E1B were cloned into plasmid pCu424, which has
a copper-inducible promoter and the TrpI-selectable marker (28). These plas-
mids were separately introduced into yeast strain PJ69-4A together with plasmids
pGBDU-PCAF and pGAD-p53. Yeast minimal medium lacking copper was
supplemented with ascorbic acid (1 mM) and bathocuproinedisulfonate (33 uM).
Different amounts of CuSO, were added for induction of gene expression from
pCu424 constructs.

Preparation of yeast cell extracts. Fifty milliliters of overnight culture in
selective dropout medium with an optical density at 600 nm (ODg) of between
0.4 and 0.5 was centrifuged, and the pellet was resuspended in 100 pl of cold
trichloroacetic acid (TCA) buffer (20 mM Tris HCI [pH 8.0], 50 mM ammonium
acetate, 2 mM EDTA, 1 mM PMSF, 1X protease inhibitor solution containing
0.1 pg of pepstatin A per ml, 0.03 uM leupeptin, 145 uM benzamidine, and 0.37
M aprotinin) per 7.5 ODy units (ODg units = volume [ml] X ODgq [1 ml]).
An equal volume of glass beads and 20% TCA were added; the mixture was
vortexed for 1 min with a 30-s pause on ice, and the vortexing was repeated five
times. The suspension of broken cells was transferred into another tube, and the
glass beads were washed with 250 wl each of TCA and 20% TCA. The combined
broken-cell suspension was centrifuged, and the pellet was resuspended in 10 pl
of TCA-Laemmli loading buffer (3.5% [wt/vol] SDS, 14% [vol/vol] glycerol, 120
mM Tris base, 8§ mM EDTA, 0.01% bromophenol blue, 0.7 M B-mercaptoetha-
nol, 2 mM PMSF, 1X protease inhibitor solution) per ODg unit. The samples
were heated at 100°C for 10 min and centrifuged. The supernatant was subjected
to SDS-PAGE and Western blot analysis to detect proteins under study.

RESULTS

Expression and purification of E1B 55-kDa protein and p53.
Recombinant baculoviruses expressing Ad2, Ad12 E1B 55-
kDa protein, or p53 were constructed using the Bac-to-Bac
baculovirus expression system (Gibco-BRL). We found that
the levels of protein expression were highest at 72 h postinfec-
tion for Ad2 and Ad12 E1B 55-kDa protein as well as for p53.
We also found that the level of p53 expression was significantly
higher than that of either Ad2 or Ad12 E1B 55-kDa protein.
The reason for this is unknown but could stem from hindrance
of Sf9 cell growth by the 55-kDa oncoprotein, as it also slows
the growth of human cells (data not shown).

The Ad12 E1B 55-kDa protein and its amino-terminal por-
tion (Ad12 E1B-N, aa 1 to 158) were also expressed in E. coli.
The expression level of WT Ad12 E1B 55-kDa protein was
very low at 37°C, due to severe degradation, whereas Ad12
E1B-N was expressed at high levels but remained largely in-
soluble in the inclusion body at 37°C. Thus, we shifted bacterial
growth temperature to 30°C for their expression.

Since all the recombinant proteins were tagged with six His
residues, they were affinity purified using Ni-NTA agarose.
Figure 1 shows Coomassie brilliant blue-stained SDS-poly-
acrylamide gels of purified proteins. Both Ad2 and Ad12 E1B
55-kDa proteins migrate in parallel with glutamic dehydroge-
nase (molecular mass of 55.6 kDa) in the protein marker lane,
whereas the p53 carrying both the six-His and FLAG tags
migrates slightly faster than this marker protein. The identity
of these proteins was confirmed by Western blotting using
antibodies 2A6 (48), rabbit polyclonal antiserum against Ad12
E1B 55-kDa protein (32), and anti-p53 antibody DO-1 (data
not shown).

E1B 55-kDa protein specifically inhibits p53 acetylation by
PCAF in vitro. p53 is covalently modified by phosphorylation
and acetylation, and such modifications have profound effects
on p53 functions (42). p53 is acetylated by transcriptional co-
activator p300 at Lys-373 and Lys-382 and by PCAF at Lys-320.
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FIG. 1. Purification of E1B 55-kDa protein, E1B-N, and p53. (A) Schematic
drawings of proteins used in this study. His or FLAG tag was attached either at
the N terminus or at the C terminus of a protein as indicated. Known functional
domains of these proteins are denoted: DBD, sequence-specific BD; RD, regu-
latory domain; TD, tetramerization domain; HAT, HAT domain; ADA2, alter-
ation and/or deficiency in activation (4, 63); Bromo, bromodomain (8). (B)
SDS-PAGE analysis of purified proteins. Full-length Ad2, Ad12 E1B 55-kDa,
and p53 proteins were expressed in insect Sf9 cells, and the N terminus of Ad12
E1B (E1B-N) was expressed in E. coli. The proteins were purified using Ni-NTA
agarose, an aliquot of each protein was analyzed by SDS-10% PAGE, and the
gel was stained with Coomassie brilliant blue. The protein identity is indicated on
top of each lane.

Importantly, acetylation of p53 at these sites enhances se-
quence-specific DNA-binding activity of p53 (17, 35, 47),
thereby activating pS3. As Ad E1B 55-kDa oncoprotein re-
presses p53-mediated transcriptional transactivation (55, 69),
we reasoned that E1B might do so by inhibiting covalent mod-
ifications of p53. To test this possibility, we carried out acety-
lation assays using PCAF as the acetylase and p53 as the
substrate in the absence or presence of E1B 55-kDa protein.
The effects of E1B 55-kDa proteins on PCAF acetylation are
presented in Fig. 2. Consistent with previous reports, PCAF
acetylates itself and p53 (Fig. 2A, lanes 1 and 2) (47, 68). The
presence of either purified Ad2 E1B 55-kDa protein (lane 3),
Ad12 E1B 55-kDa protein (lane 4), or Ad12 E1B N-terminal
domain (E1B-N) (lane 5) resulted in striking (70 to 95%)
reduction of p53 acetylation, whereas PCAF autoacetylation
remained largely unaffected by E1B (lanes 3 to 5 and 7 to 9).
PCAF does not acetylate WT E1B 55-kDa protein (lanes 7 and
8) or E1B-N (lane 9) (the acetylated species that ran at the dye
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front in lanes 5 and 9 containing E1B-N are unknown). As a
positive control, histones were used as substrate for PCAF
acetylation (lane 10). The inhibition of p53 acetylation by E1B
was concentration dependent. As shown in Fig. 2B, the addi-
tion of increasing amounts of E1B-N gradually inhibited p53
acetylation by PCAF. At high E1B-N concentrations, p53 acet-
ylation was hardly detectable (Fig. 2B, lane 5). Similar dosage-
dependent inhibition was also observed with WT E1B 55-kDa
protein (Fig. 2C). The observed inhibition of p53 acetylation by
PCAF is unlikely to be due to a contaminant in the E1B
preparation since full-length E1B protein was purified from
Sf9 cells and E1B-N was purified from E. coli. Furthermore,
the purified N-terminal fragment of Ad2 E1B 55-kDa protein
(aa 1 to 161) did not inhibit acetylation catalyzed by PCAF
(Fig. 2D, lanes 3 and 4). (Note that this protein fragment did
not stain well with Coomassie blue. We loaded 0.17 ng [~8
pmol] in Fig. 2D, lane 3, and 1.2 p.g in lane 4 [~60 pmol]). This
Ad2 E1B fragment shares little sequence identity with the
Ad12 E1B N-terminal fragment (E1B-N) and does not bind to
either p53 or PCAF (see below). In additional control exper-
iments, high concentrations of bovine serum albumin (BSA)
did not inhibit p53 acetylation by PCAF or its autoacetylation
(Fig. 2E, lanes 2 and 3).

To investigate whether E1B 55-kDa protein inhibits histone
acetylation by PCAF, purified Ad2 and Ad12 E1B 55-kDa
proteins as well as E1B-N (Fig. 2F, lanes 2 to 4) were incubated
with histones and PCAF. Acetylation of neither core histones
nor histone H1 was inhibited by WT E1B (lanes 2 and 3) or
E1B-N (lane 4), although p53 acetylation was severely inhib-
ited or completely abolished at the E1B concentrations used in
the assays (Fig. 2A). We conclude that E1B 55-kDa protein
does not affect PCAF histone acetylase (HAT) activity. Curi-
ously, acetylation of histone H1 was dramatically increased in
the presence of a high concentration of E1B-N (Fig. 2F, lane
4). The reason for this is unknown.

Acetylation of p53 is suppressed in vivo. We then tested if
E1B 55-kDa oncoprotein would affect acetylation of p53 by
PCAF in vivo. We first quantified the total amount of p53
protein in cell lysates with an IP-Western blot protocol using
mouse monoclonal anti-p53 antibody DO-1 for IP and goat
polyclonal antibody anti-full-length p53 for Western blot anal-
ysis. The results are shown in Fig. 3A. The same immunopre-
cipitates containing approximately the same amounts of p53
were then subjected to SDS-PAGE and Western blot analysis,
and acetylated p53 was detected with rabbit polyclonal anti-
serum against p53 acetylated at Lys-320, the specific acetyla-
tion site of PCAF (35, 47). As shown in Fig. 3B, acetylated p53
was detectable in G401 cells at 1.5 h and accumulated gradu-
ally at 3 and 9 h after addition of deacetylase inhibitor TSA
(lanes 4, 7, and 10). In contrast, acetylated p53 was not detect-
able or was dramatically reduced in G401-CC3 cells that ex-
press Ad12 E1B 55-kDa protein and 293 cells that express AdS
E1B 55-kDa protein (Fig. 3B, lanes 5, 6, 8, 9, 11, and 12),
although the same amount of total p53 was present in each
sample (Fig. 3A). The specificity of anti-acetyl-p53 antibody
was confirmed, as it was reactive only to purified p53 that was
acetylated by PCAF in vitro (lane 1), but not to the same
amount of p53 that was not treated with PCAF (lane 3). Thus,
p53 acetylation was severely suppressed by the E1B 55-kDa
protein in vivo.

The sequence-specific DNA binding of p53 is inhibited in
G401-CC3 and 293 cells. Since acetylation of p53 by p300 and
PCAF stimulates sequence-specific DNA-binding activity of
p53 (17, 35, 47), and we showed above that E1B 55-kDa pro-
tein inhibits acetylation of p53, one would expect that p53 from
cells expressing E1IB may be less competent to bind to its
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FIG. 2. E1B 55-kDa protein specifically inhibits acetylation of p53 by PCAF. (A) E1B 55-kDa protein inhibits acetylation of p53 by PCAF but not its autoacetylation.
PCAF (4.3 pmol) was incubated alone (lane 1) or with 5.4 pmol of p53 (lanes 2 to 5) in the absence (lanes 1 and 2) or presence (lanes 3 to 5) of E1B (Ad2 E1B 55-kDa
protein [3.5 pmol, lane 3], Ad12 E1B 55-kDa protein [3.5 pmol, lane 4], and E1B-N [60 pmol, lane 5]). Lane 6 is molecular weight markers. The same amount of PCAF
(4.3 pmol) was incubated with full-length E1B 55-kDa protein (Ad2 [3.5 pmol, lane 7]) and Ad12 [3.5 pmol, lane 8]) and E1B-N (60 pmol, lane 9) in the absence of
p53. Lane 10 shows acetylation of histones (2.0 pg; Sigma) by PCAF. The top portion is an autoradiogram of the Coomassie blue-stained gel (10%, bottom portion).
(B) Inhibition of p53 acetylation by PCAF with increasing concentrations of EIB-N. PCAF (4.3 pmol) was incubated with p53 (5.4 pmol, lane 2) or with p53 plus
increasing amounts of E1B-N at 6.0 pmol (lane 3), 30 pmol (lane 4), and 60 pmol (lane 5). The left part is an autoradiogram of the Coomassie blue-stained gel (10%)
shown on the right. (C) Inhibition of p53 acetylation by PCAF with increasing concentrations of Ad12 E1B. PCAF (4.3 pmol) was incubated with p53 (5.4 pmol, lane
1) or with p53 plus increasing amounts of Ad12 E1B 55-kDa protein at 1.0, 4.0, 6.0, and 8.0 pmol (lanes 2 to 5, respectively). The left part is an autoradiogram of the
Coomassie blue-stained gel (10%) shown on the right. (D) The N-terminal domain of Ad2 E1B 55-kDa protein does not inhibit acetylation of p53 by PCAF. PCAF
(4.3 pmol) was incubated with p53 (5.4 pmol, lanes 2 to 4) in the absence (lane 2) or presence (lanes 3 and 4) of Ad2 E1B N-terminal domain (aa 1 to 161) (8 pmol
[lane 3] and 60 pmol [lane 4]). Lanes 1 and 5 are molecular weight markers. The Coomassie blue-stained gel (10%) and its autoradiogram are shown on the left and
right, respectively. (E) BSA does not affect acetylation of p53 by PCAF. PCAF (4.3 pmol) was incubated with p53 (5.4 pmol, lanes 1 to 3) in the absence (lane 1) or
presence (lanes 2 and 3) of BSA (8 pmol [lane 2] and 60 pmol [lane 3]). Lane 4 is molecular weight markers. The Coomassie blue-stained gel (10%) and its
autoradiogram are shown on the left and right, respectively. (F) E1B does not affect acetylation of histones by PCAF. Histones (2.0 pg) were subjected to acetylation
by PCAF (4.3 pmol) in the absence of E1B (lane 1) or the presence of 3.5 pmol of Ad2 E1B 55-kDa protein (lane 2), 3.5 pmol of Ad12 E1B 55-kDa protein (lane 3),
or 300 pmol of EIB-N (lane 4). Lane 5 is molecular weight markers. At left is an autoradiogram, and at right is the Coomassie blue stain of the same gel (10%).

cognate DNA sequence. To test this possibility, we monitored
the sequence-specific DNA-binding activity of p53 in nuclear
extracts of G401, G401-CC3, and 293 cells in an electro-
phoretic mobility shift assay using a radiolabeled oligonucleo-
tide bearing consensus p53-binding sites (oligonucleotide WT
in Fig. 4). As shown in Fig. 4, two specific bands denoted with
a hollow arrowhead, presumably p53-DNA complexes, were
readily detectable in G401 nuclear extracts (lanes 3 and 4).

These two bands disappeared almost completely in the pres-
ence of competing unlabeled oligonucleotide WT (lane 5).
However, these two bands were not detectable in the nuclear
extracts of G401-CC3 (lane 7) and 293 (lane 11) cells, although
these nuclear extracts contained about the same amount of p53
protein as that of G401 (Fig. 4A, top). As expected, monoclo-
nal antibody PAb421, which recognizes an epitope in p53 RD2
(aa 371 to 381), enhances DNA binding by p53 (lanes 2 and 4;
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FIG. 3. E1B 55-kDa proteins inhibit acetylation of p53 in vivo. (A) Quanti-
fication of total p53 protein. G401 cells do not express E1B 55-kDa protein, while
G401-CC3 expresses Ad12 E1B 55-kDa protein and 293 produces both Ad5 E1A
and E1B proteins. Cells were harvested at 1.5 h (lanes 1 to 3), 3 h (lanes 4 to 6),
or 9 h (lanes 7 to 9) after addition of deacetylase inhibitor TSA (5 pM), and cell
extracts were subjected to IP with mouse monoclonal antibody DO-1 and West-
ern blot analysis with goat anti-p53 polyclonal antibody. (B) Detection of acety-
lated p53. The same immunoprecipitates containing approximately equal
amounts of total p53 protein as shown in panel A were resolved by SDS-PAGE,
and the acetylated fraction of p53 was detected by Western blot analysis with an
anti-acetyl-p53 (Lys-320) antibody (Upstate Biotechnology). Lanes 1 and 3 show
P53 (9 pmol) acetylated by PCAF in vitro and nontreated, respectively. Lane 2 is
an empty lane.

the supershifted complex is denoted with a solid arrowhead).
PAD421 was able to stimulate p53’s DNA-binding activity in
G401-CC3 nuclear extracts (lanes 8 and 10). Surprisingly, it
had virtually no effect on p53’s DNA-binding activity in 293
nuclear extracts (lanes 12 and 14). As both G401-CC3 and 293
express E1B 55-kDa protein, these results indicate that re-
duced acetylation of p53 in the presence of E1B impairs p53’s
sequence-specific DNA-binding activity. As binding of p53 to
its cognate DNA sequence is required for its transactivation
function, inhibition of p53 acetylation by E1B may result in
diminished transactivation by p53. Indeed, the level of p21
protein, whose expression is stimulated by p53, was signifi-
cantly lower in G401-CC3 and 293 cells than in G401 cells in
the presence of approximately equal amounts of p53 (Fig. 4B).

PCAF binds directly to E1B 55-kDa protein and p53. To
understand the mechanisms by which E1B inhibits p53 acety-
lation by PCAF, we studied possible interactions among
PCAF, p53, and E1B by IP and yeast two-hybrid assays. Figure
5A shows IP results with the rabbit polyclonal antibody anti-
E1B against Ad12 E1B 55-kDa protein and mouse monoclonal
antibody DO-1 against p53. The precipitates were subjected to
Western blot analysis using mouse monoclonal antibody M2
against the FLAG tag. Purified p53 and PCAF were both
tagged with FLAG at the amino terminus and loaded directly
on the gel without IP (lanes 1 and 2; about 10% of the amount
used for binding reactions). The small species in these two
lanes are likely due to partial degradation of p53 (lane 1) and
PCAF (lane 2). The polyclonal antibody anti-E1B precipitates
PCAF in the presence of Ad12 E1B (lane 6), but this antibody
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FIG. 4. p53 sequence-specific DNA-binding activity in cells expressing E1B
55-kDa protein. (A) Electrophoretic mobility shift assay of p53 DNA-binding
activity. The nuclear extracts of cell lines G401, G401-CC3, and 293, which
contained about equal amounts of p53 as shown on the top of panel A, were
incubated with a radioactive oligonucleotide bearing consensus p53-binding sites
(WT). Competing unlabeled WT oligonucleotide or mutant oligonucleotide
(MUT) as well as monoclonal anti-p53 antibody PAb421 was added in some
reactions as indicated. Raji nuclear extract was used as positive control. Specific
p53-DNA complexes are denoted with arrowheads. (B) p21 levels in G401,
G401-CC3, and 293 cells. The p53 levels in the total cell extracts of these three
cell lines were estimated by Western blotting (top), and the p21 protein concen-
tration in total cell extracts containing about equal amounts of p53 was deter-
mined by Western blotting using an anti-p21 polyclonal antibody (C-19; Santa
Cruz Biotechnology).
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FIG. 5. Interactions among p53, E1B, and PCAF. For in vitro assay, purified p53 (5.4 pmol), E1B 55-kDa protein (7 pmol), and PCAF (6 pmol) were incubated
and subjected to IP with different antibodies indicated on the top of each panel. The precipitates were subjected to Western blot analysis with indicated antibodies.
The abbreviations IgG HC and IgG LC denote IgG heavy and light chains, respectively. (A) Ad12 E1B 55-kDa protein binds directly to PCAF. About 10% of the
amount of both p53 (lane 1) and PCAF (lane 2) used for the binding reactions was loaded directly on the gel without IP. p53 (lane 3) or PCAF (lane 4) was incubated
with rabbit antiserum raised against Ad12 E1B 55-kDa protein (anti-E1B) and subjected to IP. IP of p53 and Ad12 E1B 55-kDa protein (lane 5); PCAF and Ad12 E1B
55-kDa protein (lane 6); and PCAF, p53, and Ad12 E1B 55-kDa protein (lane 7) was done using anti-E1B. Monoclonal antibody DO-1 against p53 was incubated with
PCAF and p53 (lane 8) or PCAF alone (lane 9) and subjected to IP. The immunoprecipitates were detected with mouse monoclonal antibody M2 against FLAG tag
(anti-FLAG). For a clear visualization of the PCAF band, a longer exposure of the same blot is shown for the right portion (from lanes 4 to 9) of the image. (B) Ad2
E1B binds to PCAF. About 10% of the amount of both Ad2 E1B (lane 1) and PCAF (lane 4) used for the binding reactions was loaded directly on the gel without
IP. Rabbit polyclonal antibody against PCAF (anti-PCAF) was incubated with Ad2 E1B (lane 2) or Ad2 E1B plus PCAF (lane 3) and subjected to IP. The
immunoprecipitates were probed with mouse monoclonal anti-E1B antibody 2A6 in a Western blot analysis. Similarly, 2A6 was incubated with PCAF (lane 5) or Ad2
E1B plus PCAF (lane 6) and subjected to IP. PCAF in the immunoprecipitates was detected with anti-PCAF. (C) E1B 55-kDa proteins bind to PCAF in vivo. Cell
lysate of 293 cells was subjected to IP with anti-PCAF (lane 3) or anti-GST (lane 2). The precipitated E1B 55-kDa protein was detected by 2A6. Lane 1 shows a direct
load of 293 cell lysate (10% of that used for IP). To detect interaction between PCAF and Ad12 E1B 55-kDa protein, plasmid pCX-Flag-PCAF was transfected into
G401-CC3 cells which constitutively express Ad12 E1B 55-kDa protein. The lysate of transfected cells was subjected to IP with anti-FLAG (lane 6) or anti-GST (lane
5), and the precipitates were analyzed in a Western blot assay using anti-E1B. Lane 4 is a direct load of G401-CC3 cell lysate (10% of that used for IP). In reciprocal
experiments, G401-CC3 cell lysate was subjected to IP with anti-E1B (lane 9) or anti-GST (lane 8), and the precipitates were subjected to a Western blot analysis using
anti-PCAF. Lane 7 is a direct load of G401-CC3 cell lysate (10% of that used for IP). WB, Western blot; Ab, antibody.



VoL. 20, 2000

does not directly precipitate PCAF (lane 4). M2 (anti-FLAG)
did not recognize any protein species in the preparation of
Ad12 E1B 55-kDa protein (data not shown), thereby excluding
the possibility that the band seen in lanes 6 and 7 was due to
cross-reaction of M2 with Ad12 E1B preparation. Thus, Ad12
E1B 55-kDa protein binds directly to PCAF. The simultaneous
presence of PCAF, p53, and Ad12 E1B did not affect PCAF
precipitation by anti-E1B (lane 7). Similarly, DO-1 precipitates
PCAF along with p53 (lane 8) but does not precipitate PCAF
directly (lane 9). A longer exposure of the blot allowed clear
visualization of PCAF (see lanes 6 to 8 in the right panel).
Therefore, PCAF also binds directly to p53. We also tested if
p53 binds to Ad12 E1B 55-kDa protein. p53 was clearly pre-
cipitated by anti-E1B (lane 5), but this antibody can recognize
p53 directly (lane 3). Thus, whether Ad12 E1B 55-kDa protein
binds directly to p53 remains inconclusive based on these IP
results. However, we showed that the two proteins colocalize in
the cell (see below).

The interactions between Ad2 55-kDa protein and PCAF
were studied by IP using rabbit polyclonal antibody against
PCAF (anti-PCAF) as IP antibody and monoclonal antibody
2A6 against Ad2 55-kDa protein for Western blot analysis
(Fig. 5B). The purified Ad2 E1B 55-kDa protein was loaded
directly on the gel (lane 1, 10% of the amount used for binding
reactions) as a positive control. Anti-PCAF did not precipitate
Ad2 E1B directly (lane 2), but it can recover Ad2 E1B in the
presence of PCAF (lane 3). In the reciprocal IP experiments
using antibody 2A6, PCAF coprecipitated with Ad2 E1B (lane
6), but not directly by 2A6 (lane 5).

To determine PCAF-E1B interaction in vivo, anti-PCAF
was again used as IP antibody for human 293 cell lysates. As
shown in Fig. 5C, Ad5 E1B 55-kDa protein was precipitated by
anti-PCAF (lane 3), but not by irrelevant antibody anti-gluta-
thione S-transferase (anti-GST) (lane 2). Lane 1 is a direct
load of 293 cell lysates. To detect interactions between PCAF
and Ad12 E1B 55-kDa protein we chose to transfect G401-
CC3 cells with plasmid pCX-Flag-PCAF (68) just to avoid the
visualization of immunoglobulin heavy and light chains be-
cause both anti-PCAF and anti-E1B were raised in rabbits.
The transfected cell lysates were subjected to IP with mouse
monoclonal antibody M2 against the FLAG tag and anti-GST,
and the immunoprecipitates were detected with anti-E1B (rab-
bit polyclonal antiserum). As shown in Fig. 5C, Ad12 E1B
55-kDa protein was precipitated by M2 (anti-FLAG, lane 6),
but not by anti-GST (lane 5). Lane 4 is a direct load of G401-
CC3 cell lysates. Furthermore, PCAF was present in the im-
munoprecipitates using anti-E1B (lane 9), but not in that using
anti-GST (lane 8). Lane 7 is a direct load of G401-CC3 cell
lysates. Therefore, both Ad5 and Ad12 E1B 55-kDa proteins
interact with PCAF in vivo.

Ad12 E1B 55-kDa protein and p53 colocalize in the cell.
Whether Ad12 E1B 55-kDa protein and p53 interact with each
other is less clear, as inconsistent results were reported in the
literature (12, 16, 55, 61, 73). To clarify this issue, we tested
whether p53 and Ad12 E1B 55-kDa protein colocalize in cells.
G401-CC3 cells, which constitutively express Ad12 E1B 55-
kDa protein, were grown on a glass coverslip, fixed, and then
stained with anti-p53 antibody DO-1 and anti-Ad12 E1B anti-
body anti-E1B. p53 was visualized with fluorescein-conjugated
anti-mouse immunoglobulin G (IgG) antibody (Fig. 6A), and
Ad12 E1B was visualized with Texas red-conjugated anti-rab-
bit IgG antibody (Fig. 6B). Both p53 and Ad12 E1B 55-kDa
protein localize primarily to the nucleus, and the colocalization
of the two proteins in the nucleus is quite apparent in the
merged image (Fig. 6D). Furthermore, the two proteins colo-
calize in a dense cytoplasmic body (denoted with arrowheads
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FIG. 6. Subcellular colocalization of Ad12 E1B 55-kDa protein and p53.
G401-CC3 cells that constitutively express Ad12 E1B 55-kDa protein were grown
on glass coverslip and fixed. Antibody staining of the cells was done as described
previously (32). (A) p53 was visualized with anti-p53 antibody DO-1 and fluo-
rescein-conjugated anti-mouse IgG antibody. (B) The Ad12 E1B 55-kDa protein
was stained with anti-Ad12 E1B antibody anti-E1B and visualized with Texas
red-conjugated anti-rabbit IgG antibody. (C) Nuclear staining with 4’,6'-dia-
midino-2-phenylindole (DAPI). (D) Merged image of panels A, B, and C. Co-
localization of p53 and Ad12 E1B 55-kDa protein in a cytoplasmic body is
indicated by an arrowhead.

in Fig. 6A, B, and D). The staining pattern of anti-E1B shown
in Fig. 6B was seen only in cells expressing Ad12 E1B 55-kDa
protein, as we showed previously (32), excluding the possibility
that the pattern was due to cross-reaction of cellular proteins
with anti-E1B. Collectively, these results indicate that Ad12
E1B 55-kDa protein also interacts with p53, consistent with
recent studies (12, 16, 67).

PCAF binds to the C-terminal domain of p53. We employed
the yeast two-hybrid assay to assess which domain of p53 binds
to PCAF. The PCAF-GAL4 BD hybrid interacts with p53-
GAL4 AD hybrid, resulting in a His™ phenotype (Fig. 7A), as
well as expression of B-galactosidase (data not shown). Pro-
gressive deletion of the N terminus of p53 until aa 253 did not
attenuate PCAF-p53 interaction (Fig. 7A, sectors 1 to 5). The
pS3 construct spanning residues 293 and 393 can still bind to
PCAF (sector 6), although this construct appears to bind to
PCAF with reduced affinity based on -galactosidase activity
(data not shown). The deletion mutant carrying only residues
331 to 393 no longer bound to PCAF (sector 7), and neither
did p53 mutants having only the N-terminal 145 aa (sector 8)
or the DBD (aa 76 to 315, sector 9). All the p53 constructs
were expressed in yeast as judged by Western blot analysis
(data not shown), as was the PCAF-GAL4 BD hybrid (see Fig.
9C). Figure 7E summarizes the results of assays for PCAF-p53
interaction. Since PCAF acetylates Lys-320 of p53, these re-
sults suggest that a direct physical interaction may be necessary
for acetylation. The primary sequence and/or structure of the
substrate may determine the specificity of PCAF acetylation.
Our results are in agreement with biochemical data reported
recently (35).

We also tested interaction between E1B 55-kDa protein and
p53 as well as between E1B and PCAF using the two-hybrid
assay. We were unable to make the GAL4 BD or AD fusions
with the full-length Ad2 E1B gene; these constructs were un-
stable, as reported previously (9, 32). Nonetheless, several con-
structs containing a partial Ad2 55-kDa protein sequence were
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FIG. 7. Yeast two-hybrid assays of p53, PCAF, and E1B interactions. (A) PCAF binds to the C-terminal domain of p53. Yeast cells were transformed with a hybrid
between full-length PCAF and GAL4 BD and various GAL AD hybrids containing p53 (1-393) (sector 1), p53 (4-393) (sector 2), p53 (87-393) (sector 3), p53 (171-393)
(sector 4), p53 (253-393) (sector 5), p53 (293-393) (sector 6), p53 (331-393) (sector 7), p53 (1-145) (sector 8), and p53 (76-315) (sector 9), and the transformed cells
were grown under His™ selection in the presence of 5 mM 3-AT. (B) The central region of Ad2 E1B 55-kDa protein interacts with p53. Yeast cells were transformed
with p53 (1-393)-GAL4 AD hybrid and various hybrids between GAL4 BD and different domains of Ad2 E1B 55-kDa protein: aa 437 to 495 (sector 1), aa 1 to 161
(sector 2), aa 155 to 437 (sector 3), aa 155 to 495 (sector 4), and aa 1 to 437 (sector 5). The transformed cells were grown under His™ selection as for panel A. (C)
The N-terminal domain of p53 is necessary for binding to Ad2 E1B 55-kDa protein. A fusion between GAL4 BD and Ad2 E1B (aa 155 to 495) (sectors 1 to 3) or
full-length Ad12 E1B (sectors 4 to 6) was introduced into yeast along with GAL4 AD hybrids containing p53 (1-393) (sectors 1 and 6), p53 (4-393) (sectors 2 and 5),
P53 (87-393) (sector 3), and Ad12 E1B full-length protein (sector 4). (D) Expression of GAL4 BD-E1B 55-kDa protein hybrids. The EIB-GAL4 BD hybrids were
detected using anti-GAL4 BD antibody (Santa Cruz Biotechnology). Lane 1 shows lysates of yeast harboring only GAL4 BD plasmid and serves as control. Lanes 2
and 3 were yeast cell extracts prepared from yeast cells that contained GAL4 AD-p53 (1-393) hybrid and one of the GAL4 BD-E1B hybrids: full-length Ad12 E1B
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fused with GAL4 BD and AD, and they were used for two-
hybrid assays. As shown in Fig. 7B, C, and E, two overlapping
constructs spanning residues 1 to 437 and 155 to 495 exhibited
strong interactions with p53 (Fig. 7B, sectors 4 and 5). How-
ever, Ad2 E1B 55-kDa protein carrying residues 1 to 161 (Fig.
7B, sector 2) and 437 to 495 (sector 1) did not bind to p53.
Thus, the central portion of Ad2 E1B 55-kDa protein binds to
the N terminus of p53 (inability of the Ad2 construct contain-
ing aa 155 to 437 to bind to p53 was due to the failure of this
construct to express itself in yeast [see Fig. 8C, lane 4]). Both
p53(1-393) and p53(4-393) constructs exhibited interaction
with the Ad2 E1B (aa 155 to 495) construct (Fig. 7C, sectors 1
and 2). However, p53 constructs lacking the N-terminal do-
main, such as p53(87-393) (Fig. 7C, sector 3), and other p53
constructs shown in Fig. 7E (data not shown) did not show
interaction with Ad2 E1B. Curiously, p53(1-145) fused to
GAL4 AD did not bind to Ad2 E1B, although in biochemical
assays, aa 1 to 123 of murine p53 were shown to be sufficient
for binding to Ad2 E1B (24). This could stem from altered
conformation of this p53-GAL4 AD hybrid. Collectively, these
results indicate that the amino-terminal domain of p53 is re-
quired for binding to the central portion of Ad2 E1B, in full
agreement with previous reports (33, 70). However, we were
unable to detect an interaction between p53 and Ad12 E1B
55-kDa protein (Fig. 7C, sectors 5 and 6), although Ad12 E1B
55-kDa protein self-interaction was detected (sector 4). This
may be explained by the extremely low expression level of
Ad12 E1B-GAL4 BD fusion, being virtually undetectable in
Western blots (Fig. 7D, lane 2), while Ad2 E1B-GAL4 BD
fusion can be detected (lane 3).

A domain near the C terminus of Ad2 E1B 55-kDa protein
is necessary for binding to PCAF. We also tested PCAF-E1B
interaction using the two-hybrid assay. Five Ad2 E1B 55-kDa
protein constructs containing various regions of the protein
were used (Fig. 8A). As shown in Fig. 8B, only the Ad2 55-kDa
protein construct carrying residues 155 to 495 exhibited inter-
action with PCAF (Fig. 8B, sector 4), although all these Ad2
E1B constructs except construct 3 containing aa 155 to 437
were well expressed in yeast (Fig. 8C). As both Ad2 E1B
constructs 4 and 5 bind to p53 (Fig. 7), these results appear to
suggest that the PCAF-binding site of E1B is distinct from the
pS3-binding site shown on the top of Fig. 8A. Thus, a unique
region near the C terminus of Ad2 E1B 55-kDa protein is
likely to be necessary for binding to PCAF.

E1B 55-kDa protein interferes with PCAF-p53 interaction.
One possible mechanism by which E1B 55-kDa protein inhibits
acetylation of p53 by PCAF might be that PCAF fails to inter-
act with p53 in the presence of E1B. To investigate this pos-
sibility, we employed a reverse two-hybrid assay. PCAF-GAL4
BD hybrid and p53-GAL4 AD fusion were introduced into
yeast together with pCu424 expressing residues 1 to 437 of the
Ad2 E1B 55-kDa protein (again, the WT Ad2 E1B could not
be cloned in this plasmid) or the full-length Ad12 E1B 55-kDa
protein. Since p53 and PCAF can interact with each other,
yeast growth would be expected in medium lacking histidine in
the presence of p53-GAL4 AD and PCAF-GAL4 BD hybrids.
If E1B interferes with p53-PCAF interaction, the His™ pheno-
type might be lost when E1B-expressing pCu424 is present in
addition to p53-GAL4 AD and PCAF-GAL4 BD hybrids. In-
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deed, as shown in Fig. 9A, Ad2 E1B 55-kDa protein (aa 1 to
437) expression led to the loss of the His" phenotype in the
presence of PCAF-GAL4 BD hybrid along with p53(1-393)-
GAL4 AD fusion (Fig. 9A, sector 4). In contrast, when the
DNA fragment encoding Ad2 E1B (1-437) was cloned in re-
verse orientation in pCu424, significant yeast growth was seen
(Fig. 9A, sector 1). Failure of yeast growth in the presence of
Ad2 E1B cannot be ascribed to simple toxicity of E1B to yeast,
as yeast containing Ad2 E1B constructs grows very well in
nonselective media, and the E1B expression in yeast can be
detected (Fig. 9B). Interestingly, the His™ phenotype was re-
tained when pCu424-Ad12 E1B was introduced into yeast
along with p53-GAL4 AD and PCAF-GAL4 BD (Fig. 9A,
sector 3). As a negative control, the p53 hybrid was cotrans-
formed with empty vectors pGBDU and pCu424. As expected,
no yeast growth was detected (Fig. 9A, sector 2). These results
indicate that Ad2 E1B 55-kDa protein interferes with p53-
PCAF interaction. Ad2 E1B was expressed when cloned in
correct orientation (Fig. 9B, lane 3). The GAL4 BD-PCAF
fusion was also expressed in all cases (Fig. 9C). However, we
were unable to detect Ad12 E1B expression from pCu424-
Ad12 E1B plasmid. Thus, the failure of pCu424-Ad12 E1B to
prevent p5S3-PCAF interaction (Fig. 9A, sector 3) might reflect
a low level of expression of Ad12 E1B 55-kDa protein in yeast
(also Fig. 7D, lane 2).

DISCUSSION

Key to its function as a tumor suppressor, pS3 regulates the
expression of a specific set of genes involved in cell growth
control. p53 activates transcription of genes containing specific
DNA-binding sites for p53. Under normal physiological con-
ditions, p53 exists in low abundance, apparently in an inactive,
latent state with low sequence-specific DNA-binding activity
(29). Multiple types of modifications occur on p53 in response
to DNA damage or other genotoxic stresses. Covalent modi-
fications of p53, such as phosphorylation by kinases, dephos-
phorylation by phosphatases, and acetylation by acetylases,
lead to its stabilization (53), specific interaction with other
regulatory proteins such as 14-3-3 (64), and enhanced DNA-
binding activity (17, 35, 47). Consequently, any interference
with covalent modifications of p5S3 could compromise its func-
tions. The results presented here show that the E1B 55-kDa
protein specifically inhibits p53 acetylation by PCAF both in
vitro and in vivo (Fig. 2 and 3). Since acetylation of p53 has
been shown to enhance its sequence-specific DNA-binding ac-
tivity and also to be induced in response to DNA damage (17,
35, 47), the E1B oncoprotein represses pS3 functions at least in
part by inhibiting its acetylation. Indeed, we have found that
the DNA-binding activity of p53 in cells expressing E1B 55-
kDa protein is greatly reduced (Fig. 4).

How does EI1B specifically inhibit acetylation of p53 by
PCAF? We found that E1B interacts with both p53 and PCAF
(Fig. 5 to 8). In addition, p53 also binds to PCAF (Fig. 7).
Interestingly, E1B can efficiently prevent the interaction be-
tween p53 and PCAF (Fig. 9), suggesting that E1B may inhibit
the acetylation of p53 by PCAF by blocking the enzyme-sub-
strate interaction. Consistent with this, E1B does not affect the
acetylation of histones by PCAF (Fig. 2). Our data indicate

(lane 2) and Ad2 E1B (aa 155 to 495) (lane 3). (E) Summary of p53-PCAF and p53-E1B interaction. Relative activities of reporter gene expression as measured by
growth under His ™ selection in the presence of 5 mM 3-AT (A to C) or B-galactosidase expression (data not shown) are illustrated at the right. B-Galactosidase activities
were assessed with in situ X-Gal staining on plates or quantitative measurement using Galacto-Light reagents (Tropix) and a luminometer (data not shown). The p53

domains are denoted as in Fig. 1. WB, Western blot; Ab, antibody; nt, nucleotide.
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FIG. 8. Mapping of the domain of Ad2 E1B 55-kDa protein required for binding to PCAF. (A) Schematic drawings of different Ad2 E1B fragments fused to GAL4
AD. The regions required for interacting with p53 are denoted with heavy lines on the top of the full-length Ad2 E1B 55-kDa protein. The Ad2 E1B fragments are
numbered from 1 to 5, and the residues contained in each construct are indicated on the left. (B) The domain near the C terminus of Ad2 E1B is required for PCAF
binding. The PCAF-GAL4 BD hybrid was tested for its interaction with Ad2 E1B. The GAL4 AD was fused to different Ad2 E1B fragments as shown in panel A: aa
437 to 495 (sector 1), aa 1 to 161 (sector 2), aa 155 to 437 (sector 3), aa 155 to 495 (sector 4), and aa 1 to 437 (sector 5). (C) Expression of GAL4 AD-Ad2 E1B hybrids.
The hybrids in yeast cell extracts were detected using anti-GAL4 AD antibody (Santa Cruz Biotechnology). The Ad2 E1B domain in each hybrid is indicated on the

top of each lane. Lane 1 shows yeast lysate without any GAL4 AD hybrid.

that Ad2 E1B fragment aa 1 to 437 is able to prevent p53-
PCAF interaction (Fig. 9). Since this E1B fragment binds to
p53 but not to PCAF (Fig. 7 and 8), binding of E1B to p53 may
be sufficient for E1B to interfere with the p53-PCAF interac-
tion. Nonetheless, E1B 55-kDa protein also binds to PCAF in
vitro and in vivo (Fig. 5 and 8). Thus, by association with both
p53 and PCAF, E1B protein might shift equilibrium of protein-
protein complexes from p53-PCAF to p53-E1B and PCAF-
E1B, thereby effectively sequestering p5S3 and PCAF and pre-
venting PCAF from acetylating p53. It appears that PCAF and
p53 bind to different sites in E1B (Fig. 7 and 8). This finding
might permit an assessment of the relative importance of p53-
E1B and PCAF-EI1B interactions in inhibiting acetylation of
p53 through extensive mutagenesis of the p53- and PCAF-
binding sites in the E1B 55-kDa protein.

While the role of E1B-PCAF interaction in inhibiting acet-
ylation of p53 is not clear at present, blocking the catalytic core
of PCAF (the HAT domain) by E1B is unlikely to be the cause
of inhibition; rather, binding of E1B to PCAF might induce
conformational change of PCAF so that its substrate specificity
is altered. We have found that a mutant PCAF lacking aa 62 to
464 can acetylate both p53 and histones because it still contains
the HAT domain (44). Interestingly, acetylation of p53 but not
that of histones by this mutant PCAF is also inhibited by E1B

(data not shown). Thus, binding of E1B to a domain in the
C-terminal portion of PCAF may play a role in the observed
inhibition of p53 acetylation, as this mutant PCAF lacks most
of the sequence in its N-terminal region. Future study will
address which domain of PCAF is responsible for binding to
E1B 55-kDa protein.

The acetylation of p53 by PCAF is severely impaired in cells
expressing E1B 55-kDa protein (Fig. 3). Accumulation of
acetylated p53 occurs normally in G401 cells upon treatment
with the specific deacetylase inhibitor TSA (Fig. 3B). By con-
trast, acetylated p53 is virtually undetectable under the same
conditions in cell line G401-CC3, derived from G401 cells by
stable transfection with an Ad12 E1B 55-kDa protein-express-
ing vector (55). The acetylation of p53 in 293 cells is also
suppressed. While 293 cells express both E1A and E1B pro-
teins, G401-CC3 cells express only E1B 55-kDa protein.
Therefore, E1B 55-kDa protein is most likely to be responsible
for the observed inhibition of p53 acetylation by PCAF, con-
sistent with the in vitro studies (Fig. 2). Effects of E1A onco-
proteins on the activities of PCAF, p300, and CBP have been
reported previously (1, 5, 19, 44). While E1A was found to bind
to PCAF (44), it does not appear to affect the HAT activity of
PCAF. Instead, E1A protein was found to stimulate HAT
activities of p300 and CBP under certain circumstances (1).



VoL. 20, 2000

pCud24-Ad12 E1B
PGBDU-PCAF

kDa
kDa
56 — AREB BT ey e GALIEO-
“we 4= 55-kDa 76 PCAF
40 — (aa 1-437) i <+ -

56 —
a7 = 40— .
19 — -
. 27— ’ ’ .E.;,'
R ————

19

1 2 3 4

FIG. 9. E1B 55-kDa protein interferes with the PCAF-p53 interaction. (A)
For reverse two-hybrid assay, full-length PCAF-GAL4 BD hybrid and p53(1-
393)-GAL4 AD hybrid were introduced into yeast cells together with pCu424
containing the gene for Ad2 E1B 55-kDa protein (aa 1 to 437) cloned in reverse
orientation (sector 1) or in correct orientation (sector 4) or the gene for WT
Ad12 E1B 55-kDa protein in correct orientation (sector 3). Sector 2 serves as a
negative control, in which the same yeast strain was transformed with pGBDU-
C3, pGAD-p53, and pCu424. The plasmids used in each transformation shown
on the top are depicted below. (B) Expression of Ad2 E1B (aa 1 to 437). Extracts
were prepared from yeast cells that were transformed with pGAD-p53, pGBDU,
and pCu424 (lane 1); pGAD-p53, pGBDU-PCAF, and pCu424-Ad2 E1B (1 to
437, reverse) (lane 2); and pGAD-p53, pPGBDU-PCAF, and pCu424-Ad2 E1B (1
to 437) (lane 3). The extracts were then subjected to Western blot analysis with
antibody 2A6 against Ad2 E1B 55-kDa protein. Note that Ad2 E1B was ex-
pressed only when the gene was cloned in the correct orientation (lane 3). The
dark band in lane 3 may be partially degraded Ad2 E1B, as this band was absent
in lanes 1 and 2. (C) Expression of PCAF-GAL4 BD hybrid. The hybrid was
detected with anti-GAL4 BD antibody. The plasmids used for transformation
were pGAD-p53, pGBDU, and pCu424 (lane 1); pGAD-p53, pGBDU-PCAF,
and pCu424-Ad2 EI1B (1 to 437) (lane 2); pGAD-p53, pGBDU-PCAF, and
pCu424-Ad12 EIB (lane 3); and pGAD-p53, pGBDU-PCAF, and pCu424-Ad2
E1B (1 to 437, reverse) (lane 4).

Conversely, recent studies demonstrated that the E1A onco-
proteins may repress HAT activity of both PCAF and p300 in
vitro (5, 19). Regardless of the potential role of E1A proteins
in regulation acetylation, our results clearly indicate that E1B
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55-kDa protein inhibits acetylation of p53 by PCAF both in
vivo and in vitro.

Whereas acetylation of pS3 enhances its sequence-specific
DNA-binding activity (17, 35, 47), a number of other modifi-
cations of the p53 C-terminal domain can also activate its
DNA-binding function (20). We found that anti-p53 antibody
PADb421 can effectively enhance p53 DNA binding in G401-
CC3 nuclear extracts (Fig. 4), despite reduced p53 acetylation
in this cell line (Fig. 3). Thus, it is conceivable that binding of
PAD421 to the C-terminal domain of p53 may have a similar
effect on activating p53 DNA-binding activity as acetylation of
the lysine residues within the pS3 C-terminal domain. Inter-
estingly, we found that PAb421 cannot activate p53 DNA bind-
ing in 293 nuclear extracts (Fig. 4), suggesting that E1A may
have additional inhibitory effects on pS3 DNA-binding activity.
Indeed, p53 appears to form high-molecular-weight oligomers
when E1A proteins are expressed in G401 cells (54). Such
modified pS3 protein may be less competent for DNA binding,
as its transcriptional transactivation function was greatly re-
pressed by E1A (54).

The E1B 55-kDa protein represses transcriptional transac-
tivation by p53 by binding directly to DNA-bound p53 without
destabilizing pS3-DNA complexes, thereby tethering the E1B
transcriptional repression domain to promoters containing p53
binding sites (71). Furthermore, E1B 55-kDa protein appears
to enhance p53-DNA interaction and could repress transacti-
vation mediated by p53 in an in vitro assay using purified RNA
polymerase II components (39, 40). We show here that E1B
55-kDa protein inhibits effectively p53 acetylation. Inhibition
of p53 acetylation (thus reducing its affinity to its binding sites
[Fig. 4]) and direct targeting of DNA-bound p53 might reflect
two levels of repression of p53 functions by E1B. At the first
level, E1B represses acetylation of p53 by PCAF, and possibly
also by p300 and CBP. At the second level, E1B could still
target any p53 that binds to specific sites within target promot-
ers due to incomplete inhibition of acetylation or other means,
thereby resulting in direct transcriptional repression. The two-
level, fail-safe repression mechanisms on p53 suggest that E1B
55-kDa oncoprotein is a particularly powerful repressor of pS3.
Whether E1B also inhibits other types of covalent modifica-
tions occurring on p53 remains to be established. Our unpub-
lished data indicated that phosphorylation of p53 at serine 392
was not affected by E1B 55-kDa protein in a Western blot
analysis using a specific antibody against p53 phosphorylated at
serine 392.

The Ad E1A and E1B proteins play important roles in cell
transformation (3, 45). The E1A oncoproteins stimulate cell
proliferation by binding to pRB, p300, and CBP (reviewed in
reference 11). The E1B 55-kDa protein acts in cell transfor-
mation by inactivating the p53 pathway. Although inactivation
of pRB and p53 pathways is essential to the transformation of
a normal cell into a tumor cell (18), deregulation of other
cellular regulatory circuitry may also be involved in cell trans-
formation and development of cancer. As PCAF is implicated
in regulation of cell differentiation, cell cycle progression, and
transcriptional regulation (43, 50, 62), deregulation of the
PCAF pathway might also play a role in cell transformation.
Intriguingly, just as E1A and E1B 55-kDa proteins inhibit p53
transactivation function, the same viral oncoproteins bind to
PCAF, although it is likely that E1A and E1B affect different
aspects of the PCAF functions. Furthermore, E1A appears to
compete with PCAF for access to p300 (68), which could affect
critical functions of PCAF in regulating cellular pathways. Ad-
ditionally, the Tax oncoprotein of the human T-cell leukemia
virus type 1 recruits PCAF for transactivating viral promoters
(23). Such exploitation of PCAF by viral oncoproteins might
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perturb cellular physiology, thus contributing to cell transfor-
mation.

Increasing evidence supports critical roles for protein acet-
ylation in cellular physiology, including regulation of protein-
DNA and protein-protein interaction, as well as protein stability.
Like phosphorylation, acetylation can regulate key cellular
processes in response to extracellular signals. Thus, it has been
proposed previously that acetylation as a biologically relevant
modification may be as important as phosphorylation (26).
Consistent with this view, our data demonstrate that the Ad
E1B 55-kDa oncoproteins specifically inhibit p53 acetylation
by PCAF, while its histone acetylation and autoacetylation
activities were not affected. These data suggest that the inhi-
bition of p53 acetylation by viral proteins may represent an
important mechanism of p53 inactivation. Future investigation
on how E1B 55-kDa oncoprotein affects PCAF functions will
provide insight into the biological functions mediated by
PCAF, as well as how modulation of cellular acetylase activi-
ties by viral oncoproteins contributes to cell transformation
and oncogenesis.
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