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Adenovirus E1B 55K protein cooperates with E1A gene products to induce cell transformation. E1B 55K
mediates its effects by binding to and inhibiting the transcriptional activation and growth-suppression func-
tions of the tumor suppressor p53. Previous studies in vivo have suggested that E1B 55K has an active role in
repressing p53 transcriptional activation and that this repression function is directed to specific promoters
through E1B 55K’s interaction with DNA-bound p53. Flag-tagged E1B 55K (e55K) was expressed with the
baculovirus expression system and immunopurified. Gel filtration, velocity sedimentation centrifugation, and
glutaraldehyde cross-linking indicated that e55K is a dimer with a nonglobular conformation. e55K bound
directly to purified p53, causing an ;10-fold increase in p53 affinity for tandem binding sites. Using in vitro
transcription assays reconstituted with purified p53, e55K, and HeLa cell nuclear extracts, we found that e55K
specifically repressed p53 activation. These results demonstrate that as postulated from earlier transient
expression experiments, E1B 55K is a specific repressor of transcription from a promoter with bound p53.
Since HeLa nuclear extracts contain little detectable histone protein, E1B 55K probably represses transcrip-
tion through direct or indirect interactions with the RNA polymerase II transcription machinery.

The cellular phosphoprotein p53 acts as a tumor suppressor,
and inactivation of this function is the most prevalent alter-
ation found in human and animal tumors (32, 35). p53 acts as
a G1 checkpoint control ensuring completion of DNA replica-
tion and the integrity of the genome prior to cells entering the
S phase. In response to DNA damage, p53 levels are increased
and p53 induces genes whose products result in either growth
arrest at the G1/S interface or apoptosis (reviewed in reference
32). p53-inducible genes include p21/WAF21/Cip1 (cyclin/cdk
inhibitor) (10, 66), cyclin G (45), Wip1 (a PP2A protein phos-
phatase) (12), Bax1 (apoptosis inducer) (43), insulin-like
growth factor binding protein 3 (5), GADD45 (28), and Mdm2
(46). Mdm2 could be a natural biological regulator of p53
through an autoregulatory feedback loop with p53, since p53
activates Mdm2 expression and Mdm2 inhibits p53 activation
(64). As a consequence of the inhibition of p53’s activation by
Mdm2, induction of growth arrest and apoptosis are also in-
hibited (28, 46, 64, 69).

p53 appears to exert most of its biological effects by acting as
a sequence-specific DNA-binding transcription factor (Fig. 1)
(11) that binds as a tetramer (24) to four tandem, alternatively
inverted copies of a 5-bp consensus sequence (7, 9). The trans-
activation domain maps to the acidic amino-terminal region of
the polypeptide (1 to 73 amino acid residues), and it is within
this region that p53 has been demonstrated to directly interact
with components of the general transcriptional machinery,
TATA box-binding protein (TBP), TAFII31, and TFIIH (p62)
(41, 42, 58, 60, 65), as well as its negative regulator, Mdm2
(38).

The inactivation of p53 is critical for the replication of DNA
tumor viruses, which require cells to enter the S phase, and
which, in the case of adenovirus (Ad), would otherwise induce
apoptosis (63). The DNA tumor viruses each encode oncopro-

teins, such as Ad E1B 55K, human papillomavirus E6, and
simian virus 40 T antigen (9, 11, 27, 67), which bind to and
inhibit the normal biological functions of p53. Binding of HPV
E6 to wild-type p53 results in polyubiquination and subsequent
degradation of p53 (53). Simian virus 40 T antigen interacts
with the DNA binding domain of p53, thus preventing p53
from binding to DNA and regulating gene expression (11).

The Ad E1B 55K protein also forms a stable complex with
p53 in vitro and in vivo (27, 50) and inhibits p53-mediated
transcriptional activation (67). E1B 55K binds to the amino-
terminal transactivation domain of p53 (27) (Fig. 1). Mutation
of p53 at either the proline (amino acid 24) or tryptophan
(amino acid 27) residue reduces p53’s affinity for E1B 55K,
although the transactivation function remains wild type (38).
Previous studies with a panel of E1B 55K linker insertion
mutants showed that the ability of E1B 55K to inhibit p53-
mediated activation correlated directly with the ability of E1B
55K to transform cells in conjunction with Ad E1A (Fig. 1)
(68). Furthermore, the interaction between E1B 55K and p53
was necessary but not sufficient for the repression and trans-
formation functions of E1B 55K, since an E1B 55K insertion
mutant at position 443 binds to p53 with wild-type affinity but
was defective for both repression of p53 transcriptional acti-
vation and transformation (see Fig. 1) (67, 68). These and
other studies have indicated that the carboxy-terminal region
of E1B 55K and phosphorylation of serine residues 490 and
491 and threonine at 495 within this region are important for
the repression functions of E1B 55K (42a, 56, 57, 68). More-
over, these results suggested that E1B 55K has an active role in
repression and was not simply preventing p53 from binding to
DNA nor sterically blocking the activation domain of p53.

Strong evidence suggesting that E1B 55K has a generalized
transcriptional repression activity came from transient expres-
sion experiments in which a Gal4-55K fusion was shown to
repress expression from several target promoters containing
Gal4 binding sites. These promoters did not contain any com-
mon activator binding sites, implying that E1B 55K does not
inhibit a specific activation mechanism, but rather inhibits a
general process required for transcription from most promot-
ers (68). Furthermore, the ability of Gal4-55K to repress tran-
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scription was independent of p53, because similar results were
obtained from experiments performed with p53-minus cell
lines (68). These results suggested the model that E1B 55K
acts as a general repressor of RNA polymerase II transcription
and that the repression function of E1B 55K is directed toward
p53-activated promoters by virtue of its binding to DNA-
bound p53. E1B 55K could mediate its repressing effect either
by acting directly on the general transcriptional machinery (22,
25) or through modification of chromatin (47) (Fig. 1C).

Given the central role that aberration of the normal function
of p53 has in the development of some cancers, it is important
to establish how its activity is regulated and/or inhibited by
oncoproteins such as E1B 55K. Furthermore, the mechanism
of action by repressors like E1B 55K, which do not simply
compete for the DNA binding sites of activating proteins, is
not clearly understood for many eukaryotic repressors. Under-
standing how E1B 55K mediates its effect may yield insights
into how other repressors function and how repressors regu-
late the activity of activators.

Here, we report on the physical and biochemical properties
of purified, recombinant E1B 55K expressed from a baculovi-
rus vector and demonstrate through in vitro transcription as-
says that it is indeed a transcriptional repressor.

MATERIALS AND METHODS

Cells. Sf9 cells were maintained at 27°C in Grace’s insect medium (Gibco),
supplemented with 10% fetal calf serum and 0.4% yeastolate. HeLa S3 suspen-
sion cells were maintained at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% newborn calf serum.

Plasmid and baculovirus construction. p5BSE4CAT, which contains five p53
binding sites upstream of the Ad E4 promoter (238 to 138) driving expression
of the chloramphenicol acetyltransferase (CAT) gene, has been described pre-
viously (40). pG5E1BCAT contains five Gal4 DNA binding sites upstream of the
E1B TATA sequence, which itself lies upstream of the CAT gene (37).
pG5E4CAT contains five Gal4 binding sites upstream of the E4 promoter and
CAT gene (37).

pAcC12 is a baculovirus transfer vector containing the polyhedron promoter
upstream of a polylinker (55). pAc-e55K was constructed by PCR amplification
of the Ad E1B 55K sequences with a Flag epitope sequence (MDYKDDDDK)
fused to the amino terminus and cloned as an EcoRI-BamHI fragment into the
baculovirus transfer vector pAcC12. Most of the PCR-amplified sequences were
replaced with wild-type sequences as an NcoI-BamHI fragment from pSRa-55K
(67), and the remaining 180-amino-terminal bases and Flag epitope were se-
quenced to confirm that no errors had been incorporated during PCR amplifi-
cation.

Recombinant baculovirus Bac-e55K was constructed by cotransfection of
BacPAK6 Bsu 361-digested DNA (Clontech) with pAc-e55K into Sf9 insect cells
by the calcium phosphate method with modifications (55). Briefly, the DNA-
calcium phosphate precipitate was incubated with Sf9 cells plated at 2 3 106

cells/60-mm-diameter plate for 6 h at 27°C. The cells were washed and incubated
in Grace’s medium. Twenty-four hours posttransfection, cells were overlayed
with 0.7% agarose in Grace’s medium with 0.35% agarose in Grace’s medium 3
and 5 days posttransfection, with the last overlay containing 0.01% neutral red.
Plaques of recombinant viruses were picked and assayed for expression of E1B
55K by Western blotting with the anti-55K monoclonal antibody 2A6 (51) and
enhanced chemiluminescence (ECL) (Pierce). Recombinant viruses were plaque
purified three times prior to amplification of viral stocks for large-scale infec-
tions.

Purification of proteins. Sf9 insect cells were infected with Bac-e55K, the
recombinant virus expressing e55K, at a multiplicity of infection of 10 PFU/cell.
Cells were harvested 48 h postinfection, and nuclear extracts were prepared (8).
Nuclear extracts were incubated with anti-Flag M2 affinity gel (Kodak) for 8 to
12 h at 4°C with rotation. Beads were washed six times with 10 volumes of D
buffer (20 mM HEPES, 2 mM EDTA, 20% glycerol, 10 mM b-mercaptoethanol
[pH 7.9]) containing 300 mM KCl and 0.1% Nonidet P-40 and twice with 10
column volumes of D buffer containing 100 mM KCl. e55K was specifically
eluted with Flag peptide (DYKDDDDK; 1 mg/ml in D buffer containing 100 mM
KCl, 60 to 70 ml of peptide, and 100 ml of beads). Purified proteins were analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE [10%
polyacrylamide]) and silver staining. The concentration of e55K was estimated to
be 10 ng/ml from silver-stained gels with known bovine serum albumin (BSA)
standards.

As a control, Sf9 insect cells were infected with BacPAK6, the viral vector used
in the construction of Bac-e55K, and processed in the same manner as e55K
extracts. The final fraction from the anti-Flag M2 affinity column would contain
any contaminating polypeptides and M2 peptide. This protein fraction served as
a negative control and was referred to as BP6.

Influenza virus HA1 epitope-tagged p53 (ep53) was immunopurified from
nuclear extracts prepared from vaccinia virus vector-infected HeLa cells as de-
scribed previously (68). Gal4-AH, a transcriptional activator which consists of an
amphipathic a helix fused to the Gal4 DNA binding domain, was purified from
Escherichia coli and was a kind gift from Mike Carey (39).

Sucrose density gradient sedimentation. A mixture (100 ml in D buffer con-
taining 0.3 M KCl) of purified e55K (500 ng) and the molecular mass markers
b-amylase (30 mg), alcohol dehydrogenase (ADH) (50 mg), and BSA (25 mg) was
layered onto a 5-ml linear 5 to 20% sucrose density gradient in 0.3 M KCl–20
mM HEPES (pH 7.9)–2 mM EDTA–10% glycerol–10 mM b-mercaptoethanol.
The gradient was centrifuged for 19 h at 45,000 rpm in a Beckman SW50.1 rotor
at 4°C. Fractions (250 ml) were collected and precipitated with 10% trichloro-
acetic acid in the presence of 20 mg of insulin and 0.1% deoxycholate as carriers
and then were analyzed by SDS-PAGE. Fractions containing e55K were detected
by Western blotting analysis and ECL with 2A6 antibody. Molecular mass mark-
ers were detected by Coomasie blue staining. The molecular mass of e55K was
calculated by the equation MA/MB 5 (dA/dB)3/2, where M is molecular mass and
d is the distance from the top of the gradient. The estimated sedimentation
coefficient was determined according to the known values for BSA (4.3S [68
kDa]), ADH (7.4S [150 kDa]), and b-amylase (8.9S [200 kDa]).

Gel filtration. Purified e55K (500 ng) was fractionated by gel filtration through
Superose 6 and Superose 12 HR columns (10 by 300 mm; Pharmacia) equili-
brated in D buffer containing 0.3 M KCl. The columns were run with a Pharmacia
fast-performance liquid chromatograph at 0.5 ml/min at room temperature.
Fractions (0.5 ml) were collected, trichloroacetic acid precipitated, and analyzed
by SDS-PAGE, followed by Western blot analysis. Molecular mass protein stan-
dards were analyzed under the same conditions. These were thyroglobulin (a
tetramer of 670 kDa [85Å]), apoferritin (a multimer of 440 kDa [61Å]), b-amy-
lase (a tetramer of 200 kDa), ADH (a tetramer of 150 kDa [46 Å]), BSA (a
monomer of 68 kDa [35Å]), and carbonic anhydrase (29 kDa). Columns were
checked for reproducibility and varied within 0.3 ml (i.e., ,1 fraction). The
molecular mass of e55K was determined from the calibration curve of molecular
masses of protein standards. The Stokes radius was calculated according to
published values for the protein standards and the Porath equation (54).

FIG. 1. Schematic diagram illustrating the functional domains in Ad E1B
55K (A) and the tumor suppressor p53 (B). (A) Hatched boxes indicate regions
in E1B 55K which when mutated result in loss of the described functions.
Positions where amino acids have been mutated by linker insertion or site-
directed mutagenesis (57, 67) are indicated above the E1B 55K molecule. (B)
The activation, DNA binding, and nonspecific DNA binding domains of p53 are
indicated. The tetramerization domain (Tetra) is located in the C terminus.
Nuclear localization signals (NSL) are indicated by asterisks. Proteins which are
known to interact with the defined regions are indicated at the bottom. (C)
Model of how E1B 55K may affect the activity of p53. E1B 55K may mediate
alterations in chromatin structure or may target the general transcriptional
machinery. SV40 TAg, simian virus 40 T antigen.
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Molecular mass determination. The molecular masses and frictional ratio of
proteins can be determined by the Stokes radius determined by gel filtration and
the sedimentation coefficient obtained from sucrose gradients and the equations
(54) M 5 6phNas/(1 2 nr) and f/f0 5 a/(3vM/4pN)1/3, where M is molecular
weight, a is the Stokes radius, s is the sedimentation coefficient, v is the partial
specific volume (set at 0.725 cm3/g), f/f0 is the frictional ratio, h is the viscosity of
medium, r is the density of medium, and N is Avogadro’s number.

Glutaraldehyde cross-linking. Purified e55K (100 ng) was incubated for 10
min at 30°C in D buffer containing 0.3 M KCl with increasing concentrations of
freshly diluted glutaraldehyde (Sigma) (0, 1024, 3 3 1024, 1023, 3 3 1023, 1022,
3 3 1022, 1021, 3 3 1021%) in a final reaction volume of 50 ml. Products were
analyzed by standard SDS-PAGE (8% polyacrylamide), except that the stacking
gel used had a ratio of acrylamide to bisacrylamide of 80:1 to prevent protein
retardation in the stacking gel. Products were detected by Western blot analysis.
As a control against nonspecific cross-linking, BSA (100 ng) was treated under
the same conditions and SDS-PAGE gels were silver stained.

DNA immunoprecipitation. The DNA immunoprecipitation assay was per-
formed as described by Yew et al. (68) with modifications. Two DNA probes
were 32P labeled by end filling: one containing five Gal4 DNA binding sites
isolated as a HindIII-BamHI fragment from pG5E4CAT and one containing five
p53 binding sites isolated as a HindIII-Asp-718 fragment from p5BSE4CAT.
DNA probe (5 3 105 cpm), purified ep53 (150 ng), and e55K (300 ng) were
incubated for 1 h at 30°C in 200 ml of binding buffer (20 mM Tris-Cl [pH 7.4], 100
mM NaCl, 10% glycerol, 1% Nonidet P-40, 5 mM EDTA) containing 50 ng of
poly(dI-dC) per ml and 0.5 mg of BSA per ml. Protein A-Sepharose beads (25 ml)
were incubated for 2 h at room temperature with 600 ml of hybridoma superna-
tant of either Ab421 (anti-p53 antibody [19]) or 2A6 (anti-55K antibody [51]) and
then washed twice in binding buffer. The antibody-bound protein A-Sepharose
beads (25 ml) were then incubated with the protein-DNA mixture for 1 h at room
temperature with rotation. The beads were washed twice in binding buffer and
incubated with 0.5 mg of proteinase K per ml and 0.1% SDS for 15 min at 37°C.
After phenol-chloroform extraction and DNA precipitation, the immunoprecipi-
tated DNA was analyzed by electrophoresis in a 5% polyacrylamide–Tris-borate-
EDTA (TBE) gel, followed by autoradiography.

DNase I footprinting. The DNA probe was prepared from p5BSE4CAT by
end filling in of the HindIII site with [32P]dATP and cutting with Asp 718 to
generate a 165-bp fragment. The fragment was purified through an 8% nonde-
naturing polyacrylamide TBE gel and recovered by electroelution. Protein-DNA
binding reactions were performed in 25 ml of binding buffer [12 mM HEPES (pH
7.9), 60 mM KCl, 6 mM MgCl2, 0.12 mM EDTA, 12% glycerol, 10 mM b-mer-
captoethanol, 0.5 mg of BSA per ml, and 40 mg of poly(dG-dC) per ml] and ;5
fmol of the DNA probe. After binding for 1 h at 30°C, DNA was digested with
2 ml of DNAse I (1 mg/ml diluted 1:2,000 in 60 mM CaCl2) for 1 min at 30°C.
Reactions were stopped by the addition of 25 ml of 23 stop solution (0.2 M NaCl,
0.5% SDS) containing proteinase K (500 mg/ml) and tRNA (20 mg/ml) for 10 min
at 37°C. After phenol-chloroform extraction and ethanol precipitation, digestion
products were analyzed by electrophoresis through a 6% polyacrylamide–8 M
urea–TBE gel, followed by autoradiography.

In vitro transcription. HeLa nuclear extracts were prepared as described
previously (8). Transcription reaction mixtures contained 20 ng of ep53; 10 ng of
Gal4-AH; and 4, 8, 12, or 16 ml of e55K (10 ng/ml) or the same volumes of the
control BP6 protein fraction as indicated. In vitro transcription reactions were
performed essentially as described previously (40). Each transcription reaction
mixture contained two DNA templates: p5BSE4CAT (30 ng) and, as an internal
control, pG5E1BCAT (30 ng). DNA templates, nuclear extract (60 mg), and
other proteins, as indicated, were preincubated for 20 min at 30°C in a 50-ml
reaction mix (12 mM HEPES [pH 7.9], 60 mM KCl, 6 mM MgCl2, 0.12 mM
EDTA, 12% glycerol, 10 mM b-mercaptoethanol). Transcription was initiated by
the addition of ribonucleoside triphosphates (600 mM) and allowed to continue
for 1 h at 30°C. Transcription was terminated by the addition of 50 ml of 23 stop
solution (0.2 M NaCl, 0.5% SDS) containing proteinase K (500 mg/ml) and
tRNA (20 mg/ml) for 10 min at 37°C. Levels of transcription were assayed by
primer extension with a g-32P 59-end-labeled primer complementary to the cod-
ing region of the CAT gene (59 CTC AAA ATG TTC TTT ACG ATG CCA
TTG GGA 39). Primer extension products were analyzed by electrophoresis
through a 10% polyacrylamide–8 M urea–TBE gel, followed by autoradiography.

RESULTS

E1B 55K is a phosphoprotein, and previous work has shown
that phosphorylation is required for its repression and trans-
formation functions (56, 57). Consequently, it was important to
express E1B 55K in a eukaryotic expression system. e55K,
tagged at the amino terminus by addition of the eight-residue
Flag epitope, was expressed by the baculovirus system and
purified in a single step from infected-cell nuclear extracts by
immunoaffinity chromatography. The Flag epitope fused to the
amino terminus of E1B 55K allowed the specific elution of
Flag-tagged protein from the monoclonal antibody M2 with

M2 peptide. The affinity purification procedure was valuable,
since E1B 55K chromatographed heterogeneously over many
ion-exchange resins (unpublished results). e55K was purified
to near homogeneity (Fig. 2, lanes 3 and 4) and separated into
two closely migrating species, possibly reflecting differences in
phosphorylation. BP6, included as a negative control, refers to
a protein fraction purified under identical conditions to e55K
from nuclear extracts of cells infected with the baculovirus
expression vector, BacPAK6, which expresses b-galactosidase
instead of e55K (Fig. 2, lanes 1 and 2). No baculovirus or
cellular proteins were detected as purifying over the anti-Flag
M2 affinity column. ep53 was immunopurified utilizing the
HA1 epitope fused to its amino terminus, from the nuclei of
HeLa cells dually infected with recombinant vaccinia viruses
expressing T7 RNA polymerase and ep53 from a late T7 pro-
moter (68) (Fig. 2, lanes 5 and 6).

Quaternary structure of E1B 55K. We used gel filtration,
first, to determine whether purified e55K behaved as a mono-
disperse molecular species and, second, to determine the qua-
ternary structure of e55K. It was important to determine the
characteristics of purified, soluble e55K, since we had observed
that overexpression resulted in high-molecular-mass com-
plexes which were not disrupted by boiling in Laemmli disrup-
tion buffer for 30 min. These complexes were minimized by
preparing nuclear extracts relatively early after infection with
the baculovirus expression vector. We initially used a Superose
6 HR column with an exclusion volume of 40 3 106 Da to
characterize immunopurified e55K as described in Materials
and Methods. The absence of e55K in the excluded volume
(fractions 14 and 15) indicated that the majority of e55K was
soluble and was not aggregated (Fig. 3A). The e55K protein
eluted as expected for a globular protein with a molecular mass
of approximately 150 kDa (fractions 29 to 30) (Fig. 3A). In
order to obtain a more accurate estimate of the molecular
mass, e55K was resolved over a Superose 12 column which
resolves proteins in the molecular mass range of 3 to 300 kDa.
Most of the e55K eluted similarly to b-amylase (200 kDa) (Fig.
3B). The elution characteristics of a protein over gel filtration
columns correlate better with the protein’s Stokes radius than
with its molecular mass (54). By using the elution volumes of

FIG. 2. Silver-stained SDS-PAGE (10% polyacrylamide) gels of purified
Flag-tagged 55K (e55K), the control BP6 protein fraction purified under iden-
tical conditions to e55K from Sf9 cells infected with a baculovirus vector express-
ing b-galactosidase, and ep53 proteins. Lanes 1 to 6 contain BP6 (lanes 1 and 2
[5 and 10 ml, respectively]), e55K (lanes 3 and 4 [5 and 10 ml, respectively]), and
ep53 (lanes 5 and 6 [5 and 10 ml, respectively]). M, molecular mass markers in
kilodaltons (lane 7).
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the standards of known Stokes radii, the Stokes radius of highly
purified e55K was estimated as 52 Å.

We also examined the velocity of sedimentation of purified
e55K by sucrose gradient centrifugation (Fig. 4). If e55K had a
nonglobular structure, one would expect it to sediment with a
lower apparent molecular mass than that determined by gel
filtration analyses. The sedimentation coefficient for e55K was
estimated as described in Materials and Methods. The majority
of e55K sedimented at ;4.8S, consistent with a molecular mass
of 80 kDa, assuming the protein is globular. This differs sig-
nificantly from the molecular mass determined by gel filtration,
indicating that the protein does not have a globular conforma-
tion. Using the values determined for the Stokes radius and
sedimentation coefficient of e55K and equations previously
described (54) (see Materials and Methods), the estimated
molecular mass of purified e55K is ;103 kDa, suggesting that
e55K is a dimer. The frictional ratio was calculated as 1.75
(54). This value indicates that e55K has hydrodynamic prop-
erties consistent with an elongated structure, which would ex-
plain the apparent discrepancy in molecular mass determina-
tions between gel filtration and sucrose density sedimentation
analyses.

Protein cross-linking was used to further characterize the
multimeric structure of purified e55K. Purified e55K was in-
cubated with increasing concentrations of glutaraldehyde (0 to
0.3%) and analyzed by SDS-PAGE, followed by Western blot-
ting (Fig. 5). In the absence of glutaraldehyde, e55K electro-

phoresed as a monomer of 55 kDa (lane 1). With increasing
concentrations of glutaraldehyde, the monomeric form was
converted into a dimeric form of approximately 110 kDa. This
dimeric form was not cross-linked into higher oligomeric
forms, even at the highest glutaraldehyde concentration used,
but rather the dimeric form was converted into a more com-
pact (faster) migrating species, characteristic of further in-
tramolecular cross-linking. It is unlikely that higher oligomers
were retained in the stacking gel, since a lower than usual ratio
of acrylamide to bisacrylamide was used (80:1 compared to
30:1) (62). Furthermore, intermolecular cross-linking did not
occur with the protein and glutaraldehyde concentrations used,
since no cross-linking of BSA was detected under identical
conditions (data not shown). These cross-linking studies con-
firmed that purified e55K is a dimer.

FIG. 3. Gel filtration analysis of e55K through Superose 6 (A) and Superose
12 (B) columns. After chromatography, fractions were trichloroacetic acid pre-
cipitated and analyzed by SDS-PAGE and Western blotting with the anti-55K
antibody 2A6. e55K was visualized by ECL. Fraction numbers are indicated at
the bottom of each panel. The fractions in which the protein standards eluted are
indicated at the top of each panel. Protein standards were thyroglobulin (a
tetramer of 670 kDa [85Å]), apoferritin (a multimer of 440 kDa [61Å]), b-amy-
lase (200 kDa), ADH (a tetramer of 150 kDa [46Å]), BSA (a monomer of 68 kDa
[35Å]), and carbonic anhydrase (29 kDa).

FIG. 4. Sucrose gradient analysis of e55K. e55K, BSA, b-amylase, and ADH
were centrifuged together through a 5 to 20% sucrose gradient. Fractions were
collected, trichloroacetic acid precipitated, and analyzed by SDS-PAGE, fol-
lowed by Western blotting with anti-55K antibody 2A6 (A) and Coomassie blue
staining (B). The top and bottom of the gradient are indicated. Molecular mass
markers are indicated on the right in kilodaltons. Protein molecular mass stan-
dards from the bottom of the gradient are b-amylase (8.9S; 200 kDa; tetramer),
ADH (7.4S; 150 kDa; tetramer), and BSA (4.3S; 68 kDa; monomer).

FIG. 5. Glutaraldehyde cross-linking analysis of e55K. e55K was incubated
with increasing concentrations of glutaraldehyde (%GA): lanes 1 to 9: 0, 1024,
3 3 1024, 1023, 3 3 1023, 1022, 3 3 1022, 1021, and 3 3 1021%, respectively.
The positions of molecular mass markers (kilodaltons) are indicated. The posi-
tions of the monomeric and dimeric forms of e55K are indicated by arrows.
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Purified e55K binds purified p53. Previous studies have
shown that E1B 55K forms a stable complex with p53 in vivo
and in vitro (27, 50) and that E1B 55K does not inhibit p53
from binding to its specific DNA sequence (68). We wished to
determine, first, whether e55K, purified from insect cells, was
functionally active with respect to binding to a p53-DNA com-
plex and, second, whether, by using highly purified proteins,
the interaction was direct. These questions were addressed
with DNA immunoprecipitation assays. ep53 was purified from
nuclear extracts prepared from HeLa cells infected with an
ep53-expressing recombinant vaccinia virus (Fig. 2). When
ep53 was incubated with a labeled DNA fragment containing
five p53 binding sites, this p53-DNA complex was immunopre-
cipitated with a p53 antibody, Ab421 (Fig. 6A, lane 4), whereas
a control DNA fragment containing five Gal4 binding sites was
not immunoprecipitated (lane 2), showing that ep53 binds spe-
cifically to its binding sites. Furthermore, the p53-DNA com-
plex was not immunoprecipitated by a monoclonal antibody
specific for E1B 55K, 2A6 (Fig. 6A, lane 5). When purified
e55K was incubated with the p53-DNA complex, an e55K-p53-
DNA complex was formed and detected by immunoprecipita-
tion of labeled DNA with the anti-55K monoclonal antibody
2A6 (lane 6). In the absence of p53, e55K did not bind to DNA
(lane 7). These results with purified proteins show that e55K
binds directly to p53 and that the e55K-p53 complex remains
bound to p53 DNA binding sites. Although less labeled DNA
was immunoprecipitated with the anti-55K antibody than with
the anti-p53 antibody (compare lanes 4 and 6), this was not due
to an e55K-induced decrease in p53 binding, as shown in Fig.
6B. When immunoprecipitation was performed with the anti-

p53 antibody Ab421, addition of e55K increased the amount of
immunoprecipitated DNA (compare lanes 2 and 3).

e55K increases the affinity of p53 for its DNA binding sites.
To determine the influence of E1B 55K on p53-DNA binding
activity, independently of the influences of the monoclonal
antibodies and the immunoprecipitation procedure, we as-
sayed specific p53-DNA binding by DNase I footprinting (Fig.
7). Using a probe with five consecutive p53 binding sites, pu-
rified ep53 specifically protected bound DNA in a concentra-
tion-dependent manner (Fig. 7A, lanes 2, 3, and 4 with 150, 75,
and 30 ng of ep53, respectively). At 30 ng of ep53, protection
was only partial (lane 4). However, when increasing amounts
of e55K were added to the binding reaction mixture (30, 60,
and 90 ng [lanes 5 to 7, respectively]), protection was nearly
complete. e55K had no effect on the DNase I pattern, in the
absence of ep53 (lanes 9 to 11). These results indicate that E1B
55K increases the affinity of p53 for the tandem binding sites in
this probe. This ability of e55K to increase p53 DNA binding
activity diminished at lower e55K concentrations (Fig. 7B,
lanes 6 to 12).

To quantitate the influence of e55K on ep53 DNA binding
activity, ep53 binding was assayed over a range of concentra-
tions in the presence and absence of 30 ng of e55K (Fig. 7B).
In the presence of e55K, clear protection from DNase I was
observed at 10 ng of ep53 (Fig. 7B, lane 14), whereas, in the
absence of e55K, an equivalent extent of protection was ob-
served at 100 to 150 ng of ep53 (lanes 2 and 3). These results
indicate that the interaction of E1B 55K with p53 increases the
affinity of p53 for this probe by a factor of approximately 10. It
is worth noting that e55K did not extend the footprint by ep53
(Fig. 7A, lanes 5 to 7, and B, lane 6), thus excluding the
possibility that the p53-e55K complex acts like the Drosophila
melanogaster repressor Even-skipped (Eve), which can prevent
binding of TBP to a TATA box by competitive binding (3).

E1B 55K is a specific repressor of transcription. To deter-
mine whether E1B 55K can repress the activation of transcrip-
tion initiation by p53, we performed in vitro transcription re-
actions by using HeLa cell nuclear extracts (8). Transcription
reaction mixtures contained two DNA templates: one contain-
ing five p53 binding sites (p5BSE4CAT) and the other con-
taining five Gal4 binding sites (pG5E1BCAT) (Fig. 8A). Tran-
scription from p5BSE4CAT and pG5E1BCAT resulted in
primer extension products of 160 and 110 nucleotides, respec-
tively. The latter template was included as an internal control
and was responsive to activation by Gal4-AH (Fig. 8B, com-
pare lanes 1 and 2 and 9 and 10). Addition of ep53 (20 ng)
specifically activated transcription from the template with p53
binding sites (Fig. 8B, lanes 3 and 11). Addition of both acti-
vators ep53 and Gal4-AH resulted in activation from both
templates (lanes 4 and 12). Addition of increasing concentra-
tions of e55K (lanes 5 to 8) resulted in a dose-dependent
decrease in transcription from the p53-activated promoter,
whereas levels of Gal4-AH-activated transcription were unaf-
fected (lanes 5 to 8). Furthermore, reaction mixtures contain-
ing the control BP6 protein fraction indicated that neither the
M2 peptide nor any contaminating proteins which were not
detectable by silver staining were responsible for the inhibition
observed with e55K (lanes 13 to 16). In other experiments with
another preparation of e55K, specific repression of transcrip-
tion from the p5BSCAT template was even more dramatic
(Fig. 8C). These results show that e55K specifically represses
transcription in vitro from a template with p53 binding sites.
Since relatively short transcripts were assayed, this suggests
that repression is probably occurring during initiation or at an
early step in elongation.

FIG. 6. Highly purified e55K interacts with ep53 bound to DNA. (A) Two
32P-labeled DNA fragments were used in the DNA immunoprecipitation assay,
one containing five Gal4 binding sites (lanes 1 and 2) and one containing five p53
binding sites (lanes 3 to 7). ep53 (150 ng) was added to binding reaction mixtures
in lanes 2, 4, and 6. e55K (150 ng) was added to binding reaction mixtures in
lanes 6 and 7. ep53 was immunoprecipitated with an anti-p53 antibody, Ab421,
and e55K was immunoprecipitated with the anti-55K antibody 2A6. (B) The
32P-labeled DNA fragment containing five p53 binding sites was incubated with
150 ng of ep53 (lanes 2 and 3) and 150 ng of e55K (lane 3). Immunoprecipitation
was with anti-p53 monoclonal antibody 421. For both panels A and B, immuno-
precipitated DNA was resolved by PAGE and visualized by autoradiography.
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DISCUSSION

In this report, we described the purification of Ad E1B 55K
expressed from a recombinant baculovirus. Using a combina-
tion of cross-linking, gel filtration, and velocity sedimentation
centrifugation, we found that highly purified e55K exists as a
dimer in solution. The estimated frictional coefficient of 1.75
also suggests that E1B 55K has an elongated conformation.
The quaternary structure of in vitro-translated Ad12 54K and
Ad12 54K isolated from human embryo retinal (HER) cells
transformed with Ad12 early region 1 has been studied by
velocity sedimentation centrifugation (16). This earlier report
suggested that 54K is a tetramer. These studies found that 54K,
as either an in vitro-translated protein or the cytoplasmic frac-
tion from transformed cells, sedimented as a single-molecular-
mass species of ;200 kDa. p53 from the transformed cytoplas-
mic fraction also sedimented as ;200 kDa. Purified wild-type
human p53 has been shown to sediment with an apparent
molecular mass of between 44 and 158 kDa (15). The nuclear
fraction in HER-transformed cells contained two 54K com-

plexes of 200 and 2,000 kDa, both of which contained p53 (16).
Since, however, the in vitro-translated protein was not purified,
it is possible that the 200-kDa complex reflects 54K in complex
with either p53 and/or other cellular proteins. On the other
hand, our studies with highly purified protein clearly indicated
that E1B 55K is a dimer.

We have also shown that the purified e55K was functionally
active with respect to binding to p53 and that the e55K-p53
protein-protein interactions are direct, since they were ob-
served when highly purified protein preparations were used. As
previously demonstrated, e55K did not inhibit p53 from bind-
ing to its consensus DNA sequence (68). Rather, we observed
that the binding of e55K to p53 significantly increased the
affinity of p53 for adjacent binding sites, by a factor of ;10.
There is evidence that conformational changes induced in p53
by either binding of monoclonal antibodies to the carboxy
terminus or phosphorylation in the carboxy-terminal domain
can stimulate p53 DNA binding activity (32). Also, the inter-
action of p53 with TFIID increases the affinity of p53 for its

FIG. 7. E1B 55K increases the affinity of p53 for its DNA binding sites. DNase I footprinting of DNA-protein complexes. The positions of the p53 binding sites
are indicated. (A) Lanes 1, 8, and 15 show the DNase I pattern in the absence of added proteins. Lanes 2 to 4 show decreasing concentrations of purified ep53 (150,
75, and 30 ng, respectively [10 ng/ml]). Lanes 5 to 7 show binding reactions with 3 ml (30 ng) of ep53 plus increasing amounts of e55K (10 ng/ml [3, 6, and 9 ml,
respectively]). Lanes 9 to 11 show DNase I footprinting after incubation of the probe with 3, 6, and 9 ml, respectively, of e55K. Lanes 12 to 14 show binding reactions
with 3 ml (30 ng) of ep53 plus 3, 6, and 9 ml of the control BP6 fraction. (B) Lanes 1 and 19 show the DNase I digestion pattern in the absence of added protein. Lanes
2 to 5 show footprinting with decreasing amounts of ep53 (10 ng/ml): 15, 10, 3, and 1 ml, respectively. Lanes 6 to 12 show footprinting with 3 ml of ep53 plus decreasing
amounts of e55K (100, 30, 10, 3, 1, 0.3, and 0.1 ng, respectively). Lanes 13 to 18 show footprinting in the presence of 30 ng of e55K and decreasing amounts of ep53
(30, 10, 3, 1, 0.3, and 0.1 ng, respectively).
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specific binding site (6a). E1B 55K binds to the N-terminal
activation domain of p53 (27, 38). This interaction might in-
crease p53 DNA-binding activity by inducing a conformational
change in the protein. Alternatively, given that e55K is a dimer,
each subunit could interact with a tetramer of p53 (15, 62),
thereby increasing the cooperativity of p53 binding to adjacent
sites. The increased DNA binding activity of a p53-55K com-
plex compared to that of p53 alone probably contributes to
E1B 55K repression of p53-activated transcription in vivo. The
10-fold increase in DNA binding affinity (Fig. 7) would be
expected to result in increased binding of the complex to low-
affinity p53 sites, thereby recruiting the 55K repression domain
(68) and inhibiting transcription from neighboring promoters.

We have also shown through direct in vitro transcription
assays that e55K is indeed a transcriptional repressor, as pos-
tulated from in vivo transfection experiments (67, 68). The in
vitro transcription assays utilized HeLa nuclear extracts in
which the presence of histones could not be detected when
assayed by Western blotting (unpublished result). Further-
more, similar levels of 55K repression have also been observed
with general transcription factors purified ;10-fold from the
HeLa nuclear extract, and therefore more extensively purified
away from cellular histones (unpublished results). These stud-
ies therefore imply that histone deacetylation is not the prin-
cipal mechanism of the repression by E1B 55K, as has been
described for other transcriptional repressors such as Mad-

Max or Mxi1-Max (1, 20, 34) and the hormone-inducible nu-
clear receptors (21, 44).

The interactions of p53 with TAFII31 and TBP have been
shown to be important for the activation function of p53 (38,
41, 60). Since E1B 55K also binds to the activation domain of
p53, E1B 55K could possibly inhibit p53 activation by blocking
these interactions. Consistent with previous results (41, 42), we
observed that highly purified p53 coimmunoprecipitated in
vitro-translated TBP and TAFII31. However, the addition of
highly purified e55K to the binding reaction mixtures, at con-
centrations at which we observed transcriptional repression in
vitro, did not diminish the amount of TBP or TAFII31 that
bound to p53 in this assay (unpublished results). Consequently,
it seems unlikely that E1B 55K inhibits p53 activation by block-
ing p53’s interactions with TAFII31 or TBP. Mdm2 also inhib-
its p53’s ability to activate transcription, induce growth arrest,
and induce apoptosis (6, 28, 46, 64, 69). The cocrystal structure
of Mdm2 protein and a peptide comprising a region of the
activation domain of p53 has been solved (33). These studies
showed that an a-helical region of p53 lies in a groove in the
Mdm2 protein and that the amino acids in p53, which make
important contacts with Mdm2, are identical to those required
for activation (Leu-22 and Trp-23). These structural and mu-
tational analyses suggested that Mdm2 and TAFII31 interact
with the same surface of p53 (33, 35, 38). Mutation of amino
acids 22 and 23 also disrupts the p53-E1B 55K interaction (38).

FIG. 8. (A) In vitro transcription templates. p5BSE4CAT contains five p53 binding sites upstream of the Ad E4 TATA box and CAT gene. This template is
responsive to activation by p53. The primer extensions of RNAs transcribed from this template are 160 nucleotides (160 n) in length. pG5E1BCAT contains five Gal4
binding sites upstream of the Ad E1B TATA box and CAT gene. This template is responsive to activation by Gal4-AH. Primer extensions of RNAs transcribed from
this template are 110 nucleotides (110 n) in length. (B) e55K specifically represses p53-mediated activation at the transcriptional level. In vitro transcription reaction
mixtures contained HeLa nuclear extract, template DNAs, and ep53 (20 ng [lanes 3 to 8 and 11 to 16]), Gal4-AH (10 ng [lanes 2, 4 to 8, and 10, and 12 to 16]) and
increasing concentrations of e55K (10 ng/ml [lanes 5 to 8, 2, 4, 8, and 16 ml, respectively]) or increasing concentrations of the control BP6 protein fraction (lanes 13
to 16, 2, 4, 8, and 16 ml, respectively). Primer extension products (160 n and 110 n) indicate levels of transcription arising from pB5E4CAT and pG5E1BCAT,
respectively and their positions are indicated by arrows. (C) In vitro transcription with templates p5BSCAT and pG5E1BCAT; HeLa nuclear extract; and 40 ng of ep53
(lanes 2 to 5); 10 ng of Gal4-AH; and 30, 70, and 140 ng of e55K (lanes 3, 4, and 5, respectively).
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However, mutation of either amino acid 24 or 27 disrupts the
p53-E1B 55K interaction without affecting the p53 activation
function (38). These amino acids lie on the surface of the p53
a-helix which is not embedded within Mdm2, suggesting that
E1B 55K contacts a surface of the p53 helix different from that
contacted by Mdm2. This could explain how a tertiary struc-
ture of p53-55K-TAFII31 would be possible. Support for TBP
being the target for repression by a Drosophila transcriptional
repressor Eve has come from studies showing that Eve directly
interacts with TBP in vitro (61) and that Eve inhibits TBP and
TFIID from binding to the TATA box by cooperative blocking
(3). Using DNase I footprinting assays, we have found, how-
ever, no evidence to suggest that e55K acts to inhibit TBP from
binding to DNA (data not shown).

In contrast to our knowledge of activators, relatively little is
known regarding the mechanisms utilized by repressors. Re-
pressors can be divided into classes: global and specific. Global
repressors, such as Dr1/DRAP (23) and Mot1 (2), repress
basal transcription, whereas specific repressors regulate gene
expression either by contacting DNA directly through their
own sequence-specific DNA binding domains (Kruppel [Kr],
Eve, Mad/Max, nuclear hormone receptors) (4, 17, 36) or
through protein-protein interactions with a DNA binding pro-
tein (E1B 55K via p53, SSN6/TUP1 via a2 or MIG1) (see
references 22, 29, and 68 and the references therein). Mecha-
nisms of repression have been reviewed (18, 22, 25, 31). Our
interest is focused primarily on repressors which have an active
role in repression (i.e., direct repressors). These repressors
could either (i) modulate chromatin, (ii) block the assembly of
a general transcription factor into the preinitiation complex, or
(iii) inhibit the enzymatic function of one of the components of
the general transcriptional machinery (phosphorylation of
RNA polymerase II carboxy-terminal tail, open complex for-
mation, promoter clearance, elongation, etc.). Furthermore,
corepressors could be recruited by the repressor to mediate
one of the activities described above. Mad-Max, Mxi1-Max,
and the nuclear hormone receptors all recruit a histone
deacetylase, HDAC1 or mRPD3, to promoters through their
interactions with Sin3A/B, thereby, presumably, resulting in
localized histone deacetylation and transcriptional repression
(1, 20, 21, 34, 44, 47, 70). This mechanism is also observed in
yeast with the DNA-binding repressor protein Ume6 (26).
Repressors which directly contact the basal transcription fac-
tors include Dr1/DRAP1, Mot1, Eve, Kr, and thyroid hormone
receptor (TR), all of which have been shown to repress tran-
scription in vitro (3, 13, 23, 52, 61). Dr1 binds to TBP and
thereby prevents entry of TFIIB and TFIIA into the preinitia-
tion complex (23), whereas Mot1 disrupts the TBP-DNA com-
plex in an ATP-dependent manner (2). Eve interacts with TBP
(61) and inhibits TBP from binding to DNA (3). Interactions
have been observed between the smallest subunit of TFIIE
with both Kr (52) and Mdm2 (59), suggesting that these re-
pressors may inhibit TFIIE function. TR inhibits formation of
a functional preinitiation complex, possibly through its inter-
action with TFIIB (13). Other repressors, which have been
shown to repress transcription in vitro, include SSN6-TUP1
(49) and KRAB domain repressors (48). Although the mech-
anisms of repression have not, as yet, been elucidated for these
repressors, it is clear that the KRAB repression domain re-
cruits a corepressor to the promoter. Both human KAP-1 and
mouse KRIP-1 corepressors have been cloned (14, 30).

In conclusion, we have established a procedure for the pu-
rification of E1B 55K, determined the quaternary structure of
the e55K molecule, and shown that the purified protein is
functionally active for both binding to p53 and for specifically
repressing p53 activation at the transcriptional level. It will

now be interesting to dissect the mechanism by which E1B 55K
represses transcription and ascertain whether mechanisms of
repression converge on any particular aspect of transcription.
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