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The adenovirus type 5 55-kDa E1B protein (E1B-55kDa) cooperates with E1A gene products to induce cell
transformation. E1A proteins stimulate DNA synthesis and cell proliferation; however, they also cause rapid
cell death by p53-dependent and p53-independent apoptosis. It is believed that the role of the E1B-55kDa
protein in transformation is to protect against p53-dependent apoptosis by binding to and inactivating p53. It
has been shown previously that the 55-kDa polypeptide abrogates p53-mediated transactivation and that
mutants defective in p53 binding are unable to cooperate with E1A in transformation. We have previously
mapped phosphorylation sites near the carboxy terminus of the E1B-55kDa protein at Ser-490 and Ser-491,
which lie within casein kinase II consensus sequences. Conversion of these sites to alanine residues greatly
reduced transforming activity, and although the mutant 55-kDa protein was found to interact with p53 at
normal levels, it was somewhat defective for suppression of p53 transactivation activity. We now report that a
nearby residue, Thr-495, also appears to be phosphorylated. We demonstrate directly that the wild-type 55-kDa
protein is able to block E1A-induced p53-dependent apoptosis, whereas cells infected by mutant pm490/1/5A,
which contains alanine residues at all three phosphorylation sites, exhibited extensive DNA fragmentation and
classic apoptotic cell death. The E1B-55kDa product has been shown to exhibit intrinsic transcriptional
repression activity when localized to promoters, such as by fusion with the GAL4 DNA-binding domain, even
in the absence of p53. Such repression activity was totally absent with mutant pm490/1/5A. These data
suggested that inhibition of p53-dependent apoptosis may depend on the transcriptional repression function

of the 55-kDa protein, which appears to be regulated be phosphorylation at the carboxy terminus.

Early region 1B (E1B) of human adenoviruses encodes
polypeptides which are essential for both viral replication and
cell transformation. The E1B gene of adenovirus serotype 5
(Ad5) expresses two major proteins, a 19-kDa polypeptide of
176 residues (176R) and a 496-residue protein (496R) of 55
kDa which is produced from an internal initiation site in an
alternative reading frame (9, 22, 53). Later in infection, other
E1B species of 84, 93, and 156 residues (84R, 93R, and 156R,
respectively) are produced from alternatively spliced mRNAs,
but their roles are unclear (2, 28, 36, 39, 66, 71). All of the
latter species share a 79-residue amino terminus with the 55-
kDa protein, and whereas the remaining sequences of 84R and
93R are unique, 156R is completed by the 77-residue carboxy
terminus of the 55-kDa polypeptide. The E1B products of the
closely related Ad2 are virtually identical in sequence but are
one or two residues shorter than those of AdS5 and exist as
495R, 82R, 92R, and 155R species (2).

The 55-kDa E1B protein (E1B-55kDa) is essential for sev-
eral processes, including viral replication, accumulation of late
viral mRNAs, late viral protein synthesis, and shutoff of host
protein synthesis (3-5, 8, 11, 29, 35, 37, 46, 54, 58, 76). Syn-
thesis occurs early after infection, and the 55-kDa protein is
found largely in the nucleus and the perinuclear region of the
cytoplasm (56, 60, 80). Products of early region 1A (E1A)
induce DNA synthesis and cell transformation, but stable
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transformants are produced only in presence of E1B products
(reviewed in reference 6). Both the 55- and 19-kDa proteins
are independently able to transform rodent cells in coopera-
tion with E1A, but transforming activity is increased when both
are present (5, 8, 46, 72, 76, 81). In the absence of E1B, E1A
proteins induce rapid apoptosis characterized by extensive
DNA degradation, chromatin condensation, and cell death
(15, 38, 68). The E1B-19kDa product probably cooperates in
E1A-mediated cell transformation by blocking apoptosis via a
mechanism which is functionally analogous to that of the Bcl-2
suppressor (10, 13, 15, 30, 49, 55, 73).

The function of the E1B-55kDa protein is at least partly
linked to formation of complexes with the cellular p53 tumor
suppressor protein (59), as p53 binding appears to be required
for cell transformation mediated by this E1B product (75). p53
is a transcription factor which can both activate and repress
gene expression (19, 24, 64, 79). The amino terminus contains
an acidic activation domain which, when fused to the GAL4
DNA-binding region, is capable of transcriptional activation in
both mammalian and yeast cells (20). Changes in gene expres-
sion induced by p53 are believed to play key roles in both
growth arrest and induction of apoptosis (16, 21, 23, 34, 78),
including cell death induced by E1A products (15, 38, 41, 68).
The E1B-55kDa protein binds to the activation domain of p53
and inhibits p53-dependent transactivation activity (75). The
55-kDa polypeptide possesses intrinsic transcriptional repres-
sion activity which suppresses basal transcription when local-
ized to a promoter, for example, by fusion with the GAL4
DNA-binding domain (77). Thus, complex formation with p53
targets repression activity of the 55-kDa product to promoters
containing p53-specific binding sites, presumably accounting
for inhibition of p53 transactivation activity (67, 75, 77). It has
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been suggested that the 55-kDa species may function in trans-
formation by blocking p53-dependent apoptosis induced by
E1A products.

The E1B-55kDa protein is known to be highly phosphory-
lated on both serine and threonine residues (40, 60, 74). Re-
cently we mapped two phosphorylation sites to the extreme
carboxy terminus of the AdS 55-kDa protein at Ser-490 and
Ser-491 (67). Both of these sites are conserved in the E1B
products of other adenovirus serotypes. In addition to decreas-
ing its level of phosphorylation, conversion of these sites to
alanine residues greatly reduced transforming activity and par-
tially blocked repression of p53-dependent transcription by the
55-kDa protein. Interestingly, a mutant of the 55-kDa product
containing Ala in place of Ser-490 and Ser-491 was able to bind
to p53 at normal levels. Thus, complex formation with p53 is
not sufficient for either transcriptional repression or cell trans-
formation mediated by the 55-kDa polypeptide and appeared
to require a function which is regulated by phosphorylation at
these carboxy-terminal sites.

In the present studies we demonstrate that phosphorylation
of the E1B-55kDa protein appears to be exclusively at the
carboxy terminus at serine residues 490 and 491, as well as at
a third conserved residue, Thr-495. Mutation of all of these
sites to Ala residues resulted in elimination of all detectable
phosphorylation and complete abrogation of both transform-
ing and transcriptional repression activities. We also show di-
rectly for the first time that the E1B-55kDa protein blocks
E1A-induced p53-dependent apoptosis and that this activity is
prevented by alteration of the carboxy-terminal phosphoryla-
tion sites. These data suggest that the mechanism by which the
E1B-55kDa product cooperates with E1A in cell transforma-
tion is by blocking E1A-induced p53-dependent apoptosis.

MATERIALS AND METHODS

Cells and virus infection. Human KB and 293 cells were cultured on 150-mm-
diameter dishes (Corning Glass Works, Corning, N.Y.) in a-minimal essential
medium supplemented with 10% fetal calf serum and were normally infected
with mutant or wild-type (wt) AdS at a multiplicity of 35 PFU per cell, as
described previously (56). Chinese hamster ovary (CHO), primary baby mouse
kidney (BMK), and primary baby rat kidney (BRK) cells were cultured under
similar conditions in 60-mm-diameter dishes.

Virus mutants. The virus used as the wt in these studies is that described by
Harrison et al. (31). Mutant pm490A/491A (or pm490/1A), which contains Ala
residues in place of Ser-490 and Ser-491 of the E1B-55kDa protein, has been
described previously (67). Additional mutants prepared for these studies in-
cluded pm490/1/5A, which contains Ala at all three phosphorylation sites at
Ser-490, Ser-491, and Thr-495 of the 55-kDa protein, and pm490/1D, which
contains codons for Asp in place of Ser-490 (CAT) and Ser-491 (GAC). Mutants
were generated by site-directed mutagenesis exactly as described previously (67).
The altered Ad5 DNA fragments were subcloned into plasmid pXC38 (45),
which contains the complete E1A and E1B sequences (bases 22 to 5788), to
produce E1 plasmids p490/1/5A and p490/1D. These mutations were also sub-
cloned into a previously described plasmid, p1716/2072 (46), a derivative of
pXC38 which contains mutations at the codons for Met-1 and Met-120 of the
E1B-19kDa protein and thus fails to express this E1B polypeptide. The muta-
tions within the context of the p1716/2072 background have been designated
p490/1/5A(19K—) and p490/1D(19K—). In addition, these mutations were intro-
duced into the background of E1A mutant d/520, which produces 128 but not 13S
EIA mRNA (29a), to form mutants dI520/490/1A(19K—) and d/520/490/1/
SA(19K—). These constructs were created by subcloning the 2,041-bp Hpal-Aatl
fragment from the E1A plasmid pLE2 (33), which expresses d/520, into p490A/
491A(19K—) and p490/1/5A(19K—). Some experiments were also carried out
with mutant d/520/E1B—, which expresses 12S EIA mRNA and no E1B products
(63). Ad5 mutations were rescued into virus by the method of homologous
recombination described previously (44). Virus mutants were screened, and
mutations were confirmed by DNA sequencing, restriction enzyme digestion, or
Southern blot analysis, as described previously (17, 46, 69). Viral plaque assays
were performed with AdS-transformed 293 cells (26).

Antisera and immunoprecipitation. Immunoprecipitations were carried out
with antipeptide serum 58-N2, which is directed against the amino terminus of
the E1B-55kDa protein and thus also recognizes the related 84R, 93R, and 156R
products (46, 66). Mouse monoclonal antibody 2A6 (60) was also used to identify
or immunoprecipitate the 55-kDa protein in some experiments. Infected-cell
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extracts were immunoprecipitated exactly as described previously (43) by using
30 pl of 58-N2 or 2 pl of 2A6 ascites fluid.

Radioactive labeling. Ad5- or mock-infected human KB cells were normally
labeled from 16 to 18 h postinfection (p.i.), and BRK cells were labeled from 20
to 24 h p.i. Labeling was performed with 100 uCi of [**S]methionine (specific
activity, 1,300 Ci/mmol; Amersham Corp., Arlington Heights, IIl.) per ml or 0.5
mCi of [*?PJorthophosphate per ml in methionine- or phosphate-free medium
(Gibco BRL), respectively. In vitro phosphorylation experiments were carried
out with 50 ng of the Ad2 E1B-55kDa protein expressed in and purified from
insect cells infected by a recombinant baculovirus (a kind gift from Arnie Berk)
or with a-casein (Boehringer Mannheim) as a control. These proteins were
incubated in vitro with 200 U of purified casein kinase I (CKI) or casein kinase
IT (CKII) (New England Biolabs). Reactions with CKI were carried out in 50
mM Tris-HCI (pH 7.5) containing 10 mM MgCl, and 5 mM dithiothreitol, and
those with CKII were carried out in 20 mM Tris-HCI (pH 7.5) containing 50 mM
KCl, and 10 mM MgCl,. Such reactions were carried out for various periods at
30°C in a volume of 50 pl in the presence of 100 uM [y->*P]ATP (3,000 Ci/mmol;
Amersham Corp.).

SDS-PAGE. Immunoprecipitates were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with 10 or 15% polyacrylamide
separating and 5% stacking gels, as described previously (56).

Analysis of phosphopeptides by HPLC. The 3?P-labeled 55-kDa protein was
immunoprecipitated from infected cells and purified by SDS-PAGE. Regions of
gels containing this species were excised, and the eluted proteins were digested
with tolylsulfonyl phenylalanyl chloromethyl ketone-trypsin (Worthington), as
described previously (70). Tryptic peptides were separated by using an Ultra-
sphere octyldecyl silane (C,g) reverse-phase column (4.6 by 250 mm) operating
on a Waters dual-pump high-performance liquid chromatography (HPLC) sys-
tem with a 600E controller. The column was preequilibrated with solution A (5%
formic acid in water), and peptides were eluted from the column with a linear
gradient of solution B (5% formic acid in ethanol) for 95 min, as described
previously (70). The flow rate was maintained at 1 ml/min, and labeled phos-
phopeptides were detected with an on-line LB507A isotope detector (Bertold).

Transformation of BRK cells. Cells were prepared from 4- or 5-day-old Wistar
rats, as described previously (46). BRK cells were transfected at approximately
80% confluence by calcium phosphate coprecipitation with 5 g of plasmid DNA
containing E1A and mutant or wt E1B (27). Transformed foci were identified by
Giemsa staining after 2 weeks in culture in Joklik’s medium (S-minimal essential
medium; Gibco BRL) supplemented with 10% horse serum.

Transcriptional repression assay. The ability of wt and mutant E1B-55kDa
proteins to repress transcription was determined in assays involving a construct
described previously (77) which expresses a fusion protein containing Ad2 E1B-
495R-55kDa protein linked to the GAL4 DNA-binding domain (GAL4-55K).
The GALA4 fusion proteins of wt and mutant Ad5 E1B-496R-55kDa proteins
were created by replacing the Kpnl-Af/II fragment of GAL4-55K with the equiv-
alent fragment from pXC38, p490A/491A, p490D/491/D, or p490/1/5A. Tran-
scriptional repression activity was determined by measuring the ability of the
GALA4-55K fusion proteins to suppress transcription of the thymidine kinase
(TK) promoter. The reporter construct used in this assay was the previously
described construct GstkCAT (77), which contains five GAL4 DNA-binding sites
linked to the herpes simplex virus (HSV) TK promoter linked to the chloram-
phenicol acetyltransferase (CAT)-coding sequence. Assays were performed by
transfecting CHO cells, which had been plated at a density of 2 X 10° cells per
60-mm-diameter dish, with 1 pg of GstkCAT reporter DNA and 1, 5, or 10 pg
of wt or mutant GAL4-55K plasmid DNA. As a negative control, cells were
transfected with DNA of plasmid pSG424, which expresses the DNA-binding
region of GAL4 alone. All transfections were performed by calcium phosphate
coprecipitation (27), and transfection efficiency was standardized by including 1
ng of HSVB-Gal in all transfections and measuring B-galactosidase activity.
Sonicated salmon sperm DNA (Pharmacia) was added to make a total of 15 pg
of DNA per plate. Cells were harvested at 40 h posttransfection, and CAT assays
were performed as previously described (25) with volumes of cell extracts con-
taining equal amounts of B-galactosidase activity. CAT activity was quantified
from thin-layer chromatography plates with a Fuji BAS2000 phosphorimager.

DNA fragmentation assay. The presence of nucleosome-sized DNA fragments
was determined by isolating low-molecular-weight DNA by using a modified Hirt
extraction procedure, exactly as described previously (68). Sixty-millimeter-di-
ameter plates of BMK cells were harvested at 40 h p.i. and lysed in pronase lysis
buffer (10 mM Tris-HCI [pH 8.5] containing 5 mM EDTA, 100 mM NaCl, and
1 mg of pronase per ml, to which SDS was added to 0.5% [wt/vol]). Cell lysates
were incubated at 37°C for 2 h, and NaCl was added to a final concentration of
1 M. Samples were incubated overnight at 4°C and centrifuged at 15,000 X g for
30 min. DNA was ethanol precipitated, treated with RNase A, and analyzed on
1% agarose gels stained with ethidium bromide.

RESULTS

Mapping of an additional phosphorylation site at the car-
boxy terminus of the E1B-55kDa protein. The E1B-55kDa
protein is known to be phosphorylated on both serine and
threonine residues (40, 60, 74). In previous studies with the
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FIG. 1. Analysis of tryptic phosphopeptides from the E1B-55kDa protein by
HPLC. KB cells were infected with wt Ad5 or mutant pm490/1A or pm490/1/5A,
and following labeling with [*>P]orthophosphate, the 55-kDa protein was puri-
fied by immunoprecipitation and SDS-PAGE, digested with trypsin, and ana-
lyzed by reverse-phase HPLC, as described in Materials and Methods. (A)
Amino acid sequence of the carboxy terminus of the Ad5 E1B-55kDa protein.
The position of trypsin cleavage following residue 485 is indicated, as are the
resulting tryptic peptides, T51 and T52. Phosphorylation sites at Ser-490, Ser-
491, and Thr-495 are noted, as is conversion of these sites to alanine residues to
form mutant pm490/1/5A. (B to D) Analysis of phosphopeptides of the 55-kDa
protein. The HPLC elution profiles from the 3?P-labeled 55-kDa protein synthe-
sized by the wt (B), pm490/1A (C), and pm490/1/5A (D) are shown.

55-kDa protein labeled in vivo with [**PJorthophosphate in
AdS-infected KB cells (and as shown in Fig. 1B), we showed
that two tryptic phosphopeptides were present, which eluted as
species II and III from C,g reverse-phase HPLC columns (66,
67). The small amount of label eluting immediately, termed
species I, was shown to consist of free phosphate (67). Both
phosphopeptides II and III were shown to be recognized by
58-C1 serum prepared against the six-residue peptide corre-
sponding to the carboxy-terminal sequence of the 55-kDa pro-
tein (66). In addition, whereas peptide III was shown to con-
tain exclusively phosphoserine, peptide II contained both
phosphoserine and phosphothreonine (67). These results
strongly suggested that phosphorylation of the 55-kDa protein
occurred at serine residues 490 and 491 and at Thr-495, which
are the only serine and threonine residues located within the
carboxy-terminal T52 tryptic peptide (Fig. 1A). Confirmation
of the Ser-490 and -491 sites was obtained through the gener-
ation of a mutant, termed pm490/1A, which contained alanine
residues in place of these serines (67). The 55-kDa protein
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FIG. 2. Synthesis of E1B-55kDa protein by mutant and wt viruses. KB cells
were infected with wt Ad5 or mutant pm490/1A or pm490/1/5A, or they were
mock infected, and following labeling with [**S]methionine or [>?P]orthophos-
phate, the 55-kDa protein was immunoprecipitated with 58-N2 antipeptide se-
rum and precipitates were analyzed by SDS-PAGE. The positions of molecular
mass markers are on the left, and those of the 55-kDa protein (496R) and the
related species 156R, 93R, and 84R are on the right.

produced by pm490/1A was shown to lack phosphoserine but
to retain phosphothreonine, which was present in a single
peptide, termed species IV, eluting from C,g columns slightly
later than peptide IIT (67). A similar profile obtained with
pm490/1A is shown in Fig. 1C. To confirm that the remaining
phosphothreonine present in peak IV originated from phos-
phorylation at Thr-495, a new E1B mutant, termed pm490/1/
5A, that contained Ala-495 in addition to Ala-490 and Ala-491
was produced. HPLC analysis of the tryptic peptides generated
from the E1B-55kDa protein isolated from pm490/1/5A-in-
fected cells which had been incubated with [**PJorthophos-
phate indicated no detectable labeled phosphopeptides (Fig.
1D). Thus, Thr-495 appeared to represent a third phosphory-
lation site in the E1B-55kDa species within tryptic peptide T52.
We recognize that such types of studies are indirect and that it
remains formally possible that the introduction of mutations at
one site may affect phosphorylation at a distant site. Neverthe-
less, the fact that 58-C1 serum recognizes the phosphoserine-
and phosphothreonine-containing peptides strongly suggests
that all three sites lie within tryptic peptide T52 at Ser-490,
Ser-491, and Thr-495.

To characterize these proteins further, wt and mutant forms
of the 55-kDa protein were immunoprecipitated from infected
KB cells, which had been labeled with either [*>S]methionine
or [**Plorthophosphate, by using 58-N2 antipeptide serum,
which recognizes the amino terminus of the 55-kDa polypep-
tide and related E1B species. Figure 2 shows the pattern on
SDS-PAGE and indicates that although similar levels of *>S-
labeled 55-kDa proteins were produced in wt- and mutant-
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infected cells, the level of *?P incorporation with mutant
pm490/1A was greatly reduced, and that with mutant pm490/
1/5A was essentially undetectable. Figure 2 also shows that
similar reductions were evident in mutant-infected cells for the
E1B-156R protein, which contains the same 77-residue car-
boxy-terminal sequence and migrates on SDS-PAGE as a dou-
blet. Prolonged autoradiography of this gel, and previous stud-
ies (67), indicated that 156R synthesized by pm490/1A clearly
contained low levels of **P, whereas with that made by pm490/
1/5A labeling was undetectable. These results confirmed the
presence of an additional phosphorylation site at Thr-495 and
also suggested that this residue, Ser-490, and Ser-491 appear to
be the only phosphorylation sites in the E1B-55kDa protein.

Ser-490 and Ser-491 both lie within classic CKII substrate
consensus sequences, and Thr-495 could represent a CKI site
(52) (Fig. 1A). We made several attempts to phosphorylate
recombinant Ad2 E1B-55kDa which had been purified from
insect cells infected with a baculovirus expressing this polypep-
tide (provided by Arnie Berk), by using purified CKII and CKI.
We showed that the 55-kDa protein was labeled efficiently in
vitro by both kinases and that following digestion with trypsin
some labeled material eluted from C, 4 columns with properties
identical to those of peptides II and III (data not shown).
However, several other peptides were also labeled, and we
were never able to find conditions with either kinase in which
peptides II and IIT were the predominant species. Thus, al-
though serines 490 and 491 appear likely to be sites for CKII,
a more precise evaluation of the kinases involved in phosphor-
ylation of the E1B-55kDa protein will have to be made.

Importance of phosphorylation of the E1B-55kDa protein in
cell transformation. Both the 19- and 55-kDa E1B proteins are
able to cooperate with E1A products to transform rodent cells
(5, 8, 46, 72, 76, 81). To analyze the importance in cell trans-
formation of the phosphorylation sites on the 55-kDa species,
primary BRK cells were transfected with DNA from plasmids
expressing E1A and wt or phosphorylation-defective forms of
the 55-kDa polypeptide. Plasmid pXC38 expresses wt E1A and
E1B products, whereas pXC490/1A and pXC490/1/5A produce
the phosphorylation mutant forms of the 55-kDa protein as
well as the E1B-19kDa product. Plasmids p490/1A and p490/
1/5A express mutant forms of the 55-kDa protein and E1A
products but not the E1B-19kDa product. Mutants p19K— and
pS5K— are wt and produce E1A but no 19- or 55-kDa proteins.
Figure 3 shows a summary of data obtained from three sepa-
rate studies. The numbers of transformants obtained with both
pXC490/1/5A and p490/1A were about 50% of that obtained
with the wt. These results indicated that the phosphorylation
sites appeared to be important, because, as found previously
(46, 72, 81), transformation by E1A with either the 19-kDa
(p55K—) or 55-kDa (p19K—) E1B product alone was found to
occur at about 25 to 35% of the wt rate. The number of foci
obtained by using plasmid p490/1A, which produces no 19-kDa
polypeptide, was significantly reduced, to about 4% of that
with pXC38 and about 12% of that with p19K—. Almost no
foci were obtained with p490/1/5A. These results indicated that
removal of the Thr-495 phosphorylation site rendered the 55-
kDa protein even more defective for transformation than the
Ala-490/Ala-491 mutant. In an attempt to mimic the presence
of phosphorylated residues at positions 490 and 491, aspartic
acid residues were introduced by site-directed mutagenesis at
these sites to create the p490/1D construct. Figure 3 shows that
introduction of such negative charges did not reconstitute
transforming activity.

Importance of phosphorylation in E1B-55kDa protein-me-
diated transcriptional repression. Previous work has demon-
strated that the transforming activity of the E1B-55kDa pro-
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FIG. 3. Transformation of BRK cells by E1A and wt or mutant E1B. Primary
BRK cells were transfected with DNA from plasmids expressing E1A and wt or
phosphorylation-defective forms of the 55-kDa polypeptide, including pXC38
(wt E1A and E1B), pXC490/1A and pXC490/1/5A (E1A, E1B-19kDa protein,
and 490/1A or 490/1/5A forms of the 55-kDa protein), p490/1A and p490/1/5A
(E1A and 490/1A or 490/1/5A forms of the 55-kDa protein), p19K— (E1A and
the E1B-55kDa protein only), and pS5K— (E1A and the E1B-19kDa protein
only). Averages of data obtained from three separate studies are presented, with
the number of foci obtained with pXC38 (80 to 120 foci per dish) defined as
100%.

tein is dependent upon interactions with p53 (75). One clear
effect of such complex formation is the suppression of p53
transactivation activity (77). The 55-kDa polypeptide has been
shown to possess a potent transcriptional repression domain
which functions independently of p53 and is able to repress
transcription from a wide variety of promoters when localized
to the promoter region by fusion with GAL4 (77). To deter-
mine if conversion of the carboxy-terminal phosphorylation
sites of the 55-kDa product affects endogenous repression ac-
tivity, mutant sequences were introduced into a construct that
encodes a fusion product containing the 55-kDa species linked
to the DNA-binding region of GAL4 driven by the simian virus
40 promoter (pGAL4-55K) (Fig. 4). The ability of these chi-
meric proteins to repress transcription was determined in
DNA transfection assays with a reporter construct containing
five GAL4 DNA-binding sequences linked to the CAT gene
under the control of the HSV TK promoter (G5tk-CAT). Fig-
ure 4 shows the results of three separate transfection experi-
ments, with data presented relative to the CAT activity of the
G,stkCAT reporter obtained with the GAL4 DNA-binding re-
gion alone (pSG424). As observed previously (77), the wt 55-
kDa protein was found to repress transcription, by about 85%
in these experiments. All three phosphorylation mutants were
totally defective for this repression activity, and transcription
occurred at least as well as with pSG424 alone. These data
suggested that the carboxy-terminal phosphorylation sites are
required for transcriptional repression by the 55-kDa protein
and thus that phosphorylation may regulate this activity. With
mutants pm490/1A and pm490/1D, CAT activity was compa-
rable to that of the control pSG424 at all concentrations of
plasmid DNA tested; however, with prm490A/1/5A, a consistent
observation was that transfection with increasing amounts of
the GAL4-pm490/1/5 plasmid DNA resulted in an enhance-
ment of transcriptional activity. These results may suggest that
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FIG. 4. Analysis of repression activity of the E1B-55kDa protein. Transcrip-
tional repression activity was determined by measuring the ability of the GAL4-
55K fusion proteins, relative to that of pSG424 to suppress transcription of a
reporter construct, GstkCAT (77), containing five GAL4 DNA binding sites
linked to the TK promoter and CAT-coding sequence (illustrated at the top).
Assays were performed with CHO cells as described in Materials and Methods
with 1 (open bars), 2 (striped bars), or 5 (solid bars) g of wt or mutant GALA4-
55K plasmid DNA. Constructs included pSG424 (no 55-kDa protein) and those
expressing wt, pm490/1A, pm490/1/5A, or pm490/1D forms of the E1B-55kDa
protein. CAT activity was quantified from thin-layer chromatography with a phos-
phorimager. Results are means = standard deviations. SV40, simian virus 40.

in the absence of the carboxy-terminal phosphorylation sites,
the 55-kDa protein may possess transcriptional activation ac-
tivity.

Inhibition of p53-dependent apoptosis by the E1B-55kDa
protein. It has been shown by several groups that adenovirus
E1A proteins induce programmed cell death resulting from
p53-dependent apoptosis (15, 38, 68). The E1B-19kDa protein
is believed to function in both productive infection and cell
transformation by blocking E1A-induced apoptosis via a mech-
anism similar to that of the cellular proto-oncogene Bcl-2 (10,
14). E1A products are also able to cause cell transformation in
cooperation with the E1B-55kDa protein, and it has been spec-
ulated that this activity may derive from its interaction with and
inactivation of p53. This possibility has never been tested di-
rectly, in part due to the problem that human adenoviruses
have been observed to induce apoptosis by both p53-depen-
dent and p53-independent mechanisms (65, 68). Ad5 E1A
produces two major early EIA mRNAs, of 13S and 128, that
encode proteins of 289 and 243 residues, respectively, which
differ only by the presence of a 46-residue internal region

J. VIROL.

responsible for the activation of transcription of early viral
genes (reviewed in references 1 and 62). We have demon-
strated recently that induction of p53-independent apoptosis
requires expression of the product of the 13S E1A mRNA and
the subsequent transcriptional activation of early region 4 (41,
68). Under conditions in which adenovirus infection induces
p53-independent apoptosis, such as in p53-null cells, we
showed that cell death can be blocked by the E1B-19kDa
product but not by the 55-kDa protein (41, 68). Our results
also indicated that infection by an adenovirus which expresses
only 12S E1A mRNA was incapable of inducing apoptosis in
p53-null cells but rather produced only p53-dependent apopto-
sis. Thus, to test if the E1B-55 kDa protein is able to block
p53-dependent apoptosis, we created virus mutants (Fig. 5)
which express 125 but not 13S E1A mRNA (d/520), the E1B-
55kDa protein but not the 19-kDa product (dI520/55K), or
neither E1B protein (d/520/E1B—). In addition, viruses ex-
pressing the phosphorylation mutant forms of the 55-kDa pro-
tein and no 19-kDa polypeptide (d1520/490/1A and dI520/490/
1/5A) were generated to test their ability to block apoptosis
induced by p53. Experiments were carried out with these vi-
ruses and primary BMK cells to ensure that the p53 being
expressed was wt. DNA from virus- and mock-infected cells
was extracted and examined on agarose gels to assess the
appearance of DNA degradation characteristic of apoptosis.
Figure 5 shows that with mock-infected BMK cells and those
infected with wt virus, which expresses both major E1A and
E1B products, or with dI520, which expresses only 12S E1A
mRNA but both E1B products, no DNA degradation was
apparent. With cells infected with d/S20E1B—, which produces
12S E1A mRNA only and no E1B products, characteristic
nucleosome-sized DNA fragments associated with apoptosis
were observed. Such DNA degradation was not observed with
mutant d/520/55K, indicating that expression of the EI1B-
55kDa protein blocks p53-dependent apoptosis. However, in
cells infected with phosphorylation mutant d/520/490/1A
(19K—) or di520/490/1/5A(19K—), extensive DNA degrada-
tion was apparent. These data indicated that the E1B-55 kDa
protein is able to block E1A-induced p53-dependent apoptosis
and that the carboxy-terminal phosphorylation sites are essen-
tial for this activity.

DISCUSSION

Productive infection of quiescent epithelial target cells by
human adenoviruses requires the induction of cellular DNA
synthesis machinery to permit replication of viral DNA and
production of progeny virions. E1A proteins accomplish this
task very efficiently and induce unscheduled cellular DNA syn-
thesis through interactions with two classes of cellular proteins,
the retinoblastoma family of growth suppressers and the tran-
scriptional modulator p300 and related proteins (reviewed in
reference 6). Such interactions also initiate a process of p53-
dependent apoptosis which must be prevented in order to yield
progeny virus efficiently or, in the case of a nonproductive
infection, to generate stably transformed cells (15, 38). One
major mechanism to prevent the untimely death of the host cell
is elicited through the E1B-19 kDa protein, which is believed
to act in a fashion similar to that of Bcl-2, which appears to
block apoptosis, at least in part, through interactions with the
Bax polypeptide, a downstream regulator of cell death (13, 30).
In the present report we present for the first time direct evi-
dence that the E1B-55kDa protein also blocks E1A-induced
cell death by preventing p53-dependent apoptosis. The dem-
onstration of antiapoptotic activity by the E1B-55kDa protein
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FIG. 5. Effects of wt and mutant E1B-55kDa proteins on E1A-induced p53-dependent apoptosis. Primary BMK cells were infected with wt or mutant AdS, and then
DNA of low molecular mass was isolated and analyzed on 1% agarose gels stained with ethidium bromide. The E1A and E1B products of the viruses used are illustrated
at the top, and the gel profiles are presented at the bottom. Lane M, molecular mass markers.

has been technically difficult because adenovirus infection and
expression of E1A initiate both p53-dependent and p53-inde-
pendent apoptosis (65, 68). These two different forms of apo-
ptosis are genetically separable in virus infection with E1A
mutants, and the p53-independent process has been shown to
require the transactivation of other early viral genes by con-
served region 3 of the product of the E1A 13S mRNA (41, 68).
The product of the 12S E1A mRNA, which lacks conserved
region 3, was shown to induce only apoptosis which is depen-
dent upon p53 (68). Expression of the E1B-55kDa protein in
the presence of the E1A 12S mRNA product was clearly able
to block apoptosis. This inhibition presumably was induced by
its direct interaction with p53. p53 is a transcription factor and
has been shown to enhance gene expression of several proteins
which could have important roles in induction of growth arrest
and cell death. For instance, p53 has been shown to bind to and
transactivate the promoters of the waf-1 gene (18), which en-
codes an inhibitor of cyclin-dependent kinases, and bax (47). In
binding to p53, the E1B-55kDa species may superimpose a
transcriptional repression region onto the acidic activation do-
main of p53 and hence block expression of genes which are
involved in the induction of cell death. Complex formation
between the 55-kDa protein and p53 may mimic the effects of
the cellular protein mdm2, which has also been shown to ab-
rogate pS3-dependent transcription and, when overexpressed,
to induce cell transformation (48, 50, 51).

The ability of the E1B-55kDa species to prevent apoptosis
was completely dependent upon its endogenous transcriptional
repression activity. There are conflicting reports concerning
the requirement for transcriptional activation by p53 in induc-
ing apoptosis. Some studies suggested that p53 is capable of
inducing apoptosis in the absence of transcriptional activation

(12, 32), whereas others indicated that transcriptional activa-
tion is an essential requirement (57). Our results suggest that
the transcriptional repression activity of the 55-kDa protein is
required, and they thus appear to support a model in which
repression of transcription activated by p53 blocks the cell
death pathway.

Of continuing interest was the observation that mutations
affecting the Ser-490, Ser-491, and Thr-495 carboxy-terminal
phosphorylation sites of the E1B-55kDa protein eliminated
both the ability to inhibit p53-dependent transcription and
apoptosis. Furthermore, such mutants were also defective for
transformation of primary rodent cells, a function most likely
due to their inability to prevent E1A-induced apoptosis. Al-
though these mutants were defective for these activities, other
functions, such as shutoff of host cell protein synthesis and viral
replication in cell culture, remained relatively unaffected (67).
It is likely that Ser-490 and Ser-491 are both phosphorylated by
CKII, as both sites lic within classic substrate consensus se-
quences (52); however, we were unable to demonstrate such
specificity of phosphorylation in vitro by using purified CKII. It
is also possible that phosphorylation of Thr-495 occurs via
CK]I, as this site lies within a CKI substrate consensus sequence
(52). Again, however, our attempts to demonstrate such spec-
ificity in vitro by using purified CKI yielded uncertain results.

At present it is unclear how phosphorylation regulates the
activity of the 55-kDa protein. It does not appear to affect
protein stability, as the half-life of the phosphorylation mutant
form was shown to be similar to that of wt 55-kDa protein (67).
Phosphorylation may provide additional negative charge re-
quired for repression activity, or it may alter the conformation
of the 55-kDa protein such that the repression domain inter-
acts more efficiently with p53. It was also noted that the E1B-
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55kDa protein contains a region which is reasonably homolo-
gous to the Kruppel-associated box domain, which mediates
the transcriptional repression activity of the Kruppel protein
(7, 42). Phosphorylation may regulate a comparable domain in
the E1B-55kDa protein which interacts with specific aspects of
the transcriptional machinery to repress gene expression. An-
other possibility is that phosphorylation may regulate some
other property of the 55-kDa protein, such as dimerization,
which has also been shown to be the case with the Kruppel
protein (61). Experiments to analyze the specific role of phos-
phorylation further are under way.
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