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Blockage by Adenovirus E4orf6 of
Transcriptional Activation by the p53 Tumor
Suppressor

Thomas Dobner, Nobuo Horikoshi, Susanne Rubenwolf,
Thomas Shenk*

The adenovirus E4orf6 protein is shown here to interact with the cellular tumor
suppressor protein p53 and to block p53-mediated transcriptional activation. The
adenovirus protein inhibited the ability of p53 to bind to human TAF,31, a component
of transcription factor IID ( TFIID). Earlier work demonstrated that the interaction of p53
with TAF, 31 involves a sequence near the NH,-terminus of p53, whereas the E4orf6-
p53 interaction occurs within amino acids 318 to 360 of p53. Thus, the E4orf6 protein
interacts at a site on p53 distinct from the domain that binds to TAF,31 but never-
theless inhibits the p53-TAF 31 interaction.

The transcriptional regulatory protein p53
(1) activates the expression of proteins that
control cellular growth (2). Inhibition of its
ability to activate transcription correlates
with oncogenesis (3). Three functional do-
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mains of p53 have been defined (4): an
NH,-terminal transcriptional activation
domain (amino acids 1 to 42), a central
DNA binding domain (amino acids 120 to
290), and a COOH-terminal regulatory do-
main (amino acids 311 to 393). The DNA
binding domain recognizes a DNA motif in
genes that are activated by p53 (5). Muta-
tions in p53 that arise in human cancers
generally cluster in its DNA binding do-
main (6). The NH,-terminal activation do-
main stimulates transcription by interacting
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with TAF;31, a constituent of TFIID, in
the transcriptional initiation complex (7).
The MDM-2 oncoprotein (8) and the ade-
novirus E1B 55-kD oncoprotein (9) each
bind to this domain of p53, blocking its
activation function. The COOH-terminal
domain of p53 contains an oligomerization
domain as well as sequences that modulate
DNA binding by p53. An antibody that
binds within this domain stimulates se-
quence-specific DNA binding by p53 (10),
as does phosphorylation within this domain
(10-13). The COOH-terminal domain of
p53 also can bind to single-stranded nucleic
acids (4, 14, 15), and short single strands
of DNA markedly stimulate sequence-spe-
cific DNA binding by the central domain of
p53 (15). In this report, we demonstrate
that the adenovirus E4orf6 protein binds to
the COOH-terminal regulatory domain of
p53. However, rather than modulate DNA
binding, the viral protein inhibits the in-
teraction of the NH,-terminal activation
domain with the transcriptional initiation
complex.

The adenovirus E1B 55-kD protein can
bind to both p53 (9) and the adenovirus
E4o1f6 protein (16), which raises the possi-
bility that the three proteins might form a
complex within adenovirus-infected cells.
Therefore, we examined whether the
E4orf6 protein can influence transcriptional
activation by p53 (17). Initially, we assayed
the effect of E4orf6 on the activity of a
reporter gene containing two copies of the
p53 binding site from the muscle creatine
kinase gene in p53-deficient SAOS-2 cells
(Fig. 1A). Cotransfection of a plasmid ex-
pressing p53 with the reporter enhanced
expression by a factor of about 6, whereas
inclusion of a third plasmid expressing the
E4orf6 protein blocked the ability of p53 to
enhance expression from the reporter. In
control experiments (Fig. 1A), an E1B 55-
kD protein expression plasmid blocked p53-
mediated induction of the reporter as pre-
dicted (9); the expression cassette without
an inserted E4orf6 complementary DNA
(pDCR) had no effect on activation by p53,
which rules out the possibility that the in-
hibition observed was the result of promoter
competition.

The E4orf6 protein also blocked the in-
duction of a reporter gene containing Gal4
DNA binding sites by a Gal4-p53 fusion
protein within Hela cells (Fig. 1B). The
E4orf6 protein inhibited activation by Gal4-
p53 in a dose-dependent fashion as efficient-
ly as the E1B 55-kD protein did. The expres-
sion cassette without the E4orf6 insert
(pDCR) did not influence expression from
the reporter (Fig. 1B); expression of the Gal4
DNA binding domain with no fusion partner
(pSG424) did not influence activity of the
reporter (Fig. 1C). Although expression of



the E4orf6 protein inhibited activation by
the Gal4 fusion protein containing the en-
tire p53 coding region (pGalp53), it did not
influence activation by a fusion protein with
only the NH,-terminal activation domain of
p53 (pGalp53N) (Fig. 1C). A Gal4 fusion
protein containing the COOH-terminal re-
gion of p53 can repress expresssion from a
reporter with Gal4 DNA binding sites (18);
E4orf6 protein relieved the repression in a
dose-dependent manner, whereas the unre-
lated E4orf3 protein had no effect (Fig. 1C).
Thus, the E4orf6 protein influenced the ac-
tivity of Gal4 fusion proteins containing the
COOQH-terminal region of p53, whereas it
did not influence the activity of a fusion
construct including only the NH,-terminal
activation domain of p53, which suggests
that the E4orf6 protein targets the COOH-
terminal region of p53.

The E1B 55-kD protein represses tran-
scription when brought to DNA through a
Gal4 DNA binding domain (19). In con-
trast to the E1B 55-kD protein, the E4orf6
protein displayed little intrinsic repression
activity when tethered to DNA (Fig. 1D).

To test the ability of the E4orf6 protein
to interact with p53 and to map the site of
the possible interaction on p53, we per-
formed a protein blot (20). Glutathione-S-
transferase (GST) fusion proteins contain-
ing segments of p53 were subjected to elec-
trophoresis and transferred to a membrane
(Fig. 2B). The bound proteins were then
reacted with E4orf6 or E1B 55-kD protein
plus antibodies to the viral proteins. As
shown previously (9), the E1B 55-kD pro-
tein interacted with an NH,-terminal but
not a COOH-terminal segment of p53 (Fig.
2B). In contrast, the E4orf6 protein did not
interact with the NH,-terminal domain;
rather, it reacted with fusion proteins that
included the COOH-terminal region of p53
(Fig. 2B). The site of E4orf6 protein inter-
action on p53 was confirmed and refined
with the use of GST fusion proteins con-
taining segments of p53 to capture in vitro—
translated E4orf6 protein (Fig. 2C). Fusion
proteins containing p53 amino acids 318 to
360 or 318 to 393 interacted with the
E4orf6 protein, whereas only background
binding was evident when a fusion protein
containing p53 amino acids 360 to 393 was
tested. The E4orf6 protein interacted with-
in amino acids 318 to 360 of p53 (Fig. 2A).

To determine whether a p53-E4orf6 inter-
action occurs within infected cells, a p53-
specific antibody was used to immunoprecipi-
tate p53 and its associated proteins, which we
then assayed by protein immunoblot using an
E4orf6-specific antibody (21). More p53 was
immunoprecipitated from cells infected with
the two mutant viruses, in which larger
amounts of p53 accumulated than in cells

infected with the wild-type virus (22). The

E4orf6 protein was co-immunoprecipitated
with p53 from cells infected with wild-type
adenovirus (wt300, where the number indi-
cates the virus number) but not from cells
infected with a mutant virus (dl355) lacking
E4orf6 (Fig. 3A). The p53-E4orf6 interaction
was also evident in cells infected with a virus
(dI338) lacking the gene encoding 55-kD
E1B, which demonstrates that its product
(which interacts with both p53 and E4orf6
proteins) is not needed for the in vivo p53-
E4orf6 interaction. The E4orf6-specific anti-
body also recognizes the E4orf6/7 protein be-
cause the two proteins share 58 amino acids
at their NH,-termini, and the E4orf6/7 pro-
tein was co-immunoprecipitated with p53
(Fig. 3A). The p53-E4orf6/7 interaction is
probably indirect because in vitro—translated
E4orf6/7 protein was captured very ineffi-
ciently by GST-p53 fusion proteins (Fig. 3B).
Further, in contrast to the E4orf6 protein, the
E4orf6/7 protein did not inhibit the activa-
tion of transcription by p53 (Fig. 3C).
Earlier work showing that the COOH-

terminal domain of p53 regulates the activ-
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Fig. 1. The E4orf6 protein inhibits transcriptional
control by p53. (A) CAT assays in SAOS-2 cells,
showing that E4orf6 (pE4orf6) and 55-kD E1B
(PE1B-55), but not the expression vector (pDCR),
block activation of a reporter (p50-2) by p53. (B)
Luciferase assays in Hela cells, showing that
Edorf 6 blocks activation of a reporter (pGalTK-
LUC) by a fusion protein containing the complete
p53 sequence (pGalp53). (C) Luciferase assays in
H1299 cells demonstrating that E4orf6 blocks re-
pression of a reporter by a Gal4 fusion protein
containing p53 amino acids 80 to 393 (pGalp53C),
but not by a fusion protein containing p53 amino
acids 1 to 52 (pGal4p53N). pSG424 encodes the
Gal4 DNA binding domain with no fusion partner.
(D) Luciferase assays in Hela cells, showing that a
Gal4 fusion protein containing the E1B 55-kD pro-
tein (pGalE1B-55) represses, whereas a Gal4-
E4orf6 fusion protein (pGalE4orf6) does not signif-
icantly influence expression of a reporter. All trans-
fections received 3 ug of reporter plasmid per 3 X
105 cells plus the quantity of effector plasmid (mi-
crograms of DNA per 3 X 105 cells) tabulated
below each bar in the graphs. The average and
standard deviation is presented for two experi-
ments, each performed in duplicate.
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ity of its central DNA binding domain (10—
15) led us to suspect that the interaction of
the E4orf6 protein within the COOH-ter-
minal region of p53 might interfere with
the ability of p53 to bind to DNA. Howev-
er, p53 bound equally well to its recognition
site in the presence or absence of E4orf6
protein (23). Because p53 interacts with
both DNA and TAF;;31 (a constituent of
TFIID) to activate transcription (4, 7), we
examined whether the E4orf6 protein influ-
enced the p53-TAF;31 interaction (24).
We mixed p53 alone or in the presence of
E4orf6 protein with an excess of GST-
TAF,;31 fusion protein, and the captured
proteins were detected by protein immuno-
blot assay with the use of antibodies to the
p53 and E4orf6 proteins. Approximately
8% of the input p53 was bound by the
fusion protein in the absence of E4orf6

MDM-2, E1B-55 Edorfé
TAF-31 binding DNA binding  binding
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Fig. 2. The E4orf6 protein interacts within a 43—
amino acid domain near the COOH-terminus of
p53. (A) Diagram of p53 showing the E4orf6 bind-
ing domain relative to major landmarks. Amino
acids bracketing the E4orf6 binding domain are
identified. (B) Protein blot experiment. GST-p53
fusion proteins were subjected to electrophoresis
and transferred to nitrocellulose (the range of p53
amino acids present in fusion proteins is indicated
above the lanes). The bound proteins were then
assayed by Coomassie blue staining (lanes 1 to 7)
or by incubation with purified E4orf6 (lanes 8 to 13)
or with 55-kD E1B (lanes 14 and 15) followed by
reaction with antibodies specific to the viral pro-
teins. (C) GST capture experiment. GST-p53 fu-
sion proteins were assayed for their ability to bind
E4orf6. Lane 2, input, received 1/20 of the amount
of E4orfé added to each GST capture reaction.
Autoradiograms were scanned and cropped with
Photoshop, and figures were prepared with Free-
Hand software.

1471



protein (Fig. 4). When increasing amounts
of E4orf6 protein were mixed with the p53
before the addition of the fusion protein,
the p53-TAF;31 interaction was progres-
sively inhibited (Fig. 4). A fivefold molar
excess of E4orf6 protein relative to p53
reduced the amount of p53 captured by the
GST-TAF,;31 protein by a factor of about
6. No E4orf6 protein was captured together
with the p53 (Fig. 4), which indicates that
the p53-E4orf6 and p53-TAF;31 interac-
tions are mutually exclusive.

Our results demonstrate that the adeno-
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Fig. 3. The E4orf6
and Edorf6/7 pro-
teins interact with
p53 from adenovi-
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by protein immunoblot assay with the use of an
antibody reacting with the common NH,-terminal
domain of E4orfé and E4orf6/7. Viruses used for
infection are indicated at the top of the lanes. IgG,
immunoglobulin G. (B) GST capture experiment.
GST-p53 proteins were assayed for their ability to
bind E4orf6 (top arrow) and E4orf6/7 (bottom ar-
row). Lanes designated "input” received 1/20 of
the amount of in vitro—translated protein added to
each GST capture reaction. (C) Luciferase assays
in H1299 cells, demonstrating that E4orf6/7 does
not inhibit p53-mediated transcriptional activation
of a reporter (PRELUC). pDR is the expression
vector with no inserted effector gene. The average
and standard deviation are presented for two ex-
periments, each performed in duplicate.

Fig. 4. The E4orf6 protein
blocks the interaction of
p53 with TAF,31. We incu-
bated p53 alone (lane 1) or
a 1:1 mixture (lane 2) or a
1:5 mixture (lane 3) of p53
and E4orf6 with GST-
TAF,31. Complexes were
captured on glutathione-
Sepharose beads, and
proteins were detected by protein immunoblot
with the use of a mixture of antibodies to p53
(mAb 421) and E4orf6 (RSA3). Lane 4, input, re-
ceived a 1:5 p53-Edorf6 mixture (1/20 the
amount added to capture reactions).
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virus E4orf6 protein can interact with p53
both in vitro and within virus-infected cells
(Figs. 2 and 4) and block its ability to acti-
vate expression of p53-responsive promoters
(Fig. 1). The p53-E4orf6 interaction occurs
within amino acids 318 to 360 of p53 (Fig.
2). This region is also responsible for p53
tetramerization (25), and it lies within the
COOQH-terminal region that regulates DNA
binding by the tumor suppressor protein (10—
15). However, E4orf6 protein does not influ-
ence the ability of p53 to oligomerize or to
bind to DNA (23). Rather, it interferes with
the interaction of p53 and TAF;;31 (Fig. 4),
an interaction that presumably allows DNA-
bound p53 to communicate with the initia-
tion complex and to stimulate transcription
(7). Inhibition of the p53-TAF;;31 interac-
tion is consistent with the ability of E4orf6
protein to block transcriptional activation by
a Gal4-p53 fusion protein (Fig. 1) where
DNA binding is mediated by Gal4 sequences.

The E4orf6 protein is the first example of
a protein that binds within the COOH-ter-
minal region of p53 and regulates the contact
of the NH,-terminal domain of p53 with
TAF;;31. The mechanism by which E4orf6
binding abrogates the p53-TAF,;31 interac-
tion remains unclear. Possibly, the NH, and
COOH-terminal regions of p53 are posi-
tioned near each other in the three-dimen-
sional structure of p53. If this is true, then
E4orf6 binding within the COOH-terminal
region might sterically hinder the TAF,31
interaction at the NH,-terminal domain of
p53. Alternatively, the E4orf6 interaction
near the COOH-terminus might induce an
allosteric transition in p53, altering the func-
tion of its NH,-terminal activation domain.
There is precedent for allosteric regulation in
p53 (10, 11, 26). Interactions and modifica-
tions within the COOH-terminal regulatory
domain can modulate DNA binding by p53.

Because the adenovirus E1B 55-kD and
E4orf6 proteins bind to different domains on
p53, they might bind to p53 simultaneously
and cooperate to antagonize p53 function.
p53 might also contribute to the function of
the E1B 55-kD-E4orf6 complex (16) that
regulates mRNA transport in virus-infected
cells (27). Most adenovirus vectors being
considered for human gene therapy applica-
tions contain the E4orf6 coding region. It
would be prudent to remove this gene from
vectors, given the protein’s ability to antag-
onize a function of p53 that correlates with
its tumor suppressor activity.
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Evidence That Spt6p Controls Chromatin
Structure by a Direct Interaction with Histones

Alex Bortvin and Fred Winston*

Genetic analysis has implicated SPT6, an essential gene of Saccharomyces cerevisiae,
in the control of chromatin structure. Mutations in SPT6 and particular mutations in
histone genes are able to overcome transcriptional defects in strains lacking the Snf/Swi
protein complex. Here it is shown that an spt6 mutation causes changes in chromatin
structure in vivo. In addition, both in vivo and in vitro experiments provide evidence that
Spt6p interacts directly with histones and primarily with histone H3. Consistent with
these findings, Spt6p is capable of nucleosome assembly in vitro.

Chromatin structure plays an important
role in the regulation of eukaryotic transcrip-
tion (I1). One subject of intensive study has
been the Snf/Swi protein complex (2). Ge-
netic, molecular (3), and biochemical anal-
yses of the Snf/Swi complex from both yeast
(4) and humans (5) have provided strong
evidence that this complex helps transcrip-
tion factors to bind to nucleosomal DNA.
Genetic studies showed that particular his-
tone mutations, such as a deletion of one of
the two H2A-H2B gene pairs in the yeast
genome (htal-htb1)A, suppress snffswi null
mutations (6, 7). The suppression of snf2 and
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snf5 mutations by this histone mutation oc-
curs at the level of chromatin structure, as
has been shown at SUC2, a Snf/Swi—depen-
dent gene (6). In addition to mutations in
histones, mutations in the nonhistone genes
SPT4, SPT5, and SPT6 also suppress snffswi
mutations (3). This and other common phe-
notypes suggest that the Spt4p, Spt5p, and
Sptbp proteins are required for control of
chromatin structure in yeast (8).

We analyzed the function of Spt6p, a
large acidic nuclear protein that is essential
for growth in S. cerevisiae (9). Mutations in
SPT6 restore the high levels of SUC2
mRNA that are reduced by snf/swi muta-
tions, thereby allowing growth on raffinose
(8). The levels of suppression by spt6 mu-
tations are comparable to those achieved by

Fig. 1. An spt6 mutation suppresses A B

an snf5 defect at the level of chroma-

tin structure. (A) Patches of wild-type MNase
(WT) (FY120), snf5A (FY711), spt6-

140 snfs5A (ABY65), and (htal- i

htb1)A snf5A (FY713) strains were - ’ . -

grown on rich media and then repli- S (malhbi)a g (htatpbi)a

ca-plated onto media containing ei- Glucose Raffinose UAS

ther glucose or raffinose (74). The

SUC2 gene encodes invertase, which is required for growth on sucrose or 4
raffinose as carbon sources. Because SNF5 is required for normal expres- C
sion of SUC2, snf5A mutants fail to grow on raffinose. A mutation in SPT6 E

or deletion of the HTA1-HTB1 gene pair, which presumably reduces the TATAg
level of histones H2A and H2B, restores the growth defect of snf5A strains ATG

on raffinose. (B) Strains of the indicated genotypes were derepressed for

SUC2 expression, nuclei were purified, and chromatin was digested with )

increasing concentrations of MNase (77). DNA was processed for indirect

end-labeling analysis of the SUC2 promoter. Approximate positions of the
SUC2 promoter elements (UAS, the TATA element, and the translational
start site) and MNase cleavage sites (arrows A through G) are indicated at
left; positions of the size markers are shown at the right of the figure. DNA
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the (htal-htbl)A mutation (Fig. 1A) (6, 8).
However, mutations in SPT6 have no sig-
nificant effect on histone mRNA or protein
levels (10).

Given the common phenotypes caused
by (htal-htbl)A and spt6 mutations, we test-
ed whether an spt6 mutation also caused
similar changes in chromatin structure. We
therefore examined SUC2 chromatin struc-
ture in snf5 single mutants and snf5 spt6
double mutants by indirect end-labeling of
micrococcal nuclease (MNase)-digested
chromatin (11). These results (Fig. 1B) dem-
onstrate that in a snf5 background, an spt6
mutation causes the same changes in chro-
matin structure as does the (htal-htb]l)A his-
tone mutation. In both snf5 spt6 and snf5
(htal-htb1)A double mutants, cleavage by
MNase around the TATA box and near the
upstream activator sequence (UAS) was in-
creased relative to the cleavage in a snf5
single mutant (compare sites B, C, E, and F).
These alterations in SUC2 chromatin struc-
ture suggest that, in the snf5 mutant, the
presence of the nucleosomes over the pro-
moter (6) is dependent on Spt6p. As shown
previously for the suppression of snf5 by
(htal-htbl)A, these SPT6-dependent chang-
es in chromatin structure at the SUC2 pro-
moter are independent of the level of tran-
scription because they occur at an enfeebled
SUC2 promoter that contains no TATA
element (10). These results suggest that the
primary effect of Spt6p in controlling tran-
scription occurs by way of changes in chro-
matin structure.

Because spt6 mutations cause changes in
chromatin structure, it seemed possible that
Spt6p might interact with histones. We
reasoned that if the defect in spt6 mutants is
the result of a weakened interaction be-
tween Sptép and histones, then an in-
creased level of histones might restore the
interaction. To overexpress histone genes,

snts
(hta1-htb1)A

wT snts snf5 spt6
NN ] —— ] —— "N

was obtained from FY120 for the naked DNA control (N, lanes 1, 2, and 23)
and wild- type chromatin (lanes 3 through 7), from FY711 for snf5 chromatin
(lanes 8 through 12), from ABY65 for snf5 spt6 chromatin (lanes 13 through
17), and from FY713 for (hta1-htb1)A snf5 chromatin (lanes 18 through 22).
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