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The transforming proteins of the small DNA tumor viruses, simian virus 40 (SV40), adenovirus, and human
papillomavirus (HPV) target a number of identical cellular regulators whose functional abrogation is required
for transformation. However, while both adenovirus E1A and SV40 large T transforming properties also de-
pend on the targeting of the transcriptional coactivator CBP/p300, no such interaction has been described for
the HPV oncoprotein E6 or E7. Here, we demonstrate that the HPV-16 E6 protein, previously shown to facil-
itate the degradation of p53 in a complex with E6-associated protein (E6AP), also targets CBP/p300 in an inter-
action involving the C-terminal zinc finger of E6 and CBP residues 1808 to 1826. Furthermore, this interaction
is limited to E6 proteins of high-risk HPVs associated with cervical cancer that have the capacity to repress
p53-dependent transcription. An HPV-16 E6 mutant (L50G) that binds CBP/p300, but not E6AP, is still ca-
pable of down-regulating p53 transcriptional activity. Thus, HPV E6 proteins possess two distinct mechanisms
by which to abrogate p53 function: the repression of p53 transcriptional activity by targeting the p53 coacti-
vator CBP/p300, and the removal of cellular p53 protein through the proteosome degradation pathway.

The small DNA tumor viruses represented by simian virus
40 (SV40), adenoviruses, and human papillomaviruses (HPVs)
have been the subject of intense study since their interactions
with cellular targets provide insights into the processes in-
volved in oncogenesis (16, 26, 40, 76). In the case of HPVs,
certain types, such as HPV type 16 (HPV-16) and HPV-18,
which are described as “high risk,” are associated with invasive
cervical carcinoma, while other types, exemplified by HPV-6
and HPV-11, that are associated with benign lesions are
described as “low risk” (9, 85). A comparison of functional
differences between high-risk and low-risk HPV proteins is
particularly useful in identifying important targets in tumori-
genesis.

All three of these small DNA tumor viruses target regulators
of the cell cycle in order to promote cell proliferation and a
suitable environment for viral replication. Two of the proteins
targeted for this purpose are the retinoblastoma gene product
(pRB) and p53, both important inhibitors of cell cycle progres-
sion (77). By interacting with pRB, the adenovirus E1A protein
(Ad E1A) (80), the SV40 large T antigen (SV40 TAg) (14),
and the HPV E7 protein (17, 51) promote the dissociation of
E2F from pRB (4, 10), thus inducing the expression of S-
phase-specific genes (15). Targeting of the p53 protein by the
adenovirus E1B 55-kDa protein (64), SV40 TAg (39, 46), and
HPV E6 (79), appears to be equally important. This is illus-
trated by studies of retinal photoreceptor cell fate in transgenic
mice (25, 59). In those cells in which only pRB has been
deregulated (for example, by expression of the HPV-16 E7
protein), p53-dependent apoptosis is observed. Those cells ex-
pressing HPV E7 but lacking p53 gene expression, however, do
not undergo apoptosis and may go on instead to form retino-
blastomas (25). Identical results are observed when the ab-
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sence of p53 gene expression is replaced by the coexpression of
HPV-16 (16E6) (59). Together these results provide a convinc-
ing argument for the need to abolish p53 activity if pRB func-
tion has been abrogated and the virus is to avoid inducing host
cell death. An important consequence of this viral strategy is
that host cells in which p53 function has been abolished are
compromised in the ability to mediate a response to the in-
duction of DNA damage (19, 32, 68, 74). Subsequently, this
may result in the accumulation of genetic changes that are
associated with tumorigenesis.

The mechanism by which 16E6 down-regulates pS3 activity
has been shown to involve the active promotion of p53 degra-
dation through the ubiquitin-dependent proteolytic pathway
(28, 66, 70). 16E6 achieves this by forming a complex with
E6-associated protein (E6AP), a cellular protein that acts as a
ubiquitin ligase (65). The ability to form an E6-E6AP-p53
complex appears to be limited to high-risk E6 proteins (28, 79).

Another important cellular target of the Ad E1A and SV40
TAg proteins is the transcriptional coactivator CBP/p300
(2, 18, 47). Through the interaction with specific transcrip-
tion factors, CBP/p300 regulates a variety of signal-modu-
lated events (29). The mechanisms by which CBP/p300 acti-
vates gene expression include (i) the ability to modify histones
and nonhistone transcription factors through intrinsic or asso-
ciated acetyltransferase activity (6, 23, 58, 83) and (ii) bridging
the gap between DNA-bound transcription factors and com-
ponents of the general transcription machinery (55).

Increasing evidence suggests that there is also a role for
CBP/p300 in the inhibition of cell cycle progression and cellu-
lar differentiation (20). This may explain, at least in part, why
CBP/p300 is the target of SV40 and Ad E1A proteins. Recently
published data have also demonstrated that CBP/p300 acti-
vates p53-dependent transcription (3, 24, 45, 67). Thus, part of
the cell cycle-inhibitory properties of CBP/p300 may result
from its involvement in p53-regulated events. Indeed, one
mechanism by which SV40 and adenoviruses can abrogate p53
function is by targeting the p53 cofactor CBP/p300, and at least
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for Ad E1A, it has been shown that CBP-binding-deficient
mutants are no longer capable of down-regulating p53-depen-
dent transcription (24, 45, 67).

Interestingly, the down-regulation of p53-dependent tran-
scription in vivo is not limited to SV40 TAg and Ad E1A but
has also been demonstrated for high-risk HPV E6 proteins
(49). However, to date no interaction with the transcriptional
coactivator CBP/p300 has been described for the HPV E6
oncoprotein. It could be argued that the ability of high-risk
HPV E6 proteins to degrade p53 through the E6AP pathway
might be sufficient to explain the abrogation of p53 transcrip-
tional activity. However, adenoviruses also possess the capacity
to degrade p53 via the E1B 55-kDa protein (63, 69) and yet still
target p53 transcriptional properties through an E1A-CBP/
p300 interaction.

For both SV40 and adenoviruses, the targeting of CBP/p300
has been shown to be a prerequisite for transformation (18, 50,
81). In the light of this, and the ability of E6 to interact with
multiple cellular targets (36), we wondered whether the 16E6
protein might also target the transcriptional coactivator CBP/
p300.

Here we provide evidence that HPV E6 proteins can indeed
interact with the transcriptional coactivator CBP/p300. In line
with the observation that CBP/p300 is an important target for
the transformation process, we also demonstrate that only E6
proteins from high-risk HPVs are capable of binding CBP/
p300. Finally, we provide evidence that the ability to bind to
CBP/p300 correlates with the down-regulation of p53 tran-
scriptional activity in a manner similar to that of the Ad E1A
protein.

MATERIALS AND METHODS

Plasmid constructs. The vector used for the expression of glutathione S-
transferase (GST) fusion proteins, unless otherwise stated, was pGEX-2TKP (a
modified version of the Pharmacia pGEX-2TK vector containing a new poly-
linker), which was a gift from T. Kouzarides. Also a gift from T. Kouzarides were
plasmids GST-CBP I (residues 461 to 662), GST-CBP II (residues 1621 to 1877),
GST-P/CAF, GST-E1A [1-90] (residues 1 to 90 of Ad E1A), GSE1BCAT,
pHK3NVP16, pHKnTCBP1VP16, pHKnCBP2VP16, and pHKGT. This last
construct contains the DNA binding domain of GAL4 (residues 1 to 147) driven
by an SV40 promoter and was used to create the GAL4-HPV E6 fusion proteins
GAL-11E6 and GAL-16E6. Plasmids GST-11E6 and GST-16E6 were created
by inserting HPV-11 and HPV-16 E6 sequences amplified by PCR into
pGEX2TKP. The GST-6E6 and GST-18E6 constructs used to express the full-
length HPV-6 and 18 E6, proteins respectively, were a kind gift from D. Pim (60).
The GST-E6AP expression vector was kindly provided by P. Howley (28). The
GST-CBP constructs described in Fig. 2A were created by cloning PCR-ampli-
fied fragments into pGEX2TKP. The maltose binding protein (MBP)-CBP fu-
sion construct was created by cloning a CBP fragment (residues 1808 to 1852)
from pGEX2TKP into the vector pMALP, a modified version of pMAL (New
England Biolabs [NEB]) containing a new polylinker that was a gift from E.
Manser. Also provided by E. Manser was the in vitro transcription and mam-
malian expression vector pXJ-FLAG (48). The original DNA for the 16E6
mutant L50G was a kind gift from T. Kanda (54) and was cloned via the BamHI
and Xhol restriction sites into pXJ-FLAG. All the other constructs used for in
vitro transcription reactions were cloned BamHI/HindIII into pXJ-FLAG.

Expression of recombinant bacterial fusion proteins. GST fusion and MBP
fusion proteins were expressed in Escherichia coli, extracted with lysis buffer (50
mM Tris-HCI [pH 8.0], 0.5 mM EDTA, 5 mM dithiothreitol [DTT], 15% glyc-
erol, 1 mg of lysozyme per ml, 1 mM phenylmethylsulfonyl fluoride), and, after
sonication and centrifugation, stored at —70°C.

Partial purification of CBP/p300 from HeLa nuclear extract. HeLa nuclear
extract was diluted 1:3 with 20 mM morpholineethanesulfonic acid buffer (pH
6.1)-10 mM NaF-0.1% Triton X-100 before being passed over a 0.2-ml SP
Sepharose ion-exchange column (Pharmacia) equilibrated with the same buffer.
Elution of CBP/p300 using a step gradient of increasing [KCIl] was maximal in the
300 and 400 mM KCl fractions (as determined by Western blot analysis using an
anti-p300 antibody [data not shown]). These two fractions were pooled and then
diluted 1:7 with binding buffer (20 mM Tris-HCI [pH 8.0], 0.5 mM EDTA, 0.5
mM DTT, 20% glycerol, 01% Nonidet P-40 [NP-40]) to bring the final salt
concentration down to 50 mM KCI. The partially purified CBP/p300 was then
passed over GST fusion protein micro-affinity columns as described below.

Detection of protein-protein interactions by using micro-affinity columns.
Bacterial lysate containing GST fusion protein was incubated with glutathione
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Sepharose beads (Pharmacia) for 30 min at 4°C in 1X NENT buffer (100 mM
NaCl, 1 mM EDTA, 0.5% NP-40, Tris-HCI [pH 8.0]). After spinning down and
washing with 1 ml 1X NENT, the beads were loaded into a yellow Gilson pipette
tip containing a glass bead (BDH catalog no. 332134Y) to create a 25-pl GST
micro-column. For MBP micro-columns, a similar approach was taken in which
amylose resin (NEB) was used in place of glutathione-Sepharose beads. These
columns were then used to detect interactions with in vitro-translated (IVT) and
radiolabelled proteins, bacterially expressed fusion proteins, or partially purified
nuclear CBP/p300.

For IVT proteins, expression and incorporation of [**S]methionine was per-
formed by using TNT kits (Promega) according to the manufacturer’s recom-
mendations. After a 1-h incubation at 30°C, 40 pl of a 50-pl IVT reaction was
diluted with 360 wl of IPD buffer (50 mM KCl, 40 mM HEPES [pH 7.5], 5 mM
2-B-mercaptoethanol, 0.1% Tween 20, 0.5% milk) before being passed over the
GST micro-column. After washing the column twice with 200 pl wash buffer
(IPD buffer containing 150 mM KCl), proteins were eluted from the column by
adding 25 pl of 2X sodium dodecyl sulfate (SDS) loading dye, heating to 95°C for
5 min, chasing with 25 I water, and spinning in a micro-centrifuge. Samples were
then analyzed by SDS-polyacrylamide gel electrophoresis (PAGE), and after
staining and drying of the gel, proteins were detected via exposure to autoradio-
graphic film.

To detect the interaction between two bacterially expressed recombinant pro-
teins, GST or MBP fusion proteins were passed over MBP or GST fusion
micro-affinity columns, respectively. After purification of the target recombinant
fusion protein on glutathione-Sepharose beads or amylose resin, the proteins
were eluted in recombinant binding buffer (RBB; 25 mM HEPES [pH 7.6], 50
mM KCl, 12.5 mM MgCl,, 10% glycerol, 0.1% NP-40) containing either 10 mM
reduced glutathione (for GST proteins) or 20 mM maltose (for MBP fusion
proteins). After passage of the recombinant target protein in RBB over the
micro-affinity column and washing (using RBB containing 150 mM KCl), the
samples were eluted as described above for IVT proteins and run on SDS-gels.
Samples were then transferred onto polyvinylidene difluoride (PVDF) mem-
branes, and GST or MBP fusion proteins were detected by using the appropriate
antibodies by Western blot analysis (see below). A similar analysis was per-
formed for the partially purified nuclear CBP/p300 proteins. In this case, the
binding buffer consisted of 20 mM Tris-HCI (pH 8.0), 50 mM KCI, 0.5 mM
EDTA, 0.5 mM DTT, 20% glycerol, and 0.1% NP-40. Detection of CBP/p300
was by Western blot analysis using antibodies specific for these proteins.

Western blot analysis. Proteins analyzed by SDS-PAGE on 0.75-mm-thick gels
were blotted onto PVDF membranes (NEN) overnight. The membranes were
blocked with 5% (wt/vol) nonfat dry milk in TBST (10 mM Tris-HCI [pH 8.0],
150 mM NaCl, 0.05% Tween 20). A 1-h incubation at room temperature with the
first monoclonal antibody was followed by washing with TSBT. The membrane
was then incubated for 30 min with a horseradish peroxidase-coupled second
antibody (1:4,000; DAKO) before washing in TSBT. Proteins were visualized
with hyperfilm in the presence luminol (Amersham) for 10 to 60 s, depending on
signal intensity. The commercially available monoclonal antibodies used in this
study included the anti-p300 antibody p300 Ab-1 (Calbiochem), the anti-CBP/
p300 antibody NM11 (Pharmingen), the anti-GST antibody B14 (Santa Cruz
Biotechnology), and the anti-MBP antibody (NEB).

In vitro competition assays using recombinant proteins. For analysis of the
disruption of in vitro binding of p53 and CBP by 16E6 protein, His-tagged p53
in bacterial lysate was first bound to nickel-nitrilotriacetic acid agarose beads
(Qiagen) before incubation for 30 min with 3 wg of purified MBP-CBP II and a
various amount of purified GST or GST-16E6 (0.5, 5, or 10 wg) in IPD buffer.
After the beads were washed twice in IPD buffer containing an additional 200
mM KClI, proteins were eluted by heating the beads to 95°C in 2X SDS loading
dye for 5 min. Samples were then run on an 10% SDS-polyacrylamide, gel and
the proteins were subjected to Western blot analysis using an anti-MBP antibody
(NEB).

Mammalian two hybrid-experiments. To study protein-protein interactions in
vivo, we made use of a GAL4-VP16 chloramphenicol acetyltransferase (CAT)
reporter system described previously (5). Full-length 11E6 and 16E6 sequences
were fused to the DNA binding domain of GALA4, resulting in the constructs
pGALA4-11E6 and pGALA4-16E6, respectively. U2-OS cells were cotransfected
with 1 pg pGALA4-11E6 or pGAL4-16E6 and 4 pg pGSE1BCAT (a CAT report-
er vector containing multiple GAL4 DNA binding sites). Cotransfected together
with these plasmids was either pHK3NVP16 (the activation domain of VP16,
residues 415 to 490, driven by the SV40 promoter), 2 pg of pHKnTCBP1VP16
(expressing CBP residues 461 to 662 in frame with the VP16 activation domain),
or 2 pg of pHKnCBP2VP16 (expressing CBP residues 1621 to 1877 in frame with
the VP16 activation domain); 48 h after transfection, the cells were harvested
and CAT assays were performed as described below.

In vitro and in vivo p53 degradation assays. E6-mediated degradation of p53
was assayed by previously described methods (54, 65, 57a). For in vitro degra-
dation of p53, 12.5 ul of IVT E6 protein was mixed with 2 pl of IVT *S-labelled
p53 in a total volume of 25 wl of assay buffer (25 mM Tris-HCI [pH 7.5], 100 mM
NaCl, 3 mM DTT). The sample was then incubated at room temperature for 30,
90, or 180 min. At the indicated time points, the reaction was stopped by adding
2x SDS loading dye and boiling for 5 min. The samples were then analyzed by
SDS-PAGE and autoradiography. In vivo degradation assays were performed as
previously described (57a). U2-OS cells were transfected with 0.1 pg of a p53
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FIG. 1. 16E6 interacts with the transcriptional coactivator CBP/p300. (A) Equal amounts of partially purified full-length (FL) CBP/p300 from HeLa nuclear extract
were passed over GST, GST-16E6, GST-P/CAF, and GST-YY1 micro-affinity columns. After SDS-PAGE and transfer to PVDF membranes, Western blot analysis
detected the presence of CBP/p300. The positions of the molecular weight markers are also indicated. (B) GST micro-affinity columns were used to detect the
interaction of IVT radiolabelled 16E6 with GST-CBP II (residues 1621 to 1877). No interaction was detected for the control GST column or the GST-CBP I (residues
461 to 662) column. The lower panel shows the Coomassie blue-stained SDS-gel of GST and GST fusion proteins eluted from the micro-affinity columns and also shows
the molecular weight marker ladder. (C) Comparison of the 16E6-CBP II interaction with known E1A-CBP II and 16E6-E6AP interactions in GST micro-affinity
column assays. (D) Demonstration of a direct interaction between 16E6 and CBP using two recombinant bacterially expressed proteins. GST or GST-E6 was passed
over a column containing MBP-CBP (residues 1808 to 1852) fusion protein. Bound GST-fusion protein was detected by Western blot analysis using an anti-GST
antibody. The MBP-CBP fusion protein was also passed over a GST or GST-E6 column, and the interaction detected with an anti-MBP antibody.

expression vector and 1 pg of different E6-expressing vectors; 24 h after trans-
fection, cells were shifted to medium containing 25 g of cycloheximide per ml.
Cells were harvested 0, 1, and 3 h after cycloheximide treatment as previously
described (57a). Cell lysates were subjected to SDS-PAGE and analyzed by
Western blotting using the anti-p53 antibody DO-1 (Santa Cruz).
Transfections and CAT assays. U2-OS cells were plated onto 10-cm-diameter
culture dishes and transfected at 50 to 70% confluency, using Lipofectin reagent
(GIBCO-BRL). For the p53 transcription studies, 1 ug of the p53 reporter
PG13CAT or the control vector MG15CAT was cotransfected with 2 to 5 pg of
expression vectors for HPV E6 proteins, Ad E1A, or full-length CBP. Expression
plasmids used in transfections included those based on the expression vector
pXJ-FLAG (for E6 constructs), the Rous sarcoma virus-driven Ad5 12S E1A
expression plasmid pBJ9Q) (a gift from H. Land), and plasmid pRc/RSV-
mCBP.HA RK (a gift from R. Goodman). CAT assays have been described else-
where (56), and the data presented, unless otherwise stated, represent between
three and eight experiments using at least two independent DNA preparations.

RESULTS

The 16E6 protein interacts with full-length nuclear CBP/
p300. To determine whether the 16E6 protein could interact
with CBP/p300, we partially purified these transcriptional co-

activators from HeLa nuclear extract (see Materials and Meth-
ods) and then passed the fraction enriched for CBP/p300 over
an E6 affinity column. Western blot analysis using the mono-
clonal antibodies p300 Ab-1 (Fig. 1A) and NM11 (data not
shown) detected a specific interaction between CBP/p300 and
GST-16E6. No interaction was detected for the control GST
column, even though a greater amount of protein was used.
Also shown in Fig. 1A is the interaction between full-length
nuclear CBP/p300 and GST-P/CAF and GST-YY1, both of
which have previously been shown to interact with CBP/p300
(43, 57, 83). These data provide the first evidence that a pap-
illomavirus oncoprotein can associate with the transcriptional
coactivator CBP/p300, although they do not provide informa-
tion about the nature of the interaction.

Both Ad E1A and SV40 TAg bind the CBP II domain of
CBP (residues 1621 to 1877; also referred to as the C/H3
domain), which represents a hot spot for transcription factor
interactions (30). We tested whether 16E6 was also able to
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bind to this region of CBP, using a micro-affinity column con-
taining GST-CBP (1621 to 1877). In Fig. 1B it can be seen that
IVT radiolabelled 16E6 does indeed bind to the GST-CBP II
domain but not to GST or to GST-CBP I (461 to 662), another
region of CBP that binds multiple cellular transcription factors
(30).

To gain an insight into the relative strength of the E6-CBP
II association, we compared this protein-protein interaction
with two previously described interactions, namely, that of
E1A and the CBP II domain (2, 5, 47), and the binding of HPV
E6 to the cellular factor E6AP (28). As can be seen from the
results presented in Fig. 1C, the association of HPV-16 E6 with
the CBP II domain is similar in strength to those seen with
the two previously documented interactions. Nevertheless, it
should be noted that while 16E6 and Ad E1A bind the CBP II
domain at comparable levels, E1A binds full-length nuclear
CBP/p300 with a much higher affinity (data not shown). This is
most likely due to the fact that E1A can bind multiple sites on
CBP/p300 in addition to the CBP II domain (37).

Figure 1D demonstrates that the interaction between 16E6
and the CBP II domain can occur directly, since binding can be
detected using only purified, recombinant proteins. The inter-
action of GST-16E6 with an MBP-CBP affinity column was
detected by Western blot analysis using anti-GST antibodies,
while in the reciprocal experiment MBP-CBP binding to a
GST-E6 column was detected with an anti-MBP antibody.
Together, these results provide evidence that the HPV-16 E6
protein can associate with full-length nuclear CBP/p300 via the
CBP 1II domain in an interaction that is most likely direct.

Characterization of the HPV-16 E6-CBP interaction. To
determine the E6 binding site within the CBP II domain, we
used a number of GST-CBP constructs in micro-affinity col-
umn assays with IVT radiolabelled full-length HPV-16 E6 pro-
tein (Fig. 2A). We were able to identify a 19-amino-acid region
of CBP (1808 to 1826) that was capable of binding full-length
E6 (lane 7). Deletion into this sequence abolished binding to
the E6 protein (lane 8). It can be seen from Fig. 2A that the
19-amino-acid sequence is virtually identical in both CBP and
p300, with only one conservative change present, and a com-
parable level of conservation is also observed for CBP/p300
proteins from other species that are not shown here.

Interestingly, we have recently demonstrated that this same
19-amino-acid sequence of CBP (1808 to 1826), which we have
termed a transcriptional adapter motif, or TRAM, binds nu-
merous cellular factors and is also targeted by the Ad E1A
protein (57a). Confirmation that 16E6 and Ad E1A both bind
the CBP TRAM is demonstrated in Fig. 2B. An E1A peptide
that can bind the CBP TRAM is capable of inhibiting the
16E6-CBP interaction, while a mutant version of the E1A
peptide that is incapable of binding the CBP TRAM (57a)
lacks this capacity.

To identify the CBP binding region within 16E6, a similar
binding assay was performed. As can be seen from Fig. 3,
removal of the C-terminal residues 148 to 151, which have
been implicated in the binding of another E6-interacting pro-
tein, hDLG (34, 44), had no effect on CBP binding. Dissection
of the 16E6 protein into N-terminal (1 to 84) and C-terminal
(85 to 151) halves demonstrated that while the N terminus of
E6 does not bind CBP, the C-terminal half of the protein
maintained the ability to bind CBP. Further analysis demon-
strated that a smaller C-terminal region (amino acids 100 to
147) within the proposed second zinc finger structure of 16E6
also maintained the ability to bind CBP. This same region of
16E6 does not, however, bind IVT radiolabelled p53 protein
(Fig. 3C), demonstrating that these two properties, namely,
CBP and p53 binding, are separable.
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FIG. 2. Identification of an HPV-16 E6 binding site on CBP/p300. (A) GST-
CBP fusion constructs used in micro-affinity column experiments to define CBP
sequences capable of binding 16E6 are shown schematically. A 19-amino-acid
sequence of CBP (residues 1808 to 1826; lane 7) and larger fragments containing
this sequence are able to bind 16E6. Deletion into these sequences abolishes E6
binding (lane 8). Also shown is an alignment of this 19-residue binding site of
CBP and the corresponding p300 sequence. Eighteen asterisks represent the
conservation of 18-amino-acid residues in that sequence, while + represents the
single conservative change. (B) 16E6 and Ad E1A bind the same 19-amino-acid
motif in CBP. The interaction between 16E6 and GST-CBP (1765 to 1852) can
be disrupted by the presence of a peptide (pep) consisting of Ad E1A sequences
previously shown to bind the CBP TRAM (57a). This observation is specific
because a peptide containing mutant Ad E1A sequences fails to prevent the
E6-CBP interaction. WT, wild type; Mut, mutant.

In the context of a GST fusion protein (E6 amino acids 100
to 142), the cysteine residues (C103, C139, and C140) could be
substituted with glycine residues without affecting the ability to
bind CBP (data not shown). This finding suggests that specific
sequences within the second zinc finger of E6 are involved in
the interaction with CBP and that, at least in this context, an
intact zinc finger structure is not necessary. However, we have
not tested these mutations in the context of full-length E6
proteins alone and therefore cannot rule out the possibility
that an intact zinc finger structure is necessary to present the
E6 residues contacting CBP under these conditions.
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ported by the strict conservation of eight cysteine residues in all HPV E6 pro-
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Indicated are the numbers of the amino acid residues which mark the start or end
points of 16E6 fragments used in interaction studies. (B) Schematic representa-
tion of GST-E6 fusion constructs used in micro-affinity column assays. (C) In-
teraction experiments define a region between 16E6 residues 100 to 147 as suf-
ficient for the binding of CBP. This same region is not able to bind p53, however,
indicating that p53 and CBP binding are dependent on different 16E6 domains.

E6 proteins of high-risk but not low-risk HPV types bind
CBP/p300. It has been suggested that functional differences
between the E6 and E7 proteins of different HPV types rep-
resent a cardinal factor in their ability to transform cells and
are reflected by their classification as either high-risk or low-
risk types (8, 77, 85). In the case of other DNA tumor virus
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proteins, such as the Ad E1A protein and the SV40 TAg,
interaction with the transcriptional coactivator CBP/p300 has
been shown to be absolutely required for their transforming
capabilities (18, 50, 81). If CBP/p300 is considered an impor-
tant target in the transformation processes of other DNA tu-
mor viruses, we postulated that an ability to target CBP/p300
might also be an important factor in distinguishing E6 proteins
of high-risk from low-risk HPVs. Consequently, we compared
the abilities the E6 proteins from two high-risk types (HPV-16
and HPV-18) to bind CBP with those from two low-risk types
(HPV-6 and HPV-11).

In fact, Fig. 4A clearly demonstrates that only the GST-E6
proteins of the high-risk types (HPV-16 and HPV-18) bind to
IVT CBP II, while those of the low-risk types (HPV-6 and
HPV-11) fail to bind CBP. This observation is reproducible, as
can be seen from the inability of IVT 11E6 protein to bind to
a GST-CBP affinity column. Also shown in Fig. 4A is the
inability of a chimeric 16/11 E6 protein to bind CBP II. In this
E6 protein, all amino acids are from HPV-16 except those
from positions 107 to 135, which represent HPV-11 sequences.
This substitution mutation of 29 amino acids contained within
a region of HPV-16 implicated in Fig. 3 to bind CBP again
suggests a fundamental difference in the ability of E6 proteins
from high-risk and low-risk types to bind CBP in vitro.

This difference in CBP binding is also observed in vivo, as
demonstrated by the mammalian two-hybrid assay presented in
Fig. 4B. Transient cotransfection experiments were performed
with U2-OS cells in which a CAT reporter construct, driven
by multiple GAL4 binding sites (GSE1BCAT), was introduced
along with either an expression vector for full-length 11E6
fused to the DNA binding domain of GAL4 (GAL4-11E6)
or a similar construct containing HPV-16 sequences (GAL4-
16E6). Activation of transcription was then determined for
those cells containing these two plasmids in conjunction with
either the expression vector for the VP16 activation domain
alone, VP16 fused to the CBP I domain, or VP16 fused to the
CBP II domain. The level of CAT activity obtained with cells
cotransfected with the VP16 activation domain was set to 1 and
the CAT activity of cells receiving either CBP I-VP16 or CBP
II-VP16 was then compared to this.

As can be seen from the results in Fig. 4B, cells containing
GALA4-16E6 could be activated by CBP 11-VP16, while those
containing the GAL4-11E6 expression vector could not. This
effect was specific for the 16E6-CBP II interaction, since VP16
sequences fused to the CBP I domain failed to activate GAL4-
16E6. Taken together, these results strongly suggest that there
are functional differences between high-risk and low-risk pro-
teins with respect to their ability to bind CBP/p300 both in
vitro and in vivo.

The down-regulation of p53 transcriptional activity by HPV-
16 E6 correlates with CBP binding. One of the main functions
proposed for E6 proteins of high-risk HPVs is the targeting of
p53 in order to suppress apoptosis of the host cell (27, 53, 77).
In the last few years, many lines of evidence have suggested
that one way in which this might be achieved is by stimulating
the degradation of p53 through the ubiquitination pathway (65,
66). Evidence has been provided both in vitro (28) and in vivo
(70) that this activity is dependent on the interaction of E6 with
a cellular factor termed E6AP which then acts as a ubiquitin
ligase (65). The ability of E6 proteins to interact with E6AP
has been shown to be limited to those of high-risk HPV types
(79). It has also been reported previously that E6 proteins of
high-risk but not low-risk types are able to down-regulate p53
transcriptional activity (49). One explanation for these obser-
vations is that down-regulation of p53-dependent transcription
results from the E6AP-dependent degradation of p53.
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FIG. 4. The E6-CBP/p300 interaction is specific for E6 proteins of high-risk HPVs. (A) Micro-affinity column experiments using either GST fusion or IVT E6
proteins demonstrate that only E6 proteins from the high-risk HPV types 16 and 18, but not the low-risk HPV types 6 and 11, are capable of interacting with CBP.
Replacing the 16E6 sequences (residues 107 to 135) that have been implicated in CBP binding with those from 11E6 results in a chimeric protein (GST-16/11) that
can no longer bind CBP. (B) Mammalian two-hybrid experiments (described in Materials and Methods), shown schematically, indicate that the distinction between E6
proteins of high-risk and low-risk HPVs extends to the in vivo interaction with the CBP II domain. Activation of the GSEIBCAT reporter is seen only after
cotransfection of GAL4-16E6 and CBP II-VP16, not for those experiments in which GAL4-11E6 or CBP I-VP16 proteins were expressed.

Recently, it was also shown that p53-dependent transcrip-
tion can be activated by CBP/p300 and that this activation can
be abrogated by wild-type E1A but not a CBP-binding defi-
cient mutant of E1A (3, 24, 45, 67). The results presented here
have demonstrated that, like E1A, E6 proteins of high-risk
HPVs can also target CBP/p300. We therefore examined
whether the down-regulation of p53 transcriptional activity by
E6 proteins could be achieved through the binding of CBP/
p300 in a manner analogous to E1A.

To answer this question, we required a 16E6 mutant that was
deficient in targeting p53 for degradation through the E6AP
pathway yet was still capable of binding CBP/p300. We as-
sessed a number of existing 16E6 mutants before finding one
with the desired properties. The 16E6 mutant L50G contains a

point mutation in the first zinc finger of the E6 protein and has
previously been shown to be p53 degradation deficient (54).
Figure SA demonstrates that this mutant is still able to interact
with CBP in binding assays. However, when we tested this
mutant for its ability to bind either E6AP or p53 in a similar
assay, we found that it was deficient in this capacity (Fig. 5B).
Furthermore, results in Fig. 5C confirm that this mutant, like
the low-risk 11E6 protein, is unable to degrade p53 in standard
in vitro and in vivo degradation assays (see Materials and
Methods).

16E6 can inhibit the interaction between p53 and CBP. The
work presented here and in our previous study (57a) indicates
that 16E6 and p53 bind to the same motif (TRAM) in the CBP
II domain. E1A, which also binds the CBP TRAM, can dis-
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FIG. 5. The 16E6 mutant L50G binds CBP but is unable to interact with
E6AP or p53 and cannot degrade p53 in vitro or in vivo. (A) Schematic repre-
sentation of the 16E6 mutant (mut) L50G showing the position of the amino acid
exchange in the first zinc finger (marked by +) and the identified CBP interac-
tion (binding [bdg.]) domain within the second zinc finger (bold line). GST mi-
cro-affinity column experiments using IVT 16E6 L50G protein demonstrate the
ability of this mutant to interact with GST-CBP. (B) Similar in vitro micro-affinity
column experiments show that unlike the wild-type 16E6 protein but similar to
11E6, the 16E6 mutant L50G is unable to interact with either GST-E6AP or
GST-p53. The lower panels indicate the loading of GST, GST-E6AP, and GST-
p53 proteins on the micro-affinity columns. (C) The upper panel shows p53 deg-
radation assays using IVT 3S-labelled p53 mixed with various IVT E6 proteins.
The numbered columns indicate the levels of p53 protein after various incuba-
tion times (0, 30, 90, and 180 min) at room temperature. The lower panel shows
an in vivo degradation assay in which cellular levels of p53 are detected by West-
ern blot analysis after cotransfection of U2-OS cells with p53 and 16E6 constructs.
The numbers represent the incubation period (in minutes) in media containing
cycloheximide before harvesting of the cellular proteins (see Materials and Meth-
ods). While the transfection of wild-type 16EG6 leads to an observed decrease in
cellular p53 levels after 60 min, the 16E6 mutant L50G is abrogated in this capacity.

place CBP from p53 (57a). We therefore tested whether the
16E6 protein could also displace CBP from p53. In Fig. 6 it can
be seen that increasing concentrations of 16E6 do indeed in-
hibit the interaction between CBP and p53 in vitro, but not
similar levels of GST protein alone. In this particular experi-
ment, all three proteins used (His-p53, MBP-CBP II, and GST-
16E6) are recombinant, bacterially expressed proteins, sug-
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gesting that this effect is direct and due to competitive binding
between E6 and p53 for the CBP TRAM.

The repression of p53 transcriptional activity by 16E6 cor-
relates with CBP binding and not p53 degradation. We next
carried out a series of experiments in which we assessed the
ability of the wild-type and L50G mutant HPV-16 E6 pro-
teins to down-regulate p53-dependent transcription. U2-OS
cells were transfected with the p53-responsive CAT reporter
PG13CAT or the control vector MG15CAT, which contains
mutated p53 binding sites. Cotransfected with PG13CAT were
various expression plasmids coding for E6 proteins or Ad5 125
E1A. It can be seen from Fig. 7A that the PG13CAT vector is
stimulated by endogenous p53 in U2-OS cells in a manner
dependent on intact p53 binding sites. No effect on the level of
transcriptional activity obtained with PG13CAT is seen upon
the introduction of an expression vector containing full-length
HPV-11 E6 sequences. By contrast, the expression of wild-type
16E6 protein results in a significant reduction in p53-depen-
dent transcription. Consistent with our earlier analysis of the
CBP binding domain within 16E6, the N-terminal 84 amino
acids, which do not bind CBP, fail to repress p53 activity, while
the C-terminal half of 16E6, which contains the CBP binding
domain, can repress p53-dependent transcription, albeit slight-
ly less efficiently than the full-length protein. Also shown for
comparison is the level of repression of p53 activity obtained
upon the introduction of the Ad5 12S E1A protein. Significant-
ly, the 16E6 L50G mutant results in a similar level of transcrip-
tional repression as wild-type 16E6. Thus, in this respect the
16E6 L50G mutant does not behave like a protein of a low-risk
type but rather like wild-type 16E6. These data are consistent
with the idea that by targeting CBP/p300, an E6 protein from
a high-risk type can repress p53 transcriptional activity. Fur-
thermore, the use of the 16E6 L50G mutant suggests that this
ability is independent of E6AP-mediated degradation.

We wished to provide further evidence that the repression of
pS3 transcriptional activity by wild-type 16E6, 16E6 L50G, and
E1A was due to the targeting of CBP/p300. Therefore, we over-
expressed full-length CBP in a similar set of transfection ex-
periments and examined whether the observed superactivation
of p53-dependent transcription could be abrogated by these
proteins. Figure 7B demonstrates that the cotransfection of
full-length CBP into U2-OS cells stimulates p53-dependent
transcription by approximately sevenfold. Like E1A, both wild-
type 16E6 and the 16E6 L50G mutant abolish this CBP-induced
superactivation of p53-dependent transcription. This is in con-
trast to 11E6, which is severely abrogated in this capacity.

In summary, the results presented in Fig. 5 to 7 provide
evidence that E6 proteins from high-risk HPV types possess an
alternative mechanism by which to down-regulate p53 activity.
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FIG. 6. 16E6 protein can disrupt a p53-CBP interaction in vitro. Bacterially
expressed His-p53 can interact directly with bacterially expressed MBP-CBP II.
While this interaction is not disrupted by the presence of purified GST protein,
it is disrupted by increasing amounts of purified GST-16E6 in a concentration-
dependent manner. MBP-Ab, antibody specific to MBP.
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FIG. 7. HPV-16 E6 targets the ability of CBP to activate p53-dependent
transcription. (A) U2-OS cells were transfected with the p53-responsive CAT
reporter (PG13) or a control vector with mutated p53 binding sites (MG15).
Cotransfection of expression vectors for viral proteins show that HPV proteins
able to interact with CBP can down-regulate p53 transactivation to a level com-
parable with Ad E1A. Those that fail to interact with CBP also fail to down-
regulate p53-dependent transcription. (B) Overexpression of full-length CBP in
experiments similar to those described above show that HPV proteins able to in-
teract with CBP, including the HPV-16 L50G mutant, abolish the CBP-dependent
superactivation of p53-dependent transcription seen with full-length CBP alone.

That is, by targeting CBP/p300, these E6 proteins can displace
pS3 from the CBP II domain and consequently abrogate p53-
dependent transcription in a manner similar to Ad E1A.

DISCUSSION

In the last few years, study of the transformation processes
that are instigated by SV40 and adenoviruses has led to the
discovery of a number of important cellular regulators as viral
targets. This knowledge has often resulted in the confirmation
of identical targets for the high-risk HPVs (17, 79). While both
SV40 and adenovirus proteins have recently been shown to
bind to the transcriptional adapter CBP/p300, no such inter-
action has been described for HPV oncoproteins. One possible
explanation for this is that all previously known HPV functions
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that mirror Ad E1A and SV40 TAg properties have been
found to be present in the HPV E7 protein. To date no inter-
action between HPV E7 and CBP/p300 has been described.
Moreover, the recent finding that HPV E7 proteins bind to and
abrogate the function of p21<P! in a p53-independent manner
(19a, 31) has suggested that E7 might not need to affect p53
activation by targeting CBP/p300, since it can directly affect the
function of this important downstream inhibitor of cell cycle
progression.

We set about identifying whether the HPV E6 oncoprotein
could interact with CBP/p300 for three reasons. First, we be-
lieved that since CBP/p300 represented an indispensable target
for transformation by Ad E1A and SV40 TAg, it was likely that
at least one of the HPV oncoproteins would also target CBP/
p300. Second, both adenoviruses and SV40 abrogate p53 ac-
tivity in more than one way: by affecting p53 directly and also
indirectly through an interaction with the transcriptional co-
factor CBP/p300. Third, since HPV E6 proteins of high-risk
types had previously been shown to down-regulate p53 tran-
scriptional activity, we felt that they might also bring about this
effect through the targeting of the coactivator CBP/p300.

Here, for the first time, we have provided evidence that the
E6 proteins of high-risk HPVs can bind CBP/p300, thus dem-
onstrating an Ad E1A and SV40 TAg-like property for HPV
E6. One reason why the E6-CBP/p300 interaction might not
have been previously detected is that unlike E1A, which dem-
onstrates an extremely high affinity for this transcriptional co-
activator and binds multiple domains, 16E6 binds the CBP II
domain with only moderate affinity. Coupled with this is the
fact that any attempts to analyze HPV E6-CBP/p300 interac-
tions using IVT full-length CBP/p300 would, from our experi-
ence, have failed to detect such an interaction. The inability of
in vitro-expressed full-length CBP/p300 to interact with pro-
teins that bind only the CBP II domain is not limited to E6.
Similar observations are also seen for other proteins, such as
c-Fos and YY1 (84). We interpret these results to imply that
access to the CBP II domain, in the context of full-length
CBP/p300, is probably dependent on posttranslational modifi-
cation. For example, access to the CBP II domain might be
dependent on phosphorylation, because CBP/p300 phosphor-
ylation is a dynamic process regulated in a cell cycle-dependent
manner (1, 33, 82). By partially purifying full-length CBP/p300
from HelL a cell nuclear extract, we have been able to overcome
these obstacles and demonstrate the ability of 16E6 to bind
full-length CBP/p300 as do other transcription factors that
bind only the CBP II domain.

The 16E6 protein, although only 151 amino acids in length,
has been shown to have multiple properties and interact with a
plethora of cellular proteins (36, 53). These include, in addi-
tion to E6AP, (i) a calcium-binding protein (E6-BP) that may
play a role in epithelial differentiation (11), (ii) the Bak pro-
tein, a regulator of the apoptosis pathway (71), (iii) the focal
adhesion protein paxillin (75), (iv) the human homologue of
the Drosophila discs large tumor suppressor protein, hDLG
(34, 44), and (v) IRF-3, a transcriptional activator possibly
involved in antiviral cellular responses (62). Interestingly, HPV
E6 proteins have also been shown to stimulate telomerase
activity (35), thus potentially lengthening the life span of the
host cell in a manner that is likely to contribute to the trans-
formation process (78). In light of the results presented here,
we can now add the transcriptional coactivator CBP/p300 to
this impressive list of interacting cellular proteins. One advan-
tage of targeting an important transcriptional coactivator such
as CBP/p300 is that it may result in an ability to control mul-
tiple signaling pathways. That is because, in addition to p53,
CBP/p300 acts as a cofactor for many other cellular regulators.
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Such a strategy appears to have been adopted by the Ad E1A
protein (57a) and could also apply to high-risk HPV E6 pro-
teins.

Comparisons between the E6 and E7 proteins of high-risk
and low-risk HPVs have indicated functional distinctions based
on differential affinities for cellular target proteins. For exam-
ple, differences have been observed for the binding of E7 to
pRB and p21<'P* (31, 52) and for E6 binding to p53 and E6AP
(28, 79). The capacity to target negative regulators of cell
growth almost certainly represents a critical factor in the ability
of these proteins to transform cells. Our observation that CBP/
p300 binding is limited to E6 proteins of high-risk HPVs sug-
gests that this transcriptional coactivator may also represent an
important target for the transformation process. Such an idea
is consistent with the finding that CBP/p300-binding-deficient
mutants of Ad E1A are no longer capable of transforming
cells. This finding, together with the fact that all three small
DNA tumor viruses target CBP/p300, adds weight to the idea
that CBP/p300 may act as a tumor suppressor protein.

One important role of CBP/p300 in cell cycle inhibition is in
the facilitation of p53-dependent gene expression. Previous
observations have indicated that p53 transcriptional activity
can be abrogated by E6 proteins of high-risk HPVs (49). One
potential mechanism to explain this would be the promotion of
p53 degradation through the E6-E6AP pathway. However, the
results presented here in Fig. 5 and 7 show that an HPV-16
mutant (L50G) that can bind CBP/p300 but fails to bind E6AP
and degrade p53 in vitro and in vivo is still capable of repress-
ing p53 transcriptional activity. This finding suggests that for
this particular property the correlation is with CBP/p300 bind-
ing and not with the promotion of p53 degradation through the
E6AP pathway. However, the previous analysis that demon-
strated the inability of the 16E6 mutant L50G, in conjunction
with HPV-16 E7, to transform human embryonic kidney cells
(54) suggests that E6AP-dependent degradation of p53 is still
likely to be a prerequisite for the induction of cellular trans-
formation. We therefore propose that the E6 proteins of high-
risk HPVs target p53 in two ways. The first, which may be a
more immediate response, is the abrogation of p53 transcrip-
tional activity by binding to the cofactor CBP/p300. The second
would consist of the removal of p53 protein through E6AP-
dependent degradation. Together, these complementary func-
tions of E6 could facilitate the effective elimination of cellular
p53 activity. Support for such a proposal comes from a number
of previous studies that utilize HPV E6 mutants and demon-
strate an independence of different aspects of transcriptional
regulation from the ability to promote p53 degradation (12, 13,
42, 73).

It is still not certain at this time exactly how E6 abrogates the
CBP/p300-dependent activation of p53. However, it is inter-
esting that all three DNA tumor virus proteins (Ad E1A, SV40
TAg, and 16E6) bind the same region of CBP, which is also the
p53 binding site within the CBP II domain. Although we have
not yet determined whether SV40 TAg binds the 19-amino-
acid CBP TRAM present within CBP II, we have established
that this is the binding site for p53, 16E6, and Ad E1A (this
study and reference 57a). This finding, together with the fact
that both 16E6 and the Ad E1A proteins can displace p53 from
the CBP TRAM in vitro, suggests that inhibition of a p53-CBP
TRAM interaction could represent an important part of the
mechanism by which p53 function is abrogated. Other poten-
tial p53 binding sites within CBP/p300 have been described,
however (22, 24), which makes it difficult to predict the out-
come of such displacement.

An analysis of the primary amino acid sequence within the
region of 16E6 (residues 100 to 142) implicated in Fig. 3 in
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binding CBP/p300 has not revealed any obvious similarities to
those in Ad E1A or p53 that have previously been shown to
bind the CBP TRAM (5§7a). However, there are some similar-
ities to the bipartite CBP/p300 binding domain of SV40 pre-
viously described (18), although the significance of these ob-
servations, if any, has yet to be established.

CBP/p300 has been shown to activate transcription by at
least two mechanisms: one involving acetylation of histone and
nonhistone proteins, and one involving the bridging of DNA-
bound transcription factors to components of the basal tran-
scription machinery. HPV E6 proteins could potentially abro-
gate both of these mechanisms of activation by binding to the
CBP II domain. Recent reports have indicated that as a con-
sequence of p53 acetylation, CBP/p300 can indirectly increase
the affinity of p53 for its cognate DNA binding sites (23). If
HPV EG6 (as well as Ad E1A and SV40 TAg) prevented this
acetylation by interacting with CBP/p300, then the affinity of
pS3 for target promoters might be reduced. This represents a
distinct possibility, since a number of reports have demon-
strated that the presence of E6 proteins from high-risk HPVs
significantly reduces p53 DNA binding activity (41, 72, 73). The
CBP/p300-associated acetyltransferase, P/CAF, also binds to
the CBP II region and has been shown to be displaced by Ad
E1A (83). P/CAF promotes cell cycle inhibition and cellular
differentiation processes through its acetyltransferase proper-
ties (61, 83). Thus, by binding to the CBP II domain, HPV E6
might also down-regulate these pathways in addition to its
effect on p53. HPV E6 proteins might also target the bridging
mechanism for CBP/p300-dependent activation. CBP/p300 was
recently shown to activate CREB-dependent transcription by
recruiting RNA helicase A, a component of an RNA polymer-
ase II complex to a promoter containing a functional CRE site
(55). Since RNA helicase A has also been shown to bind the
CBP II domain, 16E6, along with Ad E1A and SV40 TAg,
might also inhibit this particular mechanism of CBP/p300-
dependent activation by binding to the CBP II domain. Similar
possibilities exist for the disruption of CBP/p300-TFIIB inter-
actions (38). Future studies should permit an analysis of these
potential mechanisms.

Finally, both Ad E1A and SV40 TAg proteins depend on an
interaction with CBP/p300 for their cellular transformation
properties. Here, we have provided evidence that an ability to
bind CBP/p300 is limited to E6 proteins of high-risk HPVs
(Fig. 4). Taken together, these observations suggest a possible
role for the E6-CBP/p300 interaction in HPV-mediated onco-
genesis. Future studies should be able to assess the ability of
CBP-binding-deficient mutants of 16E6 to contribute towards
cellular transformation. This in turn should provide an insight
into the potential clinical relevance of the 16E6-CBP/p300
interaction described here.
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