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Abstract

p300 is a transcriptional coactivator that participates in many important processes in the cell,
including proliferation, differentiation and apoptosis. The viral oncoproteins, adenovirus (Ad)
E1A and human papillomavirus (HPV) E7, have been implicated in binding to p300. The Ad-
E1A/p300 interaction has been shown to result in an induction of cellular proliferation, epigenetic
reprogramming, as well as cellular transformation and cancer. The HPV-E7/p300 interaction, on
the other hand, is not well understood. p300 contains three zinc-binding domains, CH1-CH3, and
studies have shown that Ad-E1A can bind to the p300 CH1 and CH3 domains, whereas E7 can
bind to the CH1 domain and to a lesser extent to the CH2 and CH3 domains. Here we address how
high risk HPV16-E7 and Ad5-E1A, which have different structures, can both bind the p300 CH1
domain. Using pull down, gel filtration, and analytical ultracentrifugation studies, we show that
the N-terminus and CR1 domains of Ad5-E1A and that the CR1-CR2 domains of HPV16-E7 bind
to the p300 CH1 domain competitively and with mid- nanomolar and low micromolar dissociation
constants, respectively. We also show that Ad5-E1A can form a ternary complex with the p300
CH1 domain and the retinoblastoma pRb transcriptional repressor, whereas HPV16-E7 cannot.
These studies suggest that the HPV16-E7 and Ad5-E1A viral oncoproteins bind to the same p300
CH1 domain to disrupt p300 function by distinct mechanisms.
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INTRODUCTION

p300 is a versatile transcriptional coactivator that participates in many important processes
in the cell, including proliferation, differentiation and apoptosis (1-3). It promotes gene
transcription by acting as a protein bridge, or scaffold, that connects different transcription
factors to the basic transcriptional apparatus (3, 4). This allows for the assembly of multi-
component transcription coactivator complexes (5, 6). It also has histone acetyltransferase
(HAT) activity which allows it to influence chromatin structure by modulating nucleosomal
histones (7). It has also been shown to acetylate tumor suppressor transcription factors, such
as p53 and pRb, thereby regulating protein function (8, 9). Therefore, p300 is involved in
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multiple, signal-dependent transcription events and its deregulation is implicated in many
types of diseases (1, 10, 11).

Interestingly, p300 was originally identified through its specific interaction with E1A from
adenovirus (12). Ad-E1A has been shown to hijack the cellular transcription machinery by
competing with essential transcription factors for binding to p300 as well as its paralog,
CREB-binding protein (CBP), thereby inactivating a number of cellular and viral promoters
and enhancers (13, 14). The Ad-E1A/p300 complex has been shown to stimulate cellular
proliferation, whereas mutants of E1A that cannot bind p300 are defective in cellular
transformation (15). Some of these effects are also mediated by the ability of Ad-E1A to
interact with the retinoblastoma protein, pRb (16, 17). Ad-E1A/p300 interactions have also
been implicated in epigenetic reprogramming, leading to cellular transformation (14). The
formation of viral oncoprotein complexes with p300 has also been indicated to cause a loss
of cell growth control and a block of cellular differentiation, leading to cancers (15). The E7
protein from high risk human papillomavirus 16 (HPV 16), which is functionally
homologous to Ad-E1A, but structurally dissimilar, has also been shown to bind to p300
(18). However, the downstream implications of this interaction are not well understood.
HPV 16 E6, the other viral oncoprotein from this virus, has also been shown to bind to and
inhibit the functions of p300/CBP and inhibit p53-dependent transcription (19, 20).
Furthermore, this has only been observed for high risk E6 proteins that are associated with
cancerous lesions.

The viral oncoproteins E1A and E7 have been reported to bind to the transactivation zinc-
finger (TAZ) domains of p300 (13, 18). p300 contains two TAZ domains, called TAZ1 and
TAZ2, that contain two cysteine/histidine-rich regions, called CH1 and CH3, respectively
and whose primary function is protein recognition (5). Currently, more than thirty
transcription factors have been found to bind to the TAZ domains (21). The sequences of the
CH1 and CH3 domains are structurally homologous, but bind different proteins (21, 22).
Interestingly, HPV16-E7 has been suggested to bind most prominently to the CH1 domain
and to a lesser extent to the CH2 (another putative p300 zinc-finger domain) and CH3
domains, whereas Ad5-E1A was suggested to bind to the CH1 and CH3 domains of p300
(13, 18, 23). The interaction between Ad5-E1A and the CH1 domain, however, is not well
understood. Since these viral oncoproteins bind to regions of p300 that are known to bind
many transcription factors, these interactions with E7 or E1A can have many negative
downstream effects in the cell.

Even though HPV16-E7 and Ad5-E1A are functionally homologous, their sequences and
structures differ greatly. Both of these viral oncoproteins contain highly conserved regions
CR1, CR2 and CR3, however, Ad-E1A shares limited sequence homology with HPV-E7,
mainly found within the strictly conserved LXCXE motif of their CR2 domains (24, 25). This
motif has been shown to mediate high-affinity binding to pRb and the related pocket
proteins p107 and p130 (26). The CR1 domains of these oncoproteins have some sequence
similaritiy, however, the long stretches of amino acids flanking the CR1 domain of Ad-E1A
have no sequence homology to HPV-E7. Interestingly, the CR1 domains appear to have
different binding partners: whereas the CR1 domain of Ad-E1A can mediate binding to pRb,
HPV-E7 cannot (27). The CR3 domains are zinc-binding domains, however, Ad-E1A is a
monomer, while HPV-E7 forms an obligate zinc-homodimer (28, 29).

Since HPV16-E7 and Ad5-E1A are functionally homologous and structurally diverse, we
were interested to biochemically compare their binding to the p300 CH1 domain. To do this,
we mapped the domains of the viral oncoproteins that were required for p300cH1 binding
and quantified their interactions using analytical ultracentrifugation sedimentation
equilibrium studies. The dissociation constants of the Ad5-E1A/p300¢c and HPV16-E7/
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p300cH; were found to be in the mid-nanomolar and low micromolar range, respectively,
indicative of strong interactions. Furthermore, we were able to show that these viral
oncoproteins bind competitively to p300cH1, suggesting that they may bind to the same site
on p300¢cH1. We also show that Ad5-E1A can form a ternary complex with the p300 CH1
domain and the retinoblastoma pRb transcriptional repressor, whereas HPVV16-E7 cannot.
These studies suggest that the HPV16-E7 and Ad5-E1A viral oncoproteins may bind to a
common surface on p300¢cH to disrupt p300 function by distinct mechanisms.

EXPERIMENTAL PROCEDURES

Expression and Purification of Proteins

GST-tagged E7 and E1A proteins—The DNA encoding Ad5-E1A_77, Ad5-E1A1_13s,
HPV16-E71_gg (fU” Iength), HPV16-E717_9g, HPV16-E746_9g, HPV16-E71_51, HPV16-
E71_46, HPV16-E717_46, HPV16-E71_17, and HPV1A-E71_g3 (full length) were cloned into
the pGEX-4T-1 vector, containing an N-terminal GST tag. Proteins were expressed in £.
coli BL21(DE3) cells overnight at 18 °C using ImM IPTG. 100.M Zn(OAc), was also
added at induction to constructs containing a zinc-binding domain (HPV16-E71_gg, HPV16-
E717-98, HPV16-E746_9g, and HPV1A-E74_g3). Cells were lysed by sonication in a buffer
containing 1x PBS, 7.4, 100mM NaCl, 10mM BME and 1x PMSF. 10.M Zn(OAc), was
added to the lysis buffer of constructs containing a zinc-binding domain. The cell lysate was
centrifuged at 18,000 RPM for 30 minutes and the resulting supernatant was loaded onto
GST superflow resin (CLONTECH) pre-equilibrated with 1x PBS, 7.4, 100mM NacCl, and
10mM BME. The column with loaded protein was then washed with the same buffer. The
GST-fused protein was then eluted using 1x PBS, 7.4, 100mM NaCl, 10mM GSH, and
10mM BME. The eluent was then concentrated and further purified using a superdex
analytical column (GE Healthcare Life Sciences) in a buffer containing 20mM Tris, 7.5,
150mM NacCl, and 10mM BME.

Untagged HPV-E7 proteins—To purify untagged HPV-E7 constructs, HPV-E7 was
expressed and purified as a GST-fusion as described above. After loading on the GST
superflow column and washing off the contaminants, the protein was subjected to thrombin
(Enzyme Research) cleavage at 20°C for 1 hour. The cleaved protein and protease were
washed off the column. lon exchange was then performed to separate E7 from the thrombin
using high-trap Q HP column (Fisher) with a salt gradient (buffer A: 20mM Tris, 7.5, 50mM
NaCl, 10mM BME; buffer B: 20mM Tris, 7.5, 750mM NaCl, 10mM BME). Fractions
containing HPV-E7 were pooled, concentrated and run on gel filtration using a superdex 200
analytical column (GE Healthcare Life Sciences) in a buffer containing 20mM Tris 7.5,
150mM NacCl, and 10mM BME.

His-tagged Ad5-E1A and HPV16-E7 proteins—The DNA for Ad5-E1A1_1g9, Ad5-
E1A77_180, Ad5-E1A 135 189, Ad5S-E1A1_138, Ad5-E1A;_77 were cloned into a pET vector
containing an N-terminal 6x-histidine tag. HPVV16-E74_gg was cloned into the pRSET
vector, also containing an N-terminal 6x-histidine tag. Ad5-E1A and HPV16-E7 were
expressed in E. coli BL21(DE3) cells overnight at 18 °C and 25 °C, respectively, using
ImM IPTG. 100M Zn(OAc), was also added at induction to constructs containing a zinc-
binding domain (Ad5-E1A1_189, Ad5-E1A77_189, Ad5-E1A138_189, and HPV16-E71_98).
Cells were lysed by sonication in a buffer containing 20mM Tris, 7.5, 500mM NaCl, 35mM
imidazole, 10mM BME and 1x PMSF. 10nM Zn(OAc), was added to the zinc-binding
domain containing constructs. The cell lysate was centrifuged at 18,000 RPM for 30 minutes
and the resulting supernatant was loaded onto a Ni-NTA column (Fisher) pre-equilibrated
with 20mM Tris, 7.5, 500mM NaCl, 35mM imidazole, and 10mM BME. The column was
washed and the bound protein was eluted using an imidazole gradient from 35mM to

Biochemistry. Author manuscript; available in PMC 2013 November 27.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fera and Marmorstein

Pull Downs

Page 4

250mM. lon exchange was then performed using high-trap Q HP column (Fisher) with a salt
gradient (buffer A: 20mM Tris, 7.5, 50mM NaCl, 10mM BME; buffer B: 20mM Tris, 7.5,
750mM NaCl, 10mM BME). Fractions containing the desired protein were pooled,
concentrated and run on gel filtration using a superdex 200 analytical column (GE
Healthcare Life Sciences) in a buffer containing 20mM Tris 7.5, 150mM NacCl, and 10mM
BME.

p300—The DNA encoding the CH1 domain of human p300 (residues 323-424) was cloned
into the pGEX-4T-1 vector, containing an N-terminal GST tag. The protein was expressed,
lysed, and purified, as described above for the GST-tagged HPV-E7 proteins with a zinc-
binding domain. To generate untagged p300, the protein was subjected to on-column
cleavage with TEV. The protease was removed by binding to Ni-NTA resin (Fisher). lon
exchange was then performed using high-trap SP HP column (Fisher) with a salt gradient
(buffer A: 20mM Tris, 7.5, 50mM NaCl, 10mM BME; buffer B: 20mM Tris, 7.5, 750mM
NaCl, 10mM BME). Fractions containing the desired protein were pooled, concentrated and
run on gel filtration using a superdex 200 analytical column (GE Healthcare Life Sciences)
in a buffer containing 20mM Tris 7.5, 150mM NaCl, and 10mM BME.

GST alone—In order to make GST protein as a control for pull down experiments, the
pGEX-4T-1 vector was transformed into BL21 (DE3) cells and expressed and purified the
same way as the GST-fused proteins.

pRb—The A and B domains of pRb used in pull down experiments was expressed and
purified as described elsewhere (30).

30 g of GST protein (1xM — 4M final concentration) was incubated with 25 pL GST
superflow resin (Clontech) that was prewashed in binding buffer for 15 minutes at 4° C, and
an equal molar amount of binding partner to be tested was added to the mixture with
incubation for 1 hour with gentle rotation at 4° C. For ternary complex formation, an
additional 1 hour incubation was used for the third protein. The buffer used in each pull
down is given in the text and determined based on the ability to form a complex and the
ability of the proteins to stay in solution. The final reaction volume was approximately 300—
400p.L. The beads were then collected by centrifugation at 600g, at 4° C, for 5 minutes and
washed three times using 1mL of binding buffer. Samples were then subjected to SDS-
PAGE analysis. For competition experiments, 12.5 g of GST protein was incubated with
10 pL GST superflow resin (Clontech) in a buffer of 20mM Tris, pH 8.0, 100mM NacCl,
10mM BME, and 0.05% TWEENZ20. The binding partner was then incubated with the GST-
tagged protein for one hour prior to the addition of different concentrations of competitor
protein. After another incubation of one hour, the beads were washed as described above,
run on an SDS-PAGE gel, transferred to PVDF membrane, and then probed with anti-His
(1:5000, Fisher), anti-HPV16-E7 (1:5000, Abcam), and anti-GST (1:5000, Millipore)
antibodies, followed by anti-mouse conjugated to HRP (1:5000, Bio-RAD). Bands were
visualized by chemiluminescence (Pierce) and exposed to film (Kodak).

Size Exclusion Chromatography

To determine if the viral oncoproteins co-elute with p300cH1, equimolar amounts of each
protein were added to a final volume of approximately 1mL buffer (as indicated in the text).
The proteins were incubated for at least one hour prior to running on either a pre-
equilibrated superdex 200 analytical column (Fisher Scientific) for the samples with Ad-
E1A proteins or a pre-equilibrated superdex 75 preparatory column (Amersham
Biosciences) for the samples with HPV-E7 proteins.

Biochemistry. Author manuscript; available in PMC 2013 November 27.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fera and Marmorstein Page 5

Equilibrium Sedimentation

Analytical ultracentrifugation of the Ad5-E1A/p300 and HPV16-E7/p300 complexes, as
well as individual proteins, were performed at 4 °C with absorbance optics using a Beckman
Optima XL-I analytical ultracentrifuge, using a 4-hole rotor. The partial specific volume and
viscosity were estimated by using Sednterp (31). Analysis was performed by using six-
channel centerpieces with quartz windows. To ensure equilibrium was reached, scans were
performed every 4 hours and compared. Protein samples were analyzed at three different
protein and protein complex concentrations; the optical densities used were 0.3, 0.5, and 0.7.
A global fit of the data was performed for each sample using the program HeteroAnalysis.
The quality of fit was assessed from the RMSD value.

RESULTS

p300cH1 Binds Strongly to Ad5-E1A, HPV16-E7 and HPV1A-E7 but with Differing Affinities

Ad5-E1A and HPV-E7 have been implicated to interact with the CH1 domain of p300 (1,
18, 23), therefore, we wanted to compare the binding of these different viral oncoproteins to
p300¢cH1. We first wanted to determine whether full length high risk HPV16-E7,_gg or low
risk HPV1A-E71_g3 proteins bind to p300c; and if so whether they bind with similar or
differing affinities. To test this, full length E7 protein from each form of HPV was expressed
with an N-terminal GST tag and tested at a final concentration of 2.6 M. Binding was
assessed with 7n vitro pull down assays on GST beads with equal molar amounts of
untagged p300¢cH1. The buffer used for these studies was 20mM Tris, pH 8.0, 100mM NacCl,
10mM BME, and 0.05% TWEENZ20 and the samples were analyzed by SDS-PAGE. As can
be seen in Figure 1A, a very faint band is observed in the HPV1A-E7 lane with a darker
band in the HPV16-E7 lane, suggesting that high risk HPV16-E7 binds more strongly than
low risk HPV1A-E7 to p300cH1. p300cH: did not bind to GST alone, indicating that the
binding to E7 was specific and not mediated by p300cH1 non-specific aggregation.

Since high risk HPV16-E7 bound to p300cH1 with a greater apparent affinity than low risk
HPV1A-E7, we next wanted to compare the binding of full length HPV16-E7 and the CR1-
3 domains of Ad5-E1A to p300cH;. For these studies, p300¢c was fused to a GST-tag, and
HPV16-E7,_gg and Ad5-E1A,_1g9 Were expressed with N-terminal 6x-histidine-tags.
Similarly, pull down assays were done on GST beads with the viral oncoproteins and GST-
p300cy: at protein concentrations of 2.6 M and 3.7 wM, respectively, with the same buffer
as before and binding was assessed by running the samples on an SDS-PAGE gel. As can be
seen in Figure 1B, the retained band for 6xHis-Ad5-E1A_1g9 was much darker than the
corresponding band for 6xHis-HPV16-E7,_gg suggesting that Ad5-E1A;_1gg binds more
tightly to p300¢cH1 than HPV16-E71_gg. 6xHis-Ad5-E1A;_1g9 and 6xHis-HPV16-E71_gg,
did not bind to the control GST only sample, indicating that the interactions of p300¢c4 with
Ad5-E1A_1g9 and HPV16-E7,_gg were specific and that they were not forming aggregates.

The CR1 Domain of Ad5-E1A is Necessary for Interaction with p300cy;

Since Ad5-E1A;_1g9 was able to bind to p300¢cH1, We next wanted to map the site of
interaction on Ad5-E1A1_1g9. To do this, different deletion constructs of 6xHis-Ad5-
E1A1_189 Were made: 6XHiS-Ad5-E1A1_138, 6XHiS-Ad5-E1A1_77, 6XHiS-Ad5-E1A77_189,
and 6xHis-Ad5-E1A135-189 (Figure 2A), and tested for their ability to bind to GST-
p300cH; at protein concentrations of 2.6 wM using pull downs in a buffer of 20mM Tris, pH
8.0, 100mM NaCl, 10mM BME, and 0.05% TWEENZ20. As can be seen in Figure 2B,
6xHis-Ad5-E1A1_1g9 and 6xHis-Ad5-E1A1_13g appeared to bind with similar affinities,
suggesting that the CR3 domain of Ad5-E1A is not necessary for binding to p300cH;. This
was further confirmed by the fact that 6xHis-Ad5-E1A 35189 (containing regions C-
terminal to the CR2 domain) did not show detectable binding to p300cH; (Figure 2C).
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6xHis-Ad5-E1A1_77 (containing the N-terminus and CR1 domain) also showed significant
binding, although the binding appeared reduced (Figure 2B). To determine if residues 77—

138 were important for p300cH4 binding, 6xHis-Ad5-E1A77_1g9 Was tested and shown not
to interact with p300cH1, suggesting that Ad5-E1A_77 is necessary and possibly sufficient
for interaction with p300cH; (Figure 2C).

Since an interaction could be seen between Ad5-E1A and p300¢cy4 using pull down
experiments, we next wanted to determine if stable complexes of these two proteins could be
isolated for more quantitative analysis. To test this, the different constructs of 6xHis-Ad5-
E1A that bind to p300¢cp1 were mixed at a concentration of approximately 40 uM to 80 oM
with the same concentration of p300cH; and incubated for one hour before running the
complex on a superdex 200 analytical column in a buffer of 20mM Tris pH 8.0, 100mM
NaCl, and 5 mM BME. Since 6xHis-Ad5-E1A;_77 had many impurities, an untagged
construct was made by expressing it as a GST-fusion. Consistent with results from the pull
down experiments, 6xHis-Ad5-E1A;_1g9, 6xHis-Ad5-E1A _13g and untagged Ad5-E1A1_77
were able to co-elute with p300¢cy1, as indicated by SDS-PAGE gels and by the shift in the
gel filtration peak when compared to p300cH1 alone (Figure 2D). These results suggested
that Ad5-E1A constructs containing residues 1-77 could form stable complexes with

P300cH;.-

The CR1-2 Domains of HPV16-E7 are Necessary for the Interaction with p300cH1

Since E1A and E7 are functionally homologous and we were able to demonstrate that
residues 1-77 of Ad5-E1A, corresponding to its N-terminus and CR1 domain, are necessary
for binding to p300cH1, we wanted to determine which domains of HPVV16-E7 are needed
for complex formation. This was especially of interest since the N-terminus of Ad5-E1A has
no sequence homology to HPV16-E7. To map regions of HPV16-E7 that were required for
p300¢cH; interaction, we prepared different deletion constructs of GST-tagged HPV16-E7:
GST-HPV16-E717_gg, GST-HPV16-E746_gg, GST-HPV16-E7;_g51, GST-HPV16-E71_4,
GST-HPV16-E717_46, GST-HPV16-E71_17, and GST-HPV16-E71_9g (fU” Iength) (Figure
3A) to compare their abilities to bind to p300cH1 using pull downs in a buffer of 20mM
Tris, pH 8.0, 50mM NaCl, 10mM BME, and 0.05% TWEENZ20 (Figure 3B). Proteins were
tested at a final concentration of 3 uM. As can be seen in Figure 3B, all of the constructs
were able to bind to p300¢cH7 except for the GST-HPV16-E746_9g (containing only the CR3
domain). Of note, HPV16-E71_gg, HPV16-E71_51, HPV16-E71_45 bound to p300cH1 most
strongly, HPV16-E717_9g bound more weakly, and HPVV16-E71_17 and HPV16-E717_46
bound the weakest. These results suggest that the CR2 domain, consisting of residues 17-46,
was necessary but not sufficient for the interaction with the p300cH;. In fact both the CR1
and CR2 domains of HPV16-E7, consisting of residues 1-46, appeared to be sufficient for
p300¢cH; interaction. As was the case for Ad5-E1A, the CR3 domain of HPV16-E7 (residues
46-98) did not appear to interact at all with p300cH1 (Figure 3B).

Since interactions could be seen between HPV16-E7 and p300¢cH1 using pull down
experiments, complexes formed between the different HPV16-E7 constructs and p300cH1
were run on a superdex 75 preparatory column to assess if stable complexes could form.
Untagged HPV16-E7 constructs, at a concentration of approximately 100 .M to 140 pM
were used for these experiments, and they were combined with p300cy; at the same final
concentration. Size exclusion chromatography was carried out with a buffer of 20mM Tris,
50mM NaCl, and 10mM BME. The buffer was adjusted to pH 8.0 for HPVV16-E7,_gg and
HPV16-E7,7_gg and to pH 7.0 for HPV16-E7,_51. These proteins were also run individually
for comparison against any complexes that formed. Consistent with results from the pull
down experiments, only HPV16-E71_gg and HPV16-E71_5,, revealed co-elution with
p300cH1, suggesting that a stable complex was formed between the two proteins (Figure 3C,
Figure 3D). Interestingly, HPVV16-E71_gg and HPV16-E71_5; did not co-elute with p300cH;
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when using a buffer with higher salt: 20mM Tris, 200mM NaCl, and 10mM BME,
suggesting that E7 binds with a lower affinity to p300 than E1A, consistent with our
previous results (Figure 1B). HPV16-E717_gg, whose binding to p300cH; was weaker, did
not co-elute with p300cH1 (data not shown). As indicated from the SDS-PAGE gels, adding
HPV16-E7 to p300cH; shifted the elution pattern to the left, when compared to p300cH1
alone, indicative of complex formation (Figure 3C, Figure 3D).

HPV16-E7 and Ad5-E1A bind competitively to p300cH1

Our data indicate that the N-terminus and CR1 domain of Ad5-E1A and the CR1 and CR2
domains of HPV16-E7, respectively, are necessary and sufficient for interaction with
p300cH1- These regions of the viral oncoproteins have very limited sequence homology,
suggesting that they might bind to different regions of p300¢cy4. To test this, pull downs
were performed in which either 1 wM 6xHis-Ad5E1A;_77 or untagged HPV16-E71_gg was
pre-incubated with GST-tagged p300cH1 on GST-beads and then titrated with different
concentrations of either untagged HPV16-E7,_gg or 6xHis-Ad5E1A,_77, respectively, in a
buffer of 20mM Tris pH 8.0, 100mM NaCl, and 10mM BME, and 0.05% TWEENZ20. The
amount of viral oncoprotein remaining bound was determined by western blotting.
Surprisingly, as shown in Figure 4A and 4B, each viral oncoprotein was able to compete the
other for binding to p300¢c1. This suggests that these two viral oncoproteins bind
competitively to p300cH1, and possibly bind to the same region of the CH1 domain of p300.

p300cH1 Binds with a 1:1 Stochiometry to the Viral Oncoproteins

Because stable complexes could be formed between the viral oncoproteins and p300cH1,
their binding stoichiometry and dissociation constants were determined. To do this,
analytical ultracentrifugation (AUC) sedimentation equilibrium experiments were performed
on the different complexes, as well as on the individual proteins to determine their
oligomerization states. In each case, AUC sedimentation equilibrium experiments were
performed at 4 °C using protein optical densities 0.7, 0.5, and 0.3 and three different speeds
and a global fit of the data was performed. A summary of the constructs tested, the protein
concentrations used, the speeds and models employed, as well as the results obtained, is
given in Table 1. The data with residuals is provided in Figure S1 for two of the complexes.
The residuals were randomly distributed above and below the baseline, indicative of good
fits. To ensure that the proteins and their respective complexes stayed in solution,
experiments with HPV16-E7 were done in a buffer of 20mM Tris, 50mM NaCl, and 1mM
TCEP, where the pH was adjusted to 8.0 for full length HPV16-E7 and to 7.0 for HPV16-
E71_51. Experiments with Ad5-E1A were done in a buffer of 20mM Tris pH 8.0, 100mM
NaCl, and 1mM TCEP. Complexes were pre-run on gel filtration prior to their analysis
using analytical ultracentrifugation sedimentation equilibrium experiments.

The individual proteins, p300cH; 6xHis-Ad5-E1A1_1gg 6xHis-Ad5-E1A;_j3g and HPV16-
E71_51 were fit to a single species model and their apparent molecular weights were
generally within 10% of their actual molecular weights, suggesting they were monomers
when alone in solution (Table 1). Untagged Ad5-E1A;_77, precipitated when alone in
solution and could therefore not be tested using this technique. HPVV16-E7,_gg, which is
known to dimerize, was fit to a monomer <> dimer equilibrium and its monomeric
molecular weight was also found to be within 10% of its actual molecular weight.
Furthermore, its Kp was found to be 0.53 M, similar to what is reported elsewhere (28).

For the complexes between the viral oncoproteins and p300cH, the data was first fit to a
single species model to determine the molecular weight of the complex and the binding
stoichiometry. In all cases except for HPVV16-E71_gg/p300¢cH1, the molecular weight of the
complex corresponded to a 1:1 p300¢cy:viral oncoprotein complex (Table 1). Therefore, in
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these cases, the model of A + B <> AB was used for fitting, where the molecular weights of
each protein were used for A and B. In the case of HPVV16-E71_gg/p300¢cH1, the molecular
weight of the complex appeared to be approximately 40 kDa, and so the 2A <> Ay, A, + B
< A,B model was used for fitting the data, where twice the molecular weight of p300cH1
was used for B. The model fit well, indicating that the HPV16-E71_gg/p300cH1 complex
binding stoichiometry is 2:2.

The dissociation constants for p300c binding to 6xHis-Ad5-E1A;_189 6xHis-Ad5-
E1Aj_13g and 6xHis-Ad5-E1A;_77 were calculated to be 320 nM, 100 nM, and 220 nM,
respectively, suggesting a strong interaction between Ad5-E1A and p300¢cH:. HPV16-E7
was found to bind more weakly to p300cH1, consistent with our results using pull-downs.
The dissociation constants of HPV16-E7,_gg and HPV16-E7,_g1 binding to p300¢cy; were
found to be 3.5 M and 0.88 uM, respectively.

Ad5-E1A, but not HPV16-E7, can form a ternary complex with p300 and pRb

Given that the CR2 domain of HPV16-E7 and the CR1 and CR2 domains of Ad5-E1A bind
to the pocket domain of pRb (26, 27, 32, 33), and that we were able to show that these same
domains bind to p300cH1, we were interested to determine whether p300cH1 and the pRb
pocket domain bind competitively or form a ternary complex with the viral oncoproteins.
For these studies, we employed a pRb pocket domain that is missing the loop between the A
and B cyclin folds (pPRbagLAl0op) @nd therefore forms a globular heterodimer but forms 2
bands on SDS-PAGE (see Figure 5, lane 3). We first carried out pull down studies with
GST-Ad5-E1A_77 and GST-Ad5-E1A1_138, Which were immobilized on GST-resin with
the addition of p300cH;, pPROAB loop or both proteins. Proteins were tested at a final
concentration of 1 M. The proteins bound to Ad5-E1A were identified by running the
samples on SDS-PAGE gels. These experiments revealed that both p300cH; and

pRbAB xloop alone and in combination formed a complex with both forms of Ad5-E1A
(Figure 5A). To ensure that both p300cH1 and pRbAB s loop could bind simultaneously to
Ad5-E1A, the experiment was repeated where increasing amounts of p300¢cnH3, to 25-fold
excess over pRb and Ad5-E1A, were added to pre-formed complexes of pRbAB s loop/GST-
Ad5-E1A. p300CH1 did not appear to compete off pRbAB loop from either GST-Ad5-
E1Aq_77 or GST-Ad5-E1A1_138, suggesting that a ternary complex can form between these
three proteins (Figure 5B). Interestingly, analogous pull down studies with GST-HPV16-
E71_0g did not reveal the presence of an analogous ternary complex between p300cH; and
pRbAB xloop (Figure 5C), suggesting that there are molecular differences for how Ad-E1A
and HPV-E7 encage p300¢cp4 for disruption of p300 activity.

DISCUSSION

Our gel filtration and analytical ultracentrifugation sedimentation equilibrium data show that
the interactions between the viral oncoproteins and p300¢cy4 are significant. The proteins
were shown to bind with a 1:1 stochiometry and with dissociation constants for the Ad5-
E1A/p300cH; and HPV16-E7/p300cH; complexes in the mid-nanomolar and low
micromolar range, respectively. The poorer dissociation constants (0.88 LM-3.5 uM) for
the HPV16°E7/p300cH1 complex could be due to the fact that either additional regions of
p300 are necessary for the interaction, or additional proteins may be needed to further
stabilize this complex. The 100-320 nM K values that were obtained for the Ad5-E1A/
p300cH1 complex, on the other hand, suggest that this interaction is very stable.
Interestingly, the interaction between low risk HPVV1A-E7, which is generally associated
with benign lesions, and p300cp1 was much weaker than that of high risk HPV16-E7, which
is known to cause a humber of cancers, and p300cH1 (34—-36). Consistent with our results,
others have also shown that there is a stronger interaction between high risk HPVV16-E7 and
p300 than a different low risk E7 protein, from HPV11, and p300 (18). This suggests that
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the high risk HPVV16-E7/p300¢cy interaction could contribute to cellular transformation and
cancer. This is also consistent with results showing that Ad5-E1A can cause cellular
transformation by its interaction with p300 (14-17). The ~10-fold difference in the
dissociation constant between HPV16-E7 versus Ad5-E1A binding to p300 suggests that
they may induce p300-mediated cellular transformation by different mechanisms.

Taking together the fact that the dissociation constants determined by analytical
ultracentrifugation sedimentation equilibrium were similar (within 4-fold) for several
different truncation constructs of each viral oncoprotein to p300cH1, and that these proteins
exhibited similar binding to p300¢cy using pull downs and gel filtration, we were able to
map regions of the viral oncoproteins necessary for the interaction. Whereas the
unstructured CR1 and CR2 domains of HPV16-E7 (residues 1-46) were needed for binding
to p300cH1, the N-terminus and CR1 domains of Ad5-E1A (residues 1-77) were required
for binding. It is possible that p300c; is recruited by the the CR1-CR2 domains of HPV16-
E7 and the N-terminus and CR1 domains of Ad5-E1A, after which p300 histone
acetyltransferase (HAT) activity is inhibited by the other domains of the viral oncoproteins.
This has already been demonstrated for E1A (37) and since Ad-E1A and HPV-E7 are
functionally homologous, HPV-E7 may work the same way.

While others were able to show ternary complex formation between the CR1 domain of
E1A, the CH3 domain of p300, and pRb (13), we were also able to show that a ternary
complex can form with the CH1 domain of p300 as well. On the other hand, we could not
detect a complex of HPV16-E7 with p300cH7 and pRb. Ternary complex formation between
Ad5-E1A, pRb and p300 could result in a deregulation of pRb acetylation by p300 and
therefore a change in pRb phosphorylation by cyclin dependent kinases (8). This can then
result in an aberration of cell cycle control since pRb is a regulator of the G1 to S phase
transition of the cell cycle (38-40). The fact that we were unable to detect an analogous
ternary complex with HPV16-E7 supports the hypothesis that HPV16-E7 may induce
cellular transformation by a different mechanism. It is also possible that the interaction
between each viral oncoprotein and p300 may result in a modulation of other acetylated
targets, such as histones, thereby providing another route through which Ad-E1A and HPV-
E7 may influence gene regulation and result in cellular transformation (7).

Since both Ad5-E1A and HPV16-E7 were shown to bind competitively to p300¢cps, this
suggests that they may bind to the same surface of p300. Interestingly, the CH1 domain of
p300 can bind many transcription factors using different parts of its surface. For example,
the NMR structures of the transcription factor HIF-1a and the CITED2 transactivator were
determined in complex the CH1 (TAZ1) domain of CBP, which is very similar to the
corresponding domain of p300¢cH1, and shown to bind the TAZ1 domain in different ways
(22, 41). It is also possible that the two viral oncoproteins compete with each other by some
allosteric mechanism that involves binding to distinct sites on p300cH1. This would be
consistent with the sequence divergance between the regions of Ad-E1A and HPV-E7 that
mediate p300¢H; interaction. Either way, HPV-E7 and Ad-E1A may interfere with a certain
subset of transcription factors to either activate or repress transcription. Therefore, the viral
oncoproteins can cause cellular transformation by disrupting important protein complexes in
addition to modulating HAT activity of p300. Notably, p53, which is an important
transcription regulator and modulator of protein function, has also been suggested to bind to
the CH1 domain of p300 (42, 43). Therefore, it is possible that one way in which HPV-E7
and Ad-E1A can lead to cellular transformation is by interfering with the normal activities
between p300 and p53. Alternatively, these viral oncoproteins may also interfere with the
binding of p300 and MDM2, a negative regulator of p53, also shown to bind to the CH1
domain of p300 (44). Although additional studies are clearly required to delineate the
molecular details of p300 regulation by the HPV-E7 and Ad-E1A viral oncoproteins, our

Biochemistry. Author manuscript; available in PMC 2013 November 27.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Fera and Marmorstein Page 10

studies represent the first important demonstration that these viral oncoproteins use non-
homologous regions to bind to the same p300 CH1 domain to disrupt p300 function by
distinct mechanisms. This may be analogous to how HPV-E7 and Ad-E1A both disrupt pRb
function by binding to the same pRb pocket domain but through distinct molecular
mechanisms (26, 27, 29). Indeed, it appears that DNA tumor viruses have evolved several
different strategies for disrupting normal cellular functions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pull downs between p300 and the viral oncoproteins

A. Comparison of the binding of HPV1A-E7 and HPV16-E7 to the CH1 domain of p300.
An SDS-PAGE gel is shown for pull downs done between equal molar amounts of p300 cp1
and GST-tagged full length HPV- E7 proteins each tested at a final concentration of 2.6 M.
3.7 .M GST was used as a control to ensure that p300 1 does not bind to the tag. B.
Comparison of the binding of 6xHis-Ad5-E1A and untagged HPV16-E7 to p300 ci. An
SDS-PAGE gel is shown for pull downs done between GST-tagged p300cH; and untagged
HPV16-E7 or 6xHis-Ad5-E1A each tested at a final concentration of 2.6 wM. Thrombin that
has not been completely removed from the HPV16-E7 purification cleaved a small amount
of the GST-p300cy1 protein, resulting in an additional band, shown in lane 6. 3.7 pM GST
was used as a control to ensure that HPVV16-E7 and Ad5-E1A does not bind to the tag.
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Figure 2. Mapping the interaction between Ad5-E1A and the p300cH1

A. Constructs of 6xHis-Ad5-E1A that were tested in pull down experiments. The asterisks
(*) in the left column indicate the level of binding as compared to 6xHis-Ad5-E1A1_1gg,
with more asterisks suggesting a stronger interaction to p300cn. A minus sign (=) indicates
that no interaction was observed. B. Pull downs with C-terminal deletions of 6xHis-Ad5-
E1A. An SDS-PAGE gel is shown for each pull down done between the p300cH1 and the
different constructs of Ad5-E1A each tested at a final concentration of 2.6 M. The stronger
upper band in the input lane for E1A;_77 in Figure 2B is a contaminant that was obtained
from the expression of this construct in £. coli. and that could not be separated during the
purification process. C. Pull downs with N-terminal deletions of 6xHis-Ad5-E1A. An SDS-
PAGE gel is shown for each pull down experiment done between p300cH4 and the different
constructs of 6xHis-Ad5-E1A each tested at a final concentration of 2.6 pM. D. Gel
Filtration between 6xHis-Ad5-E1A or untagged Ad5-E1A and p300cH1. The
chromatograms from size exclusion chromatography for the different complexes (final
protein concentrations tested range from 40 wM to 80 M), as well as for p300cp; alone,
are shown with the elution profiles using SDS-PAGE gels. The peaks in the gels are aligned
with the corresponding peaks in the chromatograms.
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Figure 3. Mapping the interaction between HPV16-E7 and p300cH1

A. Constructs of HPV16-E7 that were tested in pull down experiments. The asterisks (*) in
the left column indicate the level of binding as compared to the full length GST-HPV16-
E71_gg, With more asterisks suggesting a stronger interaction to p300¢cH1. A minus sign (-)
indicates that no interaction was observed. B. Pull downs with the different constructs of
HPV16-E7, tagged to GST. An SDS-PAGE gel is shown for each pull down done between
p300cH; and the different GST-tagged constructs of HPV16-E7, each tested at a final
concentration of 3 WM. GST was used as a control to ensure that p300cH; does not bind to
the tag. C and D. Gel Filtration between HPV16-E7 and p300¢c1. The elution profiles from
size exclusion chromatography are shown using SDS-PAGE gels. Full length HPV16-
E71_gg (C) in complex with p300¢cy1 (final protein concentrations tested range from 40 uM
to 80 M) is compared to the elution profile of p300c1 alone. Similarly, residues 1-51 of
HPV16-E7 (D) in complex with p300¢cy: (final protein concentrations tested range from 40
KM to 80 M) is compared to the elution profile of p300cy; alone.
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Figure 4. Competition between HPV16-E7 and Ad5-E1A for binding to p300cH1

A.Titration of HPV16-E7 into 6xHis-Ad5-E1A;_77/p300cH1 complexes. Different
concentrations of HPV16-E74_gg were added to preformed 6xHis-Ad5-E1A1_77/p300cH1
complexes and the amount of 6xHis-Ad5-E1A1_77 remaining bound to GST-p300¢H1 was
probed using an anti-His antibody (left panel). The amount of HPV16-E7,_gg added was
probed using anti-HPV16-E7 antibody (left panel). The higher molecular weight band in
lane 1 corresponds to 6xHis-Ad5-E1A1_77, due to its high concentration in that sample. B.
Titration of 6xHis-Ad5-E1A1_77 into HPV16-E71_gg/p300cH1 complexes. Different
concentrations of 6xHis-Ad5-E1A;_77 were added to preformed HPV16-E71_gg/p300cH1
complexes and the amount of HPV16-E71_gg remaining bound to GST-p300¢c4 was probed
using an anti-HPV16-E7 antibody (right panel). The amount of 6xHis-Ad5-E1A;_77 added
was probed using anti-His antibody (right panel). The higher molecular weight band in lane
6 corresponds to 6xHis-Ad5-E1A1_77, due to its high concentration in that sample.
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Figure5. Ternary complex viral oncoprotein formation with p300cH1 and pRbagAloop

A. Pull downs between GST-Ad5-E1A1_77, or GST-Ad5-E1A_33g, and p300¢cHs, and
pRbAB xloop. An SDS-PAGE gel is shown in which equimolar amounts of p300c; alone,
PRbABLIoop 2lone, or both p300cH; and pRbapLioop Were added to the indicated construct of
GST-Ad5-E1A on GST beads (final concentration of 1 uM). B. Titration of p300¢y into
GST-Ad5-E1A/pRbag, complexes. 5-fold dilutions of p300¢cys, Starting at 25u.M, was
added to preformed GST-Ad5-E1A/pRbagL 100p OF GST-Ad5-E1A/PRbABL100p COMplEX 0N
GST-beads to see if p300cH; could compete pRbagjoop Off. The maximum amount of
p300cH; that could bind to GST-Ad5-E1A is shown in the lanes in which pRbagy jo0p Was
not added. C. Pull downs between GST-HPV16-E7;_gg, p300cH31, and pRbapioop (final
concentration of 2.6 wM). An SDS-PAGE gel is shown in which equimolar amounts of
p300cH; alone, pRbagy 10op alone, or both p300cH; and pRbAB loop were added to GST-
HPV16-E7,_gg on GST-beads. The amount of proteins remaining bound is shown using an
SDS-PAGE gel.
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