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The cellular protein AMF-1 (Gps2) positively modulates gene expression by the papillomavirus E2 protein
(D. E. Breiding et al.,, Mol. Cell. Biol. 17:7208-7219, 1997). We show here that AMF-1 also binds the
transcriptional coactivator p300 in vitro and in vivo. E2 interacted weakly with p300. These observations led
to a model in which AMF-1 recruits p300 into a complex with E2. Cotransfection of AMF-1 or p300 stimulated
levels of E2-dependent transcription, while cotransfection of both AMF-1 and p300 showed an additive effect.
The functional significance of p300 recruitment for E2 transactivation was evidenced by repression of E2-
activated transcription by adenovirus E1A, which inhibits both coactivator and acetylase activities of p300.
Antibodies to AMF-1 or E2 immunoprecipitated histone acetylase activity from cell lysates. Western blotting
using antibody against acetyl-lysine failed to detect acetylation of AMF-1 or E2 in complex with p300. These
results suggest that AMF-1 facilitates the recruitment of p300 and its histone acetylase activity into complexes
with E2 and represents a novel mechanism of transcriptional activation.

The bovine papillomavirus type 1 (BPV-1) E2 protein serves
multiple functions for the virus. Binding of its carboxy-terminal
sequence-specific DNA binding domain (DBD) to recognition
elements in the papillomavirus genome regulates viral gene
expression and replication of the viral genome (1, 5, 8, 16, 19,
57). The amino-terminal activation domain (AD) of E2 medi-
ates protein-protein interactions with the cellular transcription
machinery. This region also binds the papillomavirus E1 pro-
tein, a DNA binding helicase essential for viral DNA replica-
tion (17, 27, 54). E2 targets E1 to the origin of replication. It is
also believed that E2 plays an additional role in DNA replica-
tion, as several E2 mutants retained E1 and DNA binding were
unable to stimulate replication (16). Because E2 is required for
replication of viral nucleosomal DNA but not naked plasmid
DNA in vitro (33, 53), it has been proposed that E2 may relieve
chromatin suppression and allowing entry of cellular replica-
tion and transcription factors to the origin and promoter, re-
spectively.

The cooperation of at least two functional units within the
large 220-amino-acid E2 AD is essential for transcriptional
activation. The crystal structure of the human papillomavirus
(HPV) E2 AD reveals multiple surfaces available for protein-
protein interactions (2, 25). A transcription factor IIB (TFIIB)
interaction domain has been mapped to residues 74 to 134
(56). Amino acids 134 to 216 mediate interaction with the
activation domain modulation factor AMF-1 (9). AMF-1 is
identical to Gps2, which was initially reported as a human
cDNA that repressed lethality of a G-protein mutation in Sac-
charomyces cerevisiae (46). Gps2 also interacts with the human
T-cell leukemia virus type 1 (HTLV-1) Tax protein (30). Gps2/
AMEF-1 has been shown to influence the transcriptional activ-
ities of E2, Tax, and c-Jun (9, 30, 46). E2 mutants phenotypi-
cally selected for inability to bind to AMF-1, while able to bind
the E1 protein, exhibited defects in both transcriptional acti-
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vation and DNA replication (9). This suggested that AMF-1
mediates a function required for both DNA replication and
transcriptional activation.

Given that the function of E2 in transcriptional activation
and the initiation of DNA replication involves formation of
E2-dependent complexes on viral nucleosomal DNA, efficient
assembly of these complexes in vivo might involve modification
of nucleosome structure. The coactivators p300/CREB bind-
ing protein (CBP) and p300/CBP-associated cofactors (e.g.,
P/CAF, P/CIP-ACTR, and SRC-1) contain an intrinsic histone
acetyltransferase (HAT) activity (4, 11, 39, 47, 50, 55). Both
p300 and CBP were demonstrated to modify chromatin struc-
tures by acetylation of histones (12). It is postulated that re-
cruitment of coactivators bearing HAT activity by promoter-
bound transcription factors results in histone acetylation of
nearby nucleosomes, thus enhancing access of the transcrip-
tional or replication machinery to DNA (21, 36, 48). A class 11
transactivator was shown to mediate interaction between a
DNA-bound factor (RFXS) and p300 (32, 43), suggesting that
additional pathways leading to recruitment of p300 by tran-
scriptional activators remain to be identified.

Recruitment of p300/CBP can also affect other aspects of
transcription carried out by RNA polymerase II (6, 12, 29, 44).
p300 and CBP function as coactivators by mediating protein-
protein interactions with the transcriptional apparatus (12, 44).
Many cellular transcription factors have been identified to
interact with p300/CBP, in a signal-dependent and sometimes
mutually exclusive fashion (18). p300/CBP can also directly
acetylate TFIIE and TFIIF (29). The activities of p53, GATA-1,
and human immunodeficiency virus type 1 Tat proteins have
been shown to be regulated by p300/CBP acetylation (7, 22, 29,
31, 35, 40, 42). On the other hand, viral regulatory proteins
target p300 and CBP. The adenovirus E1A oncoprotein binds
to p300 and inhibits both its transcriptional coactivator and
HAT activity (10, 24, 38). Tax protein of HTLV-1 inhibits
p300/CBP-mediated transcription by interfering with recruit-
ment of p300/CBP onto DNA (49, 51). Recently, HPV E6
proteins were shown to bind CBP at the same site as E1A (58).
While both low- and high-risk E6 proteins were shown to
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associate with p300, HPV type 16 (HPV-16) E6 interacted at
three sites, whereas HPV-6 E6 interacted only with the CH1
domain (41).

Based on the genetic requirement for the AMF-1 interaction
for E2 activity in transcription and DNA replication, a possible
role for AMF-1 in recruitment of p300 by the E2 AD was
examined. We found that AMF-1 enhances the interaction of
p300 with E2 and that the complexes were highly active for
histone acetylation.

MATERIALS AND METHODS

Protein expression and purification. For the production of p53, BPV-1 E2,
BPV-1 E1, AMF-1, and Flag-tagged p300, Sf9 cells were grown to 80% conflu-
ence in 150-mm-diameter tissue culture dishes, infected with recombinant bacu-
loviruses expressing each of the proteins, and incubated for 40 to 48 h. Cells were
harvested, washed with phosphate-buffered saline, and frozen at —80°C. Cells
were extracted with lysis buffer (50 mM Tris [pH 8.0], 200 mM NaCl [320 mM
NaCl in the case of Flag-p300], 0.2% NP-40, 5% glycerol, 1 mM EDTA, 1 mM
dithiothreitol [DTT], phenylmethylsulfonyl fluoride [PMSF], leupeptin, pepsta-
tin), and sonicated for 10 s followed by 30 min on ice to resuspend and lyse the
cells. Cell lysates were clarified by centrifugation at 40,000 rpm for 20 min.
Recombinant baculovirus expressing AMF-1 was constructed by cotransfection
of insect cells with the nonviable viral DNA (Pharmingen) and a complementing
transfer vector containing AUI-tagged AMF-1 (pVL1392-AU1-AMF-1). The
baculovirus strain expressing Flag-p300 is a gift from Lou Schiltz and Yoshihiro
Nakatani (39).

The glutathione S-transferase (GST)-p300 fusion proteins and histidine-
tagged p53 were synthesized in Escherichia coli and purified as previously de-
scribed (9). GST-p300 fusion expression vectors were kindly provided by Steven
R. Grossman and David M. Livingston. Induction of Hiss-AMF-1 expression in
S. cerevisiae was done as described previously (9). Yeast cell pellets were resus-
pended in a mixture of 20 mM Tris (pH 8.0), 400 mM NaCl, 1% Tween 20,
PMSF, leupeptin, and pepstatin and lysed by the glass bead method. The yeast
expression vector for Hiss-AMF-1 (YEplac112G6His:AMF-1) was constructed
by cloning the His-AMF-1 open reading frame into YEplac112G (9), placing the
Hiss-AMF-1 fusion under control of the GAL promoter.

Transcriptional activation. Transactivation assays with E2 were done essen-
tially as described elsewhere (9). All transfections included pSVB-gal, which was
used to standardize E2 activation values for transfection efficiency. C33A cells
were transfected with 100 ng of E2 expression construct pPCGE2B, pcDNALexA-
E2(1-216) (9), pCG16E2 (13), or pcDNALexA-16E2(1-208) along with 0, 250, or
1,000 ng of pCMVEI1AI12S (52). These transfections included 500 ng of the
E2-dependent reporter pE2-4SVluc or LexA-dependent reporter pDBLS, where
appropriate (9). VP16 AD fusions to the LexA DBD (pcDNALexAVP16; 100
ng) and the minimal E2 DBD (pCGVP16E2 125; 200 ng) were used to demon-
strate the specificity of E1A inhibition for E2. For AMF-1 and p300 stimulation
of E2-dependent transcription (Fig. 1), 500 ng of the E2-dependent reporter
pE2-4SVluc was cotransfected into C33A cells with or without 100 ng of E2
expression vector pCGE2B, 3 g of AMF-1 expression vector (9), and 0, 100, or
200 ng of p300 expression vector pPCMVp300NHA (14). Backbone pCG vector
was added to each sample to bring the total amount of cytomegalovirus promot-
er-containing DNA to 4 pg. At 48 h after transfection, the luciferase activities in
cell lysates were measured with the luciferase assay system (Promega) and
presented as the increase in activation over reporter alone.

Protein interaction assays. Human C33A cells stably expressing Hiss-AMF-1
or His,-B-galactosidase (B-Gal) were established by transfection of C33A cells
with pcDNA3.1/6H:AMF-1 or pcDNA3.1/6H:LacZ DNA. Transfected cells were
maintained in medium containing G418 (300 wg/ml; GIBCO/BRL) for 2 weeks,
and positive colonies were selected for expression of Hiss-AMF-1 or His,-B-Gal
by Western blotting. Transient expression of hemagglutinin epitope-tagged p300
(HA-p300) in C33A cells expressing His,-AMF-1 or Hisg-B-Gal was accom-
plished by transfecting HA-p300-expressing plasmid pCMVp300NHA and
harvesting cells 48 h after transfection. For coprecipitation of HA-p300 with
Hiss-AMF-1 or Hisg-B-Gal, the cell extract was adjusted to 40 mM imidazole.
Nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) were added in the presence
or absence of 10 mM EDTA. Binding was allowed to proceed for 2 h at 4°C.
Bound proteins were eluted with extraction buffer plus 250 mM imidazole.
Concentrated eluates were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) on a 6% gel and subjected to Western blotting
analysis using anti-p300 monoclonal antibody MAb RW128 (14, 15). For coim-
munoprecipitation of AMF-1 with p300, cell extract expressing His,-AMF-1 was
incubated with anti-HA MAb 12CAS5 (Boehringer Mannheim) or anti-HPV-16
EG6 ascites fluid. The immunocomplexes were pulled down with protein A-Sepha-
rose beads (PAS) (Pharmacia) and washed with lysis buffer. Proteins were re-
leased from PAS beads by boiling in SDS-PAGE sample buffer and Western
blotted with anti-AMF-1 serum.

For precipitation of proteins from Sf9 insect cell lysates, the cell lysates were
diluted 1:1 in a buffer containing 50 mM Tris (pH 8.0), 100 mM KCI, 0.1 mM
EDTA, 2 mM DTT, 0.2% NP-40, 0.1% nonfat milk, 2.5% glycerol, PMSF (100
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FIG. 1. p300 and AMF-1 additively stimulate BPV-1 E2 transcriptional ac-
tivation. An E2-dependent luciferase reporter was cotransfected into C33A cells
with or without vectors expressing BPV-1 E2, AMF-1, and p300 as indicated; 0,
100, or 200 ng of p300 expression vector was used when the effect of p300 was
evaluated. Two days after transfection, luciferase activities were measured and
are presented as the increase in activation over reporter alone. Each sample was
analyzed in triplicate, and standard deviations are shown. The experiments were
repeated several times with similar results.

png/ml), leupeptin (0.5 pg/ml), and pepstatin A (1 wg/ml) before addition of
antibody and PAS beads. The reactions were incubated at 4°C for 3 h. Beads
were collected afterwards and washed three times in 1 ml of LSAB buffer (100
mM Tris [pH 8], 100 mM NaCl, 1% NP-40, 2 mM DTT, 100 pg of PMSF per ml).
Proteins remained on beads were then analyzed by Western blotting using the
Super Signal Ultra chemiluminescent reagent (Pierce). GST pull-down experi-
ments were done as described elsewhere (9).

Acetylation analysis. For histone acetylation assays, immunopurified E2-p300
or AMF-1-p300 complexes were mixed with 500 ng of histones (Sigma) in a 30-ul
reaction buffer containing 50 mM Tris (pH 8.0), 10% glycerol, 0.1 mM EDTA,
1 mM DTT, PMSF (100 pg/ml), leupeptin (0.5 pg/ml), pepstatin A (1 wg/ml), 10
mM sodium butyrate, and 0.3 pl of [*Clacetyl coenzyme A (100 wCi/ml, 1.54
nmol/pl) and incubated for 30 min at 30°C followed by an additional 10 min on
ice. Histone proteins were resolved by SDS-PAGE on a 15% gel and quantitated
with a Bio-Rad GS-250 molecular imager.

Acetylation of p53, AMF-1, E2, and E1 by p300 was analyzed both in vivo and
in vitro. In vivo analysis was carried out by coinfection of Flag-p300-expressing
baculovirus with one or more of the baculoviruses expressing p53, AMF-1, E2, or
El to Sf9 cells. At 24 h after infection, 5 mM sodium butyrate and 5 pM
trichostatin A were added into culture medium. Cells were harvested at 40 h and
lysed as described for protein production in insect cells. Target proteins were
immunoprecipitated and Western blotted first with anti-acetyl-lysine antibody
(Upstate Biotechnology) and then with antibody against the corresponding pro-
tein. Between the two blottings, the polyvinylidene difluoride (PVDF) mem-
branes were incubated at 55°C for 30 min in Tris-buffered saline plus 0.1%
Tween 20 (TBST) with 1% SDS and 50 mM B-mercaptoethanol, washed in
TBST, and reblocked with 5% nonfat milk. In vitro acetylation was carried out
in a similar way except that p300 and other target proteins were made separately
in Sf9 cells, and cell lysates were combined in vitro followed by a 30-min incu-
bation at 30°C in the presence of 0.05 mM acetyl coenzyme A (Sigma) and 10
mM sodium butyrate, before immunoprecipitation.

RESULTS

p300 and AMF-1 stimulate transcriptional activation by
BPV-1 E2. Previously we demonstrated that a novel cellular
protein, AMF-1, interacted with an 82-amino-acid subdomain
of the BPV-1 E2 AD (9). Mutations in this region that abol-
ished E2 interaction with AMF-1 were found to be defective
for transcriptional activation, suggesting that AMF-1 is a co-
activator of E2-dependent transcription. It has been well es-
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FIG. 2. Adenovirus E1A inhibits E2-activated transcription. (A) The E2-dependent luciferase reporter was cotransfected into C33A cells in the presence or absence
of wild-type (BPV-1 or HPV-16) E2, or E2DBD-VP16AD fusion, and E1A expression vectors. Luciferase activities were measured 2 days after transfection and are
presented as the increase in activation over reporter alone; 250 and 1,000 ng of E1A expression vector were used. (B) The E2 AD confers sensitivity to E1A inhibition.
Conditions were as for panel A except that the luciferase reporter is LexA dependent, and transcriptional activators are fusions of the LexA DBD to the BPV-1 E2

AD (left), HPV-16 E2 AD (middle), and VP16 AD (right).

tablished that p300 is a transcriptional coactivator (29, 34). To
determine whether p300 is involved in the E2 transcription
activation pathway, an E2-dependent luciferase reporter was
transfected into human C33A cells with or without E2 and
p300 expression vectors. As shown in Fig. 1, exogenous expres-
sion of p300 stimulated transactivation by E2 ~ 2-fold. In other
studies, p300 was found to enhance p53 transactivation by a
similar magnitude (3, 34). Notably, coexpression of AMF-1
with p300 stimulated E2 transactivation approximately four-
fold (Fig. 1). Previously we showed that AMF-1 alone did not
stimulate the basal expression of this E2-dependent reporter
construct (9). The observations that AMF-1 and p300 stimu-
late E2 transactivation in an additive but not synergistic fash-
ion indicated that AMF-1 and p300 affect the same activation
pathway. Overexpression of p300 did not restore activity of two
transcriptionally inactive E2 mutants (9, 56), E2:W99C and
E2:W145R, which are unable to bind TFIIB and AMF-1, re-
spectively (data not shown).

Adenovirus E1A inhibits E2-activated transcription. The
functional significance of p300 recruitment for E2 transactiva-
tion was evaluated by determining whether activation by E2 is
inhibited by the adenovirus E1A 128§ protein (10, 23, 45). The
E1A protein binds p300 and inhibits both its acetylase activity
and coactivator functions through recruitment of RNA poly-
merase I (see references 10, 24, and 38 and references there-
in). In transient expression assays, E1A substantially inhibited
activation of an E2-dependent reporter by the BPV-1 E2 and
HPV-16 E2 proteins (Fig. 2A) but did not significantly affect

activation by E2DBD-VP16AD, a fusion of the E2 DBD do-
main to the VP16 AD (amino acids 410 to 490). We previously
found that AMF-1 does not interact with this VP16 AD frag-
ment, and the E2-VP16 fusion lacked the region of E2 that
interacts with AMF-1 (9). It has been reported that the VP16
does not interact directly with p300 (37). E1A mutations that
are defective for Rb binding showed partial inhibition of E2, as
did an N-terminal CR1 mutation that alters p300 association
(data not shown). It has been reported that another region of
E1A also interacts with p300 (10), and thus partial repression
may be due to residual p300 association. These results sug-
gested that p300 participates in E2 transactivation.

We also performed E1A inhibition experiments using fu-
sions of the BPV-1 and HPV-16 E2 ADs to the LexA DBD to
confirm that the inhibition by E1A did not require the E2
DBD. E1A inhibited transactivation of a LexA operator re-
porter by the fusions LexA-BPV-1-E2AD(1-216) and LexA-
16E2AD(1-208) but had little effect on activation by a LexA-
VP16AD fusion protein (Fig. 2B). The specificity of E1A
inhibition for the E2 AD implies that p300 recruitment func-
tions independently of the E2 DBD. Since the E2 AD func-
tionally interacts with both AMF-1 and p300, we then exam-
ined whether AMF-1 and p300 interact each other in vivo.

Coprecipitation of p300 with AMF-1 from C33A cells. Hu-
man C33A cervical carcinoma cells were modified to stably
express Hisq-B-Gal or His-AMF-1 (Fig. 3A). As shown by
quantitative Western blotting, only the Hiss-AMF-1 species
was detected in cells transfected with His,-AMF-1, with the
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FIG. 3. Coprecipitation of p300 with AMF-1. (A) Stable expression of Hisg-
B-Gal or His-AMF-1 in human C33A cells. Equal amounts of total cell protein
extracts from parental C33A (lanes 2 and 4), His,-B-Gal-expressing C33A (lane
1), and Hiss-AMF-1-expressing C33A (lane 3) cells were subjected to Western
blotting with either MAb against B-Gal (Boehringer Mannheim) (lanes 1 and 2)
or polyclonal rabbit sera against AMF-1 (lanes 3 and 4). (B) Human C33A cells
expressing Hisg-AMF-1 were transfected with pCMV-HA:p300 or vector alone;
48 h later, extracts were prepared and incubated with Ni-NTA resin in the
presence (lane 3) or absence (lanes 1 and 2) of 10 mM EDTA. After extensive
washing, His¢-AMF-1 was eluted and concentrated. Copurification of p300 with
Hiss-AMF-1 was probed by Western blotting with MAb RW128 (14, 15). Both
endogenous (lane 1) and HA-tagged (lane 2) p300 copurified with Hiss-AMF-1.
(C) The same cell extracts as in panel B were incubated with anti-HA (lanes 1
and 4) or anti-BPV-1 E6 (lanes 2 and 5, as negative controls) antiserum. Immu-
noprecipitates were resolved by SDS-PAGE and Western blotted with anti-
AMF-1 serum. Equal aliquots of each extract were run in the gel as an indication
of AMF-1 expression (lanes 3 and 6).

endogenous AMF-1 protein below the detection level of the
assay (Fig. 3A, lane 3). Endogenous AMF-1 could be easily
detected in the same amount of extract from the parental
C33A cell line (lane 4) and in His,-pB-Gal-expressing C33A
cells (data not shown). The level of Hisc-AMF-1 in the trans-
fected cells was similar to the level of endogenous AMF-1 in
the parental C33A cells, implying that the AMF-1 level is finely
modulated in vivo. Furthermore, BPV-1 E2 activated tran-
scription of an E2-dependent reporter efficiently in cells ex-
pressing His,-AMF-1 (data not shown), indicating that the
Hiss,-AMF-1 protein is able to carry out the function of endog-
enous AMF-1. For binding experiments, the Hiss-B-Gal and
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FIG. 4. In vitro complex formation of AMF-1 and E2 with p300. Sf9 cells
were infected by recombinant baculoviruses expressing each of the proteins,
harvested 48 h postinfection, and lysed as described in Materials and Methods.
Cell extract with (lane 3) or without (lane 2, from uninfected Sf9 cells) Flag-p300
was incubated with extract containing AMF-1, E2, or E1. Flag-p300 was immu-
noprecipitated with anti-Flag MAb M2 conjugated to Sepharose beads (Sigma).
After washing, the immunoprecipitates were analyzed by Western blotting with
rabbit polyclonal antibody against AMF-1 or E1 or MAb against E2. The heavy
chain of M2 (M2 HC) was detected by anti-mouse secondary antibody. Lane 1
shows 10% of input cell extracts containing AMF-1, E2, or EI.

Hiss,-AMF-1 proteins were quantitatively exhausted from cell
extracts by chelating to a Ni-NTA resin. After extensive wash-
ing, both His.-B-Gal and His,-AMF-1 proteins could be eluted
from the resin by imidazole (data not shown).

The stable expression cell lines were then transfected with a
p300 expression vector. The Hisg-AMF-1 in the cell extract was
bound to Ni-NTA resin, washed extensively, and eluted with
imidazole as shown in Fig. 3B. Both endogenous (lane 1) and
HA-tagged p300 (lane 2) were present in the eluate, indicating
that p300 copurified with the Hisg-AMF-1 protein. No p300
was detected when binding was performed in the presence of
10 mM EDTA (lane 3), which blocks binding of the His, tag
protein to the Ni-NTA resin (26). Nonspecific binding of p300
to the Ni-NTA resin in the absence of EDTA was ruled out by
the use of p300-transfected cell extract expressing His,-B-Gal.
His,-B-Gal was quantitatively recovered using the Ni-NTA
resin, but p300 was not detected in the eluate (data not shown).

The association of AMF-1 and p300 was confirmed in a
reciprocal assay. HA-tagged p300 was transfected into the
C33A cell line that expressed His,-AMF-1. His,-AMF-1 was
coimmunoprecipitated with HA-p300 using the anti-HA MAb
12CAS (Fig. 3C, lane 1, top gel). Hisc-AMF-1 was not precip-
itated from the same extract using a control antibody (Fig. 3C,
lane 2). Hisc-AMF-1 was also not detected in control immu-
noprecipitation reactions using the HA antibody and control
extracts prepared from His,-AMF-1 cells transfected with vec-
tor alone (Fig. 3C, lane 4, bottom gel). These experiments
demonstrated that AMF-1 and p300 exist in a complex in vivo.

In vitro complex formation of AMF-1 and E2 with p300. To
further explore the relationships between E2, AMF-1, and
p300, we produced these proteins in Sf9 cells using recombi-
nant baculoviruses. In these experiments, p300 had an amino-
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FIG. 5. Histone acetylation by AMF-1-p300 and E2-p300 complexes. Immu-
noprecipitation reactions were set up with or without Sf9 cell extracts containing
p300, E2, or AMF-1, as indicated. A minus sign represents equal amount of
extract from uninfected Sf9 cells. Protein complexes were immunoprecipitated
with either MAD against E2 or polyclonal antibody against AMF-1. Precipitates
were washed and added to histone acetylation reactions as described in Materials
and Methods. Histone proteins were resolved on an SDS-15% polyacrylamide
gel and analyzed with a Bio-Rad molecular imager.

terminal Flag tag that allowed its isolation from insect cell
extracts using the anti-Flag MAb M2 conjugated to Sepharose
beads. Cell extracts containing AMF-1, E2, or E1 were com-
bined with extract containing Flag-p300 (Fig. 4, lane 3). Im-
munoprecipitations with M2 antibody-coated beads consis-
tently pulled down AMF-1 and E2, but not BPV-1 El, in
complex with Flag-p300. Neither AMF-1 nor E2 was present in
M2 complexes from uninfected cell extract that did not contain
Flag-p300 (lane 2), indicating that the AMF-1-p300 and E2-
p300 interactions are specific. Immunoprecipitation of p300
was more efficient with AMF-1 than with E2 (Fig. 4). Typically,
approximately 30% of input AMF-1 could be coimmunopre-
cipitated with p300, while only 5% of input E2 was pulled down
with the same amount of Flag-p300 (Fig. 4). In experiments
using bacterially produced GST-p300 fusion and E2 proteins,
association of these proteins was marginally above background
levels (data not shown).

Histone acetylation by E2-p300 and AMF-1-p300 com-
plexes. E2 or AMF-1 complexes were collected from Sf9 cell
lysates, using an antibody against each protein. The activity of
p300 in the complexes was tested by a histone acetylation assay
(Fig. 5). Both E2 and AMF-1 immunoprecipitations showed
acetylase activity only when combined with extracts containing
p300 (lanes 3 and 7), not in the absence of p300 (lanes 1, 2, 5,
and 6). Immunoprecipitations using antibodies against AMF-1
resulted in more acetylase activity than immunoprecipitations
with antibody against E2 when incubated with equal amounts
of p300-containing cell extract (compare lanes 3 and 7). The
presence of AMF-1 in the immunoprecipitations with E2 and
p300 increased the acetylase activity about twofold (compare
lanes 3 and 4), indicating that AMF-1 enhanced the interaction
between E2 and p300.

AMF-1 interacts with the N-terminal portion of p300. In
vitro binding assays using GST-p300 fusions expressed in E.
coli and recombinant His,-AMF-1 purified from S. cerevisiae
were performed to determine if p300 and AMF-1 interacted
directly and to identify the domain on p300 that binds AMF-1.
In a GST pull-down assay, about 10% of the input His,-AMF-1
was bound to GST-p300(1-595), while none was retained by
GST alone or GST-p300(744-1571), GST-p300(1572-2414)
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FIG. 6. Direct interaction of AMF-1 with p300. GST or GST-p300 fusions
were incubated with His-AMF-1 or His-p53 and washed extensively. Bound
proteins were resolved by SDS-PAGE followed by Western blotting. (A) AMF-1
binds to the amino-terminal 595 amino acids of p300 but not GST alone or
GST-p300 fusions containing amino acid residues 744 to 1571 and 1572 to 2414.
(B) Comparison of p300 CHI1 domain (amino acids 300 to 528) binding by
AMF-1 and p53.

(Fig. 6A). Amino acids 1 to 595 of p300 include the CHI1
domain that binds p53 (20). To determine whether AMF-1 and
pS3 bind to the same region of p300, interaction between
His-AMF-1 and the CH1 domain of p300 [GST-p300(300-
528)] was examined. The results showed that AMF-1 binding
to the CH1 domain was weak, with only 1.9% of input bound
(Fig. 6B). A larger fusion [GST-p300(162-567)] bound AMF-1
more efficiently, retaining 8.4% of input (Fig. 6B). As ex-
pected, the two fusion proteins bound to p53 with similar
efficiencies [GST-p300(300-528), 31% input; GST-p300(162-
567), 38% input] (Fig. 6B). These results indicated that the
requirements for AMF-1 and p53 binding to the N terminus of
p300 are not identical. A similar situation was observed when
mdm?2 and p53 binding to this region of p300 was examined.
While mdm2 bound essentially to the CH1 domain, p53 bind-
ing to CH1 required additional residues (20).

Acetylation analysis of AMF-1, E2, and E1 by p300. The
preceding results suggested that histones are a potential target
for acetylation by the p300 complexes with AMF-1 and E2. To
determine whether AMF-1 or E2 can also be acetylated by
p300, Sf9 cell lysates containing each of p53, AMF-1, E2, and
E1 were mixed with cell lysates containing p300 in the presence
of acetyl coenzyme A and deacetylase inhibitors. After 30 min
of incubation at 30°C, target proteins (p53, AMF-1, E2, and
E1) were immunoprecipitated and analyzed for the presence
of acetyl-lysine by Western blotting. Neither AMF-1, E2, nor
E1 reacted with acetyl-lysine antibodies, while p53 showed
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FIG. 7. Acetylation analysis of p53, AMF-1, E2, and E1 by p300. In vitro
acetylation of p53, AMF-1, E2, and E1 was tested using Sf9 cell extracts con-
taining each of these proteins and extract containing p300. Cell extract contain-
ing p300 was mixed with lysate containing each of p53, AMF-1, E2, and E1 at
30°C for 30 min, in the presence of 0.05 mM acetyl coenzyme A and 10 mM
sodium butyrate. p53, AMF-1, E2, and E1 were then immunoprecipitated (IP) by
incubation with antibodies (Ab) against each protein. Inmunoprecipitates were
washed, resolved on an SDS-10% polyacrylamide gel, and transferred to PVDF
membranes. After Western blotting with antibody against acetyl-lysine, the
PVDF membranes were stripped and Western blotted with antibody against p53,
AMF-1, E2, or El. In each panel, results of anti-acetyl-lysine blotting are shown
at the top. Acetylation reactions were also performed by mixing AMF-1, E2, and
E1 cell extracts. In vivo acetylation assays were carried out by coinfecting Sf9
cells with baculovirus expressing p300 and one or more baculoviruses expressing
p53, AMF-1, E2, or El, as indicated; 24 h after infection, 5 mM sodium butyrate
and 5 uM trichostatin A were added to the cell culture medium. Cell extracts
were prepared 48 h postinfection. p53, AMF-1, E2, and E1 proteins were im-
munoprecipitated from 200 wl of cell extracts, followed by the same Western
blotting procedure as for in vitro assays.

strong acetyl-lysine reactivity after incubation with p300 (Fig.
7). To examine the effect of E2 on acetylation of AMF-1, cell
lysate containing E2 was added into the reaction when acety-
lation of AMF-1 was tested; vice versa, AMF-1 was added into
E2 acetylation reaction to test its effect on E2 acetylation. The
combination of E2 with AMF-1 and p300 did not lead to their
acetylation on lysine (Fig. 7). Similarly, E2 had no effect on
acetylation of E1 (Fig. 7). The acetylation was also performed
in vivo by coinfection of Sf9 cells with recombinant baculovirus
expressing p300 and one or more baculoviruses expressing p53,
AMF-1, E2, and E1. Target proteins (p53, AMF-1, E2, and E1)
were immunoprecipitated directly from cell lysates and tested
for acetyl-lysine by Western blotting. The results were similar
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to those of in vitro assays (data not shown). These data indi-
cated that AMF-1, E2, and E1 are probably not targets of p300
lysine acetylase activity.

DISCUSSION

We previously identified AMF-1/Gps2 as an E2-interacting
factor by a yeast two-hybrid screen. AMF-1 binds the E2 AD
and increases its transcriptional activity. E2 mutants that were
unable to bind AMF-1 were severely crippled for activation of
transcription and replication. We questioned whether AMF-1
affected a putative common step such as chromatin remodel-
ing, and by analogy with other transcriptional activators, we
suspected that E2 might interact with p300. While we observed
only weak interactions between E2 and p300, direct complex
formation between the AMF-1 and p300 proteins was more
efficient (Fig. 4). We attempted to show complex formation
between the endogenous AMF-1 and p300 in different cell
lines, but those experiments were not successful (data not
shown). It is possible that the endogenous AMF-1 bound to
p300 is below detectable amounts; AMF-1-p300 complex for-
mation may also be transient or result in a complex inaccessi-
ble to antibodies.

AMF-1 enhanced the interaction of E2 with p300, and over-
expression of both AMF-1 and p300 showed additive stimula-
tion of E2-dependent transcription (Fig. 1). Overexpression of
p300 did not increase the transcriptional activity of E2:
W145R, a mutant that is defective for AMF-1 binding (data
not shown). The sensitivity of BPV-1 E2 transactivation to
inhibition by adenovirus E1A and stimulation of E2 activation
by expression of exogenous p300 imply that p300 recruitment
plays a role in transcriptional activation by E2. The recruit-
ment of p300 in this fashion is likely a general property of
papillomavirus E2 proteins, because residues of the BPV-1 E2
AD critical for AMF-1 interaction are highly conserved in
other E2 proteins (9). We also demonstrated direct interaction
of AMF-1 with HPV E2 proteins using GST pull-down and
mammalian two-hybrid assays (unpublished data).

The AMF-1 interaction has been mapped to residues 162 to
567 of p300 (Fig. 6). This region of p300 also participates in
both direct and mdm?2-mediated interactions with p53 (20) and
plays an important role in regulating turnover of p53 (20). A
GST-p300 fusion protein [GST:p300(300-528)] containing the
CH1 region bound p53 with high avidity but interacted weakly
with AMF-1, indicating that AMF-1 and p53 interaction do-
mains on p300 are not identical (Fig. 6). While the CH1 do-
main may play a role in AMF-1-p300 interaction, additional
residues appear to be required for efficient binding. These
results suggest that AMF-1 may regulate p53 through p300.
We have observed that AMF-1 significantly stimulates the ac-
tivity of p53 (unpublished data).

The dual nature of the p53-p300 interaction prompted us to
search for direct interaction of BPV-1 E2 with p300. Our initial
attempts to detect E2-p300 complexes in extracts prepared
from p300- and E2-transfected C33A cells failed, suggesting
that direct E2-p300 interaction is not sufficient for p300 re-
cruitment (data not shown). However, weak binding of E2 to
p300 could be detected using recombinant E2 and p300 pro-
teins produced in insect cells (Fig. 4). We cannot exclude the
possibility that E2 protein association with Flag-p300 is indi-
rect. Histone acetylation experiments also showed that anti-
body against E2 could immunoprecipitate acetylase activity
from cell extract containing both E2 and p300 proteins but not
from cell extract containing E2 or p300 alone (Fig. 5). We
hypothesize that AMF-1 binds p300 and enhances its normally
weak interaction with E2. Currently we are screening our E2
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mutations for the ability to bind recombinant p300 and testing
whether these overlap with the AMF-1 binding domain.

Genetic evidence indicates that recruitment of RNA poly-
merase II by the interaction of AMF-1 with p300 would be
necessary but not sufficient for transcriptional activation by E2.
For example, a TFIIB binding domain has been mapped to a
region of the E2 AD distinct from the AMF-1 binding domain,
and TFIIB binding-defective mutants within this domain were
identified (56). These TFIIB binding-defective mutants were
unable to activate transcription but retained the ability to as-
sociate with AMF-1, suggesting that TFIIB binding, as well as
AMF-1 binding, is necessary for transcriptional activation (un-
published data). Nakajima et al. also found a dual requirement
for CREB: activation of transcription requires both recruit-
ment of the RNA polymerase II through interactions of the
CREB KIX domain with CBP and recruitment of TFIID by
the glutamine-rich Q2 domain of CREB by interaction with
human TAFII 130 (38). These authors also found that CREB
activation and recruitment of RNA polymerase II by CBP was
inhibited by E1A. The inhibition of RNA polymerase II re-
cruitment by p300/CBP might also explain the sensitivity of E2
transactivation to E1A.

E1A has been recently found to inhibit the acetyltransferase
activity of p300/CBP as well as recruitment of RNA polymer-
ase II (10, 24). Recruitment of histone acetylase activity (4, 39)
by AMF-1 could result in modification of the chromatin struc-
ture and promote formation of transcription and replication
initiation complexes. Although we could not find any report
showing that the HAT activity of p300/CBP is required for
DNA replication, it was recently demonstrated that histone
acetyltransferase HBO1 interacts with the ORC1 subunit of
the human DNA replication initiator protein (28). E2 targets
the papillomavirus E1 DNA helicase to the origin of replica-
tion, which contains E2 binding sites. The phenotype of the
AMF-1 binding-defective mutants (9) is consistent with a de-
fect in the recruitment of histone acetylase activity that results
in an inability to modulate chromatin remodeling. It will be of
interest to see if p300 and CBP are directly involved in papil-
lomavirus DNA replication.

Our results showed that fusions of the BPV-1 and HPV-16
E2 ADs to the LexA DBD retain sensitivity to inhibition by
E1A (Fig. 2), suggesting that the mechanism by which p300
influences E2 transcriptional activation is independent of the
E2 DBD. Acetylation of p53 and GATA-1 by p300/CBP has
been found to modulate the function of these transcription
factors at the level of DNA binding (22, 35, 42). The DNA
binding activity of p53 is regulated in vivo via acetylation by
p300/CBP and P/CAF in response to DNA damage (42). Acet-
ylation of human immunodeficiency virus type 1 Tat by p300 or
P/CAF at two lysine residues (Lys50 and Lys28) regulates its
activities in transcription, binding to an RNA polymerase II
C-terminal domain (CTD) kinase and release from trans-acti-
vation response region (TAR) RNA (31). It is unlikely that
p300 regulates the E2 DNA binding domain in an analogous
manner, as we showed that p300 stimulated the chimera of the
E2 AD to the LexA DBD. Furthermore, acetylation experi-
ments with antibody against acetyl-lysine failed to show acet-
ylation of AMF-1, E2, and E1 by p300 (Fig. 7). However, we
cannot exclude the possibility that these proteins are acety-
lated, perhaps on another amino acid, in vivo. Further exper-
iments are necessary to find out what properties of E2 may be
affected upon binding to p300 and AMF-1.
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