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FIG. 6. Specificity of p300 binding to F593, H2TF1, and SV40 probes. A series of 32P-labeled double-stranded oligonucleotides was

screened for p300 binding as described in Materials and Methods. Reaction mixtures in odd-numbered lanes contained 10-12 M BSA in place
of an equimolar amount of p300. The oligonucleotides screened represented random sequence (RAN; lanes 1 and 2), the SV40 motif (SV40;
lanes 3 and 4), the H2TF1 motif (H2TF1; lanes 5 and 6), F593 (lanes 7 and 8), a double point mutant of the H2TF1 motif (H2TF1 DM; lanes
9 and 10), an E2F consensus motif (E2F; lanes 11 and 12), an AP-1 consensus motif (AP-1; lanes 13 and 14), and an HSP70 G+C-rich region
(70GC; lanes 15 and 16). Separated proteins were visualized by silver staining (A) followed by autoradiography (B).

is present in the various viral and tissue-specific enhancers
known to be responsive to ElA regulation. Viral enhancers
within the SV40 (8, 67), polyomavirus (8, 26, 66), and HIV
(69) genomes are very sensitive to repression by Ad5 ElA,
as are the tissue-specific enhancers directing expression of
the genes encoding immunoglobulin heavy chain and kappa
light chain (25), insulin (60), troponin 1 (15), and cytochrome
P-450c (58).
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Motifs structurally and functionally related to the H2TF1
and NF-KB motifs have been demonstrated in the kappa
light-chain enhancer (4, 55), the SV40 enhancer (46), and the
HIV long terminal repeat (44). Moreover, the NF-KB binding
site-related motifs in the HIV long terminal repeat appear to
be the actual targets for ElA-mediated repression (69). The
ElA upstream sequences also contain enhancer elements
(24) that are subject to autorepression (13). ElA enhancer
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FIG. 7. Specific affinity of p300 for the H2TF1 motif. A 32P-labeled H2TF1 motif DNA fragment was cross-linked with 10-12 M p300 as
described in Materials and Methods. Reactions applied to the gel differed as follows: lane 1, no protein; lane 2, 10-12 M BSA in place of p300;
lane 3, 10-12 M BSA in addition to p300; lane 4, no competitor DNA; and lanes 5 to 16, 1-, 5-, 25-, and 125-fold excesses of nonlabeled random
sequence (RAN; lanes 5 to 8), H2TF1 motif DNA (H2TF1; lanes 9 to 12), or the double point mutant H2TF1 motif (H2TF1 DM; lanes 13
to 16). Separated proteins were visualized by silver staining (A) followed by autoradiography (B).
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activity is dependent on a duplicated element that is con-
scrved among the ElA genes of different adenovirus scro-
types (24, 63). An 8-bp consensus sequence for this element,
derived from inspection of the enhancers in different sero-
types, has the sequence 5'-GGAAGTGA-3'. This sequence
is closcly related to the p300 consensus recognition site,
GGGAGTG (identical nucleotides are underlined). Inspec-
tion of othcr EIA-responsive enhancers reveals sequences
similar in some degree to the NF-KB motif, but the role of
specific sequences in these enhancers has not been studied in
as much detail.

It is also notable that the EIA products of the highly
oncogenic adenovirus serotype, Adl2, strongly repress
exprcssion of major histocompatibility complex class I genes
(19, 54) such as the H-2K" gene, whose enhancer contains
the prototype of the H2TF1 binding site element. Ad12
ElA-mediated repression of H-2K" also appears to be de-
pcndent on N-terminal EIA sequences and to be mediated,
at least in part, through the H2TF1 binding motif (34).
However, it is not yet known whether Ad12 EIA interacts
with p300.

Relationship between p300 and other enhancer-binding
proteins with specific affinity for the H2TF1 motif. Another
significant question that arises is whether any degree of
relationship exists between p300 and the various other
enhancer-binding proteins that have demonstrated affinity
for H2TF1 binding site-related motifs. There have been
many reports about H2TF1 motif-binding proteins. Those in
a size range of about 50 to 100 kDa include H2TF1 (3, 4),
NF-KB (4, 55, 56), KBF1 (29, 76), TCIIB (46), and EBP-1
(12). At least some of these appear to be distinct gene
products, as judged by their tissue distribution and relative
affinities for their respective binding sites. Another group is
composed of large-molecular-weight proteins. PRDII-BF1
(17), cloned from human osteosarcoma cells on the basis of
its affinity to an H2TF1 site-related clement in the beta
interferon enhancer (Table 1), has been sequenced in its
entirety and found to encode a protein of 298 kDa. B-cell
libraries, probed with the H2TF1 binding site or related HIV
enhancer elements, yielded partial cDNA clones designated
MBP-1 (2, 57) and HIV-EP1 (40), respectively, which are
identical to PRDII-BF1. A mouse lens cell library, probed
with sequences derived from the cxA-crystallin enhancer,
yielded oxA-CRYBPI, the murine homolog of PRDII-BF1
(45). A rat thyroid library probed with sequences derived
from the cx1-antitrypsin enhancer yielded AT-BP1 and AT-
BP2 (42). AT-BP2 appears to be the rat homolog of PRDII-
BFI, while AT-BP1 appears to be a related, but distinct,
gene product. A clone identical to AT-BP1 was obtained
from a rat liver library probed with an H2TF1 site-related
element (APRE; Table 1) in the angiotensinogen promoter
and designated AGIE-BP1 (52). Antiserum to AGIE-BP1
detects a major protein species of approximately 300 kDa.
Thus, therc are at least two distinct enhancer-binding pro-
teins in the 300-kDa range that show specific affinity for
enhancer motifs related to the H2TF1 element, suggesting
that there may be a family of such proteins.
The two distinct 300-kDa products represented by PRDII-

BF and AGIE-BP1 arc either growth regulated or some-
what tissue specific in their expression (2, 17, 42, 52) in
patterns that p300 does not appear to share (reference 75 and
additional data not published). Moreover, we have deter-
mined that p300 does not comigrate with the approximately
300-kDa species immunoprecipitated by antiserum raised
against AGIE-BP1 (52) or PRDII-BF1 (17) (data not shown).
Thus, p300 is not identical to either of these proteins,

although it is possible that their DNA-binding regions are
related.

Interestingly, AT-BP1 and AT-BP2, which are believed to
be identical to the two distinct 300-kDa proteins cloned on
the basis of strong affinity to the H2TF1 binding site or
closely related motifs, were cloned on the basis of specific
binding to an cxl-antitrypsin enhancer probe which contains
no sequence motifs directly homologous to the H2TF1 or
APRE enhancer elements, although a potentially related site
has been proposed (42). Whether or not this proposed site is
the actual binding site for AT-BP1 and/or AT-BP2, it seems
likely that DNA-binding proteins in this group can bind to a
wider diversity of sequences than is represented by the
motifs so far recognized as specifically related to the H2TF1
binding site. Similar considerations might apply to p300. The
limited p300 binding site consensus obtained from the sen-
sitive PCR selection technique (Fig. 3) may be a very
stringent reflection of preferred sequences. It is clear that the
F593 clone represents a preferred binding site for p300. Not
only does it bind p300 with higher efficiency than do random
sequences, it binds with higher efficiency than does the
H2TF1 DM sequence. The ability of p300 to discriminate
between the H2TF1 DM sequence and preferred binding
sites (Fig. 6 and 7) argues strongly that the ability of p300 to
bind known enhancer motifs is biologically relevant.

Does the EIA N-terminal activity repress at multiple ele-
ments? The affinity of p300 for known enhancer motifs
related to the NF-KB binding site suggests strongly that
transcription complexes at these sites are specific targets of
the EIA N-terminally-mediated enhancer repression func-
tion. Previously, it has been suggested that ElA repression
does not have specific DNA sequence targets because ElA
can exert repressive effects at multiple different elements.
For example, Enkemann et al. (15) found that ElA represses
the expression of reporter genes controlled by several dif-
ferent muscle-specific regulatory elements. In addition,
Rochette-Egly et al. (51) tested separately the several differ-
ent proto-enhancers within the SV40 enhancer and found
that EIA could repress each of them, including that which
contains the NF-KB-related motif. Thus, there is fairly direct
evidence that the ElA products can repress enhancer-
mediated transcription dependent on this element, but ElA
can apparently also repress transcription dependent on other
elements. EIA has also been shown to repress expression of
several cellular genes in which the target of repression
(enhancer or promoter) was not identified (15, 61, 62, 64, 65,
71, 77).

Several possibilities may explain these observations. In
some cases, the repression observed may be a secondary
effect, resulting from repression of a product dependent for
its expression on a p300 binding motif. It is also possible that
p300 binds to additional enhancer motifs since its consensus
sequence is more limited than is that of the NF-KB-related
motifs. For example, the GT-I (GGGTGTGG) and GT-IIC
(GTGGAATGT) enhansons in SV40 (51) show considerable
similarity to the p300 consensus. It has been suggested that
the NF-KB site actually consists of two half sites (78), each
of which can be bound by an NF-KB molecule. In some
analogous way, p300 may combine with other factors to
promote transcription at multiple elements. Indeed, a factor
with such properties would be a likely target for ElA. It is
also possible that EIA interacts with other enhancer-related
products in addition to p300; there are observed EIA-
associated proteins that have not yet been characterized,
and EIA may well exert repressive effects through several
mechanisms. Regardless of these speculations, the clear
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affinity of p300 for identified elements found in both tissue-
specific and viral enhancers correlates strikingly with the
pattern of enhancer repression observed in ElA studies. Our
results suggest strongly that an important component of the
ElA transcription repression function is directed, through
p300, at specific enhancer elements.

Possible mechanisms of action. It will be important to
determine whether ElA association with p300 interferes
directly with p300 DNA binding. The DNA-binding activity
of p300 on DNA-cellulose columns is not obviously different
in 293 cell extracts compared with HeLa cell extracts, so no
changes in p300 activity are yet associated with EIA expres-
sion. It is possible that ElA affects different aspects of p300
function, such as potential associations between p300 and as
yet unidentified cellular factors. Such a possibility is prece-
dented by the manner in which the ElA products affect E2F
transcription factor complexes and the increasing recogni-
tion of multicomponent transcriptional complexes (for a
review, see reference 31). Immunoprecipitations with rabbit
polyclonal antiserum raised against p300 show several other
proteins in addition to p300 which may be p300-associated
products (75). We have begun to characterize a number of
these, and it is possible that these proteins include factors
that can interact with p300 to modulate its activity.

It has been known for some time that conserved region 3
of ElA is involved in transcriptional activation. With the
recent demonstration that ElA region 2 alters the composi-
tion of cellular E2F-related transcription factor complexes, it
has become clear that at least one of the two transforming
domains of EIA also targets transcription factors. The
present demonstration that p300 has enhancer site binding
activity makes it reasonable to postulate that p300 is also
involved in transcriptional regulation and suggests as a
general model that each of the ElA active sites may have
evolved to alter the activity of specific sets of cellular
transcription factors. It has already been suggested (60) that
an activity selectively capable of repressing tissue-specific
gene expression and cellular differentiation may be advanta-
geous for the ability of ElA to induce host cell proliferative
functions. To this end, ElA region 2 may serve primarily to
activate latent cell growth potential while the N-terminal
active site represses the program signalling terminal differ-
entiation and the cessation of cell growth.
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