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Transcription coactivator CBP has direct DNA binding activity
and stimulates transcription factor DNA binding through small domains
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Abstract

CBP and p300 are transcriptional coactivators that physically interact with diverse sequence-specific DNA-binding factors
through conserved domains. To further investigate the functional roles of these protein-interaction domains in CBP/p300 regulation,
we have identified multiple domains of CBP that interact with FKLF2 and the CH2 domain as a new p53 interacting domain of
CBP. Functional studies demonstrate that several domains of CBP are capable of stimulating FKLF2 and p53 DNA binding. In
addition, we found that CBP through distinct domain is able to bind DNA directly with no specificity. We identified a 51-residue
domain in CBP that is capable of interacting with both transcription factors and DNA. We named this domain PDBD for protein
and DNA binding domain. These results unveiled two novel activities of CBP. First, these highly conserved domains of CBP not
only function to recruit CBP to the target promoter through interaction with DNA-bound transcription factors, but they also
actively regulate the DNA binding activity of their interacting factors. Second, by directly interacting with DNA, CBP may or-
chestrate the formation of stable and promoter-committed transcriptional complexes through interactions with both proteins and

promoter DNA. © 2002 Elsevier Science (USA). All rights reserved.

Keywords: CBP; DNA binding; Functional domain; Protein interaction; p53; FKLF2

CREB binding protein (CBP) and p300, first isolated
as proteins that interact with CREB and adenoviral on-
coprotein E1A proteins [1,2], are large multifunctional
proteins that regulate many cellular functions including
cell growth, development, and transformation [3,4]. Both
proteins function as transcriptional coactivators for a
large number of transcription activators [5,6]. Currently,
it is suggested that CBP/p300 coactivators are recruited
to the target gene promoters through protein—protein
interactions with sequence-specific DNA binding tran-
scriptional activators. At the target gene promoter, they
regulate transcription by several mechanisms. First, as
CBP/p300 have been shown to interact with both pro-
moter-bound transcriptional activators and general
transcription factors, they may function as bridging
molecules to mediate the interaction between upstream
DNA-bound transcriptional activators and the basal
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transcription machinery [7,8]. Second, CBP/p300 are
huge molecules that contain multiple protein—protein
interaction domains and are capable of interacting with
diverse proteins including coactivators, activators, and
general transcription factors. They may function as a
scaffold for the formation of transcriptional complex [8].
Third, CBP/p300 have intrinsic acetyltransferase activity
[9,10] and are able to interact with other acetyltransfe-
rases including PCAF [11], SRC-1 [12,13], and ACTR
[14]. The acetylation of histones by these acetylases has
been associated with transcriptional activity [15-19]. In
addition to histones, these acetylases also acetylate a
large number of transcription factors. The acetylation of
transcription factors has been shown to regulate their
transcriptional activity at multiple levels [20].

The multiple functions of CBP/p300 reside in their
distinct domains. Except for the acetyltransferase do-
main, however, the only function identified for the other
domains of CBP/p300 is to mediate multiple protein—
protein interactions. Whether these domains have other
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regulatory functions remains unknown. In this study, we
carried out detailed protein—protein interaction and
functional studies on the CBP domains. We found that
multiple domains of CBP interact with FKLF2, a
member of the Spl/KLF family of transcription factors
[21]. In addition, we identified CH2 as a new p53 in-
teracting domain in CBP. DNA binding assays using
these CBP domains with FKLF2 or p53 revealed two
novel functions of the CBP domains. First, we found
that in addition to mediating protein interaction with
FKLF2 and p53, the TAZI, CH2, and TAZ2 domains
of CBP also stimulated FKLF2 and p53 DNA binding
activity. Second, we identified a domain of 51 residues in
CBP that has direct DNA binding activity. Since this
domain also interacts with FKLF2, we named this do-
main protein and DNA binding domain (PDBD). These
results suggest that these CBP domains not only func-
tion to recruit CBP to the target promoters through
protein—protein interactions with sequence-specific
DNA binding factors, but they also actively regulate the
DNA binding activity of DNA binding activators and
make direct interactions with the promoter DNA.

Materials and methods

Plasmids. Plasmids for expression of Myc-tagged FKLF2 and Flag-
tagged p53 in mammalian cells were constructed by inserting the am-
plified coding sequences for FKLF2 and p53 into mammalian ex-
pression vectors. GST-FKLF2 fusion proteins were constructed by
inserting the PCR fragment containing amino acid sequences from 149
to 289 into pGEX-4T-1 (Pharmacia). GST fusion proteins containing
different CBP domains were constructed by inserting the respective
CBP sequences into pGEX-4T-1. GST p53 containing the full-length
p53 was constructed by inserting the full-length p53 sequence into
pGEX-4T-1.

Electrophoretic mobility shift assay. EMSA was carried out as
described [22]. The sequences of the oligonucleotide probes for EMSA
assays are: FKLF2 binding site from the human vy globin promoter:
5-GCTAAACTCCACCCATGGGTTGG-3'; p53 binding site from
GADD45 promoter: 5-TACAGAACATGTCTAAGCATGCTGG
GG-3' [23]; E2F-1 binding site from DHFR promoter: 5-ATTTAAG
ATTTCCCGCCTTTTCTCAA-3' [24]; consensus GATA-1 binding
site: 5'-CACTTGATAACAGAAAGTGATAACTCT-3'; consensus
NFE2 binding site: 5-TGGGGAACCTGTGCTGAGTCACTGG
AG-3'; and consensus Spl binding site: - ATTCGATCGGGGCGG
GGCGAGC-3'.

Cell extracts and protein purification. Whole cell extracts from COS
cells were prepared as described [22]. GST fusion proteins were purified
as described [22]. The concentration and purity of the fusion proteins
were determined by SDS-PAGE and Coomassie blue staining using
bovine serum albumin as a standard.

Protein—protein interaction assays. GST pull-down assays were
carried out by incubating whole cell extracts from COS cell expressing
Myc-tagged FKLF2 or Flag-tagged p53 with 1pg of GST fusion
proteins containing different domains of CBP immobilized on gluta-
thione—agarose beads in a binding buffer containing 20 mM Tris-HCl
(pH 7.9), 10% glycerol, 100mM KCl, SmM MgCl,, 0.5mM EGTA,
0.5mM EDTA, 2mM DTT, and 0.2% IGEPAL-CA-630 with protease
inhibitors. The binding mixture was incubated at room temperature
for 2 h with gentle mixing. Beads were collected by centrifugation and
washed four times with 500 pul of binding buffer each. After being

re-suspended in SDS sample buffer and boiled for 5min, proteins were
separated on 10% SDS-PAGE and transferred to nitrocellulose
membrane. Myc-tagged FKLF2 and Flag-tagged p53 proteins were
detected using anti-Myc 9E10 (Santa Cruz Biotechnology) and anti-
Flag M2 (Sigma) monoclonal antibodies, respectively, and Chemilu-
minescence (ECL, Amersham Pharmacia Biotech).

Results and discussion

FKLF2 and p53 interact with CBP through multiple
domains

We have found that the acetyltransferase activity of
CBP/p300 is not required for stimulation of the DNA
binding and transcription activity of FKLF2 [22]. This
result suggests that CBP/p300 may function as coacti-
vators for FKLF2 through protein—protein interaction
rather than acetylation. CBP/p300 interacts with diverse
transcriptional activators through several highly con-
served domains (Fig. 1A) including the KIX domain
[25], IBiD domain [26], and three putative zinc finger
domains termed CH1 (TAZ1), CH2 (PHD), and CH3
(ZZ and TAZ2) [27,28]. We have found that FKLF2
interacts with CBP sequences from 1680 to 1891, which
contains the CH3 (ZZ and TAZ2) domain [22]. Further
detailed mapping revealed that FKLF2 interacts with
the ZZ and TAZ2 domains individually (Fig. 1B). Since
TAZ1 and TAZ2 are very similar in sequence and
structure, and CBP/p300 has been shown to interact
with a large number of factors through multiple do-
mains, we decided to determine whether FKLF2 also
interacts with TAZ1 as well as other domains of CBP.
We examined the binding of FKLF?2 to a series of CBP
sequences fused to glutathione S-transferase (GST) (Fig.
1D). These assays revealed that FKLF2 interacts with
multiple conserved domains of CBP including the
TAZI1, CH2, ZZ, and TAZ2 domains. In addition to
these known protein interaction domains, CBP se-
quences from amino acid residues 1800 to 1891 are also
able to bind FKLF2 (Fig. 1B). This region contains the
carboxyl terminal half of the TAZ2 domain (residues
1800-1850), which by itself is insufficient for FKLF2
binding (Fig. 1B, lane 9). Further detailed analyses of
this region identified a 51 residue PDBD domain that is
sufficient for FKLF?2 interaction (shown below). Several
domains of CBP have been shown to interact with p53
including the TAZ1 (CHI1), CH3, and a region in the
C-terminus [29]. The DNA binding and transcriptional
activities of p53 have been reported to be regulated by
CBP/p300 [23,30,31]. By using a acetylase defective
mutant of CBP (L1690K/C1691L), we have found that
the acetylase activity of CBP is not required for stimu-
lation of p53 DNA binding (unpublished data). We,
therefore, examined the interaction between CBP and
p53 in detail with the CBP domains that we have used in
the FKLF?2 interaction assay (Fig. 1D). Consistent with
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Fig. 1. CBP interacts with FKLF2 and p53 through distinct domains. (A) The schematic representation of CBP domain structure. FKLF2 and p53
interacting domains of CBP are indicated as oval and rectangle. (B) GST pull-down assays were carried out by incubating 1 pl of whole cell extracts
prepared from COS cells expressing Myc-tagged FKLF2 protein with 1 pg of purified GST-CBP fusion proteins immobilized on glutathione-agarose
beads as indicated. The presence of FKLF2 was detected by immunoblotting using anti-Myc 9E10 monoclonal antibody and chemiluminescence. (C)
GST pull-down assays were carried out by incubating 1 pl of whole cell extracts prepared from COS cells expressing Flag-tagged FKLF2 protein with
1 pg of purified GST-CBP fusion proteins immobilized on glutathione-agarose beads as indicated. The presence of p53 was detected by immuno-
blotting using anti-Flag M2 monoclonal antibody and chemiluminescence. (D) Coomassie blue staining of the GST-CBP fusion proteins was used in

the assay. The full-length proteins are marked by an asterisk.

a previous report [32], p53 interacts with the TAZI
domain of CBP (Fig. 1C). The CH3 domain has been
shown to interact with p53 [33]. Further detailed map-
ping found that p53 interacts with the ZZ domain and
the C-terminal half of TAZ2 within the CH3 domain
(Fig. 1C). In addition, the CH2 domain was also found
to interact with p53. Although both FKLF2 and p53
interacted with the TAZ1, CH2, ZZ, and TAZ2 domains
of CBP, some differences in their interaction with CBP
domains are also found. For example, the entire TAZ2
domain is required for FKLF?2 interaction, whereas p53
is able to interact with the C-terminal half of TAZ2. The
C-terminal portion of CBP (residues 1990-2442) inter-
acted with p53 [23] but not with FKLF2 [22]. The result
that the C-terminal half of the TAZ2 domain of CBP
(residues 1800-1850) but not that of the N-terminal half
(residues 1750-1800) interacts with p53 is in agreement
with the results from structural studies on TAZ2 and
p53 interaction. The peptide of the N-terminal tran-
scriptional activation domain of p53 interacted with one
face of the CBP TAZ2 domain through several residues
located in the C-terminal portion of TAZ2 including
lys1798, Vall819, GInl1822, Leul823, and Leul826,
probably having direct hydrogen interaction with the
GIn1822 residue [34]. Our result that residues 1800-1850
are sufficient for p53 interaction suggests that lys1798 is
not required for CBP interaction with full-length p53. In

summary, we found that in addition to previously
identified domains including TAZI1, ZZ, and TAZ?2, the
CH2 domain of CBP also interacts with p53 and CBP
interacts with the C-terminal portion of the TAZ2
domain.

Small domains of CBP stimulate FKLF2 and p53 DNA
binding activity by direct protein—protein interaction

Current models suggest that the primary function of
the conserved domains of CBP/p300, with the exception
of the acetyltransferase domain, is to mediate protein—
protein interactions with sequence-specific DNA-binding
transcription activators, chromatin, cofactors, and the
general transcription machinery. It is unknown whether
these protein interaction domains have additional regu-
latory functions. The result that CBP acetylase activity is
dispensable for stimulation of FKLF2 DNA binding
indicates that the stimulation may be mediated solely by
physical interaction between FKLF2 and CBP [22]. To
test this possibility and determine whether other con-
served domains are able to stimulate FKLF2 DNA
binding, we carried out EMSA assays using purified GST
fusion proteins containing the CBP domains shown in
Figs. 1D and 2C. These assays revealed that the TAZ1,
CH2, ZZ, and TAZ2 domains stimulated FKLF2 DNA
binding activity, whereas the KIX and Bromo domains
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Fig. 2. Stimulation of FKLF2 and p53 DNA binding by the conserved domains of CBP. (A) EMSA assays were carried out using purified GST—
FKLF2 (149-289) containing the basic and zinc finger DNA binding domains of FKLF2 and GST full-length p53 in the presence or absence of
purified GST-CBP domains as indicated. To be sure that each lane received the same amount of recombinant FKLF2 or p53, FKLF2 or p53 was
added to a master reaction mixture and aliquots were used in each EMSA reaction. (B) Quantitative EMSA assay was carried out using higher
amount of FKLF2 and increasing amount of CBP domains to observe the formation of CBP domains and FKLF2 supershift complex. SS: su-
pershift; S: shift. (C) Coomassie blue staining of the GST-CBP fusion proteins used in the assay. The full-length proteins are marked by an asterisk.

showed minimal effects (Fig. 2A). To establish the gen-
erality of the observation that the domains of CBP ac-
tively regulate the DNA binding activity of their
interacting proteins, we wanted to test the effect of these
CBP domains on the DNA binding activity of other
factors. As purified CBP acetylase domain that contains
point mutations (L160K/C161L) and is defective in
acetyltransferase activity stimulated p53 DNA binding
activity as well as the wild-type acetyltransferase domain
(data not shown), we examined the effect of these do-
mains on p53 DNA binding. EMSA assays showed that
the TAZI1, CH2, and TAZ2 domains also stimulated p53
DNA binding. The ability of the TAZ1, CH2, and TAZ2
domains to stimulate FKLF2 or p53 DNA binding cor-
related with their ability to interact with FKLF2 or p53
except for the ZZ domain of CBP, which showed strong
binding to both FKLF2 and p53 but weak or no stimu-
lation of FKLF2 and p53 DNA binding, respectively.
Since the same amount of purified proteins containing
different CBP domains was used in the EMSA assays, the
differences in their ability to stimulate FKLF2 and p53
DNA binding is not due to a difference in their amounts
used in the assay. The inability of the KIX, Bromo, and
77 domains to stimulate FKLF2 and p53 DNA binding
is also not due to their inactivation during purification.
These domains are purified at the same time and different
batches of preparations gave the same results. In addi-
tion, the ZZ domain is active in FKLF2 and p53 binding
but not in stimulation of their DNA binding. The ability

of the ZZ domain to interact with both FKLF2 and p53
also indicate that the interaction with FKLF2 and p53 by
itself in not sufficient to stimulate their DNA binding.
Purified recombinant FKLF2 is not latent in DNA
binding activity. Our previous quantitative EMSA assay
has shown that CBP acts by stimulating its DNA binding
activity but not by converting it from an inactive form to
an active form [22]. The EMSA assay shown in Fig. 2A
was carried out using a lower amount of FKLF2 to see
maximum stimulation by CBP domains. Under this assay
condition, the formation of super-shifted complexes
containing both FKLF2 and CBP domains was not ob-
served. This may be due to the instability of the complex
under this EMSA assay condition. We have shown that
the CBPHAT domain stimulated FKLF2 DNA binding
independent of its HAT activity [22]. The super-shifted
complexes containing CBPHAT and FKLF2 can only be
observed under EMSA condition in which higher
amounts of both CBPHAT domain and FKLF2 proteins
were used (data not shown). We, therefore, carried out
quantitative EMSA assays using increasing amounts of
CBP domains and a fixed and higher amount of FKLF2
to detect the formation of super-shifted complexes of
FKLF2 and CBP domains. Under this condition,
FKLF2 showed significant DNA binding by itself (Fig.
2B, lane 2). The addition of CBP domains under this
condition resulted in the formation of dose-dependent
super-shifts (Fig. 2B). The formation of the super-shift
correlates with the ability of these CBP domains to
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interact with FKLF2 in protein—protein interaction assay
(Fig. 1B). The only exception is the ZZ domain that in-
teracts with FKLF2 under protein—protein interaction
assay, but stimulated FKLF2 DNA binding weakly (Fig.
2A), and produced no supershift under this EMSA con-
dition (Fig. 2B, lanes 15-17). In conclusion, these results
demonstrate that by interacting with sequence-specific
DNA binding transcription factors, domains of CBP not
only function to bring CBP to the target promoters, but
they also actively regulate the DNA binding activity of
their interacting factors.

CBP binds DNA directly through a small domain

After finding that small domains of CBP are capable
of stimulating FKLF2 and p53 DNA binding activity,
we thought that it was necessary to determine whether
these CBP domains by themselves can bind to the oli-
gonucleotide probes used in the EMSA assays. EMSA
assays using the probes containing FKLF2 or p53
binding site and purified GST-CBP domains showed
strong DNA binding by CBP sequences 1800-1891 (Fig.
4B and data not shown). These results are surprising
since it is generally believed that CBP/p300 are not
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Fig. 3. Direct DNA binding activity of CBP domains. EMSA assays
were carried out using purified GST-CBP fusion proteins containing
different domains of CBP and probes containing binding sites for
different factors as indicated. The GST-CBP proteins are as shown in
Fig. 2B.

DNA binding proteins. To further establish the DNA
binding activity of CBP and determine the DNA bind-
ing sequence specificity, we examined several EMSA
probes containing binding sequences for transcription
factors E2F-1, GATA-1, NFE2, and Spl that were
available in the laboratory. Consistent with the results
with probes containing FKLF2 or p53 binding site,
EMSA assays using CBP sequences from residues 1800
to 1891 resulted in a distinct shift with all the probes
tested. These results demonstrate that CBP residues
1800-1891 have nonspecific DNA binding activity (Fig.
3). No significant DNA binding activity by the KIX,
CH2, or ZZ domain was detected under the same con-
dition. Both the TAZI1 and TAZ2 domains also gener-
ated complexes with the DNA probes that remain on the
top of the gel, indicating they may have DNA binding
activity. Both TAZ1 and TAZ2 domains have the
HCCC type zinc finger domains and have similar but
not same overall structures [34,35]. The DNA binding
activity of TAZ1 and TAZ2 is very weak comparing
with that of residues 1800-1891. Therefore, we focused
our analyses on residues 1800-1891. To further define
the DNA binding sequences within 1800-1891, we gen-
erated an extensive series of CBP deletion mutants
within this region (Fig. 4A). EMSA assays using these
mutants of CBP identified that 51 amino acid residues
from 1810 to 1860 are sufficient for DNA binding (Fig.
4B). Since sequences from 1800 to 1891 also interact
with FKLF2 and stimulate its DNA binding, we ex-
amined the FKLF2 binding activity of the same set of
CBP deletion mutants. We found that sequences from
1810 to 1860 are required for maximal stimulation of
FKLF2 DNA binding activity (Fig. 4A). The TAZ2
domain contains three HCCC type zinc fingers with a
structure of four o helices [34]. The sequences from
amino acid residues 1810 to 1850 contain the C-terminal
one and half of the zinc fingers within o helices 3 and 4.
CBP residues 1830-1891 showed a weak but significant
FKLF2 binding activity, indicating that the 30 amino
acids from 1830 to 1860 may be the minimal sequence
for FKLF2 interaction. The results of the deletion
analysis of sequences from 1800 to 1891 are summarized
in Fig. 4C. Sequence alignment analysis of the PDBD
domains from several species showed that human and
mouse CBPs have an identical PDBD sequence, and
human p300 is 94% identical (Fig. 4D). The corre-
sponding sequence in Drosophila and Caenorhabditis
elegans are 78% and 63% identical to human CBP, re-
spectively. Since the C-terminal 10 residues from amino
acids 1850 to 1860 of human or mouse CBP are required
for DNA binding, the human p300 should be able to
bind DNA through this domain. The corresponding
sequences within Drosophila and C. elegans CBP are
quite divergent from the human and mouse CBP. Fur-
ther studies will determine whether the Drosophila and
C. elegans CBPs can also bind DNA. Studies have
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Fig. 4. A small and overlapping region of CBP mediates CBP binding to both DNA and FKLF2. (A) GST pull-down assays were carried out by
incubating 1 ul of whole cell extracts prepared from COS cells expressing Myc-tagged FKLF2 protein with 1 pg of purified GST-CBP fusion proteins
immobilized on glutathione—agarose beads as indicated. The presence of FKLF2 was detected by immunoblotting using anti-Myc 9E10 monoclonal
antibody and chemiluminescence. The GST pull-down results were shown at the top. The bottom shows the result of Coomassie blue staining of the
GST-CBP fusion proteins used in the assay. (B) EMSA assay using CBP fusion proteins as shown in the bottom of (A). (C) Schematic illustration of
CBP domains used in the assay and the summary of their DNA and FKLF2 binding activity. (D) Sequence alignment of the PDBD sequences from
human CBP (hCBP), mouse CBP (mCBP), human p300 (hp300), Drosophila CBP (dCBP), and C. elegans CBP (cCBP).

shown that p300 binds directly to chromatin through its
bromodomain [36], to nucleosome assembly protein-1
(NAP-1), a histone H2A-H2B shuttling protein that
promotes histone deposition [37], and modulo, a chro-
matin associated factor [38]. Together, these results
suggest that, in addition to functioning as bridging
molecules and acetylases, CBP/p300 coactivators also
actively participate in chromatin and DNA interactions
to facilitate the formation of transcriptionally compe-
tent complexes at the target gene promoter.

In summary, we have identified multiple FKLF2 in-
teracting domains and a new p53 interacting domain of
CBP. Functional studies demonstrate that several of
these domains are capable of stimulating FKLF2 and
pS3 DNA binding through protein—protein interaction.
We further show that CBP has direct and nonspecific
DNA binding activity. The DNA binding is mediated
through a 51 amino acid PDBD domain. These results
unveiled two novel functions of the conserved CBP
domains and suggest that CBP/p300 coactivators play
more dynamic roles in the regulation of transcription.
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