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Phosphorylation of the transcription factor CREB leads to the recruitment of the coactivator, CREB binding
protein (CBP). Recent studies have suggested that CBP recruitment is not sufficient for CREB function,
however. We have identified a conserved protein-protein interaction motif within the CBP-binding domains of
CREB and another transcription factor, SREBP (sterol-responsive element binding protein). In contrast to
CREB, SREBP interacts with CBP in the absence of phosphorylation. We have exploited the conservation of
this interaction motif to test whether CBP recruitment to CREB is sufficient for transcriptional activation.
Substitution of six nonconserved amino acids from SREBP into the activation domain of CREB confers
high-affinity, phosphorylation-independent CBP binding. The mutated CREB molecule, CREBDIEDML, acti-
vates transcription in F9 teratocarcinoma and PC12 cells even in the absence of protein kinase A (PKA).
Addition of exogenous CBP augments the level of transcription mediated by CREBDIEDML, and adenovirus 12S
E1A blocks transcription, implicating CBP in the activation process. Thus, recruitment of CBP to CREB is
sufficient for transcriptional activation. Addition of PKA stimulates transcription induced by CREBDIEDML
further, suggesting that a phosphorylation event downstream from CBP recruitment augments CREB signal-
ing.

The signaling mechanism that activates genes through the
cyclic AMP (cAMP)-regulated enhancer (CRE) (23) repre-
sents one of the most intensively studied transcriptional path-
ways. This pathway consists of protein kinase A (PKA), the
transcription factor CREB, and the coactivator CREB binding
protein (CBP) (3, 7, 18). CBP has been shown to participate in
many additional transcriptional pathways as well (11), but the
mechanism by which it activates gene expression remains un-
certain. CBP and its homologue p300 interact with the basal
transcription factors TFIID and TFIIB, as well as with the
RNA polymerase II holoenzyme component, RNA helicase A
(9, 24, 34), suggesting that one function of this coactivator is to
stabilize the preinitiation complex. Other studies have argued
that transcriptional activation through CBP/p300 occurs only
in the context of chromatin, however (17). The involvement of
chromatin in CBP function is consistent with the finding that
CBP, and several associated proteins including P/CAF, steroid
receptor coactivator 1, and p/CIP, have the ability to acetylate
the amino-terminal tails of histone proteins (6, 31, 36, 38).
These and other posttranslational modifications of chromatin
components induced by the cAMP signaling cascade may stim-
ulate transcription through nucleosome remodeling.

Of all transcription factor-CBP associations, only the inter-
action with phosphorylated CREB has been characterized in
detail. Our lab has studied this association by using a fluores-
cence polarization binding assay and a genetic interaction assay in
yeast (18, 30). These studies indicated that CREB phosphory-
lated at Ser133 binds to CBP with an affinity of approximately
350 nM and that this interaction depends on the phosphory-
lated Ser residue and several adjacent hydrophobic residues.

Other laboratories have reached similar conclusions (26). Re-
cently, the structure of the phosphorylated CREB-CBP com-
plex has been solved by nuclear magnetic resonance spectros-
copy (28). These studies demonstrated the importance of the
phosphorylated serine in the CREB activation domain and
showed that the interaction of phosphorylated CREB with CBP
introduces structure into both components of the complex.
Surprisingly, other transcription factors can interact with the
CREB binding domain of CBP in the absence of phosphory-
lation. How this CBP domain participates in both phosphory-
lation-dependent and -independent interactions is unknown.

Although it was once believed that CREB phosphorylation
was sufficient for gene activation, several studies have shown
that these two events can be dissociated. The first indication
that CREB phosphorylation might be insufficient for gene in-
duction came from studies of the c-fos promoter (10). In both
PC12 cells and primary neurons, depolarization activates the
c-fos CRE in a manner that is blocked by inhibitors of PKA,
despite the fact that CREB phosphorylation is maintained (16,
35). Precisely how PKA contributes to depolarization-induced
gene activation is unknown, however. It is possible that PKA
phosphorylates components of the transcriptional machinery
downstream from CREB; conceivably, these other phosphor-
ylation events could augment, or even be required for, the
transcriptional response. Xu et al. (37) have suggested that
PKA phosphorylates CBP directly, while Zanger et al. (39)
have argued that PKA might affect a step downstream from
CBP. Calcium-activated kinases, such as Ca21/calmodulin ki-
nase IV (CaMKIV), have also been proposed to augment
transcription via CBP phosphorylation (5, 13, 14). Many of
these experiments are problematic, however, because they are
based on the analysis of GAL-CBP fusion proteins, several of
which appear to activate transcription more potently than the
full-length native protein (34). Thus, it is likely that the tran-
scriptional activation function of these fragments is masked by
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the conformation of native CBP. Moreover, this conformation
might not be recapitulated precisely in a molecule that is tar-
geted to a promoter through a heterologous DNA binding
domain at its amino terminus. Thus, how various kinases such
as PKA contribute to CBP signaling remains uncertain.

By comparing the activation domain sequences of CREB
and other transcription factors, we hoped to elucidate whether
phosphorylation-dependent and -independent factors interact
with CBP in a similar manner. We identified a region of ho-
mology between CREB and the sterol-responsive element
binding protein (SREBP), a transcription factor that also in-
teracts with the CREB-binding domain of CBP (25). SREBP is
responsible for the transcriptional regulation of several key
enzymes involved in cholesterol metabolism, including HMG-
coenzyme A reductase, HMG coenzyme A synthase, and the
low-density lipoprotein receptor (25).

By substituting amino acids from the activation domain of
SREBP into CREB, we sought to develop a CREB molecule
that could interact with CBP in the absence of phosphoryla-
tion. We then used this mutated CREB molecule to determine
whether CBP recruitment alone was sufficient for gene activa-
tion. Studies from our lab and others have shown that PKA
augments GAL-CBP function, but as indicated above, these
experiments are problematic. We used the constitutively active
CREB mutant to test whether PKA can facilitate transcription
through a step downstream from CBP recruitment.

MATERIALS AND METHODS

Plasmids. pGEX-3T4-SREBP1a1-50 was kindly provided by R. Tjian (Univer-
sity of California, Berkeley). Mutants mt1 to mt18 were derived directly from this
vector by site-directed mutagenesis. pGEX-KG-CREB1-290 was constructed by
inserting a PCR-generated fragment of rat CREB341 encoding amino acids 1 to
290 into the BamHI/HindIII sites of pGEX-KG. pRc/RSV-FLAG-CREB was
constructed by inserting a synthetic, oligonucleotide-derived fragment encoding
the FLAG epitope (DYKDDDDK) into the first NcoI site (amino acid position
3) of pRc/RSV-CREB341 (20). pRc/RSV-FLAG-CREBDIEDML was generated
by site-directed mutagenesis of pRc/RSV-FLAG-CREB. The CRE-chloram-
phenicol acetyltransferase (CAT) reporter is the somatostatin-CAT fusion gene
D (271) described in Montminy et al. (23). pRc/RSV-GAL4-CREB was con-
structed by cloning GAL4-CREB4-283 (33) into pRc/RSV. GAL4-CREB4-283
encodes amino acids (aa) 1 to 147 of GAL4 fused to the N terminus of the CREB
activation domain (aa 4 to 283). pRc/RSV-GAL4-CREBDIEDML was constructed
as described above after site-directed mutagenesis. The GAL4-LUC (luciferase)
reporter is 5XGAL4-TATA-Luciferase described by Sun et al. (32). pRSV-b-
GAL contains the b-galactosidase gene driven by the Rous sarcoma virus (RSV)
long terminal repeat. pRc/RSV-E1A-12S was described by Lundblad et al. (21),
and pRc/RSV-CREB-M1 was described by Loriaux et al. (20). RSV-PKA was
obtained from R. Maurer (Oregon Health Sciences University). Mutagenesis was
performed using a QuikChange site-directed mutagenesis kit (Stratagene) ac-
cording to the manufacturer’s protocols.

CBP binding assay. HeLa cell nuclear extract was prepared as described
elsewhere (4) from HeLa-S3 cells provided by the National Cell Culture Center,
Minneapolis, Minn. Glutathione S-transferase (GST)–CREB1-290 was phosphor-
ylated with PKA for 1 h at 30°C as described by Laurance et al. (19). Five
micromolar GST, GST-CREB1-290, or GST-SREBP1a1-50 was incubated with 10
ml of glutathione-Sepharose beads (Pharmacia) in 150 ml of buffer A (50 mM
HEPES [pH 7.6], 1 M NaCl, 0.2% NP-40, 0.1 mM EDTA, 1 mM dithiothreitol
[DTT]) for 1 h at 4°C. The beads were washed twice with 1 ml of buffer A and
twice with 1 ml of HEG100 (20 mM HEPES [pH 7.6], 10% glycerol, 100 mM
KCl, 0.2 mM EDTA, 1 mM DTT). The GST-CREB bound beads were incubated
with 900 mg of HeLa nuclear extract in 400 ml of HEG100 plus protease inhib-
itors (Complete; Boehringer Mannheim), 10 mM NaF, and 0.4 mM microcystin
for 2 h at 4°C. The GST-SREBP-bound beads were incubated with 150 mg of
HeLa nuclear extract in 400 ml of HEG100 plus protease inhibitors for 2 h at
25°C. The beads were washed three times with 1 ml of HEGN300 (20 mM
HEPES [pH 7.6], 10% glycerol, 300 mM KCl, 0.1 mM EDTA, 0.1% NP-40, 1
mM DTT), resuspended in 15 ml of sodium dodecyl sulfate (SDS) loading buffer,
heated to 95°C for 5 min, and electrophoresed on an SDS–6% polyacrylamide
gel. After transfer to a polyvinylidene difluoride membrane, CBP was detected by
Western blotting using a polyclonal antibody directed against CBP451-682. PKA
was a gift from R. Maurer.

Protein expression and purification. The CREB proteins used in the fluores-
cence polarization binding assays contain three Cys-Ser mutations (Cys300,
Cys310, and Cys337) in the DNA-binding domain. Construction and expression of
this vector (CREB/Ser) are described by Richards et al. (29). The serine muta-

tions in CREB/Ser improve protein solubility but do not alter DNA binding, as
demonstrated by the similar affinities of CREB/Ser and wild-type CREB to the
CRE (29). CREB/Ser was phosphorylated stoichiometrically using the purified
catalytic subunit of PKA in 50 mM morpholinepropanesulfonic acid (pH 6.8)–50
mM NaCl–2 mM MgCl2–1 mM DTT–1 mM ATP. The reaction mixture was
incubated at 30°C for 20 min. Residual ATP was removed by dialysis against 10
mM Tris buffer (pH 8.0). Expression of the CBP fragment was as described
previously (18).

Fluorescence polarization measurements. Fluorescence polarization measure-
ments were determined using a PanVera 2000 fluorescence polarization system.
Samples were excited at 490 nm, and emission was measured at 510 nm. A
59-fluoresceinated oligonucleotide corresponding to the top strand of the soma-
tostatin CRE (59 CCTGACGTCAGCCCCCTGACGTCAGG 39) was purchased
from Gibco BRL. This oligonucleotide was constructed to form a double-
stranded CRE site (boldface) with a five-nucleotide hairpin loop. The binding
reaction mixtures contained 1 nM fluoresceinated oligonucleotide in 25 mM
Tris-HCl (pH 7.6)–50 mM NaCl–5 mM MgCl2–0.1 mM EDTA–1 mM DTT–5%
glycerol–10 mg of poly(dI-dC)/ml–60 nM CREB. The reaction mixtures were
titrated with successive additions of CBP (aa 451 to 682) from 0 to 2 mM. The
stock concentration of CBP used for these titrations was high enough that the
total volume did not have to be increased by more than 10%. Binding reactions
were performed at 25°C, and samples were incubated for 2 min to achieve
equilibrium of the complex formation. The binding curves were fit with a non-
linear least squares regression analysis. In addition to the rectangular hyperbolic
binding function, the equation utilized for curve fit determination included a
nonspecific component to account for the linear increase in polarization at
higher protein concentrations.

Cell culture and transfection assays. F9 teratocarcinoma cells were cultured
on gelatin-coated plates in Dulbecco’s modified Eagle’s medium supplemented
with 10% heat-inactivated fetal calf serum, penicillin G (100 IU/ml), and strep-
tomycin sulfate (100 mg/ml). PC12 cells were cultured on poly-L-lysine-coated
plates in Dulbecco’s modified Eagle’s medium supplemented with 10% heat-
inactivated horse serum, 5% heat-inactivated fetal calf serum, penicillin G (100
IU/ml), and streptomycin sulfate (100 mg/ml). F9 cells were seeded at 4 3 105

per 100-mm-diameter plate, and PC12 cells were seeded onto eight 60-mm-
diameter plates per confluent 75-mm2 flask 24 h prior to transfection. Super-
coiled plasmid DNA was prepared by CsCl gradient centrifugation, and trans-
fections were carried out using the Gibco BRL calcium phosphate transfection
system (F9 cells) or the Qiagen SuperFect reagent (PC12 cells). Cells were
washed and fed after 24 h (F9 cells) or 3 h (PC12 cells) and allowed to grow for
an additional 24 h (F9 cells) or 45 h (PC12 cells) before harvesting. CRE-CAT
and GAL4-LUC reporter activities were determined by CAT assay (20) or
luciferase assay, respectively, and normalized to either total cellular protein
(Bio-Rad protein assay) or b-galactosidase activity. All experiments were per-
formed at least in triplicate.

RESULTS

Nuclear magnetic resonance analysis of the phosphorylated
CREB-CBP complex showed that after binding to CBP, CREB
adopts a bihelical conformation with the helical axes approxi-
mately perpendicular to one another (28). The portion of
SREBP1a that interacts with CBP resides within its amino-
terminal 50 aa (25). Only a region of 25 residues within this
portion is conserved in the functionally related protein
SREBP2 (15), suggesting that this smaller domain is sufficient
for CBP binding. Comparison of the primary sequences of
CREB and the 25-aa domain of SREBP1a revealed some un-
expected similarities, despite the fact that the two factors bind
to CBP through phosphorylation-dependent and -independent
mechanisms. Figure 1a aligns the phosphorylated Ser133 in
CREB with an Asp in SREBP. Substitution of an Asp for
Ser133 in CREB is not sufficient for CBP binding (8). A second
Asp residue, which corresponds to Ser142 in CREB, may rep-
resent a conservative change, however. Mutation of CREB
Ser142 to Asp has been shown to have no effect on binding of
phosphorylated CREB to CBP (33). More importantly, the
secondary structures of the CREB and SREBP regions are also
likely to be conserved, as both the amino- and carboxy-termi-
nal portions of the SREBP domain contain residues typically
found in a helices. We hypothesized, therefore, that CREB
and SREBP might contact CBP through related mechanisms.

To test this hypothesis, we mutated residues in SREBP that
corresponded to critical residues in CREB and measured the
effects of these substitutions on CBP binding. These assays
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were performed by incubating HeLa cell nuclear extracts with
GST or GST-SREBP1-50 fusion proteins immobilized on glu-
tathione beads. The bound proteins were electrophoresed on
SDS-polyacrylamide gels and immunoblotted using an anti-
body that recognizes the CREB binding domains of CBP and
its homologue p300. Bacterially expressed fragments of CBP
were also tested. These studies confirmed that the first 50
residues of SREBP1a bind to full-length CBP through a region
previously identified as the CREB-binding domain (data not
shown).

Hydrophobic residues Leu128, Ile137, Leu138, and Leu141 in
CREB have been shown to be essential for CBP binding (26,
28, 30). These residues are represented by Leu, Leu, Ile, and
Gln in SREBP1a (Fig. 1a). Molecular modeling suggested that
each of the substitutions should be tolerated (unpublished
observations), and alanine mutagenesis indicated that these
residues all contribute to SREBP-CBP binding (Fig. 2). The
combination of all four mutations (mt10) blocked binding by
90%, and mutation of the residue corresponding to CREB
Leu128 was almost as effective (mt9). On the other hand, some
interactions known to be important for phosphorylated CREB-
CBP binding were not required for the SREBP interaction.
Perhaps most unexpected was the relative unimportance of the
Glu-Asp residues (mt1 and mt2), which were predicted to
serve the same function in SREBP as the phosphorylated Ser
in CREB. To our surprise, the negatively charged central por-
tion of the SREBP interaction domain was not essential. In
fact, change of these residues to Gln-Asn (mt1) or Ala-Ala
(mt2) modestly increased the level of binding.

Alignment of the CBP interaction domains of SREBP1a,
SREBP2, and the Drosophila cubitus interruptus (ci) provided
further insight into the determinants of coactivator binding
(Fig. 1b). Drosophila ci is a particularly informative model
because, in addition to the standard biochemical analyses, we
have shown in genetic studies that the mutant phenotype
caused by ectopic ci expression is suppressed by mutations in
Drosophila CBP (1). Moreover, point mutations in ci that block
association with Drosophila CBP also block the ability of the
transcription factor to activate its endogenous target gene
wingless (6a). As shown in Fig. 2, mutation of the Met-Leu-Gln
residues in SREBP to Ala (mt11) completely blocks CBP bind-
ing. These residues are shared by SREBP1a, SREBP2, and ci.

Having determined which residues in SREBP were required
for CBP binding, we next tested whether amino acid sequences
from CREB could be introduced into SREBP without disrupt-
ing the phosphorylation-independent CBP interaction (Fig.
3a). For these studies, we introduced blocks of amino acids

from CREB into GST-SREBP1-50 and monitored binding of
full-length CBP in HeLa nuclear extracts. Substitution of the
Arg-Arg-Glu from CREB for the Asp-Ala-Ala of SREBP
(mt4) reduced binding by about 40%. This result was some-
what unexpected because Arg124 of CREB contributes to CBP
binding through an electrostatic interaction with Glu655 of
CBP (28) and suggests that the binding mechanisms of phos-
phorylated CREB and SREBP to CBP are not identical. Other
substitutions of CREB sequences into GST-SREBP had min-
imal effect, with the exception of mutations involving the mid-
portion of the SREBP domain, Asp-Ile-Glu-Asp-Met-Leu
(DIEDML; mt15 and mt8), which completely blocked binding.
These studies indicated that only the central core of the
SREBP sequence was required for phosphorylation-indepen-
dent CBP binding. Therefore, a CREB protein containing this
six-residue substitution might be expected to interact with CBP
in a phosphorylation-independent manner.

FIG. 1. (a) Comparison of CBP interaction domains of CREB and
SREBP1a. Dots and numerals refer to residues in CREB known to be critical for
CBP binding; shading denotes homologous residues, with identical positions in
boldface. Underlined S and D residues represent possible additional conserva-
tive substitutions. a-Helical regions of CREB in the complex with CBP extend
from aa 120 to 129 and aa 134 to 144 (28). (b) Comparison of CBP-interacting
domains of SREBP1a, SREBP2, and Drosophila ci. Identical and conserved
residues are indicated as above. FIG. 2. Binding of full-length CBP to GST-SREBP mutants. The schematic

depicts mutants analyzed at the top. Numbers refer to amino acid positions in
CREB; dots refer to retained SREBP residues. (For example, in mt1, the ED in
SREBP is replaced by QN.) Percent binding (compared to wild-type SREBP) is
indicated on the right. NE, nuclear extract.

FIG. 3. Binding of full-length CBP to mutants of GST-SREBP1 (a) and
GST-CREB (b). GST-CREB(1-290) phos. refers to GST fusion protein contain-
ing the CREB activation domain phosphorylated by PKA. Other mutations in
panel b refer to substitutions of CREB residues with residues from SREBP. Only
the DIEDML substitution conferred phosphorylation-independent binding. The
schematic depicts substitution of CREB sequences into SREBP. Dots refer to
SREBP residues left unchanged. Percent binding is indicated on the right. NE,
nuclear extract.
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To test this hypothesis, we constructed a GST-CREB fusion
protein lacking the carboxy-terminal basic leucine zipper re-
gion. GST-CREB1-290 interacted with full-length CBP in a
phosphorylation-dependent manner, as shown in Fig. 3b.
These experiments were performed in the presence of phos-
phatase inhibitors to maintain phosphorylation of the Ser133
site. Western blots indicated that the PKA-treated GST-
CREB1-290 remained phosphorylated despite the incubation
with HeLa nuclear extracts (data not shown). CBP binding to
phosphorylated GST-CREB1-290 was significantly weaker than
to GST-SREBP, however. We next tested whether the sequen-
tial replacement of the central portion of the CREB activation
domain containing the PKA recognition site (Arg-Arg-Pro-
Ser-Tyr-Arg) with residues from SREBP would allow consti-
tutive CBP binding. Substitution of the Pro-Ser sequence of
CREB with Glu-Asp, the Arg-Arg-Pro-Ser with Asp-Ile-Glu-

Asp, or the Pro-Ser-Tyr-Arg with Glu-Asp-Met-Leu did not
allow phosphorylation-independent binding. However, when
the entire Arg-Arg-Pro-Ser-Tyr-Arg of CREB was replaced
with the DIEDML sequence of SREBP, binding was equiva-
lent to that of phosphorylated GST-CREB1-290 (Fig. 3b). This
mutant, designated CREBDIEDML, cannot be phosphorylated
by PKA (data not shown).

We used a fluorescence polarization binding assay to quan-
tify the relative affinities of CBP for phosphorylated CREB
and CREBDIEDML. Unlike the GST pull-down assays, this
procedure can provide true equilibrium measurements of pro-
tein-DNA and protein-protein interactions. These experiments
utilized a 59-fluoresceinated oligonucleotide derived from the
somatostatin CRE promoter sequence that was saturated with
either CREBDIEDML, phosphorylated CREB, or unphosphor-
ylated CREB. The affinities of the three CREB preparations

FIG. 4. Fluorescence polarization binding curves of CBP (aa 451 to 682) for nonphosphorylated CREB-CRE (a), phosphorylated CREB-CRE (b), and CREB-
DIEDML-CRE (c) complexes. The change in anisotropy is plotted against the CBP protein concentration. The symbols represent the individual data points collected from
successive additions of CBP to saturated CREB-CRE complexes. Each assay condition was performed in triplicate, and a representative binding curve is shown for each.
No binding of CBP was detected to the complex containing nonphosphorylated CREB.

FIG. 5. (a) Activation of CRE reporter in F9 teratocarcinoma cells as directed by wild-type (WT) CREB or CREBDIEDML. Values (mean 6 standard error) are
normalized for protein levels. (b) Effect of CBP on CREB-M1 and CREBDIEDML function. Cells were transfected with 6 mg of CREB plasmid and various amounts
of CBP. (c) Effect of adenovirus 12S E1A on CREB function. DIEDML, M1, and WT refer to CREBDIEDML, CREB-M1, and wild-type CREB, respectively. Cells were
transfected with 6 mg of CREB, 1 mg of E1A, and 4 mg of PKA, as indicated. The apparent increased activity of wild-type CREB in the presence of PKA, compared
to CREBDIEDML, is due to PKA stimulation of the RSV promoter.
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for the CRE were identical (2 nM [data not shown]). CBP
binding was assessed by measuring the association of a CBP
fragment (aa 451 to 682) representing the CREB-binding do-
main. Complete binding to this preformed CREB-CRE com-
plex was ascertained by monitoring the increases in fluores-
cence polarization values upon addition of CBP (Fig. 4). The
average equilibrium dissociation constants for CBP binding
were calculated to be 444 6 27 nM in the presence of phos-
phorylated CREB and 96 6 4 nM in the presence of CREB-
DIEDML. We detected no binding of CBP to nonphosphory-
lated CREB. These data demonstrate a significant increase in
the affinity of CBP for CREBDIEDML compared to phosphor-
ylated CREB and support the results of the GST-CREB1-290
binding studies presented above.

To test the functional consequences of the CREB mutations,
plasmids encoding wild-type CREB and CREBDIEDML were
introduced into F9 teratocarcinoma cells along with a CRE
reporter. These cells contain low levels of CBP but normally
require the addition of CREB and PKA to activate a CRE
reporter (8). As shown in Fig. 5a, CREBDIEDML was approx-
imately eightfold more active than the wild-type protein. To
confirm that the activation mediated by CREBDIEDML is de-
pendent on CBP, we cotransfected a CBP expression vector.
We have shown previously that expression of exogenous CBP
increases the transcriptional response to PKA-phosphorylated
CREB but not to a mutant (CREB-M1) (8) that cannot be
phosphorylated by PKA (18). Similarly, exogenous CBP aug-
mented the response to CREBDIEDML but not to CREB-M1
(Fig. 5b) or wild-type CREB in the absence of PKA (data not
shown). Activity mediated by CREBDIEDML alone is presum-
ably due to the low level of endogenous CBP present in F9
teratocarcinoma cells. To confirm the involvement of endoge-
nous CBP in CREBDIEDML function, we introduced an expres-
sion vector encoding 12S E1A along with wild-type or mutant
CREB (Fig. 5c). Adenovirus 12S E1A blocks the activity of
transcription factor pathways by interfering with CBP function
(2, 21). 12S E1A blocked the activities of CREBDIEDML and
wild-type CREB plus PKA but had no effect on CREB-M1.
These data also support the hypothesis that CREBDIEDML
activates transcription through CBP.

To test whether CREBDIEDML is active in other cell types,
we introduced plasmids containing GAL4-CREB or GAL4-
CREBDIEDML fusion genes, along with a GAL4-LUC re-
porter, into PC12 cells. GAL4-CREBDIEDML was almost five
times more active than the GAL4–wild-type CREB fusion pro-
tein (Fig. 6). These data indicate that the transcriptional ac-
tivity of CREBDIEDML is not limited to F9 cells. Rather, the
DIEDML mutation may render CREB constitutively active in
all cells that express CBP.

Addition of PKA to F9 teratocarcinoma cells expressing
wild-type CREB increased reporter activity about fivefold, as
previously reported (8) (Fig. 7). Surprisingly, PKA also in-
creased activity of CREBDIEDML, despite the fact that CREB-
DIEDML is not a PKA target (Fig. 7 and data not shown). The
activity of wild-type CREB plus PKA was about the same as
that of CREBDIEDML minus PKA when the assays were nor-
malized for b-galactosidase activity, although the mutant
CREB binds to CBP somewhat better. On the other hand,
activity of wild-type CREB was less than that seen with the
mutant in the presence of PKA. These experiments indicate
that the recruitment of CBP is sufficient for a significant por-
tion of CREB activity, but full activation of the reporter re-
quires the addition of PKA. Presumably, PKA also activates a
component of the CREB-CBP cascade at a point downstream
from CREB phosphorylation and CBP recruitment.

DISCUSSION

Whether recruitment of CBP to CREB is sufficient for gene
activation has been controversial. For example, recent studies
have suggested that CBP cannot activate transcription in the
absence of a calcium-dependent phosphorylation signal (13,
14). Characterization of these phosphorylation mechanisms in
the context of the CREB-CBP pathway has been difficult, be-
cause CREB activation is also phosphorylation dependent.
Thus, it has not been possible to separate kinases involved in
CREB activation from those involved in CBP function. To
address this issue, investigators have made use of GAL-CBP
fusion genes, which target the coactivator to synthetic pro-
moter sequences through a DNA-binding domain attached to
the CBP amino terminus. Unfortunately, many of these GAL-
CBP fusion proteins confer artifactually high or low levels of
transcription.

We have used a different approach to address this question.
By comparing the primary sequences of SREBP and other
factors, we identified residues that have been conserved with
the CBP interaction domain of CREB. Moreover, secondary
structure predictions suggest that the CBP-binding region of
SREBP is a helical, like that in the phosphorylated CREB-
CBP complex. We showed by mutagenesis studies that the
a-helical regions of the CBP interaction domains of phosphor-
ylated CREB and SREBP are conserved functionally. On the
other hand, the central, negatively charged portion of SREBP,
which we initially hypothesized might correspond to the phos-
phoserine of CREB, was relatively unimportant. Replacing
these residues with uncharged or smaller amino acids had no
effect on binding, and replacing the PKA site in CREB with the
negatively charged residues from SREBP did not promote
phosphorylation-independent binding. Similarly, substitution
of a single negatively charged residue for Ser133 fails to confer
phosphorylation-independent CREB activation (12). Surpris-
ingly, introduction of the 6-aa DIEDML sequence of SREBP

FIG. 6. Activation of GAL4-LUC reporter by GAL4–wild-type (WT) CREB
and GAL4-CREBDIEDML in PC12 cells. Cells were transfected with the indi-
cated amounts of GAL4-CREB plasmids along with 4 mg each of GAL4-LUC
reporter and pRSV-b-GAL. Relative luciferase (Luc) values were normalized to
b-galactosidase activity.

1550 CARDINAUX ET AL. MOL. CELL. BIOL.



was sufficient to allow phosphorylation-independent binding of
CREB to CBP. Moreover, this sequence is conserved in
SREBP2 and Drosophila ci, two other factors that interact with
the CREB-binding domain of CBP.

While this paper was being prepared, a report by Parker et
al. (27) described the properties of a CREB-Myb chimera
which contained a 21-aa segment of c-Myb inserted into the
activation domain of CREB. These workers found that the
CREB-Myb chimera did not activate transcription significantly
in the absence of PKA. Notably, the binding of c-Myb to CBP
was determined to be 26-fold weaker than that of phosphory-
lated CREB. Thus, the chimeric CREB-Myb protein likely also
interacts with CBP fairly weakly. It is also possible that the
large c-Myb insert disrupts critical aspects of the native CREB
structure. There are no obvious sequence similarities between
the CBP interaction domains of c-Myb and SREBP. Our study
indicates that the DIEDML mutation increases the affinity of
CREB for CBP, compared to the phosphorylated wild-type
protein. We propose that this difference in CBP binding con-
tributes to the functional differences between the CREB-Myb
and CREBDIEDML mutants. The DIEDML sequence, by itself,
is not sufficient for the CBP interaction, however, as shown by
the failure of the GST-SREBP mutants mt3, mt9, and mt10
(Fig. 2) to mediate wild-type binding.

The transcriptional activity of CREBDIEDML is consistent
with the idea that CBP recruitment is sufficient for activation
of CRE-containing promoters. Our data do not support the
recent study by Hu et al. (14), however, who found that CBP
was inactive in the absence of a supplemental Ca21 signal. The
differences between our results and those of Hu et al. could

relate to their use of GAL-CBP fusion genes or the particular
cell types that were examined. Hu et al. used primary E18
cortical neurons, while we utilized F9 teratocarcinoma cells.
Endogenous PKA, CaMKII, and CaMKIV levels in F9 cells
are insufficient for CREB-mediated gene activation (22), and
so it is unlikely that the activation that we detect is due to the
unrecognized stimulation of kinase pathways.

While CBP recruitment is sufficient to activate CREB-me-
diated transcription, PKA augments the response somewhat
further. The lower activity of wild-type CREB than CREB-
DIEDML in the presence of PKA might relate to dynamic as-
pects of their interactions with CBP. Wild-type CREB proba-
bly binds to CBP only transiently, due to dephosphorylation,
while the interaction of CBP with CREBDIEDML may be more
sustained. Additionally, the moderately higher affinity of
CREBDIEDML for CBP might contribute to its enhanced level
of transcriptional activity. The modest stimulation of CREB-
DIEDML by PKA is also consistent with previous reports that
CREB activation through Ca21-stimulated kinase pathways
can be blocked by PKA inhibitors. Whether PKA contributes
to gene activation by phosphorylating CBP, as proposed by Xu
et al. (37), or by modifying targets downstream from CBP is
unknown.
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