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The cAMP response element binding protein (CREB) is a bifunctional transcription activator, exerting its
effects through a constitutive activation domain (CAD) and a distinct kinase inducible domain (KID), which
requires phosphorylation of Ser-133 for activity. Both CAD and phospho-KID have been proposed to recruit
polymerase complexes, but this has not been directly tested. Here, we show that the entire CREB activation
domain or the CAD enhanced recruitment of a complex containing TFIID, TFIIB, and RNA polymerase II to
a linked promoter. The nuclear extracts used mediated protein kinase A (PKA)-inducible transcription, but
phosphorylation of CRG (both of the CREB activation domains fused to the Gal4 DNA binding domain) or
KID-G4 did not mediate recruitment of a complex, and mutation of the PKA site in CRG abolished transcrip-
tion induction by PKA but had no effect upon recruitment. The CREB-binding protein (CBP) was not detected
in the recruited complex. Our results support a model for transcription activation in which the interaction
between the CREB CAD and hTAFII130 of TFIID promotes the recruitment of a polymerase complex to the

promoter.

The cAMP response element (CRE) mediates both consti-
tutive and cAMP-induced transcription activation of many
genes in a variety of cell types (8, 30, 40, 43, 50, 52). The
CRE-binding protein, CREB, a member of the basic leucine
zipper family of transcription factors, binds constitutively to
the CRE in the promoter of the target gene (51) and can
activate constitutive transcription in the absence of hormonal
stimuli (3, 29, 50). Extracellular stimuli that activate protein
kinases can lead to phosphorylation of CREB on Ser-133, e.g.,
by cAMP-activated protein kinase A (PKA), resulting in a
further enhancement of transcriptional activation (3, 16, 50).
Mutation of the Ser-133 PKA phosphorylation site in CREB to
an alanine abolishes kinase-inducible activation (17, 50) but
not constitutive activation (3, 29, 50). We and others have
shown that these constitutive and kinase-inducible activities
map to two separate and independently acting transcription
activation domains: a constitutive activation domain (CAD)
responsible for activating constitutive transcription and a ki-
nase-inducible domain (KID) that mediates activation in re-
sponse to cAMP-activated PKA (3, 29, 50) and several other
kinases (11, 15, 26, 63, 68). However, the exact mechanism of
action of these domains in stimulating constitutive and kinase-
inducible transcription has not been defined.

Transcription of a class II gene by RNA polymerase II re-
quires the assembly of general transcription factors and co-
activators around the transcription start site in the gene’s
promoter (reviewed in references 22 and 44). The general
transcription factors (TFIID, TFIIA, TFIIB, TFIIF-pol II,
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TFIIE, and TFIIH) were initially identified as the basic nuclear
components required to reconstitute in vitro transcription by
RNA polymerase II (9, 54-56, 66, 67). These general factors
are required for accurate and optimal positioning of RNA
polymerase II at the transcriptional start site, melting the tem-
plate and facilitating promoter clearance to allow synthesis of
an mRNA transcript (reviewed in references 21, 44 and 72).
Much work has focused on the role of activators in mediating
recruitment of these essential factors, which is a necessary first
step in transcription initiation. In particular, many activators
interact with TFIID (5, 12-14, 23, 28, 38, 47, 61, 62, 65) or with
TFIIB (7, 25, 36, 57). Recent work has demonstrated that the
general factors, RNA polymerase II, and coactivators often
exist as macromolecular complexes in cells rather than as iso-
lated factors (18, 22). Thus, transcription activators must re-
cruit and modify the activity of complexes for promoter rec-
ognition (TFIID) (1, 48, 49) and mRNA synthesis (Pol II
holoenzyme) (32, 33, 39), processes which are often facilitated
by coactivators (2, 19, 27, 34, 59, 70, 71).

Although recruitment of a holoenzyme complex is essential
to transcription in vivo, the polymerase still must be positioned
properly at the start site in the promoter of the target gene to
accurately initiate the synthesis of a transcript. Recruitment of
the TFIID complex represents a crucial first target in assembly
of a functional polymerase complex. Early studies of in vitro
transcription showed that binding of TFIID to a promoter
enhanced the association of other polymerase complex com-
ponents, which did not readily exchange with other promoters
in template challenge assays (66). This suggested a processive
mechanism for assembly of a functional polymerase complex.
Even though it is now recognized that general factors are
found in complexes rather than as isolated factors, the same
type of mechanism may operate in vivo, where TFIID and
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FIG. 1. Models for transcription activation by the two activation domains of CREB. (A) A sequential model for CAD activation involves
interaction between CAD and the hTAF130 subunit of TFIID to recruit TFIID to the promoter, thereby increasing the rate of formation of the
polymerase complex and the overall rate of transcription (12, 13). (B) An alternative model involves bivalent recruitment of TFIID by CAD and
holoenzyme by P-KID interaction with CBP and RNA helicase A (41, 42).

holoenzyme exist as distinct complexes in cells. Support for this
idea comes from experiments in which VP16 mutants that
cannot bind to TFIID are defective for holoenzyme recruit-
ment (31). In addition, several lines of evidence have suggested
that CREB plays a role in recruitment of TFIID and RNA
polymerase II, as discussed below.

Early evidence for the recruitment activity of CREB came
from the demonstration that inclusion of activating transcrip-
tion factor (ATF)/CRE sites upstream of the adenovirus major
late promoter resulted in extension of the footprint down-
stream of the TATA region to include the transcription initi-
ation site (20). Although the ATF/CREB family member re-
sponsible for this activity was not determined in those studies,
it was found that the complex responsible for the expanded
footprint included RNA polymerase II and TFIIB (24). Those
studies were done without phosphorylation of ATF/CREB
proteins. Subsequent studies provided evidence that the CAD
in CREB binds TFIID through its TATA binding protein-
associated factors (TAFs) (69) and that this interaction occurs
through hTAF130 or dTAF110 in TFIID (12, 13, 64) and is
mediated by a conserved set of hydrophobic residues in the
CREB CAD (12). Phosphorylation of the KID in CREB pro-
motes binding of the CREB-binding protein (CBP) (34, 53),
which has also been shown to bind TFIIB and RNA helicase A
associated with holoenzyme (34, 41, 42). Thus, both of the
CREB activation domains, the CAD and the KID, have been
proposed to mediate recruitment of the polymerase complex
(Fig. 1) (12, 34, 41).

We have suggested that the mechanism of activation of the
CREB CAD involves recruitment of TFIID through interac-
tion with hTAFII130, followed by association of the polymer-
ase complex through its interaction with promoter-bound
TFIID (Fig. 1A; 12). Similar mechanisms have been proposed
based on the interactions between other transcription activa-
tors and TAF components of TFIID (14, 37, 38, 61, 65). On the

other hand, Nakajima and coworkers showed that phospho-
CREB bound to purified holoenzyme preparations in vitro and
that the CAD (Q2) domain bound to TFIID (42). Based on
these results, a mechanism for CREB activation was proposed
in which each domain, CAD and P-KID, recruited individual
components of the transcription machinery, TFIID and ho-
loenzyme, independently (Fig. 1B). However, the CAD can
activate transcription on its own (3, 29, 50), which suggests that
the CAD is able to reach the end point of polymerase recruit-
ment through its recruitment of TFIID. Neither of these hy-
potheses has been directly tested by measuring recruitment of
RNA polymerase II to a template.

To further address the question of polymerase complex re-
cruitment by the CREB activation domains, we designed an
assay to determine the contributions of the constitutive and
kinase-inducible activation domains in CREB to recruitment
of an RNA polymerase II-containing complex to promoter
DNA. We adapted an agarose electrophoretic mobility shift
assay (Ag-EMSA) (35), previously used to show recruitment of
purified TATA-binding protein (TBP) by the factor Zta, to
detect the formation of polymerase complexes on promoter
DNA. A template containing five Gal4 sites upstream of a
minimal promoter was incubated with purified proteins con-
taining either or both of the CREB activation domains fused to
the Gal4 DNA binding domain (CRGs) and rat liver nuclear
extract (RLNE) to determine which CRGs could promote
complex formation on the promoter. These binding reactions
were done under conditions where CRG stimulated in vitro
transcription, which was enhanced by phosphorylation of Ser-
133 in CREB with PKA. In addition, a sensitive procedure was
developed to determine whether specific components, such as
TBP or RNA polymerase II, are present in the recruited com-
plex. We also tested whether phosphorylation of CRG contrib-
utes to this recruitment process, by testing a PKA phosphory-
lation site mutant of CRG and by phosphorylation of CRG or
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KID by preincubation with protein kinase A. Our results show
that the CAD in CREB mediates recruitment of a complex
containing TBP, RNA polymerase II, and TFIIB and that this
process is unaffected by protein kinase A-mediated phosphor-
ylation of the CREB activation domain.

MATERIALS AND METHODS

Expression and purification of CRG proteins. Coding regions for the various
CRG proteins (CRG, G4-DBD, CAD-G4, KID-G4, and CRG-S133A) were
subcloned into the pBacPak baculovirus expression vector, and Sf9 insect cells in
culture were infected using the BaculoGold baculovirus system (Pharmingen).
The CRG proteins are identical to those described previously except that they
contain amino acids (aa) 4 to 94 rather than aa 4 to 147 of the Gal4 DNA binding
domain (50). All constructs include CREB aa 1 to 8 to provide appropriate trans-
lation initiation signals. In addition, the constructs include the following amino
acids of the CREB protein: CRG, aa 1 to 276; CAD-G4, aa 165 to 252; and
KID-G4, aa 98 to 142. CRG proteins were purified from Sf9 nuclear extracts
using DNA affinity chromatography. Oligonucleotides containing five Gal4 bind-
ing sites and cohesive ends for HindIII were ligated for an average length of a
10-mer and then ligated to a biotinylated linker. The resulting biotinylated DNA
template was bound to streptavidin-coated Dynabeads (Dynal) in Tris-EDTA
(TE), pH 7.5, plus 1 M KCI at room temperature overnight. Beads were immo-
bilized with a magnet and washed once with an equal volume of TE and 1 M KCI
and then twice with DAP-A (20 mM HEPES, pH 7.9, 1 mM EDTA, 15%
glycerol, 0.05% NP-40, 1 mM dithiothreitol [DTT], 0.5 mM phenylmethylsulfo-
nyl fluoride [PMSF]) plus 100 mM KCI. The affinity support was then incubated
with the Sf9 nuclear extracts (0.5 mg of protein/l1 pmol of bound DNA) in
DAP-A plus 70 mM (NH,),SO, at room temperature for 15 min. Bound proteins
were washed three times in an equal volume of DAP-A and 100 mM KCI and
then eluted from the affinity support with 0.2 volumes of DAP-A plus 1 M KCl
at room temperature for 15 min. Protein was tested for purity on a silver-stained
gel and stored at —80°C.

Production of RLNE. Livers from four 125- to 150-g freshly killed rats were
homogenized in 80 ml of homogenization buffer (10 mM HEPES, pH 7.9, 25 mM
KCl, 0.5 mM spermidine, 0.15 mM spermine, 1 mM EDTA, 2 M sucrose, 10%
glycerol, 0.5 mg of leupeptin/ml, 1 mg of pepstatin/ml, 1 mM benzamidine, 0.5
mM PMSF) at 4°C, filtered, and centrifuged through a homogenization buffer
gradient at 24,000 rpm in an SW27 rotor for 30 min at 4°C to pellet nuclei. Nuclei
were lysed in a nuclear lysis buffer (10 mM HEPES, pH 7.9, 100 mM KCI, 3 mM
MgCl,, 0.1 mM EDTA, 10% glycerol, 1 mM DTT, 0.5 mg of leupeptin/ml, 1 mg
of pepstatin/ml, 1 mM benzamidine, 0.5 mM PMSF) with a Dounce homoge-
nizer, and chromatin was precipitated from the lysate by the addition of a 4 M
(NH,4),SO, solution, pH 7.9, to a 400 mM final concentration. Precipitated
chromatin was removed by centrifugation at 35,000 rpm in a Ti60 rotor at 4°C for
1 h. Nuclear proteins were precipitated with the addition of solid (NH,),SO, to
0.3 g/ml followed by centrifugation at 35,000 rpm in a Ti60 rotor for 25 min at
4°C. Pelleted proteins were resuspended in dialysis buffer (25 mM HEPES, pH
7.9, 40 mM KCI, 0.1 mM EDTA, 1 mM DTT, 10% glycerol) and were dialyzed
against the same buffer four times for 30 min each time at 4°C. Protein extracts
were concentrated by centrifugation through a Millipore concentrating filter in a
tabletop centrifuge at 3,200 rpm for 5 to 6 h at 4°C. Nuclear extracts were stored
in small aliquots at —80°C.

In vitro transcription assay. In vitro transcription was performed as previously
described (51), with the following modifications. In vitro reactions contained 50
pg of nuclear extract, 150 fmol of 5XGT-Luc template (750 fmol of Gal4 sites),
and 750 fmol of CREB-Gal4 protein. The mRNA synthesized was quantitated by
primer extension analysis. Where indicated, 0.5 U of PKA plus 0.5 uM okadaic
acid were added to phosphorylate P-KID-G4 and P-CRG, after which 0.5 U of
PKI was added to inhibit further PKA activity. Equivalent results were obtained
for using two different preparations of purified proteins and nuclear extracts.

Ag-EMSA. Probe DNA (150 bp) with five Gal4 binding sites (5XGT) and a
minimal TATA-containing promoter (see Fig. 4A) was end labeled with
[«->?P]dATP using Klenow. Five femtomoles of probe was incubated with 10
fmol of purified protein and 3 pg of RLNE (see above) in 1X Ag-EMSA binding
buffer (12.5 mM HEPES, pH 7.9, 12.5% glycerol, 5 mM MgCl,, 70 mM KCI, 0.2
mM EDTA, 10 mM 2-mercaptoethanol, 0.5 mg of bovine serum albumin/ml, 40
ng of poly-dI/dC/ml) for 15 min on a nutator at 4°C. Reactions were run on a 1%
Seakem agarose gel (FMC) in 1X buffer G (45 mM Tris, pH 8.3, 45 mM boric
acid, 0.5 mM EDTA, 5 mM MgAc) at 100 V for 2 h. The gel was then placed on
filter paper, dried overnight at room temperature under vacuum, and exposed to
film to detect complexes. For antibody supershifting experiments, 1 ul of primary
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antibody was incubated with 3 pg of RLNE in 1X Ag-EMSA binding buffer for
1 h on a nutator at 4°C. Ten femtomoles of purified protein, 2 pl of biotinylated
secondary antibody, and 3 pl of streptavidin-coated Dynabeads were added, and
the samples were incubated for an additional 1 h on a nutator at 4°C. Five
femtomoles of probe was then added, and the samples were incubated for an
additional 15 min at 4°C. Reactions were run on a 1% Seakem agarose gel, and
complexes were visualized as described above.

RESULTS

CRG recruits a large complex to the promoter DNA in an
Ag-EMSA. To obtain functional CRG proteins containing ei-
ther or both of the functional CREB activation domains (Fig.
2A) for our assays, we expressed recombinant baculovirus in
Sf9 insect cells and purified the expressed CRGs, using DNA
affinity chromatography. The eluted CRG proteins were
separated on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel and silver stained (Fig. 2B),
which shows that the CRG proteins were purified to near
homogeneity. The recombinant CRG proteins and RLNEs
used in our binding studies were also tested for their ability to
support constitutive and PKA-induced transcription controlled
by a minimal promoter with five Gal4 binding sites (5XGT),
which was also used for the binding studies (see Fig. 4A). As
illustrated in Fig. 2C, CRG increased transcription above the
background level obtained with the Gal4 DNA binding domain
(G4-DBD) alone, and this transcription was enhanced signifi-
cantly by phosphorylation of CRG with PKA. In addition, the
CRG-S133A PKA phosphorylation site mutant provided stim-
ulation of constitutive but not PKA-inducible activity, indicat-
ing that the constitutive and PKA-inducible CRG activities
previously described in transfected cells (50) are reproduced in
the in vitro transcription system.

The concentrations of purified CRG proteins shown in Fig.
2B were determined empirically by testing their binding to a
DNA probe encoding a Gal4 binding site in a classic EMSA.
The results from these experiments (Fig. 3) showed that the
purified proteins retain DNA binding activity, and the corre-
lation between amount of protein added and amount of probe
bound was used to estimate protein concentrations.

To test for stimulation of complex formation on promoter
DNA by CRG, we adapted an Ag-EMSA that had been pre-
viously used to separate free promoter from Zta/TBP/TFIIA-
bound promoter (35). Agarose gels are used because their
larger matrix makes it possible to resolve much larger com-
plexes, such as those formed by RNA polymerase 11 (mega-
daltons), than those that can be resolved (kilodaltons) on the
polyacrylamide gels normally used for gel shift assays. In our
method (see Materials and Methods), a **P-end-labeled DNA
probe (Fig. 4A), which contains five Gal4 binding sites ligated
to a TATA-containing minimal promoter (5XGT), was incu-
bated with purified CRG proteins and RLNE to provide the
general transcription factors under conditions identical to
those used for in vitro transcription. Bound and free probes
were separated on a 1% Seakem agarose gel (Fig. 4B). The
binding of G4-DBD or CRG alone produced only a slight
decrease in the mobility of the probe in these gels (Fig. 4B,
lanes 2 to 4 and 5 to 7).

In the presence of RLNE, the addition of increasing
amounts of CRG protein to the binding reactions produced an
increase in the formation of a large, slowly migrating complex
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FIG. 2. Purification of CRG proteins and their function in an in
vitro transcription assay. (A) The schematic shows the domains of
the CRG (CREB-Gal4) proteins used, including the amino acids of
CREB included in each. (B) CRG proteins were expressed in Sf9
insect cells using a baculovirus system. Proteins were purified from
nuclear extracts using DNA affinity chromatography. Purified pro-
tein was separated on an SDS-15% PAGE gel and was silver stained
by standard methods to visualize the protein bands. (C) Purified
G4-DBD and CRG proteins were tested for activation in an in vitro
transcription system with and without PKA added to the reaction as
indicated.
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FIG. 3. Mobility shift analysis of purified CRG proteins with a Gal4
probe. Affinity purified G4-CAD, G4-KID and CRG were diluted 1:20,
1:50, and 1:100 and bound to 10 fmol of *?P-labeled Gal4 probe in a
standard EMSA. Bound and free probes were separated on a 5%
polyacrylamide mobility shift gel. Densitometry was used to quantify
the relative amounts of probe bound by the various protein samples. A
representative experiment is shown.

on the DNA probe (Fig. 4B, lanes 13 to 15). No such effect was
observed with similar amounts of DBD protein (Fig. 4B, lanes
10 to 12), and complex formation was dependent on the pres-
ence of RLNE in the reaction (in Fig. 4B, compare lanes 5 to
7 with lanes 13 to 15). These results indicate that CRG bound
at the promoter was specifically stimulating the recruitment of
a large complex of proteins from the extract to the promoter
DNA.

The complex recruited to the promoter by CRG contains
TFIID, TFIIB, and RNA polymerase II. To determine whether
the complex recruited by CRG has components expected to
be found in an RNA polymerase II complex, we developed
a supershift assay to test the complexes for the presence of
specific components, such as RNA polymerase II. The method,
illustrated in Fig. SA, makes use of a multiorder binding array
to cross-link the recruited complexes and derives component
specificity from the use of primary antibodies specific for
CREB or for proteins known to be required in the RNA
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FIG. 4. CRG stimulates the formation of a large complex at the
promoter in an Ag-EMSA. (A) The Ag-EMSA method uses a *?P-
end-labeled, 150-bp DNA probe that contains five Gal4 binding sites
(5XG) and a TATA-containing minimal promoter. The probe is incu-
bated with purified protein and RLNE under conditions that allow
DNA binding (see Materials and Methods). (B) Ag-EMSA binding
reactions included 5 fmol of probe incubated with 1, 5, or 10 fmol of
purified G4-DBD or CRG protein and 3 pg of RLNE where indicated.
Complexes were resolved and visualized as indicated in Materials and
Methods.

polymerase II complex, including TFIIB, TBP of TFIID, and
the large subunit of pol II. Because the complexes formed in
this assay are extremely large (in the megadalton range), the
addition of a specific primary antibody (kDa) alone is not
sufficient to produce a detectable increase in the size of the
complex (mDa) (Fig. 5B, lane 5), even in the presence of
secondary antibody (anti-CREB; Fig. 5B, lane 6). It was nec-
essary to include a biotinylated secondary antibody specific for
the primary antibody along with streptavidin-coated Dyna-
beads (Fig. 5B, lane 9) to cross-link the complexes into larger
“supercomplexes” that could then be detected through their
shift to a higher molecular weight on the agarose gel. Super-
shifting was not observed when any of the components (pri-
mary antibody, secondary antibody, streptavidin beads) were
omitted from the reaction (Fig. 5B, lanes 6 to 8). The addition
of a primary antibody specific for CREB, together with the
other supershifting reagents, resulted in a visible shift of the
complex to a higher molecular weight on the gel (Fig. 5C, lane
4 versus lane 6). Likewise, antibodies specific for TFIIB or the
large subunit of RNA polymerase II (Pol) produced a compa-
rable shift in the molecular weight of the complex (Fig. 5C,
lanes 7 and 8). Antibody against the TBP subunit of TFIID
also retarded the complex, but to a somewhat lesser extent
(Fig. 5C, lane 9), which may be attributable to reduced acces-
sibility of TBP within the TFIID complex or interference of the
antibody with further growth of the complex. Antibodies spe-
cific for an irrelevant T7 epitope did not supershift the complex
(Fig. 5C, lane 10).
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FIG. 5. The complex recruited to the promoter by CRG contains
components of an RNA polymerase II complex, as indicated by an
antibody supershift assay. (A) The method uses rabbit primary anti-
bodies specific for components of the polymerase complex, a biotinyl-
ated goat anti-rabbit secondary antibody, and streptavidin-conjugated
Dynabeads to bind the complexes into larger “supercomplexes.” (B)
Binding reactions contained primary antibody (1° Ab) directed against
CREB, secondary antibody (2° Ab), and/or beads, as indicated, with 5
fmol of probe, 10 fmol of purified CRG, and 3 pg of RLNE. (C)
Primary antibodies specific for CREB, TFIIB, the large subunit of
RNA polymerase II, TBP, or an irrelevant T7 antibody were included
with secondary antibody and streptavidin beads where indicated, as in
panel B.
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FIG. 6. The CAD but not the KID of CREB is sufficient to recruit
a complex to the promoter. Ag-EMSA binding reactions included 5
fmol of probe DNA, 10 fmol of purified G4-DBD, KID-G4, CAD-G4,
or CRG, and 3 pg of RLNE where indicated.

CAD, but not KID, is sufficient to recruit the complex to the
promoter DNA. To test whether stimulation of complex for-
mation was occurring specifically through one or both of
the two activation domains of CREB, purified KID-G4 or
CAD-GH4 proteins (Fig. 2B) were included in Ag-EMSA bind-
ing reactions. The CAD was able to stimulate significant com-
plex formation on the promoter DNA (Fig. 6, lane 8), while the
level observed with KID-G4 was no different from that with
G4-DBD alone (Fig. 6, lane 9 versus lane 7). This indicates
that the CAD, but not the KID, of CREB is sufficient to recruit
the complex to the promoter DNA. However, the KID would
not be expected to mediate recruitment in the absence of
phosphorylation by PKA, because CBP has been shown to bind
specifically to the KID in CREB only when the KID is phos-
phorylated (6, 34, 53).

Recruitment of the complex to the promoter by CRG is
independent of CRG phosphorylation by PKA. To determine
whether phosphorylation of CRG by PKA had an effect on
recruitment of a complex to the promoter DNA, we tested P-
CRG and P-KID-G4. To avoid artifacts due to phosphoryla-
tion of nuclear extract proteins by PKA, we incubated CREB-
Gal4 proteins with PKA and terminated the reaction with an
inhibitor of the kinase before the addition of phosphorylated
factors to the binding reaction. Phosphorylation of KID-G4
and CRG by PKA and the maintenance of the phosphorylation
state under the conditions of the Ag-EMSA was confirmed by
Western blot using an antibody specific for CREB that is phos-
phorylated on the Ser-133 PKA phosphorylation site (Fig.

MoL. CELL. BIOL.

7A). The extent of phosphorylation was assessed by includ-
ing [y->*PJATP of known specific activity in an in vitro ki-
nase assay. Under the conditions used in these experiments,
CRG and KID-G4 were phosphorylated stoichiometrically by
PKA. However, phosphorylation of CRG by PKA had no effect
on the amount of complex formed on the promoter DNA (Fig.
7B, lane 7 versus lane 8). Likewise, phosphorylation of KID-
G4 did not allow it to stimulate complex formation (Fig. 7B,
lane 6). This is in contrast to the ability of PKA to stimulate
CRG-mediated transcription with the same reagents in the in
vitro transcription assay (Fig. 2C). To determine whether in-
advertent phosphorylation of CRG by endogenous PKA in the
extracts was having an unrecognized effect on complex recruit-
ment by CRG, we tested CRG-S133A, a PKA phosphorylation
site mutant, in the Ag-EMSA. Complex recruitment by CRG-
S133A was indistinguishable from recruitment by wild-type
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FIG. 7. Recruitment of the complex by CRG is independent of
CRG phosphorylation by PKA. (A) To test for phosphorylation of
CRG and KID-G4 by PKA in the Ag-EMSA system, we incubated 100
fmol of each protein without and with 5 U of PKA under the same
conditions used in the Ag-EMSA binding reactions. Samples were
separated on an SDS-15% PAGE gel and transferred to a membrane,
and a Western blot was performed with a primary antibody specific for
Ser-133 phosphorylated CREB. (B) Ten femtomoles of each purified
protein was included with 5 fmol of probe and 3 pg of RLNE in
Ag-EMSA binding reactions as indicated. Five units of PKA were
included where shown.
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CRG (Fig. 7B, lane 9 versus lane 7) and was also equivalent in
the presence of PKA (Fig. 7B, lane 9 versus lane 10). The
result with CRG S133A provides further evidence that PKA
phosphorylation is not playing a role in recruitment of the
complex to the promoter DNA by CRG. These results indicate
that recruitment by CRG is independent of PKA phosphory-
lation and provide direct evidence that phosphorylation of the
KID does not allow it to recruit the polymerase complex in this
system, whether the KID acts alone or in concert with the CAD
in CRG.

CBP antibody does not supershift the complex recruited by
CRG. Because interaction with CBP has been proposed to
mediate activation of transcription by phosphorylated CREB,
we were interested to see if an antibody specific for CBP could
supershift the complex recruited to the promoter by CRG.
Endogenous CBP was detected with the CBP antibody in the
RLNE (Fig. 8A), demonstrating that it is present in significant
amounts in the recruitment assay. We are also able to immu-
noprecipitate CBP from nuclear extracts with this antibody,
indicating that it recognizes native CBP (data not shown).
Using this same CBP antibody, we tested PKA-phosphorylated
CRG to see if inclusion of CBP in the recruited complex was
dependent on phosphorylation of CRG. Phosphorylation of
CRG still did not allow supershifting of the complex by the
CBP primary antibody (Fig. 8B, lane 10), indicating either that
CBP is not present in the complex recruited to the promoter by
CRG, regardless of the CRG phosphorylation state, or that the
amino terminal CBP epitope is masked in the complex. In
addition, two other antibodies directed against amino and car-
boxy terminal epitopes in CBP were tested alone and together,
but they also failed to produce a supershift (data not shown).
The maintenance of phosphorylation of CRG under the con-
ditions of the assay was again confirmed by Western blot, as
described above (Fig. 7A).

DISCUSSION

Based on previous results showing an interaction between
the CREB CAD and the dTAF110 or hTAF130 subunit of
TFIID (12, 13, 60, 69), we proposed a model for CAD activa-
tion through sequential recruitment of the TFIID and poly-
merase complexes. We developed the Ag-EMSA method re-
ported here to test this hypothesis directly. The results of our
Ag-EMSA experiments demonstrate the following: (i) CRG is
able to recruit a polymerase complex to the promoter; (ii) this
complex contains TFIID, TFIIB, and RNA polymerase II; (iii)
the CAD, but not the KID, of CREB is sufficient to mediate
recruitment; (iv) recruitment is independent of the phosphor-
ylation state of CRG; and (v) CBP was not detected in the
recruited complex, even when CRG was phosphorylated.

CRG stimulation of the formation of a polymerase complex
required the CREB activation domain, as no increase in com-
plex formation was detected with G4-DBD and RLNE. The
incubation of G4-DBD or CRG with the probe DNA showed
only a very minor shift in the mobility of the probe in the
agarose gel (Fig. 4B, lanes 2 to 7), corresponding to the binding
of the purified proteins to the Gal4 sites, as shown in Fig. 4.
The addition of increasing amounts of CRG to RLNE pro-
duced a corresponding increase in the amount of complex with
very slow mobility in the gel. This indicates that a factor bind-
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FIG. 8. Phosphorylated CRG does not recruit CBP to the complex.
(A) To confirm the presence of CBP in the RLNE, a Western blot was
performed using an antibody specific for CBP. RLNE (250 pg) was
separated on an SDS-5% PAGE gel and transferred to a membrane,
and a Western blot was performed. A 70-kDa N-terminal CBP frag-
ment was synthesized in a coupled in vitro transcription-translation
reaction and included on the gel as a positive control for the antibody.
(B) A supershift assay was performed similar to that shown in Fig. 5C,
except 5 U of PKA was included to phosphorylate the CRG protein.
The indicated primary antibodies were included along with biotinyl-
ated secondary antibody and streptavidin beads. The CBP antibody

was the same as that described in the Fig. 7A legend.

ing to the DNA probe is specifically stimulated by the presence
of CRG and is not simply a function of Gal4 protein binding to
the probe, consistent with a role of the CREB activation do-
mains in active recruitment of such a complex.

It is apparent in some experiments that incubation of RLNE
with a promoter DNA probe in an Ag-EMSA binding reaction
produced a modest level of complex formation on the pro-
moter DNA in the absence of activator. This effect is particu-
larly evident in Fig. 6 and 7. This minor complex formation
likely represents the low level of polymerase complex forma-
tion and in vitro transcription that can occur in the absence of
an activator (4). The formation of this complex was consistent
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and was unchanged by the addition of purified G4-DBD to the
binding reaction (Fig. 6), suggesting that it did indeed reflect
spontaneous, activator-independent binding.

That the complex recruited to the promoter by CRG con-
tains factors expected to be found in an RNA polymerase II
complex was demonstrated by our antibody supershifting ex-
periments (Fig. 5). Through the use of a multiorder binding
array, we were able to detect further shifts in the molecular
weights of the large complexes formed on the DNA, which
were specific for the CREB activation domain and for the
general transcription factors known to be required in the poly-
merase complex. The multicomponent supershifting method
utilized in these studies retains the specificity provided by the
primary antibody, as in the single component supershifting
used in a classic polyacrylamide gel shift assay. The method we
report here is far more sensitive than previously described
procedures utilizing Western blotting (36, 58). Based on our
results with CRG, we can readily detect a supershift with ~5%
of the protein needed for detection with an avid antibody by
Western blot. An advantage of using a combination of a selec-
tive Gal4-targeted activation domain together with heteroge-
neous nuclear extracts that support transcription activation is
that it is possible to test for the inclusion of specific factors
recruited to the complex. As expected, supershifting of the
complex was observed with a CREB primary antibody, due to
the presence of CRG bound to the probe. Comparable super-
shifting was also seen with primary antibodies specific for the
general transcription factor TFIIB or the large subunit of RNA
polymerase II. Antibody against the TBP subunit of TFIID
produced a smaller supershift, which may indicate that the
antibody produced a steric block to full complex formation or
that access to TBP was limited. It has been shown that a
complex containing TFIID, TFIIB, and RNA polymerase II-
TFIIF is sufficient to transcribe a supercoiled template (46).
Thus, the presence of TFIIB, RNA polymerase II, and TBP in
the complex recruited to the promoter by CRG (Fig. 5C),
together with the ability of CRG to stimulate transcription
under identical conditions (Fig. 2C), suggests that the recruited
complex is functional.

The recruitment activity of CRG is mediated through the
CAD in CREB, as evidenced by the recruitment of the com-
plex by purified CAD-G4 but not by KID-G4 (Fig. 6). Al-
though the full-length activation domain of CRG was more
effective than CAD-G4 in promoting recruitment, this is not
due to phosphorylation of KID, because CRG-S133A is as
effective as CRG in recruitment. This result is consistent with
previous studies demonstrating that the CAD interacts with
the general transcription machinery through the dTAF110 or
hTAF130 subunit of TFIID (12, 13, 60, 69). Mammalian cells
contain a homologue of dTAF110, hTAF130, in which the
domains that interact with TAF250 in TFIID and with the
CREB or Spl1 activation domains are highly conserved (60, 64).
A yeast screen for TAF110 interaction-defective CAD mutants
mapped the CREB amino acids required for interaction with
TAF110 to a central hydrophobic cluster of amino acids in the
CAD (12). As will be demonstrated elsewhere, the interaction
between the CAD and TAF is necessary and sufficient for
constitutive transcription (Felinski and Quinn, unpublished
data). Mutations in these hydrophobic residues which abol-
ished interaction in the yeast two-hybrid system also abolished

MoL. CELL. BIOL.

the following: (i) direct interaction between the CAD and the
TAF, (ii) recruitment of the RNA polymerase II complex in
the assay described here, and (iii) transcription activation by
these mutated CAD-G4 proteins in vivo. This establishes a
genetic link between CAD-TAF interaction, recruitment, and
transcription. Taken together, our results provide strong sup-
port for the idea that the mechanism by which the CAD acti-
vates transcription involves binding and recruitment of TFIID
by the CREB CAD, which in turn facilitates recruitment of the
polymerase complex (Fig. 1A).

To determine whether the KID had potential recruiting ac-
tivity that was simply masked by the strong activity of the CAD,
we tested the KID alone. Even when phosphorylated, KID-G4
had no effect on recruitment in this assay. In addition, recruit-
ment of the polymerase complex by CRG was not affected by
phosphorylation of CRG by PKA or by a mutation, CRG-
S133A, in KID that prevents phosphorylation by PKA. Iden-
tical results were obtained when we employed a functional
assay (single-round transcription) to assess recruitment; nei-
ther KID alone nor PKA phosphorylation of the entire CREB
activation domain had any effect upon recruitment (29). Thus,
results from two independent assays, which measured distinct
end points, involving direct assessment of recruitment or the
presence of a functional polymerase complex (29), indicate
that KID alone is incapable of recruiting a polymerase com-
plex, even when phosphorylated. An important difference be-
tween the experiments reported here and those of Nakajima et
al. (41) showing that CBP mediated interaction between phos-
phorylated CREB and holoenzyme is that we included tem-
plate in the recruitment reaction, whereas Nakajima et al.
supplied template and other factors subsequent to the inter-
action assay. Thus, a strict interpretation of that result is that
CBP can mediate interaction between CREB and holoenzyme.
However, phosphorylated CREB would have to interact with
holoenzyme in order to affect any step in transcription initia-
tion, so the demonstration of such an interaction does not
indicate that recruitment is the step affected. When recruit-
ment was assayed independently here, we saw no effect of
phosphorylation of CRG on this process.

The coactivator CBP has been demonstrated to interact with
CREB when it is phosphorylated on Ser-133 (6, 34). Thus, the
fact that we were unable to detect the presence of CBP in the
complex, even when CRG was phosphorylated, was somewhat
of a surprise. CBP has been suggested to mediate recruitment
of the polymerase complex by simultaneously interacting with
phosphorylated CREB and RNA helicase A of the holoen-
zyme complex to enhance activation by CREB (41, 42, 45). The
observation that CBP was not detected in the complex, even in
the presence of PKA (Fig. 8B), suggests either that phosphor-
ylation of CRG is not sufficient to recruit CBP under these
conditions, that CBP is present in the complex but that the
CBP epitopes required for antibody recognition are masked by
interaction with another factor, or that CBP association is not
stable to electrophoresis. We did confirm by Western blot that
CBP is present in significant quantity in our RLNE and thus is
available in the Ag-EMSA binding reactions (Fig. 8A). Re-
gardless of whether CBP is absent or masked, the observation
that PKA does not influence recruitment by CRG under con-
ditions where it stimulates transcription in a phosphorylation
site-dependent manner indicates that recruitment of CBP or of
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the polymerase complex in general may not be required for
phosphorylated CREB to augment induction of transcription.
Immunodepletion of CBP from nuclear extracts had no effect
upon induction by PKA (data not shown), but we were unable
to deplete CBP by more than ~75%, even when using large
quantities of a combination of amino- and carboxy-directed
antibodies. We cannot exclude the possibility that the residual
CBP, which is inaccessible to antibodies recognizing amino-
and carboxy-terminal epitopes, may be in a functional complex
required for transcription activation by phosphorylated CREB.
In summary, the results presented here demonstrate that
recruitment of a complex containing TBP, TFIIB, and poly-
merase II can be facilitated by the presence of CRG bound to
an upstream enhancer. This recruitment activity is solely a
function of the CAD in CREB and was unaffected by phos-
phorylation of KID-G4, whether acting as a distinct domain or
in concert with the CAD in CRG. The data presented here
show that CAD-G4 effectively recruits an RNA polymerase 11
complex to the promoter but do not support a role for P-
CREB-CBP in recruitment of a polymerase complex. Work
reported elsewhere showed that CAD-G4 but not KID-G4
mediated single-round transcription, a functional measure of
recruitment, whereas phosphorylation of CRG stimulated later
steps in the reaction: isomerization, as estimated by abortive
initiation, and promoter clearance and/or reinitiation, as esti-
mated by multiple-round transcription (29). Taken together,
our results are consistent with the idea that the CREB CAD
can interact with the TAF130 subunit of TFIID, leading to
recruitment of a polymerase complex and the establishment of
constitutive transcription (Fig. 1A). The experiments reported
here are in excellent agreement with experiments recently re-
ported in which artificial recruitment of TFIID to a promoter
could establish transcription in mammalian cells, whereas re-
cruitment of holoenzyme could not (10). Finally, the assay
described here should be useful, at least in principle, in the
identification of specific factors recruited to a variety of pro-
tein-nucleic acid complexes under different conditions.
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