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The transcriptional coactivator CBP displays an in-
trinsic histone acetyl transferase (HAT) activity which
seems to participate in transcriptional activation
through the destabilization of nucleosome structure.
CBP is involved in the activity of several transcription
factors that are nuclear endpoints of intracellular sig-
nal transduction pathways. In some instances, the
transcription factors are phosphorylated upon cell ac-
tivation, which induces their interaction with CBP.
CBP itself is a phosphoprotein and can be phosphory-
lated by cycle-dependent kinases or by MAP Kkinases.
Here we show that CBP phosphorylation by p44 MAP
kinase/ERK1 results in the stimulation of its HAT en-
zymatic activity. The p44 MAP kinase/ERK1 phosphor-
ylation sites are located in the C-terminal part of the
protein, outside of the HAT domain. These sites are
required for enzymatic stimulation, suggesting that
phosphorylation by p44 MAP kinase/ERK1 induces a
conformational change of the CBP molecule. Our data
suggest that, in some instances, CBP itself might be a
target for signal transduction pathways. © 1999 Academic

Press

Intracellular signal transduction pathways induce
the modification of gene expression during the course
of cell responses to environmental changes. They mod-
ulate the activity of various transcription factors
through post-translational modifications, among which
phosphorylations play a major role. These modifica-
tions lead to appropriate changes in gene transcription.
The transcriptional coactivator CBP (CREB binding
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protein) and the highly homologous E1A-associated
p300 protein appear to play a major role in the activity
of several transcription factors that are direct targets
of these signal transduction pathways; examples in-
clude CREB, which is involved in the response to
cAMP, or SRE-binding factors, involved in the re-
sponse to serum (1-5).

CBP activates transcription by various mechanisms:
it contains two transcriptional activation domains, one
at each end of the molecule (2, 6), and is able to contact
some of the basal transcription factors, the TATA Bind-
ing Protein (7), TFIIB (2) and RNA pol Il itself (8),
suggesting that it can function as a bridging factor. In
addition, CBP has been shown to interact with two
histone acetyl transferases (HATs), P/ICAF (9) and
SRC-1 (10). Finally, CBP displays an intrinsic HAT
activity (11, 12).

HATs are able to acetylate the N-terminal tails of
core nucleosomal histones (13, 14). This modification
seems to weaken the interaction between the histone
tails and the DNA, thereby creating an “open” chroma-
tin structure, which would be more accessible to tran-
scription factors. Accordingly, HATs are generally
found within coactivator complexes (9-12, 15),
whereas the “reverse” enzymes, the histone deacety-
lases (HDs) are associated with transcriptional repres-
sors (16-19).

The mechanism through which the activating signal
is transduced to CBP has been determined in some
systems. For example, during the cyclic AMP response,
the activation of protein kinase A (PKA) results in
phosphorylation of the transcription factor CREB
(cCAMP Responsive Element Binding protein). Phos-
phorylated CREB, but not unphosphorylated CREB,
will recruit CBP, which in turn mediates the transcrip-
tional activation of CREB-dependent genes (1, 2). The
situation is similar for nuclear hormone receptors, to
which CBP is recruited upon ligand binding (20).
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FIG. 1. p44 MAP kinase/ERK1 treatment of CBP stimulates its HAT activity. (A) GST-CBP or GST beads pretreated with p44
MAPK/ERK1 in the presence of ATP were used to acetylate purified histones (Sigma) in presence of *C-Acetyl-Coenzyme A. Histones were
analyzed by SDS-PAGE and autoradiography. (B) GST-CBP beads were either untreated, treated with native p44 MAP kinase/ERKL1 or
mock-treated with boiled p44 MAP kinase/ERK1 (b) in presence of ATP, prior to being assayed for HAT activity using the H4 peptide assay;
the figure shows the results of a typical experiment. (C) p44 MAP kinase/ERK1, but not PKA, stimulates CBP HAT activity. GST-CBP beads
were treated with p44 MAP kinase/ERK1 or PKA as indicated, and assayed for HAT activity.

CBP is also involved in transcriptional activation by
serum responsive elements (SREs) (4, 5). These ele-
ments control immediate early genes such as c-fos.
They bind two proteins: SRF (Serum Response Factor),
which binds as a homodimer, and TCF (Ternary Com-
plex Factor), a protein of Ets family (21). The signal
delivered to the cell membrane by growth factors is
transduced to the SRE, at least in part, through a
pathway involving the mitogen activated protein ki-
nases (MAP kinases) ERK-1 or ERK-2 (22, 23). MAP
kinases phosphorylate the TCF, thereby activating
transcription through an unknown mechanism (23).
The CBP coactivator is involved in SRE activity
through physical interactions with the SRF/TCF com-
plex (4, 5, 24). However, these interactions appear to be
independent of both TCF phosphorylation and the

transcriptional activity of the promoter (4). The modi-
fication induced by MAP kinases which results in im-
mediate early gene activation by CBP through SREs is
unknown.

CBP is phosphorylated in vitro by MAP kinases/
ERKSs (24), suggesting that it could be an important
target of this signal transduction pathway. We show
here that this phosphorylation stimulates CBP HAT
activity, and thus could be involved in the activation of
immediate early gene expression.

MATERIALS AND METHODS

Vectors and GST fusion proteins. cDNAs of interest were cloned
into the relevant pGEX-2T vector (Pharmacia). Details of construc-
tions are available upon request.
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Cell culture and immunoprecipitations. NIH3T3 cells were main-
tained in DMEM supplemented with 10% fetal calf serum (Sigma).
Immunoprecipitations were performed, using standard procedures,
with the A-22 anti-CBP antibody (Santa Cruz) or with anti-myogenin
antibody as an irrelevant control. Beads were washed twice with
RIPA buffer (50 mM Tris pH 7.5, 150 mM NacCl, 1% NP40, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and a cocktail of
protease inhibitors (Boehringer)), and three times with HAT buffer
(50 mM Tris pH 7.5, 1 mM EDTA, 10 mM Na-Butyrate and protease
inhibitors) prior to HAT assay.

HAT assay. HAT assays were performed as previously described
(25). Briefly, a synthetic peptide (Chiron), corresponding to the first
24 amino acids of histone H4 (sequence SGRGKGGKGLGKG-
GAKRHRKVLR) coupled through a GSGS linker sequence to a biotin
molecule, was used as a substrate. Beads covered with either GST-
CBP or immunoprecipitated cellular CBP were washed three times
with HAT buffer and mixed with the H4 biotinylated peptide (30 mM
final) in 30 ul of HAT buffer supplemented with 100 nCi of "C-
acetyl-CoA (2.3 GBg/mmol, ICN). Samples were incubated at 30°C
for 45 min. After centrifugation for 5 min at 14000 rpm, superna-
tants were incubated in HAT buffer (500 wl) with 10 ul of pre-washed
streptavidin-agarose beads (Sigma) for 20 min at 4°C on a rotating
wheel. Bound radioactivity was counted using a liquid scintillation
counter (LKB).

Acetylation of purified histones was performed as described in (12).

In vitro phosphorylation and phosphatase treatment. GST fusion

proteins were purified as described previously (29).

For in vitro phosphorylation, the recombinant proteins were incu-
bated with 20 ng of MAPK (p44-ERK-1) (Euromedex), 100 uM ATP
(and y *¥P-ATP to a final specific activity of 100 mCi/mmol, where
indicated), for 45 min at 30°C in 30 ul of 25 mM Tris, pH 7.5, 0.1 mM
NavO,, 0.1 mM EGTA, 10 mM Mg acetate, 0.04 mM DTT, 0.1 mM
ZnS0O,, supplemented with protease inhibitors.

Phosphatase treatment was performed using 400 U of the Lambda
Protein Phosphatase (Biolabs), 30 min at 30°C.

RESULTS AND DISCUSSION

p44 MAP Kinase/ERK1 Treatment Stimulates CBP
HAT Activity

MAP kinases are able to phosphorylate CBP in vitro
(24). We tested the effect of CBP phosphorylation on its
enzymatic activity using radiolabeled Acetyl-CoA and
nucleosomal histones as substrates (Fig. 1A). Pretreat-
ment of GST-CBP with purified p44 MAP kinase/ERK1
and ATP resulted in a higher level of histone acetyla-
tion than that observed with control untreated CBP
(compare lanes 3 and 4). HAT activity was also assayed
using a more quantitative assay, in which the transfer
of radiolabeled acetyl groups to a synthetic peptide
substrate can be directly detected (Fig. 1B) (25). p44
MAP kinase/ERK1 treatment stimulated CBP HAT
activity more than 7 fold. The GST negative control
similarly treated by purified p44 MAP kinase/ERKZ, or
purified p44 MAP kinase/ERK1 alone, did not show
any detectable HAT activity (Fig. 1B). Furthermore,
this stimulation was dependent upon an active p44
MAP kinase/ERK1, as shown by the lack of stimulation
using inactivated enzyme (Fig. 1B).

MAP Kkinases belong to the superfamily of the
proline-dependent serine/threonine kinases. Among
members of this family, we found that cyclin E/cdk2
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FIG. 2. p44 MAP kinase/ERK1 stimulation of CBP HAT activity
is due to phosphorylation of CBP. (A) GST-CBP beads were treated
with p44 MAP kinase/ERK1 in the presence of ATP or [y-S]JATP as
indicated, and samples were then tested for HAT activity. (B) GST-
CBP beads were treated first with p44 MAP kinase/ERK1 and then
with Lambda phosphatase, as indicated, before the HAT assay.

could also stimulate CBP HAT activity in vitro (26).
This stimulating effect is restricted to a limited num-
ber of kinases: treatment of CBP with PKA, a kinase
involved in the cAMP pathway and which is able to
phosphorylate CBP in vitro (4) and data not shown),
did not result in the stimulation of CBP HAT activity
(Fig. 1C). Thus kinases involved in distinct signal
transduction pathways, all involving CBP, have dis-
tinct effects on CBP HAT activity.

CBP Phosphorylation by p44 MAP Kinase/ERKZ1 Is
Required for the Stimulation

To test whether CBP HAT stimulation requires CBP
phosphorylation, we used a nonhydrolyzable form of
ATP, [y-S]JATP, in the phosphorylation assay. Under
these conditions, no stimulation of CBP HAT activity
could be detected (Fig. 2A), indicating that a phosphor-
ylation event is indeed required for the stimulation.

Furthermore, if CBP phosphorylated by p44 MAP
kinase/ERK1 was treated with a phosphatase prior
to the HAT assay, its HAT activity was reduced to
non-induced levels (Fig. 2B), in parallel with the dis-
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FIG. 3. CBP HAT activation by p44 MAP kinase/ERK1 requires the C-terminal region of CBP. (A) Schematic representation of the CBP
molecule indicating the positions of the HAT domain, the previously described MAPK phosphorylation sites, and amino acids corresponding
to the endpoints of the various deletion mutants. (B) Full length (wt) or deletion mutants of CBP were treated with p44 MAP kinase/ERK1
(or not) and assayed for HAT activity. Fold activation is shown, with reference to the non-activated control.

appearance of the **P labeling (data not shown). Taken
together, these data indicate that in vitro phosphory-
lation of CBP by p44 MAP kinase/ERK1 results in the
stimulation of CBP HAT activity. This stimulation
could be reversed by phosphatase treatment, suggest-
ing that a balance between the activating MAP kinase
and an inactivating phosphatase could thus lead to a
precise regulation of CBP HAT activity in live cells.

The Phosphorylation Site Is Located
in the C-Terminus of the Protein

CBP has been shown to be phosphorylated in vitro by
MAP Kkinases at the far C-terminus of the protein (24),
outside of the HAT domain. Accordingly, mutants (Fig.
3A) which have been deleted for the C-terminal region
of the molecule could not be stimulated by p44 MAP
kinase/ERK1 treatment. This result indicates that the
phosphorylation sites which are required for the stim-

ulation are located at the C-terminus of the protein.
Since this region does not include the HAT domain, it
seems likely that CBP phosphorylation by p44 MAP
kinase/ERK1 induces an intramolecular conforma-
tional change that allows the HAT domain to be more
active. Note that the same region of CBP was involved
in CBP HAT activation upon phosphorylation by cycE-
cdk2 (26).

Taken together, our results show that phosphoryla-
tion of CBP in vitro by p44 MAP kinase/ERK1 results
in the stimulation of CBP HAT activity. However, en-
dogenous CBP HAT activity did not show any change
at early time points: 10, 20, 30 and 60 minutes after
cell stimulation by serum, although c-fos SRE activity
was induced normally (data not shown). Furthermore,
no change in the phosphorylation of endogenous CBP
could be detected by metabolic labeling with *P inor-
ganic phosphate upon MAP kinase activation (data not
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FIG. 4. Hypothetical model for SRE activation. An activated
MAP kinase is recruited to the SRE by members of the TCF family,
where it phosphorylates locally the CBP protein. This phosphoryla-
tion results in the stimulation of CBP HAT activity only for those
molecules located in the vicinity of the SRE. It finally results in
immediate early gene expression.

shown). In contrast, phosphorylation of CBP and stim-
ulation of its HAT activity could both be detected ap-
proximately 9 hours after serum stimulation, concom-
itantly with cycE-cdk2 activation (26). These data
indicate that the majority of CBP molecules are not
targets for the MAP kinase-dependent signal transduc-
tion pathway, in contrast to what is observed for cyc
E-cdk 2. Recently, it has been shown that, during stim-
ulation of PC12 cells by NGF, CBP transcriptional
activity increased with a kinetic consistent with MAP
kinase activation (27). However, despite extensive
searching, we could not detect any concomitant stimu-
lation of CBP HAT activity, suggesting that other tran-
scriptional activities of CBP could be targeted by intra-
cellular signal transduction pathways. Indeed, we have
previously shown that HAT activity is not absolutely
required for SRE co-activation by CBP (5).

However, it is possible that some CBP molecules,
which are recruited to the SRE element together with
MAP kinases (24), are locally phosphorylated by these
enzymes (Fig. 4).

Although the HAT activity does not seem to be ab-
solutely required for SRE coactivation by CBP (5), it is
reasonable to hypothesize that CBP uses both HAT-
dependent and HAT-independent mechanisms to coac-
tivate immediate early genes. Indeed, serum stimula-
tion of the c-fos promoter requires a signal inducing
histone acetylation (28). It is possible that some CBP
molecules, recruited to SRE elements together with
TCF-bound MAP Kkinases, are locally phosphorylated
by these enzymes (Fig. 4), leading to CBP HAT activity
stimulation.
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