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Elevation of intracellular 8-bromo-cyclic AMP (cAMP) can activate certain steroid receptors and enhance
the ligand-dependent activation of most receptors. During ligand-independent activation of the chicken pro-
gesterone receptor (cPRA) with the protein kinase A (PKA) activator, 8-bromo-cAMP, we found no alteration
in cPRA phosphorylation (W. Bai, B. G. Rowan, V. E. Allgood, B. W. O’Malley, and N. L. Weigel, J. Biol. Chem.
272:10457–10463, 1997). To determine if other receptor-associated cofactors were targets of cAMP-dependent
signaling pathways, we examined the phosphorylation of steroid receptor coactivator 1 (SRC-1). We detected a
1.8-fold increase in SRC-1 phosphorylation in transfected COS-1 cells incubated with 8-bromo-cAMP. Phos-
phorylation was increased on two mitogen-activated protein kinase (MAPK) sites, threonine 1179 and serine
1185. PKA did not phosphorylate these sites in vitro. However, blockage of PKA activity in COS-1 cells with
the PKA inhibitor (PKI) prevented the 8-bromo-cAMP-mediated phosphorylation of these sites. Incubation of
COS-1 cells with 8-bromo-cAMP resulted in activation of the MAPK pathway, as determined by Western
blotting with antibodies to the phosphorylated (active) form of Erk-1/2, suggesting an indirect pathway to
SRC-1 phosphorylation. Mutation of threonine 1179 and serine 1185 to alanine in COS-1 cells coexpressing
cPRA and the GRE2E1bCAT reporter resulted in up to a 50% decrease in coactivation during both ligand-
independent activation and ligand-dependent activation. This was due, in part, to loss of functional coopera-
tion between SRC-1 and CREB binding protein for coactivation of cPRA. This is the first demonstration of
cross talk between a signaling pathway and specific phosphorylation sites in a nuclear receptor coactivator that
can regulate steroid receptor activation.

Steroid receptors are members of a superfamily of ligand-
activated transcription factors that bind to sequence-specific
DNA binding sites in the promoter of target genes to regulate
transcription. In addition to the regulation by ligand, steroid
receptor action is modulated by cellular signaling pathways
that activate intracellular kinases that, in turn, target receptors
or other proteins relevant to the receptor activation process.
Steroid receptors are phosphoproteins, and receptor phos-
phorylation has been shown to regulate the activity of the
progesterone receptor (PR) (9–11, 13, 21), estrogen receptor
(ER) (7, 15, 16, 20, 23, 34), the glucocorticoid receptor (GR)
(5, 29, 36, 56), and the androgen receptor (AR) (62).

In some cases, activation of a cellular signaling pathway is
sufficient to activate a receptor in the absence of hormone.
Elevation of intracellular cyclic AMP (cAMP), a common sec-
ond messenger for a number of hormones and a direct activa-
tor of protein kinase A (PKA), can induce a ligand-indepen-
dent activation of chicken PR (cPR) (22), AR (44), and the
ER (8), as well as enhance steroid-dependent activation of a
broader range of receptors, including PR (13, 35), ER (8), GR
(45), AR (19, 30), and the mineralocorticoid receptor (41).
Previously, we found that activation of cAMP-dependent sig-
naling pathways with the agent 8-bromo-cAMP caused no

change in receptor phosphorylation during ligand-independent
activation of cPR (9) or cAMP enhancement of steroid-depen-
dent activation of human PR (hPR) (13). This suggested that
other receptor-associated proteins, such as the recently discov-
ered coactivators for the steroid receptor superfamily, might
be targets of kinase pathways that activate the PR, but do not
alter receptor phosphorylation.

Steroid receptor coactivator 1 (SRC-1) (47) was the first-
identified member of a family of coactivators that regulate
steroid and nuclear receptor action. Coregulators, both coac-
tivators and corepressors, interact with steroid and nuclear
receptors and, respectively, enhance or block receptor-depen-
dent transcription. This has provided an additional regulatory
mechanism for steroid receptor action (for a review, see ref-
erence 42). Recent evidence has suggested that the steroid-
nuclear receptor coregulator proteins may be targets of cel-
lular signaling pathways. The activities of the corepressors
N-CoR and SMRT (28, 38, 54) and the coactivator CREB
binding protein (CBP) (2, 3, 17, 31, 32, 39, 40, 59, 61) are
regulated by cell signaling pathways. The potential for regu-
lating coactivator function through signal pathway-mediated
phosphorylation was realized by our laboratory with the first
identification of the major phosphorylation sites in a nuclear
receptor coactivator, SRC-1 (50) (Fig. 1). Furthermore, we
showed that SRC-1 is a target of the mitogen-activated protein
kinase (MAPK) pathway (50), providing a direct link to a
pathway known to regulate steroid receptor-dependent gene
transcription (1, 15, 34, 36, 60). The SRC-1 phosphorylation
sites, all of which contain consensus sequences for the serine/
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threonine-proline-directed protein kinases, suggested a means
by which signaling pathways that target specific coactivator
phosphorylation sites could regulate nuclear receptor action.
However, there have been no reports of specific phosphoryla-
tion sites in nuclear receptor coregulators that modulate ste-
roid receptor action. In this report, experiments were under-
taken to determine if SRC-1 phosphorylation was regulated
during 8-bromo-cAMP-induced ligand-independent activation
of cPR A form (cPRA), to determine if SRC-1 phosphorylation
modulates PR activation, and to identify the mechanisms by
which altered phosphorylation modulates receptor activation.

MATERIALS AND METHODS

Materials. Cell culture reagents and Lipofectamine were purchased from
GIBCO/BRL Life Technologies (Grand Island, N.Y.). Carrier-free [32P]H3PO4
and [g-32P]ATP were purchased from DuPont-NEN (Boston, Mass.). High-
performance liquid chromatography (HPLC) reagents were purchased from J. T.
Baker Chemical Corp. (Phillipsburg, N.J.). 8-Methoxy-psoralen, poly-L-lysine,
protease inhibitors, PKA inhibitor (PKI), and monothioglycerol were purchased
from Sigma (St. Louis, Mo.). Xylene was purchased from Fisher Scientific (Pitts-
burgh, Pa.). Tosylphenylalanyl chloromethyl ketone-treated trypsin was obtained
from Worthington Biochemical Corp. (Freehold, N.J.). Anti SRC-1 immuno-
globulin G (IgG) (clone 1135) was prepared as previously described (52). Rabbit
anti-mouse IgG (H1L) antibody was obtained from Zymed (San Francisco,
Calif.). Epidermal growth factor (EGF) was purchased from Collaborative Bio-
medical Products, Bedford, Mass.). The oligonucleotides used in the plasmid
construction and sequencing were purchased from GenoSys (The Woodlands,
Tex.) and from GIBCO/BRL Life Technologies. The CheckMate mammalian
two-hybrid system and the MEK inhibitor U0126 were purchased from Promega
(Madison, Wis.). Erk-1/2 and phospho-Erk-1/2 antibodies were purchased from
New England Biolabs (Beverly, Mass.).

Plasmid construction. Plasmid expression vectors for SRC-1, P/CAF (P300/
CBP-associated factor), and CBP were prepared by subcloning into the pCR3.1
vector as described previously (33, 50). Expression vectors for the mammalian
two-hybrid studies were prepared by subcloning SRC-1, P/CAF, and CBP in
frame with Gal DNA binding domain and VP16 activation domain vectors from
the CheckMate mammalian Two-hybrid system (Promega). Mutagenesis was
performed with the Stratagene Quick Change kit. The SRC-1 sequence and
mutations were confirmed by DNA sequencing.

Transfection of SRC-1 in COS-1 cells and metabolic labeling. Expression of
SRC-1 in COS-1 cells and metabolic labeling with [32P]H3PO4 were performed
as described previously (50). Briefly, 2 3 107 COS-1 cells were plated on 150-
mm-diameter dishes (2 3 106 cells/dish) in Dulbecco’s modified Eagle’s medium
(DMEM) with 5% fetal bovine serum (FBS) that had been treated with dextran-
coated charcoal. Twenty-four hours after plating, the cells were infected with ex-
pression vectors for SRC-1 (0.1 mg/dish), cPRA (0.01 mg/dish), and GRE2E1bCAT
reporter (4 mg/dish) by a nonrecombinant adenovirus DNA transfer technique
(4) at an adenovirus/cell ratio of 400 to 1. Thirty-six hours postinfection, DMEM
was removed and replaced with phosphate-free DMEM containing 1% dialyzed,
stripped FBS. After incubation of cells for 1 h at 37°C, the medium was removed
and replaced with phosphate-free DMEM containing [32P]H3PO4 (0.13 to 0.26
mCi/ml). After 1 h of incubation at 37°C, cells were incubated with 8-bromo-
cAMP (1 mM), PKI (1026 M), or vehicle. In other experiments, cells were
treated with U0126 (25 mM) or vehicle 30 min prior to incubation with 8-bromo-
cAMP. Following these treatments, cells were cultured for 12 to 14 h (overnight
incubations) at 37°C prior to harvest. Immunoblotting analysis for SRC-1 in
these experiments was performed as described below with an anti-SRC-1 mono-
clonal antibody.

Purification of SRC-1 and preparation of tryptic phosphopeptides. Immuno-
purification of SRC-1 and digestion with trypsin were performed as described
previously (50). Briefly, immunopurified SRC-1 was electrophoresed on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE [6.5% polyacryl-
amide]) gels, and the 32P-phosphorylated SRC-1 was visualized by autoradiog-
raphy. The phosphorylated SRC-1 was excised from the gel and incubated with
10 to 40 mg of trypsin for 24 h to extensively digest SRC-1, and the supernatant

FIG. 1. SRC-1 phosphorylation sites and tryptic phosphopeptides. (A) Locations of seven phosphorylation sites in SRC-1 and locations of tryptic phosphopeptides
1 to 6 corresponding to phosphorylation sites Ser-569, Ser-395, Ser-1033, Ser-372, Ser-517, and Thr-1179 and Ser-1185, respectively. Functional domains of SRC-1 are
also indicated. P, phosphorylation site; bHLH, basic helix-loop-helix motif; PAS, Per-Arnt-Sim domain; S/T, serine/threonine-rich region; AD, putative activation
domain; Q, glutamine-rich region; NR, nuclear receptor interaction domains; CBP, CBP interaction domain; P/CAF, P300/CBP-associated factor interaction domain;
HAT, HAT domain. Black vertical bars indicate LXXLL receptor interaction motifs. (B) SRC-1 coactivates the ligand-dependent and ligand-independent activation
of cPRA. COS-1 cells plated in six-well plates (2 3 105 cells/well) were transfected with cPRA (0.005 mg/well), GRE2E1bCAT reporter (0.4 mg/well), and either pCR3.1
vector or wild-type SRC-1 (0.4 mg/well) by using Lipofectamine as described in Materials and Methods. Twenty-four hours posttransfection, cells were incubated with
either vehicle, 8-bromo-cAMP (1 mM), or progesterone (1028 M) for 24 h prior to preparation of cell extracts for CAT assays of triplicate samples.

VOL. 20, 2000 8-BROMO-cAMP INDUCES PHOSPHORYLATION OF SRC-1 8721



containing the SRC-1 phosphopeptides was evaporated with a SpeedVac (Sa-
vant). The dried phosphopeptides were resuspended in 150 ml of 50% acetoni-
trile in HPLC-grade water containing 0.1% trifluoroacetic acid for injection into
the HPLC.

Separation of SRC-1 tryptic phosphopeptides by HPLC and alkaline poly-
acrylamide gels. Tryptic phosphopeptides of SRC-1 were separated by HPLC
and alkaline PAGE as previously described (50). Briefly, [32P]phosphopeptides
were separated on a C18 reversed-phase HPLC column using a 0 to 45% gradient
of acetonitrile containing 0.1% trifluoroacetic acid. Radioactive peaks were
detected with a Packard model IC Flo-One radioactive flow detector. Fractions
from the HPLC were electrophoresed on 25% alkaline polyacrylamide gels (58)
and visualized by autoradiography.

Immunoblotting analysis with Erk-1/2 and phospho-Erk-1/2 antibodies. To
mimic the conditions used for SRC-1 analysis, COS-1 cells plated on six-well
plates (2 3 105 cells/well) in DMEM containing 5% stripped fetal calf serum
(FCS) were transfected with expression vectors for SRC-1 (0.01 mg/well), cPRA
(0.005 mg/well), and GRE2E1bCAT receptor (0.4 mg/well) by a nonrecombinant
adenovirus DNA transfer technique as described above. The DNA levels were
equivalent, on a per cell basis, to the DNA levels used in the [32P]H3PO4 labeling
experiments described above. Thirty-six hours later, the medium was removed
and replaced with phosphate-free DMEM containing nonradioactive H3PO4 and
incubated for 1 h at 37°C. Subsequently, cells were incubated with either 1 mM
8-bromo-cAMP, 10 ng of EGF per ml, or vehicle for 0 to 30 min. Cells were
harvested at 0, 5, 15, and 30 min as follows. The medium was removed, and the
cells were scraped from the plates and collected by centrifugation. Proteins were
extracted from the cells by adding lysis buffer (10 mM Tris [pH 8], 50 mM
potassium phosphate, 50 mM sodium fluoride, 1 mM sodium vanadate, 2 mM
EDTA, 2 mM EGTA, 0.4 M sodium chloride, 5 mM a-monothioglycerol, pro-
tease inhibitor mix) to the cell pellets and vortexing for 10 to 15 s followed by
centrifugation at 15,000 3 g for 5 min. Protein content was measured, and equal
amounts of protein from each sample were electrophoresed on SDS-PAGE (6.5
or 10% polyacrylamide) gels followed by transfer to a nitrocellulose membrane
for Western blotting. SRC-1, Erk-1/2, and phospho-Erk-1/2 were detected with
anti-SRC-1, anti-Erk-1/2 or anti-phospho-Erk-1/2 antibodies, respectively, fol-
lowed by chemiluminescent detection with the ECL enhanced chemilumines-
cence reagent (Amersham).

In vitro phosphorylation of SRC-1. In vitro phosphorylation of SRC-1 was
performed as described previously (50). Briefly, immunopurified baculovirus-
expressed SRC-1 (14) was incubated with 0.5 ng of PKA per ml (Upstate Bio-
technology, Lake Placid, N.Y.) in kinase reaction buffer (20 mM Tris [pH 7.5],
1 mM EGTA, 5 mM MgCl2) with a final specific activity of [g-32P]ATP of 33,000
dpm/pmol of ATP, in a final reaction volume of 40 ml. The reaction mixture was
incubated for 30 min at 37°C, and the reaction was terminated by addition of 43
Laemmli sample buffer. The samples were electrophoresed on an SDS-PAGE
(10% polyacrylamide) gel, and phosphorylated SRC-1 was visualized by autora-
diography. Preparation, separation, and visualization of tryptic phosphopeptides
were performed as described above.

Transfection of cPRA, SRC-1, SRC-1-VP16, and CBP for CAT assays. COS-1
or HeLa cells plated on six-well plates (2 3 105 cells/well) in DMEM containing
5% stripped FCS were transfected with expression vectors for cPRA (0.005
mg/well) and GRE2E1bCAT reporter (0.4 mg/well), along with combinations of
expression vectors for SRC-1, SRC-VP16, SRC-1 phosphorylation mutants, and
CBP with 2 ml of Lipofectamine (GIBCO/BRL) per well. pCR3.1 vector was
transfected into cells to normalize the total level of DNA between samples. Cells
were cultured at 37°C with 5% CO2 for 24 h. Following this incubation, cells were
incubated with either 8-bromo-cAMP (1 mM), progesterone (1028 M), or vehi-
cle for 24 h. Subsequent to this, cells were harvested, protein was extracted from
the cells, and chloramphenicol acetyltransferase (CAT) assays normalized to
protein content were performed as described previously (50).

Mammalian two-hybrid interaction assays and luciferase assays. HeLa cells
plated on six-well plates (2 3 105 cells/well) were transfected with the 17-mer
TATA-luciferase reporter (0.4 mg/well; Promega) along with combinations of
expression vectors for Gal, Gal-SRC-1, and Gal-SRC-1 phosphorylation mu-
tants, VP16, P/CAF-VP16, or CBP-VP16 with 2 ml of Lipofectamine per well.
pCR3.1 vector was used to equalize the total level of DNA among samples. Cells
were cultured at 37°C with 5% CO2 in DMEM with 5% FBS that had been
treated with dextran-coated charcoal. Twenty-four hours following transfection,
cells were harvested, and proteins were extracted from cell pellets by using 13
lysis buffer provided in the Promega luciferase assay kit. Standard luciferase
assays were performed normalized to protein.

RESULTS

SRC-1 stimulates ligand-independent activation of the PR.
To examine whether SRC-1 phosphorylation is altered during
ligand-independent activation of steroid receptors, and to de-
termine whether SRC-1 phosphorylation contributes to ligand-
independent activation, we took advantage of a model system
in which 8-bromo-cAMP induces ligand-independent activa-
tion of cPRA. In this model, receptor phosphorylation is unal-

tered (50). This allowed us to exclude alterations in receptor
phosphorylation as contributing to the ligand-independent ac-
tivation and to examine the role of 8-bromo-cAMP-regulated
phosphorylation of SRC-1 in mediating ligand-independent
activation. SRC-1 was identified in a yeast two-hybrid screen
based on its hormone-dependent interaction with hPR, and
initial studies showed that it stimulates hormone-dependent
activity of PR (47). To determine whether SRC-1 also serves as
a coactivator for 8-bromo-cAMP-induced PR activation, cells
were transfected with cPRA and reporter and treated or not
with progesterone or 8-bromo-cAMP. As shown in Fig. 1B,
SRC-1 serves as a coactivator for both hormone-dependent
and ligand-independent activation of cPR. These data support
the hypothesis that regulated phosphorylation of SRC-1 could
be a candidate target for the effects of cell signaling pathways
on steroid receptor activity.

8-Bromo-cAMP increases the phosphorylation of specific
SRC-1 phosphopeptides in COS-1 cells. Plasmids for SRC-1,
cPRA, and the GRE2E1bCAT reporter were transfected into
COS-1 cells; the cells were labeled in vivo with [32P]H3PO4 and
subsequently incubated with 8-bromo-cAMP (1 mM) or ve-
hicle. Phosphorimage analysis of immunopurified phosphor-
ylated SRC-1 run on SDS-PAGE gels revealed that 8-bro-
mo-cAMP treatment resulted in an increase (1.8-fold 6 0.1
[mean 6 standard error for three experiments]) in SRC-1
phosphorylation when normalized to protein content by den-
sitometric scans of the Western blot (Fig. 2A). This is in con-
trast to progesterone treatment, which does not alter SRC-1
phosphorylation (50).

The 8-bromo-cAMP-enhanced phosphorylation of SRC-1
was not dependent on whether PR was coexpressed with
SRC-1 in COS-1 cells (data not shown), indicating that en-
hanced phosphorylation was not dependent on the recruitment
of SRC-1 by receptor. Moreover, the enhanced phosphoryla-
tion of SRC-1 was not simply an increase in net phosphoryla-
tion, but represents alterations at specific sites. Examination of
the tryptic phosphopeptide maps of SRC-1 by C18 reversed-
phase HPLC (Fig. 2B) showed a complex and somewhat vari-
able alteration in the pattern of the phosphopeptides following
incubation of cells with 8-bromo-cAMP. However, there was
one phosphopeptide peak that showed a reproducible increase
in phosphorylation that was identified in three experiments
(Fig. 2B, arrow). In an identical experiment, phosphopeptides
were visualized by electrophoresis of HPLC fractions on alka-
line polyacrylamide gels. Autoradiography of the gels revealed
an 8-bromo-cAMP-enhanced phosphopeptide (Fig. 2C, num-
bered 6). Other phosphopeptides (Fig. 2C, numbered 1 to 5)
corresponded to the major SRC-1 phosphopeptides identified
in COS-1 cells (50). Although the phosphorylation of phos-
phopeptides 4 and 5 also appeared to be increased following
treatment with 8-bromo-cAMP (Fig. 2C), this increase was not
reproducible over three experiments.

PKA does not directly phosphorylate the 8-bromo-cAMP
enhanced SRC-1 phosphopeptide in vitro. Because 8-bromo-
cAMP is a direct activator of PKA, it was likely that 8-bromo-
cAMP-enhanced phosphorylation of SRC-1 occurred via a
direct phosphorylation by PKA. To determine if PKA could
directly phosphorylate SRC-1, in vitro phosphorylation of im-
munopurified SRC-1 with purified PKA was performed. PKA
phosphorylated SRC-1, as indicated by several phosphopep-
tide peaks detected on the HPLC profile (Fig. 3A, bottom).
However, the 8-bromo-cAMP-enhanced phosphopeptide in
COS-1 cells (Fig. 3A, top, arrow) was not phosphorylated by
PKA in vitro, as evidenced by the lack of a phosphopeptide
peak in this region. This was further confirmed by alkaline
PAGE of SRC-1 phosphopeptides in an identical experiment.
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The migration of the 8-bromo-cAMP-enhanced phosphopep-
tide from COS-1 cells in HPLC fractions 58 to 63 (Fig. 3B,
arrow) was absent in identical fractions from SRC-1 phosphor-
ylated in vitro with PKA (Fig. 3B, 58 to 63 min). Although
PKA did phosphorylate tryptic peptides comigrating with
phosphopeptides 1 and 5 (Fig. 3B, 20 to 27 and 54 to 57 min),
further analysis by modified manual Edman degradation re-
vealed that these PKA phosphopeptides did not correspond to
the authentic phosphorylation sites identified in COS-1 cells
(50; data not shown).

We previously identified two phosphorylation sites in phos-
phopeptide 6, threonine 1179 and serine 1185 (boldface letters
below) which are located within perfect and imperfect consen-
sus phosphorylation sequences, respectively, for the MAPK
family members Erk-1/2 (LPQGAPQQFPYPPNYGTNPGTP
PASTSPFSQLAANPEASLANR). Both sites were phosphor-
ylated in vitro by Erk-2; however, neither phosphorylation site
contains a consensus sequence for PKA (50). This is consistent
with the data shown in Fig. 3, in which PKA did not phosphor-
ylate threonine 1179 and serine 1185 in vitro, although 8-bro-

mo-cAMP treatment enhanced phosphorylation of these sites
in vivo.

Stimulation of threonine 1179 and serine 1185 phosphory-
lation requires both the PKA and MAPK pathways. Although
PKA did not directly phosphorylate Thr-1179 and Ser-1185 of
SRC-1 in vitro, PKA activity was required for the 8-bromo-
cAMP-mediated phosphorylation of these sites. In COS-1 cells
cotreated with 8-bromo-cAMP and PKI, the most dramatic
effect was the loss of the 8-bromo-cAMP-mediated increase in
SRC-1 phosphorylation at Thr-1179 and Ser-1185 (Fig. 4A,
arrows). (Note that phosphopeptide 6 eluted at a slightly later
retention time in this experiment than in Fig. 2 and 3, due to
slight variations between different HPLC runs.)

The effect of PKI suggested that 8-bromo-cAMP-regulated
phosphorylation of SRC-1 occurred through an indirect path-
way in which PKA induced the activity of another kinase, such
as MAPK, which, in turn, directly phosphorylates SRC-1. Ele-
vation of intracellular cAMP and concomitant activation of
PKA can result in either an activation (6, 12, 25, 26, 48) or an
inhibition (18, 37, 55) of the MAPK pathway, depending on the

FIG. 2. Treatment of COS-1 cells with 8-bromo-cAMP increases the phosphorylation of SRC-1. (A) 8-bromo-cAMP increases SRC-1 phosphorylation. COS-1 cells
were transfected with expression vectors for SRC-1 (0.1 mg/dish), cPRA (0.01 mg/dish), and GRE2E1bCAT (4 mg/dish) and metabolically labeled with [32P]H3PO4 as
described in Materials and Methods. SRC-1 was immunopurified and then electrophoresed on an SDS-PAGE (6.5% polyacrylamide) gel. The protein was transferred
to a nitrocellulose membrane, and the membrane was exposed to X-AR film for autoradiography (2 h). Following autoradiography, the membrane was subjected to
Western blotting with anti-SRC-1 antibody. (B) 8-bromo-cAMP treatment increases phosphorylation on phosphopeptide 6. Following electrophoresis on the
SDS-PAGE (6.5% polyacrylamide) gel, the SRC-1 band from a separate gel was cut out, and the gel slice was subjected to trypsin digestion. The released phosphotryptic
peptides of SRC-1 were separated by C18 reversed-phase HPLC as described in Materials and Methods. Elution of the 8-bromo-cAMP-regulated phosphopeptide is
indicated by the arrows. A representative profile of more than three experiments is shown. (C) SRC-1 phosphopeptides purified from cells treated with either 1 mM
8-bromo-cAMP or vehicle were separated by C18 reversed-phase HPLC, and identical HPLC fractions from the two samples were electrophoresed side by side on a
25% alkaline polyacrylamide gel to compare the intensity of the [32P]phosphopeptide signal. The gel was dried and then exposed to X-AR film for autoradiography
(72 h) as described in Materials and Methods. The arrows indicate migration of the 8-bromo-cAMP-regulated phosphopeptide (6). Migrations of phosphopeptides 1
to 5 (see Fig. 1 for locations of peptides in SRC-1) are also indicated. A representative profile of more than three experiments is shown.
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cell or tissue origin. To assess whether treatment of transfected
COS-1 cells with 8-bromo-cAMP would activate the MAPK
pathway, an antibody to the activated, phosphorylated form of
Erk-1/2 was used in Western blotting experiments. Within 5
min of incubation with 8-bromo-cAMP (1 mM), an increase in
the activated, phosphorylated form of Erk-1/2 was detected
(Fig. 4B) with no change in total Erk, showing that 8-bromo-
cAMP treatment of COS-1 cells activates the MAPK pathway.

To determine whether activation of the MAPK pathway is
required for the 8-bromo-cAMP-regulated phosphorylation at
Thr-1179 and Ser-1185, U0126, a specific inhibitor of the
MAPK pathway, was used. U0126 blocks the action of MEK1/2
upstream of Erk-1/2. When metabolically labeled COS-1 cells
expressing SRC-1 were preincubated with U0126 (30 mM) for
30 min prior to addition of 8-bromo-cAMP, the 8-bromo-
cAMP-enhanced phosphorylation of Thr-1179 and Ser-1185
was markedly reduced (Fig. 4C, arrow). (Note that the Thr-
1179–Ser-1185 phosphopeptide eluted at a later retention time
[80 to 85 min] because a different HPLC system was used for
these experiments.) This reduction was at least comparable to
the inhibition by PKI (Fig. 4A). Moreover, this treatment
caused a significant reduction in both the ligand-independent
and ligand-dependent activation of cPRA in both the presence
and absence of cotransfected SRC-1 (Fig. 4D and E).

Phosphorylation at threonine 1179 and serine 1185 of
SRC-1 is required for optimal stimulation of ligand-indepen-

dent activation and ligand-dependent activation of the PR. To
determine if the 8-bromo-cAMP-regulated phosphorylation at
Thr-1179 and Ser-1185 is important for ligand-independent
activation of cPRA, Thr-1179 and Ser-1185 were mutated to
either alanine or glutamic acid, and the activity of the mutated
SRC-1 was compared to that of wild-type SRC-1 in COS-1
cells. Mutation of Thr-1179 and Ser-1185 to alanine markedly
reduced the 8-bromo-cAMP-mediated activation of cPRA
(Fig. 5A), whereas mutation of Thr-1179 and Ser-1185 to glu-
tamic acid restored SRC-1 activity to levels comparable to or
higher than those of wild-type SRC-1. The nonphosphorylat-
able alanine residue mimics loss of phosphorylation, whereas a
glutamic acid residue maintains a negative charge that mimics
the negative charge of a phosphorylation site. These data dem-
onstrate that phosphorylation at Thr-1179 and Ser-1185 is im-
portant for 8-bromo-cAMP-induced activation. Mutation of
Thr-1179 and Ser-1185 to alanine also reduced the progester-
one-mediated activation of cPRA (Fig. 5B). Note that Thr-
1179 and Ser-1185 are partially phosphorylated in the absence
of 8-bromo-cAMP treatment (Fig. 2C), consistent with their
mutation modulating progesterone-dependent transcription.

Phosphorylation at threonine 1179 and serine 1185 of
SRC-1 does not affect binding of SRC-1 to cPRA or CBP or
affect the intrinsic activation domains of SRC-1. Threonine
1179 and serine 1185 reside in the carboxy-terminal region of
SRC-1 overlapping or adjacent to interaction domains for ste-

FIG. 3. PKA does not directly phosphorylate the 8-bromo-cAMP-regulated phosphopeptide in vitro. (A) Baculovirus-expressed SRC-1 was immunoprecipitated
under native conditions, and SRC-1 bound to the protein A beads was incubated with purified PKA and [g-32P]ATP as described in Materials and Methods. SDS-PAGE
sample buffer was added, and the reaction mixture was heated to 100°C for 5 min to stop the reaction. Following electrophoresis on an SDS-PAGE (6.5%
polyacrylamide) gel, the SRC-1 band was cut out, and the gel slice was subjected to trypsin digestion. The released phosphotryptic peptides of SRC-1 were separated
by C18 reversed-phase HPLC, as described in Materials and Methods, and compared to the phosphopeptide map of SRC-1 phosphorylated in COS-1 cells by the
procedure described in the legend to Fig. 2A. The arrow indicates the 8-bromo-cAMP-regulated phosphopeptide. (B) SRC-1 phosphopeptides purified from cells
treated with 1 mM 8-bromo-cAMP or purified following in vitro phosphorylation with PKA were separated by C18 reversed-phase HPLC, and identical HPLC fractions
from both samples were electrophoresed side by side on 25% alkaline polyacrylamide gels as described in Materials and Methods. Polyacrylamide gels were exposed
to X-AR film for autoradiography.
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roid receptors, P/CAF and CBP, as well as residing within an
SRC-1 activation domain, a region defined by its ability to
activate transcription (46) (Fig. 1). To determine what effect
phosphorylation of SRC-1 would have on binding to cPRA, a
modified mammalian two-hybrid assay was performed in which
the VP16 activation domain was fused to SRC-1 to overcome
its intrinsic activation domains. We found that phosphorylation
at Thr-1179 and Ser-1185 did not alter the interaction of
SRC-1 with cPRA. Mutation of these sites to alanine did not
reduce the interaction of SRC-1-VP16 with cPRA in response
to progesterone (Fig. 6A) or 8-bromo-cAMP (Fig. 6B). Muta-
tion of Thr-1179 and Ser-1185 to glutamic acid showed similar
activity to the alanine mutation, indicating that these sites do
not regulate the interaction of SRC-1 with receptor. Note that
these sites do not overlap any of the LXXLL motifs in SRC-1
that are the major interaction regions for nuclear receptors
(27, 53). Using coimmunoprecipitation assays, we also found
that the alanine and glutamic acid mutations did not alter the
interaction of SRC-1 with the receptor (data not shown). The

transcriptional activity of SRC-1 was unaltered by phosphory-
lation at these sites. Using Gal–SRC-1 fusion proteins coex-
pressed with a Gal reporter, we found that mutation of Thr-
1179 and Ser-1185 to alanine or glutamic acid did not alter the
intrinsic activation domains of SRC-1 in the presence or ab-
sence of 8-bromo-cAMP (Fig. 6C). However, 8-bromo-cAMP
did increase the intrinsic transactivation function of SRC-1.

To look at the interaction of SRC-1 with other associated
proteins, a mammalian two-hybrid assay was performed in
which Gal–SRC-1 was coexpressed with either P/CAF-VP16 or
CBP-VP16 and a Gal reporter. There was a reproducible mod-
est reduction in the interaction of Gal–SRC-1 with P/CAF-
VP16 when Thr-1179 and Ser-1185 were mutated to alanine,
and this interaction was restored with the glutamic acid muta-
tion (Fig. 6D). As shown in Fig. 1, these sites overlap with the
region that interacts with P/CAF (52). In contrast, there was no
effect of Thr-1179–Ser-1185 phosphorylation on the interac-
tion of SRC-1 with CBP (Fig. 6D). Consistent with this finding,

FIG. 4. Activation and inhibition of the PKA and MAPK pathways regulate SRC-1 phosphorylation and activity. (A) PKI treatment reduces phosphorylation at the
Thr-1179–Ser-1185 phosphopeptide. The method was identical to that described in the legend to Fig. 2C, except treatment was with 1 mM 8-bromo-cAMP with or
without 1026 M PKI for 12 to 14 h. The migration of phosphopeptides 1 to 6 is shown. Arrows indicate that SRC-1 phosphopeptide 6 shows reduced phosphorylation
following treatment with PKI. (B) Activation of Erk-1/2 by 8-bromo-cAMP. COS-1 cells plated in six-well plates (2 3 105 cells/well) were transfected with DNA levels
that were equivalent to the levels used per cell described in the legend to Fig. 2. Thirty-six hours later, the medium was removed and replaced with phosphate-free
DMEM as described in Materials and Methods and subsequently incubated with either 1 mM 8-bromo-cAMP, 10 ng of EGF per ml as a positive control, or vehicle
for 0 to 30 min. Cells were harvested at 0, 5, 15, and 30 min following treatment, and cell extracts were prepared for Western blotting with anti-Erk-1/2 and
anti-phospho-Erk-1/2 antibodies. (C) Treatment with U0126 reduces the 8-bromo-cAMP-enhanced phosphorylation at Thr-1179 and Ser-1185. The method for
transfection and labeling cells with [32P]H3PO4 was identical to that described in the legend to Fig. 2. Cells were treated with 1 mM 8-bromo-cAMP with or without
30 mM U0126 for 12 to 14 h prior to cell harvest. SRC-1 was purified and subjected to trypsin digestion, and phosphopeptides were separated by reversed-phase HPLC
as described in Fig. 2. Identical HPLC fractions from both samples (U0126 or vehicle treatment) were electrophoresed side by side on 25% alkaline polyacrylamide
gels as described in Materials and Methods. Polyacrylamide gels were exposed to X-AR film for autoradiography. Arrows indicate phosphopeptide 6 containing
Thr-1179 and Ser-1185. (D and E) U0126 inhibits 8-bromo-cAMP-dependent and progesterone-dependent activation of cPRA. COS-1 cells were transfected as
described in the legend to Fig. 1. Twenty-four hours posttransfection, cells were pretreated with or without 30 mM U0126 for 30 min, followed by incubation with
8-bromo-cAMP (1 mM) (D) or progesterone (1028 M) (E) for 24 h prior to preparation of cell extracts for CAT assays of triplicate samples.
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these sites do not overlap the region of interaction of SRC with
CBP (Fig. 1).

Phosphorylation at threonine 1179 and serine 1185 of
SRC-1 regulates the functional interaction between SRC-1 and
CBP for cPRA activation. SRC-1 and CBP can functionally
synergize to enhance steroid receptor target gene transcription
(51). To determine whether phosphorylation at Thr-1179 and
Ser-1185 regulates this functional synergy, activation of cPRA
in the presence of either wild-type SRC-1 or Ala-1179/1185-
SRC-1 and CBP was compared in COS-1 cells. SRC-1 and
CBP expressed separately enhance both the ligand-dependent
and ligand-independent activation of cPRA (Fig. 7A and B,
2nd and 3rd bars). When wild-type SRC-1 and CBP are coex-
pressed, the coactivators functionally cooperate to induce at
least an additive enhancement of receptor activation when
compared to either coactivator expressed singly (Fig. 7A and
B, compare 4th bar to 2nd and 3rd bars). However, mutation of
Thr-1179 and Ser-1185 to alanine markedly inhibits the func-
tional cooperation between SRC-1 and CBP, with activation

being similar to that of either singly expressed coactivator (Fig.
7A and B, compare 6th bar to 5th bar). Mutation of Thr-1179
and Ser-1185 to glutamic acid showed functional cooperation
with CBP that was comparable to that of wild-type SRC-1
(data not shown).

DISCUSSION

cPR is a phosphoprotein, and phosphorylation is enhanced
following treatment with progesterone (21, 49). We had pre-
viously described transcriptional activation of cPR as a result
of treatment of cells with 8-bromo-cAMP and inhibition of this
response as well as hormone-dependent transcriptional activity
by PKI (22). Notably, during the ligand-independent activation
of cPRA with 8-bromo-cAMP, a direct activator of PKA, no
alteration in receptor phosphorylation was detected (9). This
led us to speculate that other proteins involved in receptor
activation by 8-bromo-cAMP could be targets of elevated ki-
nase activity, including the recently discovered steroid receptor
coactivator family. Here we show that SRC-1 phosphorylation
and function are regulated by 8-bromo-cAMP through phos-
phorylation of specific sites in the C-terminal region. Further-
more, this phosphorylation did not require cPRA expression,
indicating that association of SRC-1 with the receptor is not a
prerequisite. Unexpectedly, the 8-bromo-cAMP-induced phos-
phorylation of SRC-1 occurred through an indirect pathway
that resulted in activation of MAPK and phosphorylation of
Thr-1179 and Ser-1185. This is consistent with our finding that
EGF, an upstream activator of MAPK, enhances the effect of
SRC-1 on PR-dependent gene transcription (50). Phosphory-
lation at these sites was required for optimal PR-dependent
transcription and for functional cooperation with CBP to elicit
maximal target gene transcription. These findings are a direct
demonstration of cross talk between cellular signaling path-
ways and steroid receptor signaling that occurs, not at the level
of receptor phosphorylation, but through phosphorylation of
specific sites in a coactivator protein. However, we did not find
a direct role for PKA in phosphorylating SRC-1, because PKA
did not phosphorylate any of the identified sites in vitro, and
none of these sites contains a consensus sequence for PKA.

Because cPRA phosphorylation in unchanged with 8-bromo-
cAMP treatment (9), we originally speculated that the 8-bro-
mo-cAMP-regulated phosphorylation of SRC-1 might trigger
ligand-independent activation of the receptor. Although loss
of phosphorylation at Thr-1179 and Ser-1185 markedly di-
minishes PR-dependent gene transcription, these sites are
not molecular switches that trigger the ligand-independent
activation pathway. Rather, phosphorylation at Thr-1179 and
Ser-1185 is an important modulatory signal, not just for ligand-
independent activation, but also for ligand-dependent activa-
tion of the PR. Changes in phosphorylation at these sites serve
as a sensor for nonsteroidal signals. The reduction in activity
observed as a result of mutation of these two sites is likely to
be an underestimate of the total contribution of SRC-1 phos-
phorylation to receptor activation for two reasons. First, the
cells contain endogenous SRC-1 as well as other coactivators
that can substitute for SRC-1. Second, although Thr-1179 and
Ser-1185 are the sites that are most dramatically regulated by
elevation of intracellular cAMP and are required for func-
tional cooperation with CBP, other sites may be regulated to a
smaller degree (or their regulation may be more difficult to
detect due to difficulties in obtaining complete tryptic digests
of such large peptides) and may also contribute to ligand-
independent activation. We speculate that this is possible be-
cause all seven SRC-1 phosphorylation sites identified in
COS-1 cells contain consensus sequences for the serine/thre-

FIG. 5. Phosphorylation at threonine 1179 and serine 1185 regulates ligand-
dependent and ligand-independent activation of cPRA. Mutation of Thr-1179
and Ser-1185 to alanine reduces SRC-1 coactivation of cPRA. Threonine 1179
and serine 1185 of SRC-1 were mutated to either alanine or glutamic acid by
oligonucleotide-directed mutagenesis as described in Materials and Methods.
COS-1 cells plated in six-well plates (2 3 105 cells/well) were transfected with
cPRA (0.005 mg/well), GRE2E1bCAT reporter (0.4 mg/well), and either pCR3.1
vector, wild-type (WT) SRC-1, SRC-1-Ala-1179/1185, or SRC-1-Glu-1179/1185
(all at 0.4 mg/well) by using Lipofectamine as described in Materials and Meth-
ods. Twenty-four hours posttransfection, cells were incubated with either 1 mM
8-bromo-cAMP or vehicle (A) or with 1028 M progesterone or vehicle (B) for
24 h prior to preparation of cell extracts for CAT assays or triplicate samples.
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onine-proline-directed protein kinases, and six of these were
phosphorylated by Erk-2 in vitro (50). Thus, steroid receptor-
dependent gene transcription can be regulated by cross talk
mechanisms that target the coregulator proteins as well as
steroid receptors.

It is likely that 8-bromo-cAMP-dependent signaling path-
ways target other proteins in the multicomponent steroid re-
ceptor complex at the promoter. It is well established that
steroid receptors themselves are targets of signaling pathways
(for review, see reference 57). Furthermore, other coregulator
proteins are targets for phosphorylation and dephosphoryla-
tion mechanisms that may regulate their activity. Phosphory-
lation of CBP by MAPK was shown to enhance CBP histone
acetyltransferase (HAT) activity (2) and transcriptional activity
(31). CBP is also potentially phosphorylated by PKA (32), and
its activity is regulated by the PKA pathway (17, 39, 59, 61).
Recently AIB-1, another member of the steroid receptor co-
activator family, was shown to be a phosphoprotein in MCF-7
cells; in vitro it is a substrate for phosphorylation by Erk-2. The
transcriptional activity of Gal4–AIB-1 fusion proteins ex-
pressed in COS-1 cells was enhanced by coexpression of con-

stitutively active MEK1. This suggested a role for the MAPK
pathway in regulating AIB-1 transcriptional activity (24).

Given that cAMP-dependent signaling pathways target sev-
eral proteins important in steroid receptor activation, the
mechanisms regulating target gene transcription are likely
complex and may involve altered phosphorylation of several
proteins and regulation of multiple interactions. Phosphoryla-
tion at Thr-1179 and Ser-1185 did not alter the binding of
SRC-1 to cPRA, even though these phosphorylation sites are
adjacent to an interaction domain for the PR (46, 47). How-
ever, these sites are not in the vicinity of the major interaction
domain for steroid receptors, the NR box, toward the central
region of the protein (27, 53) (Fig. 1). Mutation of these sites
reduced the interaction of SRC-1 with P/CAF. P/CAF is a
HAT, and the absence of this protein at the promoter would
result in a less “open” chromatin conformation reducing the
degree of gene transcription. Although phosphorylation at
Thr-1179 and Ser-1185 did not directly regulate physical inter-
action between SRC-1 and CBP, it was required for functional
cooperation. In a recently published study (24), coexpression
of truncated forms of Gal4–AIB-1 with constitutively active

FIG. 6. Effect of mutation at threonine 1179 and serine 1185 on SRC-1 activation domains and interaction of SRC-1 with cPRA, P/CAF, and CBP. (A and B)
Modified mammalian two-hybrid interaction shows that mutation at Thr-1179 and Ser-1185 has no effect on interaction of SRC-1 with PR. HeLa cells plated in six-well
plates (2 3 105 cells/well) were transfected with cPRA (0.005 mg/well), GRE2E1bCAT (0.4 mg/well), and either VP16, wild-type (WT) SRC-1-VP16, SRC-1-VP16-
Ala-1179/1185, or SRC-1-VP16-Glu-1179/1185 (0.3 mg/well). Twenty-four hours posttransfection, cells were treated with progesterone (1028 M) (A) or 8-bromo-cAMP
(1 mM) (B). Twenty-four hours after treatment, cells were harvested and prepared for standard CAT assays, in triplicate, normalized to protein content. (C) Mutation
at Thr-1179 and Ser-1185 has no effect on the intrinsic activation of Gal-SRC-1. HeLa cells plated in six-well plates (2 3 105 cells/well) were transfected with a 17-mer
TATA-luciferase reporter (0.4 mg/well; Promega) and expression vectors for either Gal, wild-type Gal-SRC-1, Gal-SRC-1-Ala-1179/1185, or Gal-SRC-1-Glu-1179/1185
(0.2 mg/well). Twenty-four hours posttransfection, cells were incubated with 1 mM 8-bromo-cAMP or vehicle for 24 h prior to preparation of cell extracts for standard
luciferase assays, in triplicate, normalized to protein levels as described in Materials and Methods. (D) Mammalian two-hybrid assay shows that mutation of Thr-1179
and Ser-1185 to alanine reduces the interaction of Gal-SRC-1 with P/CAF-VP16, but not with CBP-VP16. HeLa cells plated in six-well plates (2 3 105 cells/well) were
transfected with 17-mer TATA-luciferase (0.4 mg/well), and either wild-type Gal-SRC-1, Gal-SRC-1-Ala-1179/1185, or Gal-SRC-1-Glu-1179/1185 (0.3 mg/well) in
combination with either VP16, P/CAF-VP16, or CBP-VP16 (0.3 mg/well). Cells were harvested 48 h after transfection, and cell extracts were prepared for luciferase
assays, in triplicate, normalized to protein content.
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MEK1 resulted in enhanced interaction of the CBP paralog,
P300, and its associated HAT activity with AIB-1. Whether this
altered interaction is a result of altered phosphorylation of
AIB-1 or P300 remains to be determined. Although the phos-
phorylation sites in AIB-1 have not been identified, a sequence
comparison between AIB-1 and SRC-1 revealed that Thr-1179
and Ser-1185 are not conserved in AIB-1 (24). This suggests
that activation of the MAPK pathway may target unrelated
phosphorylation sites in AIB-1, which, in turn, may explain the
different mechanisms by which these related coactivators reg-
ulate gene transcription. With regard to SRC-1, more detailed
analysis of the other phosphorylation sites and phosphoryla-
tion sites in CBP and P300 will be necessary to determine
whether phosphorylation regulates a direct interaction be-
tween the two proteins.

The major effect of phosphorylation at Thr-1179 and Ser-
1185 was in facilitating the functional cooperation between
SRC-1 and CBP. We favor a model in which elevation of
intracellular cAMP, and consequent phosphorylation of SRC-1
at Thr-1179 and Ser-1185, alters the dynamic complexes at the
promoter (43) in such a way that CBP and SRC-1 can func-
tionally cooperate to elicit maximal target gene transcription
(Fig. 8). In the absence of this phosphorylation, SRC-1 is still
recruited to the promoter through its interaction with the PR

and may still interact with CBP and other cofactors, but at the
functional level, SRC-1 has lost a significant degree of its
ability to enhance PR-dependent gene transcription.

We have uncovered a novel, indirect pathway for cross talk
between kinase signaling pathways and PR activation that re-
sults in phosphorylation of specific sites in a nuclear receptor
coactivator. Our study necessitates a broader view of nuclear
receptor action to incorporate not just the temporal and tissue-
specific expression patterns of coactivators and corepressors,
but also a detailed examination of specific phosphorylation
sites in coregulator proteins and the role this plays in regulat-
ing steroid receptor action.
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