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Like other small G proteins of the Ras superfamily, Rap1 is activated by distinct guanine nucleotide
exchange factors (GEFs) in response to different signals to elicit cellular responses. Activation of Rap1 by cyclic
AMP (cAMP) can occur via cAMP-dependent protein kinase A (PKA)-independent and PKA-dependent
mechanisms. PKA-independent activation of Rap1 by cAMP is mediated by direct binding of cAMP to
Rap1-guanine nucleotide exchange factors (Rap1-GEFs) Epac1 (exchange protein directly activated by cAMP
1) and Epac2 (Epac1 and Epac2 are also called cAMP-GEFI and -GEFII). The availability of cAMP analogues
that selectively activate Epacs, but not PKA, provides a specific tool to activate Rap1. It has been argued that
the inability of these analogues to regulate extracellular signal-regulated kinases (ERKs) signaling despite
activating Rap1 provides evidence that Rap1 is incapable of regulating ERKs. We confirm that the PKA-
independent activation of Rap1 by Epac1 activates a perinuclear pool of Rap1 and that this does not result in
ERK activation. However, we demonstrate that this inability to regulate ERKs is not a property of Rap1 but
is rather a property of Epacs themselves. The addition of a membrane-targeting motif to Epac1 (Epac-CAAX)
relocalizes Epac1 from its normal perinuclear locale to the plasma membrane. In this new locale it is capable
of activating ERKs in a Rap1- and cAMP-dependent manner. Rap1 activation by Epac-CAAX, but not wild-type
Epac, triggers its association with B-Raf. Therefore, we propose that its intracellular localization prevents
Epac1 from activating ERKs. C3G (Crk SH3 domain Guanine nucleotide exchanger) is a Rap1 exchanger that
is targeted to the plasma membrane upon activation. We show that C3G can be localized to the plasma
membrane by cAMP/PKA, as can Rap1 when activated by cAMP/PKA. Using a small interfering RNA
approach, we demonstrate that C3G is required for the activation of ERKs and Rap1 by cAMP/PKA. This
activation requires the GTP-dependent association of Rap1 with B-Raf. These data demonstrate that B-Raf is
a physiological target of Rap1, but its utilization as a Rap1 effector is GEF specific. We propose a model that
specific GEFs activate distinct pools of Rap1 that are differentially coupled to downstream effectors.

Monomeric small GTP binding proteins such as Ras and Rap1
govern a wide variety of cellular functions, including cell growth
and differentiation, cellular adhesion, cell movement, and intra-
cellular trafficking, by activating distinct effector pathways (21,
55). Selective activation of G proteins is dictated both by guanine
nucleotide exchange factors (GEFs) and GTPase-activating pro-
teins (GAPs). GEFs function to promote the conversion of small
G protein from the GDP-bound, inactive form into the GTP-
bound, active form. GAPs, on the other hand, enhance the in-
trinsic GTPase activity of small G proteins to hydrolyze the bound
GTP to GDP. Over the past few years, the number of known
GEFs, including GEFs triggered by growth factors, hormones,
integrins, antigens, and other stimuli, has grown considerably (21,
55). GEFs can be activated either directly by tyrosine kinases or
by second messengers, including calcium, diacylglycerol, and cy-
clic AMP (cAMP). This redundancy ensures that Ras and Rap1
can be activated by diverse signals. The possibility that this re-
dundancy also contributes to the selection of effector pathways
has not been examined directly.

Both Rap1 and Ras proteins are directed to plasma mem-
branes (PM) and endosomal membranes via CAAX motifs at

their carboxyl termini that provide sites for lipid modification
(21, 28). Targeting of specific Ras isoforms to distinct micro-
domains within the PM has been proposed to contribute to the
distinct signaling capabilities of these Ras isoforms (65). The
ability of cells to compartmentalize Ras signaling to endo-
membranes has received recent attention (8). Activation of
Ras on Golgi membranes can be achieved via the Ras-GEF,
RasGRP1, and is distinct from PM-directed Ras activation via
Grb2/SOS (7, 16). The subcellular localization of Rap1 is also
dynamically regulated (40). Rap1 is largely localized to intra-
cellular vesicles (66) but has been visualized on the PM as well
(9, 26). Recent studies have demonstrated that Rap1 is tar-
geted to the PM upon growth factor activation (9, 37). How-
ever, visualization of active Rap1 by use of a chimeric fluorescent
resonance energy transfer probe, Raichu-Rap, has suggested that
active Rap1 localizes to intracellular vesicles following growth
factor activation (42). Whether the distinct localization of differ-
ent pools of Ras or Rap1 dictates its choice of downstream ef-
fectors has not yet been examined.

Rap1 was first identified as an antagonist of Ras-dependent
transformation of fibroblasts (34). Rap1 and Ras show roughly
50% amino acid homology and can share a number of binding
partners, including Ral-GDS, phosphoinositol-3 kinase, B-Raf,
and Raf-1 (60). Whether these represent bona fide effectors of
Rap1 depends on the partner examined. For example, the
MAP kinase kinase kinase Raf-1 is expressed in all cells and
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binds to GTP-loaded Rap1 but is not activated by this inter-
action. In contrast, B-Raf, another member of the Raf family,
can be activated by both GTP-loaded Ras and Rap1 (48). Rap1
activation of ERKs has been reported for a number of B-Raf-
expressing cells, including neurons and neuroendrocrine cells
(60) such as PC12 cells, for which ERK activation can be
triggered by multiple stimuli, including growth factors such as
NGF (32, 47, 67) and hormones that are coupled to increased
cAMP (61). For both NGF and cAMP, it is thought that Rap1
activation is mediated by the Rap1-GEF C3G (Crk SH3 do-
main Guanine nucleotide exchanger) (32, 58, 67).

C3G was the first Rap1-GEF identified (27). C3G associa-
tion with the family of Crk adaptor molecules allows C3G to be
recruited via the SH2 domain of Crk to the PM where C3G is
phosphorylated and activated (23, 49). In this manner, the
recruitment of C3G/Crk to the PM enables receptor tyrosine
kinases to activate Rap1 (29, 32, 66). C3G/Crk may also couple
G-protein coupled receptors to Rap1 (52), including those that
couple to cAMP-dependent protein kinase A (PKA) (58).

Recently, members of a family of membrane-associated Rap1-
GEFs have been identified that are activated by the direct binding
of cAMP. These Rap1-GEFs are called cAMP-GEFs, or Epacs
(exchange proteins directly activated by cAMP), and are highly
expressed in ovary, thyroid, kidney, adrenal, and brain cells
(19, 33). Two Epacs have been identified. Epac1 contains a
single cyclic nucleotide-binding domain and is widely ex-
pressed, whereas Epac2 contains two cyclic nucleotide-binding
domains and is highly expressed in selected neuroendocrine
and neuronal cells. The role of Epacs in Rap1 activation has
been supported by studies using 8-CPT-2Me-cAMP, a cAMP
analogue that retains a high affinity for Epacs but does not
activate PKA (17). When Rap1 was activated by 8-CPT-2Me-
cAMP, ERK activation was not observed (22), indicating that
Epacs are unable to couple Rap1 to ERKs. 8-CPT-2Me-cAMP
provides a unique tool to activate Rap1 selectively without
affecting parallel signaling cascades. Because of this, the in-
ability of 8-CPT-2Me-cAMP to regulate ERKs has been inter-
preted as evidence that Rap1 and ERKs are independently
regulated (22).

The existence of two Rap1-GEFs (C3G and Epac) that are
both targets of cAMP regulation raises an important biological
question. Do GEFs function redundantly to augment the ac-
tivation of Rap1 or do GEFs also contribute to the specificity
of the effector pathways targeted by Rap1? In the present
study, we examined Rap1 signaling in two neuroendocrine
lines, PC12 cells and AtT20 cells. We demonstrated that the
ability of activated Rap1 to activate ERK depends in part on
which Rap1-GEF is utilized.

Both C3G and Epac1 activated Rap1 in PC12 cells and
AtT20 cells, but only Rap1 that had been activated by C3G
could activate ERKs. The coupling of C3G to Rap1 and ERKs
was demonstrated using a novel interfering mutant as well as
small interfering RNAs (siRNAs) with C3G. The inability of
Epacs to activate ERKs appeared to be a consequence of its
intracellular localization. Epac1 shows a distinct perinuclear
expression pattern, whereas C3G is cytoplasmic in resting cells
and recruited to the PM upon activation (54, 56). These dis-
tinct locales of C3G and Epac1 raise the possibility that each
GEF activates a separate pool of Rap1 and that these pools
may differentially couple to the ERK cascade. To address the

hypothesis that the locale of Epac1 does not allow for Rap1-
dependent ERK activation, we used the PM-targeting region
of Ki-Ras, including the C-terminal CAAX motif, to relocalize
Epac1 to the PM. Upon relocalization to the PM, Epac1 was
able to couple endogenous Rap1 to ERKs. These studies sug-
gest that GEFs not only function to activate Rap1 but also
contribute to the choice of the downstream effector pathways.

MATERIALS AND METHODS

Reagents. Antibodies specific to phosphorylated ERK (pERK) that recognize
phosphorylated ERK1 (pERK1) and ERK2 (pERK2) at residues threonine 202
and tyrosine 204, and antibodies specific to phosphorylated MEK (pMEK) that
recognize phosphorylated MEK1 and MEK2 at residues serine 217 and 221, were
purchased from New England Biolabs (Beverly, MA). Antibodies to Rap1, c-Myc
(9E10), B-Raf (H145), C3G (C19), and Epac2 (A-7) and agarose-conjugated
antibodies to Myc were purchased from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Antibodies to nuclear pore complex proteins (Mab414) were pur-
chased from Covance (Princeton, NJ). Anti-Ras and anti-Epac1 antibodies were
purchased from Upstate Biotechnology (Lake Placid, NY). Flag (M2) antibody
and agarose-coupled antibodies to the Flag epitope were purchased from Sigma-
Aldrich (St. Louis, MO).

Forskolin, 3-isobutyl-1-methylxanthine (IBMX), N-(2-(p-bromocinnamylamino)-
ethyl)-5-isoquinolinesulfonamide (H89), and myristylated PKI (myr-PKI) were
purchased from Calbiochem (Riverside, CA). Fibroblast growth factor was
purchased from Sigma-Aldrich (St. Louis, MO). 8-(4-chloro-phenylthio)-2�-O-
methyladenosine-3�,5�-cyclic monophosphate (8-CPT-2Me-cAMP, also referred
to in the text and figures as CPT-OMe) was purchased from Biolog Life Sciences
(Bremen, Germany). PolyScreen polyvinylidene difluoride membrane and
Chemiluminescence reagent were purchased from PerkinElmer Life Sciences
(Boston, MA). Protran nitrocellulose membranes were from Schleicher &
Schuell Bioscience (Keene, NH).

Cell culture conditions and treatments. AtT20 and COS cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) plus 10% heat-inactivated fetal
calf serum, penicillin-streptomycin, and L-glutamine at 37°C and 5% CO2. PC12
cells were cultured in DMEM with 10% heat-inactivated horse serum and 5%
heat-inactivated fetal calf serum plus penicillin-streptomycin and L-glutamine at
37°C and 5% CO2. To generate stable cell populations, PC12 cells were trans-
fected with Flag-Epac wild type (WT), Flag-Epac-CAAX, or Flag-Epac-SAAX
and selected using 0.5 mg/ml G418 for 4 to 6 weeks in serum-containing medium,
which was supplemented with PC12-conditioned medium during the first 3
weeks. Cells were maintained in serum-free DMEM for 16 h at 37°C and 5%
CO2 prior to treatments. Cells were treated with 10 �M Forskolin and 100 �M
IBMX for 20 min unless otherwise indicated. myr-PKI was used at 5 �M and was
added 20 min prior to Forskolin treatment. H89 was used at 10 �M unless
otherwise indicated and was added 20 min prior to treatment. 8-CPT-OMe was
added at 50 �M for 20 min, unless otherwise indicated. Acidic fibroblast growth
factor was used at 50 ng/ml in the presence of 5 U/ml heparin for 20 min.
Pervandate was used at 100 �M for 20 min.

Western blotting and immunoprecipitation. Cell lysates and Western blotting
were prepared as described previously (63). Briefly, protein concentrations were
quantified using Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA). For
Western blotting, equivalent amounts of protein were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, blotted onto either a polyvinylidene
difluoride membrane for detection using a chemiluminescence reagent or Prot-
ran nitrocellulose membranes for detection using an Odyssey infrared imaging
system (LI-COR, Inc.), and probed with antibodies according to the manufac-
turer’s instructions. For coimmunoprecipitations, cells were lysed in radioimmuno-
precipitation assay buffer (1% Triton X-100, 1% sodium deoxycholate, 0.2%
sodium dodecyl sulfate, 125 mM NaCl, 50 mM Tris [pH 8.0], 10% glycerol, 1 mM
EDTA, 25 mM �-glycerophosphate, 25 mM NaF, 1 mM NaVO4, 10 �g/ml
aprotinin, 10 �g/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride). The lysates
were subjected to 1 min of centrifugation at 4°C and 16,000 � g, followed by
sonication for 1 min per condition. The lysates were spun again for 3.5 min at 4°C
and 16,000 � g, and equal amounts of cell lysates (500 to 1,000 �g) were
precipitated with agarose-coupled anti-Flag antibody for 4 h followed by two
washes in radioimmunoprecipitation assay buffer. B-Raf associated with Flag-
tagged Rap1 WT or Flag-tagged RapV12 was detected using anti-B-Raf antibody
(H145). For detection of Flag-ERK2 (or Myc-ERK2), equal amounts of cell
lysates per condition were immunoprecipitated with agarose-conjugated anti-
Flag antibody (or agarose-coupled anti-Myc antibody) for 4 h at 4°C in lysis
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buffer containing 50 mM Tris-Cl (pH 8.0), 10% glycerol, 1% Nonidet P-40, 200
mM NaCl, 2.5 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride, 1 �M leupeptin,
10 �g/ml soybean trypsin inhibitor, 10 mM NaF, 0.1 �M aprotinin, and 1 mM
sodium orthovanadate (Na2VO4). Anti-phospho-ERK1/2 was used to detect
activated Flag- or Myc-ERK2. The results illustrated are from representative
experiments repeated at least three times.

Cell fractionation. Cells were grown on 10 cm2 dishes to 90 to 100% conflu-
ence and serum starved for 18 h. 8-CPT-2Me-cAMP and Forskolin were added
to the cells 20 min before lysis. H89 was added 20 min before adding the
Forskolin for a total of 40 min of treatment. Cells were then placed on ice, the
media was aspirated, and cells were scraped in ice-cold hypotonic lysis buffer (10
mM KCl, 1.5 mM MgCl2, 1 mM Na-EDTA, 1 mM Na-EGTA, 1 mM dithiothre-
itol, 1 mM phenylmethylsulfonyl fluoride, 2 �g/ml aprotinin, 1 �g/ml leupeptin,
2 �g/ml vanadate, 10 �g/ml trypsin inhibitor, 1 mM �-glycerolphosphate, and 10
mM Tris-HCl, pH 7.4). Cells were homogenized with 40 strokes in a Dounce-
type homogenizer. Lysates were then spun at 800 � g for 5 min at 4°C to pellet
the nuclear fraction (P1) and to isolate the supernatant (S1). The nuclear frac-
tion was washed in hypotonic lysis buffer, resuspended in lysis buffer, and rocked
at 4°C for 2 h to elute the perinuclear-nuclear proteins. The suspension was spun
at 1,000 � g for 5 min at 4°C, the pellet containing noneluted nuclear material
was discarded, and the supernatant (S2) was retained as perinuclear-nuclear
proteins and assayed for protein content. The original supernatant (S1) was
transferred to a new tube and spun at 20,000 � g for 30 min at 4°C to pellet the
membrane fraction (P2), which was resuspended in lysis buffer. The remaining
(S3) supernatant represented the cytosolic fraction, which was adjusted with 1�
lysis buffer. P2 and S3 fractions were then rocked at 4°C for 2 h and then spun
at 1,000 � g for 5 min at 4°C, and the supernatants from both fractions were
assayed for protein content.

Plasmids and transfections. Epac-CAAX mutants were created as follows: the
C-terminal 20 amino acids of Ki-Ras containing the Ki-CAAX motif (amino
acids 169 to 188 of Ki-Ras) were subcloned into pcDNA3 to generate pcDNA3-
CAAX; then, human Epac1 cDNA minus the stop codon was subcloned up-
stream of Ki-CAAX so that the 3� end of Epac1 cDNA was fused to the
Ki-Ras-CAAX motif to generate Epac1-CAAX. Finally, a Kosak sequence and
an amino-terminal Myc epitope tag were then introduced into the 5� end of
Epac1-CAAX to generate Myc-Epac1-CAAX (Epac-CAAX). Epac-SAAX was
constructed by PCR mutagenesis using Myc-EPAC-CAAX as a template and
subcloned downstream of the Myc tag of Myc-Epac-CAAX to create Myc-
Epac1-SAAX. Each of the Flag-Epac and green fluorescent protein (GFP)-Epac
constructs utilized was created by in-frame replacement of the Myc tag with the
Flag epitope or GFP cDNA, respectively, in the corresponding plasmids.

Myc-Epac-Ha-CAAX and Myc-Epac-Rap1b-CAAX were made from Myc-
Epac-Ki-CAAX by replacing the Ki-Ras-CAAX from Myc-Epac-Ki-CAAX se-
quences with double-stranded oligonucleotides corresponding to the carboxy-
terminal 24 amino acids of Ha-Ras (Ha-CAAX) and the carboxy-terminal 27
amino acids of Rap1b, respectively.

Rap1-AGE represents a triple-mutation Rap1: WT amino acid serine at po-
sition 17 for alanine (A), WT valine at position 29 for glycine (G), and WT lysine
at position 117 for glutamic acid (E). Flag-Rap1-AGE was constructed by PCR
mutagenesis, using Flag-Rap1b as a template, to introduce these mutations. The
final PCR product was subcloned by use of EcoRI and XbaI restriction sites into
vector pcDNA3 downstream of a Flag epitope to provide a carboxy-terminal Flag in
frame with respect to the start methionine of Rap1b. All constructs were sequenced
completely, confirming the predicted amino acids and frame transitions.

For transient transfection, 70 to 80% confluent AtT-20 or PC12 cells were
cotransfected with the indicated cDNAs by use of Lipofectamine 2000 reagent
(Invitrogen Corp., Carlsbad, CA) according to the manufacturer’s instructions.
The control vector, pcDNA3 (Invitrogen Corp.), was included in each set of
transfections to assure that each plate received the same amount of transfected
DNA. Following transfection, cells were allowed to recover in serum-containing
media for 24 h.

Affinity assay for Rap1 and Ras activation. Active Rap1 was assayed using
GST-Ral-GDS in an in vitro pulldown assay as previously described (24). Active
Ras was assayed using a Ras activation assay kit and GST-Raf1-RBD in an in
vitro pull down assay (Upstate Biotechnology) performed according to reference
24 and the manufacturer’s instructions.

siRNA. Double-stranded RNA oligoribonucleotide GGACUUUGAUGU
UGAAUGUTT (5�-3�), which corresponds to the positions 1250 to 1268 of
mouse C3G (GenBank accession no. NM-054050), was purchased from Ambion
Inc. (Austin, TX). Double-stranded RNA oligoribonucleotide NNGCGCGCU
UUGUAGGAUUCA (5�-3�) was used as a control siRNA. PC12 cells were
seeded on 100 mm plates and allowed to adhere overnight. At the time of
transfection, PC12 cells were 50 to 60% confluent and the RNA duplexes were

transfected into PC12 cells at a final concentration of 200 nM by use of
Lipofectamine 2000 reagent (Invitrogen Corp., Carlsbad, CA) according to
the manufacturer’s instructions. Cells were kept for 72 h before Forskolin-
IBMX treatment.

Fluorescence microscopy. PC12 cells were grown on poly-D-lysine (Sigma-
Aldrich)-treated coverslips and transfected with GFP-Epac-WT, GFP-Epac-
CAAX, and GFP-Epac-SAAX by use of Lipofectamine 2000 (Invitrogen Corp.)
according to the manufacturer’s instructions. Cells were fixed with 4% formal-
dehyde (Fisher Scientific, Hampton, NH) 24 h after transfection, permeabilized
with 0.1% Triton (Sigma-Aldrich), and stained with Hoechst 33258 (Sigma-
Aldrich). Slides were mounted using Elvanol. The location of the nuclear enve-
lope was visualized by incubating permeabilized cells with Mab414 overnight at
4°C in 1% goat serum (Sigma-Aldrich) prior to Hoechst staining. Texas Red
anti-mouse immunoglobulin G (Vector Laboratories, Burlingame, CA) was used
as a secondary reagent and applied for 1 h at room temperature. Images (60�
lens objective) were acquired with an Applied Precision Deltavision image res-
toration system. Deconvolution using the iterative constrained algorithm of Se-
dat and Agard and additional image processing was performed on an SGI
Octane workstation.

For detection of GFP-C3G, COS-1 cells were maintained in 5% CO2 at 37°C
in DMEM containing 10% fetal bovine serum and antibiotics. Cells to be ob-
served by fluorescence microscopy were plated in 12-well plates (NuncTM)
containing 18-mm glass coverslips (VWR Scientific). The glass coverslips were
coated with poly-D-lysine (Sigma-Aldrich). The cells were grown overnight and
then transfected using Lipofectamine (Invitogen) with GFP-C3G and CrkL. On
the following day the cells were fixed with 4% formaldehyde (Fisher Scientific)
and permeabilized with 0.1% Triton X (Sigma-Aldrich). Hoechst stain was used
for the nucleus. The images were obtained using a Zeiss Axioplan 2 microscope
with an enhanced green fluorescent protein filter. The TIFF images were acquired
with Open Lab software and processed using Adobe Photoshop. All photomicro-
graphs show representative cells from at least three independent experiments.

For detection of GFP-Ral-GDS, COS-1 cells were maintained in 5% CO2 at
37°C in DMEM containing 10% fetal bovine serum and antibiotics. Cells to be
observed by fluorescence microscopy were plated in Delta T culture dishes
(Bioptech) with 0.17-mm thickness glass. The cells were grown overnight and
then transfected using Lipofectamine (Invitrogen) with GFP-Ral-GDS cotrans-
fected with Flag-Rap1 or Flag-RapV12. The cells were serum starved on the
following day before stimulation with Forskolin (EMD Bioscience). Live cells
were then examined using confocal microscopy. Images were acquired with the
Applied Precision Deltavision image restoration system. Deconvolution using
the iterative constrained algorithm of Sedat and Agard and additional image
processing were performed on an SGI Octane workstation. The final TIFF
images were processed with Adobe Photoshop. All photomicrographs show
representative cells from at least three independent experiments.

RESULTS

PKA-dependent and -independent activation of Rap1 by
cAMP. We examined the ability of cAMP to activate Rap1 in
two cell types, mouse pituitary tumor cell line AtT20 and rat
pheochromocytoma cell line PC12. PC12 cells have been
widely used to examine NGF and cAMP signaling with respect
to ERKs, for which a role of Rap1 has been proposed (5, 32,
47, 67). Rap1 activation by cAMP has not been directly studied
in AtT20 cells; however, Rap1-GEF Epac2 has been impli-
cated in cAMP-dependent exocytosis in these cells (50).

Both cell lines demonstrated Rap1 activation in response
to Forskolin, a strong activator of adenylate cyclase. For
these experiments, Forskolin was applied in the presence of
the phosphodiesterase inhibitor IBMX (a set of conditions
designated F/I). In PC12 cells, activation of Rap1 by F/I was
blocked by the PKA inhibitor H89 at doses that are selective
for PKA, indicating that Rap1 activation was PKA depen-
dent (Fig. 1A). This was confirmed using myr-PKI, a selec-
tive peptide inhibitor of PKA (15) (Fig. 1A). In contrast, in
AtT20 cells, the activation of Rap1 by F/I was not blocked by
H89 or myr-PKI (Fig. 1B), indicating that Rap1 activation
by cAMP in AtT20 cells was independent of the presence of
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PKA. Interestingly, both H89 and myr-PKI enhanced Rap1
activation by cAMP in AtT20 cells, suggesting that PKA was
limiting Rap1 activation by cAMP in those cells. This result
does not necessarily rule out the presence of a PKA-depen-
dent component of Rap1 activation by cAMP in AtT20 cells.
Indeed, it is possible that the large increase in Rap1 activa-
tion seen in the presence of H89 might obscure the detec-
tion of an H89-sensitive component of Rap1 activation.

Taken together, these data indicate that the mode of Rap1
activation by cAMP is cell type specific.

PKA-dependent activation of Rap1 and ERKs is mediated
by Rap1-GEF C3G in PC12 cells. It has been suggested that
cAMP can activate Rap1 via one of two mechanisms. PKA-
independent activation of Rap1 by cAMP is thought to
proceed via the direct activation of members of a family of
cAMP-responsive Rap1-GEFs called Epacs, or cAMP-GEFs

FIG. 1. Activation of Rap1 in a PKA-dependent and PKA-independent manner and its role in ERK activation. (A) PC12 cells were left
untreated (U) or were treated with F/I and were pretreated with H89 (1 �M) or myr-PKI or left without pretreatment (�). Cell lysates were
examined for activated Rap1 (Rap1-GTP) by GST-Ral-GDS assay as described previously. Total Rap1 protein levels are shown in the bottom
panel. (B) AtT20 cells were left untreated (�) or treated with F/I (�) and were pretreated with H89 (1 �M) or myr-PKI or left without
pretreatment (U). Cell lysates were examined for activated Flag-Rap1 (Flag-Rap1-GTP). Total Flag-Rap1 in cell extracts is indicated as a loading
control. (C) PC12 cells were transfected with Flag-Rap1 and either Epac1, vector, or C3G/CrkL along with Myc-Rap1-AGE at 4 �g/ml (4) or 6
�g/ml (6) or no Myc-Rap1-AGE (0). Epac-transfected cells were stimulated with 8-CPT-2Me-cAMP (8-CPT-OMe). Cell lysates were examined
for activated Flag-Rap1 (Flag-Rap1-GTP). Total Flag-Rap1 in cell extracts is indicated as a loading control. (D) PC12 cells were transfected with
Flag-Rap1 with (�) or without (�) Myc-Rap1-AGE (6 �g/ml) and were left untreated (U) or stimulated with F/I, as indicated. In addition, cells
were cotransfected with C3G and CrkL (C3G/CrkL) with (�) or without (�) Myc-Rap1-AGE. Cell lysates were examined for activated Flag-Rap1
(Flag-Rap1-GTP). Total Flag-Rap1 in cell extracts is indicated as a loading control. (E) AtT20 cells were transfected with Flag-Rap1, with (�)
or without (�) Myc-Rap1-AGE, and were left untreated (U) or stimulated with F/I, as indicated. In addition, cells were cotransfected with C3G
and CrkL (C3G/CrkL) with (�) or without (�) Myc-Rap1-AGE. Cell lysates were examined for activated Flag-Rap1 (Flag-Rap1-GTP). Total
Flag-Rap1 in cell extracts is indicated as a loading control.
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(19, 33). In contrast, PKA-dependent activation of Rap1 has
been less well appreciated (22), although a role for C3G has
been proposed (58).

To assess the involvement of C3G in PKA-dependent Rap1
activation in PC12 cells, we utilized newly developed mutants
that interfere with C3G function. The Rap1 mutant Rap1-
AGE was recently identified in a screening for mutants that
bound tightly and preferentially to C3G and selectively inhibit
C3G-mediated Rap1 activation (59). Initial experiments con-
firmed that Myc-Rap1-AGE inhibited Rap1 activation by C3G
but not by Epac1 (Fig. 1C). For these experiments C3G was
cotransfected with CrkL (C3G/CrkL), which induces the mem-
brane association of C3G and the selective activation of Rap1
(31). Expression of Myc-Rap1-AGE in PC12 cells also blocked
Rap1 activation by F/I (Fig. 1D). In contrast, in AtT20 cells,
Rap1 activation by F/I was only modestly reduced by Rap1-
AGE (Fig. 1E). Taken together, these results suggest that C3G
mediates all Rap1 activation by cAMP in PC12 cells but only a
small component of cAMP’s activation of Rap1 in AtT20 cells.
We predict that this component is H89 sensitive but cannot
show this directly in whole-cell lysates, owing to the presence

of a larger component of F/I’s activation of Rap1 that is en-
hanced by H89 pretreatment, as shown in Fig. 1B.

Whether Rap1 can mediate cAMP-dependent activation of
ERKs has remained controversial (22, 60, 63). In PC12 cells,
activation of Rap1, MEK, and ERKs was H89 sensitive (Fig. 2A).
In these cells, activation of ERK1/2 by F/I was blocked by
Rap1GAP1, a selective GTPase-activating protein for Rap1
(11), but not by RasN17, an interfering mutant of Ras (Fig.
2B), demonstrating a requirement for Rap1. Transfection of
C3G/CrkL also resulted in the robust activation of ERKs in
PC12 cells. This activation was also blocked by Rap1GAP1 but
not by RasN17 (Fig. 2C). Taken together, these data indicate
that activation of ERKs by both F/I and C3G/CrkL requires
Rap1 in these cells.

To test the possibility that C3G mediated activation of ERKs
by cAMP in PC12 cells, we employed two approaches: selective
interference with C3G via Rap1-AGE and the use of siRNA.
The activation of ERKs by F/I was blocked by the expression of
Myc-Rap1-AGE (Fig. 2D). Myc-Rap1-AGE also blocked the
activation of ERKs by C3G/CrkL (Fig. 2D). A definitive role
for C3G in the activation of Rap1 and ERKs by cAMP in these

FIG. 2. Activation of PKA, Rap1, and C3G is required for the phosphorylation of ERK by Forskolin in PC12 cells. (A) Cells were left untreated
(Un), treated with F/I, or pretreated with H89 prior to F/I treatment (F/I � H89). Cell lysates were examined for activated Rap1 (Rap1-GTP).
Phosphorylation of ERK1/2 was visualized by Western blotting utilizing a phospho-ERK antibody (pERK1/2). Phosphorylation of MEK was
visualized by Western blotting utilizing a phospho-MEK antibody (pMEK). Total Rap1 protein levels are shown in the bottom panel. (B) PC12
cells were transfected with Flag-ERK2 and vector, Rap1GAP1, or RasN17 as indicated and left untreated (�) or treated with F/I (�). Flag-ERK2
was immunoprecipitated from cell lysates and analyzed by immunoblotting with phospho-ERK antibodies (pFlag-ERK2). The levels of total
Flag-ERK2 are indicated as a loading control. (C) Rap1 is required for the phosphorylation of ERK by C3G/CrkL in PC12 cells. PC12 cells were
transfected with Flag-ERK2 and vector plus C3G/CrkL, Rap1GAP1 plus C3G/CrkL, or RasN17 plus C3G/CrkL, as indicated. Flag-ERK2 was
immunoprecipitated from cell lysates and analyzed by immunoblotting with phospho-ERK antibodies (pFlag-ERK2). The levels of total Flag-
ERK2 are indicated as a loading control. (D) PC12 cells were transfected with Flag-ERK2, with (�) or without (�) Myc-Rap1-AGE, and left
untreated or stimulated with F/I, as indicated. In addition, cells were cotransfected with C3G and CrkL (C3G/CrkL) with (�) or without (�)
Myc-Rap1-AGE. Flag-ERK2 was immunoprecipitated from cell lysates and analyzed by immunoblotting with phospho-ERK antibodies (pFlag-
ERK2). The levels of total Flag-ERK2 are indicated as a loading control.
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cells was provided by siRNA. Transfection of PC12 cells with
siRNAs designed for C3G resulted in a roughly 70% reduction
in C3G expression compared to control results (Fig. 3A and
B). In these cells, the abilities of F/I to activate both Rap1 as
well as ERK were significantly reduced compared to the con-
trol results (Fig. 3A). In parallel experiments, unrelated dou-
ble-stranded RNA oligonucleotides served as a negative con-
trol (Fig. 3C). Taken together, these results establish that C3G
is required for cAMP/PKA-dependent activation of Rap1 and
ERKs in PC12 cells.

C3G/CrkL is recruited and activated at the PM following
growth factor stimulation (31, 56). To examine the distribution of
C3G following treatment with F/I, we transfected GFP-C3G
(along with CrkL) into COS cells. C3G was largely cytoplasmic
and perinuclear in untreated cells (Fig. 4A, left panel) but was
also detectable at the PM upon stimulation with F/I (Fig. 4A,
middle panel). This membrane localization by F/I was blocked by

pretreatment with H89 (Fig. 4A, right panel). Similar results were
seen in PC12 cells (Fig. 4B).

Direct visualization of the activated state of Rap1-GTP can be
achieved using GFP-Ral-GDS, which, like Gst-Ral-GDS, binds
Rap1 in a GTP-dependent manner (9). For these studies COS
cells were used and Rap1 was cotransfected with Rap1 and GFP-
Ral-GDS. These cells do not express Epacs (54). Untreated cells
show fluorescent staining throughout the cytoplasm and perinu-
clear region due to the localization of the reporter in the absence
of binding to Rap1 (Fig. 4C, left panel). Upon cAMP stimulation,
a fluorescent signal could be detected at the PM (Fig. 4C, middle
panel). Cells transfected with RapV12 and GFP-Ral-GDS
showed fluorescent patches at the PM without treatment (Fig. 4C,
right panel), indicating that F/I promotes C3G and Rap1-GTP
accumulation at the PM.

Epac-mediated activation of Rap1 in AtT20 cells. The ability
of cAMP to activate Rap1 in AtT20 cells in the presence of

FIG. 3. Transfection of C3G siRNA blocks activation of Rap1 and ERKs by Forskolin in PC12 cells. (A) PC12 cells were transfected with C3G
siRNA or mock transfected (mock) for 72 h and stimulated with F/I for 0, 10, or 20 min, as indicated. The expression of C3G was analyzed by
immunoblotting with anti-C3G antibodies (C3G). Active Rap1 within cell lysates is shown (Rap1-GTP). Total Rap1 in cell extracts is indicated
as a loading control. Activation of ERKs was analyzed by immunoblotting with phospho-ERK specific antibodies (pERK1/2). Total ERK1/2 from
cell lysates was used as a loading control. (B) Quantitation of the efficacy of siRNA knockdown is presented as percentage of control (n � 3
[mean � standard error of the mean]). (C) PC12 cells were transfected with C3G siRNA or control siRNA for 72 h or left untransfected (mock)
and were stimulated with F/I or left untreated, as indicated. Activation of ERKs was analyzed by immunoblotting with phospho-ERK-specific
antibodies (pERK1/2). Active Rap1 within cell lysates is shown (Rap1-GTP). Total Rap1 in cell extracts is indicated as a loading control.
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PKA inhibitors (Fig. 1B) suggests that Epacs may be the target
of cAMP activation of Rap1 in these cells. Therefore, we
compared the expression of Epac1 to that of Epac2 proteins in
both PC12 and AtT20 cells. Both Epac1 and Epac2 were highly
expressed in AtT20 cells, whereas PC12 cells displayed very
low levels of Epac1 and undetectable levels of Epac2 (Fig. 5A).
Both cells expressed C3G (Fig. 5B).

Specific activation of Epacs can be achieved with the cAMP
analog 8-CPT-2Me-cAMP (17, 22). 8-CPT-2Me-cAMP activated
Rap1 in AtT20 cells to levels similar to that achieved with F/I plus
H89 (Fig. 5C), consistent with the expression of endogenous Epac
within AtT20 cells. This demonstrates that endogenous Epacs are
capable of activating endogenous Rap1 in AtT20 cells and that

8-CPT-2Me-cAMP provides a useful tool to activate Epacs inde-
pendently of any potential negative effects of PKA.

Because AtT20 cells express both C3G and Epac, it is pos-
sible that both can participate in cAMP’s activation of Rap1.
This possibility is supported by the ability of the C3G-selective
mutant Rap-AGE to partially block F/I’s activation of Rap1 in
these cells (Fig. 1E). We propose that distinct subcellular pools
of Rap1 are activated by cAMP that can be distinguished by
their PKA dependence. To address this biochemically, we un-
dertook a rapid cell fractionation procedure to minimize loss
of GTP binding to Rap1 during the procedure. This permitted
the crude fractionation of AtT20 cells in membrane, cytosolic,
and nuclear fractions. Rap1 was detected in both perinuclear

FIG. 4. Localization of C3G and activation of Rap1 at the PM by Forskolin. (A) C3G localization at the PM is triggered by PKA in COS cells.
COS cells were transfected with GFP-C3G with CrkL and were left untreated or were treated with Forskolin or Forskolin plus H89, as indicated.
(B) C3G localization at the PM is triggered by PKA in PC12 cells. PC12 cells were transfected with GFP-C3G with CrkL and were left untreated
or were treated with Forskolin or Forskolin plus H89. (C) Activated Rap1-GTP can be detected at the PM upon cAMP treatment. COS cells were
transfected with GFP-Ral-GDS and Rap1 or RapV12 and were left untreated or treated with Forskolin, as indicated. Arrows identify membrane
patches that represent areas of GFP-Ral-GDS binding to Rap1-GTP (middle panel) and RapV12-GTP (right panel).
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and membrane fractions and was activated by F/I in both
fractions (Fig. 5D). However, the PKA dependence of that
activation was different in each locale. In the perinuclear
fraction, cAMP activation of Rap1 was not blocked by H89.
In fact, inhibition of PKA appeared to enhance Rap1 acti-
vation in this fraction, as seen in whole-cell lysate results
(Fig. 1B). Rap1 activation in this perinuclear fraction was

also triggered by 8-CPT-2Me-cAMP, demonstrating Epac-
dependent activation. Importantly, Epac1 was identified
only in this fraction (Fig. 5D) in both the presence and
absence of treatment. This suggests strongly that Rap1 ac-
tivation by Epac1 is confined to the nuclear-perinuclear
region. We were unable to confirm the perinuclear activa-
tion of Rap1 microscopically by use of GFP-Ral-GDS due to

FIG. 5. Epac and C3G localize to distinct cellular compartments and correlate with distinct pools of Rap1 activation. (A) Epac proteins are present
in AtT20 cells. Protein levels for Epac1 and Epac2 were examined in PC12 (P) and AtT20 (A) cell lysates by use of antibodies to Epac1 (upper left panel)
and Epac2 (upper right panel). The levels of total ERK2 are indicated as a loading control. (B) C3G expression in PC12 cells and AtT20 cells.
Endogenous C3G expression levels for PC12 cells (P) and AtT20 cells (A) were examined using antibodies to C3G. AtT20 cells that were transfected
with C3G were used as a positive control. (C) 8-CPT-2Me-cAMP (8-CPT-OMe) activates Rap1 in AtT20 cells. AtT20 cells were left untreated (�) or
treated with H89, F/I, F/I plus H89, or 8-CPT-2Me-cAMP (8-CPT-OMe), as indicated. Cell lysates were examined for activated Rap1 (Rap1-GTP). Total
Rap1 within cell extracts is indicated as a loading control. (D) Rap activity and regulation within different cellular fractions. AtT20 cells were stimulated
with either 8-CPT-2Me-cAMP (8-CPT-OMe) or F/I, with or without pretreatment with H89, as indicated. Cells were lysed, and cytosolic (Cyto.),
membrane (Mem.), and perinuclear (Nuc.) fractions were isolated as described in Materials and Methods. Subcellular fractions (derived from equivalent
numbers of cells) were assayed for activation of Rap1 (Rap-1-GTP). Total Rap1 is shown in the second panel. Endogenous Epac1, C3G, and B-Raf levels
within each fraction are also shown (lower panels).
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the high level of background staining (detectable in Fig. 4C,
left panel) that may have obscured detection of Rap1-GTP
within the perinuclear region.

In contrast, Rap1 activation by F/I in the membrane fraction
was H89 sensitive (Fig. 5D), confirming the existence of a pool of
Rap1 that could be distinguished biochemically from Epac1-de-
pendent nuclear pool. This H89-sensitive pool was not apparent
when unfractionated AtT20 cells were examined (Fig. 1B), pre-

sumably because it was overwhelmed by the presence of a larger
pool of Rap1 whose activation was enhanced by H89.

These data demonstrate the existence of distinct pools of
Rap1 that can be selectively activated by either PKA or Epac.
We suggest that the PKA-dependent activation of Rap1 at the
membrane occurs via C3G and may represent the component
of Rap1 whose activation by F/I was blocked by Rap-AGE
(Fig. 1E, F/I lanes). C3G was detected predominantly in the

FIG. 6. PKA-independent Rap1 activation is mediated by Epacs in AtT20 cells and does not lead to ERK activation. (A) 8-CPT-2Me-cAMP
does not activate ERKs in AtT20 cells. AtT20 cells were left untreated (�) or treated with 8-CPT-2Me-cAMP (8-CPT-OMe) (�), as indicated.
Fibroblast growth factor (FGF) served as a positive control. Total cell lysates were examined for the phosphorylation of ERK1/2 by Western
blotting (pERK1/2, upper panel). Total ERK1/2 is shown as a loading control. (B) Expression of Epac1 is required for 8-CPT-2Me-cAMP to
activate Rap1 in PC12 cells. PC12 cells were transfected with Flag-Rap1 and either WT Epac1, vector, or C3G/CrkL and treated with
8-CPT-2Me-cAMP (8-CPT-OMe) (�) or left untreated (�), as indicated. Cell lysates were examined for activated Flag-Rap1 (Flag-Rap1-GTP).
Total Flag-Rap1 is shown as a loading control. (C) Activation of transfected Epac1 in PC12 cells does not result in ERK activation. PC12 cells
were transfected with Flag-ERK2 and either WT Epac1, vector, or C3G/CrkL and treated with 8-CPT-2Me-cAMP (8-CPT-OMe) (�) or left
untreated (�) as indicated. Flag-ERK2 was immunoprecipitated from cell lysates and analyzed by Western blotting using phospho-ERK antibodies
(pFlag-ERK2). The levels of total Flag-ERK2 are indicated as a loading control. (D) ERK is activated by PKA in AtT20 cells and participates in
cAMP activation of ERKs. (A) AtT20 cells were left untreated (Un), treated with F/I alone for 20 min, or pretreated with H89 (F/I � H89). Cell
lysates were examined for activated Rap1 (Rap1-GTP). Phosphorylation of ERK1/2 was visualized by Western blotting utilizing a phospho-ERK
antibody (pERK1/2). Phosphorylation of MEK was visualized by Western blotting utilizing a phospho-MEK antibody (pMEK). Total Rap1 protein
levels are shown in the bottom panel as a loading control. (E) Ras is required for the phosphorylation of ERK by F/I in AtT20 cells. AtT20 cells
transfected with Myc-ERK2 were cotransfected with vector, Rap1GAP, or RasN17 as indicated. Cells were left untreated or treated with F/I and
lysed. Myc-ERK2 was immunoprecipitated from cell lysates and analyzed by Western blotting using phospho-ERK antibodies (pMyc-ERK2). Total
Myc-ERK2 levels are shown.
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cytoplasmic fractions (Fig. 5D). By overloading membrane
samples, low levels of C3G were detected at the PM (data not
shown).

Epac-mediated activation of Rap1 is not involved in ERK
signaling in AtT20 cells. It has been proposed that the PKA-
independent activation of Rap1 by cAMP via Epacs is incapa-
ble of activating ERKs (22). Therefore, we examined whether
activation of Epacs in AtT20 cells could couple Rap1 to ERKs.
Although Rap1 was activated by 8-CPT-2Me-cAMP, this acti-
vation did not result in ERK phosphorylation (Fig. 6A).

In contrast to AtT20 cells, 8-CPT-2Me-cAMP was unable to
activate Rap1 in PC12 cells (Fig. 6B). The inability of 8-CPT-
2Me-cAMP to activate Rap1in PC12 cells appeared to be due
to the limited expression of endogenous Epacs in these cells, as
transfection of Epac1 into PC12 cells enabled 8-CPT-2Me-
cAMP to activate Rap1 (Fig. 6B). Similarly, in PC12 cells
transfected with WT Epac1, the activation of Rap1 by 8-CPT-
2Me-cAMP did not couple to ERK activation (Fig. 6C). These
results confirm that, as previously reported (22), Rap1 acti-
vated by Epacs is incapable of activating ERKs.

Although Epac-mediated activation of Rap1 does not lead
to ERK activation in AtT20 cells, cAMP/PKA can activate
ERKs in these cells (Fig. 6D). As in PC12 cells (Fig. 2A),
activation of both MEK and ERK is blocked by H89 (Fig. 6D),
confirming that Epacs are not mediating this activation of
ERKs in AtT20 cells. To determine whether this activation of
ERKs required Rap1 or Ras, we introduced RasN17 or
Rap1GAP into AtT20 cells and examined the activation of
Flag-ERK by F/I. Surprisingly, the activation of ERKs was only
modestly blocked by Rap1GAP1 but was largely blocked by
RasN17 (Fig. 6E). Indeed, cAMP can activate Ras in AtT20
cells and this activation is blocked by H89, suggesting that in
AtT20 cells, cAMP activates Ras in a PKA-dependent manner
(data not shown). Taken together, these data suggest that Ras
plays a major role, and Rap1 a minor role, in the activation of
ERKs by cAMP/PKA in AtT20 cells. Ras activation by cAMP
has been reported, and PKA-independent pathways have also
been proposed (4, 14, 51).

Activation of C3G permits the selective activation of Rap1
without activating Ras. To directly examine the ability of C3G
to couple Rap1 to ERKs in AtT20 cells, we activated C3G

independently of cAMP by cotransfecting C3G and CrkL into
these cells (31). In similarity to our observations of PC12 cells
(Fig. 1 and 2), the transfection of C3G/CrkL into AtT20 cells
resulted in robust activation of ERKs that was blocked by
Rap1GAP1 but not by RasN17 (Fig. 7A), indicating that Rap1
activation by C3G/CrkL was necessary to activate ERKs in
these cells. This activation of ERKs by C3G/CrkL was not
blocked by H89, consistent with the requirement of C3G down-
stream of PKA (data not shown).

Rap1 activation of ERKs has been proposed to be mediated
by the selective recruitment of the MAP kinase kinase kinase
B-Raf to GTP-loaded Rap1 (60, 63). In AtT20 cells, the trans-
fection of C3G/CrkL can induce the association of endogenous
B-Raf with Rap1 (Fig. 7B). Rap1 activated by 8-CPT-2Me-
cAMP was unable to induce this association (Fig. 7B). This
suggests that C3G and Epac activate pools of Rap1 that can be
distinguished biochemically as well as spatially within the cell.
The observations that Forskolin induced Rap1/B-Raf associa-
tion and that interfering with C3G blocked a portion of Fors-
kolin’s activation of ERKs suggest C3G is likely capable of
coupling Rap1 to B-Raf/ERKs in AtT20, although this repre-
sents a minor pathway by which cAMP activates ERKs in these
cells compared to that mediated by Ras.

Relocalization of Epac1 allows Rap1 to activate ERKs. The
differential coupling of C3G and Epacs to ERKs raises the pos-
sibility that distinct subcellular pools of Rap1 can couple to
ERKs. In contrast to C3G, Epac1 shows a perinuclear localization
(54). GFP-tagged Epac1 (GFP-Epac WT) was predominantly
localized within the perinuclear region, in similarity to endoge-
nous Epac1 results (37, 54) (Fig. 8A), and colocalized with nu-
clear pore complex proteins, as detected by indirect immunofluo-
rescence (Fig. 8B and C). This localization of GFP-Epac WT
was unchanged upon stimulation with F/I (data not shown), con-
sistent with biochemical studies (Fig. 5D) and recent reports (10,
37). To examine the possibility that pools of Rap1 activated by
Epac are not appropriately localized to couple to ERKs, we di-
rected Epac1 to the PM. This was achieved by fusing the mem-
brane-targeting motif of Ki-Ras (28), including amino acids 169 to
188 of Ki-Ras comprising the polybasic region and the CAAX
domain (referred to here as -CAAX), to the C terminus of WT
Epac1 (Epac-CAAX). To compare the localization of the Epac-

FIG. 7. Transfection of C3G/CrkL triggers Rap1/B-Raf association and ERK activation in AtT20 cells. (A) C3G/CrkL-mediated ERK
activation was blocked by Rap1GAP1. Cells were transfected Myc-ERK2, and with vector alone or with C3G/CrkL, in the presence of vector,
Rap1GAP1, or RasN17, as indicated. Myc-ERK2 was immunoprecipitated from cell lysates and analyzed by Western blotting using phospho-ERK
antibodies (pMyc-ERK2). Total Myc-ERK2 levels are shown. (B) Forskolin/IBMX, but not 8-CPT-2Me-cAMP, promotes Rap1/B-Raf association
in AtT20 cells. AtT20 cells were transfected with Myc-Rap1, and either cotransfected with C3G/CrkL or treated with F/I or 8-CPT-2Me-cAMP
(8-CPT-OMe), as indicated. Cell lysates were immunoprecipitated (IP) with Myc antibodies to recover Myc-Rap1. Association of Myc-Rap1 with
endogenous B-Raf was examined by Western blotting following Myc IP (B-Raf). Total B-Raf is shown as a loading control.
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CAAX with WT Epac1, we created GFP fusion proteins for both
Epac1 and Epac-CAAX (designated GFP-Epac-WT and GFP-
Epac-CAAX, respectively).

The subcellular localization of Epac-CAAX was examined in
PC12 cells. GFP-Epac-CAAX was targeted to the PM (Fig.
8D), demonstrating that the CAAX domain was dominant
over targeting sequences within Epac itself. GFP-Epac-SAAX
(in which the terminal cysteine was replaced with a serine) was
incapable of localizing to the PM and showed a perinuclear
staining result similar to that of GFP-Epac-WT (Fig. 8E),
demonstrating that targeting to the PM required an intact
CAAX domain. Expression of all three Epac constructs (Epac-
WT, Epac-CAAX, and Epac-SAAX) in PC12 cells could acti-
vate Rap1 when cells were stimulated with the Epac-selective
analog 8-CPT-2Me-cAMP (Fig. 9A, top panel), demonstrating
that they all possessed catalytic activity.

To determine the consequence of Rap1 activation, we ex-
amined Rap1’s ability to associate with B-Raf, as detected by in

coimmunoprecipitation with Flag-Rap1 (Fig. 9A, third panel).
As expected, endogenous B-Raf was recruited to constitutively
GTP-loaded Flag-RapV12 (lane 2), and was recruited to WT
Flag-Rap1 in response to stimulation by F/I (lane 4) or trans-
fection of C3G/CrkL (lane 11). In the presence of both F/I and
transfected C3G/CrkL, the recruitment of B-Raf to Flag-Rap1
was enhanced (lane 12). In contrast, neither WT Epac (lanes 5
and 6) nor Epac-SAAX (lanes 9 and 10) could induce the
association of endogenous B-Raf with Flag-Rap1 in the pres-
ence or absence of 8-CPT-2Me-cAMP. However, Epac-CAAX
was able to trigger Rap1/B-Raf association and this was de-
pendent on stimulation with 8-CPT-2Me-cAMP (lanes 7 and
8). This indicates that the ability of Rap1 to activate ERKs is
directly related to its ability to form complexes with B-Raf.

The ability of Epac chimeras to activate ERK was also
tested. Neither Epac-WT nor Epac-SAAX was able to activate
ERKs in either the presence or absence of 8-CPT-2Me-cAMP.
In sharp contrast, the expression of Epac-CAAX resulted in

FIG. 8. Epac1 is localized to the perinuclear region. PC12 cells were transfected with GFP-Epac-WT. (A) The localization of GFP-Epac-WT
is shown using epifluorescence. (B) The localization of the nuclear pore complex is shown using immunofluorescence using the antibody Mab414.
(C) A merged image of GFP-Epac-WT and the nuclear pore complex shown in panels A and B is shown. (D) The addition of the Ki-Ras CAAX
domain relocalizes Epac1 to the PM. PC12 cells were transfected with GFP-Epac-CAAX, and the localization of GFP-Epac-CAAX is shown using
epifluorescence. (E) PC12 cells were transfected with GFP-Epac-SAAX and the localization of GFP-Epac-SAAX is shown using epifluorescence.
Fixed cells were stained with Hoechst 33258 and analyzed using Image Restoration microscopy.
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FIG. 9. Epac-CAAX, but not Epac WT or Epac-SAAX, promotes ERK activation and Rap1/B-Raf association. (A and B) Parallel experiments in PC12
cells were conducted to examine the selectivity of Rap1-GEFs for Rap1 activation and association with B-Raf, shown in panel A, and activation of ERKs, shown
in panel B. For the experiments depicted in both panels A and B, cells were transfected with Myc-Epac WT (lanes 5 and 6), or Myc-Epac-CAAX (lanes 7 and
8), or Myc-Epac-SAAX (lanes 9 and 10). All cells transfected with Epac constructs were either treated with 8-CPT-2Me-cAMP (OMe; lanes 6, 8, and 10) or
left untreated (lanes 5, 7, and 9). Cells were transfected with C3G/CrkL (lanes 11 and 12). Cells were treated with F/I in lanes 4 and 12. (A) All Epac constructs
activate Rap1, but only Epac-CAAX can trigger Rap1 to associate with B-Raf. In addition to use of the cDNAs described above, cells were cotransfected with
vector (lane 1), Flag-RapV12 (lane 2), or WT Flag-Rap1 (lanes 3 to 12) and treated as described above. Cell lysates were split and one fraction examined for
Rap1 activation (Flag-Rap1-GTP). Total Flag-Rap1 is shown to indicate equal transfection and loading. The second fraction was immunoprecipitated (IP) with
Flag antibody to recover Flag-Rap1, and association with endogenous B-Raf was examined by Western blotting [B-Raf (within IP)]. The expression levels of
Myc-Epacs (WT, Epac-CAAX, and Epac-SAAX) are shown in the lower panel (Total Myc-Epac). (B) Only Epac-CAAX, but neither Epac WT nor
Epac-SAAX, can activate ERKs. In addition to the cDNAs described above, cells were transfected with vector (lane 1), or Flag-ERK2 (lanes 2 to 12), and treated
as described above. Flag-RapV12 (lane 2) was used a positive control. Flag-ERK2 was immunoprecipitated from cell lysates and analyzed by Western blotting
using phospho-ERK antibodies (pFlag-ERK2). The levels of total Flag-ERK2 and total Myc-Epac proteins are shown. (C) Neither Epac nor Epac-CAAX can
activate Ras. PC12 cells were transfected with Flag-Ras and either Epac-WT, Epac-CAAX, or vector. Cells were left untreated (�) or treated with 8-CPT-
2Me-cAMP (8-CPT-OMe) (�), as indicated. NGF was used as a positive control. Cell lysates were examined for activated Flag-Ras (Flag-Ras-GTP). Total Flag
Ras levels are shown to indicate equal transfection and loading (lower panel). (D) ERK activation by Epac-CAAX is Rap1 dependent. PC12 cells were
transfected with Flag-ERK2 and Epac-CAAX in the presence of vector, Rap1GAP1, or RasN17, as indicated. Cells were left untreated (�) or treated with
8-CPT-2Me-cAMP (8-CPT-OMe) (�), as indicated. Flag-ERK2 was immunoprecipitated from cell lysates and analyzed by Western blotting using phospho-
ERK antibodies (pFlag-ERK2). The levels of total Flag-ERK2 protein are shown.
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the activation of ERKs. This activation of ERKs was depen-
dent on the Epac agonist 8-CPT-2Me-cAMP (Fig. 9B). As a
positive control, we showed that RapV12 could also activate
ERKs (Fig. 9B). This activation was largely insensitive to the
presence of H89 (data not shown).

Next, we examined the dependence on Rap1 of the activation
of ERKs by Epac-CAAX. Neither Epac1 nor Epac-CAAX was
able to activate Ras under any condition (Fig. 9C). The activation
of ERKs by Epac-CAAX was blocked by Rap1GAP1, but not by

RasN17 (Fig. 9D), indicating that membrane-localized Epac-
CAAX activates ERKs in a Rap1-dependent and Ras-indepen-
dent manner.

Taken together, the data demonstrate that a distinct pool of
Rap1 can be activated by Epac-CAAX and that this pool is
capable of activating ERKs. These results were confirmed in
studies using populations of PC12 cells stably transfected with
Epac WT, Epac-CAAX, and Epac-SAAX (Fig. 10). All three
stable transfectants showed Rap1 activation by 8-CPT-2Me-

FIG. 10. Stable expression of Epac-CAAX in PC12 cells permits ERK activation by 8-CPT-2Me-cAMP. (A) Stably selected populations of
Flag-Epac-WT, Flag-Epac-CAAX and Flag-Epac-SAAX-expressing PC12 cells show Rap1 activation by 8-CPT-2Me-cAMP. Cells were treated in
the presence (�) or absence (�) of 8-CPT-2Me-cAMP (8-CPT-OMe), and lysates were examined for activation of Rap1 (Rap1-GTP). Total Rap1
levels are shown as a loading control. Flag-Epac-WT-, Flag-Epac-SAAX-, and Flag-Epac-CAAX-expressing PC12 cells are shown in the left,
middle, and right panels, respectively. (B) PC12 cells stably expressing Flag-Epac-CAAX show ERK activation in response to 8-CPT-2Me-cAMP.
Cells were treated with 8-CPT-2Me-cAMP (8-CPT-OMe) for the indicated times (min). F/I (1 �M) was used as a normalization control.
Phosphorylation of ERK1/2 was visualized by Western blotting utilizing a phospho-ERK antibody (pERK1/2). Total ERK2 levels are shown as a
loading control. The bottom panels show Flag-Epac expression for each transfectant. Flag-Epac-WT-, Flag-Epac-SAAX-, and Flag-Epac-CAAX-
expressing PC12 cells are shown in the left, middle, and right panels, respectively. (C) Rap1 activation by cAMP in stable populations of
Epac-expressing PC12 cells is not inhibited by PKA. Stable populations of Epac-CAAX- and Epac-WT-expressing PC12 cells were stimulated with
8-CPT-2Me-cAMP (8-CPT-OMe) or F/I with (�) or without (�) H89 pretreatment. Cell lysates were examined for activated Rap1 (Rap1-GTP,
top panel). Total Rap1 was visualized by Western blotting (middle panel). Total cell lysates were examined for Flag-Epac expression (bottom
panel).
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cAMP (Fig. 10A), but 8-CPT-2Me-cAMP activated ERKs only
in cells expressing Epac-CAAX (Fig. 10B). As expected, F/I
also stimulated Rap1 in both Epac WT- and Epac-CAAX-
expressing cells and this was not blocked by H89, demonstrat-
ing that the expression of Epac WT or Epac-CAAX permitted
PKA-independent activation of Rap1 by cAMP (Fig. 10C).

The ability of PM-targeted Epac to activate ERKs was also
seen using CAAX domains derived from other small G proteins.
Chimeras of Epac can be targeted to the PM when fused to other
CAAX domains derived from Rap1b and Ha-Ras (GFP-Epac-
Ha-Ras-CAAX and GFP-Epac-Rap1b-CAAX) (data not
shown). For Rap1, it has been shown that perinuclear localization
requires additional sequences (amino acids 85 to 89 in Rap1) that
are not contained within this chimera (45). Like Epac-Ki-CAAX,
both Epac-Rap1b-CAAX, and Epac-Ha-Ras-CAAX could acti-
vate ERKs in an 8-CPT-2Me-cAMP-dependent manner (data
not shown).

These data show that only select pools of activated Rap1 can
associate with B-Raf. The potential of Rap1 to form a complex
with B-Raf and subsequently activate ERKs appears to be
dependent on which Rap1-GEF is involved. C3G activation of
Rap1 is capable of coupling Rap1 to ERKs, whereas Epac
activation of Rap1 is not, unless it is redirected to the PM.

DISCUSSION

The large number of known Rap1-GEFs that have currently
been identified greatly expands the range of extracellular sig-
nals capable of activating Rap1. Whether Rap1-GEFs also
participate in the selection of Rap1 effectors is not known. We
show here that C3G activation of Rap1 could couple Rap1 to
ERK activation, while Rap1 activation by Epac1 could not.
The ability of Epac to activate ERKs has been proposed in
selected systems (25, 30, 36, 38). However, when an Epac-
selective agonist was used to activate Rap1, regulation of
ERKs was not seen (22). Using endogenous and transfected
Epac, we confirmed that Epac-dependent activation of Rap1
could not activate ERKs in either PC12 or AtT20 cells. Im-
portantly, activation of Rap1 by another selective Rap1-GEF,
C3G, was able to activate ERKs in both cell types.

C3G is recruited to membranes via CrkL (23) and has been
localized to the PM (43, 56), endosomes (64), and Golgi com-
plex (56). In contrast, Epac1 is largely perinuclear in inter-
phase cells (10, 54) and localizes with members of the nuclear
pore complex protein family. We show here that the inability of
Epac to activate ERKs could be overcome by relocalizing
Epac1 to the PM and that this activation triggered by relocal-
ized Epac required Rap1. Our data suggest that a PM pool of
Rap1 is competent to activate the ERK cascade.

Studies done by Bivona and colleagues demonstrated that
the PM is the principal platform from which Rap1 signaling
emanates (9). Our results support their view in that cAMP/
PKA activation of Rap1 led to an accumulation of active Rap1-
GTP at the membrane, as detected microscopically and bio-
chemically. However, cell fractionation also revealed a second
(perinuclear) site of Rap1 activation by cAMP that was PKA
independent and subject to activation by Epac agonists. The
ability of Epac to activate this perinuclear pool of Rap1 with-
out activating ERKs suggests strongly that perinuclear Rap1-
GTP is incapable of coupling to ERK. The ability of Epac-

CAAX to activate ERKs is consistent with the presence of a
regulated pool of Rap1 that is capable of activating the ERK
cascade from the PM. B-Raf, the Rap1 effector that couples
Rap1 to ERKs, and other components of the ERK signaling
cascade have also been shown to form large signaling com-
plexes within the PM and endosomal compartments (44, 53,
64). Indeed, only those Rap1 molecules that were activated by
Epac-CAAX or C3G/CrkL, but not by Epac or Epac-SAAX,
formed a complex with B-Raf. Therefore, we propose that
activation of selected pools of Rap1 that are associated with
specific membrane domains is able to activate components of
the ERK signaling cascade.

cAMP is capable of activating Rap1 in AtT20 cells via both
PKA-independent and PKA-dependent mechanisms. The ex-
istence of a PKA-dependent pathway was revealed following
cell fractionation and occurs within the membrane compart-
ments. We propose that this PKA-dependent activation of
Rap1 is mediated by C3G in AtT20 cells, in similarity to the
results shown for PC12 cells. Recently, the ability of Epac2 to
activate PM pools of Rap1 has been reported (37). In that
study, recruitment of Epac2 via its association (RA) domain to
Ras at the PM required activation of Ras by growth factors.
Although AtT20 cells express Epac2, we did not examine endo-
genous Epac2 directly in this study and did not include Epac2
in our transfection experiments conducted with PC12 cells.
Because cAMP can likely activate both Ras and Epac2 in
AtT20 cells, this pathway may contribute to the Rap1 activa-
tion seen at the PM.

In addition, AtT20 cells display a PKA-independent activa-
tion of Rap1 via Epac that occurs within a perinuclear com-
partment. Surprisingly, it appears that Epac activation of Rap1
via cAMP is not merely PKA independent but is instead actu-
ally inhibited by PKA. This is best seen with whole-cell lysates,
with which H89 enhances Rap1 activation by F/I to levels seen
with 8-CPT-2Me-cAMP (Fig. 1B and 5C). We believe that this
large increase in Rap1 activation by H89 obscures the H89-
inhibited (PKA-dependent) component of Rap1 activation.

There are at least two possible mechanisms for this inhibi-
tory action of PKA on Epac activation of Rap1. First, PKA
might negatively regulate Epac via direct phosphorylation. In-
deed, peptides within the amino terminus of mouse Epac1 (but
not human Epac1) are capable of being phosphorylated by
PKA in vitro (Q. Low and P. J. S. Stork, unpublished data),
although the phosphorylation of Epac by PKA in vivo and its
potential consequences are still under investigation. Second,
PKA may negatively regulate Rap1 itself. Rap1 is a direct
target for PKA phosphorylation (1, 2), and PKA-dependent
phosphorylation of Rap1 at amino acid 179 has been shown to
modulate Rap1 function (39), perhaps by altering the localiza-
tion or stability of Rap1 (57). Indeed, the augmentation of
cAMP’s activation of Rap1 by H89 is diminished in a mutant of
Rap1 that is resistant to PKA phosphorylation (Z. Wang and
P. J. S. Stork, unpublished data). This might provide a mech-
anism for the reported antagonism of Epac by PKA in thyroid
cells (41) and pancreatic � cells (35). Interestingly, this antag-
onistic action of PKA was not seen following PKA stimulation
of Epac-CAAX, suggesting that PKA’s inhibition of Epac ac-
tivation of Rap1 was limited to the perinuclear pool of Rap1.
We propose that the outcome of cAMP production (PKA
versus Epac) must be highly regulated to maximize signaling
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specificity. The recent discovery of the direct binding of Epac1
to the perinuclear mAKAP suggests that these two targets of
cAMP are tightly integrated within the cell (20).

Another novel finding is that ERK activation by cAMP/PKA
utilizes Ras. This action was seen only in AtT20 cells, not in
PC12 cells, and was PKA dependent. The mechanisms by
which cAMP activates Ras are not well established. Both PKA-
independent (4, 14, 62) and PKA-dependent (3) activation of
Ras have been reported. One candidate is Ras-GRF1, which is
directly phosphorylated by PKA (46).

In this report, we show that the ability of Rap1 to couple to
ERKs can be determined by the GEFs that activate it. Epac-
mediated Rap1 activation does not permit Rap1 to couple to
ERKs, whereas C3G-induced Rap1 activation results in ERK
activation. This limitation of Epac/Rap1 with respect to ac-
tivation of ERKs could be overcome by relocalizing Epac1
to the PM, suggesting that the location where Rap1 is acti-
vated determines the consequence of Rap1 activation. Im-
portantly, the specificity of the Epac agonist 8-CPT-2Me-
cAMP provides the unique ability to selectively activate
Rap1. Therefore, the 8-CPT-2Me-cAMP-dependent activa-
tion of ERKs through Epac-CAAX demonstrates that the
activation of selected pools of Rap1 alone is sufficient to
recruit B-Raf and activate ERKs. These studies emphasize
that distinct pools of Rap1 couple to distinct effector path-
ways. We propose that the extended family of Rap1-GEFs
has evolved to selectively target Rap1 to distinct effector
pathways, as determined, in large part, by the spatial distri-
bution of Rap1-GEFs and effectors within the cell. Similar
utilizations of GEFs have been proposed to dictate the
choice of effectors for the small G protein Rac1 of the Rho
superfamily (6, 12, 13, 18, 68). This study demonstrated that
this function of GEFs in dictating effector utilization also
exists for members of the Ras superfamily. It is likely that
similar regulation dictates the choice of effector pathways by
other small G proteins as well.
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