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Exchange proteins activated by cAMP (cyclic AMP) 2 (Epac2) is a guanine nucleotide exchange factor for
Rapl, a small G protein involved in many cellular functions, including cell adhesion, differentiation, and
exocytosis. Epac2 interacts with Ras-GTP via a Ras association (RA) domain. Previous studies have suggested
that the RA domain was dispensable for Epac2 function. Here we show for the first time that Ras and cAMP
regulate Epac2 function in a parallel fashion and the Ras-Epac2 interaction is required for the cAMP-
dependent activation of endogenous Rapl by Epac2. The mechanism for this requirement is not allosteric
activation of Epac2 by Ras but the compartmentalization of Epac2 on the Ras-containing membranes. A
computational modeling is consistent with this compartmentalization being a function of both the level of Ras
activation and the affinity between Ras and Epac2. In PC12 cells, a well-established model for sympathetic
neurons, the Epac2 signaling is coupled to activation of mitogen-activated protein kinases and contributes to
neurite outgrowth. Taken together, the evidence shows that Epac2 is not only a cAMP sensor but also a bona
fide Ras effector. Coincident detection of both cAMP and Ras signals is essential for Epac2 to activate Rapl

in a temporally and spatially controlled manner.

Rapl is a small GTPase involved in the regulation of mul-
tiple cellular functions such as adhesion, differentiation, and
exocytosis. Like all small G proteins, Rapl cycles between a
GTP-loaded active state and a GDP-loaded inactive state,
which is mediated via the opposing actions of G protein acti-
vation proteins that promote hydrolysis of bound GTP to GDP
and guanine nucleotide exchange factors (GEFs) that catalyze
the exchange of bound GDP for GTP.

Exchange proteins activated by cAMP (Epacl and Epac2)
are unique Rapl GEFs that link cAMP elevation to Rapl
activation (5). This is achieved via the direct binding of cAMP
to the Epac protein itself, thereby defining a novel cAMP
signaling pathway that is independent of protein kinase A
(PKA). Both Epacl and Epac2 contain a catalytic region and a
regulatory region. The catalytic region consists of a CDC25
homology domain that catalyzes Rapl activation, a REM do-
main, and a Ras association (RA) domain that lies in between.
The regulatory region consists of one or two cAMP binding
domains (cNBDs) and a DEP (disheveled, Egl-10, and pleck-
strin homology) domain. Under resting conditions, Epac pro-
teins are inactive due to the inhibitory interaction between the
regulatory and catalytic regions. The binding of cAMP to
the cNBD relieves the intramolecular inhibition by exposing
the catalytic site to Rapl (36-39). Previous studies have been
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largely focused on the mechanism of cAMP regulation of Epacs.
Whether other molecular interactions play a role in Epac reg-
ulation is unknown.

A number of features of Epac2 distinguish it from Epacl,
which suggests distinctive regulatory mechanisms for Epac2.
While Epacl is expressed ubiquitously, Epac2 is highly en-
riched in neuronal tissues (22). Moreover, Epacl is localized to
the perinuclear mitochondria through a specific N-terminal
sequence (34) or interaction with specific AKAPs (6), while
Epac2 is largely cytosolic. Importantly, although both proteins
contain potential RA domains, only Epac2 interacts with
Ras-GTP (26). In these studies, Quilliam and colleagues
have demonstrated the ability of Ras-GTP to recruit Epac2
to the plasma membrane (26). However, the necessity of the
RA domain for Epac2-mediated Rapl activation has not
been firmly established. Our study shows that Ras-Epac2
interaction is required for Epac2 activity, suggesting that
Epac2 is a bona fide Ras effector, as well as a cAMP sensor,
thereby acting as a coincidence detector for signals emanat-
ing from Ras and cAMP.

Several models could explain the mechanism for the regu-
lation of Epac2 by Ras-GTP. First, Ras-GTP could facilitate
the cAMP-mediated relief of autoinhibition. Second, Ras-GTP
could enhance the enzymatic activity of Epac2 by inducing
allosteric changes within the catalytic domain through its in-
teraction with the RA domain. This model is analogous to the
model of allosteric activation of Son of sevenless (SOS) by
Ras-GTP (28). A third model considers the compartmental-
ization of Epac2. As both Ras and Rapl are lipid modified at
their carboxy termini and tethered to the lipid membrane, the
interaction between Ras and Epac2 may greatly increase the
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Epac2 concentration at the membrane, therefore accelerating
the rate of Rapl activation. We examined each of the three
models and demonstrate here that Ras regulates Epac2 func-
tion independently of cAMP and that enrichment of Epac2 on
the membrane through Ras binding is crucial for Epac2-me-
diated Rap1 activation.

It is possible that this Ras-dependent mode of Rapl activa-
tion could favor the activation of selective targets of Rapl. As
we have shown recently, relocation of Epacl from the perinu-
clear region to the plasma membrane allows Rap1 activation to
be coupled to the phosphorylation of extracellular signal-reg-
ulated kinases (ERKs) (51). While this relocation of Epacl was
artificially achieved, we hypothesized that the Ras-dependent
membrane recruitment of Epac2 could also activate Rapl on
Ras-containing membranes to trigger ERK activation. Our re-
sults show that Epac2 potentiates ERK activation induced by Ras
activation and cAMP elevation and this pathway contributes to
neurite outgrowth in PCI12 cells as a model of sympathetic
neurons.

MATERIALS AND METHODS

Reagents. The following antibodies were used for Western blotting or immu-
noprecipitation. Anti-Rapl A/B and unconjugated and agarose-coupled anti-
Flag (M2) antibodies were from Sigma-Aldrich (St. Louis, MO). Anti-phospho-
ERK (threonine 202 and tyrosine 204) was from Cell Signaling Technology
(Beverly, MA). Anti-Epac2 (rabbit) and green fluorescent protein (GFP) anti-
serum (rabbit) were from Abcam (Cambridge, MA). Anti-Ras (RAS10) antibody
was from Upstate Biotechnology. Antihemagglutinin (anti-HA) antibody was
from Covance (Princeton, NJ). Anti-ERK2, anti-H-Ras, and anti-glutathione
S-transferase (anti-GST) antibodies were from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). Secondary antibodies against mouse and rabbit immunoglobu-
lins G were from GE Healthcare. Forskolin, 3-isobutyl-1-methylxanthine
(IBMX), 8-Br-cAMP, and H89 were from Calbiochem (Riverside, CA). Epider-
mal growth factor (EGF), isoproterenol (ISO), GTP, GTP«S, glutathione pep-
tide, and glutathione-agarose beads were from Sigma-Aldrich (St. Louis, MO).
Nerve growth factor (NGF) was from Axxora (San Diego, CA). 3'-(N-Methy-
lanthraniloyl)-2'-deoxyguanosine-5'-diphosphate, triethylammonium salt (mant-
dGDP), was from Jena Bioscience (Jena, Germany).

Plasmids. Mouse Epac2 was subcloned downstream of GFP in the pEGFP-C1
vector (Clontech, Mountain View, CA) between a PstI site and a blunted Notl/
Smal fusion site or downstream of Flag in the pcDNA3 vector (Invitrogen)
between the EcoRI and Notl sites. The K684E and R667E mutations were
introduced into Flag-Epac2 with a QuikChange site-directed mutagenesis kit
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from Stratagene (La Jolla, CA) according to the manufacturer’s instructions.
Epac2-684E was also subcloned downstream of GFP. GFP-Epac2A430 and GFP-
Epac2A430-684E were generated by deletion of the sequences corresponding to
the 430 amino acids at the amino terminus from the parent plasmids by using the
available EcoRI and Sall sites, filling in with T4 polymerase, and self-ligation.
Human H-RasV12 and H-RasN17 were subcloned into the mCherry-C1 vector
(Clontech) by using the available EcoRI and Apal sites. For the mCherry-
RasV12-SAAX construct, the C186S mutation was introduced by PCR through
the antisense primer and then the mutant was subcloned back into the
mCherry-C1 vector by using the available EcoRI and Xbal sites. The Flag-
Epac2-CAAX and Flag-Epac2-684E-CAAX mutant forms were created by in-
serting annealed double-stranded oligonucleotides corresponding to the carboxy-
terminal 24 amino acids of human H-Ras containing the H-CAAX motif (amino
acids 166 to 189 of H-Ras) into Flag-Epac2 and Flag-Epac2 684E, respectively.
HA-SOScat, comprising the catalytic domain of the Ras exchanger SOS, was a
gift from Dafna Bar-Sagi, NYU School of Medicine. HA-Epac2 was a gift from
Lawrence Quilliam, Indiana University. Epacl was a gift from Johannes Bos,
Utrecht University.

Cell culture conditions and treatments. COS and HEK293 cells were cultured
in Dulbecco modified Eagle medium plus 10% fetal calf serum, penicillin-strep-
tomycin, and L-glutamine at 37°C and 5% CO,. PC12 cells were kindly provided
by Pat Casey (Duke University) and cultured in Dulbecco modified Eagle me-
dium with 10% horse serum and 5% fetal calf serum plus penicillin, streptomy-
cin, and L-glutamine at 37°C and 5% CO,. To generate stable cell populations,
HEK293 cells were transfected with GFP-Epac2 and selected with 0.5 mg/ml
G418 (Invitrogen, Carlsbad, CA) for 4 weeks. Cells were starved in serum-free
medium for 16 h prior to treatments. Cells were treated with 5 wM forskolin and
50 pM IBMX for 15 min unless otherwise indicated. H89 was used at 10 wM and
was added 15 min prior to forskolin treatment. EGF and NGF were used at 10
and 50 ng/ml, respectively, unless otherwise indicated. 8-Br-cAMP was used at
100 uM for the times indicated. Transient transfections were performed with
Lipofectamine 2000 according to the manufacturer’s instructions. The control
vector, pcDNA3, pEGFP-C1, or mCherry-C1, was included in each set of trans-
fections to ensure that each plate received the same amount of transfected DNA.

RNA interference. The RNA interference target within Epac2 was identified
and validated by testing three double-stranded RNA oligoribonucleotides from
Ambion Inc. (Austin, TX). The most effective target site, which corresponds to
positions 1144 to 1162 of mouse Epac2 (NM_019688) and positions 1238 to 1256
of rat Epac2 (XM_001060956), was chosen. The sequences used for Rapla
efficiently eliminate rat Rapla, the major isoform of Rap1 in PC12 cells (15). The
Epac2, Rapla, and scrambled pairs of oligonucleotides were synthesized by
Integrated DNA Technologies Inc. (Coralville, IA), annealed, and cloned into
the pTER vector (49) by using the available BgIII and HindIII sites. The se-
quences of the oligonucleotides used for Epac2, Rapla, and scrambled short
hairpin RNA (shRNA) were as follows: for Epac2, 5'-ATTATTAGATCTGGA
TCCGTGAATGTAGTCATTCAAGAGATGACTACATTCACGGATCCTTT
TTGGAAAAAGCTTATTATT-3; for Rapla, 5'-ATTATTAGATCTCAGAA
TTTAGCAAGACAGTGGTGTTCAAGAGACACCACTGTCTTGCTAAAT

FIG. 1. Epac2 interacts with Ras-GTP independently of cAMP. (A) Epac2 and B-Raf, but not Epacl, bind to Ras-GTP. COS cells were
transfected with Flag-Epacl, Epac2, or B-Raf as indicated, and increasing amounts of lysates were incubated with purified GST-RasV12 loaded
with GTP«S, followed by a GST pull-down assay and Western blotting. The upper panel shows data from three experiments (mean * standard
error) and curve fitting. The lower panel shows a representative result from one experiment. Input and protein levels recovered after pull-down
are shown for Epac2 (top), B-Raf (middle), and Epacl (bottom). (B) Epac2 interacts with Ras at its effector loop. Flag-Epac2 was cotransfected
along with either HA-RasV12 or its effector loop mutant form (37G or 40C) into COS cells, followed by immunoprecipitation (IP) with anti-HA
antibody and Western blotting (WB, top). The expression levels of Flag-Epac2 (middle) and HA-Ras V12 and mutant forms (bottom) are shown.
(C) Ras-Epac2 interaction is not enhanced by the cAMP analog 8-Br-cAMP in vitro. Purified GST-RasV12 loaded with GTPyS was incubated with
cell lysates containing Flag-Epac2 in the presence or absence of 8§-Br-cAMP, followed by GST pull-down assay. The left panel shows Western
blotting with anti-Flag antibody (top) and anti-GST antibody (bottom). The right panel shows the quantification of three experiments (mean =
standard error). (D) The time course of Ras-Epac2 binding is not affected by 8-Br-cAMP. Purified GST-RasV12 loaded with GTPvS was incubated
with cell lysates containing Flag-Epac2. 8-Br-cAMP or vehicle was added to the incubation mixture after 30 min. GST pull-down assays were
performed at the time points indicated. (E) Ras-Epac2 association was induced by EGF treatment. Flag-Ras was transiently expressed in HEK293
cells stably transfected with GFP-Epac2 or in wild-type cells as indicated, and immunoprecipitation was performed with anti-GFP antibody after
EGF (+) or mock (—) treatment, followed by Western blotting. The amounts of Flag-Ras and GFP-Epac2 recovered by immunoprecipitation and
the expression of transfected proteins are shown. (F) Epac2 and Ras-GTP colocalized on the plasma membrane. (Upper row) GFP-Epac2 (left),
mCherry-RasV12 (middle), and mCherry-RasN17 (right) were transfected into COS cells, respectively, and imaged by epifluorescence microscopy.
(Middle row) GFP-Epac2 (left) and mCherry-RasV12 (middle) were cotransfected into COS cells. The merged fluorescent images are shown in
the right panel. (Lower row) GFP-Epac2 (left) and mCherry-RasN17 (middle) were cotransfected. The merged images are shown in the right
panel. In both the middle and bottom rows, the far right panel shows intensity profiles across the cell at the white line indicated in the right panel.
The broken lines denote the positions of the plasma membranes.
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FIG. 2. Disruption of Ras-Epac2 interaction by a single point mutation within the RA domain. (A) Sequence alignment of the RA domains
from Epacl and Epac2, as well as the RBDs from B-Raf (BRAF-RBD) and C-Raf (CRAF-RBD). The residues within Epac2 that were targeted
for mutational analysis are highlighted. (B) Structural modeling demonstrating the position of K684 at the Ras-Epac2 binding interface. The crystal
structure of Rapl in a complex with the C-Raf RBD was used as the template, and the structures of Ras and Epac2 were superimposed onto Rap1l
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TCTGTTTTTGGAAAAAGCTTATTATT-3'; for scrambled shRNA, 5'-AATA
ATAAGCTTTTTCCAAAAAGCGCGCTTTGTAGGATTCGTCTCTTGAAC
GAATCCTACAAAGCGCGCAGATCTAATAAT-3'.

Western blotting, immunoprecipitation, and GST pull-down assay. Western
blotting and immunoprecipitation were performed as described previously (51).
For the GST pull-down assay, 10 pg GST-RasV12 loaded with GTPyS and 20 pl
of 25% agarose beads were incubated with the amounts of cell lysates indicated
at 4°C for 3 h, followed by three washes. The proteins were eluted from the beads
via 2X Laemmli buffer and subjected to 7.5 to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis.

Rapl activation assay. Active GTP-bound Rapl was assayed with the GST-
tagged Ras binding domain (RBD) of RalGDS (gift from J. L. Bos, Utrecht
University, Utrecht, The Netherlands) in an in vitro pull-down assay as previ-
ously described (9).

Reverse transcription (RT)-PCR. Total RNAs were extracted from PC12 cells
left untreated or treated as indicated with TRIzol from Invitrogen in accordance
with the manufacturer’s instructions. Equal amounts of total RNA were used for
first-strand cDNA synthesis with oligo(dT) and Superscript II reverse transcrip-
tase (Invitrogen), and the cDNA obtained was used as the template for PCR.
The Epac2 primers (sense, 5'-CATTACCACGCACAGCCTTC-3'; antisense,
5'-TTGTACTCCTTGCAGTGAGC-3') generated an 881-bp fragment corre-
sponding to nucleotides 1620 to 2500 of the Epac2 cDNA. 9.5/ubiquitin carboxyl-
terminal hydrolase (PGP9.5), was used as an internal control (25). The PGP
primers (sense, 5'-TAATGTGGACGGCCACCTCT-3'; antisense, 5'-GCTCGC
GCTCAGTGAATTCT-3'; gift from B. Habecker, Oregon Health & Science
University, Portland) generated a 109-bp fragment corresponding to nucleotides
531 to 639 of the PGP9.5 cDNA. Amplification of the Epac2 cDNA was analyzed
at 28 and 30 cycles, both of which yielded similar results.

Cell fractionation. Cell fractionation was performed as previously described
(51). Briefly, cells were scraped into ice-cold hypotonic buffer (10 mM KCI, 1.5
mM MgCl,, 1 mM Na-EDTA, 1 mM dithiothreitol [DTT], 1 M leupeptin, 10
pg/ml soybean trypsin inhibitor, 0.1 uM aprotinin, 1 mM sodium orthovanadate,
1 mM B-glycerophosphate, 10 mM Tris-HCI, pH 7.4). Cells were homogenized
with 50 strokes in a Dounce-type homogenizer. Lysates were then spun at 800 X
g for 5 min at 4°C to pellet the nuclear fraction and to isolate the supernatant.
The supernatant was transferred to a new tube and spun at 20,000 X g for 30 min
at 4°C to pellet the membrane fraction (M), which was washed twice in the
above-described hypotonic buffer and then resuspended in 50 .l lysis buffer. The
remaining supernatant (400 wl) represented the cytosolic fraction (C). Forty
percent (20 wl) and 5% (20 wl) of the total volumes of the M and C fractions
were supplemented with 6 X Laemmli buffer and loaded onto the gel for Western
blotting, and from the percentages of the total input and densities of the Western
blotting bands, the percentage of membrane recruitment could be estimated.
The presence of endogenous Ras and B-actin was also examined as membrane
and cytosol markers, respectively.

Protein expression and purification. Human H-RasV12 (referred to as
RasV12) and bovine Raplb (referred to as Rapl) were subcloned into the
pGEX-4T3 vector downstream of the GST tag between the EcoRI and fused
Xbal/Smal sites. The construct was transformed into bacterial strain BL21(DE3)
from Invitrogen and kept as a glycerol stock. One hundred milliliters of standard
LB medium was inoculated, and the bacteria were grown overnight at 37°C as a
preculture, which was used to inoculate 2 liters of medium and rocked at 37°C
until it reaching an optical density at 600 nm of 0.8. Protein expression was
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induced by isopropyl-B-p-thiogalactopyranoside (IPTG) to a final concentration
of 100 pM, and the culture was grown at 37°C for 10 h at 200 rpm. The cells were
harvested and frozen at —80°C overnight. The pellets were then resuspended in
ice-cold phosphate-buffered saline supplemented with 5 mM DTT, 5 mM EDTA,
and protease inhibitors and lysed with a French press at 15,000 Ib/in? for 3 cycles.
The debris was removed from the lysates by centrifugation, and the supernatants
were incubated with 2 ml of 50% glutathione-agarose for 3 h at 4°C. The beads
were washed three times with 10 ml phosphate-buffered saline. For GST-Rapl,
the fusion protein was eluted with 10 mM glutathione (50 mM Tris-HCI, pH 8),
followed by dialysis to remove the glutathione. For RasV12, the GST tag was
cleaved by incubation with thrombin (Sigma-Aldrich), followed by elution.
Epac2A430 and Epac2A430-684E were subcloned into the pGEX-4T3 vector
(GE Healthcare) downstream of the GST tag by using the available EcoRI and
NotI sites. The transfection and expression processes were similar to those used
for RasV12, except that the cells were induced and rocked at 25°C for 15 h. The
purification procedure was similar to that described previously for Epacl (35),
except that the cells were lysed with a French press instead of by sonication. The
concentrations of the purified proteins were determined by both the bicincho-
ninic acid assay (Bio-Rad protein assay reagent) and 4,5, measurement, and the
values generated by the two methods agreed with each other.

Nucleotide exchange assay. We used mant-dGDP for the exchange assay to
avoid artifacts caused by isomerization of the fluorescent label (11). RasV12 and
GST-Rapl were loaded with GTPyS and mant-dGDP, respectively, in loading
buffer (50 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM EDTA, 5 mM DTT, 5%
glycerol) by using a 10-fold molar excess of the respective nucleotides, and the
free nucleotides were removed by gel filtration with a NAP-5 column (GE
Healthcare) equilibrated in exchange buffer (50 mM Tris-HCI, pH 7.5, 50 mM
NaCl, 5 mM MgCl,, 5 mM DTT, 5% glycerol). The exchange assays were
performed by a method similar to that described previously (10, 28, 35). Briefly,
dissociation rates were measured on a Photon Technology International spec-
trophotometer with a DeltaRam excitation source. Fluorescence was excited at
360 nm, and emission was monitored at 435 nm. In a quartz cuvette, 100 nM
Rapl-mant-dGDP was mixed with the exchange buffer supplemented with 100
pM GTP and incubated at 25°C in a final volume of 250 pl. When indicated,
reactions were supplemented with 1 uM Epac2A430 or Epac2A430-684E and/or
1 uM RasV12-GTPyS. Dissociation was measured for 1,000 s. The data were
fitted to a single-exponential function (Y = 4, + A,;e~*"), and the decay due to
photobleaching was minimal and ignored. After fitting, the raw data for each
reaction were normalized independently between 0 and 1 by using the formula
Yiormatized = Yeaw — Ao)/(M — Ag), where A, represents the offset value from
the exponential fit and M is the initial, maximum, fluorescence.

Fluorescence microscopy. COS cells were cultured in a 12-well plate and
transfected with the GFP- or mCherry-tagged plasmids as indicated. The cells
were imaged after 24 h alive at room temperature. Wide-field microscopy images
were obtained with a Leica DMIRE2 inverted fluorescence microscope. The
TIFF images were acquired with MagnaFIRE 2.1 software and processed with
Adobe Photoshop. Intensity profiling data obtained along the indicated line
across the cell with Scion Image (Scion Corp., Frederick, MD) and plotted with
Prism 3 (GraphPad Software, La Jolla, CA) are provided.

Neurite outgrowth assay. PC12 cells were grown on poly-D-lysine-coated plates
(Sigma-Aldrich) and serum-starved for 16 h prior to treatment with EGF (50
ng/ml) or forskolin (0.5 pM) and pretreatment with H89 (10 wM), which was
added 15 min prior to forskolin treatment. After 24 h, the cells were examined

and the C-Raf RBD, respectively, with the program Chimera (University of California at San Francisco). The left panel shows an overview of the
predicted Ras-Epac2 complex; the right panel shows a close-up of the binding interface. The side chains of K684 (Epac2) and R89 (C-Raf) are
highlighted as red and green sticks, respectively (arrows). (C) Epac2-684E was incapable of Ras binding. Increasing amounts of wild-type (WT)
Flag-Epac2 or Epac2-684E were incubated with GTPyS-loaded GST-RasV12, followed by a GST pull-down assay and Western blotting. The
concentration of Flag-tagged protein was quantified by comparison to purified protein standards. The graph shows data from three experiments
(mean * standard error) with curve fitting. The right panel shows the amounts of Epac proteins pulled down in the presence or absence of
GST-RasV12, as well as the input levels of all of the proteins. (D) Ras association with wild-type Epac2 and Epac2 mutant forms. Wild-type
Flag-Epac2 and mutant Epac2-667E or Epac2-684E were cotransfected with HA-RasV12 into COS cells, and immunoprecipitation (IP) was
performed with anti-HA agarose antibody, followed by Western blotting (WB). The first two rows show the levels of Epac2 proteins and
HA-RasV12 immunoprecipitated. The third and fourth rows show the levels of transfected proteins within the lysates. (E) The recruitment of
Epac2-684E to the membrane is reduced compared to that of wild-type Epac2. Wild-type Flag-Epac2 or Epac2-684E was cotransfected with
mCherry (mc)-RasV12 into COS cells, followed by cell fractionation. The membrane fraction (M) and the cytosolic fraction (C) were isolated and
examined by Western blotting with Flag antibody (top). Both transfected RasV12 (mc-RasV12; middle) and endogenous Ras (bottom) were also
monitored as markers for the membrane fraction with Ras antibody. The percentages of wild-type Epac2 and mutant Epac2-684E that were
recruited to the membrane were calculated as described in Materials and Methods, and the right panel summarizes data from three experiments
(mean * standard error).
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microscopically for evidence of neurite outgrowth (32). Processes greater than
two cell body lengths were scored as neurites. Representative photomicrographs
of more than 200 cells examined for each condition in five independent
experiments are shown. For experiments utilizing transfection, a vector ex-
pressing GFP was cotransfected as a reporter for transfected cells and mor-
phological assessment was restricted to GFP-positive cells. For pretreatment
experiments with NGF, NGF (50 ng/ml) was applied for 8 h and washed out
prior to subsequent treatment with EGF (50 ng/ml) and/or forskolin (0.5 uM)
plus H89 (10 pM).

Data processing and statistics. The densities of the bands from Western
blotting or RT-PCR assays were quantified with Scion Image (Scion Corp.,
Frederick, MD). The densities of the bands of interest were adjusted according
to the input or loading controls. All of the experiments were repeated at least
three times, and data from multiple data sets were normalized on a scale of 0 to
100% and analyzed with Prism 3 (GraphPad Software, La Jolla, CA). Unpaired
t tests were performed between two groups of data as indicated, and P < 0.05 was
regarded as statistically significant.

RESULTS

Epac2 interacts with Ras-GTP in a cAMP-independent
manner. In the GTP-loaded active state, Ras binds the classical
effectors like B-Raf and C-Raf via their RBDs. Epac2, but not
Epacl, was also reported to interact with Ras-GTP (26). To
estimate the strength of Ras-Epac2 binding, the profiles of
Epac2 and B-Raf binding to Ras were compared in vitro. We
expressed Flag-tagged Epac2, B-Raf, and Epacl in COS cells
and performed GST pull-down assays with increasing amounts
of lysates in the presence of purified GST-RasV12 (a con-
stitutively active Ras mutant) that was loaded with GTP~yS.
Epacl interacted poorly with GST-RasV12, whereas both
Epac2 and B-Raf bound to RasV12 at much higher and com-
parable levels (Fig. 1A). When transfected into mammalian
cells, RasV12 became stably GTP loaded under basal condi-
tions (data not shown) and associated with Flag-Epac2 in the
absence of extracellular stimuli (Fig. 1B). Ras effectors interact
with Ras mainly through the effector loop of Ras, and specific
mutations along the effector loop can selectively interfere with
a subset of effectors. For example, RasV12-40C interacts
poorly with B-Raf and C-Raf but interacts normally with phos-
phoinositide 3-kinase (52). In contrast, 37G interacts poorly
with C-Raf but interacts well with another Ras effector,
RalGDS (29). As shown in Fig. 1B, Epac2 associated with
RasV12 at levels similar to that seen with RasV12-37G,
whereas its interaction with RasV12-40C was almost com-
pletely lost (Fig. 1B). Therefore, the Ras-Epac2 interaction
requires an intact effector loop, as shown by Quilliam and
colleagues (26).

cAMP is a well-studied regulator of Epac2 and was reported
to be necessary for the interaction between Ras and Epac2 in
cells (26). However, treatment with 8-Br-cAMP, an analog of
cAMP that is capable of activating Epac2 (data not shown),
neither enhanced nor inhibited the binding of Epac2 and
RasV12 in vitro (Fig. 1C and D), suggesting that the confor-
mational change in the regulatory region triggered by cAMP
was not required for Ras binding. Importantly, the cAMP-
independent nature of the Ras-Epac2 interaction is consistent
with the crystal structure of Epac2 in its autoinhibited state, in
which its RA domain is well exposed in the solvent and free of
steric hindrance from its regulatory region (37).

To examine whether the Ras-Epac2 interaction could be
induced by physiological stimuli, Flag-Ras was expressed in
HEK?293 cells stably transfected with GFP-Epac2. Low levels
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of interaction between Epac2 and Ras were detected under
basal conditions; this interaction was significantly enhanced
upon EGF stimulation (Fig. 1E). Next, we used epifluores-
cence microscopy to investigate the distribution of Epac2 in
the presence of either RasV12 or RasN17, an inactive mutant
form of Ras that is constitutively in the GDP-bound state.
When transfected alone, mCherry-RasV12 and mCherry-
RasN17 were both detected at the plasma membrane while
GFP-Epac2 was not seen at the plasma membrane (Fig. 1F).
When cotransfected with mCherry-RasV12, GFP-Epac2 colo-
calized with RasV12 at the plasma membrane. In contrast,
when cotransfected with mCherry-RasN17, GFP-Epac2 re-
mained largely in the cytosol (Fig. 1F). In summary, Epac2
binds to the effector loop of Ras-GTP in a cAMP-independent
manner and this interaction recruits Epac2 to the plasma mem-
brane.

Identification of Epac2 mutants with loss of Ras binding.
The Epac2 RA domain is located between the REM domain
and the CDC25 domain. Therefore, it is possible that deletion
of the RA domain may affect the interaction between REM
and CDC25 domains, as well as the overall structure of Epac2.
Indeed, an Epac2 deletion mutant lacking the entire RA do-
main appeared to be unstable when expressed in COS cells
(data not shown). Therefore, to further our understanding of
the Epac2-Ras interaction, we looked for specific point muta-
tions within the Epac2 RA domain that could disrupt the
Ras-Epac2 interaction without affecting the overall structure
of the Epac2 protein.

Comparison of the sequences of RA domains from Epac2
and Epacl revealed two positively charged residues in Epac2,
K684 and R667, that are conserved across species in Epac2 but
are replaced by glutamate and glutamine, respectively, in
Epacl (blue boxes in Fig. 2A). To predict the role of these
residues in RA domain function, we modeled the interaction
between Epac2 and Ras-GTP, taking advantage of the existing
structure of Epac2 (37), as well as the structure of the complex
of C-Raf RBD and Rapl, which has served as a structural
model of RBD-Ras interaction (31) (Fig. 2B). A high degree of
similarity between the RA domain of Epac2 and the RBD of
C-Raf was observed. Importantly, the position of the side chain
of K684 of Epac2 partially overlapped that of R89 of the C-Raf
RBD. R89 of C-Raf has previously been identified as a critical
residue for Ras interaction (1, 8) (Fig. 2B). Therefore, we
predict that mutation of K684 could similarly abolish the Ras-
Epac2 interaction. The above model also highlighted the lack
of steric restriction from the regulatory region of Epac2 on the
Ras-Epac?2 interaction.

As predicted by the sequence alignment and structural mod-
eling, mutation of K684 to glutamate (Epac2-684E) dramati-
cally decreased the Epac2 and Ras binding as measured by
GST pull-down assay (Fig. 2C), and the dissociation constant
(Kd) increased from 189.8 = 9.6 to 2,898 = 369.4 nM. The loss
of the association of this mutant with Ras-GTP was also dem-
onstrated by immunoprecipitation in cells cotransfected with
RasV12 and either wild-type Epac2 or Epac2-684E (Fig. 2D).
Mutant Epac2-667E was also included in this experiment, but
the loss of Ras binding by this mutant was less pronounced
than that by Epac2-684E. Because Ras-Epac2 interaction re-
cruits Epac2 to the plasma membrane (Fig. 1F), we asked if
this effect was reduced when examining the RA domain mu-
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FIG. 3. Ras-Epac2 interaction is required for efficient Rap1 activation by Epac2. (A) Time course of activation of endogenous Rap1 triggered
by F/H (H89 plus forskolin and IBMX) in cells expressing wild-type Epac2 and mutant Epac2-684E. COS cells were transfected with pcDNA3,
Flag-Epac2, or Flag-Epac2-684E for 24 h. Serum-starved cells were treated with F/H for the times indicated and harvested. Rap1 activation assay
was performed with GST-RalGDS RBD, followed by Western blotting for endogenous Rap1. The left panel shows the quantification of data from
three independent experiments (mean = standard error). The right panel shows representative gels from one experiment. In this and all of the
following Rap1 activation assays, Rap1 activation and Rap1 protein levels are shown in the top two rows, respectively, and the levels of transfected
proteins are shown in the bottom rows. At least three independents experiments were performed. (B) Time course of activation of endogenous
Rapl triggered by ISO in cells expressing wild-type Epac2 and mutant Epac2-684E. COS cells were transfected with pcDNA3, Flag-Epac2, or
Flag-Epac2-684E for 24 h. Serum-starved cells were treated with ISO for the times indicated, harvested, and subjected to a Rapl activation assay.
The left panel shows the quantification of data from three independent experiments (mean * standard error); the right panel shows representative
gels from one experiment. (C) Coexpression of RasV12 enhances Rapl activation by Epac2. COS cells were transfected with mCherry (mc)-
RasV12, Flag-Epac2, or both, as indicated, and treated with F/H (+) for 15 min or left untreated (—). The lysates were subjected to a Rapl
activation assay. Epac2-684E was included for comparison. (D) Time course of RasV12-enhanced Rapl activation by Epac2. COS cells were
transfected as for panel C and treated with F/H for the indicated times, and lysates were subjected to a Rapl activation assay. (E) RasV12-
dependent enhancement of Rapl activation is specific for Epac2 but not Epacl. Flag-tagged Epacl or Epac2 was transfected alone or together
with mc-RasV12 (V12). After F/H treatment for 10 min, cells were harvested for a Rapl activation assay. (F) Specific activation of endogenous
Ras enhances Epac2-mediated Rapl activation. COS cells were transfected with the HA-tagged catalytic domain of SOS (SOScat) and/or
HA-Epac2 as indicated and treated with F/H for 10 min or left untreated (Untr.). Lysates were subjected to a Rap1 activation assay. The left panel
shows representative gels from one experiment. The right panel shows the quantification of data from three experiments (mean = standard error).
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tant. We demonstrated that compared to wild-type Epac2, the
amount of the RA domain mutant within the membrane frac-
tion in the presence of RasV12 was reduced (Fig. 2E). Taken
together, the mutational analysis indicates that an intact RA
domain is required for Ras-Epac2 interaction and that the
684E mutant can be used to investigate how loss of Ras binding
affects Epac2 function.

Effect of Ras binding on Rapl activation via Epac2. In
general, Ras effectors are selective Ras-GTP binding proteins
whose functions are modified by that association (40). To ex-
amine whether the interaction of Epac2 with Ras modulated
Epac2 function, we examined Epac2-dependent activation of
Rapl. Previous studies have suggested that the RA domain is
dispensable for Epac2 function and that Ras binding to Epac2
does not change its overall ability to activate Rap1 (26). How-
ever, those studies examined transfected Rap1, which was ba-
sally activated by cotransfected Epac2 in the absence of cAMP.
To avoid any potential pitfall of Rapl overexpression, we fo-
cused on the activation of endogenous Rapl by Epac2. To
elevate intracellular cAMP levels, we used a combination of
forskolin (an adenylyl cyclase activator) and IBMX (a phos-
phodiesterase inhibitor). To eliminate cAMP-dependent acti-
vation of PKA, we pretreated the cells with H89 (a PKA
inhibitor). As shown in Fig. 3A, this cocktail (referred to
throughout this report as F/H) modestly activated endogenous
Rapl1 following the transfection of wild-type Epac2 but not
Epac2-684E (Fig. 3A). Similar results were seen with ISO (Fig.
3B). That the RA domain mutant exhibited diminished activity
in response to cAMP was surprising since the mutation is
distant from the catalytic core of Epac2 and is not expected to
have any influence on its catalytic activity. Thus, the interaction
between Epac2 and Ras appears to be necessary for efficient
activation of Rapl by Epac2 following cAMP elevation. How-
ever, F/H is a poor activator of Ras in these cells (data not
shown). Therefore, the different activities of Epac2 versus
Epac2-684E may reflect their abilities to associate with low
levels of basally active Ras.

We next examined whether an increased level of Ras-GTP
can potentiate Rapl activation by Epac2. Indeed, RasV12
dramatically augmented the Epac2-mediated Rapl activa-
tion triggered by cAMP, while Rapl activation by Epac2-
684E was slightly enhanced by RasV12, probably due to
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residual Ras binding of the mutant (Fig. 3C). Furthermore,
RasV12 boosted the cAMP-triggered Rap1 activation at all of
the time points examined (Fig. 3D). This enhancement was
specific for Epac2 but not Epacl (Fig. 3E). SOS is a well-
studied Ras exchanger whose catalytic domain shows constitu-
tive and specific activity toward Ras (12). When cotransfected
into cells, the catalytic domain of SOS also dramatically en-
hanced the ability of Epac2 to activate Rapl (Fig. 3F), dem-
onstrating the ability of endogenous Ras-GTP to couple Epac2
to Rapl activation.

Mechanism of Ras-dependent Epac2 activation. cAMP
binding to the cNBD within the regulatory region of Epac2 has
been proposed to reorient the regulatory region away from the
catalytic domain, allowing access of Rapl to the catalytic site
(36-38). To understand the mechanism of the requirement of
Ras-GTP in Epac2-mediated Rapl activation, we first tested
whether Ras-Epac2 interaction facilitated this action of cAMP.
Deletion of the regulatory region of Epac2, including both
c¢NBDs and the DEP domain, produced a constitutively active
truncation (Epac2A430) whose function was no longer regu-
lated by cAMP. Epac2A430 activated Rapl in a dose-depen-
dent manner when expressed in COS cells. In contrast, the
Epac2A430 mutant containing the additional K684E mutation
(Epac2A430-684E) exhibited a significantly reduced ability to
activate Rapl (Fig. 4A). This suggests that an intact RA do-
main is still required for Rap1 activation by the catalytic region
even in the absence of intramolecular inhibition. Importantly,
the Epac2A430-mediated Rap1 activation could be further en-
hanced by RasV12, which was ineffective in enhancing
Epac2A430-684E activity (Fig. 4B). Together, these results in-
dicate that Ras-mediated regulation of Epac2 is independent
of the mechanism by which cAMP activates Epac2.

To test the possibility of allosteric activation of Epac2 by
Ras-GTP, we examined the kinetics of nucleotide exchange in
vitro with purified proteins (Fig. 4C). The rate of nucleotide
release from Rapl in the presence of Epac2A430 ([5 = 0.2] X
1073 s~ 'for 1 uM exchange factor) is comparable to the rate in
the presence of Epac2A430-684E ([5 = 0.7] X 1073 s~ ! for 1
wM exchange factor) and is significantly higher than the in-
trinsic rate of nucleotide release by isolated Rap1 (0.3 X 1073
s~ !; Fig. 4D). These data confirm that the Epac2-684E mutant
is fully functional and the loss of Rapl activation by this RA

FIG. 4. Ras-GTP potentiates Rapl activation by the catalytic region of Epac2 in vivo but not in vitro. (A) Comparison of Rap1 activation by
Epac2A430 and Epac2A430-684E. Increasing amounts of Epac2A430 or Epac2A430-684E were expressed in COS cells, and lysates were subjected
to a Rapl activation assay. The left panel shows linear regression of data from one representative experiment. Levels of Rapl activation were
plotted against the expression levels of constructs as indicated. The right panel shows representative gels from one experiment. Three independent
experiments were performed. AU, artificial units; Ctrl, control. (B) RasV12 enhancement of Rap1 activation by Epac2A430 requires an intact RA
domain. GFP-Epac2A430 and Epac2A430-684E were transfected alone or cotransfected with mCherry (mc)-RasV12, and lysates were subjected
to a Rapl1 activation assay. The left panel shows the quantification of data from three experiments (mean * standard error); the right panel displays
gels from one representative experiment. (C) Coomassie staining of purified Epac2A430, Epac2A430-684E, GST-Rapl, and RasV12. Protein
molecular size markers are shown on the left. (D) Both Epac2A430 and Epac2A430-684E catalyzed nucleotide exchange reactions on Rapl at
identical rates in vitro. The upper panel shows a comparison of the intrinsic (red) exchange reaction and that catalyzed by Epac2A430 (cyan) or
Epac2A430-684E (pink). Rapl-mant-dGDP (100 nM) was incubated in buffer containing 100 uM unlabeled GTP in the absence or presence of
1 uM Epac2A430 or Epac2A430-684E. Dissociation of mant-dGDP was monitored by the decrease in fluorescence emission at 435 nm over time.
The bottom panel shows reaction rates fitted to single exponentials, and three to six independent measurements for each condition were pooled
in the bar graph (mean * standard error). (E) RasV12 does not enhance the exchange activity of Epac2A430 in vitro. The upper panel shows a
comparison of the intrinsic (red) exchange reaction and that catalyzed by Epac2A430 in the presence (orange) or absence (cyan) of Ras-GTP.
Rapl-mant-dGDP (100 nM) was incubated in buffer containing 100 uM unlabeled GTP in the absence or presence of 1 uM Epac2A430 alone
or in addition to GTPyS-loaded RasV12. Dissociation of mant-dGDP was monitored. The bottom panel shows reaction rates fitted to single
exponentials, and three independent measurements are summarized in the bar graph (mean * standard error).



7118 LIU ET AL. MoL. CELL. BIOL.

o & %
A plasma membrane B v?j. C RO & g,‘bk &
)

YY'_“ & & & & &
c-terminus c-terminus ,C) bg’ ‘bb?; FH .+ - 7 -+ -+ -+
g & 8 5
Q,Q(b & & & [ —_— ~  55]-Rapl-GTP
& F F P (B SRR BE S S - ol Rap!
- - - S — e e s e - fla
MCMCMCMC Al i
- E'100 O Untr.
—ae | - flag é WFH
275
8
Epac2-RA domair |—-— % I - Ras ‘é 50
Ras-GTP ; 25
Rap1 & — i 3
- - - actin 2 o

<&
9 o Q?‘Q, o
‘}é Q"’o Q’I’o fv‘b f],'ro flag-Epac2 Epac2A430 ("M)
AN A o RasVAS-SAAX 4 # "= = & & 0 200 400 800 0 200400 800|0 200 400 800
me-RasV12 FH= # = % = % Control RasN17 | RasV12

I I / -GTP :I | X - - -| - Rap1-GTP
— - —l - Rap T p1-GT : - &
| W —~|-|() | Rap1 I I !Mg_ -.,i 9..-‘|— otal Rap
tal Rap I
I I Iag EPaCZImut |:| 9 | ' 2

=

[ ] - mc-Rasv12 E ~RasV1Z:SAAX 2’ 100+
5 100 _— . 27 Quntr _‘; 75+ -0~ Ctrl
5 |lmem 25 5| mEm B —o—RasN17
E 75 E § 5 50+ —o= RasV12
s 3% ® S
£ "2 o L
o
g o — - REVEIMLE & &~ ™ T 1 © "0 200 400 600 800

& &ov?* &5,» &pv?'* gy Epac2A430 (nM)

& 033’

@
L

§ 1804 i 0 Affinity
I < 150 :
E- I R 250 $ <€ High
© =
B 100 4. - 5
4 S 100
5 150 & .
s H <= Intermediate
° 50 casee 100 ﬁ
2 o 50
g 2
&> 50 g
i 0 < Low

N 0. : 100 02 1

Rets,, 0.75 - 60 80 Roy” 04 X

oty 1 20 40 e tive 06

once,,,g;ilfpace 0 percentage of ::e(:‘r/:t;ran & . 0z ™ . e

o recrultme %”On to peetive R

FIG. 5. Mechanism of Ras-facilitated Rap1 activation by Epac2. (A) Structural modeling of the Ras-Epac2-Rap1 ternary complex in relation
to the plane of the lipid membrane. The ternary complex demonstrates that Rapl engages the CDC25 homology domain of Epac2 to the left; the
RA domain of Epac2 interacts with Ras to the right. The carboxy-terminal ends of Rapl and Ras point toward the membrane plane. This
accommodates the lipid modifications of both proteins that tether both carboxy-terminal ends to the membrane. For additional details, see the
section on structural modeling in the supplemental material. (B) Addition of the H-Ras CAAX motif increased the amounts of Epac2 and
Epac2-684E localized to the membrane. Flag-tagged Epac2, Epac2-CAAX, Epac2-684E (E2-684E) and Epac2-684E-CAAX (E2-684E-CAAX)
were transfected into COS cells for 24 h, and cell fractionation was performed. The membrane (M) and cytosolic (C) fractions were subjected to
Western blotting. Representative gels from one experiment are shown. The upper row shows Flag-tagged proteins within the two fractions. The
middle and lower rows are endogenous Ras and -actin, which were used as markers for membrane and cytosol, respectively. (C) Anchoring Epac2
to the plasma membrane by the CAAX motif from H-Ras results in an enhanced level of Rapl activation and rescues the defect of Epac2-684E
(E2-684E). COS cells were transfected with Epac2, Epac2-CAAX, Epac2-684E, and Epac2-684E-CAAX as indicated, starved, and treated with
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mutant in cell-based Rapl activation assays cannot be ex-
plained by the loss of its intrinsic catalytic activity (Fig. 3A and
4A). In addition, in the presence of saturating concentrations
of RasV12 preloaded with GTPvS, the rate of nucleotide re-
lease from Rapl catalyzed by Epac2A430 was not accelerated
(Fig. 4E). These results suggest that Ras does not enhance
Epac2-mediated Rapl activation in vitro, despite activating it
within cells.

One possible explanation for these findings is that the com-
partmentalization of Ras and Rapl is critical for Ras-depen-
dent Rapl activation by Epac2 in intact cells. To test this
hypothesis, we first performed structural modeling to visualize
the Ras-Epac2A430-Rapl ternary complex in the context of
the plasma membrane. The ternary complex was assembled
based on the crystal structures of Epac2 in complex with Rap1l
and a cAMP analog (36) and the complex of Rapl-C-Raf
RBD (for detailed methods, see the section on structural mod-
eling in the supplemental material). From this model (Fig. 5A),
we observed that Ras, Rap1, and the RA and cdc25 domains of
Epac2 were aligned on a single plane parallel to the membrane
plane. Importantly, the carboxy-terminal ends of both Ras and
Rapl were oriented toward the plasma membrane in this
model. This is a necessary constraint, since both Ras and Rap1
are lipid modified at the carboxy terminals and tethered to the
lipid membrane.

Based on this structural model, it is possible that Ras-medi-
ated membrane recruitment may play a crucial role in Rapl
activation by Epac2. We predict that tethering Epac2 to the
membrane may mimic the effect of Ras-Epac2 binding. To
address this possibility, we targeted Epac2 to the membrane by
introducing a CAAX motif at its carboxy-terminal end. This
increased the amount of Epac2 that could be recovered from
membrane fractions (Fig. 5B) and dramatically enhanced the
ability of Epac2 to activate Rap1 (Fig. 5C). Importantly, mem-
brane targeting rescued the defect of Epac2-684E (Fig. 5C)
and occluded the enhancing effect of RasV12 on Epac2-medi-
ated Rapl activation (Fig. 5D). Next, we tested whether se-
questration of Epac2 in the cytosol could prevent it from ac-
tivating Rapl. We achieved this by cotransfection of RasV12-
SAAX, which was constitutively GTP loaded but mislocalized
in the cytosol due to the loss of lipid modification (data not
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shown). RasV12-SAAX dramatically reduced Epac2-mediated
Rapl activation in response to cAMP (Fig. 5SE), suggesting that
RasV12-SAAX was acting as an interfering mutant. This find-
ing further supports the role of endogenous Ras-GTP in the
Epac2-mediated activation of Rapl. We next validated the
above-described membrane recruitment model in vitro by in-
cubating purified Epac2A430 and membrane fractions from
cells expressing RasV12 or control cells, and RasV12 signifi-
cantly enhanced the activation of endogenous Rap1 within the
membrane fraction by Epac2A430 (Fig. SF).

We propose that compartmentalization of Epac2 by Ras-
GTP increases the concentration of Epac2 in the submem-
brane space, thus greatly enhancing the subsequent interaction
between Epac2 and Rapl. This was demonstrated by using
computational simulation (Fig. 5G). In the absence of active
recruitment of Epac2 to the membrane, the rate of Rapl
activation is very slow and solely dependent on the expression
level of Epac2 (see the section on computational modeling in
the supplemental material for details). However, active mem-
brane recruitment by Ras binding provided an additional level
of regulation, which could dramatically accelerate the reaction
rate even in the presence of a small increase in membrane
recruitment (Fig. 5G).

In this model, membrane recruitment of Epac2 is influenced
by two factors: the level of Ras activation and the affinity of
Epac2 for Ras-GTP. As demonstrated in Fig. SH, the rate of
Epac2-mediated Rap] activation is predicted to be very sensi-
tive to initial changes in Ras-GTP levels and reaches a plateau
at higher Ras-GTP levels. This may explain the apparent de-
pendence of Epac2 activation on interaction with low levels of
Ras-GTP that may be present in cells stimulated with cAMP
alone (Fig. 3A). The model also explains the decreased level of
Rapl1 activation by Epac2-684E by showing that it can be fully
accounted for as a result of decreased Ras association (Fig.
5H). Taken together, the data show that Ras association con-
verts Epac2 into an efficient, membrane-based Rap1 activator
and that this recruitment is required for Epac2 function.

Epac2-mediated Rapl activation at the membrane is cou-
pled to ERK activation and neurite outgrowth. We have re-
cently shown that activation of Rap1 at the plasma membrane
is coupled to ERK activation via B-Raf (51). Therefore, we

F/H or left untreated (Untr.). Lysates were subjected to a Rap1 activation assay. The upper panel shows representative gels from one experiment.
The bottom panel shows the quantification of three experiments (mean = standard error). (D) Membrane targeting of Epac2 (Epac2-CAAX)
occluded the effect of RasV12 on Epac2-mediated Rap1 activation. mCherry RasV12 was cotransfected with Epac2, Epac2-CAAX, Epac2-684E,
or Epac2-684E-CAAX into COS cells as indicated, starved, and treated with F/H for 10 min or left untreated. Lysates were subjected to a Rapl
activation assay. The upper panels show representative gels from one experiment. The bottom panel shows the quantification of three experiments
(mean = standard error). (E) Sequestration of Epac2 in the cytosol by RasV12-SAAX prevents Epac2 from activating endogenous Rapl. COS
cells were transfected with Flag-Epac2 and/or Ras-SAAX as indicated, and starved cells were treated with F/H for 10 min or left untreated and
then subjected to a Rapl activation assay. The upper panel shows gels from one representative experiment. The bottom panel shows the
quantification of three experiments (mean * standard error). (F) Purified Epac2A430 activates Rapl within membrane preparations containing
RasV12 in vitro. Increasing amounts of Epac2A430 were incubated with membrane fractions isolated from COS cells that were transfected with
pcDNA3, mCherry-RasN17 (RasN17), or mCherry-RasV12 (RasV12) in 100 pl of exchange buffer and the presence of 100 uM GTP for 15 min
at room temperature. The membrane fractions were recovered by centrifuge, and endogenous Rap1 activity within the membranes was assayed.
The upper panel shows a representative result from one experiment. The bottom panel shows the quantification of three experiments (mean =
standard error). Ctrl, control. (G and H) Computational model of Epac2-mediated Rap1 activation. For details, see the section on computational
modeling in the supplemental material. (G) The relative rate of Rap1 activation is shown as a function of the relative intracellular concentration
of Epac2 (ranging from 0 to 1) and the percentage of its membrane recruitment (ranging from 0 to 100%). (H) The relative rate of Rap1 activation
is shown as a function of the relative levels of Ras activation (varying from 0 to 1) and the affinity between Ras and Epac2 or its mutant forms.
The upper, middle, and lower surfaces represent high, intermediate, and low Epac2-Ras interaction affinities, respectively.
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FIG. 6. Enhancement of ERK activation and neurite outgrowth by Epac2. (A) Expression of Epac2 enhances the activation of ERKs by EGF
and F/H. PC12 cells were transfected with vector (pcDNA3) or Flag-ERK2 and treated for 15 min with F/H, EGF, or EGF plus F/H or left
untreated. For this and all subsequent ERK activation assays, the levels of phosphorylated Flag-ERK2 are shown with a phospho-ERK antibody
following Flag immunoprecipitation (first row). Total levels of transfected Flag-ERK2 (second row) and Flag-Epac2 (third row) are also shown.
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tested whether recruitment of Epac2 to the plasma membrane
by Ras could also couple Rapl to ERK activation in B-Raf-
expressing cells. PC12 cells express abundant levels of B-Raf,
and Rapl activation of B-Raf/ERKs in these cells has been
well documented (15, 27, 53). However, these cells express low
levels of Epacl or Epac2 and have shown little PKA-indepen-
dent activation of Rap1(51). Accordingly, F/H treatment trig-
gered little activation of ERKSs, even in the presence of EGF
(Fig. 6A and B). However, upon the expression of Epac2, F/H
and EGF were able to synergistically and robustly activate
ERKs in a PKA-independent manner (Fig. 6A and B). Impor-
tantly, Rapla contributed to the robust ERK activation by F/H
and EGF in the presence of Epac2, as knockdown of Rapla
with shRNA (Fig. 6C) significantly reduced this effect (Fig.
6D). The modest ERK activation via Epac2 triggered by F/H
alone was enhanced when Epac2 was targeted to the mem-
brane via the CAAX motif and was absent in cells expressing
the Epac2-684E mutant protein (Fig. 6E). Moreover, the en-
hanced activity of Epac2-CAAX no longer required Ras bind-
ing, as similar levels of ERK activation were seen with the
Epac2-684E-CAAX mutant protein (Fig. 6E).

Augmented ERK signaling has been associated with neurite
outgrowth in PC12 cells (4, 15, 20). To provide a physiological
correlation for the Epac2-mediated augmentation of ERK sig-
naling, we measured neurite outgrowth in PC12 cells with or
without exogenous Epac2. In the presence of overexpressed
Epac2, EGF and F/H induced neurite outgrowth in about 10
and 40% of the transfected cells, respectively. However, the
combination of EGF and F/H had a synergistic action, pro-
moting neurite outgrowth in 80% of the transfected cells (Fig.
6F). These data correlated with the pattern of ERK activations
observed with these treatments (Fig. 6A and B). Interestingly,
in the absence of transfected Epac2, the combination of EGF
and F/H also synergistically induced neurite outgrowth in
about 40% of the cells (Fig. 6F). This may reflect the presence
of endogenous Epac2 in these cells (see below). The ability of
F/H to induce neurite outgrowth to a level greater than that
induced by EGF alone may depend on a low level of basal Ras
activation in PC12 cells. Moreover, the inability of EGF to
promote neurite outgrowth is consistent with the inability of
EGEF to stimulate cAMP levels.

The levels of neurite outgrowth via Epac2 mutant proteins
also correlated with the levels of ERK activation (Fig. 6E).
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Unlike Epac2, Epac2-684E did not enhance neurite outgrowth
above the levels seen in cells transfected with GFP alone,
suggesting that the action of Epac2 required an intact RA
domain (Fig. 6E). Targeting Epac2 to the plasma membrane
via the CAAX motif resulted in equally high levels of neurite
outgrowth by F/H in the presence or absence of EGF. This
suggests that the EGF potentiated the F/H effect primarily
through recruitment of Epac2 to the membrane. Taken to-
gether, these data suggest that Epac2 activation at the mem-
brane is coupled to ERK activation and neurite outgrowth.

Endogenous Epac2 is increased by NGF and contributes to
ERK activation and neurite outgrowth. Epac2 is enriched in
the neuronal tissues (22). Therefore, we hypothesized that
NGF-induced differentiation of PC12 cells might be accompa-
nied by increased expression of Epac2. Indeed, although basal
levels of Epac2 mRNA and protein were detected by RT-PCR
and Western blotting, respectively, both were significantly en-
hanced after 8 h of NGF pretreatment (Fig. 7A and B). There-
fore, we could increase endogenous levels of Epac2 by brief
pretreatment with NGF and examine the role of Epac2 in
neurite outgrowth without elevating Epac2 levels by transfec-
tion. Importantly, the 8-h NGF pretreatment dramatically aug-
mented the synergism between EGF and F/H in the activation
of endogenous ERKs (Fig. 7C). Pretreatment with NGF can
also enhance the basal level of Ras-GTP. This may account for
the ability of F/H to induce significantly higher levels of ERK
activation following NGF pretreatment, compared to F/H
treatment alone in the absence of NGF pretreatment (Fig. 7C).
Interestingly, EGF was also capable of inducing a modest in-
crease in Epac2 expression (Fig. 7A and B).

The enhanced ERK activation was significantly diminished
in cells expressing shRNA targeting Epac2 but not scrambled
shRNA (Fig. 7E). The efficacy of shRNA knockdown of Epac2
is shown in Fig. 7D. Knockdown of Epac2 by shRNA also
inhibited neurite outgrowth (Fig. 7F and G). In the presence of
Epac2 shRNA (but not scrambled shRNA or the GFP con-
trol), the level of neurite outgrowth triggered by EGF and F/H
was reduced from 40 to 20% (Fig. 7G), suggesting that the
basal level of Epac2 mediates the synergistic effect of EGF and
F/H on neurite outgrowth in PC12 cells. Importantly, short-
term NGF pretreatment itself did not trigger neurite out-
growth by itself if NGF was washed out after 8 h. However, this
pretreatment had an enhancing effect on the outcome of sub-

(B) Expression of Epac2 enhances the activation of ERKs by EGF and F/H. PC12 cells were transfected with Flag-ERK2 along with GFP or Epac2
and treated with EGF or EGF plus F/H. Representative gels from one experiment are shown on the left. The right panel shows the quantification
of data from three independent experiments (mean * standard error). (C) Rapla shRNA reduces the expression of cotransfected Rapla. PC12
cells were cotransfected with Flag-Rapla (rat) and Flag-ERK2 cDNA with either Rapla shRNA or a scrambled control (scrm.) for 24 h, followed
by Flag immunoprecipitation (IP). The left panel shows levels of Flag-Rapla (upper row) and Flag-ERK2 (lower row), used as a transfection
control, determined by Western blotting. The right panel shows the quantification of data from three independent experiments (mean =+ standard
error). (D) Rapla knockdown blocks ERK activation via Epac2 triggered by EGF plus F/H. PC12 cells were cotransfected with Flag-Epac2 and
Flag-ERK2 along with scrambled (scrm.) shRNA or Rapla shRNA and treated as indicated. The upper panel shows the quantification of data from
three experiments, and the lower panel shows representative gels from one experiment. (E) Membrane targeting of Epac2 overcomes mutation
within the RA domain. PC12 cells were transfected with Flag-ERK2 along with wild-type or mutant Epac2 (E2) as indicated and treated with F/H.
An ERK activation assay was performed, and the upper panel shows gels from a representative experiment. The bottom panel shows the
quantification of data from three independent experiments (mean * standard error). Untr., untreated. (F) Expression of Epac2 increases neurite
outgrowth induced by EGF and F/H. For the left panel, PC12 cells were transfected with GFP and either vector, Epac2, Epac2-684E (E2-684E),
or Epac2-CAAX and treated with EGF and/or F/H as indicated. Twenty-four hours later, neurite outgrowth was assessed by epifluorescence
microscopy. In the right panel, representative photomicrographs are shown. The left panel shows the quantification of data from five independent
experiments (mean * standard error). The bar in the lower left panel represents 20 pm.
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sequent treatment with F/H alone or F/H plus EGF (Fig. 7F
and G). This priming effect was largely dependent on the
expression of Epac2, as the enhancement was blocked by
Epac2 shRNA but not scrambled shRNA (Fig. 7F and G).
Taken together, the findings show that endogenous Epac2,
either basal or induced by NGF, integrates signals from cAMP
and Ras and contributes to ERK activation and neurite out-
growth in PC12 cells.

DISCUSSION

Recently, Quilliam and colleagues showed that Ras recruits
Epac2 to the plasma membrane. Here we extend their model
by demonstrating that this recruitment is essential for the max-
imal action of Epac2 as a Rapl exchanger. The classical defi-
nition of Ras effectors requires that effector binding be depen-
dent on the GTP-bound state of Ras and that binding modify
effector function (30). Epac2 has met this definition and is a
bona fide Ras effector. While Epac proteins need cAMP to
relieve their autoinhibition, our study shows for the first time
that Epac2 also requires the interaction with Ras-GTP via the
RA domain for its ability to activate Rapl efficiently. This is
based on a number of findings. (i) A specific mutation that
disrupts the association of Epac2 with Ras-GTP diminishes the
Epac2-dependent activation of Rap1 without affecting intrinsic
exchange activity or cAMP-mediated regulation of Epac2. (ii)
Interference with endogenous Ras by using the mutant protein
RasV12-SAAX, which cannot associate with the membrane,
blocks cAMP-dependent activation of Epac2. (iii) Activation
of endogenous Ras by a Ras-specific exchanger, as well as
expression of a constitutively active Ras mutant protein, en-
hances Epac2-dependent activation of Rapl. These data pro-
vide strong support for the necessity of Ras interaction for
Epac2 function.

Thus, Epac2 is both a cAMP sensor and a novel Ras effector
that couples coincident cAMP elevation and Ras activation to
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the activation of Rapl. This Rapl activation is significantly
higher than that seen following stimulation via either Ras or
cAMP alone. While the cross talk between the cAMP and Ras
signaling pathways has been shown to occur at multiple levels
(7, 48), Epac2 provides a unique example of a single molecule
integrating the two pathways through the independent actions
of discrete domains.

Regarding the mechanism for Ras-dependent regulation of
Epac2, Ras neither facilitates the relief of Epac2 autoinhibi-
tion nor induces allosteric changes to activate the Epac2 cat-
alytic domain. Instead, Ras recruits Epac2 to the membrane,
dramatically increases its local concentration, and accelerates
the rate of Rap1 activation. This action may be similar to what
was recently proposed for Ras activation of SOS. However, in
that model, both membrane recruitment and allosteric modu-
lation of SOS by Ras contributed to SOS activation (4, 12). As
supported by the structural modeling and our experimental
data, cAMP binding to the cNBD and the interaction between
Ras and the RA domain are two independent events, which
allows the relief of autoinhibition and membrane localization
of Epac2 to be independently regulated by cAMP and Ras,
respectively.

The requirement of Ras in the Epac2-dependent activation
of Rapl has many potential consequences for cell signaling.
Temporally, Rap1 activated by Epac2 would accompany both
cAMP elevation and Ras activation. Spatially, Epac2-mediated
Rapl activation would be restricted to Ras-containing mem-
branes. Rapl signaling from Ras-containing membranes has
previously been shown to couple to ERKs through the Raf
isoform B-Raf (51). This may reflect the properties of B-Raf
itself, as the Raf family of kinases has been shown to be much
more efficient at coupling to ERKs from the plasma mem-
branes compared to intracellular locales (14). The participa-
tion of Rapl in Ras-dependent activation of ERKs may also
provide amplification, since many Rapl molecules can be ac-
tivated following the recruitment of a single Epac2 molecule to

FIG. 7. Endogenous Epac2 is increased by NGF and contributes to ERK activation and neurite outgrowth. (A) Epac2 mRNA is increased by
NGF or EGF treatment. PC12 cells were treated with NGF or EGF (50 ng/ml) for 8 h or left untreated. Total RNAs extracted from the cells were
subjected to RT-PCR for Epac2 (upper row). PGP (lower row) was used as a control (Ctrl). The lower panel shows the quantification of data from
five experiments (mean * standard error). (B) Epac2 protein is increased by NGF or EGF treatment. PC12 cells were treated with NGF or EGF
for 8 h or left untreated. Total cell lysates were subjected to Western blotting. In the upper panel, Western blotting shows endogenous Epac2
protein (upper row). ERK2 was used as the loading control (lower row). The bottom panel shows the quantification of data from four experiments
(mean = standard error). (C) NGF pretreatment enhances the activation of ERKs by EGF plus F/H. PC12 cells were pretreated with NGF for
8 h or left without pretreatment and subsequently treated with EGF and/or F/H as indicated. The top panel shows the average of data from three
independent experiments. In the bottom panel, the levels of phosphorylation of endogenous ERKs and total levels of ERKs are shown. (D) Epac2
shRNA reduces the expression of cotransfected Epac2. PC12 cells were cotransfected with Flag-Epac2 and Flag-ERK2 ¢cDNAs with either Epac2
shRNA or a scrambled (scrm.) control for 24 h, followed by Flag immunoprecipitation (IP). The left panel shows levels of Flag-Epac2 (upper row)
and Flag-ERK2 (lower row), used as a transfection control, determined by Western blotting. The right panel shows the quantification of data from
three independent experiments (mean = standard error). (E) Knockdown of endogenous Epac2 by shRNA decreases the activation of ERKs by
EGF plus F/H after NGF pretreatment. PC12 cells were cotransfected with Flag-ERK2 along with scrambled shRNA or Epac2 shRNA and treated
as indicated. The upper panel shows gels from one representative ERK activation assay. The lower panel shows the quantification of data from
three independent experiments (mean * standard error). (F) Epac2 knockdown decreases neurite outgrowth induced by F/H after NGF
pretreatment. PC12 cells were transfected with GFP, scrambled shRNA, or shRNA for Epac2. Cells were pretreated with NGF for 8 h and
subsequently treated with F/H. Twenty-four hours later, neurite outgrowth was assessed by epifluorescence microscopy. In the top panel,
representative photomicrographs are shown. In the bottom panel, the percentage of cells bearing neurites is shown with the standard error from
at least three independent experiments. (G) Epac2 knockdown decreases neurite outgrowth induced by treatment with EGF plus F/H in the
presence or absence of NGF pretreatment (pretreat.). PC12 cells were transfected with GFP, scrambled shRNA, or shRNA for Epac2. Cells were
pretreated with NGF for 8 h or left without pretreatment and subsequently treated with EGF and F/H. Twenty-four hours later, neurite outgrowth
was assessed by epifluorescence microscopy. In the right panel, representative photomicrographs are shown. The bar in the lower left photomi-
crograph represents 20 pm. In the left panel, the percentage of cells bearing neurites is shown with the standard error from five independent
experiments.
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Ras. Moreover, the inactivation of Rapl by Rapl-selective G
protein activation proteins may be slower than that of Ras (44,
47), permitting Rap1 activation to be sustained. Distinct Ras
isoforms are selectively activated in different subcellular com-
partments, resulting in the activation of distinct intracellular
signaling pathways (13). Epac2 has been reported to interact
with all Ras isoforms via its RA domain (26). Therefore, it is
possible that recruitment of Epac2, and resultant Rap1 activa-
tion, differentially modulates the signals emanating from each
of these Ras isoforms.

Neurite outgrowth of PCI2 cells has been a well-studied
physiological reporter of the neuronal differentiation that ac-
companies activation of the ERK pathway, with increased ac-
tivation of ERK correlating with the extension of neuritic pro-
cesses (4, 15, 44, 53). Importantly, transient activation of ERKs
by EGF is not capable of triggering neurite outgrowth in the
absence of additional signals. Using PC12 cells, we show that
the inclusion of Epac2/Rapl signaling with that of EGF can
enhance EGF-dependent signaling to ERKSs and can induce
robust neurite outgrowth. Of course, the Epac2-mediated
Rapl activation is also likely to regulate other actions of Rapl
that occur at or near the plasma membrane, including exocy-
tosis (16, 33) and cell adhesion (2, 3).

Indirect activation of Rit by Epac has also been reported to
mediate PACAP-triggered p38 phosphorylation and neurite
outgrowth in related PC6 cells (46) and ERK activation in
other cell types (24, 43). These reports and our findings to-
gether reveal the complexity of Epac signaling upstream of
mitogen-activated protein kinase cascades. It may be that Rapl
and Rit, working through ERKs and p38, act in concert to
promote neurite outgrowth in these cells. Rapl activation of
p38 has been reported (17, 45), and it is possible that this is
mediated by the coupling of Rap1 to Rit activation. Since Epac
is not the direct GEF for Rit (46), it will be important to
identify the Rit exchanger and to determine whether there is
direct interaction between Rapl and this exchanger that might
mediate the coupling between these two small G proteins.
Conversely, the possibility that Rit itself can bind to the RA
domain of Epac and potentiate its actions remains to be tested.

Epac2 is a neuron-expressed isoform of the Epac family of
exchangers. It is possible that Epac2 is involved in neuronal
functions such as neuronal differentiation and synaptic plastic-
ity that can be potentiated by both Ras-dependent and cAMP-
dependent signals (19, 50). Because Ras can be activated via
multiple signals, including intracellular calcium (23), Epac2
might also function as a coincidence detector for cAMP and
calcium. In pancreatic beta cells, exocytosis of insulin stimu-
lated by cAMP has a PKA-independent component that re-
quires Epac2 (21). It will be important to determine whether
Ras-dependent recruitment of Epac2 by glucose, growth fac-
tors, or hormones potentiates this action, as well as other
PKA-independent actions of cCAMP.

We propose that Epac2 levels will also be induced by NGF
in neuronal cells. The Epac2 promoter contains cAMP-respon-
sive element sites (18, 54) that are well established targets of
NGF signaling (41). The induction of Epac2 by NGF may serve
to enhance signaling through Rapl as part of a positive feed-
back loop to potentiate neurite outgrowth following its initia-
tion. It is also possible that NGF also induces posttranslational
modifications of Epac2 to further enhance its function. We do

MoL. CELL. BIOL.

not believe that the induction of Epac2 by NGF is unique to
NGF, but its induction by EGF does not, by itself, contribute to
neurite outgrowth in the absence of additional stimulators of
cAMP. However, it does provide a mechanism by which EGF
and cAMP can act together to promote neurite outgrowth.

In summary, we show that Epac2 is a novel Ras effector that
can act as a coincidence detector for Ras and cAMP. The
mechanism by which Epac2 permits Ras to activate Rapl may
be shared by other GEFs that contain functional RA domains
(42). Therefore, activation of small G proteins by recruitment
of their cognate GEFs to the plasma membrane via RA do-
mains may be a fundamental mechanism to couple distinct G
proteins to each other.
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