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ABSTRACT 

Rap1 is a small GTPase of the Ras superfamily, playing important roles in the regulation 

of many cellular processes, including proliferation, differentiation and adhesion. The 

activation of Rap1 occurs through exchange of GDP for GTP under the catalysis of a 

variety of guanine nucleotide exchange factors (GEFs). Our lab previously revealed that 

different GEFs can dictate different modes of Rap1 activation, which are coupled to 

downstream pathways differently. My thesis focused on two GEFs for Rap1, exchange 

proteins directly activated by cAMP (Epac1 and Epac2), and tested the hypothesis that 

Rap1 activation and signaling can be spatially regulated through targeting of these GEFs 

to different compartments of the cell.   

While both Epac1 and Epac2 can be directly activated by cAMP through relief of 

auto-inhibition, the distinct Ras association (RA) domains in Epac1 and Epac2 confer 

them specific subcellular locations via interaction with Ran and Ras, respectively. Epac2 

has a classical RA domain that binds to GTP-loaded Ras with high affinity. Disruption of 

this interaction reduces Epac2-dependent Rap1 activation, and increased level of 

Ras-GTP enhances the activation. Ras-GTP does not help relieve the auto-inhibition of 

Epac2, or activate Epac2 allosterically. Instead, Ras-GTP promotes the 

compartmentalization of Epac2 at the plasma membrane (PM), where it has better access 

to its substrate Rap1. This is mimicked by targeting Epac2 to the PM through an 

engineered CAAX motif to its C terminus. Thus Epac2 is fully activated only when 

cAMP opens its conformation and when it is properly targeted to the PM via Ras-GTP. In 

PC12 cells, expression of exogenous Epac2, or induction of endogenous Epac2 by NGF, 



 xix

allows synergistic activation of ERKs by cAMP and Ras, which is correlated to increased 

neurite outgrowth.        

In a proteomic survey, we discovered that Epac1 interacts with several components 

of the nuclear pore complex (NPC), with Ran and Ran binding protein 2 (RanBP2) being 

the most abundant. Epac1 can be immunoprecipitated with Ran and RanBP2 from the cell 

lysates. Purified Ran and Epac1 also interact in vitro in a GTP-dependent manner. 

Consistently, Epac1 co-localizes with the NPC by confocal live imaging. The Ran-Epac1 

interaction is dependent on a previously uncharacterized RA domain of Epac1 (referred to 

as RA1). An Epac1 mutant with the original RA1 domain replaced by the RA domain of 

Epac2, named Epac1RA2, loses the association with Ran and displays reduced 

localization at the NPC. As compared to the wild type Epac1, Epac1RA2 activates Rap1 

poorly which is restored to a higher level by overexpressing GTP-loaded Ras. 

Alternatively, Epac1RA2 can be further enriched at the NPC by fusion to a GTP-loaded 

Ran, and the chimerical protein activates Rap1 more efficiently. Using a GFP-tagged Ras 

binding domain from RalGDS (GFP-RBDRalGDS) as reporter for Rap1-GTP in vivo, the 

Epac1-dependent activation of Rap1 can be observed at the nuclear envelope.  

In conclusion, Epac proteins are compartmentalized at the PM and NPC via 

interactions with Ras and Ran, respectively. The proper localizations of these two GEFs 

are necessary for efficient activation of different pools of Rap1 by cAMP.   
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Chapter 1 

Spatial Regulation of Small GTPases of the Ras superfamily  

 

 

“Signal transduction efficiency adheres to the classic real-estate mantra:  

location, location, location.” – Anonymous 
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1.1 INTRODUCTION 

Guanosine triphosphatases (GTPases or G proteins) play important roles in transducing 

diverse extracellular stimuli to various cellular responses (Hall, 1990; Neves et al., 2002). 

They are diverse group of molecules comprising the alpha subunits of the heterotrimeric 

GTPases, monomeric small GTPases of the Ras superfamily, and up to 50 other GTPases 

(Colicelli, 2004). The Ras superfamily is founded based on the homology to the Ras 

oncogene proteins (Wennerberg et al., 2005). The spatial regulation of the small GTPases 

of this superfamily will be the focus of this chapter.  

1.2 SMALL GTPASES OF THE RAS SUPERFAMILY 

The over 150 members of the Ras superfamily can be grouped into five major families 

based on sequence homology and functional similarities: Ras, Rho, Rab, Arf and Ran 

(Wennerberg et al., 2005). Figure 1.1 shows an alignment of selected members of the 

human Ras superfamily organized in the form of a phylogenetic tree. The members of 

each family are clustered together based upon higher levels of sequence homology within 

each family.  The five families of small GTPases, namely Ras, Rho, Rab, Arf and Ran, 

regulate distinct yet sometimes overlapping cellular functions. The Ras sarcoma (Ras) 

family members play important roles in the regulation of cellular differentiation and 

proliferation. Chapter 2 will focus on two members from this family, H-Ras and Rap1. 

The Ras homologous (Rho) family members regulate cell shape, the cytoskeleton and cell 

migration. The Ras-like proteins in the brain (Rab) and the ADP-ribosylation factor (Arf) 

family proteins are involved in vesicle-associated processes, including vesicle formation, 

transport and exocytosis. The Ras-like nuclear (Ran) protein is the only molecule of its 

branch and participates in the nuclear transport, assembly of nuclear envelope and spindle 
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formation. The relationship between Ran and Rap1, two members from two different 

families, will be closely examined in Chapter 3.  

For small GTPases that have not been intensively studied, their classification into 

the above five branches is based solely on sequence homology. For some well-

characterized proteins, newly discovered functions may expand their roles to overlap with 

those of the other families. One such example is Rap1 which was initially identified to 

mediate growth inhibition or interfere with Ras signaling (Kitayama et al., 1989). It was 

later found to activate ERKs through the direct interaction with B-Raf and promote 

differentiation of PC12 cells (Vossler et al., 1997; York et al., 1998). Recently, Rap1 was 

reported to play important roles in insulin secretion (Shibasaki et al., 2007), and its 

isoform Rap2 participates in the regulation of nuclear transport (Huston et al., 2008). 

Thus, Rap isoforms seem to overlap functionally with proteins of the Rab and Ran 

families, although the detailed mechanisms underlying these processes remain unclear.  

The G domains (corresponding to residues 5-166 of Ras) of representative 

members from each of the above five families, including H-Ras, Rac2, Rab28, Ran and 

Arf6, are largely conserved based on the structural comparison of these domains (Figure 

1.2A & B). One of the most important common features of the G domains is the presence 

of switch I and II regions, and the guanosine triphosphate/diphosphate (GTP or GDP) 

clamped between them (Figure 1.2A, in gray). Another common motif is the N terminal 

phosphate-binding loop (P loop), consisting of a glycine-rich sequence followed by a 

conserved lysine, which interacts with the phosphate groups of the nucleotide and the 

Magnesium ion (Saraste et al., 1990).  
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The high affinity and specificity of guanine nucleotides for the small GTPases 

requires three important elements established from studies of individual members. First, 

the β phosphate of GDP or GTP allows these two nucleotides to interact with the P loop 

of Ras at affinities 106-fold higher than that between GMP and the P loop (Rensland et al., 

1995). Second, the high affinity of small GTPases for the nucleotides also requires Mg2+ 

coordination and the lysine of the P loop (Hall and Self, 1986; Renault et al., 2001). Third, 

the relative orientation of the phosphate and base binding regions dictates selective 

binding for GTP/GDP, but not polyphosphate alone or ATP/ADP (Rensland et al., 1995).  

Small G proteins function as GTP/GDP-dependent molecular switches to turn on 

and off downstream signaling pathways. When small GTPases are loaded with GTP, they 

assume an active conformation, which allows them to interact with specific effectors. 

These interactions may engage different parts of the surface of the G domains, but the 

switch I and II regions are always, at least partially, involved in the interface (Vetter and 

Wittinghofer, 2001). When small G proteins are GDP-loaded, they switch to an inactive 

conformation and are incapable of effector binding.  

1.3 GUANINE NUCLEOTIDE EXCHANGE FACTORS 

Small GTPases are cycling between their GTP and GDP-bound states in the cell. The 

bound GTP can be hydrolyzed to GDP due to the triphosphatase activity, and the GDP is 

subsequently released in exchange for GTP which is in substantial excess in the 

intracellular environment. The intrinsic rates of these two processes are very slow, and 

the nucleotide exchange and GTP hydrolysis are catalyzed and accelerated by guanine 

nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), respectively. 

Thus, GEFs switch on small GTPases by driving them into their active conformations and 
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GAPs switch them off by driving them into their inactive conformations. While both 

GEFs and GAPs are important regulators of GTPases, this chapter will focus on the GEFs 

only, as the GEFs are an integral part of this dissertation.   

GEFs are predominantly proteins with multiple domains, allowing nucleotide 

exchange and autoinhibition through intra-molecular interactions as well as providing 

spatio-temporal controls through mechanisms such as protein interactions, ligand binding 

and post-translational modifications. A number of GEF families selectively activates their 

cognate family of small G proteins to ensure signaling specificity (Bos et al., 2007). The 

catalytic mechanisms of GEFs for each family of the Ras superfamily will be introduced 

in this section, and the catalytic domain unique to each family will also be used later in a 

bioinformatic search for GEFs that are capable of relaying signals from one type of small 

GTPase to another (Section 1.6). While the catalytic domains are responsible for 

facilitating the exchange reaction of small GTPases, the spatial regulation of GEFs is 

usually mediated by domains other than the catalytic domain, which will be the focus of 

Section 1.6 and 1.7. 

1.3.1  Ras GEFs 

At least 50 GEFs regulate the activation of Ras family GTPases, and they have similar 

catalytic regions that contain a CDC25 homology domain (CDC25-HD) in close 

relationship to a Ras exchange motif (REM). The working mechanisms for these GEFs 

are further discussed below in the case of Sos and Epac2.  

Ras and Sos. The crystal structure of human H-Ras in complex with the catalytic 

region of the Son of Sevenless (Sos), one of its many GEFs, was reported in 1998 

(Boriack-Sjodin et al., 1998). The release of the bound nucleotide from Ras is facilitated 
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by Sos in two ways. First, the insertion of a helical hairpin structure from the CDC25-HD 

domain of Sos displaces the Switch I region of Ras and opens up the nucleotide-binding 

site (Figure 1.3A). Second, side chains from the hairpin and from the distorted Switch II 

region of Ras alter the chemical environment of the binding sites for the terminal 

phosphate groups of the nucleotide and the magnesium ion, which favors a nucleotide-

free intermediate state. The REM domain is indispensible for the exchange activity and 

functions to orientate and stabilize the helical hairpin of the catalytic domain (Figure 

1.3A). As the binding sites for the base and the ribose of GTP or GDP are not occluded 

by Sos, the Ras-Sos complex allows both nucleotide release and rebinding. The structure 

of Ras-Sos revealed a mechanism for the activation of Ras, which could be common for 

all members of the Ras family. This mechanism is different from existing models for EF-

Tu, a small G protein in Escherichia coli (Kawashima et al., 1996), Arf (Cherfils et al., 

1998) and Ran (Renault et al., 1998).  

Subsequent structural and functional studies demonstrated complicated regulatory 

mechanisms for Sos mediated catalysis. First, an additional and highly conserved binding 

site for Ras-GTP is present distally to the catalytic site. Binding of Ras-GTP to this distal 

site stabilizes the catalytic site of Sos allosterically and increases the rate of nucleotide 

release from Ras by about five fold (Boykevisch et al., 2006; Freedman et al., 2006; 

Margarit et al., 2003). Second, Sos also contains a Dbl homology-pleckstrin homology 

(DH-PH) unit which occludes the allosteric binding site for Ras-GTP, thus gating the 

reciprocal and allosteric activation of Sos by Ras-GTP (Sondermann et al., 2004). Third, 

when the allosteric Ras is tethered to lipid vesicles in vitro, the Sos catalytic unit is up to 

500-fold more active than when the allosteric Ras is in solution. Sos construct with the 
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intact N terminal DH-PH unite also responds to the membrane concentration of 

phosphatidylinositol-4,5-bisphosphate (PIP2), which facilitates the release of 

autoinhibition from the N terminus (Gureasko et al., 2008). The wealth of knowledge 

about the Sos mediated Ras activation indicates that multiple levels of regulations might 

exist for a single exchanger to ensure precise control of its activity.  

Rap1 and Epac. Exchange proteins directly activated by cAMP (Epacs; Epac1 and 

Epac2) are GEFs that activate Rap GTPases. The crystal structures of Epac2 in auto-

inhibited (Rehmann et al., 2006) and active (Rehmann et al., 2008) states have been 

solved recently, and provided useful information on the regulation of this protein. Given 

their sequence homology, the structure of Epac1 is predicted to be similar to Epac2. 

Epac2 contains an N-terminal regulatory region consisting of two cAMP binding (CNB-A 

and B) domains and between them a DEP (Dishevelled, Egl-10, and Pleckstrin) domain, 

and a C-terminal catalytic region consisting of a REM domain, Ras association (RA) 

domain and a CDC25-HD domain. The two regions are linked by a switchboard like 

structure. In the absence of cAMP, the ionic interactions between the regulatory and 

catalytic regions occlude the access of Rap to the catalytic site and lock Epac2 in an auto-

inhibited state. The relief of auto-inhibition in Epac2 is initiated by the binding of cAMP 

to the CNB-B domain, which triggers a conformational change that moves the regulatory 

region away from the catalytic core and clears the steric hindrance for the access of Rap 

proteins. The active state is reinforced by interaction among cAMP, the CNB-B domain, 

and the REM domain. Within the catalytic region, despite being interrupted by the RA 

domain, the spatial relationship between the REM and CDC25-HD domains of Epac2 

resembles that of Sos (Freedman et al., 2006), and the helical hairpin within the CDC25-
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HD of Epac2 is similarly stabilized by the REM domain through hydrophobic 

interactions. In the structure of the active Epac2 in complex with Rap1 (Rehmann et al., 

2008), the helical hairpin pries open the Switch I and II of Rap1 and lowers its affinity for 

the guanine nucleotides (Figure 1.3B). Unlike the catalytic domain of Sos, which 

undergoes conformational change upon interaction with the allosteric Ras, the 

conformation of the Epac2 CDC25-HD remains unchanged in the active state (Gloerich 

and Bos, 2010), suggesting activation of Epac2 by relief of auto-inhibition instead of 

allosterism. The role of the RA domains of Epac2 and Epac1 will be closely examined in 

Chapter 2 and 3, respectively.  

1.3.2 Rho GEFs 

GEFs for the Rho family GTPases consist of 69 distinct members, all related to a 

transforming gene from diffuse B-cell-lymphoma (Dbl) cells (Rossman et al., 2005). The 

catalytic regions of these Rho GEFs contain a DH domain that catalyzes the exchange of 

nucleotides, and an adjacent PH domain that regulates GEF activity through binding 

phosphoinositides or allosteric mechanisms. Our understanding of the catalysis of the DH 

domain was shaped by the crystal structure of the DH-PH unit from Tiam1 in complex 

with its substrate Rac1 (Worthylake et al., 2000). An auto-inhibitory interaction is likely 

to be present between the DH and PH domains, as remarkable changes were observed by 

comparing the GTPase-free structure of the DH-PH unit from Sos with the PH-DH unit 

from the active Tiam1 in complex with Rac1 (Soisson et al., 1998; Worthylake et al., 

2000). In the active state, this PH domain does not contact Rac1, and the DH domain 

contacts the nucleotide-free Rac1 with opened Switch I and II regions. Similar to the 

catalytic mechanism of Sos, Tiam1 interferes with the binding of magnesium ion to Rac1. 



 9

However, unlike Sos, Tiam1 does not directly interfere with the binding of α- or β-

phosphate group of the guanine nucleotide. Instead, Tiam1 promotes the release of bound 

nucleotide by interfering with the binding of the nucleotide sugar.   

1.3.3 Arf GEFs 

The Arf GEFs comprise 15 proteins in the human genome, and they belong to five 

subfamilies with a common Sec7 domain that catalyzes the exchange activity (Casanova, 

2007). From the first structure of the Sec7 domain of the human Arf exchanger Arno 

(Cherfils et al., 1998; Mossessova et al., 1998), the Sec7 domain assumes an elongated, 

all-helical conformation, with a distinctive and highly conserved hydrophobic groove. 

This groove and an adjacent conserved loop serve as the putative Arf-interacting surface. 

The structure of the Sec7 domain of Arno in complex with Arf was subsequently solved. 

Arno inserts residues, including a highly conserved “glutamic finger”, into the 

nucleotide-binding site of Arf, expelling the nucleotide sterically and electrostatically 

(Goldberg, 1998). In addition to the Sec7 domain, a variety of additional domains are 

present in different Arf exchangers to regulate the subcellular localization of these GEFs 

and to integrate upstream signals.  

1.3.4 Rab GEFs 

At least 61 members belong to the Rab family, the largest branch of the Ras superfamily 

(Zerial and McBride, 2001). Unlike the Ras, Rho and Arf families, each being activated 

by easily identifiable GEF domains, CDC25-HD, DH-PH and Sec7 respectively, GEFs 

that activate specific Rab proteins show limited sequence homology or functional overlap 

(Carney et al., 2006). The best studied Rab GEFs are the Vps9 domain-containing 

proteins (Carney et al., 2006).  
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Vps9 domain-containing proteins. Rabex-5, Rin1-3 and several other GEFs 

contain the conserved Vps9 domain and activate the Rab5, Rab21 and Rab22 that have 

overlapping subcellular distributions and functions (Carney et al., 2006; Delprato and 

Lambright, 2007; Pereira-Leal and Seabra, 2001). The crystal structure of Rabex-5 in 

complex with Rab21 revealed that the overall mode of interaction between Vps9 domain 

and Rab21 resembles that between Sec7 and Arf. Both GEF domains contact the switch 

regions of their cognate substrates through a hydrophobic groove between anti-parallel 

helices. In both cases, the Switch I region of the GTPase is in an open, nucleotide-

accessible conformation, with the positively charged P loop lysine stabilized by either the 

“glutamic finger” from Sec7 domain or the “aspartic finger” from Vps9 domain (Delprato 

and Lambright, 2007).  

1.3.5 Ran GEFs 

Ran is included in the discussion here as a single member family as treated previously in 

the literature (Wennerberg et al., 2005), although other classifications might exist. Ran is 

activated exclusively in the nucleus by its principle GEF called regulator of chromosome 

condensation (RCC1). The unique crystal structure of RCC1 resembles a “seven-bladed 

propeller”, each blade consisting of 51-68 residues forming a four-stranded antiparallel β-

sheet (Renault et al., 1998). Further mutational analysis identified at least seven residues 

that are crucial for the exchange reaction, and these residues are all located on the same 

side of the propeller (Renault et al., 1998), thus defining a putative Ran-binding side, 

while the opposite side of the propeller being the chromatin-interacting region.  

The structure of RCC1 in complex with Ran confirmed this hypothesis (Renault et 

al., 2001). RCC1 also features a β wedge, a small prominently protruding β sheet in blade 
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3 (residue 146-153), at its interface with Ran. It wedges between residues of switch II and 

the P loop, and was envisioned as the major determinant of the structural changes that 

loosen the nucleotide binding. Interestingly, due to the presence of a sulfate ion in the P 

loop of Ran in this structure, the phosphate binding region of the nucleotide binding site 

is perturbed only marginally, thus mimicking a nucleotide-containing (instead of 

nucleotide-free) intermediate of the multi-step exchange reaction. This is different from 

many other GEF-GTPase complexes, where the collapse of the P loop is more 

pronounced. Why this particular intermediate state seemed to be more favored during the 

crystallization is unknown. However, it has been shown that the GEF activity of RCC1 is 

coupled to its binding to the chromatin (Nemergut et al., 2001). It is possible that the 

structure of RCC1-Ran complex would be modulated in the presence of chromatin.  

Recently, RanBP10 (Schulze et al., 2008) and Importin-β (Lonhienne et al., 2009) 

are reported to exhibit exchange activities toward Ran. As neither of these novel 

exchangers for Ran have the propeller motif, they might drive the Ran activation through 

different mechanisms. 

1.4 SPATIAL REGULATION OF SMALL GTPASES: AN OVERVIEW 

Cell signaling mediated by small GTPases is tightly regulated in time and space. The 

temporal component of this regulation is largely determined by the timing of the 

GTP/GDP cycle of a small GTPase. How fast the GEF of a small GTPase start to work in 

response to stimulation could dictate when the small GTPase becomes loaded with GTP. 

The timing of GEF inactivation and GAP activation will dictate how long the small 

GTPase stays in the GTP-loaded active form. For example, Rap1 can be activated via 

Epac2 after isoproterenol treatment within 1 minute and the Rap1-GTP levels quickly 
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diminishes after 5 minutes (see Chapter 2). As discussed previously, a GTPase is only 

active and capable of interaction with its effectors when loaded with GTP. Thus, the 

timing of GTP loading and hydrolysis will dictate the onset and termination of the signals 

emanating from a particular GTPase, and the frequency and duration of its GTP/GDP 

cycle could be coupled to different cellular outcomes. Because the loading and hydrolysis 

of GTP are directly catalyzed by GEF and GAP respectively, a small GTPases could be 

considered as a precise molecular timer with an “ON” button controlled by GEFs and an 

“OFF” button controlled by GAPs.  

Distinct from the temporal control, the spatial regulation of GTPases is necessary 

for the organization of signaling pathways within a compartmentalized cell. Several 

important properties of small GTPases and their GEFs contribute to this regulation. First, 

small GTPases are commonly modified by covalently linked lipid groups, which target 

them to different subcellular locations. Second, one small GTPase can interact with the 

GEF of another small GTPase through Ras association domains present in many GEFs, or 

other domains discussed below. These domains allow proper localization of GEFs and the 

coupling of two different small GTPases. Third, the localization of GEFs can also be 

controlled through their interaction with proteins other than small GTPases, post-

translational modifications and binding of second messengers. These mechanisms for 

spatial control of small GTPases will be reviewed in the next three sections, followed by 

a discussion of the physiological importance of these regulations. 

1.5 MEMBRANE TARGETING OF SMALL GTPASES 

As described before, small GTPases are substrates for GEFs.  The membrane targeting of 

small GTPases generally necessitates the membrane targeting of their cognate GEFs to 
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allow efficient exchange reactions to happen. This general mechanism will be illustrated 

by the examples of Epac2 and Epac1 in Chapter 2 and 3 respectively, and this section will 

briefly review the membrane targeting of small GTPases before the localization of GEFs 

are discussed in Sections 1.6 and 1.7.  

1.5.1 Lipid modifications of small GTPases 

Most small GTPases of the Ras superfamily are lipid modified through prenylation and/or 

fatty acylation, and only rare examples, such as with Ran, Rit and Rin, lack such 

modifications. The covalently attached lipophilic moieties facilitate the targeting of small 

GTPases to various intracellular membranes, where the small GTPases serve as anchors 

to recruit their downstream effectors.   

Prenylation. This type of posttranslational reaction links a farnesyl (15-carbon) or 

a geranylgeranyl (20-carbon) group through thioether bond to one or more cysteine 

residues at or near the C terminus of a small GTPase (Resh, 2006b). Almost all of the 

prenylated small GTPases contain a CAAX motif at the C terminus, which means a 

cysteine followed by two consecutive aliphatic amino acids and then any amino acid at 

the C terminal position. Depending on whether the last amino acid is a leucine or not, the 

cysteine within the CAAX motif is geranylgeranylated by geranylgeranyltransferase I 

(GGTase I) and farnesylated by farnesyltransferase (FTase) respectively, followed by 

cleavage of the AAX sequence (Sebti, 2005). Most members of the Ras and Rho families 

satisfy the above rule, but the rule is not without exceptions. For example, RhoB and K-

Ras can both be either farnesylated or geranylgeranlyated in cells, especially depending 

on whether the FTase is blocked in the case of K-Ras (Armstrong et al., 1995; Lerner et 

al., 1997; Rowell et al., 1997).  Although the 15-carbon and 20-carbon isoprenoids may 
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interact with the lipid membrane differently, it is still yet to be clarified whether farnesyl 

and geranylgeranyl modifications target proteins to distinct compartments in the cell. 

Double geranylgeranylation occurs almost solely on Rab family members which usually 

contain motifs, such as “CC, CXC or CC(X)n=1-3” at the C terminus. The reaction is 

catalyzed by GGTase II, and requires that the Rab protein first be complexed with Rab 

escort protein (Resh, 2006b). 

Fatty acylation. N-myristoylation and palmitoylation are two major forms of fatty 

acylations for small GTPases, and they involve the covalent attachment of myristate (14-

carbon) and palmitate (16-carbon) to proteins, respectively. These two modifications are 

not mutually exclusive, and can also be combined with different types of prenylation. N-

myristoylation is catalyzed by N-myristoyltransferase (NMT) (Farazi et al., 2001), and 

occurs at the glycine residue within a MGXXXS/T motif during protein synthesis 

(Maurer-Stroh et al., 2002). In contrast to the prenylation of most members of the Ras 

family, N-myristoylation is a conserved feature of all Arf proteins, and it is proposed to 

regulate the activation and stable membrane association of Arf GTPases  (D'Souza-

Schorey and Chavrier, 2006; Liu et al., 2009). Palmitoylation attaches palmitate or other 

long-chain fatty acids through thioester bonds to one or more cysteine residues under the 

catalysis of palmitoyl acyltransferases (PATs) (Resh, 2006b). No consensus sequence has 

been identified for this type of modification (Resh, 2006a). Palmitoylation can be 

dynamically reversed by depalmitoylation, depending on the strength of local PATs and 

palmitoyl thioesterases. For example, H-Ras is palmitoylated at the Golgi and targeted to 

the plasma membrane, and then it is internalized to the Golgi after depalmitoylation 

(Goodwin et al., 2005; Rocks et al., 2005). The regulated cycles of palmitoylation and 
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depalmitoylation maintain different pools of H-Ras signaling from distinct subcellular 

locations (Chiu et al., 2002).  

While prenylation and fatty acylation are the major covalent modifications for 

small GTPases, additional post-translational modifications have been discovered, and 

they are important in specifying the subcellular localization of certain small GTPases.  

For example, the Arf-like protein Arl3p is not myristoylated, but acetylated at the N-

terminus, and this modification is required for its targeting to the trans-Golgi network via 

an interaction with an integral membrane protein (Behnia et al., 2004; Setty et al., 2004).  

1.5.2 The two-signal hypothesis 

While myristoylation and prenylation are irreversible modifications, neither alone 

provides sufficient hydrophobicity to anchor proteins stably to a lipid bilayer (Peitzsch 

and McLaughlin, 1993; Resh, 2006b; Silvius and l'Heureux, 1994). They are commonly 

supplemented with one of the following mechanisms as a “second signal” to confer 

tighter membrane binding. The irreversible lipid modifications and the variety of 

additional signals, including the net charges and palmitoylations etc., are summarized in 

Figure 1.4 for representative members of the Ras superfamily. 

Polybasic motif. Many small GTPases of the Ras and Rho families, such as K-Ras 

and CDC42, require a cluster of positively charged amino acids (polybasic motif) at their 

C termini in addition to their prenylation for PM localization and function (Heo et al., 

2006; Michaelson et al., 2001; Teruel and Meyer, 2000). Arf proteins similarly use a 

“myristate + polybasic motif” mechanism for membrane localization (Heo et al., 2006). 

The polybasic motif and the lipid modifications have a synergistic effect on the targeting 

of a GTPase to the negatively charged membrane domains (Ghomashchi et al., 1995). 
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The phosphatidylserine and PI(4,5)P2, with one and four negative charges respectively, 

have been indicated as the physiological binding partners for the polybasic motifs at the 

PM (Cadwallader et al., 1994; Ghomashchi et al., 1995; McLaughlin and Murray, 2005). 

Recently, PI(3,4,5)P3 was also shown to be important for membrane targeting of small 

GTPases containing the polybasic motif, as depletion of both PI(4,5)P2 and PI(3,4,5)P3 is 

required to dissociate such proteins from the PM (Heo et al., 2006). The levels of 

phosphoinositides are dynamically regulated locally through the action of kinases and 

phosphatases in specific membrane domains (McLaughlin and Murray, 2005; Simonsen 

et al., 2001), which might allow dynamic and flexible distribution of small GTPases with 

polybasic motifs.   

Palmitoylation. As introduced previously, palmitoylation is a type of fatty 

acylation and is characteristically reversible. Among the best studied Ras isoforms, while 

K-Ras use the strategy of “farnesyl + polybasic motif” to achieve stable membrane 

localization, H-Ras and N-Ras are well-known examples modified by farnesyl + 

palmitate. Prenylated H-Ras that lacks palmitoylation can induce cell transformation, but 

only at a lower efficiency compared to wild type H-Ras that is dually modified (Hancock 

et al., 1989; Hancock et al., 1990). On the other hand, prenylation of palmitoylated H-Ras 

could be replaced by artificially engineered polybasic motif, and the mutant H-Ras can 

function well as a transforming protein (Booden et al., 1999), suggesting that the “two 

signals” can be any combination with or without prenylation. Importantly, it is not only 

palmitoylation per se but also depalmitoylation that together confer the proper 

distribution of H-Ras. This is supported by the experiment showing that a Ras protein 

linked to a fatty acid through a noncleavable thioether bond associates with nearly all 
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internal membranes (Rocks et al., 2005). This is also consistent with the “kinetic bilayer 

trapping” hypothesis, which postulates that the localization of the PAT determines the 

final localization of palmitoylated proteins (Shahinian and Silvius, 1995).  

Apparent exceptions to the two-signal hypothesis can be found in Figure 1.4, 

including many Rab family members, whose two geranylgeranyl groups at the C 

terminus seem to provide enough hydrophobicity for stable anchorage to the membrane. 

Their C terminal tails are usually neutral in charge, with or without cysteines for 

additional palmitoylations. Additional examples are Rit and Rin, which have tails rich for 

positively charged residues but lack covalent lipid modifications.  

1.5.3 Switches for membrane association/dissociation 

The targeting of small GTPases to the membrane is dynamically regulated and reversible 

association and dissociation could be achieved through a variety of molecular switches. 

The cycle of palmitoylation and depalmitoylation discussed in section 1.5.2 provides not 

only a “second signal” but also a switch to regulate the localization of small GTPases 

such as H-Ras. Additional switches that control the interaction between small GTPases 

and lipid membranes are described as follow.  

Myristoyl switch. Myristoyl switch regulates the binding of Arf GTPases to the 

membrane (Behnia and Munro, 2005). As the myristoylation of Arf GTPases binds 

promiscuously to membranes and is not sufficient for specific targeting, the specificity of 

their localization is dictated by where they become GTP-loaded which is coupled to the 

myristoyl switch. When Arf is GDP bound, an N-terminal amphipathic helix is masked 

inside a hydrophobic pocket on the core of the GTPase (Pasqualato et al., 2002). As a 

consequence, the N-myristol group can only interact with the membrane rapidly and 
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reversibly. The GTP loading of Arf induces a conformational change not only in the 

switch 1 and 2 regions but also in the interswitch loop which moves to displace the N-

terminal amphipathic helix out of the hydrophobic pocket (Goldberg, 1998; Robert et al., 

2004). Arf-GTP then can bind tightly to membranes through the hydrophobic residues of 

the amphipathic helix and the myristoyl anchor, and start to recruit its effectors at the 

correct location.  

GDP-dissociation inhibitors (GDIs). GDIs utilize their hydrophobic pockets to 

sequester lipid moieties of Rho and Rab GTPases (Resh, 2006b). Using the Rab GTPases 

as an example, GDP-bound Rab proteins form a complex with GDIs, which release the 

GTPases from the membrane (An et al., 2003). The reverse process employs a set of 

membrane proteins, called GDI displacement factors (GDFs), which catalyzes the 

dissociation of Rab from its GDI so that the dual geranylgeranyl groups of the Rab 

GTPase are exposed and ready for insertion into the target membrane (Pfeffer and 

Aivazian, 2004; Seabra and Wasmeier, 2004).  

Ca2+/calmodulin (Ca/CaM) switch. The Ca/CaM switch was first shown to 

regulate a type of natively unstructured proteins called myristoylated alanine-rich C-

kinase substrate (MARCKS), which can be anchored to the membrane through its N-

terminal myristate and a conserved basic cluster domain in the middle of the molecule 

(McLaughlin and Murray, 2005).  When the cytoplasmic [Ca2+] increases, Ca/CaM can 

bind to the basic cluster with high affinity, thus reverses its charge from positive to 

negative and repels the MARCKS from the membrane. Both K-Ras and Rap1A have 

polybasic regions at their C-termini, and the Ca/CaM switch was also shown to regulate 

the reversible dissociation of K-Ras and Rap1A, but not H-Ras, from the membrane. 
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Similar to the working mechanism of GDI, the prenyl modification of K-Ras is part of the 

motif interacting with Ca/CaM. Different from GDI, the C terminal tails of K-Ras and 

Rap1A are sufficient to bind to Ca/CaM, suggesting an interaction independent of the 

GTP/GDP loading status of the small GTPases themselves. After dissociation from the 

membrane, K-Ras and Rap1A reversibly translocate between the PM and the Golgi/early 

endosome in cultured hippocampal neurons, the mechanism of which remains unknown 

(Fivaz and Meyer, 2005).  

Electrostatic switch. In addition to the Ca/CaM switch, an alternative mechanism 

was discovered to regulate the dissociation of K-Ras from the membrane. An 

evolutionarily conserved serine within the polybasic region of the K-Ras tail (Ser181) can 

be phosphorylated in a protein kinase C dependent manner. The phosphorylation of this 

single residue suffices to weaken the interaction between the polybasic region and the 

membrane and trigger the dissociation of K-Ras from the membrane (Bivona et al., 2006). 

Upon dissociation, K-Ras translocates to the mitochondria where it induces apoptosis. 

The Ca/CaM switch and PKC-dependent electrostatic switch might be mutually exclusive 

in the regulation of K-Ras, because phosphorylation of a single serine in a polybasic 

region can dramatically decrease the Ca/CaM binding by 200-fold (McIlroy et al., 1991). 

The differential utilization of the two switches might also be dependent on cell-type and 

stimulation, as the studies on the Ca/CaM switch and the electrostatic switch used 

hippocampal neurons stimulated by glutamate, and MDCK cells stimulated by bryostatin-

1, respectively (Bivona et al., 2006; Fivaz and Meyer, 2005).  

In addition to K-Ras, the electrostatic switch might be repeatedly used in small 

GTPases with polybasic tails. Using the Prosite database for patterns in a protein 



 20

sequence, the last 25 amino acids at the C termini of representative members of the Ras 

family were analyzed, and known targets and predicted sites of phosphorylation by 

protein kinase A (PKA) and PKC were illustrated in Figure 1.4. Whether all of these 

possible phosphorylation sites serve as electrostatic switches to regulate a synchronized 

dissociation of a variety of small GTPases from the membrane in response to PKA and 

PKC activation is yet to be systematically examined.  

1.5.4 Localization of small GTPases to macrodomains and microdomains 

Given the variety of lipid modifications of small GTPases and their additional properties 

including the presence or absence of polybasic tails and electrostatic switches, it is 

possible that the different combinations of features collectively function as “zip codes” 

that target small GTPases to different membranous regions. It is important to correlate 

these different “zip codes” with the specific subcellular locations, such as the plasma 

membrane (PM), nuclear envelope (NE), mitochondria and different stages of endosomes. 

This chapter tentatively names these subcellular locations that can be distinguished under 

the light microscope as macrodomains in contrast to the microdomains that are better 

appreciated with the electronic microscopy (EM) or other advanced techniques. As most 

small GTPases are translated and processed at the endoplasmic reticulum (ER) and Golgi 

complex, it is possible that these are locations where the distributions of small GTPases 

can greatly overlap. It is important to mention here that the aforementioned “zip code” is 

not only an intrinsic property of a small GTPase, but can also undergo changes under 

different physiological contexts. For example, the presence of a PKC-dependent 

electrostatic switch in the c terminal end of K-Ras allows K-Ras to shuffle between the 

plasma membrane and the mitochondria (Bivona et al., 2006). Specifically, the 
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phosphorylation of serine 181 of K-Ras upon PKC activation allows translocation of K-

Ras to the mitochondria where oncogenic K-Ras can promote cell apoptosis (Bivona et 

al., 2006).  

Macrodomains. The subcellular localization of Ras isoforms has been studied 

extensively and is used as an example here to illustrate how proteins with similar 

spectrum of binding effectors achieve different localizations based on the features of their 

C termini. Despite having the same farnesyl group, H-Ras and N-Ras are distributed 

throughout the exocytic pathway, and mutation of their palmitoylation sites results in 

their accumulation at the ER and Golgi (Apolloni et al., 2000; Choy et al., 1999). In 

contrast, K-Ras bypasses the Golgi and reaches the PM probably through a non-exocytic 

pathway, and its trafficking is not inhibited by brefeldin A (BFA) or dominant-negative 

Arf proteins (Hancock, 2003). This could be explained by a diffusion of the K-Ras, 

guided by its polybasic C terminus, down an electrostatic gradient to the negatively 

charged area of PM (Roy et al., 2000). Alternatively, the trafficking of K-Ras could be a 

microtubule dependent process, and taxol treatment has been reported to mislocalize K-

Ras to structures resembling late endosomes (Thissen et al., 1997).  

While the PM has long been the focus of most studies investigating the localization 

of Ras family members, the outer membrane of the nuclear envelope (NE) might also 

serve as a location for active signaling mediated by small GTPases. Both previous report 

(Bivona et al., 2004) and Chapter 3 of this dissertation make the observation that 

fluorescent protein tagged Rap1B is localized not only throughout the exocytic pathway, 

but also at the NE. Importantly, Rap1B can be dynamically activated at the NE by its 

exchanger Epac1, which is anchored at the nuclear pore (see Chapter 3). The localization 
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of Rap1B at the NE might be dependent on its polybasic tail, as its isoform Rap2B, which 

has the same geranylgeranyl modification but lacks the polybasic tail, is completely 

excluded from the NE. The extremely high levels of negatively charged PIP2 at the NE 

(Larijani and Poccia, 2009) might also contribute to the enrichment of Rap1B at this 

location. However, it remains to be examined to what extent it could be generalized that 

geranylgeranyl and polybasic motif allows localization of a small GTPase to the NE. A 

recent study surveyed the subcellular location of 125 fluorescent protein tagged members 

of the Ras superfamily (Heo et al., 2006). Although the authors of that study primarily 

focused on the PM, from the representative images shown, it can be appreciated that 

Rap1B as well as multiple other members of the Ras superfamily are present on the NE. 

These members include R-Ras, Rheb, RalA/B and Rap1A of the Ras family, 

RhoA/C/D/F/G, Rho7, Rif, Rac2/3 and CDC42H of the Rho family, Rab6C, Rab8A/B, 

Rab18, Rab22B, and Rab23 of the Rab family. Since the imaging conditions in this study 

might be optimized for the PM instead of the NE, it is possible that this list of small 

GTPases localized on the NE might be an underestimation. Although most of these small 

GTPases possess both the geranylgeranyl group and the polybasic motif as expected, it 

should be noted that exceptions exist, for example Rheb and R-Ras, which are present on 

the NE, have only 2 and 3 positively charged residues, respectively, while M-Ras, which 

has both the geranylgeranyl group and a strongly polybasic motif, was not observed on 

the NE (Ohba et al., 2000).  

Microdomains. Small GTPases are postulated to cluster at membrane 

microdomains to achieve high-fidelity signaling (Harding and Hancock, 2008; 

Kenworthy, 2007; Tian et al., 2007). Because these microdomains, including the lipid 
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rafts, are not directly visible under the light microscope (<100nm), alternative strategies 

such as FRET and EM plus statistical analysis were used to characterize the likelihood of 

the clustering of small GTPases (Abankwa et al., 2008; Parton and Hancock, 2004), 

which indirectly defines the membranous domains at a scale beyond direct measurement.  

The rationale for the FRET based analysis is that nondimerizing FRET pairs 

(CFP/YFP or RFP/GFP) could be linked to different small GTPases or their minimal 

sequences that are subjected to lipid modifications and the tendency of these pairs to 

cluster at the membrane of living cells could be described by plotting the FRET 

efficiency against the acceptor density. The clustering of the FRET pairs should be 

attributed to the partitioning of different lipid components into microdomains, as the 

clustering can be abolished by 5-methyl-β-cyclodextrin (MβCD) treatment, which 

disrupts lipid rafts and caveolae by depletion of cholesterol. Initial studies suggest that 

acylated but not prenylated fluorescent proteins cluster in lipid rafts (Zacharias et al., 

2002). A recent study utilized a much more elaborate set of FRET probes as markers for 

distinct nanodomains to describe the lateral segregation and orientation of H-Ras 

(Abankwa et al., 2008). This study demonstrated that in addition to the lipid 

modifications, certain basic residues in helix α4 or the hypervariable region are also 

critical for the interaction between H-Ras and the plasma membrane.  

The segregation of Ras proteins in discrete microdomains have also been examined 

using EM and spatial analysis (Prior et al., 2001; Prior et al., 2003). This approach relies 

on the generation of two dimensional (2D) sheets of PM from cultured cells expressing 

Ras proteins, which are immediately fixed with glutaraldehyde and labeled with 

immunogold. The EM images are converted into a set of (x,y) coordinates that describes 
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the 2D array of gold particles, which can be analyzed in a unbiased and quantitative 

manner using spatial statistics, and whether the particles cluster and the radius of clusters 

can be determined (Parton and Hancock, 2004). The EM-based spatial analysis revealed 

that H-Ras clusters in the lipid raft in a cholesterol-dependent manner and the 

constitutively active H-Ras resides in the nonraft microdomains. On the other hand, K-

Ras is also clustered but in a cholesterol-independent manner. Moreover, wild type and 

constitutively active K-Ras show identical clustering, which can be dramatically reduced 

if the farnesyl group is replaced by a geranylgeranyl group (Prior et al., 2003). These data 

suggest that the plasma membrane comprises a heterogeneous mosaic of microdomains, 

and different Ras proteins are segregated spatially and can also dynamically redistribute 

to different domains.  

It should be noted that the FRET and EM based analyses only measure the 

clustering of Ras proteins without direct visualization of the “microdomains” per se. 

However, these approaches do reveal important information on the distance between 

clustered Ras proteins, which should be in an estimated range of 10-100nm. It will be 

important to expand the study to other small GTPases because of the emerging data in 

recent years supporting the coupling of different small GTPases at the membranous 

domains as discussed in the following section.  

1.6 GEFS AND CASCADES OF SMALL GTPASES   

Having discussed the membrane targeting of small GTPases themselves, the next 

question is how the localization of GEFs can be coordinated with the localization of their 

substrates in order to maximize the efficiency of the exchange reaction. It is now known 

that a GEF can not only stimulate GTP-loading of its substrate GTPases, but also interact 
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with upstream, regulatory small GTPases. This section will focus on this phenomenon 

which serves as an important strategy for the spatial regulation of GEFs as well as the 

coupling of different small GTPases together in interconnected cascades. The 

mechanisms of the spatial regulation of Epac2 (Chapter 2) and Epac1 (Chapter 1) are also 

analogous to this general strategy.   

1.6.1 Cascades of small GTPases and Ras/Rap interacting domains 

Although many well known effectors for small GTPases such as Ras and Rap are kinases, 

it is also quite common that a GEF for one small GTPase can also be a bona fide effector 

of another small GTPase. This mode of signaling might serve two purposes. First, the 

selective interaction with the upstream small GTPase ensures proper localization of the 

GEF and efficient activation of the next small GTPase. Second, this arrangement may 

allow modulation of the strength and specificity of particular signaling pathways. This is 

theoretically analogous to a canonical kinase cascade as illustrated in Figure 1.5.  

In most of the cascades mentioned above, the small GTPases that initiate the 

cascades are isoforms of Ras and Rap, and they interact with the GEFs via domains such 

as Ras association (RA) domain, Ras binding domain (RBD) or Protein kinase C 

conserved region 1 (C1). RA domain and RBD are conserved domain families of the 

ubiquitin homologs (UBQ) superfamily (Larsen and Wang, 2002). They are structurally 

similar to ubiquitin and are present in one or two copies in signaling molecules that bind 

to the switch I and switch II regions of Ras and/or Rap in a GTP dependent manner. 

Examples for RA domain and RBD containing proteins are RalGDS (Huang et al., 1998) 

and Raf-1 (Nassar et al., 1995) respectively. Using Reverse Position-Specific BLAST 

(RPS-BLAST), a BLAST algorithm more sensitive for the identification of conserved 
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domains in proteins, 54 proteins with RA domain and 9 proteins with RBD can be 

retrieved from the human reference sequences. C1 domains are usually rich in cysteines 

and can bind to zinc, phorbol esters, diacylglycerol (DAG), or Ras/Rap (Mott et al., 

1996).  Examples for C1 containing proteins that interact with Ras/Rap include Raf-1 and 

B-Raf (Hu et al., 1995; Okada et al., 1999). Distinct from the RA domain or RBD, the 

interaction between Ras and the Raf-C1 domain is independent of the GTP bound state, 

and is enhanced by the farnesylation of Ras (Williams et al., 2000). The presence of both 

RBD and C1 domains in Raf proteins may allow diverse modes of regulation of Raf 

proteins by Ras. Using RPS-BLAST, 106 proteins with C1 domain can be retrieved from 

the human reference sequences.  

1.6.2 Bioinformatic search for GEFs capable of Ras/Rap association 

Having discussed the protein domains that can interact with Ras and/or Rap, it would be 

interesting to assemble a comprehensive list of proteins that feature both Ras/Rap binding 

domains and catalytic domains for a certain family of small GTPases. Theoretically, the 

proteins in this list would be able to couple different small GTPases into cascades and 

contribute to the spatial regulation of the small GTPases involved. One traditional 

approach to assemble such a list is to summarize isolated reports of such proteins from 

the literature empirically. However, in addition to this approach, we can also utilize the 

existing database of conserved protein domains to identify the group of proteins that can 

simultaneously satisfy the above two criteria, namely the presence of a Ras/Rap binding 

domain and the presence of a catalytic domain for a certain family of small GTPases. As 

will be discussed later, the latter approach did identify quite a comprehensive list of GEFs, 

most of which have been confirmed recently in the literature to be capable of Ras/Rap 
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binding and activating of another small GTPases. Although the search result does not 

appear to be novel in light of the current literature, the comprehensive result was 

achieved independent of detailed knowledge of those GEFs identified, and it provided a 

clear frame work for me to organize these GEFs into distinct categories: GEFs that can 

mediate coupling of small GTPases within the Ras family and GEFs that can mediate 

coupling of small GTPases between different small GTPases families. It is reasonable to 

argue that were this approach taken 5-10 years earlier, it would actually be of certain 

predicative value to identify GEFs capable of coupling different small GTPases into 

cascades.  

Based on the rationale described above, I performed a bioinformatic search using 

the Conserved Domain Database (CDD) of National Center for Biotechnology 

Information (NCBI) (Marchler-Bauer et al., 2009). The general approach is illustrated in 

Figure 1.6A and explained below.  

For the first step, all human proteins related to the UBQ superfamily by RPS-

BLAST to include all possible proteins with domains similar to the RA domain and RBD. 

It is necessary to use the UBQ superfamily rather than a combination of RA domain and 

RBD, because the latter two families do not include atypical RA domains such as the 

Epac2 RA domain (Li et al., 2006; Liu et al., 2008), which is instead annotated generally 

as a member of the UBQ superfamily. Using this approach, all human proteins containing 

the RasGEF domain, RhoGEF domain, Vps9 domain or Sec7 domain were also identified. 

Seventeen proteins were found at the intersection of the UBQ related and RasGEF related 

proteins, two at the intersection of the UBQ related and RhoGEF related proteins, three at 

the intersection of the UBQ related and Vps9 related proteins. No protein was identified 
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at the intersection of UBQ related and Sec7 related proteins. For C1 related proteins, 

despite its considerable overlap with RasGEF and RhoGEF containing proteins, only one 

type of protein (Vav proteins) were reported to interact with Rap (Arthur et al., 2004). In 

contrast, all other C1 containing proteins identified in this search (e.g. RasGRP) interact 

with DAG (Mitin et al., 2005). In the following sections, the GEFs capable of coupling 

different small GTPases will be discussed in detail.  

Theoretically, it is possible that a small GTPase other than Ras and Rap can also 

promote activation of a second small GTPase via its GEF that is capable of binding to the 

first GTPase. However, binding domains specific for non-Ras/Rap small GTPases are not 

as well defined as the RA domains and RBDs. I examined one of the binding partners for 

the small GTPase RalA/B, RalBP1. This protein has a putative Ral interaction site, which 

is widely used in pulldown assays to identify activated Ral in vitro (Tian et al., 2002). 

However, no domain family has been built around this domain, and the structural 

determinants of Ral binding are yet to be fully understood. Interestingly, Ral-RalBP1 

interaction does bridge Ral to the inhibition of Rho pathways, as RalBP1 has a conserved 

RhoGAP domain as well (Jullien-Flores et al., 1995). At the end of this section, I will 

also discuss an unexpected interaction between Ran and a putative RA domain in Epac1, 

which couples Ran to efficient Rap1 activation. 

1.6.3 Signaling cascades within the Ras family 

Several GEFs for small GTPases of the Ras family can bind to Ras and/or Rap, thus 

linking different small GTPases within the Ras family (e.g. PDZ-GEF2 and Epac2), or 

mediating amplification of the activation of a small GTPase itself (e.g. PDZ-GEF1 and 

Sos) (Figure 1.7 and 1.9).   
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RapGEF2 (PDZ-GEF1). RapGEF2 is better known as RA-GEF or PDZ-GEF1, 

and is closely related to the Epac proteins (de Rooij et al., 1999) (Figure 1.7A). It was 

initially identified through a yeast two-hybrid screen and was the first GEF of the Ras 

family found to have a RA domain (Liao et al., 1999). PDZ-GEF1 not only catalyzes 

exchange activity of Rap1 and Rap2, but also binds to these Rap proteins in a GTP-

dependent manner via its RA domain  (de Rooij et al., 1999; Liao et al., 1999; Rebhun et 

al., 2000), suggesting a positive feedback loop. No Ras binding was detected for PDZ-

GEF1, and in this sense, RA domain should be expanded to a broader concept meaning 

“Ras/Rap Association” domain.  PDZ-GEF1 also has a PDZ domain, which will be 

discussed later in section 1.7.2.  

RapGEF6 (PDZ-GEF2). RapGEF6 is better known as RA-GEF2 or PDZ-GEF2, 

and among its 6 isoforms, isoforms 1-5 contain intact RasGEF domains.  PDZ-GEF2 has 

very similar domain structure as PDZ-GEF1 (Figure 1.7B), and like PDZ-GEF1, PDZ-

GEF2 stimulates GTP/GDP exchange of both Rap1 and Rap2 (Kuiperij et al., 2003). 

However, the RA domain of PDZ-GEF2 binds to and colocalizes with M-Ras, but not 

other Ras family GTPases including H-Ras, N-Ras, Rap1A, Rap2A, R-Ras, RalA, Rin, 

Rit and Rheb (Gao et al., 2001). Although M-Ras does not enhance the exchange activity 

of PDZ-GEF2 in vitro, M-Ras does enhance PDZ-GEF2 mediated activation of 

coexpressed Rap1A at the plasma membrane (Gao et al., 2001). Thus, the RA domain of 

PDZ-GEF2 allows it to be properly targeted to M-Ras at the plasma membrane and 

activate its substrate efficiently. The physiological significance of the cascade from M-

Ras to Rap is unclear.  
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Phospholipase C, epsilon 1 (PLCε). PLCε (Figure 1.7C) is a bifunctional enzyme 

that can hydrolyze phosphatidylinositol 4,5-bisphosphate (PIP2) and promote the 

activation of Rap1 (Jin et al., 2001). Whether PLCε activates Ras is still a matter of 

debate (Jin et al., 2001; Lopez et al., 2001). The RA domain of PLCε binds to GTP-bound 

H-Ras, K-Ras, and N-Ras, but interacts poorly with Rap1A, Rap1B, Rap2A and Rap2B 

(Bunney et al., 2006). The preference of PLCε RA domain for Ras to Rap can be partly 

explained by the charge reversal of a glutamate at position 31 in Ras to lysine in Rap. The 

positively charged lysine at this position would disrupt the favorable interaction with 

K2173 within the PLCε RA domain (Bunney et al., 2006). Consistent with the binding 

data, Ras can potentiate PLCε-mediated production of inositol phosphate, while Rap 

isoforms exhibit only modest effect (Kelley et al., 2001; Kelley et al., 2004; Song et al., 

2002). PLCε also translocates to the plasma membrane in cells expressing constitutively 

active H-Ras or treated with EGF, and the overexpression of PLCε can significantly 

augment EGF triggered activation of Rap1A (Jin et al., 2001; Song et al., 2001). Despite 

the poor interaction between PLCε and Rap2B, PLCε was shown to be activated 

downstream of the beta adrenergic receptor-Epac1 signaling via Rap2B, based on studies 

using an inactivate mutant Rap2B-N17 (Evellin et al., 2002; Schmidt et al., 2001; vom 

Dorp et al., 2004).  It would be important to examine whether depletion of endogenous 

Rap2B can uncouple cAMP signals and the activation of PLCε.  

RapGEF4 (Epac2). Unlike the PDZ-GEFs and PLCε introduced previously, 

RapGEF4 (Figure 1.7D), also known as Epac2, is activated by cAMP as discussed in 

Section 1.3.1. Epac2 has an RA domain that binds to H-Ras, K-Ras, and N-Ras, but not 

M-Ras, R-Ras, Rap1A, Rap2B, RalA, Rheb, Rin or Rit (Li et al., 2006). The interaction 



 31

between Epac2 and H-Ras has an affinity comparable to those of other classical Ras 

effectors such as B-Raf and Raf-1, and requires an intact RA domain of Epac2, which is 

readily accessible in the absence of cAMP (Liu et al., 2008).  Expression of a 

constitutively active mutant of H-Ras and activation of endogenous Ras significantly 

enhance the Rap1 activation by Epac2, whereas an Epac2 mutant with a K684E mutation 

within the RA domain is incapable of Ras binding and activates Rap1 poorly. Importantly 

this mutant can fully activate Rap1 when targeted to the membrane through an engineered 

CAAX motif at its C terminus, suggesting that the interaction between Ras and Epac2 

causes compartmentalization of Epac2 to the plasma membrane where it has better access 

to Rap1 (Liu et al., 2008). Alternative strategies for membrane translocation of Epac2 

independent of Ras have been proposed, including membrane association via the first 

cAMP-binding domain of Epac2 and the interaction between Epac2 and neuroligin 

(Niimura et al., 2009; Woolfrey et al., 2009). The necessity and sufficiency of the first 

cAMP-binding domain in the membrane localization of Epac2 is a somewhat unexpected 

observation, and no N-terminal lipid modification such as myristoylation or other 

mechanism has been revealed to explain this phenomenon. Neuroligins are neuronal cell 

adhesion molecules that interact with beta-neurexins and form intercellular junctions. The 

cytoplasmic C-termini of neuroligins bind to one of the three PDZ domains of PSD-95, 

which also interacts with NMDA2 receptors and potassium channels through the other 

two PDZ domains (Irie et al., 1997). Thus, Epac2 could be part of a huge complex at the 

postsynaptic densities, and whether it interacts with neuroligins directly has not been 

shown. The different models of targeting Epac2 to the membrane might reflect 

differences in the experimental systems used these studies. It is also likely that multiple 

interactions coexist to ensure stable association of Epac2 with the membrane, although 
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Ras-Epac2 association seems to be the only direct link that is regulated by specific 

physiological cues.   

Ral GEFs. The GEFs for Ral proteins (RalA and RalB) include Ral guanine 

nucleotide dissociation stimulator (RalGDS) and RalGDS-like proteins (RGL) (Figure 

1.7E&F). RalGDS was found to interact with R-Ras, H-Ras, K-Ras, Rap1 and Rap2 

through an yeast two-hybrid screen, and the interaction requires the RBD at its C 

terminus (Hofer et al., 1994; Nancy et al., 1999; Spaargaren and Bischoff, 1994). 

Although RalGDS interacts with multiple small GTPases, it is only activated robustly by 

H-Ras (Urano et al., 1996). If H-Ras activates RalGDS by recruiting it to the membrane, 

it is difficult to explain why Rap proteins, which interact with RalGDS at a higher affinity 

than Ras in vitro (Herrmann et al., 1996; Nassar et al., 1996; Shirouzu et al., 1998; 

Wohlgemuth et al., 2005), can not activate RalGDS very well in vivo. One explanation is 

that H-Ras functions more than an anchor for RalGDS. This is supported by the 

observation that the activation of RalGDS by Ras can be achieved independently of its 

RBD (Linnemann et al., 2002). In this study, the authors identified a point mutation 

within the RBD of RalGDS that abrogated the Ras binding, and when the mutant was 

artificially targeted to the membrane, it can still be activated by Ras in a manner 

dependent on the switch II region (Linnemann et al., 2002). Interestingly, the PI3K-

dependent kinase 1 (PDK1), which is downstream of the EGF stimulated Ras activation, 

can induce RalGDS activation by relieving the auto-inhibitory effect of its N-terminus on 

the catalytic domain by a kinase-independent mechanism (Tian et al., 2002). Together, 

these data shed light on the complicated relationship between Ras, Rap and RalGDS. Ras 

is sufficient to activate RalGDS probably because it can target RalGDS to the membrane 
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as well as relieve the autoinhibition of RalGDS via PI3K and PDK1. While Rap can 

provide a better anchor than Ras for the membrane targeting of RalGDS because of the 

much higher affinity between Rap and RalGDS, it is not sufficient to activate RalGDS 

probably because it is not a strong activator of PI3K, thus can not relieve the 

autoinhibition of RalGDS via PDK1. Since Ras and Rap are often concurrently activated 

by growth factors such as EGF and PDGF (Zwartkruis et al., 1998), it is possible that the 

two small GTPases can cooperate to activate RalGDS synergistically, with Rap providing 

a better anchor at the membrane and Ras relieving the autoinhibition via PI3K and PDK1. 

Moreover, the C-termini of RalA/B are more similar to Rap1A/B, both being rich in 

positively charged residues and being attached to geranylgeranyl groups (Figure 1.4), 

thus Rap1A/B may bring RalGDS closer to the vicinity of RalA/B. It would be 

interesting to determine whether the activation of RalGDS can be reduced in Rap 

deficient cells either by RNA interference or dominant negative mutants of Rap.  

RGL1, another exchanger for Ral with 69% amino acid similarity with RalGDS, 

also interacts with Ras in a yeast two-hybrid system (Kikuchi et al., 1994). Products of 

the other two RGL genes (RGL2 and 3) also possess conserved RA domains at their C-

termini, suggesting a shared mechanism of regulation by Ras. All three RGLs can bind to 

Rap as well and are potential Rap effectors (Peterson et al., 1996; Wolthuis et al., 1996; 

Xu et al., 2007). Interestingly, RGL2 can be phosphorylated by PKA at a residue within 

its RA domain, which reduces the interaction between RGL2 and Ras (Ferro et al., 2008). 

This provides a possible mechanism for the termination of the interaction between Ras 

and the RA domain of RGL2, and it is worth investigating whether interactions between 
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Ras/Rap and other RA domains could be terminated by phosphorylation of residues at the 

binding interface.  

Sos and RapGEF5 (Repac). These two proteins do not have RA domain or RBD, 

and were not retrieved by the bioinformatic search for mediators of small GTPase 

signaling cascades. However, they are still regulated by Ras or similar small GTPases and 

will be discussed briefly below.  

Sos, the Ras exchanger mentioned previously in section 1.3.1, requires binding of a 

GTP-loaded Ras to its allosteric site to achieve full activation (Boykevisch et al., 2006; 

Margarit et al., 2003). This interaction also serves as mechanism to recruit Sos to the 

membrane (Gureasko et al., 2008). In this case, Sos functions as an amplifier for the 

activation of Ras itself instead of coupling signaling cascade from one small GTPase to 

another.  

Repac, also called RapGEF5 or MR-GEF (Figure 1.7G), exhibits close sequence 

similarity to Epac proteins, but lacks a cAMP binding domain. It is a constitutive 

activator of both Rap1 and Rap2 (de Rooij et al., 2000), and contains a nuclear 

localization signal (NLS), which might be responsible for its presence in the nuclei when 

transfected in HeLa cells (Ichiba et al., 1999). However, it is unclear where the 

endogenous Repac is localized and whether the NLS is important for its activity toward 

Rap. Although Repac contains a region resembling the classical RA domains, it does not 

meet the criteria set for RA domains at the NCBI database for Conserved Domains. 

However, this region from Repac does interact with GTP-loaded M-Ras (Rebhun et al., 

2000), which may localize it to the plasma membrane (Heo et al., 2006). Interestingly, 

when Rap1A was overexpressed, a constitutively active M-Ras(71L) mutant inhibited the 
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ability of Repac to activate Rap1A in a dose-dependent manner (Rebhun et al., 2000). 

The authors hypothesize that M-Ras is a negative regulator of Rap1 either by subcellular 

sequestration of Repac or by inhibition through interaction with the putative RA domain 

(Rebhun et al., 2000). However, it would be important to rule out that the observation 

was due to simultaneous overexpression of all three different proteins in their 

experimental system, and it is yet unknown whether M-Ras could promote activation of 

endogenous Rap1 via Repac.  

1.6.4 Signaling from Ras family to the Rho family 

Small GTPases of different families can also be coupled to form a cascade. This section 

discusses the coupling of members of the Ras family, Ras and Rap1, to Rac of the Rho 

family.  

Tiam1 (Figure 1.8A), a specific exchanger for Rac, was the first protein found to 

link Ras activation to Rac activation (Lambert et al., 2002). Ras-GTP interacts with the 

Ras-binding domain (RBD) of Tiam1 and stimulates its GEF activity toward Rac. The 

endogenous Tiam1 is required for the Ras-mediated activation of Rac, which is 

significantly impaired in Tiam1 null cells (Lambert et al., 2002). Alternatively, Rac can 

also be activated by Ras via Sos and PI3K (Nimnual et al., 1998; Scita et al., 1999; Scita 

et al., 2000). The Ras-Tiam1-Rac cascade is physiologically relevant based on the 

following observations. One, Tiam1-deficient mice are resistant to Ras-induced skin 

tumors (Malliri et al., 2002). Two, the dominant-negative Rac can block Ras-mediated 

transformation of rodent fibroblasts (Khosravi-Far et al., 1995; Qiu et al., 1995). Three, 

interference of endogenous Ras by siRNA or dominant-negative Ras can block the 

Tiam1-mediated Rac activation and the migration of Schwann cells treated with 
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neurotrophin-3 (Yamauchi et al., 2005). The mechanism by which Ras triggers Tiam1-

mediated Rac activation is unclear. It is possible that Ras facilitates the translocation of 

Tiam1 to the plasma membrane or Ras directly activates the intrinsic catalytic activity of 

Tiam1 (Lambert et al., 2002).  

The signaling cascade from Rap1 to Rac has also been reported (Arthur et al., 2004; 

Maillet et al., 2003; Zaldua et al., 2007).  Rac was initially found to be activated 

downstream of the cAMP/Epac1/Rap1 pathway to regulate a soluble form of amyloid 

precursor protein (sAPPα) (Maillet et al., 2003). Rac also functions downstream of Rap1 

to promote cell spreading, and the mechanism involves recruitment of Tiam to the edge 

of spreading cells via its DH-PH domains instead of RBD (Arthur et al., 2004). This 

suggests that the potential connections between small GTPases (e.g. Ras and Rap1) and 

their downstream exchangers (e.g. Tiam) could be much more diverse than would be 

predicted with interactions mediated by RA/RBD alone. In addition to cell spreading, the 

sequential activation of Rap1 and Rac has been shown to play important roles in the 

platelet-derived growth factor (PDGF)-induced formation of leading edge structures and 

cell movement (Takahashi et al., 2008), as well as atrial natriuretic peptide (ANP)-

induced protection of pulmonary endothelial barrier (Birukova et al., 2010; Birukova et 

al., 2008), although the specific role of Tiam1 in coupling Rap1 and Rac in these models 

was not vigorously tested.  

Since both Ras and Rap1 can interact with Tiam1 and promote Rac activation, one 

unresolved issue is the extent of selectivity in terms of the differential Ras or Rap1 

binding for Tiam1. It is also important to know which cascade, Ras/Tiam1/Rac or 

Rap1/Tiam1/Rac, is predominant and in which cellular processes.  Adding to the 
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complexity of the issue is the recent discovery that Tiam2 (Figure 1.8B), also called 

STEF, can interact with Rap1 much better than Tiam1 (Zaldua et al., 2007), which raises 

the possibility of Tiam2 being the major Rap1 effector to mediate the activation of Rac.   

In addition to Tiam1 and Tiam2, another Rac exchanger, Vav2 (Figure 1.8F), has 

been shown to couple Rap1 to Rac (Arthur et al., 2004). The Rap1-Vav2 interaction can 

be detected in vitro and in vivo and requires the DH-PH domains of Vav2, which suggests 

that Vav2 functions similarly as Tiam1 and directly mediates the signaling from Rap1 to 

Rac. However, an alternative model was also reported, where Rap1 affects Vav2 

indirectly via PI3K (Fukuyama et al., 2005).  

Despite the many studies linking Ras/Rap1 to Rac as discussed above, it is yet to 

be investigated whether Ras/Rap1 is coupled to specific Rac isoforms (Rac1, Rac2 and 

Rac3), which exhibit different subcellular localizations and function in different cellular 

processes (ten Klooster and Hordijk, 2007).  It would also be interesting to evaluate the 

proximity of Ras/Rap1 to different Rac proteins at microdomains of the lipid membrane, 

given that the C termini and lipid modifications of certain pair of small GTPases are more 

similar than those of other pairs.  

1.6.5 Signaling from Ras family to the Rab family 

One addition group of proteins identified in the bioinformatic search for exchangers that 

mediate the crosstalk from Ras family to the Rab family are Ras interaction/interference 

(Rin) proteins, including Rin1, Rin2 and Rin3 (Figure 1.8C, D&E). All three proteins 

contain a RA domain and a Vps9p domain which catalyzes the activation of Rab5 and 

Vps21p-like proteins. 
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Rin1 was initially discovered as a molecule that interferes with the Ras function in 

the yeast. Its interaction with H-Ras is GTP-dependent and requires an intact “effector 

domain”, and it is targeted to the plasma membrane where Ras is located (Han and 

Colicelli, 1995). As a downstream effector for Ras, Rin1 is unique in that it inhibits 

cellular transformation by activated mutant Ras, while other Ras effectors commonly  

enhances transformation (Wang et al., 2002). Ras binds to Rin1 via its RA domain at its 

C-terminus (Han et al., 1997), and the affinity (Kd, 22nM) approximates that observed 

for Raf1 and Ras interaction (Wang et al., 2002).  Interestingly, the Ras-Rin1 interaction 

is regulated by the interaction between Rin1 and the scaffolding protein 14-3-3, which 

occurs upon phosphorylation of serine 351 of Rin1 by protein kinase D (PKD) (Wang et 

al., 2002). Mutation of serine 351 to alanine abolishes the binding of this mutant to 14-3-

3, and allows the mutant to shift to the plasma membrane to block Ras-mediated 

transformation more efficiently.  

Besides the capability of Ras binding, the role of Rin1 as a mediator of the cascade 

from Ras to Rab proteins is also dictated by the presence of a functional, Vps9p-like 

catalytic domain, which was first discovered to interact with a GDP-bound Rab5A mutant 

in a yeast-two hybridization (Tall et al., 2001). Rin1 stimulates the guanine nucleotide 

exchange of Rab5, Rab5A-dependent endosomes fusion, and EGF receptor-mediated 

endocytosis. Importantly, the effect of Rin1 on all these three processes is potentiated by 

activated Ras (Tall et al., 2001). Although the authors stated that Ras directly enhances 

the exchange activity of Rin1 toward Rab5 in vitro, the rate of guanine nucleotide 

exchange stimulated by Rin1 does not appear to be dramatically increased in the presence 

of Ras-GTP. It would be important to test directly whether the positive effect of RasGTP 
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on the above mentioned three processes is due to proper localization of Rin1 to the 

plasma membrane where Ras is localized.  

Rin1 also regulates signaling downstream of insulin receptor. Rin1 is recruited to 

the insulin receptor upon tyrosine phosphorylation of the receptor itself, and enhances 

insulin-receptor mediated endocytosis (Hunker et al., 2006). However, a truncated Rin1 

lacking the C-terminal GEF and RA domains, but not the truncation lacking the N-

terminal SH2 domain and proline-rich domains, can also stimulate endocytosis, 

suggesting that Ras and its interaction with the RA domain of Rin1 might play a less 

important role in this process.  

In addition to the regulation of the trafficking and signaling of EGFR and insulin 

receptor, Rin1 participates in the TGF-β receptor (TGF-βR) signaling, which could be 

modulated by Ras independent of its interaction with the RA domain of Rin1 (Hu et al., 

2008). Rin1 promotes TGF-βR signaling through enhanced endocytosis, and TGF-βR 

activation in turn reduces Rin1 expression through induction of a transcription repressor 

called snail. The dynamic balance can be disturbed by constitutive Ras signaling, which 

stabilizes snail at the protein level, resulting in strong silencing of Rin1 and reduction in 

Rab5-mediated trafficking of TGF-βR (Hu et al., 2008).  

Similar to Rin1, Rin2 connects Ras to Rab5 and plays an important role in the 

endocytosis of E-cadherin in Madin-Darby canine kidney (MDCK) cells induced by 

hepatocyte growth factor (Kimura et al., 2006). Rin3 has the similar domain structure as 

Rin1 and Rin2, thus might use the same strategy to couple Ras to Rab5.  
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1.6.6 Signaling from Ran to the Ras family 

The coupling of Ran to Rap1 of the Ras family via Epac1 will be briefly introduced here 

and then described in detail in Chapter 3. 

Ran is a small GTPase that is activated in the nucleus and inactivated upon exiting 

the nuclear pore. This gradient of Ran-GTP and Ran-GDP across the nuclear envelope 

plays an important role in the nuclear transport, and is established by the 

compartmentalization of RCC within the nucleus and binding of RanGAP to RanBP2 at 

the cytoplasmic side of the nuclear pore complex. In addition to the interaction with 

RanGAP, RanBP2 also has four binding domains for GTP bound Ran that were thought 

to bring Ran close to RanGAP so as to facilitate the inactivation of Ran by RanGAP. 

Interestingly, Ran, RanBP2 and several other components of the NPC were found to 

interact with Epac1 by a proteomic survey for the binding partners for Epac1. The Ran-

Epac1 interaction is direct and GTP-dependent, suggesting that Epac1 is a bona fide Ran 

effector. Epac1 has a region between its REM domain and catalytic domain that bears 

resemblance to the RA domain of Epac2, but Epac1 does not bind to Ras and this region 

did not satisfy the criteria for the UBQ superfamily. This putative RA domain of Epac1 is 

required, though not sufficient, for Epac1 binding to Ran. Importantly, this Ran-binding 

region of Epac1 contributes to the localization of Epac1 to the NPC and Epac1-dependent 

activation of Rap1 on the nuclear envelope. The regulatory region of Epac1 also seems to 

contribute to the association of Epac1 with the NPC but in a Ran-independent fashion. 

The above results provide the first evidence of a connection of Ran to another small 

GTPase of the Ras superfamily. Since Ran exhibits different patterns of localization 
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throughout the cell cycle, it might dynamically regulate the spatial organization of Epac1-

dependent Rap1 activation at multiple stages of the cell cycle.  

1.6.7 A network of small GTPases linked together by GEFs 

As summarized in Figure 1.9, the cascades of small GTPases mediated by different GEFs 

can be organized into a network. Although it has been difficult to study the collective 

behavior of such a heterogeneous group of small GTPases across four different families, 

this network model allows us to make some assumptions worthy of further investigation. 

First, Ras proteins sit at the top of a hierarchy of small GTPases. Ras proteins are rapidly 

activated by various extracellular stimuli and their effectors include a wide spectrum of 

GEFs for other small GTPases. There is currently no example of a cascade from non-Ras 

small GTPases to Ras proteins, further supporting role of Ras proteins as “commander-in-

chief” among small GTPases. Second, multiple GEFs couple Ras-GTP to Rap1 activation. 

In fact, five out of the six RAPGEFs (RAPGEF1-6) have RA domains or putative RA 

domains, and they either promote Rap1 activation downstream of Ras activation (e.g. 

PDZ-GEF2 and Epac2), or function as an amplifier of the activation of Rap1 itself. These 

observations support the idea that Rap1 possibly augments and sustain signals emanating 

from Ras. Third, both Ras and Rap1 may converge on either Ral or Rac, forming more 

complex relationships among these small GTPases instead of simple linear relationships. 

The relative contribution of Ras and Rap1 to the activation of Ral and Rac and how the 

reaction rate of each cascade affects the kinetics of the whole network have yet to be 

elucidated. Fourth, while we have significant amount of knowledge on the signaling of 

Ras, Rap1, Ral and Rac on the PM, few studies so far looked at the signaling of small 
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GTPases at the NE. The coupling of Ran and Rap1 by Epac1 at the NE do suggest that 

signaling network of small GTPases may exist on the NE as well.  

1.7 ADDITIONAL MECHANISMS FOR SPATIAL REGULATION OF RAPGEFS  

Given the topic of the thesis on the spatial regulation of Rap1, this section will focus on 

examples of GEFs for Rap GTPases whose localizations are controlled by mechanisms 

other than RA domain mediated protein interaction. 

1.7.1. RAPGEF1 (C3G) and adaptor proteins 

Out of the six known RAPGEFs, C3G is the only one that does not have a RA or putative 

RA domain (Figure 1.10A). The proper localization of C3G is also crucial for its ability 

to activate Rap, and it provides an example of how adaptor proteins and post-translational 

modifications regulate targeting and activity of a GEF.  

The activation of C3G requires adaptor proteins that recruit C3G to various 

docking proteins on the membrane. The adaptor proteins for C3G include Crk, Crk like 

proteins (CrkL) and Crk-associated substrate (Cas) (Kirsch et al., 1998; Knudsen et al., 

1994; Smit et al., 1996). Crk and CrkL belong to the adaptor-type Src homology (SH)2-

containing molecules, and they also contain SH3 domains, which bind to the proline-rich 

sequences of C3G (Tanaka et al., 1994). Unlike many other SH3-binding proteins which 

interact with SH3 domains of multiple proteins, C3G has four proline-rich sequences in 

the center region of the protein, and these sequences are capable of binding individually 

to the SH3 domain of Crk, supporting the idea that C3G plays a specific role in Crk 

signaling pathways (Knudsen et al., 1994). The third adaptor molecule, Cas, was found to 

interact with C3G in a two-hybrid screen (Kirsch et al., 1998) and it binds to C3G via its 
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SH3 domain both in vitro and in vivo. The interaction involves a proline-rich Cas-binding 

site located N-terminal to the Crk binding motifs characterized previously.  

Instead of directly targeting C3G to the lipid membrane, CrK and CrKL couple 

C3G to a variety of docking proteins at the membrane where C3G functions to activate 

Rap. Examples of these docking proteins include platelet-derived growth factor alpha 

(PDGFα) receptor (Yokote et al., 1998), Cas-L (Crk-associated substrate-related protein) 

(Ohashi et al., 1998), Cbl (Schmitt and Stork, 2002; Uemura and Griffin, 1999), Gab1 

(Sakkab et al., 2000), Shp2/Gab2/TrkA complex (Wu et al., 2001), and Dab1 (Ballif et al., 

2004). The common mechanism for these docking proteins involves tyrosine-

phosphorylation by upstream signals and direct interaction with the SH2 domains of Crk 

or CrkL. The wide selection of docking proteins may allow targeting of C3G to specific 

compartments within the cell in response to different extracellular stimuli. 

1.7.2. PDZ domains of PDZ-GEF1 and PDZ-GEF2 

In addition to its interaction with Rap, PDZ-GEF1 also binds to synaptic scaffolding 

molecule (S-SCAM) through heterodimerization of PDZ domains. In rat brain, this 

interaction localizes PDZ-GEF1 to the synaptic areas of the cerebellum (Ohtsuka et al., 

1999). In PC12 cells, PDZ-GEF1 and S-SCAM form a complex with ankyrin repeat-rich 

membrane spanning protein (ARMS) and TrkA receptor in a NGF-dependent manner at 

the late endosomes, and promote sustained Erk activation and neurite outgrowth (Hisata 

et al., 2007). PDZ-GEF1 was also reported to associate with beta-catenin through S-

SCAM at cellular junctions (Kawajiri et al., 2000).  

The PDZ-GEF2, which also features a PDZ domain, plays an important role in the 

maturation of adherens junctions and cell mighration selectively via Rap1A (Dube et al., 
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2008; Severson et al., 2009). During the process of cell migration, PDZ-GEF2 interacts 

with junctional adhesion molecule-A (JAM-A) and AF6 through PDZ-mediated binding, 

which increases the local levels of Rap1A-GTP and beta1 integrin (Severson et al., 2009). 

As mentioned previously, PDZ-GEF2 also possesses a RA domain that interacts with M-

Ras. The relationship between the PDZ and RA domains in the spatial regulation of PDZ-

GEF2-mediated Rap1 activation is yet to be clarified. 

1.7.3. Direct spatial regulation of Epac1 by cAMP 

Epac1 has a similar domain structure as Epac2 (Figure 1.10B). GFP-tagged Epac1 was 

previously reported by our lab to colocalize with immunofluorescent-labeled endogenous 

NPC (Wang et al., 2006), and this is confirmed by our recent proteomic survey, in which 

flag-Epac1 coimmunoprecipitates with multiple components of the NPC. The localization 

of Epac1 at the NPC is very stable and it remains unchanged upon stimulation with an 

Epac1-specific cAMP analog (see Chapter 3).  However, cAMP seems to regulate a pool 

of Epac1 in the cytoplasm and promote their translocation to the PM (Ponsioen et al., 

2009). The membrane translocation of Epac1 allows Rap1 activation at the PM which 

contributes to enhanced cell adhesion. This phenomenon is especially pronounced in cells 

expressing high levels of GFP-Epac1 based on images shown in the original study and 

our own observation. The cAMP-dependent translocation of Epac1 from the cytoplasm to 

the PM is reversible and requires the DEP domain of Epac1. However, no binding partner 

at the PM has been identified for Epac1, and this translocation is likely to be mediated by 

the direct interaction between the DEP domain and the inner side of PM.  

It is possible that Epac1 promote Rap1 activation both at the PM and the NE. 

However, since Epac1 is predominantly enriched at the NPC, NE might be the primary 
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site of Epac1 dependent Rap1 activation. The latter is supported by previous study using 

cell fractionation (Wang et al., 2006). In this study, the Epac1-specific cAMP analog 

activates Rap1 only in the nuclear fraction but not the membrane fraction (including the 

PM), where cAMP activates Rap1 via C3G in a PKA dpendent manner.  

1.7.4. Regulation of RasGRP2 and RasGRP3 by DAG and Calcium 

RasGRP2 and RasGRP3, also known as CalDAG-GEFI and CalDAG-GEFIII (Figure 

1.10C&D), are unique GEFs that are capable of activating both Ras and Rap (Mitin et al., 

2005; Springett et al., 2004). Other members of this group of proteins, RasGRP1 and 

RasGRP4, activate Ras only. All RasGRPs contain a C-terminal catalytic region, 

consisting of a REM domain and a CDC25 domain with GEF activity, and an N-terminal 

regulatory region, consisting of two EF-hand motifs in tandem for calcium binding and a 

C1 domain for interaction with diacylglycerol (DAG).  

The interaction between DAG and the C1 domain of RasGRP3, as well as 

RasGRP1 and RasGRP4, is the primary mechanism for the membrane targeting and 

activation of these RasGRPs (Ebinu et al., 1998; Kawasaki et al., 1998a; Lorenzo et al., 

2001; Tognon et al., 1998).  In contrast, RasGRP2 exhibits low affinity towards DAG and 

its subcellular localization is highly dependent on actin dynamics (Caloca et al., 2004). 

Upon induction of F-actin by cytoskeletal regulators such as Vav, Vav2, Dbl and Rac1 

leads to translocation of RasGRP2 from the cytosol to membrane ruffles where its 

interaction with F-actin promotes compartmentalized activation of Rap1. Interestingly, a 

longer isoform of RasGRP2 was reported to have extra signal sequences at the N-

terminus for myristoylation and palmitoylation, and these lipid modifications lead to 

constitutive membrane association of this isoform (Clyde-Smith et al., 2000).  
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The EF-hand motifs of RasGRPs serve as sensors for calcium ions but cause 

distinct responses in different contexts. While calcium ionophore was reported to activate 

Rap1A via RasGRP2 and H-Ras and R-Ras via RasGRP1 (Kawasaki et al., 1998b), it can 

also inhibit the exchange activity of RasGRP2 towards N-Ras (Clyde-Smith et al., 2000). 

The effects of Calcium and DAG on RasGRP2 appears to be additive (Kawasaki et al., 

1998b), thus RasGRP2 and probably other RasGRPs, can serve as coincidence detectors 

for Calcium and DAG signals.  

1.8 PHYSIOLOGICAL SIGNIFICANCE OF THE SPATIAL REGULATION OF 

RAP PROTEINS IN MOUSE MODELS 

1.8.1 The reality 

Most studies on the spatial regulation of small GTPases and their GEFs were carried out 

by comparing wild type and mutated proteins in cell culture systems. The endpoints of 

these studies usually involve measurements of changes in certain cellular processes, e.g. 

endocytosis (Tall et al., 2001), neurite outgrowth (Liu et al., 2008), cell adhesion 

(Ponsioen et al., 2009), etc.  These systems allow convenient correlation of protein 

interactions, subcellular localizations and cellular phenotypes. However, they fall short 

on addressing the relevance of the spatial control of cell signaling in physiological 

processes in vivo. To attempt to close this gap in our knowledge, at least two stages of 

work on genetic animal models will be useful. First, characterize the phenotype of an 

animal null for a small GTPase or a GEF. Second, characterize the phenotype of an 

animal with knocked-in alleles encoding mutated proteins with normal enzyme activity 

but defective localization. A similar strategy has been applied, for example, in a study 

investigating the requirement of Ras-PI3K (p110α) interaction in growth factor signaling 
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and Ras-driven tumorigenesis in vivo  (Der and Van Dyke, 2007; Gupta et al., 2007). 

However, in the field of signaling of small GTPases and their GEFs, such studies have 

not been carried out, and possible hurdles should be anticipated, e.g. the redundancy of 

similar small GTPases and GEFs that might easily compensate subtle phenotypes.  

Based on the current literature on mouse models with genetic depletion of small 

GTPases or GEFs, can we correlate the phenotypes to the known mechanisms of spatial 

control of these signaling molecules? For certain phenotypes and cellular processes, we 

can tentatively correlate protein localization to biological function when the subcellular 

location of a particular protein matches the location where the physiological process 

occurs. However, whether the molecular connections shown in vitro are actually 

happening in vivo will need further investigation. The following sections will focus on 

genetic mouse models lacking certain Rap GTPases or GEFs for Rap. These mouse 

models have defects in processes such as cell adhesion, angiogenesis and exocytosis, all 

of which clearly involve signaling events at the PM. Thus they serve as general examples 

in vivo for Rap signaling at the PM, although it remains unknown how the theory of 

microdomains and the activation of Rap at other subcellular locations fit into the 

physiology of a whole animal.  

1.8.2 Cell adhesion 

Several lines of evidences support a physiological role of Rap1A and Rap1B in cell 

adhesion. In one study, the primary hematopoietic cells from spleen or thymus of Rap1A-

/- mice exhibit diminished adhesion on ICAM and fibronectin. The phenotype is relatively 

mild and the authors attributed it to the functional complementation by Rap1B 

(Duchniewicz et al., 2006).  However, in another study from Quilliam’s group, 
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backcrossing into C57BL/6J mice led to death of some Rap1A-/- embryos (Li et al., 2007). 

The authors further showed decreased adhesion and increased haptotaxis in the isolated 

Rap1A-/- macrophages.  Rap1B is the dominant isoform in B cells, and in one study, B 

cells from Rap1B-/- mice displayed reduced adhesion to stromal cell line, while their 

proliferation and BCR-mediated activation of ERK1/2, p38 MAPKs and AKT are intact 

(Chu et al., 2008). Rap1B is also abundant in platelets and can be rapidly activated upon 

stimulation. Accordingly, in another study, Rap1B-/- mice exhibit a prolonged bleeding 

time due to decreased activation of integrin αIIbβIII and defective aggregation of 

platelets (Chrzanowska-Wodnicka et al., 2005). Mice null for Rap2a or Rap2B are not 

available and whether they affect cell adhesion in vivo is unclear. 

The genetic ablations of several GEFs for Rap also cause defective cell adhesion in 

mice. First, C3G null mice die before E7.5, and Cre-mediated ablation of C3G in MEFs 

causes impaired cell adhesion and accelerated migration, which can be complemented by 

Rap1 activation (Ohba et al., 2001). Second, PDZ-GEF2 as well as its upstream M-Ras 

are involved in TNFα-stimulated and Rap1-mediated integrin activation in splenocytes 

(Yoshikawa et al., 2007), and this exemplified a crucial role of the cascade from M-Ras to 

Rap1 via PDZ-GEF2 (see Figure 1.9) in adhesion in vivo. Third, CalDAG-GEFI is 

expressed preferentially in the brain and blood, and platelets from CalDAG-GEFI-/- mice 

are severely compromised in integrin-dependent aggregation (Crittenden et al., 2004).  

1.8.3 Angiogenesis 

Angiogenesis is a more complicated trait than cell adhesion, and it could involve multiple 

aspects of the endothelial cell functions including proliferation, adhesion and migration. 
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Rap1 and some of its GEFs have been shown to play important roles in this dynamic 

process.  

While Rap1B-/- mice have defective platelets as mentioned before (Chrzanowska-

Wodnicka et al., 2005), the authors also reported 85% embryonic and perinatal lethality 

of the Rap1B-null mice. Moreover, at least 40% of the Rap1B-/- embryos had abdominal, 

cranial and hepatic bleedings and died in utero between E13.5 and E18.5. This indicates 

that at least during certain stage of embryonic development, Rap1B has critical and non-

redundant roles. The finding also raises the question of whether the bleeding in the 

embryo could be explained by defective platelets at all. A new study from the same group 

demonstrated that Rap1B-/- mice are actually defective in angiogenesis (Chrzanowska-

Wodnicka et al., 2008). The authors attributed the phenotype to impaired signaling 

downstream of VEGF and bFGF in the Rap1B null mice, as the activation of p38 and 

ERKs are reduced and the endothelial cells show decreased proliferation and migration. 

Similarly, angiogenesis and neovascularization are also impaired in Rap1A-/- mice, and 

the activation of p38 and ERKs in response to FGF2 is reduced as well (Carmona et al., 

2009; Yan et al., 2008). It is likely that Rap1A and Rap1B cooperate in the regulation of 

angiogenesis and endothelial cell functions, and it would be of great value to test whether 

double knockout of Rap1A and Rap1B will result in more severe phenotypes. 

Interestingly, genetic ablation of B-Raf, a common effector for Ras and Rap1, also leads 

to embryonic lethality in mice as a result of endothelial apoptosis and defective placenta 

(Galabova-Kovacs et al., 2006; Wojnowski et al., 1997). Perhaps the signals from both 

Rap1A and Rap1B impinge on B-Raf in the endothelial cells, thus the ablation of the 

latter compromise the vascular development to a greater extent than the ablation of either 
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Rap1A or Rap1B alone. Because effective Rap1-B-Raf signaling to ERKs occurs 

preferably at the PM (Wang et al., 2006), these in vivo data also suggest an important role 

for Rap1 signaling at the PM in angiogenesis.  

Disruption of several GEFs for Rap proteins also lead to defective vasculature in 

mice.  While a previous line of C3G-/- mice died before E7.5 (Ohba et al., 2001), another 

line of C3G-/- mice reported recently died around E11.5 (Voss et al., 2003). In this new 

study, the authors observed embryonic hemorrhage due to severe vascular defects. 

Different than the models surrounding the endothelial cell functions established with 

Rap1A or Rap1B null mice, the authors stated that the vascular defects in the C3G-/- mice 

is caused by abnormal vascular myogenesis and compromised vascular supporting cells. 

Thus, endothelial cells might not be the only target regulated by Rap signaling during 

angiogenesis. Mice null for another Rap exchanger, PDZ-GEFI, also exhibit defects in 

angiogenesis (Wei et al., 2007). PDZ-GEFI starts to express at E8.5 in wild-type mice 

and continues thereafter. The embryos of PDZ-GEFI-/- mice become grossly abnormal 

around the time of PDZ-GEFI expression and die by E9.5 with severe abnormality of 

yolk sac blood vessels. The embryos proper also show defects in the formation of major 

blood vessels  (Wei et al., 2007). These data together support non-redundant roles for 

C3G and PDZ-GEFI in angiogenesis during early embryonic development.  

1.8.4 Exocytosis 

The limited evidence for the involvement of Rap1 signaling in exocytosis in vivo mostly 

came from works on mice lacking the Rap GEF Epac2. cAMP can potentiate the high 

glucose (16.7mM) induced exocytosis of insulin granules over time, with a first phase of 

prompt, marked and transient increase and second phase of  moderate and sustained 
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increase. Knockout of Epac2 significantly diminishes the cAMP-dependent potentiation 

of the first phase of insulin release, but not the second phase (Shibasaki et al., 2007). The 

authors went on to show, using an insulin secreting cell line, that cAMP can activate 

Rap1 through Epac2 and knockdown of Rap1 reduces insulin secretion from these cells 

(Shibasaki et al., 2007). Whether the aforementioned Rap1A-/- or Rap1B-/- mice have 

defect in insulin secretion has not been examined, and if they do, the results would 

confirm the role of Epac2/Rap1 pathway in β cell function in vivo.  

It is worth noticing that the initial observation of compromised exocytosis of 

insulin granules in Epac2-/- β cells was made by total internal reflection fluorescence 

(TIRF) imaging using Venus (enhanced yellow fluorescent protein) tagged insulin. The 

actual phenotype in the whole animals turns out to be very subtle. The Epac2-/- mice are 

not apparently diabetic. When challenged with oral glucose, the levels of serum insulin 

and blood glucose are not significantly different between wild type and Epac2-/- mice 

(Zhang et al., 2009). It is unknown whether backcrossing can achieve a more clearcut 

phenotype. However, the authors stated that Epac2 serves as a direct target for 

antidiabetic sulfonylurea drugs, which increase serum insulin and lower blood glucose in 

wild type mice but not in Epac2-/- mice. Although the authors did not rule out the 

possibility that sulfonylurea drugs activate Epac2 indirectly via elevation of endogenous 

cAMP, the study did shed light on the regulatory role of Epac2 in insulin secretion in vivo.  

Epac2 is also abundantly expressed in the brain (Kawasaki et al., 1998a), so it is 

possible that Epac2/Rap1 signaling could analogously regulate the exocytosis of 

neurotransmitter granules from neuronal axons. Given the role of Epac2 in neurite out 
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growth (Liu et al., 2008) and synapse remodeling (Woolfrey et al., 2009),  it would be of 

great importance to examine the brain development and function in the Epac2-/- mice.  

1.9 CONCLUDING REMARKS AND RELEVANCE OF THIS DISERTATION 

In summary, this chapter reviewed how small GTPases of the Ras superfamily are 

activated, and how these events are spatially organized and become interconnected. The 

proper localization of small GTPases and their GEFs not only enhances the efficiency of 

the exchange activities, but also serves as an important mechanism to modulate the 

specificity of signaling pathways. 

The data presented in the following two chapters will provide additional examples 

for many of the regulatory mechanisms discussed in this Chapter. First, all three small 

GTPases related to my work, including Rap1, Ras and Ran, are compartmentalized in the 

cell through lipid modifications of Rap1 and Ras, and through interaction with a 

scaffolding protein in the case of Ran. Secondly, the coupling of Ras to Rap1 via Epac2 

at the plasma membrane and the coupling of Ran to Rap1 via Epac1 at the nuclear 

envelope illustrate how GEFs can link different small GTPases into local cascades 

through protein interactions. Thirdly, the Ras-Epac2 interaction and Ran-Epac1 

interaction at two locations also allow spatial control of distinct pools of Rap1 

downstream of the same second messenger, cAMP. Fourth, the catalytic domains of Epac 

proteins responsible for the exchange reaction and their RA domains responsible for their 

localizations function independently of each other. However, the proper localizations of 

Epac proteins are required for the exchange reactions to occur efficiently in vivo because 

the Epac proteins need to be co-compartmentalized with their substrates, Rap1.  
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Before moving on to the experimental data, it would also be important to explain 

how the thesis projects were initiated and why they are important. The concept of the 

spatial regulation of different pools of Rap1 in the cell was first introduced in a 

publication by our lab in 2006 (Wang et al., 2006). This study established that Epac1, 

which exhibits a perinuclear distribution, activates a pool of Rap1 that is not couple to the 

activation of extracellular signal-regulated kinases (ERKs). However, when targeted to 

the plasma membrane through an engineered CAAX motif, Epac1-CAAX can activate a 

pool of Rap1 that is coupled to the activation of EKRs. In the same year, Epac2 was 

reported to have a RA domain and can be recruited to the PM by Ras (Li et al., 2006), but 

the role of Ras in Epac2 dependent Rap1 activation and the downstream effect were not 

clear. Since Epac2 can be targeted to the PM via Ras binding, my thesis project initially 

set out to test the hypothesis that Epac2 is a Ras effector and can activate the PM pool of 

Rap1 that is coupled to ERK activation. This hypothesis turns out to be correct and in 

addition we discovered that Ras and cAMP regulate Epac2 in parallel and both signals 

are required for efficient Rap1 activation via Epac2. Another gap in our knowledge at the 

same time was the lack of understanding about the detailed mechanism for the 

perinulcear localization of Epac1. A clear biochemical basis for this localization would 

not only confirm the microscopic observation, but also shed light on the signaling 

property of Epac1. Therefore, my thesis project also focused on the molecular basis for 

Epac1 localization. Using unbiased proteomic survey, I discovered that Epac1 is in 

association with components of the nuclear pore complex. Furthermore, a direct 

interaction between Epac1 and Ran was revealed, which turns out to be essential for the 

localization of and Rap1 activation by Epac1. 
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The direct impact of my work is the clarification, at the molecular level, of the 

differential regulations of Rap1 by Epac1 and Epac2 at two different locations within the 

cell. These findings provided direct support for the emerging theory of spatial regulation 

of different pools of Rap1 within the cell downstream of the same second messenger 

cAMP. The initial characterization of the Ras-Epac2 complex and the Ran-Epac1-

RanBP2 complex, including their biochemical properties and roles in Rap1 activation, 

make important steps towards a better understanding the functional aspects of the 

signaling events related to these complexes in the future. Although my thesis links the 

Epac2-Rap1 signaling at the PM to ERK activation and neurite growth, the direct 

physiological significance of Epac1-Rap1 signaling at the NE is still lacking at this point. 

There is also a gap between the new knowledge about the abovementioned molecular 

complexes and their eventual physiological roles in whole organisms. For Epac2, further 

examination of the neurobehavioral changes of the Epac2-/- mice is likely to resolve the 

ultimate question of whether the Epac2-Rap1 pathway plays a critical role in neuronal 

differentiation and function. For Epac1, we need to reconcile its perinuclear localization 

to the role of Epac1 in cell adhesion established previously. Moreover, given the 

connection of Epac1 with the NPC, it would be important to investigate how the Epac1 

dependent Rap1 activation on the NE regulates nucleus-related processes such as nuclear 

transport and the assembly and remodeling of the NE itself, which would be of vast 

significance to the normal cell physiology.  
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Figure 1.1 Phylogenetic tree of representative members from the Ras superfamily.  

Sixty one reference sequences of representative members of the Ras superfamily in 

human were aligned using CLUSTALW at http://workbench.sdsc.edu. Major multiple 

alignment parameters: Weight matrix: Gonnet series, Gap open penalty: 10 (0-100), Gap 

extension penalty: 0.2. The result of the alignment is displayed in the form of a rooted 

phylogenetic tree to show the clustering of these small GTPases into five distinctive 

families. The members of the Ras, Rho, Arf, Ran and Rab families are shown in red, 

purple, blue, orange and green respectively.  
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Figure 1.1 
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Figure 1.2 Structure of small GTPases of the Ras superfamily and GTP/GDP 

cycling of small GTPases.  

(A) Structure of H-Ras-GTP. The surface contour of GppNHp, a non-hydrolysable GTP 

analogue, is in gray, H-Ras in red. Switch I region (corresponding to amino acids 32-38) 

and swith II region (corresponding to amino acids 59-67) are also indicated. a.a. amino 

acid.  

(B) Superimposition of the structures of representative members of the Ras, Rho, Arf, 

Ran and Rab family. GTP-loaded Ras, Rac2, Arf6, Ran and Rab are shown in red, yellow, 

blue, green and pink, respectively. The orientation of Ras (red) was kept the same as in A. 

The guanine nucleotides are omitted.  

(C) Schematic of GTP/GDP cycling of small GTPases. GTP bound small GTPase (active 

form) and GDP bound small GTPase (inactive form) are cycling under the catalysis of 

guanine nucleotide exchange factor (GEF) and GTPase activating protein (GAP). When 

in the active form, a small GTPase can interact with its effectors and carry out its function.  
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Figure 1.2 
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Figure 1.3 Comparison of the Ras-Sos complex and Rap1-Epac2 complex.  

(A) Ras in complex with the catalytic domain of Sos (PDB code: 1BKD). Ras is colored 

in red, catalytic domain of Sos in gray. The hairpin structure within the CDC25-HD of 

Sos is highlighted in black. HP, hairpin. REM, Ras exchange motif. CDC25-HD, CDC25-

homology domain. Switch I and II regions are also labeled in the shown structures.  

(B) Rap1 in complex with the catalytic region of Epac2, based on the structure encoded 

as 3CF6. Rap1 is colored in blue, the catalytic region of Epac2 in green. The hairpin 

structure within the CDC25-HD of Epac2 is highlighted in dark green. 

(C) Comparison of the conformations of Ras on and off the catalytic site of Sos. Ras 

bound to Sos (the intermediate state) is colored in red, with the same orientation as 

presented in (A). Ras off Sos and in its GTP-loaded conformation is in purple. A dramatic 

shift of the Switch I region (arrow) can be observed accompanied by other minor changes.  
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Figure 1.3 
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Figure 1.4 Properties of the C-terminal ends of representative members from the 

Ras superfamily. 

The last 25 amino acids of the C-termini of 61 representative members of the Ras 

superfamily were characterized in the following categories. (1) Lipid groups attached to 

the CAAX box, including geranylgeranyl (indicated as filled squares in lime), farnesyl 

(filled blocks in light orange) and myristate (filled squares in light blue). (2) Net charge 

as the sum of the positive and negative charges of the residues among the 25 amino acids 

counted for each small GTPase. The net charges form a continuous spectrum and are 

indicated as filled squares colored according to the spectrum scale bar at the lower right 

corner. The exact numbers of net charges are shown within the squares. (3) Reversible 

post-translational modifications including palmitoylation (squares labeled with “P”) and 

phosphorylation mediated by protein kinase A (PKA) (squares labeled with “A”) and 

protein kinase C (PKC) (squares labeled with “C”).  Most of the palmitoylation sites have 

been confirmed. The PKA/PKC sites are predicted based on their consensus motifs, and 

the filled squares indicate sites that have been confirmed in the literature or by our own 

unpublished data. The members of the Ras, Rho, Arf, Ran and Rab families are shown in 

red, purple, blue, orange and green respectively.  
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Figure 1.4 
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Figure 1.5 Comparison of a cascade of kinases and a cascade of small GTPases.  

(A) Schematic of a cascade formed by kinase 1, 2 and 3. Kinase 2 is the substrate of 

kinase 1, and kinase 3 is the substrate of kinase 2. When kinase 1 is activated by an 

upstream signal, the signal could propagate down through the cascade of kinases to 

generate amplified and specific outcomes. For simplicity, additional mechanisms that 

facilitate the signal transduction are not shown, for example, scaffolding proteins that 

bring together these kinases spatially. Phosphotases can potentially weaken the signaling 

at each kinase within the cascade as shown. Activated kinases are shown in pink attached 

to phosphate groups (filled circles with “P”).  

(B) Schematic of a cascade formed by small GTPase A, B and C. The guanine nucleotide 

exchange factor (GEF) for small GTPase B is the effector of small GTPase A, and the 

GEF for small GTPase C is the effector of small GTPase B. When small GTPase A is 

activated by an upstream signal, the signal could propagate down through the cascade of 

small GTPases to generate amplified and specific outcomes. Being the effector of the 

upstream small GTPase, the GEF for the downstream small GTPase could be properly 

compartmentalized with its cognate small GTPase or be activated allosterically. For 

simplicity, additional mechanisms that facilitate the signal transduction are not shown. 

GTPase activating proteins (GAPs) can potentially weaken the signaling at each small 

GTPase within the cascade as shown. Activated small GTPases are shown in green 

loaded with GTP.  
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Figure 1.5 

 

 



 65

Figure 1.6 Bioinformatic search for GEFs capable of Ras/Rap binding.  

(A) Human proteins related to the Ubiquitin homologs (yellow), RasGEF (green), 

RhoGEF (purple), Vps9 (blue) and Sec7 (pink) superfamilies were identified using 

Reverse Position-Specific BLAST (RPS-BLAST). The numbers of proteins within each 

superfamily and at the overlaps are shown in round brackets. The numbers of protein 

isoforms are shown in square brackets. Asterisk indicates the reference sequence number 

of a predicted protein similar to RAPGEF2, partial.  

(B) Nomenclatures of human proteins/genes identified in the above bioinformatic search. 

The official symbol, full name, Gene ID and other names for each protein identified are 

shown.  
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Figure 1.6 

A 
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Figure 1.6 (continued) 

B 

Official symbol Official full name GeneID Also known as 

RGL1 Ral guanine nucleotide 
dissociation stimulator-like 1 

23179 RGL; KIAA0959 

RGL2 Ral guanine nucleotide 
dissociation stimulator-like 2 

5863 KE1.5; RAB2L; HKE1.5 

RGL3 Ral guanine nucleotide 
dissociation stimulator-like 3 

57139 FLJ00153; FLJ32585; FLJ44275; MGC126805; 
MGC138163 

RALGDS Ral guanine nucleotide 
dissociation stimulator 

5900 RGF; RGDS; RalGEF; FLJ20922 

PLCE1 Phospholipase C, epsilon 1 51196 PLCE; PPLC; NPHS3; FLJ23659; KIAA1516; 
MGC167842 

RAPGEF2 Rap guanine nucleotide exchange 
factor (GEF) 2 

9693 RA-GEF; NRAPGEP; PDZGEF1; Rap-GEP; 
CNrasGEF; PDZ-GEF1 

RAPGEF4 Rap guanine nucleotide exchange 
factor (GEF) 4 

11069 CGEF2; EPAC2; Nbla00496; CAMP-GEFII 

RAPGEF6 Rap guanine nucleotide exchange 
factor (GEF) 6 

51735 RAGEF2; PDZGEF2; KIA001LB; PDZ-GEF2; RA-
GEF-2; DKFZp667N084; DKFZp686I15116 

RIN1 Ras and Rab interactor 1 9610 n/a 

RIN2 Ras and Rab interactor 2 54453 MACS; RASSF4 

RIN3 Ras and Rab interactor 3 79890 FLJ11700; FLJ22439; DKFZp762H1613 

TIAM1 T-cell lymphoma invasion and 
metastasis 1 

7074 FLJ36302 

TIAM2 T-cell lymphoma invasion and 
metastasis 2 

26230 STEF; FLJ41865 

 
 



 68

Figure 1.7 Domain structures of representative guanine nucleotide exchange 

factors (GEFs) that mediate signaling cascades within the Ras family. 

(A-G) Graphical summary of the conserved domains of the GEFs as indicated (graphics 

are directly derived from the NCBI Conserved Domains Database). See text for details. 

(H) Nomenclature of RAPGEF5 illustrated in (G). The official symbol, full name, Gene 

ID and other names are shown.  
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Figure 1.7 
 

A. RAPGEF2  

 
 

B. RAPGEF6, isoform 1 

 

 

C. PLCE1, isoform 1 

 

 

D. RAPGEF4 (Epac2), isoform a 

 

 

E. RALGDS, isoform 1 

 
 

F. RGL1 

 
 

G. RAPGEF5  

 

 

H.  
Official symbol Official full name GeneID Also known as 

RAPGEF5 Rap guanine nucleotide exchange 
factor (GEF) 5 

9771 GFR; REPAC; MR-GEF; KIAA0277 
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Figure 1.8 Domain structures of major GEFs that mediate signaling cascades 

from the Ras family to the Rho or Rab family. 

(A-F) Graphical summary of the conserved domains of the GEFs as indicated (graphics 

are directly derived from the NCBI Conserved Domains Database). See text for details. 

(G) Nomenclature of Vav2 illustrated in (F). The official symbol, full name, Gene ID and 

other names are shown.  
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Figure 1.8 
A. TIAM1 

 
 

B. TIAM2, isoform a 

 
 

C. RIN1 

 
 

D. RIN2 

 
 

E. RIN3 

 
 

F. VAV2, isoform 1 

 
 

G.  
Official symbol Official full name GeneID Also known as 

VAV2 Vav 2 guanine nucleotide 
exchange factor 

7410 n/a 
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Figure 1.9 Network of small GTPases of the Ras superfamily.  

Cascades of small GTPases of the Ras superfamily reviewed in Chapter 1 can be 

organized into a network as shown. Different Ras genes, including N-Ras, K-Ras, H-Ras 

and M-Ras can be coupled to Rap1 (and/or Rap2, not shown) through PLCε, Epac2 or 

PDZ-GEF2. Additional signals required for full activation of these GEFs, e.g. cAMP for 

Epac2, are not shown. The signals flow unidirectionally, always from Ras to Rap1. Ran 

plays an important role in Epac1 dependent Rap1 activation at the nuclear envelope. Ras 

can activate Ral via RalGDS and RGL. Rap1 has strong affinity towards these GEFs for 

Ral, but its role in Ral activation has not been clarified (indicated as dotted line). Both 

Ras and Rap1 can activate Rac of the Rho family via GEFs such as Tiam1, Tiam2 and 

Vav2. Ras is also coupled to Rab5 activation via Rin1. Self-amplifications of Ras-GTP 

and Rap1-GTP are mediated by Sos and PDZ-GEF1 respectively.  
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Figure 1.9 
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Figure 1.10 Domain structures of additional GEFs for Rap proteins discussed in 

section 1.7. 

(A-D) Graphical summary of the conserved domains of the GEFs discussed in section 1.7 

as indicated (graphics are directly derived from the NCBI Conserved Domains Database). 

See text for details. 

(E) Nomenclatures of GEFs illustrated in (A and B). The official symbol, full name, Gene 

ID and other names for each protein identified are shown.  
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Figure 1.10 

 

A. RAPGEF1 (C3G), isoform a 

 
 

B. RAPGEF3 (Epac1), isoform a 

 

 

C. RASGRP2 (CalDAG-GEFI) 

 
 

D. RASGRP3 (CalDAG-GEFIII), isoform 1 

 
 

E.  
Official symbol Official full name GeneID Also known as 

RAPGEF1 Rap guanine nucleotide exchange 
factor (GEF) 1 

2889 C3G; GRF2; DKFZp781P1719 

RAPGEF3 Rap guanine nucleotide exchange 
factor (GEF) 1 

10411 EPAC; EPAC1; bcm910; HSU79275; MGC21410; 
CAMP-GEFI 

RASGRP2 Ras guanyl releasing protein 2 
(calcium and DAG regulated) 

 10235 CDC25L; CALDAG-GEFI 

RASGRP3 Ras guanyl releasing protein 3 
(calcium and DAG regulated) 

25780 GRP3; KIAA0846 
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2.1 ABSTRACT 

Exchange proteins activated by cAMP 2 (Epac2) is a guanine nucleotide exchange factor 

(GEF) for Rap1, 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 Rap1 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 (MAP) kinases and contributes to neurite outgrowth. Taken 

together, 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 Rap1 in a 

temporally and spatially controlled manner. 
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2.2 INTRODUCTION 

Rap1 is a small GTPase involved in the regulation of multiple cellular functions such as 

adhesion, differentiation and exocytosis. Like all small G proteins, Rap1 cycles between a 

GTP-loaded active state and a GDP-loaded inactive state, which is mediated via the 

opposing actions of G protein activation proteins (GAPs) 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 (Epac1 and Epac2) are unique Rap1 GEFs 

that link cAMP elevation to Rap1 activation (de Rooij et al., 1998). 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 Epac1 and Epac2 

contain a catalytic region and a regulatory region. The catalytic region consists of a 

CDC25 homology domain that catalyzes Rap1 activation, a REM domain, 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 (dishevelled, Egl-10 and pleckstrin 

homology) domain. Under resting conditions, Epac proteins 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 Rap1 

(Rehmann et al., 2008; Rehmann et al., 2006; Rehmann et al., 2003a; Rehmann et al., 

2003b). Previous studies have been largely focused on the mechanism of cAMP 

regulation of Epacs. Whether other molecular interactions play a role in Epac regulation 

is unknown. 
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A number of features of Epac2 distinguish it from Epac1, which suggest distinctive 

regulatory mechanisms for Epac2. While Epac1 is expressed ubiquitously, Epac2 is 

highly enriched in neuronal tissues (Kawasaki et al., 1998a). Moreover, Epac1 is 

localized to the perinuclear mitochondria through a specific N-terminal sequence (Qiao et 

al., 2002), or interaction with specific AKAPs (Dodge-Kafka et al., 2005), while Epac2 is 

largely cytosolic. Importantly, although both proteins contain potential RA domains, only 

Epac2 interacts with Ras-GTP (Li et al., 2006). In these studies, Quilliam and colleagues 

have demonstrated the ability of Ras-GTP to recruit Epac2 to the plasma membrane (Li et 

al., 2006). However, the necessity of the RA domain for the Epac2-mediated Rap1 

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 emanating from Ras 

and cAMP. 

Several models could explain the mechanism for the regulation 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 interaction with the RA domain.  This model is 

analogous to the model of allosteric activation of Sos by Ras-GTP (Margarit et al., 2003). 

A third model considers the compartmentalization of Epac2. As both Ras and Rap1 are 

lipid modified at their carboxy-termini and tethered to the lipid membrane, the interaction 

between Ras and Epac2 may greatly increase the Epac2 concentration at the membrane, 

therefore accelerating the rate of Rap1 activation. We examined each of the three models 

and demonstrate here that Ras regulates Epac2 function independently of cAMP, and that 
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enrichment of Epac2 on the membrane through Ras binding is crucial for Epac2-mediated 

Rap1 activation. 

It is possible that this Ras-dependent mode of activation could favor the activation 

of selective targets of Rap1. As we have shown recently, relocation of Epac1 from the 

perinuclear region to the plasma membrane allows Rap1 activation to be coupled to the 

phosphorylation of extracellular signal-regulated kinases (ERKs) (Wang et al., 2006). 

While this relocation of Epac1 was artificially achieved, we hypothesized that the Ras-

dependent membrane recruitment of Epac2 could also activate Rap1 on Ras-containing 

membranes to trigger ERK activation. Our results show that Epac2 potentiates ERK 

activation induced by Ras activation and cAMP elevation and this pathway contributes to 

neurite outgrowth in PC12 cells as a model of sympathetic neurons. 
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2.3 MATERALS AND METHODS 

Reagents.  

The following antibodies were used for western blot or immunoprecipitation. Anti-Rap1 

A/B and unconjugated and agarose-coupled anti-flag (M2) 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 GFP anti-serum (rabbit) 

were from Abcam (Cambridge, MA). Anti-Ras (RAS10) was from Upstate Biotechnology. 

Anti-HA was from Covance (Princeton, NJ). Anti-ERK2, anti-H-Ras and anti-GST were 

from Santa Cruz biotechnology Inc. (Santa Cruz, CA). Secondary antibodies against 

mouse and rabbit IgGs were from GE healthcare. Forskolin, 3-isobutyl-1-methylxanthine 

(IBMX), 8-Br-cAMP and H89 were from Calbiochem (Riverside, CA). Epidermal 

growth factor (EGF), Isoproterenol (ISO), GTP, GTPγS, Glutathione peptide and 

Glutathione-Agarose bead were from Sigma-Aldrich (St. Louis, MO). Nerve growth 

factor (NGF) was from Axxora (San Diego, CA). 3’-(N-Methyl-anthraniloyl)-2’-deoxy-

guanosine-5’-diphosphate, Triethylammonium salt (Mant-dGDP) was from Jena 

Bioscience (Jena, Germany).  

Plasmids.  

Mouse Epac2 was subcloned downstream of GFP in pEGFP-C1 vector (Clontech, 

Mountain View, CA) between PstI site and blunted NotI/SmaI fusion site, or downstream 

of flag in pcDNA3 vector (Invitrogen) between EcoRI and NotI. The K684E and R667E 

mutations were introduced into flag-Epac2 with QuickChange site-directed mutagenesis 

kit from Stratagene (La Jolla, CA) according to the manufacturer’s instructions. Epac2-

684E was also subcloned downstream of GFP. GFP-Epac2∆430 and GFP-Epac2∆430-
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684E were generated by deletion of the sequences corresponding to the 430 amino acids 

at the amino-terminus from the parent plasmids using available EcoRI and SalI sites, 

filling in with T4 polymerase and self-ligation. Human H-RasV12 and H-RasN17 were 

subcloned into mCherry-C1 vector (Clontech) using available EcoRI and ApaI 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 to the mCherry-C1 

vector using available EcoRI and XbaI sites. Flag-Epac2-CAAX and flag-Epac2-684E-

CAAX mutants were created by inserting annealed double-strand 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 of Dafna Bar-Sagi, NYU School of Medicine. HA-Epac2 was a gift of Lawrence 

Quilliam, Indiana University. Epac1 was a gift of Johannes Bos, Utrecht University. 

Cell culture conditions and treatments. 

COS and HEK293 cells were cultured in DMEM plus 10% fetal calf serum, penicillin-

streptomycin and L-glutamine at 37°C and 5% CO2. PC12 cells were kindly provided by 

Pat Casey (Duke University) and cultured in DMEM with 10% horse serum and 5% fetal 

calf serum plus penicillin, streptomycin and L-glutamine at 37°C and 5% CO2. To 

generate stable cell populations, HEK293 cells were transfected with GFP-Epac2 and 

selected using 0.5 mg/ml G418 (Invitrogen, Carlsbad, CA) for 4 weeks. Cells were 

starved in serum-free medium for 16hr prior to treatments. Cells were treated with 5 µM 

Forskolin and 50 µM IBMX for 15 min unless otherwise indicated. H89 was used at 10 

µM and was added 15 min prior to Forskolin treatment. EGF and NGF were used at 10 
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ng/ml and 50 ng/ml, respectively, unless otherwise indicated. 8-Br-cAMP was used at 

100 µM for times indicated. Transient transfections were performed using Lipofectamine 

2000 according to the manufacturer’s instructions. The control vectors, pcDNA3, 

pEGFP-C1 or mCherry-C1 was included in each set of transfections to assure that each 

plate received the same amount of transfected DNA. 

RNA interference. 

The RNA interference targets 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 the 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 Rap1A efficiently eliminate rat Rap1A, the major isoforms of 

Rap1 in PC12 cells (Hisata et al., 2007). The Epac2, Rap1A, and scrambled pairs of 

oligonucleotides were synthesized by Integrated DNA technologies Inc. (Coralville, IA), 

annealed and cloned into the pTER vector (van de Wetering et al., 2003) using available 

BglII and HindIII sites. The sequences of the oligonucleotides used for Epac2, Rap1A and 

scrambled shRNA were as follow. Epac2: 5’-

ATTATTAGATCTGGATCCGTGAATGTAGTCATTCAAGAGATGACTACATTCACG

GATCCTTTTTGGAAAAAGCTTATTATT-3’; Rap1A: 5’- 

ATTATTAGATCTCAGAATTTAGCAAGACAGTGGTGTTCAAGAGACACCACTGT

CTTGCTAAATTCTGTTTTTGGAAAAAGCTTATTATT-3’; Scrambled: 5’-

AATAATAAGCTTTTTCCAAAAAGCGCGCTTTGTAGGATTCGTCTCTTGAACGAA

TCCTACAAAGCGCGCAGATCTAATAAT-3’.   
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Western blotting, immunoprecipitation and GST pulldown.  

Western blotting and immunoprecipitation were performed as described previously 

(Wang et al., 2006). For GST pull down, 10 µg GST-RasV12 loaded with GTPγS and 20 

µl of 25% agarose beads were incubated with amounts of cell lysates indicated at 4°C for 

3 hr followed by three washes. The proteins were eluted from the beads via 2x Laemmli 

buffer and applied to 7.5-12% SDS-PAGE gels. 

Rap1 activation assay.  

Active GTP-bound Rap1 was assayed using GST tagged RBD of RalGDS (gift of J.L. 

Bos, Utrecht University, Utrecht, Netherlands) in an in vitro pull down assay as 

previously described (Franke et al., 1997). Active GTP-bound Ras was assayed using a 

Ras activation assay kit (Upstate Biotechnology) as per the manufacturer’s instructions. 

RT-PCR.  

Total RNAs were extracted from PC12 cells, treated as indicated or left untreated, using 

TRIzol® from Invitrogen as per manufacturer’s instruction. Equal amounts of total RNA 

were used for first-strand cDNA synthesis with oligo-dT and Superscript II reverse 

transcriptase (Invitrogen), and the cDNA obtained was used as a template for PCR. The 

Epac2 primers: Sense: 5’-CATTACCACGCACAGCCTTC-3’, Antisense: 5’-

TTGTACTCCTTGCAGTGAGC-3’ generated an 881bp fragment corresponding to 1620-

2500 of the Epac2 cDNA. Protein gene product 9.5/ubiquitin carboxyl-terminal hydrolase 

(PGP9.5) was used as an internal control (Li et al., 2003). The PGP primers (gift of B. 

Habecker, Oregon Health & Science University, Portland, OR, USA): Sense: 5’-

TAATGTGGACGGCCACCTCT-3’, Antisense: 5’-GCTCGCGCTCAGTGAATTCT-3’ 
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generated a 109bp fragment corresponding to 531-639 of the PGP9.5 cDNA. 

Amplification of Epac2 cDNA was analyzed at 28 and 30 cycles, both of which yielded 

similar results. 

Cell fractionation.  

Cell fractionation was performed as previously described (Wang et al., 2006). Briefly, 

cells were scraped in ice-cold hypotonic buffer (10 mM KCl, 1.5 mM MgCl2, 1 mM Na-

EDTA, 1 mM DTT, 1 µM leupeptin, 10 µg/ml soybean trypsin inhibitor, 0.1 µM 

aprotinin, 1 mM sodium orthovanadate, 1 mM β-glycerophosphate and 10 mM Tris-HCl, 

pH 7.4). Cells were homogenized with 50 strokes in a Dounce-type homogenizer. Lysates 

were then spun at 800g 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 20,000g for 30 

min at 4°C to pellet the membrane fraction (M), which was washed twice in the above 

hypotonic buffer and then resuspended in 50 µl lysis buffer. The remaining supernatant 

(400µl) represented the cytosolic fraction (C).  40% (20µl) and 5% (20µl) of the total 

volumes of the M and C fractions were supplemented with 6x Laemmli buffer and loaded 

on the gel for western blot, and from the percentages of the total input and densities of the 

western blot bands, the percentage of membrane recruitment could be estimated. 

Presence of endogenous Ras and β-actin was also examined as markers for membrane 

and cytosol respectively.  

Protein expression and purification.  

Human H-RasV12 (referred to as RasV12) and bovine Rap1B (referred to as Rap1) were 

subcloned into pGEX-4T3 vector downstream of the GST tag between EcoRI and fused 

XbaI/SmaI sites. The construct was transformed into the bacterial strain BL21 (DE3) 
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from Invitrogen and kept as a glycerol stock. 100ml of standard LB medium was 

inoculated and grown overnight at 37°C as a pre-culture, which was used to inoculate 2L 

medium and rocked at 37°C until reaching an OD600 of 0.8. Protein expression was 

induced by IPTG to a final concentration of 100 µM, and the culture was grown at 37°C 

for 10 hr with 200 rpm. The cells were harvested and frozen at -80°C overnight. The 

pellets were then resuspended in ice-cold PBS supplemented with 5 mM DTT, 5 mM 

EDTA and protease inhibitors, and lysed with French press at 15,000psi for 3 cycles. The 

debris was removed from the lysates by centrifuge and the supernatants were incubated 

with 2 ml of 50% glutathione-agarose for 3 hr at 4°C. The beads were washed for three 

times with 10 ml PBS. For GST-Rap1, the fusion protein was eluted with 10 mM 

glutathione (50 mM Tris-HCl, pH 8) followed by dialysis to remove glutathione. For 

RasV12, the GST tag was cleaved by incubation with thrombin (Sigma-Aldrich) followed 

by elution. Epac2∆430 and Epac2∆430-684E were subcloned into pGEX-4T3 vector (GE 

healthcare) downstream of the GST tag using available EcoRI and NotI sites. The 

transfection and expression process was similar to RasV12 except that the cells were 

induced and rocked at 25°C for 15 hr. The purification was similar to what was described 

previously for Epac1 (Rehmann, 2006), except that the cells were lysed with French press 

instead of sonication. The concentrations of the purified proteins were determined by 

both BCA assay (Bio-Rad protein assay reagent) and absorbance at 280nm (A280), 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 (Guo et al., 2005). RasV12 and GST-Rap1 were loaded with GTPγS 



 87

and mant-dGDP, respectively in loading buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 

5 mM EDTA, 5 mM DTT, 5% glycerol) with 10 times molar excess of the respective 

nucleotides, and the free nucleotides were removed by gel filtration using NAP-5 column 

(GE Healthcare) equilibrated in exchange buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 

5 mM MgCl2, 5 mM DTT, and 5% glycerol). The exchange assays were performed 

similarly as described previously (Freedman et al., 2006; Margarit et al., 2003; Rehmann, 

2006). Briefly, dissociation rates were measured on a Photon Technologies (PTI) 

spectrophotometer with a DeltaRam excitation source. Fluorescence was excited at 360 

nm, and emission was monitored at 435 nm. In a quartz cuvette, 100 nM Rap1-mant-

dGDP was mixed with the exchange buffer supplemented with 100 µM GTP and 

incubated at 25°C in a final volume of 250 µl. When indicated, reactions were 

supplemented with 1 µM Epac2∆430 or Epac2∆430-684E, and/or 1 µM RasV12-GTPγS. 

Dissociation was measured for 1000s. The data were fitted to a single-exponential 

function (Y=A0+A1e-kt), 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 Ynormalized= (Yraw-A0)/(M-A0), where A0 represents the offset 

value from the exponential fit and M is the initial, maximum fluorescence.  

Fluorescence microscopy.  

COS cells were cultured in 12-well plate and transfected with the GFP- or mCherry-

tagged plasmids as indicated. The cells were imaged after 24 hr alive at room temperature. 

Wide field microscopy images were obtained with a Leica DMIRE2 inverted 

fluorescence microscope. The TIFF images were acquired with MagnaFIRE 2.1software 

and processed using Adobe Photoshop. Intensity profiling data is provided along the 
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indicated line across the cell using Scion Image (Scion Corp., Frederick, MD) and plotted 

using Prism 3 (GraphPad Software, La Jolla, CA). 

Neurite outgrowth assay.  

PC12 cells were grown on poly-D-lysine-coated plates (Sigma-Aldrich) and serum-

starved for 16 hr prior to treatment with EGF (50 ng/ml), or Forskolin (0.5 µM), and 

pretreatment with H89 (10 µM), which was added 15 min prior to Forskolin treatment. 

After 24 hr, the cells were examined microscopically for evidence of neurite 

outgrowth(Obara et al., 2004). Processes greater than two cell body lengths were scored 

as neurites. Representative photomicrographs are shown of more than 200 cells examined 

for each condition, in five independent experiments. For experiments utilizing 

transfection, a vector expressing GFP was cotransfected as a reporter for transfected cells 

and morphological assessment was restricted to GFP-positive cells. For pretreatment 

experiments using NGF, NGF (50ng/ml) was applied for 8 hr and washed out prior to 

subsequent treatment with EGF (50 ng/ml) and/or Forskolin (0.5µM) plus H89 (10µM). 

Data processing and statistics.  

The densities of the bands from western blot or RT-PCR were quantified using Scion 

Image (Scion Corp., Frederick, MD). The densities of the bands of interest were adjusted 

according to the input or loading controls. All the experiments were repeated at least 

three times and data from multiple data sets were normalized within the scale of 0-100% 

and analyzed using 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. 
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2.4 RESULTS 

2.4.1 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 Ras binding domain (RBD). Epac2, but not Epac1, was also reported to interact with 

Ras-GTP (Li et al., 2006). To estimate the strength of the Ras-Epac2 binding, the binding 

profiles of Epac2 and B-Raf toward Ras were compared in vitro. We expressed flag-

tagged Epac2, B-Raf and Epac1 in COS cells and performed GST pull down assays using 

increasing amounts of lysates in the presence of purified GST-RasV12 (a constitutively 

active Ras mutant) that was loaded with GTPγS. Epac1 interacted poorly with GST-

RasV12, whereas both Epac2 and B-Raf bound to RasV12 at much higher and 

comparable levels (Figure 2.1A). When transfected into mammalian cells, RasV12 

became stably GTP-loaded under basal conditions (data not shown) and associated with 

flag-Epac2 in the absence of extracellular stimuli (Figure 2.1B). 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 PI3 kinase (White 

et al., 1995). In contrast, 37G interacts poorly with C-Raf but interacts well with another 

Ras effector, RalGDS (McFall et al., 2001). As shown in Figure 2.1B, Epac2 associated 

with RasV12 at levels similar to that seen with RasV12-37G, whereas its interaction with 

RasV12-40C was almost completely lost (Figure 2.1B). Therefore, the Ras-Epac2 

interaction requires an intact effector loop, as shown by Quilliam and colleagues (Li et al., 

2006). 
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 cAMP is a well-studied regulator of Epac2, and was reported to be necessary for 

the interaction between Ras and Epac2 in cells (Li et al., 2006). 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 (Figure 2.1C & 

D), suggesting that the conformational change of 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 auto-

inhibited state, in which its RA domain is well exposed in the solvent and free of steric 

hindrance from its regulatory region (Rehmann et al., 2006). 

 To examine whether the Ras-Epac2 interaction could be induced by physiological 

stimuli, flag-Ras was expressed in Hek293 cell lines stably transfected with GFP-Epac2. 

Low levels of interaction between Epac2 and Ras were detected under basal condition, 

which was significantly enhanced upon EGF stimulation (Figure 2.1E). Next, we used 

epifluorescent microscopy to investigate the distribution of Epac2 in the presence of 

either RasV12 or RasN17, an inactive mutant 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 (Figure 2.1F). When cotransfected with mCherry-RasV12, GFP-Epac2 

colocalized with RasV12 at the plasma membrane. In contrast, when cotransfected with 

mCherry-RasN17, GFP-Epac2 remained largely in the cytosol (Figure 2.1F). In summary, 

Epac2 binds to the effector loop of Ras-GTP in a cAMP-independent manner, and this 

interaction recruits Epac2 to the plasma membrane. 
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2.4.2 Identification of Epac2 mutants with loss of Ras binding.  

The Epac2 RA domain is located between the REM domain and 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 domain appeared to be unstable when 

expressed in COS cells (data not shown). Therefore, to further our understanding of 

Epac2 and Ras interaction, we looked for specific point mutations 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 Epac1 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 Epac1 (see blue boxes 

in Figure 2.2A). 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 (Rehmann et al., 2006), as well as the structure of the complex of C-Raf-RBD and 

Rap1, which has served as a structural model for RBD and Ras interaction (Nassar et al., 

1995) (Figure 2.2B).  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 with that of R89 of C-Raf RBD. R89 of C-Raf has previously 

been identified as a critical residue for Ras interaction (Block et al., 1996; Fabian et al., 

1994) (Figure 2.2B). 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-Epac2 interaction. 
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 As predicted by the sequence alignment and structural modeling, mutation of 

K684 to glutamate (Epac2-684E) dramatically decreased the Epac2 and Ras binding as 

measured by GST pull down (Figure 2.2C), and the dissociation constant (Kd) increased 

from 189.8±9.6 nM to 2898±369.4 nM. The loss of the association of this mutant with 

Ras-GTP was also demonstrated by immunoprecipitation in cells cotransfected with 

RasV12 and either wild type Epac2 or Epac2-684E (Figure 2.2D). Mutant Epac2-667E 

was also included in this experiment, but the loss of Ras binding for this mutant was less 

pronounced than that for Epac2-684E. Because Ras-Epac2 interaction recruits Epac2 to 

the plasma membrane (Figure 2.1F), we asked if this effect was reduced when examining 

the RA domain mutant. We demonstrated that compared to wild type Epac2, the amount 

of the RA domain mutant within the membrane fraction in the presence of RasV12 was 

reduced (Figure 2.2E). 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. 

2.4.3 Effect of Ras binding on Rap1 activation via Epac2.  

In general, Ras effectors are selective Ras-GTP binding proteins whose functions are 

modified by that association (Repasky et al., 2004). To examine whether the interaction 

of Epac2 with Ras modulated Epac2 function, we examined Epac2-dependent activation 

of Rap1. Previous studies have suggested that RA domain is dispensable for Epac2 

function, and that Ras binding to Epac2 does not change its overall ability to activate 

Rap1 (Li et al., 2006). However, those studies examined transfected Rap1, which was 

basally activated by cotransfected Epac2 in the absence of cAMP. To avoid any potential 

pitfall of Rap1 overexpression, we focused on activation of endogenous Rap1 by Epac2. 
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To elevate intracellular cAMP levels, we used a combination of Forskolin (an adenylyl 

cyclase activator) and IBMX (a phosphodiesterase inhibitor). To eliminate cAMP-

dependent activation of PKA, we pretreated the cells with H89 (a PKA inhibitor). As 

shown in Figure 2.3A, this cocktail (referred throughout the text as F/H) modestly 

activated endogenous Rap1 following transfection of wild type Epac2 but not Epac2-

684E (Figure 2.3A). Similar results were seen with isoproterenol (Figure 2.3B). 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 Rap1 by Epac2 following cAMP 

elevation. However, 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 increased level of Ras-GTP can potentiate the Rap1 

activation by Epac2. Indeed, RasV12 dramatically augmented the Epac2-mediated Rap1 

activation triggered by cAMP, while Rap1 activation by Epac2-684E was slightly 

enhanced by RasV12, probably due to residual Ras binding of the mutant (Figure 2.3C). 

Furthermore, RasV12 boosted the cAMP-triggered Rap1 activation at all time points 

examined (Figure 2.3D). This enhancement was specific for Epac2 but not Epac1 (Figure 

2.3E). Son of Sevenless (Sos) is a well-studied Ras exchanger whose catalytic domain 

shows constitutive and specific activity toward Ras (Gureasko et al., 2008). When 

cotransfected into cells, the catalytic domain of Sos (Soscat) also dramatically enhanced 
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the ability of Epac2 to activate Rap1 (Figure 2.3F), demonstrating the ability of 

endogenous Ras-GTP to couple Epac2 to Rap1 activation. 

2.4.4 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 Rap1 to 

the catalytic site (Rehmann et al., 2008; Rehmann et al., 2006; Rehmann et al., 2003a). 

To understand the mechanism for the requirement of Ras-GTP in Epac2-mediated Rap1 

activation, we first tested whether Ras-Epac2 interaction facilitated this action of cAMP. 

Deletion of the regulatory region of Epac2, including both cNBDs and the DEP domain, 

produced a constitutively active truncation (Epac2∆430) whose function was no longer 

regulated by cAMP. Epac2∆430 activated Rap1 in a dose-dependent manner when 

expressed in COS cells. In contrast, the Epac2∆430 mutant containing the additional 

K684E mutation (Epac2∆430-684E) exhibited significantly reduced ability to activate 

Rap1 (Figure 2.4A). This suggests that an intact RA domain is still required for Rap1 

activation by the catalytic region even in the absence of intramolecular inhibition. 

Importantly, the Epac2∆430-mediated Rap1 activation could be further enhanced by 

RasV12, which was ineffective in enhancing Epac2∆430-684E activity (Figure 2.4B). 

Together, these results indicate 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 using purified proteins (Figure 2.4C). The 

rate of nucleotide release from Rap1 in the presence of Epac2∆430 (5±0.2x10-3s-1for 1 

µM exchange factor) is comparable to the rate in the presence of Epac2∆430-684E 
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(5±0.7x10-3s-1 for 1 µM exchange factor), and is significantly higher than the intrinsic 

rate of nucleotide release by isolated Rap1 (0.3x10-3s-1; Figure 2.4D). These data confirm 

that the Epac2-684E mutant is fully functional and the loss of Rap1 activation by this RA 

mutant in cell-based Rap1 activation assays cannot be explained by the loss of its 

intrinsic catalytic activity (see Figure 2.3A and 4A). In addition, in the presence of 

saturating concentrations of RasV12 preloaded with GTPγS, the rate of nucleotide release 

from Rap1 catalyzed by Epac2∆430 was not accelerated (Figure 2.4E). These results 

suggest that Ras does not enhance Epac2-mediated Rap1 activation in vitro, despite 

activating it within cells. 

 One possible explanation for these findings is that the compartmentalization of 

Ras and Rap1 is critical for the Ras-dependent Rap1 activation by Epac2 in intact cells. 

To test this hypothesis, we first performed structural modeling to visualize the Ras-

Epac2∆430-Rap1 ternary complex in the context of the plasma membrane. The ternary 

complex was assembled based on the crystal structures of Epac2 in complex with Rap1 

and a cAMP analog (Rehmann et al., 2008), and the complex of Rap1-C-Raf RBD (for 

detailed methods see section on Structural modeling, Supplemental information). From 

this model (Figure 2.5A) 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 Rap1 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-mediated membrane 

recruitment may play a crucial role in Rap1 activation by Epac2. We predict that tethering 
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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 (Figure 2.5B) and dramatically enhanced the ability of Epac2 to 

activate Rap1 (Figure 2.5C). Importantly, membrane targeting rescued the defect of 

Epac2-684E (Figure 2.5C), and occluded the enhancing effect of RasV12 on Epac2-

mediated Rap1 activation (Figure 2.5D). Next, we tested whether sequestration of Epac2 

in the cytosol could prevent it from activating Rap1. 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 shown). RasV12-SAAX dramatically 

reduced Epac2-mediated Rap1 activation in response to cAMP (Figure 2.5E), suggesting 

that RasV12-SAAX was acting as an interfering mutant. This finding further supports the 

role of endogenous Ras-GTP in Epac2 mediated activation of Rap1. We next validated 

the above membrane-recruitment model in vitro by incubating purified Epac2∆430 and 

membrane fractions from cells expressing RasV12 or control cells, and RasV12 

significantly enhanced the activation of endogenous Rap1 within the membrane fraction 

by Epac2∆430 (Figure 2.5F). 

 We propose that compartmentalization of Epac2 by Ras-GTP increases the 

concentration of Epac2 in the sub-membrane space, thus greatly enhancing the 

subsequent interaction between Epac2 and Rap1. This was demonstrated by using 

computational simulation (Figure 2.5G). In the absence of active recruitment of Epac2 to 

the membrane, the rate of Rap1 activation is very slow and solely dependent on the 

expression level of Epac2 (see section on Computational modeling, Supplemental 



 97

information, for details). However, active membrane recruitment by Ras binding 

provided an additional level of regulation, which could dramatically accelerate the 

reaction rate even in the presence of small increase of membrane recruitment (Figure 

2.5G). 

 In this model, membrane recruitment of Epac2 is influenced by two factors: the 

level of Ras activation and the affinity of Epac2 toward Ras-GTP. As demonstrated in 

Figure 2.5H, rate of Epac2-mediated Rap1 activation is predicted to be very sensitive to 

initial changes in Ras-GTP levels and reaches a plateau at higher Ras-GTP levels. This 

may explain the apparent dependence of Epac2 activation on interaction with low levels 

of Ras-GTP that may be present in cells stimulated with cAMP alone (see Figure 2.3A). 

The model also explains the decreased level of Rap1 activation by Epac2-684E by 

showing that it can be fully accounted for as a result of decreased Ras association (Figure 

2.5H). Taken together, Ras association converts Epac2 into an efficient, membrane-based 

Rap1 activator, and this recruitment is required for Epac2 function. 

2.4.5 Epac2-mediated Rap1 activation at the membrane is coupled to ERK 

activation and neurite outgrowth.  

We have recently shown that activation of Rap1 at the plasma membrane is coupled to 

ERK activation via B-Raf (Wang et al., 2006). Therefore, we tested whether recruitment 

of Epac2 to the plasma membrane by Ras could also couple Rap1 to ERK activation in B-

Raf-expressing cells. PC12 cells express abundant levels of B-Raf, and Rap1 activation 

of B-Raf/ERKs in these cells has been well documented (Hisata et al., 2007; Limpert et 

al., 2007; York et al., 1998). However, these cells express low levels of Epac1 or Epac2 

and have shown little PKA-independent activation of Rap1(Wang et al., 2006). 
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Accordingly, F/H treatment triggered little activation of ERKs, even in the presence of 

EGF (Figure 2.6A & B). However, upon expression of Epac2, F/H and EGF were able to 

synergistically and robustly activate ERKs in a PKA-independent manner (Figure 2.6A & 

B). Importantly, Rap1A contributed to the robust ERK activation by F/H and EGF in the 

presence of Epac2, as knockdown of Rap1A with shRNA (Figure 2.6C) significantly 

reduced this effect (Figure 2.6D). The modest ERK activation via Epac2 triggered F/H 

alone was enhanced when Epac2 was targeted to the membrane via the CAAX motif, and 

was absent in cells expressing the Epac2-684E mutant (Figure 2.6E). Moreover, the 

enhanced activity of Epac2-CAAX no longer required Ras binding, as similar levels of 

ERK activation were seen with the Epac2-684E-CAAX mutant (Figure 2.6E). 

 Augmented ERK signaling has been associated with neurite outgrowth in PC12 

cells (Boykevisch et al., 2006; Hisata et al., 2007; Kao et al., 2001). To provide a 

physiological correlation for the Epac2 mediated augmentation of ERK signaling, 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, promoting neurite outgrowth in 80% of the transfected cells 

(Figure 2.6F). These data correlated with the pattern of ERK activations observed with 

these treatments (Figure 2.6A & 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 (Figure 2.6F). 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 EGF alone may depend on a low level of basal Ras activation in PC12 cells. 
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Moreover, the inability of EGF to promote neurite outgrowth is consistent with the 

inability of EGF to stimulate cAMP levels.  

 The levels of neurite outgrowth via Epac2 mutants also correlated with the levels 

of ERK activation (Figure 2.6E). Unlike Epac2, Epac2-684E did not enhance neurite 

outgrowth above levels seen in cells transfected with GFP alone, suggesting that the 

action of Epac2 required an intact RA domain (Figure 2.6E). 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 together, these data suggest that Epac2 activation at the membrane is coupled to 

ERK activation and neurite outgrowth. 

2.4.6 Endogenous Epac2 is increased by NGF and contributes to ERK activation 

and neurite outgrowth.  

Epac2 is enriched in the neuronal tissues (Kawasaki et al., 1998a). Therefore, we 

hypothesized that NGF induced differentiation of PC12 cells might be accompanied by 

increased expression of Epac2. Indeed, although basal levels of Epac2 mRNA and protein 

were detected using RT-PCR and western blot respectively, both were significantly 

enhanced after 8 hrs of NGF pretreatment (Figure 2.7A and B). Therefore, 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 transfection. 

Importantly, the 8 hr NGF pretreatment dramatically augmented the synergism between 

EGF and F/H on the activation of endogenous ERKs (Figure 2.7C). Pretreatment with 

NGF can also enhance the basal level of Ras-GTP.  This may account for the ability of 
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F/H to induce significant higher levels of ERK activation following NGF pretreatment, 

compared to F/H treatment alone in the absence of NGF pretreatment (Figure 2.7C). 

Interestingly, EGF was also capable of inducing a modest increase in Epac2 expression 

(Figure 2.7A and B).  

 The enhanced ERK activation was significantly diminished in cells expressing 

shRNA targeting Epac2, but not scrambled shRNA (Figure 2.7E). The efficacy of shRNA 

knock down of Epac2 is shown in Figure 2.7D. Knockdown of Epac2 by shRNA also 

inhibited neurite outgrowth (Figure 2.7F & G). In the presence of Epac2 shRNA (but not 

scrambled shRNA or GFP control) the level of neurite outgrowth triggered by EGF and 

F/H was reduced from 40% to 20% (Figure 2.7G), suggesting that the basal level of 

Epac2 mediates synergistic effect of EGF and F/H on neurite outgrowth in PC12 cells. 

Importantly, short-term NGF pretreatment itself did not trigger neurite outgrowth by itself 

if NGF was washed out after 8 hr. However, this pretreatment had an enhancing effect on 

the outcome of subsequent treatment with F/H alone or F/H plus EGF (Fig 7F & G). This 

priming effect was largely dependent on the expression of Epac2, as the enhancement 

was blocked by Epac2 shRNA but not scrambled shRNA (Figure 2.7F & G). Taken 

together, endogenous Epac2, either basal or induced by NGF, integrates signals from 

cAMP and Ras and contributes to ERK activation and neurite outgrowth in PC12 cells. 
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2.5 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 maximal action of Epac2 as a Rap1 exchanger. The classical definition of Ras 

effectors requires that effector binding be dependent on the GTP-bound state of Ras and 

that binding modifies the effector’s function (Mitin et al., 2005). Epac2 has met this 

definition and is a bona fide Ras effector. While Epac proteins need cAMP to relieve their 

auto-inhibition, 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 Rap1 efficiently. This is based 

on a number of findings. (1) 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. (2) Interference with 

endogenous Ras using the mutant RasV12-SAAX that cannot associate with the 

membrane blocks cAMP-dependent activation of Epac2. (3) Activation of endogenous 

Ras by a Ras-specific exchanger, as well as expression of a constitutively active Ras 

mutant, enhances Epac2 dependent activation of Rap1. These data provide 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 the activation of Rap1. This Rap1 

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 (Dumaz and Marais, 2005; Stork and Schmitt, 



 102

2002), 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 auto-inhibition, nor induces allosteric changes to activate 

the Epac2 catalytic 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 modulation of Sos by Ras contributed 

to Sos activation (Boykevisch et al., 2006) (Gureasko et al., 2008). As supported by the 

structural modeling and our experimental data, cAMP binding to the cNBD and the 

interaction between Ras and RA domain are two independent events, which allows the 

relief of auto-inhibition and membrane localization of Epac2 to be independently 

regulated by cAMP and Ras respectively.  

 The requirement of Ras in the Epac2-dependent activation of Rap1 has many 

potential consequences for cell signaling. Temporally, Rap1 activated by Epac2 would 

accompany both cAMP elevation and Ras activation. Spatially, Epac2 mediated Rap1 

activation would be restricted to Ras-containing membranes. Rap1 signaling from Ras-

containing membranes has previously been shown to couple to ERKs through the Raf 

isoform B-Raf (Wang et al., 2006). 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 membranes as compared to intracellular locales (Harding et al., 2005).  

The participation of Rap1 in Ras-dependent activation of ERKs may also provide 

amplification, since many Rap1 molecules can be activated following the recruitment of a 
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single Epac2 molecule to Ras. Moreover, the inactivation of Rap1 by Rap1-selective 

GAPs may be slower than that of Ras (Sasagawa et al., 2005; Stork, 2005), permitting 

Rap1 activation to be sustained. Distinct Ras isoforms are selectively activated in 

different subcellular compartments, resulting in that activation of distinct intracellular 

signaling pathways (Hancock, 2003).  Epac2 has been reported to interact with all Ras 

isoforms via its RA domain (Li et al., 2006). Therefore, it is possible that recruitment of 

Epac2, and resultant Rap1 activation, differentially modulates the signals emanating from 

each of these Ras isoforms.  

 Neurite outgrowth of PC12 cells has been a well-studied physiological reporter 

for neuronal differentiation that accompanies activation of the ERK pathway, with 

increased activation of ERK correlating with the extension of neuritic processes 

(Boykevisch et al., 2006; Hisata et al., 2007; Sasagawa et al., 2005; York et al., 1998). 

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/Rap1 signaling to that of EGF can enhance EGF-dependent signaling 

to ERKs and together can induce robust neurite outgrowth. Of course, the Epac2-

mediated Rap1 activation is also likely to regulate other actions of Rap1 that occur at or 

near the plasma membrane including exocytosis (Holz et al., 2006; Ozaki et al., 2000) 

and cell adhesion (Bos, 2005; Bos et al., 2001). 

Indirect activation of Rit by Epac has also been reported to mediate PACAP 

triggered p38 phosphorylation and neurite outgrowth in the related PC6 cells (Shi et al., 

2006) and ERK activation in other cell types (Lein et al., 2007; Rudolph et al., 2007). 

These reports and our findings together reveal the complexity of Epac signaling upstream 
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of MAP kinase cascades. It may be that Rap1 and Rit, working through ERKs and p38, 

act in concert to promote neurite outgrowth in these cells. Rap1 activation of p38 has 

been reported (Huang et al., 2004; Sawada et al., 2001) 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 (Shi et al., 2006), it will be important to identify the Rit exchanger and to determine 

whether there is direct interaction between Rap1 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 neuronal-expressed isoform of the Epac family of exchangers. It is 

possible that Epac2 is involved in neuronal functions such as neuronal differentiation and 

synaptic plasticity that can be potentiated by both Ras-dependent and cAMP-dependent 

signals (Je et al., 2006; Waltereit and Weller, 2003). Because Ras can be activated via 

multiple signals, including intracellular calcium (Krapivinsky et al., 2003), Epac2 might 

also function as a coincidence detector for cAMP and calcium. In pancreatic beta cells, 

exocytosis of insulin stimulated by cAMP has a PKA-independent component that 

requires Epac2 (Kashima et al., 2001). It will be important to determine whether Ras-

dependent recruitment of Epac2 by glucose, growth factors or hormones potentiates this 

action, as well as other PKA-independent actions of cAMP. 

 We propose that Epac2 levels will also be induced by NGF in neuronal cells.  The 

Epac2 promoter contains cAMP-responsive element (CRE) sites (Impey et al., 2004; 

Zhang et al., 2005) that are well established targets of NGF signaling (Riccio et al., 1997). 

The induction of Epac2 by NGF may serve to enhance signaling through Rap1 as part of 

a positive feedback loop to potentiate neurite outgrowth following its initiation. It is also 
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possible that NGF also induces post-translational modifications of Epac2 to further 

enhance its function. We do 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 Rap1 may be shared by other GEFs that contain functional RA domains 

(Rodriguez-Viciana et al., 2004). Therefore, activation of small G proteins by recruitment 

of their cognate GEFs to the plasma membrane via RA domains may be a fundamental 

mechanism to couple distinct G proteins to each other. 
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Figure 2.1 Epac2 interacts with Ras-GTP independently of cAMP. 

(A) Epac2 and B-Raf, but not Epac1, bind to Ras-GTP. COS cells were transfected with 

flag-Epac1, Epac2, or B-Raf, as indicated, and increasing amount of lysates were 

incubated with purified GST-RasV12 loaded with GTPγS, followed by GST-pull down 

and western blot. Upper panel shows data from three experiments (mean ± s.e.) and curve 

fitting. 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 Epac1 

(bottom). 

(B) Epac2 interacts with Ras at its effector loop. Flag-Epac2 was cotransfected along 

with either HA-RasV12 or its effector loop mutants (37G or 40C) into COS cells 

followed by immunoprecipitation (IP) using anti-HA antibody and western blot (top). The 

expression levels of flag-Epac2 (middle) and HA-Ras V12 and mutants (bottom) are 

shown. 

(C) Ras-Epac2 interaction is not enhanced by the cAMP analog 8-Br-cAMP in vitro. 

Purified GST-RasV12 loaded with GTPγS was incubated with cell lysates containing 

flag-Epac2 in the presence or absence of 8-Br-cAMP, followed by GST-pull down. Left 

panel: western blot using flag Ab (top) and GST antibody (bottom). Right panel shows 

the quantification of three experiments (mean ± s.e.). 

(D) Time course of Ras-Epac2 binding is not affected by 8-Br-cAMP. Purified GST-

RasV12 loaded with GTPγS was incubated with cell lysates containing flag-Epac2. 8-Br-

cAMP or vehicle was added to the incubation after 30 min. GST-pull down was 

performed at the time points indicated. 
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(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 IP was performed with anti-GFP antibody after EGF (+) or mock (-) 

treatment, followed by western blot. The amounts of flag-Ras and GFP-Epac2 recovered 

within the IP and the expression of transfected proteins were 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 using epifluorescent 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. For both the middle and the bottom row, the far right panel shows intensity 

profiles across the cell at the white line indicated in the right panel.  The broken lines 

denote the position of the plasma membranes.   
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Figure 2.1  
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Figure 2.2 Disruption of Ras-Epac2 interaction by a single point mutation within 

the RA domain. 

(A) Sequence alignment of the RA domains from Epac1 and Epac2, as well as the Ras 

binding domain 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 Rap1 in a complex with CRAF-RBD was used as 

template, and the structures of Ras and Epac2 were superimposed onto Rap1 and CRAF-

RBD, respectively, using the program Chimera (UCSF). Left panel shows an overview of 

the predicted Ras-Epac2 complex; 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 (see arrows).  

(C) Epac2-684E was incapable of Ras binding. Increasing amounts of flag-Epac2 WT, or 

Epac2-684E were incubated with GTPγS-loaded GST-RasV12, flowed by GST-pull down 

and western blot. The concentration of flag-proteins was quantified by comparing to 

purified protein standards. The graph shows data from three experiments (mean ± s.e.) 

with curve fitting. The right panel shows the amounts of Epac proteins within the pull 

down in the presence or absence of GST-RasV12, as well as the input levels of all 

proteins. 

(D) Ras association with wild type Epac2 and Epac2 mutants. Flag-Epac2 WT and 

mutant (Epac2-667E or Epac2-684E) were cotransfected with HA-RasV12 into COS 

cells and IP was performed using anti-HA agarose antibody, followed by western blot. 
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The first two rows show the levels of Epac2 proteins and HA-RasV12 within the IP. The 

third and forth rows show levels of transfected proteins within the lysates. 

(E) The recruitment of Epac2-684E to the membrane is reduced when compared to that of 

WT Epac2. Flag-Epac2 WT or -684E were 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 blot using flag Ab (top). 

Both transfected RasV12 (mc-RasV12, middle) and endogenous Ras (bottom) were also 

monitored as markers for the membrane fraction using Ras antibody. The percentages of 

Epac2 WT and Epac2-684E that were recruited to the membrane were calculated as 

described in the Methods, and right panel summarizes data from three experiments (mean 

± s.e.). 
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Figure 2.2 
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Figure 2.3 Ras-Epac2 interaction is required for efficient Rap1 activation by 

Epac2. 

(A) Time course of activation of endogenous Rap1 triggered by F/H (H89, Forskolin and 

IBMX) in cells expressing Epac2 WT and Epac2-684E. COS cells were transfected with 

pcDNA3, flag-Epac2 or flag-Epac2-684E for 24hr. Serum-starved cells were treated with 

F/H for the times indicated and harvested. Rap1 activation assay was performed using 

GST-RalGDS-RBD, followed by western blot for endogenous Rap1. Left panel shows 

quantification of data from three independent experiments (mean ± s.e.). Right panel 

shows representative gels from one experiment. In this and all 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 bottom rows. At least 

three independents experiments were performed.  

(B) Time course of activation of endogenous Rap1 triggered by isoproterenol (ISO) in 

cells expressing Epac2 WT and Epac2-684E. COS cells were transfected with pcDNA3, 

flag-Epac2 or flag-Epac2-684E for 24hr. Serum-starved cells were treated with ISO for 

the times indicated, harvested and subjected to Rap1 activation assay. Left panel shows 

quantification of data from three independent experiments (mean ± s.e.); right panel 

shows representative gels from one experiment.  

(C) Co-expression of RasV12 enhances Rap1 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 Rap1 

activation assay. Epac2-684E was included for comparison.  



 114

(D) Time course of RasV12 enhanced Rap1 activation by Epac2. COS cells were 

transfected as in (C) and treated with F/H for the indicated times and lysates subjected to 

Rap1 activation assay.  

(E) RasV12 dependent enhancement of Rap1 activation is specific for Epac2 but not 

Epac1. Flag-Epac1 or Epac2 was transfected alone or together with mc-RasV12 (V12). 

After F/H treatment for 10 min, cells were harvested for Rap1 activation assay.  

(F) Specific activation of endogenous Ras enhances Epac2-mediated Rap1 activation. 

COS cells were transfected with HA-tagged catalytic domain of Sos (Soscat) and/or HA-

Epac2 as indicated, treated with F/H for ten min or left untreated (Untr.). Lysates were 

subjected to Rap1 activation assay. Left panel shows representative gels from one 

experiment. Right panel shows quantification of data from three experiments (mean ± 

s.e.). 
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Figure 2.3 
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Figure 2.4 Ras-GTP potentiates the Rap1 activation by the catalytic region of 

Epac2 in vivo but not in vitro. 

(A) Comparison of Rap1 activation by Epac2∆430 and Epac2∆430-684E. Increasing 

amounts of Epac2∆430 or Epac2∆430-684E were expressed in COS cells and lysates 

subjected to Rap1 activation assay. Left panel shows linear regression of data from one 

representative experiment. Levels of Rap1 activation were plotted against the expression 

levels of constructs as indicated. Right panel shows representative gels from one 

experiment. Three independent experiments were performed. AU, artificial unit. 

(B) RasV12 enhancement of Rap1 activation by Epac2∆430 requires an intact RA 

domain. GFP-Epac2∆430 and Epac2∆430-684E were transfected alone or cotransfected 

with mCherry (mc)-RasV12 and lysates subjected to Rap1 activation assay. Left panel 

shows the quantification of data from three experiments (mean ± s.e.); right panel 

displays gels from one representative experiment. 

(C) Coomassie staining of purified Epac2∆430, Epac2∆430-684E, GST-Rap1 and 

RasV12. Protein markers are shown on the left.  

(D) Both Epac2∆430 and Epac2∆430-684E catalyzed nucleotide exchange reaction on 

Rap1 at identical rates in vitro. Upper panel shows the comparison of intrinsic (red) 

exchange reaction and that catalyzed by Epac2∆430 (cyan) or Epac2∆430-684E (pink). 

Rap1-mant-dGDP (100 nM) was incubated in buffer containing 100 µM unlabeled GTP 

in the absence or presence of 1 µM of Epac2∆430 or Epac2∆430-684E. Dissociation of 

mant-dGDP was monitored by the decrease of fluorescence emission at 435 nm over time. 

Bottom panel, reaction rates were fitted to single exponentials and 3-6 independent 

measurements for each condition were pooled in the bar graph (mean ± s.e.). 
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(E) RasV12 does not enhance the exchange activity of Epac2∆430 in vitro. Upper panel, 

comparison of intrinsic (red) exchange reaction and that catalyzed by Epac2∆430 in the 

presence (orange) or absence (cyan) of Ras-GTP. Rap1-mant-dGDP (100 nM) was 

incubated in buffer containing 100 µM unlabeled GTP in the absence or presence of 1 

µM of Epac2∆430 alone or in addition to GTPγS-loaded RasV12. Dissociation of mant-

dGDP was monitored. Bottom panel, reaction rates were fitted to single exponentials, and 

3 independent measurements were summarized in the bar graph (mean ± s.e.). 
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Figure 2.4 
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Figure 2.5 Mechanism of Ras facilitated Rap1 activation by Epac2. 

(A) Structural modeling of the Ras-Epac2-Rap1 ternary complex in relation to the plane 

of lipid membrane. The ternary complex demonstrates that Rap1 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 Rap1 and Ras point towards the membrane plane. 

This accommodates the lipid modifications of both proteins that tether both carboxy-

terminal ends to the membrane. Additional details are provided in the section on 

Structural modeling, Supplemental information. 

(B) Additon 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 hr and 

cell fractionation was performed. The membrane fraction (M) and cytosolic fraction (C) 

were subjected to western blot. Representative gels from one experiment are shown. 

Upper row shows flag-proteins within the two fractions. Middle and lower rows are 

endogenous Ras and β-actin as markers for membrane and cytosol, respectively. 

(C) Anchoring Epac2 to the plasma membrane by the CAAX motif from H-Ras results in 

enhanced level of Rap1 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 F/H or left untreated. Lysates were subjected to 

Rap1 activation assay. Upper panel shows representative gels from one experiment. The 

bottom panel shows quantification of three experiments (mean ± s.e.). 

(D) Membrane targeting of Epac2 (Epac2-CAAX) occluded the effect of RasV12 on 

Epac2-mediated Rap1 activation. mCherry RasV12 was co-transfected with Epac2, 
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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 Rap1 

activation assay. Upper panels show representative gels from one experiment. The bottom 

panel shows quantification of three experiments (mean ± s.e.). 

(E) Sequestration of Epac2 in the cytosol by RasV12-SAAX prevents Epac2 from 

activating endogenous Rap1. 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, 

followed by Rap1 activation assay. The upper panel shows gels from one representative 

experiment. The bottom panel shows quantification of three experiments (mean ± s.e.). 

(F) Purified Epac2∆430 activates Rap1 within membrane preps containing RasV12 in 

vitro. Increasing amounts of Epac2∆430 were incubated with membrane fractions 

isolated from COS cells that were transfected with pcDNA3, mCherry-RasN17 (RasN17) 

or mCherry-RasV12 (RasV12) in 100µl of exchange buffer and the presence of 100 µM 

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 

quantification of three experiments (mean ± s.e.). 

(G-H) Computational model of Epac2-mediated Rap1 activation. For details, see the 

section on Computational modeling, Supplemental information. (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 (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 
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mutants. The upper, middle and lower surfaces represent high, intermediate, and low 

affinities of Epac2/Ras interactions, respectively. 
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Figure 2.5 
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Figure 2.6 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 minutes with 

F/H, EGF, EGF plus F/H, or left untreated. For this and all subsequent ERK activation 

assays, the levels of phosphorylated flag-ERK2 are shown using a phospho-ERK 

antibody following flag IP (first row). Total levels of transfected flag-ERK2 (second row) 

and flag-Epac2 (third row) are also shown. 

(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. Right panel 

shows quantification of data from three independent experiments (mean ± s.e.). 

(C) Rap1A shRNA reduces the expression of cotransfected Rap1A. PC12 cells were 

cotransfected with flag-Rap1A (rat) and flag-ERK2 cDNA with either Rap1A shRNA or 

scrambled control (scrm.) for 24 hrs followed by flag IP. Left panel shows levels of flag-

Rap1A (upper row) and flag-ERK2 as transfection control (lower row) by western blot. 

Right panel: quantification of data from three independent experiments (mean ± s.e.). 

(D) Rap1A 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 

shRNA (scrm.) or Rap1A shRNA, and treated as indicated. The upper panel shows 

quantification of data from three experiments, and the lower panel shows representative 

gels from one experiment.  
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(E) Membrane targeting of Epac2 overcomes mutation within RA domain. PC12 cells 

were transfected with flag-ERK2 along with Epac2 (E2) wild type or mutants as 

indicated, and treated with F/H. ERK activation assay was performed and the upper panel 

shows gels from a representative experiment. Bottom panel: quantification of data from 

three independent experiments (mean ± s.e.). 

(F) Expression of Epac2 increases neurite outgrowth induced by EGF and F/H. 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. 24hr later, neurite 

outgrowth was assessed under epifluorescent microscopy. Right panel: representative 

photomicrographs are shown. Left panel: quantification of data from five independent 

experiments (mean ± s.e.). Bar in the lower left panel represents 20 µM. 
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Figure 2.6 
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Figure 2.7 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 hrs, or left untreated. Total RNAs extracted from the cells 

were subjected to reverse transcription and PCR (RT-PCR) for Epac2 (upper row). PGP 

(lower row) was used as a control. Lower panel shows quantification of data from five 

experiments (mean ± s.e.). 

(B) Epac2 protein is increased by NGF or EGF treatment. PC12 cells were treated with 

NGF or EGF for 8 hrs or left untreated. Total cell lysates were subjected to western blot. 

Upper panel: western blot showing endogenous Epac2 protein (upper row). ERK2 was 

used as the loading control (lower row). Bottom panel: quantification of data from four 

experiments (mean ± s.e.). 

(C) NGF pretreatment enhances the activation of ERKs by EGF plus F/H. PC12 cells 

were pretreated with NGF for 8 hr or left without pretreatment, and subsequently treated 

with EGF and/or F/H as indicated. Top panel: average of data from three independent 

experiments. 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 cDNA with either Epac2 shRNA or 

scrambled control for 24 hrs followed by flag IP. Left panel shows levels of flag-Epac2 

(upper row) and flag-ERK2 as transfection control (lower row) by western blot. Right 

panel: quantification of data from three independent experiments (mean ± s.e.). 
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(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 (scrm.) or Epac2 shRNA, and treated as indicated. Upper 

panel shows gels from one representative ERK activation assay. Lower panel shows 

quantification of data from three independent experiments (mean ± s.e.). 

(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 8hr, and subsequently treated with F/H. 24hr 

later, neurite outgrowth was assessed under epifluorescent microscopy. Top panel: 

representative photomicrographs are shown. Bottom panel: The percentage of cells 

bearing neurites is shown with standard error (s.e.) 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. PC12 cells were transfected with 

GFP, scrambled shRNA, or shRNA for Epac2. Cells were pretreated with NGF for 8hr or 

left without pretreatment, and subsequently treated with EGF and F/H. 24hr later, neurite 

outgrowth was assessed under epifluorescent microscopy. Right panel: representative 

photomicrographs are shown. Bar in the lower left photomicrograph represents 20 µM. 

Left panel: The percentage of cells bearing neurites is shown with standard error (s.e.) 

from five independent experiments.  
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Figure 2.7 
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3.1 ABSTRACT 

Epac1 (Exchange protein directly activated by cAMP) couples intracellular cAMP to the 

activation of Rap1, a Ras family GTPase that regulates cell adhesion, proliferation and 

differentiation. Using mass spectrometry, we identified the small G protein Ran and the 

Ran binding protein 2 (RanBP2) as potential binding partners of Epac1. Ran is a small G 

protein best known for its role in nuclear transport and can be found at the nuclear pore 

through its interaction with RanBP2. Here, we demonstrate that Ran-GTP and Epac1 

interact with each other in vivo and in vitro. This binding requires a previously 

uncharacterized Ras association (RA) domain in Epac1. Surprisingly, the interaction of 

Epac1 with Ran is necessary for the efficient activation of Rap1 by Epac1. We propose 

that Ran and RanBP2 anchor Epac1 to the nuclear pore, permitting cAMP signals to 

activate Rap1 at the nuclear envelope.  



 131

3.2 INTRODUCTION 

For many members of the Ras GTPase superfamily, such as Ras and Rap1, guanine 

nucleotide exchange factors (GEFs) outnumber the small GTPases that they activate 

(Ehrhardt et al., 2002; Mitin et al., 2005). The abundance of GEFs permits activation of 

small GTPases through multiple independent upstream signals. In addition, the 

localizations of many GEFs can be regulated through specific protein interactions (Bos et 

al., 2007). This limits the activation of their cognate small GTPases to specific 

subcellular locations, ensuring more precise spatial control than can be provided by the 

localization of the small GTPases themselves.  

 Direct support for the spatial control of Rap1 activation comes from examining 

the Rap1 exchangers Epac1 and Epac2. Both Epac proteins contain homologous 

regulatory and catalytic regions. Direct binding of cAMP to each regulatory region 

triggers a conformational change that allows its respective catalytic region to bind to and 

activate Rap. The catalytic regions of both Epac1 and Epac2 comprise of a Ras exchanger 

motif (REM) domain and a CDC25 homology domain that confers GEF activity 

specifically towards Rap proteins. For Epac2, the REM and CDC25 domains are 

interrupted by a Ras-association (RA) domain that interacts with activated, GTP-loaded 

Ras (Ras-GTP) at an affinity similar to those of the classical Ras-GTP effectors such as 

Raf-1 and B-Raf (Liu et al., 2008). Because the location of Ras and Rap can overlap at 

the plasma membrane, the recruitment of Epac2 to Ras brings it into proximity with a 

pool of Rap1 at this locale (Li et al., 2006). This compartmentalization allows Epac2 to 

activate Rap1 at the PM efficiently in the presence of cAMP.  
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 In contrast, the region between the REM and CDC25 domains in Epac1 contains a 

putative RA domain for which no binding partner has been identified. Unlike Epac2, 

Epac1 is predominantly localized to the perinulcear region instead of the PM in multiple 

cell lines (Dodge-Kafka et al., 2005; Magiera et al., 2004; Qiao et al., 2002; Wang et al., 

2006). Recent evidence suggests that Epac1 may function in nuclear processes, such as 

the nuclear transport of DNA-dependent protein kinase (DNA-PK) (Huston et al., 2008). 

However, the mechanism for the spatial regulation of Epac1-Rap1 signaling in this 

subcellular location is unknown. In this study, we identify a novel mechanism underlying 

the anchored signaling of Epac1 at the nuclear pore via its putative RA domain, and 

report for the first time the coupling of Rap1 and the nuclear small GTPase Ran at the 

nuclear envelope (NE).    
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3.3 MATERIALS AND METHODS 

Plasmids. 

Human Epac1 was a gift from Johannes Bos, Utrecht University. HA-tagged wild type 

Ran and RanV19 were gifts from Ian Macara, University of Virginia. Histone2B-

mCherry was obtained from Addgene (Cambridge, MA). GFP-Epac1, Epac2, flag-Rap1B 

and mCherry-RasV12 was described previously (Liu et al., 2008; Wang et al., 2006). 

Epac1RA2 was constructed by inserting a PCR product for 559-720 aa of Epac2 

(corresponding to the Epac2 RA domain) between the sequences for aa 423 and 586 of 

Epac1, and subcloned into pcDNA3 (Invitrogen, Carlsbad, CA) and pGFP-C1 (Clontech, 

Mountain View, CA) vectors. GFP-Epac1∆295 was constructed by subcloning the PCR 

product for 295-881 aa of Epac1 into pGFP-C1. GFP-Epac1∆673 was constructed by 

digestion using existing BglII and PstI sites in GFP-Epac1∆295 and ligation of the 

blunted ends. GFP-Epac1∆295RA2 was constructed by subcloning the PCR product for 

the 295-881 aa of Epac1RA2 into pGFP-C1. GFP-RanV19-Epac1RA2 was constructed 

by in-frame insertion of PCR product of the RanV19 cDNA between HindIII and EcoRI 

sites in the GFP-Epac1RA2 vector. All contructs were sequenced and confirmed for the 

correct insertions.  

Antibodies.  

Anti-Rap1A/B, anti-Ran, unconjugated and agarose-coupled anti-Flag (M2) were from 

Sigma-Aldrich (St. Louis, MO). Anti-green fluorescent protein (GFP) antiserum (rabbit) 

and anti-nuclear pore complex proteins (Mab414) were from Abcam (Cambridge, MA). 

Anti-Epac1 and anti-Ras (RAS10) were from Upstate Biotechnology. Anti-HA antibody 

was from Covance (Princeton, NJ). Anti-RanBP2 (N20), anti-Epac1 (H70), anti-FRS2 
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(M20), and anti-TrkA (763) were from Santa Cruz Biotechnology (Santa Cruz, CA). 

Anti-RanBP2 (rabbit) from Novus Biologicals (Littleton, CO) and anti-Epac1 (A5) 

(Santa Cruz) were also used when indicated in the figure legends. Secondary antibodies 

against mouse, rabbit and goat IgGs were from GE Healthcare. 

Chemicals.  

8-(4-chloro-phenylthio)-2'-O-methyladenosine-3',5'-cyclic monophosphate (referred to in 

the text and figures as 2OMe) was purchased from Biolog Life Sciences (Bremen, 

Germany). 3× Flag peptide, GDP, GTPγS, glutathione peptide, and glutathione-agarose 

beads were from Sigma-Aldrich (St. Louis, MO).  

Cell culture and stable cell lines. 

HEK293 cells were cultured in DMEM plus 10% FBS, penicillin-streptomycin, and 
L-

glutamine at 37°C and 5% CO2. Mel-24 cells were cultured in Eagle Minimum Essential 

Medium from ATCC (Manassas, VA) plus 10% FBS and penicillin-streptomycin at 37°C 

and 5% CO2. Transient transfections were performed with Lipofectamine 2000 

(Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. For stable cell 

lines, HEK293 cells were transfected with flag-Epac1 or pcDNA3 vector and selected 

with 0.5 mg/ml G418 (Invitrogen) for 4 weeks. 

Purification of Epac1-containing complex and mass spectrometry.  

Approximately 107 HEK293-flag-Epac1 cells or control cells were lysed in lysis buffer 

(10% glycerol, 1% NP40, 50mM Tris-HCl pH 7.4, 200mM NaCl, 2mM MgCl2, 0.5mM 

β-glycerolphosphate) supplemented with 1 µM leupeptin, 10 µg/ml soybean trypsin 

inhibitor, 0.1 µM aprotinin, 1 mM sodium orthovanadate. Clear lysates were incubated 
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with conjugated anti-Flag (M2) antibodies at 4°C for 4 h. The beads were washed three 

times in lysis buffer and bound proteins were eluted at room temperature in 0.1 ml of 

TBS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl) containing 100µg/ml of 3× flag peptides. 

Eluted proteins were supplemented with 6× lamaeli buffer and resolved on an SDS 

gradient PAGE gel (5-17%) (Invitrogen) for imperial blue staining (Thermo Scientific, 

Rockford, IL). Unique bands from the lane for the HEK293-flag-Epac1 cells and the 

corresponding parts in the control lane were excised and subjected to In-Gel trypsin 

digestion. Extracted peptides were analyzed using ThermoFinnigan LTQ mass 

spectrometer. All MS/MS samples were analyzed using Sequest (ThermoFinnigan, San 

Jose, CA; version 27, rev. 12), which was set up to search a database 

(C:\Xcalibur\database\UNIPROT\sprot_human_56_2.fasta) assuming the digestion 

enzyme trypsin. Scaffold (2.02.01, Proteome Software Inc., Portland, OR) was used to 

validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 90.0% probability as specified by the 

Peptide Prophet algorithm (Keller et al., 2002). Protein identifications were accepted if 

they contained at least 2 identified peptides and could be established at greater than 

99.0% probability, which were assigned by the Protein Prophet algorithm (Nesvizhskii et 

al., 2003).  

Immunoprecipitation (IP) and western blotting.  

Cells in 6cm plates were lysed at 18-24 h after transfection in lysis buffer and equal 

amounts of clear cell lysate were subjected to IP using antibodies as indicated in the 

figure legends. For IP of the endogenous proteins, lysates from two confluent 15cm 

plates were used for each condition. Lysates were incubated with indicated antibodies 
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overnight, and then incubated for 2 h with protein A beads (Invitrogen) blocked with 1% 

BSA. For controls, IP was performed with unrelated purified IgG from the same species 

[anti-TrkA (rabbit IgG) for Epac1 IP (H70, rabbit) and anti-FRS2 (goat IgG) for RanBP2 

IP (goat)]. Beads were washed twice in lysis buffer and once in high-salt lysis buffer with 

NaCl at 300mM. Bound proteins were eluted with 2×Laemmli buffer and detected by 

immunoblotting with antibodies as indicated in the figure legends. 

Protein purification.  

GST-Epac1 was expressed and purified using the method described previously for GST-

Epac2∆430 (Liu et al., 2008). pQE-Ran was transformed into M15[pREP4] E.coli strain 

(Qiagen). 10ml overnight culture was used to inoculate 200ml of LB. His-Ran expression 

was induced by 1mM isopropyl-β-D-thiogalactopyranoside (IPTG) at 37°C for 4 hours 

after the cell density reached OD600 of 0.6. The cell pellet was resuspended in 20ml lysis 

buffer (50mM NaH2PO4, 300mM NaCl, 10mM imidazole pH8.0) supplemented with 

phenylmethanesulfonyl fluoride (PMSF) and β-mercaptoethanol and lysed with a 

French press. The lysate was cleared by centrifugation and the supernatant was incubated 

with 0.5 ml Ni-NTA for 1 h at 4°C. The beads were washed twice with 15 ml wash buffer 

(50mM NaH2PO4, 300mM NaCl, 20mM imidazole pH8.0). His-Ran was eluted five 

times with 0.5 ml of elution buffer (50mM NaH2PO4, 300mM NaCl, 250mM imidazole 

pH8.0).  

GST pull-down assay. 

His-Ran was preloaded with 0.1mM GTPγS or 1mM GDP in 200µl of lysis buffer 

supplemented with 10mM EDTA at 30°C for 30 min. The reaction was stopped by 

MgCl2 at 10mM. 0.5ug GST alone or GST-Epac1 was added to increasing amount of 
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loaded His-Ran and incubated with 20µl of GST agarose beads (50% slurry) for 3 h at 

4°C. The beads were washed three times with lysis buffer, boiled in 1×SDS loading dye 

and subjected to Western Blot.  

Rap1 activation assay and quantification.  

GTP-bound Rap1 was assayed with the GST-tagged RBD of RalGDS as described 

previously (Franke et al., 1997). The intensities of the bands from Western blot were 

quantified with Scion Image (Scion Corp., Frederick, MD). The intensities of Rap1-GTP 

were normalized to those of total Rap1. All of the experiments were repeated at least 

three times, and the data from each experiment were expressed as percent of maximum.  

Confocal imaging and quantification.  

For live-imaging, cells were plated on coverslips coated with poly-D-lysine, transfected 

on the same day and used for imaging 12-16hr later. The coverslips were clamped into a 

heated imaging chamber (Warner Instruments, Hamden CT). All imaging experiments 

were performed with a Yokogawa CSU-10 Nipkow disk confocal scanning unit 

(Solamere Technology Group, Salt Lake City, UT) mounted on a Nikon TE2000 PFS 

microscope with continuous focus compensation. A Spectrum 70C Krypton Argon laser 

(Coherent, Santa Clara, CA) was used for excitation, with laser line selection via an 

acousto-optic tunable filter (Neos Technologies, Melbourne, FL), paired with fast 

emission filter switching (Applied Scientific Instrumentation Inc, Eugene, OR). The 

objectives used were a PlanApo 60×1.45NA or a 100×1.49NA, heated to physiological 

temperature with appropriate heater bands (Bioptechs, Butler, PA). Device integration 

was controlled through MetaMorph (Molecular Devices, Downingtown, PA). Timelapse 

images (500 ms exposures) were captured on an Orca ER CCD camera (Hamamatsu, 
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Bridgewater, NJ) over the period of time indicated in figure legend. Acquired images 

were quantified using ImageJ 1.41o (NIH, USA). For the fluorescent intensity of the 

perinuclear rim, the NE was traced using segmented line of a width of 5 pixels, and the 

mean gray values along the tracing was recorded (R0). This measurement took into 

consideration both the intensities of individual punctum and the frequency of their 

presence along the NE. The fluorescent intensities of the cytoplasm (C0) and nucleus (N0) 

were also recorded as the mean gray values of representative regions within the two 

compartments. The gray value from the background was designated as B0. To quantify 

the enrichment of Epac1 at the nuclear pore over the cytoplasm, over 50 cells with a wide 

range of expression levels of GFP-Epac1 were quantified and the absolute rim intensities 

(R0-B0) were plotted against the absolute intensities of the cytoplasm (C0-B0). Linear 

regression was performed for cells with (C0-B0) lower than 40 gray values, and the slope 

(R= (R0-B0) / (C0-B0)) was a constant that reflected the enrichment of GFP-Epac1 at the 

nuclear pore versus the cytoplasm (Figure 3.2). This parameter (R) was also used to 

compare the relative enrichment of Epac1 wild type and its mutants at the nuclear pore in 

Figure 3.4E. Relative distribution of various constructs within the nucleus were 

quantified using the ratio of N=(N0-B0) / (C0-B0). For each construct, 30-40 random cells 

were measured and experiments were repeated 2-4 times using cells of different passages 

on different days. For the percentage of cells showing enrichment of GFP-RBDRalGDS at 

the NE (Figure 3.8), cells from at least 30 random fields were scored by person unaware 

of the transfection conditions, and four experiments were performed and quantified.  
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Immunofluorescent staining.  

MEL-24 cells were grown on poly-D-lysine coated coverslips, fixed in 4% 

paraformaldehyde for 15 min, and permeablized in 0.2% Triton-X 100 for 10 min. Cells 

were incubated with 1% BSA in PBS-Tween® (0.1%, USB, Cleveland, OH) buffer for 45 

min and then with primary antibodies as indicated for overnight at 4°C. After extensive 

washing, cells were incubated with indicated secondary antibodies overnight at 4°C. 

Nuclei were stained with 0.1µg/ml Hoechst for 5 min. Coverslips were mounted with 

Elvanol (Polyvinyl Alcohol, 88-89%). 

RNA interference.  

Human Epac1 (RefSeq Number: NM_006105) were targeted using a cocktail of three 

siRNAs from Ambion Inc. (Austin, TX). The sense sequences were: 5’-

CCGAGAUGCCCAAUUCUACtt-3’, 5’-GGGAUCUGUCAACGUGGUGtt-3’, 5’-

GGGCACUUCGUGGUACAUUtt-3’. The scrambled or Epac1 siRNAs were transfected 

alone using Lipofectamine2000 (Invitrogen) at a final concentration of 100nM in a course 

of 3-4 days and then cotransfected with indicated plasmids overnight before live imaging.  

Statistics.  

Prism 3 (GraphPad Software, La Jolla, CA) were used for data plotting and analysis. 

Unpaired t-tests were performed between groups as indicated, and p< 0.05 was regarded 

as statistically significant. 
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3.4 RESULTS 

3.4.1 Isolation of proteins associated with Epac1.  

Using HEK293 cell lines stably transfected with flag-Epac1, or vector alone as a control, 

we isolated the proteins that associated with Epac1 using affinity purification. Analysis of 

the complex by mass spectrometry identified five proteins as potential Epac1 binding 

partners (Table 3.1). Three of these proteins, Ran binding protein 2 (RanBP2 or Nup358), 

Nucleoporin 205 (Nup205) and 98 (Nup98), are structural components of the nuclear 

pore complex (NPC). RanBP2 has four Ran binding sites and forms a filamentous 

structure on the cytoplasmic side of the NPC (Fahrenkrog and Aebi, 2003; Yokoyama et 

al., 1995). The other two proteins, Importin β-1 and Ran, are well known for their roles in 

nuclear transport and can also bind to multiple nucleoporins (Rotem et al., 2009) to 

regulate the assembly and function of the NPC and NE (Moore, 1998). These results 

strongly suggest the presence of Epac1 within a protein complex at the nuclear pore.  

3.4.2 Stable localization of Epac1 to the NPC.  

Ran and RanBP2 were the two most represented proteins identified in our analysis after 

adjusting for their molecular weights. We first examined their ability to interact with 

Epac1 in HEK293 cells. RanBP2 and Ran were present within the immunoprecipitation 

(IP) of endogenous Epac1 (Figure 3.1A), and reciprocally, Epac1 and Ran were 

recovered within the endogenous RanBP2 IP (Figure 3.1B). Interestingly, overexpression 

of Epac1 increased the amount of Ran associated with RanBP2 (Figure 3.1C), suggesting 

that Epac1 may stabilize the interaction between Ran and RanBP2. Because RanBP2 

preferentially binds to Ran-GTP (Wu et al., 1995; Yokoyama et al., 1995), Epac1 may 

actually stabilize Ran in its GTP-loaded form. Therefore, we examined whether Ran and 
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Epac1 interact in a GTP-dependent manner. In a GST pulldown assay in vitro, purified 

GST-Epac1 bound to GTPγS-loaded His-Ran in a dose-dependent manner, while GST-

Epac1 interacted with GDP-loaded His-Ran poorly (Figure 3.1D), suggesting a direct role 

for Ran-GTP in linking Epac1 to RanBP2. To confirm the GTP-dependent binding of 

Ran to Epac1 in vivo, we used RanV19, a constantly GTP-loaded mutant, and RanN24, a 

constantly GDP-loaded mutant. RanV19 interacts with Epac1 stronger than RanN24, and 

neither bound to Epac2 (Figure 3.1E). 

 GFP-Epac1 formed a punctuate rim around the nucleus and colocalized with the 

staining with Mab414, an antibody recognizing the NPC (Figure 3.2A). In contrast, GFP-

Epac2 was distributed diffusely in the cytoplasm and seldom overlapped with the NPC 

(Figure 3.2B). Importantly, staining of the endogenous Epac1 in melanoma derived Mel-

24 cells, which expresses high levels of Epac1 (Baljinnyam et al., 2009), colocalized with 

Mab414 and overlapped with the pattern seen with GFP-Epac1, although additional 

staining was seen within the nucleus (Figure 3.2C). Imaging of GFP-Epac1 in living cells 

significantly improved the quality of acquired images (Figure 3.2D), probably because 

the NPC and the shape of the nucleus are better preserved under these conditions. We 

quantified the fluorescent intensity of GFP-Epac1 at the perinuclear rim, and found it to 

be three-fold of the intensity at the cytoplasm (See Methods and Figure 3.2E).  

 The perinuclear localization of GFP-Epac1 remained largely unchanged after 

treatment with the Epac-specific agonist 8-pCPT-2'-O-Me-cAMP (2OMe) (Figure 3.2F). 

Translocation of GFP-Epac1 from cytoplasm to the PM in response to 2OMe was 

detected in cells expressing higher levels of GFP-Epac1, consistent with a recent study 

(Ponsioen et al., 2009).  
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3.4.3 Role of RA domain in Ran-Epac1 association.  

Epac1 and Epac2 are each composed of a regulatory region and a catalytic region 

depicted in Figure 3.3A. To determine the domains of Epac1 that bind to Ran, we 

constructed a series of truncations of Epac1 (Figure 3.3A). Deletion of the regulatory 

region of Epac1 (residues 1-295) did not affect the interaction between Epac1∆295 and 

RanV19. Further deletion of residues 296-673, including the putative RA domain of 

Epac1 (RA1), disrupted the binding between Epac1∆673 and RanV19, suggesting a 

potential Ran binding site within this region (Figure 3.3B).  

 To examine whether Ran interacted with the RA1 domain, we generated a 

chimera (Epac1RA2) by swapping the RA1 domain for the analogous RA domain from 

Epac2 (RA2) as shown in Figure 3.3A. Because the overall conformation should be 

preserved in Epac1RA2, any impaired binding of this mutant could be attributed to the 

loss of RA1 domain. GFP-Epac1RA2 lost the ability to interact with endogenous Ran 

(Figure 3.3C), but acquired the ability to bind to RasV12, a constitutively GTP-loaded 

mutant (Figure 3.3D). However, when expressed alone, the RA1 domain was unable to 

bind to Ran (Figure 3.3E), suggesting that the regions flanking the RA1 domain were 

needed to stabilize RA1-Ran binding.  

 To determine whether the Epac1 RA domain participates in the localization of 

Epac1, we compared the distribution of GFP-Epac1 and GFP-Epac1RA2. The fluorescent 

intensity of GFP-Epac1RA2 on the perinuclear rim was significantly reduced compared 

to GFP-Epac1 (Figures 3.4A, B and E). In addition, Epac1RA2 was excluded from the 

nucleus while its distribution at the cytoplasm was preserved. Since Ran-GTP is found 

both at the NPC and within the nucleus, the loss of Ran binding could explain the 
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reduction of Epac1RA2 at both locations. Interestingly, GFP-Epac1∆295 exhibited 

decreased fluorescence at the nuclear rim as well (Figures 3.4C and E), suggesting that 

the regulatory region also contributes to the localization of Epac1, perhaps by interacting 

with RanBP2 directly or with other proteins within the NPC. This might account for the 

residual level of GFP-Epac1RA2 seen at the nuclear pore. Indeed, the mutant lacking 

both the regulatory region and RA1 (GFP-Epac1∆295RA2) was neither detected at the 

nuclear pore, nor detected within the nucleus (Figures 3.4D and E). Collectively, the data 

show that the RA1 domain targets Epac1 within the nucleus and cooperates with the 

regulatory region to enrich Epac1 at the NPC.  

3.4.4 Ran-Epac1 interaction is crucial for Epac1 mediated Rap1 activation.  

The anchoring of Epac1 to the NPC may activate a specific pool of Rap1. Indeed, the 

cAMP-dependent activation of Rap1 via Epac1 was significantly stronger than that seen 

with Epac1RA2 (Figure 3.5A). The loss of Rap1 activation by Epac1RA2 was not due to 

structural defect caused by swapping RA domains per se, because Epac1RA2 could be 

fully activated in the presence of RasV12 (Figure 3.5A). This is comparable to the 

enhancement of Epac2-dependent Rap1 activation by RasV12 (Liu et al., 2008) and may 

reflect the ability of RA2 to target Epac1RA2 to the PM. Similar results were seen using 

Epac1∆295. This truncation lacks the regulatory region, making it constitutively active. 

Therefore, although the localization of Epac1∆295 at the NPC was reduced (Figure 3.4C), 

it could still activate Rap1 robustly (Figure 3.5B). Like Epac1RA2, Epac1∆295RA2 was 

incapable of activating Rap1, which could be rescued following expression of RasV12 

(Figure 3.5B). These results suggest that Ran-Epac1 interaction is necessary for efficient 

Rap1 activation by Epac1. 
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 To test whether the lack of Rap1 activation by Epac1RA2 was due to loss of 

localization at the NPC, we artificially tethered Epac1RA2 to the NPC by attaching it to 

RanV19. RanV19 is constitutively loaded with GTP, and has been shown to interact with 

RanBP2 and localize to the NPC (Lounsbury et al., 1996) (Figure 3.5C). Using this 

fusion protein depicted in Figure 3.5D (Hutchins et al., 2009) and we can test whether the 

fused RanV19 is sufficient to restore the localization of Epac1RA2 as well as the 

downstream Rap1 activation. As expected, GFP-RanV19-Epac1RA2 was highly enriched 

at the nuclear pore (Figure 3.5C). Importantly, its ability to activate Rap1 was also 

significantly enhanced compared to Epac1RA2 (Figure 3.5E). These data support a 

model that localization of Epac1 to the nuclear pore enhances activation of Rap1 by 

Epac1. 

3.4.5 Epac1 activates Rap1 on the nuclear envelope.  

Activation of endogenous Rap1 can be directly visualized in cells using a Ras binding 

domain from RalGDS linked to GFP (hereafter called GFP-RBDRalGDS) (Bivona and 

Philips, 2005). In cells expressing mCherry-Epac1 and treated with 2OMe, GFP-

RBDRalGDS decreased within the cytoplasm and nucleus, while increased at the NE and 

PM (Figure 3.6A). However, we were unable to see these changes in the absence of 

transfected Epac1, possibly because the level of endogenous Epac1 and Rap1 were too 

low to redirect GFP-RBDRalGDS upon 2OMe stimulation (Figure 3.6A and see Appendix 3 

for detailed explanation). 

 Enrichment of GFP-RBDRalGDS at the NE was also seen upon transfection of 

mCherry-Epac1∆295 but not mCherry-Epac1∆295RA2 (Figure 3.6B, ii and iii, left 

panels). This correlated with the presence of Epac1∆295 and absence of Epac1∆295RA2 
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at the NPC, respectively (Figure 3.6B, ii and iii, middle panels). Together, these results 

strengthen a role for RA1 in promoting Rap1 activation at the NE. Epac1∆295RA2 could 

be redirected to the NPC by the addition of RanV19 at the N-terminus (mCherry-

RanV19-Epac1∆295RA2) (Figure 3.6B, iv, middle panel). Importantly, mCherry-

RanV19-Epac1∆295RA2 restored the pattern of GFP-RBDRalGDS on the NE (Figure 3.6B, 

iv, left panel). We noted that although Epac1∆295 is not present at the PM (Ponsioen et 

al., 2009), it enriched GFP-RBDRalGDS at the PM. This might reflect the trafficking of 

Rap1 to the PM after its activation (Bivona et al., 2004).  

 We detected Rap1 on the NE and PM using a GFP-tagged isoform, Rap1B (Figure 

3.7A). This pattern is consistent with its localization in COS-1, MDCK and Jurkat T cells 

(Bivona et al., 2004). GFP-Rap2B, a Rap2 isoform, was not seen on the NE (Figure 

3.7A), even though it has a known role in Epac1-dependent nuclear export of DNA-PK 

(Huston et al., 2008). The C-terminus of Rap2B was more similar to that of H-Ras, which, 

like Rap2B, was targeted to the PM but not the NE (Figure 3.7A).  

 Because the GFP-RBDRalGDS reporter does not discriminate between Rap isoforms 

activation of selected Rap isoforms must be evaluated using GFP-RBDRalGDS only 

following transfection of each isoform (Bivona and Philips, 2005). Ectopic expression of 

Rap isoforms may also favor the detection of low levels of GEF activity under basal 

conditions. Indeed, following transfection, Rap1B and Rap2B appeared to be activated at 

the NE and PM respectively in the absence of 2OMe (Figure 3.7B). For Rap1B, the 

enrichment of GFP-RBDRalGDS at the NE was GTP-dependent, as this pattern was 

reproduced with Rap1B-V12, which was constitutively GTP-loaded, but not by Rap1B-

N17, which was constitutively GDP-loaded (Figure 3.7C). Importantly, the signal of 
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GFP-RBDRalGDS on the NE in the presence of wild type Rap1B was completely abolished 

by RapGAP (Figure 3.7D), confirming that the distribution of GFP-RBDRalGDS on the NE 

reflected Rap1B activation.  

 To ask whether endogenous Epac1 could be responsible for the activation of 

Rap1B at the NE, we utilized siRNA and reduced the level of Epac1 by 75% (Figure 

3.8A). In cells cotransfected with scrambled siRNA, 79% of the cells had enrichment of 

GFP-RBDRalGDS on the NE in the presence of mCherry-Rap1B, whereas in cells 

cotransfected with Epac1 siRNA, 41% of the cells with mCherry-Rap1B showed 

enrichment of GFP-RBDRalGDS on the NE (Figs. 8B and C). The relatively modest 

reduction might reflect either incomplete depletion of endogenous Epac1 by siRNA or 

the presence of other Rap exchangers at the NE. However, the data confirm that 

endogenous Epac1 contributes to the activation of Rap1B at the NE.   
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3.5 DISCUSSION 

The perinuclear localization of Epac1 has been reported previously (Dodge-Kafka et al., 

2005; Magiera et al., 2004; Qiao et al., 2002; Wang et al., 2006), but a mechanism for the 

anchoring of Epac1 to this location has not been established. A detailed understanding of 

the anchoring mechanism for Epac1 will not only further the microscopic observation 

made previously, but also provide insight into how Epac1 functions in the cell. Binding of 

Epac1 to the A-kinase anchoring protein mAKAP has been proposed to localize Epac1 to 

the perinuclear region in cardiomyocytes (Dodge-Kafka et al., 2005). However, this 

localization of Epac1 is also seen in cells that do not express mAKAP, so another 

mechanism must exist in non-cardiac cells. Here, using a proteomic approach, we have 

identified five potential binding partners that are localized to the nuclear pore complex 

and expressed in all cells: RanBP2, Nup205, Nup98, Importin β-1 and Ran. Among these 

proteins, Ran and RanBP2 were the most represented in this screen. We confirmed that 

endogenous Epac1 could be co-immunoprecipitated with endogenous RanBP2 and Ran. 

The binding of Epac1 to Ran is GTP-dependent and requires the Ras association (RA1) 

domain. This is the first characterization of a binding partner for this putative RA1 

domain.  

 RanBP2 has four binding domains for GTP-bound Ran. It is possible that Epac1 

binds to Ran-GTP directly and associates with RanBP2 as a consequence of binding to 

Ran.  Two lines of evidence support this model that Ran-GTP binds both Epac1 and 

RanBP2 in a single complex. One, the expression of Epac1 can increase the level of Ran 

bound to RanBP2. Two, the optimal localization of Epac1 to the nuclear pore requires the 

RA1 domain, and this is decreased when this domain is replaced with the RA domain of 
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Epac2 (Epac1RA2). Because a low level of binding of GFP-Epac1RA2 can be detected at 

the nuclear pore, it is possible that direct interactions between Epac1 and RanBP2 or 

other components of the NPC may also participate in this targeting of Epac1 (Figure 

3.8D). For example, Importin-β1 was also identified as a binding partner for Epac1. 

Importin-β1 can bind to multiple nucleoporins including RanBP2, as well as Ran (Clarke 

and Zhang, 2004; Delphin et al., 1997; Harel and Forbes, 2004; Vetter et al., 1999). 

Therefore, its association with Epac1 could be indirect. Whether Epac1 is a cargo for 

Importin-β is not known. 

 The association of Epac1 with Ran and RanBP2 represents a new mechanism of 

targeting proteins to the nuclear pore. Ran is efficiently GTP-loaded within the nucleus 

through action of the Ran exchanger RCC1, which is exclusively nuclear (Nemergut and 

Macara, 2000). This asymmetry sets up the Ran gradient that drives nuclear trafficking 

(Macara, 2001). The interaction between Ran-GTP and RanBP2 is known to facilitate the 

inactivation of Ran by RanGAP, which also binds to RanBP2 (Mahajan et al., 1997). We 

propose that the stabilization of the association between Ran and RanBP2 by Epac1 

reflects the ability of Epac1 to protect Ran-GTP from inactivation by RanGAP. It is not 

known whether this ability of Epac1 to prolong the association of Ran-GTP with RanBP2 

affects Ran-mediated nuclear transport.   

 The use of GFP-RBDRalGDS as a reporter for Rap activation is well-suited for 

identifying large pools of Rap-GTP activated by overexpressed GEFs or constitutively 

active mutants of Rap itself (Bivona and Philips, 2005). This reporter does not 

discriminate between Rap isoforms, and cotransfection of specific Rap isoforms is 

required for the examination of isoform-specific activation. Following transfection of 
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Rap1, we showed that GFP-RalGDS identified a pool of Rap1 at the nuclear envelope 

that was activated by endogenous Epac1. 

 It is possible that a portion of the Rap1-GTP that is activated at the nuclear 

envelope may translocate to other compartments including the PM. Although a recent 

study showed that Epac1 itself could translocate to the PM upon cAMP stimulation to 

activate Rap1 and affect cell adhesion, this action requires an intact DEP domain 

(Ponsioen et al., 2009). The constitutively active truncation of Epac1 used in our study 

lacks the DEP domain. It is located at the nuclear pore and is incapable of translocating to 

the PM. Although this mutant predominantly increased the levels of Rap1-GTP detected 

on the nuclear envelope, it also increased the levels of Rap-GTP detected at the PM. This 

is consistent with the possibility that Rap1-GTP can translocate to the PM following its 

activation on the nuclear envelope. Whether this pool of translocated Rap1-GTP behaves 

similarly to Rap1 directly activated at the PM is not known. In addition, Epac1 was seen 

within the nucleus and the RA domain of Epac1 was critical for this localization. Ran and 

RanBP2 have important functions at the chromosome and the mitotic spindle (Chen et al., 

2007; Hao and Macara, 2008; Hutchins et al., 2009) and it is possible that a similar 

complex with Epac1 occurs there as well. 

 The function of the pool of Rap1 at the nuclear envelope needs further study. 

Only one previous report linked Rap signaling to the trafficking of nuclear proteins 

examined the trafficking of DNA-dependent protein kinase (DNA-PK), which requires 

Rap2, but not Rap1 (Huston et al., 2008). It is possible that Rap1 affects the 

nuclear/cytoplasmic trafficking of other proteins. Alternatively, Rap1 could activate 

signaling cascades to affect nuclear transport in general. One established effector of Rap1 



 150

is B-Raf, a kinase upstream of the ERK signaling cascade (Kao et al., 2001; Ohtsuka et 

al., 1996; Stork, 2003). The possibility that Epac1 could activate a localized B-Raf/ERK 

signaling cascade is particularly attractive since ERK phosphorylation of nucleoporins 

has recently been shown to regulate Ran-dependent transport (Kosako et al., 2009).  

 Our study identifies fundamental differences between the RA domains of Epac1 

and Epac2. We propose that these RA domains have distinct effects on the ability of 

Epac1 and Epac2 to activate different pools of Rap1. Epac2 is a bone fide Ras effector, 

acting as a coincidence detector for Ras-dependent signaling and cAMP (Li et al., 2006; 

Liu et al., 2008). This is because Epac2 requires proper targeting to Ras-GTP via its Ras 

association domain (RA2) for efficient Rap1 activation. In contrast, Epac1 is not able to 

bind Ras-GTP and does not require recruitment to Ras to activate Rap1. Instead, Epac1 

requires targeting to the nuclear pore for efficient Rap1 activation. In our previous study, 

we demonstrated the requirement of Ras in the Epac2 dependent activation of Rap1 by 

introducing a point mutation into its RA domain, which abolished the Ras binding 

without affecting the catalytic function of Epac2 (Liu et al., 2008). This mutation caused 

a charge reversal within the RA domain by changing a lysine to glutamate. Epac1 

contains a glutamate at this position (Li et al., 2006), explaining the inability of Epac1 to 

bind to Ras-GTP. 

 Although we did not identify a specific point mutation in Epac1 able to block Ran 

binding, we selectively interfered with Ran binding by swapping the RA domain of 

Epac1 for that of Epac2. This chimera (Epac1RA2) showed a dramatically reduced level 

of Rap1 activation that was not due to a loss of catalytic function per se, as the activity of 

this chimera could be restored by targeting it to Ras-GTP via the chimeric RA2 domain. 
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The decreased Rap1 activation induced by Epac1RA2 correlated well with the decreased 

localization of Epac1RA2 to the nuclear pore, and it could be rescued by redirecting the 

chimera to the nuclear pore by linking Epac1RA2 to the RanV19. These results and our 

previous studies of Epac2 suggest that the differential localizations of Epac1 and Epac2 

are dictated by their unique RA domains, and are necessary for their ability to activate 

different pools of Rap1 efficiently in cells. 

 The ability of one class of small G proteins to signal to other classes of small G 

proteins promotes crosstalk and integration among signaling pathways (Mitin et al., 

2005). The presence of both an RA domain and CDC25 homology domain within a single 

GEF protein provides one such mechanism. For example, the GEFs Tiam1, Ral-GDS, and 

PLCε each contain an RA domain that recruits that GEF to a specific activated small G 

protein, and a CDC25 homology domain that promotes the GTP loading of another small 

G protein (Mitin et al., 2005). The coupling of Ras to Rap1 by Epac2 (Li et al., 2006; Liu 

et al., 2008), and the coupling of Ran to Rap1 by Epac1 also fit into this general mode of 

signaling. These targeting mechanisms highlight the importance of RA domains of 

diverse GEFs in coupling small G proteins to each other. While many of the previous 

examples of RA domains have identified the coupling of small G proteins within the Ras 

family, this study showing the connection between Ran and Rap1 via Epac1 represents 

the first example of the regulation of a member of the Ras family by the small G protein 

Ran.  

 In conclusion, our study has identified a novel role of Ran to anchor Epac1 at the 

nuclear pore and has characterized NE as a novel intracellular site of Rap1 activation 

(Figure 3.8D). This anchoring of Epac1 is mediated largely by its RA domain and is 
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required for the efficient activation of Rap1 by Epac1. Due to this unique localization of 

Epac1, we propose that Epac1 functions as a cAMP sensor at the nuclear pore, which 

converts local cAMP elevations into Rap1 activation on the NE. The discovery of Epac1-

dependent activation of Rap1 at the NE is likely to reveal a potential role of cAMP and 

Rap1 in nuclear transport through the nuclear pore and the assembly and functioning of 

the NE.  
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Table 3.1 

Mass spectrometry analysis of the protein complex in association with Epac1 

Identified proteins MW (kDa) 
Number of Assigned Spectra 

(pcDNA3 cells / flag-Epac1 cells) 

RanBP2 358 0/125 

Nup205 228 0/5 

Nup98 98 0/2 

Epac1 104 0/261 

Importinβ-1 97 0/20 

Ran 24 0/11 

MW, molecular weight; kDa, kilodalton. See Methods section for details. 
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Figure 3.1 Association of Epac1 with Ran and RanBP2.  

(A) Co-immunoprecipitation (IP) of endogenous Epac1 with Ran and RanBP2 in 

HEK293 cells. Cell lysates were subjected to IP using anti-Epac1 (H70), and unrelated 

IgG from rabbit as a control. Western blotting was performed using anti-RanBP2 (Novus), 

anti-Epac1 (H70) and anti-Ran antibodies. TCL, total cell lysate.  

(B) Co-IP of endogenous RanBP2 with Epac1 and Ran in HEK293 cells. Cell lysates 

were subjected to IP using RanBP2 antibody (goat) and unrelated IgG from goat as a 

control. The presence of Ran and Epac1 within the IP was analyzed by western blot using 

anti-RanBP2 (Novus), anti-Epac1 (A5) and anti-Ran.  

(C) Effect of Epac1 overexpression on the association of RanBP2 and Ran. RanBP2 IP 

was performed as in (B) in the presence (+) or absence (-) of flag-Epac1 (E1), and the 

presence of Ran, RanBP2 and flag-Epac1 within IP and TCL was determined by western 

blot. Left panel shows one representative result; right panel shows quantification of three 

experiments normalized to the level of Ran seen in RanBP2 IP in the absence of 

transfected Epac1 (mean±SEM, * p<0.05). 

(D) GTP-dependent interaction between Epac1 and Ran in vitro. Increasing amounts of 

His-Ran loaded with GTPγS or GDP were incubated with GST or GST-Epac1, and 

detected by western blot using anti-Ran. LE and HE, low and high exposures. GST and 

GST-Epac1 levels were shown with Coomassie blue.  

(E) Association of Ran with Epac1 but not Epac2. HA-RanV19 or HA-RanN24 was 

coexpressed with flag-tagged Epac1 or Epac2 in HEK293 cells. IP was performed using 
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anti-HA, and western blotting was performed using anti-flag and anti-HA. Shown data 

are representative of at least three independent experiments.  
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Figure 3.1 

 



 158

Figure 3.2 Colocalization of Epac1 with the nuclear pore complex (NPC).  

(A) GFP-Epac1 colocalizes with the NPC. HEK293 cells were transfected with GFP-

Epac1 (left, green) and stained with Mab414 primary and Texas Red secondary 

antibodies (middle, red) followed by confocal microscopy. Right panel, merged image. 

Scale bars in A-D and F of this figure represent 10µm. 

(B) GFP-Epac2 does not colocalize with the NPC. HEK293 cells were transfected with 

GFP-Epac2, treated, and presented as in (A).  

(C) Colocalization of endogenous Epac1 with the NPC. MEL-24 cells were stained with 

anti-Epac1 primary antibody and Texas Red-coupled secondary antibody (left panel), and 

Mab414 primary antibody and FITC-coupled secondary antibody (middle panel). Right 

panel, merged image.  

(D) Localization of GFP-Epac1 expressed in HEK293 cells by confocal live imaging. 

mCherry-Histone2B was cotransfected to visualize the nuclear chromatin.  

(E) Quantification and correlation of the fluorescent intensities of GFP-Epac1 at the 

perinuclear rim (Y axis) and cytoplasm (X axis) in HEK293 cells over a low range of 

expression levels (see Methods for detail).  

(F) Effect of 2OMe on Epac1 localization. HEK293 cells were transfected with GFP-

Epac1, serum starved and treated with 2OMe during confocal live imaging. The two 

photos on the left show representative localizations of GFP-Epac1 before and after 2OMe 

treatment. The right panel shows quantification of the relative intensities of GFP-Epac1 at 

the perinuclear rim over time normalized to the intensities at 0 min. Gray lines, change of 

intensities in individual cells (n=9). Black line and error bars represent mean±SEM. 
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Figure 3.2 
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Figure 3.3 Role of RA domain in the association of Ran and Epac1.  

(A) Domain structures of Epac1, Epac2 and mutants used in the study. cNBD, cyclic-

nucleotide-binding domain; DEP, Dishevelled, Egl-10, Pleckstrin domain; REM, Ras 

exchange motif; RA, Ras association domain; CDC25-HD, CDC25-homology domain. 

Epac1 has one and Epac2 has two cNBDs.  

(B) Loss of Ran association with Epac1∆673. HA-RanV19 was coexpressed with GFP, or 

GFP tagged Epac1 (E1), E1∆295 or E1∆673 in HEK293 cells. IP was performed using 

anti-GFP, and western blot was performed using anti-GFP and anti-HA.  

(C) Requirement of the RA domain of Epac1 for Ran-Epac1 association. GFP, GFP-

tagged Epac1, and Epac1RA2 (E1RA2) were expressed in HEK293 cells. IP was 

performed using anti-GFP, and Western blot was performed using anti-Ran and anti-GFP.  

(D) Interaction of E1RA2 and RasV12. pcDNA3, flag-Epac1 or E1RA2 were 

coexpressed with mCherry-RasV12 in HEK293 cells. IP was performed using anti-flag, 

and proteins detected by western blot using anti-Ras and anti-flag.  

(E) Epac1 RA domain (RA1) requires additional sequences to bind RanV19. GFP, GFP-

tagged Epac1 (E1) or RA1 domain alone was cotransfected with HA-RanV19 into 

HEK293 cells followed by IP with anti-GFP, and western blot using anti-HA and anti-

GFP. 
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Figure 3.3 
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Figure 3.4 Role of RA1 domain and regulatory region in Epac1 localization.  

(A-D) Localization of GFP-tagged Epac1, Epac1RA2, Epac1∆295 and Epac1∆295RA2 

in HEK293 cells by confocal live imaging. Upper panels show representative 

distributions of the indicated constructs. Lower panels show the intensity profile across 

the lines in the photo. Y axis, raw fluorescence intensity; X axis, distance in pixel; dotted 

line, the levels of fluorescence intensity in the cytoplasm. Scale bar, 10µm.  

(E) Quantification of the relative fluorescent intensities of GFP-tagged Epac1 and 

mutants at the perinuclear rim and within the nucleus (mean±SEM, * p<0.01). AU, 

artificial units. See Methods for detail.  
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Figure 3.4 
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Figure 3.5 Requirement of the RA1 domain for efficient Rap1 activation via Epac1.  

(A) Activation of endogenous Rap1 by Epac1 (E1) and Epac1RA2 (E1RA2). Flag-E1 and 

flag-E1RA2 were expressed in HEK293 cells in the absence or presence of mCherry-

RasV12. Starved cells were treated with 2OMe for 15min or left untreated, and the 

lysates were assayed for Rap1 activation, as described in Methods. Transfected proteins 

were blotted with anti-flag and anti-Ras. The lower panel is the quantification of relative 

Rap1 activation from three independent experiments (mean±SEM, * p<0.05); ns, not 

significant.  

(B) GFP-tagged E1∆295 and E1∆295RA2 were expressed in HEK293 cells in the 

absence or presence of mCherry-RasV12. Rap1 activation was assayed and presented as 

in (A).  

(C) Comparison of the localization of mCherry-RanV19, GFP-E1RA2 and GFP-RanV19-

E1RA2 in HEK293 cells by confocal live imaging. Representative images are shown in 

the upper panel. The lower panel is the quantification of relative fluorescence intensities 

of GFP-E1RA2 (light gray bar) and GFP-RanV19-E1RA2 (dark bar) at the perinuclear 

rim (Mean±SEM, * p<0.01). Scale bars, 10µm.  

(D) Schematic of the GFP-RanV19-E1RA2 construct. The domains of Epac1 are listed as 

in Figure 3.3A. The RA domain of Epac2 (RA2) is shown in gray. 

(E) Rap1 activation by GFP-RanV19-Epac1RA2. GFP-tagged Epac1, Epac1RA2 and 

RanV19-Epac1RA2 were expressed in HEK293 cells and treated with 2OMe for 15min 

or left untreated. Rap1 activation was assayed and presented as in (A).  
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Figure 3.5 
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Figure 3.6 Activation of endogenous Rap1 at the nuclear envelope (NE).  

(A) Dynamic activation of Rap1 by Epac1 at the NE. HEK293 cells were cotransfected 

with GFP-RBDRalGDS and either mCherry-vector (Vector) or mCherry-Epac1 (Epac1), and 

treated with 2OMe after serum starvation. Confocal images acquired at indicated time 

points are shown (representative of 11 cells in each condition from three independent 

experiments). Arrowheads indicate the NE.  

(B) Subcellular localization of Rap1 activation by Epac1 mutants. mCherry (i), mCherry-

tagged Epac1∆295 (ii), Epac1∆295RA2 (iii), or RanV19- Epac1∆295RA2 (iv) was 

cotransfected with GFP-RBDRalGDS into HEK293 cells. Left column, GFP; middle, 

mCherry; right, merged images. All images presented were from confocal live imaging 

and are representative of cells examined in two to three independent experiments (n>100). 

Scale bars, 10µm. 
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Figure 3.6 
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Figure 3.7 Localization and activation of Rap1B at the NE.  

(A) Localization of GFP-tagged Rap1B, Rap2B, and H-Ras expressed in HEK293 cells 

as indicated. All photos presented were confocal images from unfixed cells. Scale bars, 

10µm.  

(B) Distribution of GFP-RBDRalGDS in HEK293 cells cotransfected with pcDNA3, flag-

Rap1B or flag-Rap2B as indicated.  

(C) GTP-dependency of the enrichment of GFP-RBDRalGDS on the NE in HEK293 cells 

cotransfected with GFP-RBDRalGDS and Rap1B-N17, or Rap1B-V12 as indicated.  

(D) Inactivation of Rap1B on the NE by RapGAP. GFP-RBDRalGDS and mCherry-Rap1B 

were cotransfected into HEK293 cells with pcDNA3 (panels i-iii) or RapGAP (panels iv-

vi), as indicated. Panels i and iv, mCherry; panels ii and v, GFP; panels iii and vi, merged 

images. All the images are representative of cells examined in two to three independent 

experiments (n>100 cells).  
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Figure 3.7 

 



 170

Figure 3.8 Attenuation of Rap1 activation at the NE by depletion of endogenous 

Epac1. 

(A) Depletion of Epac1 by siRNA. Left panel, lysates of HEK293 cells transfected with 

scrambled or Epac1 siRNA were examined by western blot using anti-Epac1 and anti-

ERK2 (loading control). Right panel, quantification of three experiments (mean±SEM, * 

p<0.05).  

(B) Effect of Epac1 depletion on Rap1 activation at the NE. GFP-RBDRalGDS and 

mCherry-Rap1B were cotransfected with scrambled or Epac1 siRNA in HEK293 cells. 

Percentage of cells with enrichment of GFP-RBDRalGDS on the NE were quantified from 

four independent experiments (mean±SEM, * p<0.01).  

(C) Representative images from (B) are shown. The top and bottom panels show cells 

cotransfected with scrambled and Epac1 siRNA, respectively. Left, GFP; middle, 

mCherry; right, merged images. Scale bars, 10µm.  

(D) Model for anchored Epac1 signaling at the NE. The NPC is a large multimeric 

protein complex shown in cross section spanning the double bilayer of the NE. Epac1 is 

localized to the NPC through direct interaction between its RA domain and Ran-GTP, 

which also associates with RanBP2, the major nucleoporin on the cytoplasmic face of the 

NPC. Epac1 may also make direct contacts with RanBP2 as shown (question mark). The 

anchored Epac1 allows cAMP to activate local pools of Rap1 that is tethered on the NE.  
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Figure 3.8 
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Chapter 4 

Summary and Future Directions 
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4.1 SUMMARY  

The discovery of novel targets of cAMP has focused our attention on two homologous 

exchange factors, Epac1 and Epac2. While both proteins are Rap exchangers directly 

activated by cAMP, whether they mediate different mode of Rap1 activation to achieve 

efficiency and specificity in Rap1 signaling was unclear. My thesis work focused on 

distinct mechanisms for the targeting of Epac1 and Epac2 to different subcellular 

locations. These mechanisms highlight the importance of the protein interactions 

mediated by the RA domains of Epac1 and Epac2, which are required for the spatial 

control of Rap1activation triggered by cAMP. The summary of my thesis work is 

presented as a schematic in Figure 4.1 and the main points are outlined below.   

Epac2, originally regarded as a cAMP sensor, is also a bona fide Ras effector 

(Figure 4.1, box in dotted orange line). It is recruited by Ras-GTP to the PM via its RA 

domain (RA2), which is required for the efficient activation of Rap1 in the presence of 

cAMP. This action of Ras can be mimicked by targeting Epac2 to the PM through an 

engineered CAAX motif that can be lipidified. As a coincidence detector for Ras and 

cAMP signals, Epac2 activates Rap1 robustly at the PM, which is coupled to ERK 

activation and promotes neurite outgrowth in PC12 cells. The other roles of Epac2 in the 

convergent signaling of growth factors and hormones remain to be elucidated.  

Epac1 is the first exchange factor found to associate with the NPC (Figure 4.1, box 

in dotted green line). While the detailed organization of this protein complex might 

involve multiple components of the NPC including Ran and RanBP2, the direct 

interaction between Ran and Epac1 via its RA domain (RA1) is crucial. Swapping RA1 

for RA2, which abolishes the Ran association, compromises the full enrichment of the 



 174

mutant at NPC and the efficient activation of Rap1 on the NE. These defects can be 

restored by retargeting the mutant to NPC with a fused Ran-GTP. Whether the Rap1 

activated on the NE is involved in nuclear transport or other cellular proecesses needs 

further investigation.  

Putting the mechanisms of Epac1 and Epac2 dependent Rap1 signaling into context 

(Figure 4.1, right half of the schematic; also see Chapter 1), small GTPases can be 

connected into local cascades and a “global” network via their GEFs. Epac1 and Epac2 

play the theme common to many other GEFs summarized in the figure by interacting 

with an upstream small GTPase (Ran and Ras, respectively) via their RA domains, and 

activating another downstream small GTPase (Rap1). The unique variation in the case of 

Epac proteins are:  one, both Epac1 and Epac2 needs the second messenger cAMP to 

overcome their intra-molecular inhibition, and together with the spatial controls via their 

RA domains, they may be more versatile in integrating different environmental cues; two, 

while the signaling of most small GTPases were documented on the PM and trafficking 

vesicles, Epac1-Rap1 signaling at the NE is likely to expand the action of small GTPases 

to a broader territory.  

In conclusion, Epac1 and Epac2 are compartmentalized via specific interaction 

with Ran and Ras, respectively, and they transduce cAMP signals to activation of Rap1 at 

different subcellular locations.  

4.2 FUTURE DIRECTIONS  

The results presented in this thesis supply important links to an emerging network of 

small GTPases of the Ras superfamily, and they also opened up new questions that are 

worth further investigation as described below.  
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4.2.1 Questions related to Epac2 

Although Ras-Epac2 interaction can be induced 15 minutes after treatment with EGF, the 

detailed kinetics of the Ras-Epac2 interaction is not clear. Given that Epac2 enhances the 

magnitude rather than extending the time course of the ERK phosphorylation, it is 

possible that Ras-Epac2 interaction is transient and is terminated by either inactivation of 

Ras or some undetermined negative feedback to Epac2 (e.g. post-translational 

modifications of the RA domain that abolish its binding to Ras).  

As discussed in Chapter 1, Epac2 has been shown to regulate insulin secretion in 

vivo. One physiologically related question regarding the subtle phenotype of the Epac2-/- 

mice would be whether co-stimulation of Ras can further enhance the cAMP triggered 

insulin secretion in wild type animals but not the knockout. In a physiological setting, 

Ras activation could be achieved by stimulation of the receptor tyrosine kinases, and the 

cAMP can be elevated by action of Glucagon-like peptide 1 (GLP-1) (Lawrence et al., 

2008). Considering the strong connection of Epac2-Rap1 signaling to MAPK cascade, it 

would also be important to determine whether Epac2 play a role in the establishment and 

maintainence of the population of β cells downstream of environmental cues that 

stimulate Ras and cAMP.  

As Epac2 is abundantly expressed in neuronal cells and serves as a coincidence 

detector for Ras and cAMP signals, it is reasonable to speculate that it may play a vital 

role in the remodeling of neuronal circuits as well as learning and memory. Many recent 

studies identified important roles for Epac2 in the physiology of nervous system. For 

example, Woolfrey et al. reported that Epac2 induces synapse remodeling and depression 

and its variants associated with Autism alter the morphology of spines (Woolfrey et al., 
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2009). While this important study focused on a novel interaction between Epac2 and 

neuroligins, it is unknown whether the interaction is direct or regulated by physiological 

cues. Interestingly, two of the four Autism-related point mutations, V646F and G706R, 

are located within or immediately close to the RA domain of Epac2. It is important to test 

whether these mutants are defective in Ras interaction, which might be correlated to their 

functional defects. In another study, down-regulation of Epac2 expression in the 

hippocampal CA1 area was shown to impaire fear memory retrieval in a time-limited 

fashion (when tested 72 h after training) (Ostroveanu et al., 2009).  It would be important 

to carry out neurobehavioral studies in Epac2-/- animals to test definitively the role of 

Epac2 in advanced brain functions in vivo. To address the exact role of Epac2 as a 

coincidence detector in vivo requires more complicated strategies including knock-in of 

Epac2 mutant (e.g. K684E) incapable of Ras binding as well as Epac2K684E-CAAX on 

the Epac2 null background.  

4.2.2 Questions related to Epac1 

The localization of Epac1 predominantly at the NPC rather than the PM raises question 

about previous models proposing that Epac1 directly activates Rap1 at the PM to 

stimulate integrin-mediated adhesion. Although the integrin-mediated adhesion could be 

a cell type dependent phenomenon, the perinuclear enrichment of Epac1 is common 

among most cell lines examined. However, as shown in Chapter 3, despite the 

predominant localization of Epac1 at the NPC with little translocation from the cytoplasm 

to the PM, Epac1 does cause redistribution of GFP-RBDRalGDS to the PM and the NE 

equally well. Although I envision that Rap1 could be activated at the NE before being 

transported to the PM, this point was not directly tested and far from being confirmed. 
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This is partly because there has been no consensus on the identity of the vesicles in which 

Rap1 resides in the cells. Distribution of GFP-Rap1 can be seen on the secretory pathway 

including the Golgi network and endoplasmic reticulum; however, GFP-Rap1 containing 

vesicles were also observed to be trafficking directly between the NE and PM, which falls 

into the category of non-secretory pathway. These diverse ways of communication 

between the PM and NE may present considerable difficulties in the choice of inhibitors 

to block the trafficking of Rap1 in the cell. The presence of a mixed pool of Rap1 and 

Rap2 at the PM further complicates the matter. Nevertheless, despite the limited 

understanding of the origin of Rap1-GTP on the PM, abundant evidence is presented in 

the thesis in support of the activation of Rap1 on the NE by Epac1.   

The presence of Epac1 at the NPC suggests that Epac1 could be an integral part of 

the nuclear transport machinery.  One basic question unresolved is how the complex of 

Epac1, Ran and RanBP2 is organized.  Our data suggest that Ran maybe sandwiched 

between the RA domain of Epac1 and the Ran binding domain of RanBP2, but the 

possible direct interaction between Epac1 and RanBP2 has not been fully explored. The 

complex of Epac1, Ran and RanBP2 seems to be very stable and is not significantly 

affected by overexpression of RanGAP, which in theory can reduce the amount of Ran-

GTP in association with RanBP2. In fact, we have preliminary data showing that 

RanGAP and Epac1 can be co-immunoprecipitated, suggesting that Epac1 and RanGAP 

can coexist at the NPC and the Epac1-Ran-RanBP2 complex may be insulated from the 

activity of RanGAP. This idea is not impossible, given that RanBP2 is a very large 

protein and the four Ran binding sites on RanBP2 may not be “created equal”, with some 

sites more influenced by RanGAP than others. So, the Ran-Epac1 complex may interact 
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with RanBP2 at sites far away from where RanGAP binds and remain stable, and further 

experiments could be designed to test this intriguing hypothesis. 

Unlike the interaction between Ras and Epac2, which is dependent on the 

activation status of Ras and can be induced by extracellular stimuli, the RanBP2-Ran-

Epac1 complex is already in place under basal conditions and does not appear to be 

regulated by any stimulation. However, the NE and NPC are assembled and disassembled 

during the cell cycle, and the localization of Ran and RanBP2 undergoes dynamic 

changes too. Thus, it would be important to examine the localization of Epac1 at different 

stages of the cell cycle and to observe whether knockdown of Epac1 has any effect on the 

progression of cell cycle.  

Another physiological question is the whether Epac1-Rap1 signaling participates in 

the nuclear transport. So far there was only one report about the novel role of Epac1 and 

Rap2 in the nuclear transport of any protein. This study identified the Epac1-dependent 

export of DNA-PK from the nucleus, and knockdown of Rap1 did not affect this process. 

Given the unique localization of Epac1 and Rap1 at the NPC and NE, respectively, it is 

possible that Epac1 and Rap1 are involved in the transport of proteins other than DNA-

PK. It would be interesting to design an unbiased approach to identify these proteins, and 

then follow up on the cellular processes that are dependent on these transportations.  

4.2.3 Questions related to Rap1 and small GTPases in general 

Rap1 is present at multiple membranous compartments in the cell, and these different 

pools of Rap1 can be differentially activated by Epac1 and Epac2 that are spatially 

segregated. In addition, the spatial control of Rap1 signaling could also be dynamically 

regulated by post-translational modifications on itself. As shown in Figure 1.4, both 
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Rap1A and Rap1B feature C terminal sequences that are rich in positively charged 

residues and classical PKA sites. The latter may serve as electrostatic switches to trigger 

the dissociation of Rap1 from the membrane, and we have preliminary data in support of 

this idea. Because cAMP can simultaneously activate Epac proteins and PKA, it is 

important to understand how these different levels of spatial controls converge on Rap1 

and how they dynamically affect the cellular processes involved.  

In terms of the network of small GTPases, probably some basic descriptions of the 

group behavior of the small GTPases need to be made before other meaningful 

progresses are possible. For example, with a given stimulus to the cell, we need to know 

the kinetics of activation and inactivation of multiple small GTPases involved in a 

network. This is usually labor intensive, and the noise from certain assays sometimes can 

overwhelm the signals themselves. There has not been report of monitoring the kinetics 

of more than one endogenous small GTPases in vivo, either. Nevertheless, new high-

throughput technology in the near future may revolutionize our understanding about the 

flow of signals among multiple small GTPases in real time and in vivo.  
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Figure 4.1 Summary: Spatial control of Rap1 by Epac proteins and the cascades of 

small GTPases in different cellular compartments.  

Chapter 2 is summrized in the orange-colored box, Chapter 3 in the green-colored box. 

Pathways in the background are discussed in Chapter 1. See the text in Section 4.1 for 

details.  
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APPENDICES 

Appendix 1 Structural modeling 

All the structural modeling were performed using the UCSF Chimera package from the 

Resource for Biocomputing, Visualization, and Informatics at the University of California, 

San Francisco (Pettersen et al., 2004).  

Ras-Epac2 interaction in comparison to the Rap1-C-Raf RBD complex (Figure 

2.2B). The goal of this modeling is to visualize the Ras-Epac2 complex and correlate the 

structure with experimental data. The structure files used in this modeling are obtained 

from protein data bank (www.pdb.org) and listed in Table A.1.  

The structure of Rap1A in complex with CRAF-RBD was used as the template. H-

Ras-GTP was first superimposed on Rap1A and then Epac2 RA domain (residue 620-720) 

was superimposed on CRAF-RBD using the MatchMaker function (Meng et al., 2006), 

followed by restoration of full length Epac2. The side chains of R89 of CRAF-RBD and 

K684 of Epac2 were highlighted as sticks.  

The two structure pairs appear to be well superimposed (Table A.2, pair 1 and 2). 

Note that mutations of R89 of CRAF-RBD and K684 of Epac2 disrupted the Ras-CRAF 

complex (Block et al., 1996) and Ras-Epac2 complex (Figure 2.2C, D), respectively. And 

here, the side chains of the above two residues occupy the same space at the binding 

interfaces, supporting the notion that Epac2 and CRAF share the same binding profile 

towards Ras-GTP (Figure 2.1A, B). Importantly, the regulatory region of Epac2 does not 

interfere with the Ras-Epac2 interaction, which agrees with our data showing that Ras 

binds to Epac2 in a cAMP independent manner (Figure 2.1C, D).  
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The ternary complex of Ras-Epac2-Rap1 (Figure 2.5A). The goal of this 

modeling is to visualize the Ras-Epac2-Rap1 ternary complex and correlate the structure 

with experimental data. The structure files used in this modeling are obtained from 

protein data bank and listed in Table A.1.  

The structure of Epac2 in complex with a cAMP analog and Rap1 at the catalytic 

hairpin was solved recently (Rehmann et al., 2008). The CRAF-RBD was superimposed 

on the RA domain of Epac2 (PDB code: 3CF6), and the H-Ras-GTP was superimposed 

on Rap1 (1C1Y chain A) in complex with CRAF-RBD. Using these structure, the spatial 

relationship between H-Ras-GTP and the Epac2-Rap1 complex was established. 

All the structure pairs compared during the modeling are well superimposed. Note that 

Ras, Rap1 and the RA and CDC25 domains of Epac2 were aligned on a single plane, and 

we placed the lipid membrane plane parallel to this plane. Importantly, the c-terminal 

ends of Ras and Rap1 pointed toward the membrane plane at the same time, 

accommodating the constraints imposed by their c-terminal lipid modifications (side view, 

see Figure 2.5A). 
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Table A.1 Structures used in the modeling 

Structures PDB ID Color Reference 

Epac2 2BYV  RA domain (pink), other domains (green) (Rehmann et al., 2006) 

H-Ras-GTP 2CL7 H-Ras (magenta) (Klink et al., 2006) 

Rap1A/ CRAF-RBD 1C1Y Rap1 (dark blue), CRAF-RBD (cyan in Figure 2B and 
hidden in Figure 5A) 

(Nassar et al., 1995) 

H-Ras/ Sos-1 1BKD Both chains are hidden in Figure 5A (Boriack-Sjodin et al., 1998) 

Epac2/ Rap1 3CF6 Rap1 (dark blue), Epac2 RA domain (pink), other domains 
(green) 

(Rehmann et al., 2008) 
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Table A.2 Evaluation of superimpositions of structure pairs in the modeling 

Pair Protein/domain PDB ID Chain N/RMSD (MM-default)

Epac2 RA domain 2BYV E 
1 

CRAF-RBD 1C1Y C 
26/1.188 

H-Ras-GTP 2CL7 X 
2 

Rap1A 1C1Y A 
152/0.837 

The evaluation results are of the form N/RMSD, where N is the number of residue pairs 

matched and RMSD is the corresponding alpha-carbon root-mean-square deviation. MM-

default: MatchMaker with default parameters (BLOSUM-62, 30% secondary structure 

weighting, prior secondary structure calculation, iteration cutoff 2.0 angstroms) 
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Appendix 2 Computational modeling 

Rate of Rap1 activation as a function of the percentage of Epac2 recruited to the 

membrane (Figure 2.5G). The exchange activity of Epac2 can be briefly expressed by 

the following 2 reactions.  

GDPEpacRapEpacGDPRap k +⋅⎯→⎯+ 2121 1  (1) 

2121 2 EpacGTPRapGTPEpacRap k +⎯→⎯+⋅  (2) 

The excess of GTP in the cell allows the accumulation of Rap1GTP in the presence of 

Epac2. The focus of this modeling is not the regulation of Epac2 by cAMP, but the 

contribution of Ras binding in Epac2 mediated Rap1 activation. Therefore, we started 

with the condition that Epac2 is already at an open conformation in the presence of 

adequate amount of cAMP. In this scenario, the rate of the exchange reaction is largely 

decided by the concentrations of Epac2 and Rap1. Rap1 is normally associated with 

cellular membranes, and can only interact with Epac2 within the sub-membrane space. 

We defined the concentration of this pool of Epac2 as [Epac2]m. Therefore, the rate of 

Rap1 activation will be proportional to [Rap1]×[Epac2]m. Since the total concentration of 

Rap1 remains unchanged, we have treated [Rap1] as a constant. Thus, the rate of Rap1 

activation will be proportional to [Epac2]m.  

We defined [Epac2] as the total Epac2 concentration within the whole cell, p as the 

fraction of Epac2 recruited to the membrane (namely, the percentage of Epac2 in 

complex with RasGTP), and A as the fold difference of the cell volume to the volume of 

the sub-membrane space. The relationship between membrane associated Epac2 and total 

Epac2 can be represented as: 
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Epac2[ ]m = Epac2[ ]× p × A + Epac2[ ]× (1− p). 

Therefore, the Rate of Rap1 activation [ ] [ ] )1(22 pEpacApEpac −×+××∝  (3) 

For the simplicity of the model, the role of intracellular membranous structures is not 

considered and the shape of the cell is constant. In this case, A becomes a constant, and 

the relative rate of Rap1 activation will be a function of only [Epac2] and p. For any 

given cell size, the constant A will be maximal if the cell is considered as a sphere, and 

will increase with the diameter of the sphere. In the general case, the diameter of a cell is 

approximately 10 µm (Kim et al., 2007) (see also Bionumbers, Roskams and Rodgers, 

LabRaf). A better estimate of 10 µM is also consistent with the PC12 literature (Das et al., 

2004; Greene and Tischler, 1976; Tischler and Greene, 1975). The diameter of a molecule 

of ~ 100kDa (e.g. Epac2) is approximately 10 nm. Assume the reaction is confined in a 

thin shell of sub-membrane space with the thickness of 10 nm, the fold enrichment of 

Epac2, which equals to the fold difference of the cell volume to the volume of the sub-

membrane space (A), will be 167. A could be considerably lower in cultured cells that 

usually spread out flat and have a much smaller volume/surface ratio.  

The modeling takes into consideration only the concentrations of the enzyme 

before and after relocalization. Two additional approximations have also been made. First, 

each encounter of Epac2 and Rap1GDP was considered equally productive. However, 

this may underestimate the rate of Rap1 activation, because structural modeling (Figure 

2.5A) suggested that Ras-bound Epac2 may be better oriented to interact with Rap1. This 

will further accelerate Rap1 activation at the membrane. Second, there may be limits to 

the maximal level of Rap1 activation. Several factors can contribute to this limit, 
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including limits to the concentration and diffusion of Rap1 across different membrane 

microdomains and the differential localization of Rap1GAP within the cell.  

The modeling above predicts that membrane recruitment of Epac2 is a very 

efficient mechanism to regulate the rate of Rap1 activation. At one extreme where p = 0, 

the rate of Rap1 activation becomes 1 (equation 3). If Epac2 were to be completely 

relocated to the membrane (i.e. p = 1), the rate of Rap1 activation is predicted to increase 

by a factor defined by A (estimated to be 167 in the spherical cell model). A more 

physiological situation might have the percentage of Epac2 on the membranes increasing 

from 5% (i.e. p = 0.05) to 15% (i.e. p = 0.15) (see Figure 2.2E), the rate of Rap1 

activation would increase more than 2 fold, which is in agreement with our experimental 

data (Figure 2.3B, lane 8 and 12). Importantly, these dramatic increases are accomplished 

only by relocating Epac2 without any change in Epac2 synthesis.  

Rate of Rap1 activation in relation to the level of Ras activation and affinity 

between Epac2 and RasGTP (Figure 2.5H). The percentage of Epac2 recruited to the 

membrane (p) can be expressed using the dissociation constant (Kd) of Ras-Epac2 

binding and the concentration of activated Ras [RasGTP]. 

22 EpacRasGTPEpacRasGTP Kd ⋅⎯⎯→←+  

Kd=
RasGTP[ ]× Epac2[ ]

RasGTP ⋅ Epac2[ ]
 

[ ]
[ ]

[ ]2
2
EpacRasGTP

Epac
RasGTP

Kd
⋅

=  

Note that [Epac2] is the concentration of Epac2 in the whole cell, while [RasGTP·Epac2] 

and [RasGTP] are concentrations of bound RasGTP·Epac2 complext and free RasGTP in 
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the sub-membrane space. The concentration of bound RasGTP also represents to that of 

bound Epac2 in the same space. Other Ras effectors are not considered here. Therefore, p 

(the percentage of Epac2 recruitment) can be calculated from the concentrations of free 

and bound Epac2 and the factor A. 

[ ]
[ ]

[ ]2
2

EpacRasGTP
AEpac

RasGTP
AKd

⋅
×

=
×   

[ ]
[ ]

[ ] [ ]
[ ]2

22
EpacRasGTP

EpacRasGTPAEpac
RasGTP

RasGTPAKd
⋅

⋅+×
=

+×  

RasGTP[ ]
Kd × A + RasGTP[ ]

=
RasGTP ⋅ Epac2[ ]

Epac2[ ]× A + RasGTP ⋅ Epac2[ ]
=

RasGTP ⋅ Epac2[ ]
Epac2[ ]total

= p  

Therefore,  

[ ]
[ ]RasGTPAKd

RasGTPp
+×

=  (4)  

By coupling (3) and (4), we are able to plot the rate of Rap1 activation against level of 

Ras activation, and different Kds of Epac2 WT and Epac2-684E towards RasGTP.  

How much Epac2 is recruited to the membrane depends on the level of Ras 

activation and the Kd of Epac2 towards RasGTP. The rate of Rap1 activation is increased 

when Ras is activated. Importantly, the steepest slope of the plot occurs when the 

concentration of RasGTP is relatively low, and the plot gradually approaches a plateau as 

RasGTP continues to increase.  

For Epac2 WT and the RA domain mutant (Epac2-684E), the differences in their 

respective Kds towards RasGTP would dramatically affect how fast the plot reaches 

plateau, dictating the speed of the recruitment to the membrane in response to Ras 
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activation. Epac2 WT exhibited a small Kd towards RasGTP and was rapidly enriched on 

the membrane, and the rate of Rap1 activation also increased swiftly. However, Epac2-

684E exhibited a Kd of one magnitude higher, and would be recruited at a much slower 

rate, resulting in a much slower rate of Rap1 activation.  

All the plots were generated with MATLAB 7.0.1 
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Appendix 3 Proposed mechanism for the visualization of Rap activation using GFP-

RBDRalGDS (Figure A.1)  

The Ras binding domain (RBD) of RalGDS interacts with Rap1 at high affinity, thus 

when tagged with GFP, it can serve as a reporter to visualize the level of Rap1-GTP at 

subcellular resolutions. However, a unifying theory is not available to accommodate 

different observations under various experimental conditions used in my study (see 

Chapter 3). One possible mechanism underlying the assay is proposed here so as to 

integratively explain the imaging data presented with reasonable logic.  

(A to B) Rap1 is cycling between its GTP-loaded form and GDP-loaded form. GEF 

catalyses the release of GDP in exchange for GTP, while GAP catalyses the hydrolysis of 

GTP. The relative strengths of GEF and GAP dictate the level of Rap1-GTP at a specific 

subcellular location. If GFP-RBDRalGDS can be recruited to a subcellular structure (e.g. 

either PM or NE) at a level beyond the background fluorescence, the profile of that 

particular structure can be perceived under the microscope. This requires that the amount 

of Rap1-GTP at that location rises above certain threshold to create a perceivable contrast 

between the GFP-RBDRalGDS enriched at that location and the GFP-RBDRalGDS in the 

background or cytoplasm.  Under basal conditions, not enough Rap1-GTP is present in 

the cell, thus the distribution of GFP-RBDRalGDS appears to be uniform across the whole 

cell. The endogenous Rap1 can be robustly activated in the following ways: (1) in the 

presence of exogenous Epac1 and its ligand, 2OMe; (2) in the presence of constitutively 

active Epac1∆295; (3) in the presence of the chimeric protein, RanV19-Epac1∆295RA2. 

Under all these conditions with stronger actions of the GEF (symbolized with thicker 

upper arch in B), we can observe that GFP-RBDRalGDS lights up the NE, reflecting 

increased level of Rap1-GTP at the location.  
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(A to C) Then, why is GFP-RBDRalGDS enriched at the NE simply upon expression 

of exogenous Rap1? This can be possibly explained by a slight imbalance between the 

strengths of GEF and GAP for Rap1 at the location, with the GEF being stronger. The 

imbalance is “slight” because, in the absence of overexpressed Rap1, it can not 

accumulate enough Rap1-GTP to enrich GFP-RBDRalGDS above the background. 

However, when Rap1 is overexpressed, the increased level of substrates may allow 

generation of more Rap1-GTP beyond the detection limit, without altering the strengths 

of GEF or GAP. Interestingly, using FRET-based sensors, Mochzuki et al also observed 

increased level of Rap1-GTP around the nucleus under basal conditions (Mochizuki et al., 

2001).  

(C to D) and (C to E) The mechanism underlying the change from (A) to (C) 

proposed above can be further tested by manipulating the strengths of GEF and GAP in 

the system. In the presence of overexpressed RapGAP (indicated by thicker lower arch in 

D), Rap1-GTP will be depleted and Rap1-GDP will accumulate, abolishing the 

enrichment of GFP-RBDRalGDS at the NE. Similarly, by interfering endogenous Epac1 

(indicated by thinner upper arch in E), which might be the major source of the perinuclear 

GEF activity, Rap1-GDP will build up and the production of Rap1-GTP will decrease, 

which also abolishes the enrichment of GFP-RBDRalGDS at the NE. 
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Figure A.1  
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