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Abstract
The ubiquitous second messenger cAMP acts to integrate and translate information
encoded by extracellular messenger molecules, including hormones and neurotransmitters.
Intracellular cAMP concentrations are regulated through coordinated changes in the activities of
adenylyl cyclases (ACs) and cyclic nucleotide phosphodiesterases (PDEs).

Freely diffusing

cAMP can reach concentrations sufficient to activate cAMP effector proteins, such as protein
kinase A (PKA) or the exchange protein activated by cAMP (EPAC), except in defined
compartments where PDEs are localized which allows for spatial and temporal control of the
cAMP signal. In human aortic vascular endothelial cells (HAECs) and HEK293T cells we
recently identified a macromolecular complex consisting of PDE3B and EPAC and showed that
this complex coordinated cAMP-induced effects on adhesion of these cells to fibronectin-coated
surfaces. Using “pull-down” assays and peptide array-based approaches we have identified the
molecular determinants which coordinate the formation of this complex. Our evidence suggests
that the extreme N-terminal 13 amino acids of PDE3B represent the portion of PDE3B that
interacts with EPAC. In addition, although several EPAC-encoded peptides were shown to bind
PDE3B, immunoprecipitation-based studies identified a region proximal to the cAMP-binding
domains as likely to have a dominant role in this binding. Of functional relevance, a cell
permeable peptide containing these amino-terminal 13 amino acids of PDE3B antagonizes
PDE3B-EPAC interactions in cells. In addition, this peptide impacted the ability of cAMPelevating agents to coordinate EPAC-dependent cell adhesions.
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Chapter 1
Introduction
1.1 Cyclic AMP (cAMP) Signalling
The intracellular second messenger cAMP is produced in response to a variety of
extracellular signals, including hormones, growth factors and neurotransmitters. These
agents activate the cAMP-signalling system by binding to G-protein coupled receptors, a
large class of receptors which transduce extracellular signals by interacting with
heterotrimeric G-proteins (Wong et al. 2004). The two G-proteins involved in regulating
cAMP generation are Gs and Gi, with the subscripts indicating “stimulation” or
“inhibition”, respectively.
There are four main fates of cAMP within the cell (Wong et al. 2004). cAMP can
a) bind and activate cyclic nucleotide gated ion channels, b) bind protein kinase A’s
(PKA’s) regulatory domains releasing them and thus activating the catalytic subunits, c)
bind and activate exchange proteins activated by cAMP (EPAC), which are guanine
nucleotide exchange factors (GEFs), for Rap and certain Ras GTPases, and d) be
hydrolyzed by cyclic nucleotide phosphodiesterases (PDEs) (Figure 1.1).
The cellular enzymes that catalyze the synthesis of cAMP are known as adenylyl
cyclases (ACs). Since virtually all ACs are plasma membrane-associated enzymes, they
act as point sources for cAMP generation at the plasma membrane. Diffusion of cAMP in
the cells is estimated to be approximately 500 μm/cm2/sec. In this way, cAMP can relay
information to remote sites quickly within the cell. Although PDE-mediated hydrolysis of
1

cAMP has been known to limit accumulation of cAMP levels in cells, recent efforts have
shown that localized tethering of individual cAMP PDEs within cells allows local
regulation of cAMP concentrations. Indeed, significant recent work has shown that PDEs
can be targeted to subcellular compartments and recruited into multiprotein signalling
complexes at these sites. This allows cAMP gradients to be generated and allows
compartmentation of the cAMP signal transduction pathway.

Figure 1.1 Schematic representation of cyclic AMP signalling pathways. cAMP can
bind the regulatory subunits of protein kinase A (PKA) and release activated PKAcatalytic (C) subunits, activate guanine nucleotide-exchange factors (GEFs) referred to as
exchange proteins activated by cAMP (EPAC), activate ion channels, or be hydrolyzed
by PDEs (Taken from Wong et al. 2004).

1.2 Cyclic Nucleotide Phosphodiesterases
The PDE superfamily consists of eleven related gene families. Membership of
PDE genes into individual PDE families is based on their primary sequence, substrate
affinity and regulatory characteristics including their responses to effects of individual
regulatory mechanisms (Rehmann et al. 2007). Most PDE families are comprised of more
2

than one gene. PDEs have the important task of regulating the concentration of the
intracellular cyclic nucleotides, cyclic AMP (cAMP) and cyclic GMP (cGMP). In this
context, PDEs assist in coordinating the influence of many biological processes mediated
by these important second messengers. The mammalian PDE's share a common overall
structural organization and contain, at a minimum, three distinct functional domains
(Figure 1.2). The functional domains include a) an N-terminal targeting domain, b) a
central regulatory domain and c) a C-terminal catalytic domain. The core of the catalytic
domain of individual PDE enzymes is more similar within a PDE family, than between
different families. The N-terminal targeting and regulatory domains of individual PDE's
are widely divergent and contain determinants which are associated with regulatory
properties specific to different gene families (Conti et al. 2007).

Figure 1.2 Schematic representation of the PDE superfamily. PDEs contain at least
three separate domains, including N-terminal targeting, central regulatory and C-terminal
catalytic domains.

The regulated process of cyclic nucleotide hydrolysis is thus dependent on the
coordinated and integrated activities of this structurally related yet differentially
3

expressed and regulated family of enzymes. Significant efforts from several groups have
aimed at investigating how changes in the activity, or expression, of individual PDEs
have increased our understanding of how several of these enzymes regulate cAMPmediated effects in cells. In this context, my studies have been focused on one individual
PDE, namely the phosphodiesterase 3B (PDE3B). Once completed, these studies are
proposed to allow us to further understand the modes of regulation of this enzyme in
cells, and the manner by which its inhibition impacts cellular functions.
1.3 PDE3: Distinct Characteristics and Physiological Roles
The PDE3 family contains two genes, PDE3A and PDE3B. The isoforms are
encoded by two distinct but related genes. While the PDE3A gene can be alternatively
processed to yield at least three variants, via alternative transcription initiation sites or by
alternative splicing mechanisms (Manganiello et al. 1995), known as PDE3A1, PDE3A2
and PDE3A3, the PDE3B gene only encodes one large gene product, PDE3B. PDE3 are
known as cGMP-inhibited cAMP PDEs due to the fact that they have virtually identical
affinities for both cAMP and cGMP but hydrolyze the former at a rate one-tenth that of
the latter (Conti et al. 2007). PDE3 are selectively inhibited by a large group of small
molecule drugs, the best characterized of which include cilostamide and milrinone
(Reinhardt et al. 1995).

The use of PDE-family inhibitors has allowed further

understanding of the specific roles of each PDE family. In fact, PDE3 inhibitors were
found to increase myocardial contractility, prevent platelet aggregation and cause
vascular smooth muscle relaxation (Kenan et al. 2000).
4

The overall domain organization of PDE3B is shown in Figure 1.3. The most Nterminal portion of PDE3B is comprised of a large hydrophobic domain which has been
argued to encompass several putative trans-membrane, or membrane-binding, domains.
In addition, N-terminal consensus cAMP-dependent protein kinase (PKA), and protein
kinase B (PKB), phosphorylation sites are also present within the PDE3B N-terminal
region (Manganiello et al. 1995). Regulation of PDE3B following phosphorylation at
these N-terminal sites has been shown to activate PDE3B catalytic activity, and several
agents, including insulin and catecholamines such as epinephrine act in cells, at least in
part, by leading to the phosphorylation at some of these sites. Importantly, the
antagonistic effects of insulin and catecholamine on adipocytes lipolysis are related to the
abilities of these agents to activate PDE3B in these cells (Lindh et al. 2007).

Figure 1.3 Schematic representation of the structure of phosphodiesterase 3B
(PDE3B). PKA and PKB phosphorylation sites are denoted as red symbols marked P
(adapted from Conti et al. 2007).

The targeting characteristics of the membrane association domains and the
presence of the multiple regulatory phosphorylation sites within PDE3B, taken together,
strongly suggest that PDE3B activity and targeting are regulated in a complex and highly
5

dynamic manner in cells. In this context, it is suggested that PDE3B may be regulated in
response to phosphorylation events which infer a control over activity, regulated
interactions with other cellular proteins, or both (Lindh et al. 2007, Palmer & Maurice,
2000).
As previously mentioned, studies aimed at determining the functions of the Nterminal regions of PDE3B revealed one large hydrophobic domain encoding six
predicted transmembrane helices (~50-250 amino acids) and a smaller more C-terminal
hydrophobic domain (~300-400 amino acids). Consistent with their roles in targeting
PDE3B intracellularly, their removal rendered all PDE3B soluble (Kenan et al. 2000). In
addition to potentially representing membrane association domains, some evidence
suggests that these hydrophobic domains may also play a role in coordinating PDE3B
multimerization (Kenan et al. 2000). Currently, the importance, or functional
consequence, of PDE3B multimerization is unknown.
The idea of intracellular localization of PDEs becomes important when thinking
about cyclic-nucleotide-mediated processes and regulation of discrete signalling
pathways being compartmentalized. The subcellular localization of PDE3A and PDE3B
was investigated in rat and human arterial smooth muscle cells (Liu & Maurice, 1998 and
Palmer & Maurice, 2000). Indeed, it was shown that the products of the two PDE3 genes
were expressed in different subcellular fractions. The identification of PDE3B in
particulate fractions, a fraction of lysate containing membrane-bound proteins versus
cytosolic fractions containing strictly soluble proteins, of tissues of the cardiovascular
6

system was completely novel at the time. The subcellular localization consensus
regarding PDE3 gene variants is that PDE3A is predominantly cytosolic, with certain
PDE3A isoforms exhibiting a degree of membrane association, and that PDE3B is
constitutively particulate in nature. Using immunofluorescence techniques, the
intracellular localization of PDE3B was observed to be at the endoplasmic reticulum
(Kenan et al. 2000), and in the sarcoplasmic reticulum of the myocardium (Shakur et al.
2000).
The physiological role of the PDE3 gene family has been studied through the use
of specific PDE3 inhibitors, including cilostamide, and cAMP analogues suggesting that
PDE3 exerts its effect on cAMP pools that are involved in lipolysis, glycogenolysis,
myocardial contractility, vascular smooth muscle relaxation and platelet aggregation
(Reinhardt et al. 1995).
1.4 EPAC: A Novel cAMP Effector Protein
As described above, cyclic nucleotide signalling exerts its cellular effects through
the binding and subsequent activation of effector proteins (Figure 1.1). The effects of
cAMP signalling are specific to certain cell types as well as dependent on physiological
responses. The ability of cAMP to exert cell type- selective effects inspired a search for a
novel cAMP effector. Database searches for potential cAMP-receptor proteins were
analyzed for sequences of protein that contained cyclic nucleotide binding (CNB)
domains, a domain present in PKA (Rehmann et al. 2007). The search revealed a novel
7

class of signalling molecules, EPACs (exchange proteins directly activated by cAMP)
(Qiao et al. 2002).
Two isoforms, EPAC1 and EPAC2, encoded for by different genes, mediate the
signal transduction created by cAMP binding through activation of Rap (Enserink et al.
2004). The guanine nucleotide exchange factor (GEF) of EPAC within the CDC25
homology domain regulates the activation of Rap by increasing nucleotide dissociation,
between the GDP-bound inactive and GTP-bound active states (Rehmann et al. 2003).
Rap activation is a necessary event in various processes including integrin-mediated cell
adhesion, cadherin-mediated cell-junction formation, cell-polarity and secretion (Bos
2003). In turn, EPAC proteins have been implicated in a number of other cellular
processes including cell proliferation, cell survival, cell differentiation, gene
transcription, ion transport and neuronal signalling (Roscioni et al. 2008). Future work
will be required to fully integrate Rap and EPAC-mediated effects.
EPAC consists of a multidomain polypeptide with N-terminal regulatory region, a
cAMP binding domain and a C-terminal catalytic region (Figure 1.4). The binding of
cAMP results in a conformational change releasing the regulatory region from inhibiting
the catalytic domain (Rehmann et al. 2002). A Dishevelled, Egl-10, Pleckstrin (DEP)
domain, suggested to be responsible for specific recognition of GPCRs (Ballon et al.
2006), and a cAMP-binding domain make up the N-terminal region. EPAC2 contains an
additional cAMP binding domain. Between the regulatory domain and the catalytic
domain sits a Ras-exchange motif (REM) which acts to stabilize the GEF domain. The
8

catalytic region contains a Ras-associating (RA) domain, necessary for its interaction
with Ras or Rap and a CDC25-homology domain (CDC25-HD), another type of REM
domain (Roscioni et al. 2008).
EPAC proteins display distinctive expression profiles in both mature and
developing tissues. EPAC1 expression is detected ubiquitously while EPAC2 expression
is somewhat more restricted to brain and endocrine tissues (Roscioni et al. 2008).
Subcellular localization of EPAC has been observed at the plasma membrane, within
perinuclear regions and at the nuclear membrane and mitochondria (Qiao et al. 2002).
These results are consistent with compartmentalization as the rationale for intracellular
signalling coordination.
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Figure 1.4 Schematic representation of the domain organization of EPAC proteins
(adapted Schmidt et al. 2007) and its signalling role in adhesion. A) EPAC domains:
DEP: Disheveled, Egl-10, Pleckstrin, involved in membrane localization; cAMP-B:
cAMP binding domain; REM: Ras-exchange motif which stabilizes the catalytic helix of
CDC25; the Ras-association (RA) domain that contains a protein interaction motif;
CDC25: a GEF, responsible for the guanine-nucleotide-exchange activity, for the small
GTPases Rap and R-Ras. B) Activation of EPAC upon cAMP binding allows EPAC to
act as a guanylyl exchange factor, GEF, for Rap, a small GTPase of the Ras family
mediating cell adhesion.

1.5 PDE3B-EPAC Signalling Complexes
While studying the coordination of cell adhesion, signalling complexes were
identified that contained PDE3 activity and EPAC in HEK 293T cells (Raymond et al.
2007) and immunoblot analysis confirmed that this PDE3 activity was due to the
presence of PDE3B.
Using a combination of approaches, it was ascertained that the interaction of
PDE3B in EPAC1 containing complexes occurred through the N-terminal of PDE3B. Of
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particular importance it was observed that heterologous over-expression of the Nterminal fragment of PDE3B could antagonize PDE3B-EPAC1 complex formation in
cells as well as the ability of the PDE3 inhibitor cilostamide to promote adhesion of 293T
cells to fibronectin-coated surfaces (Raymond et al. 2007). In essence, an amino terminal
PDE3B fragment had been identified that exerted a dominant negative effect of a
PDE3B-EPAC interaction, particularly on PDE3 inhibitor-mediated cell adhesion.
1.6 Integrins and Cell Adhesion
Integrins are a family of heterodimeric cell-surface adhesion receptors. They are
involved in mediating interactions of cells with both cell-surface counter receptors and
extracellular matrix ligands. They regulate cell-substrate and cell-cell adhesion as well as
processes such as proliferation, survival, differentiation and migration (Schwartz et al.
1995, Hynes et al. 1996). Integrins are also able to transduce signals bidirectionally
across the plasma membrane through their ability to assemble cytoplasmic signalling
complexes which may induce adaptor proteins, cytoskeletal proteins, growth factors and
kinases (Miyamoto et al. 1995, Schoenwaelder et al. 1999).
Cell adhesion is accomplished via a functional linkage between the extracellular
matrix with the actin cytoskeleton and adhesion complexes composed of integrin
receptors and associated proteins (Butler et al. 2006). It has been suggested that adhesion
complexes propagate actin assembly to promote and establish a mechanical linkage with
the extracellular matrix (Butler et al. 2006).
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Integrins can adhere to an array of ligands, including fibronectin and laminin,
both of which are part of the extracellular matrix or basal lamina (Arnaout et al. 2007). In
the extracellular space, collagen fibers offer strength and help to organize the matrix.
Fibronectin promotes the attachment of cells to the matrix via integrins while laminin
promotes the attachment of epithelial cells to the basal lamina via members of the
integrin family. Integrins are composed of an alpha subunit and a beta subunit, and a
multitude of each of these subunits exists. Of particular importance, integrin alpha and
beta subunit combinations that are receptors for fibronectin include α2β1, α4β1, αLβ2,
αXβ2 and α6β4 (Arnaout et al. 2007). Of these combinations, αLβ2, αXβ2 and α6β4 are
expressed in endothelial cells (Gonzalez et al. 2008).
1.7 cAMP-Mediated Cell Adhesion
The fundamental importance of cell-cell and cell-extracellular matrix adhesion is
rooted in cellular events such as cell migration, maintenance of differentiated tissue
function and even tissue remodeling after injury. If adhesion is altered, pathological
processes may arise such as inflammation and cancer. Controlling endothelial contacts
becomes important when discussing leukocyte extravasations, endothelial cell
permeability and angiogenesis. The activation of adhesion molecules, in part, controls the
opening and formation of endothelial cell contact (Berrier et al. 2007). The vascular
endothelium has dynamic properties in its natural anti-adhesiveness and its ability to
mediate the binding and transendothelial migration of activated leukocytes. The
pathological processes of atherosclerosis and coronary diseases are mediated, in part, by
12

cell adhesion events. Cell adhesion and the molecules involved comprise a diverse
system that mediates embryogenesis, cell growth and inflammatory processes (Mulvihill
et al. 2002). Increased cellular adhesion has been linked to premature coronary artery
disease (Zheng et al. 2001). Polymorphisms of certain adhesion molecule genes have
been associated with a reduced risk of myocardial infarction (Kee et al. 2000, Herrmann
et al. 1998). Taken together these data implicate the importance of cell adhesion
molecules in atherosclerotic disease. Further studies carried out in animal models with a
knock-out for cell adhesion molecules displayed an inhibition of atherosclerosis (Nageh
et al. 1997).
It is well known that one of the effects of cAMP signalling is the control of
integrin-mediated cell adhesion and that EPAC is implicated in this particular cellular
response (Rangarajan et al. 2003). It has been reported that integrin-mediated cell
adhesion can be induced by cAMP through EPAC with the subsequent activation of Rap1
and Rap2 (Rangarajan et al. 2003). Cells treated with cAMP-elevating agents adhered
more readily to fibronectin and this effect was insensitive to the PKA inhibitor, H89.
Through the use of a cAMP analogue, 8-pCPT-2’OMe-cAMP (8CPT), which specifically
activates EPAC but not PKA, cell adhesion was induced (Rangarajan et al. 2003). 8CPT
allows the two independent cAMP signalling pathways, mediated by either PKA or
EPAC, to be distinguished and sheds light onto which pathway is involved in regulating
the integrin-mediated cell adhesion.
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Integrin-based adhesion of vascular endothelial cells (VECs) plays a role in
angiogenesis. Angiogenesis is the development of new blood vessels from existing
vessels and is a key event in tumor growth. The inhibition of tumor angiogenesis is a
possible target to suppress the progression of cancer. Cell adhesion promotes
angiogenesis, particularly, mediated through the integrin family of adhesion molecules
(Dormond et al. 2003). The cAMP/PDE3B/EPAC/Rap1 signalling pathway that has
emerged represents a pathway that can be targeted to either up-regulate adhesion leading
to angiogenesis in development or after tissue injury, or down-regulate angiogenesis in
the event of tumor progression or metastasis.
1.8 Downstream Effectors of Rap Activation
Downstream effectors of Rap activation include AF-6, Krev Interaction Trapped 1
(Krev1), Riam, RAPL and protein kinase D1 (PDK1) (Bos et al. 2003). AF-6 localizes to
cell-cell junctions through its two RA domains and acts as an adaptor protein binding
both Ras and Rap1 (Kraemer et al. 2001). AF-6 regulates E-cadherin through binding
p120-catenin thereby preventing the internalization of E-cadherin (Altschuler et al.
1995). Krit1 contains a domain similar to RA domains and can bind both Ras and Rap.
Krit1 controls endothelial cell junctions through localization to, and association with,
junctional proteins (Altschuler et al. 1995).
Riam interacts with Rap to stimulate adhesion through β1 and β2 integrins
(McLeod et al. 1998). Riam contains multiple FPPPP motifs which allow it to interact
with EVH1 domains of certain regulatory proteins, Ena/Vasp (Kraemer et al. 2001).
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Riam was identified in a complex with adhesion and degranulation-promoting adapter
protein (ADAP) and Src kinase-associated phosphoprotein, a complex required for Rap1
recruitment to the plasma membrane (de Rooij et al. 1999).
RAPL binds and thus activates the α-chain of the αLβ2 integrin in the presence of
active Rap1. Upon Rap1 activation, RAPL relocalizes with the αLβ2 integrin to the
leading edge to induce adhesion (Kawasaki et al. 1998). Rap1 binds the PH domain of
PDK1 which aids in its activation and ultimately the recruitment of both proteins to
integrins (Kawasaki et al. 1998).
1.9 SPOT Synthesis Peptide Array Technology
The preparation of peptide arrays by the SPOT synthesis technology has made it
possible to screen thousands of binding events in simultaneous and high throughput
fashion. DNA microarray experiments have demonstrated that an array format is a robust
and reliable method for screening large quantities of interacting small molecules (Eisen &
Brown, 1999). Though DNA arrays have been able to reveal a great deal on a gene
expression basis, gene expression levels do not necessarily correlate with the levels of
functional proteins. Since proteins are an integral component in organizing and mediating
cellular physiological functions via protein-protein complexes, peptide arrays by the
SPOT synthesis technology offers an incredibly useful tool. It allows investigation into
how such networks are able to support the physiology of the cell.
Microarrays provide an invaluable research tool for molecular recognition
(Volkmer 2009). They typically consist of immobilized biomolecules, such as
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oligonucleotides, proteins or carbohydrates, positioned on such planar surfaces as coated
microscope slides, multiwells, arrays of beads or cellulose membranes (Cretich et al.
2006). The substrate is then probed with either purified or crude biological samples to
identify molecular recognition events.
Various surface architectures have been reported for assaying binding
interactions. The simplest method for binding proteins to surfaces is based on adsorption
of macromolecules through electrostatic forces on charged surfaces (i.e. poly-lysine
coated slides) (Haab et al. 2001) or through hydrophobic interaction (i.e. nitrocellulose or
poly vinylene fluoride membranes) (Bussow et al. 1998). Architectural stability can be
further increased through nitrocellulose coated slides (Cretich et al. 2006). A more robust
approach is the covalent binding of proteins or peptides to surfaces. Immobilizing
proteins on modified glass surfaces requires a covalent mechanism of attachment
requiring reactive groups on the support, usually electrophilic groups such as epoxides or
aldehydes, which are then able to react with hydrophilic groups on the ligand molecules
(Cretich et al. 2006). Other solid matrices such as gold films or animated glass slides are
also being developed as microarray surfaces to permit further efficiency in the
immobilization of proteins (Lee et al. 2003). Alternative surface architectures involve the
use of a matrix that embeds the protein. No cross-linking is involved but instead is based
on the physical immobilization of proteins in gels (polyacrylamide or agarose) (Arenkov
et al. 2000).
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First introduced in 1990, the preparation of peptide arrays via the SPOT synthesis
technique has become a widely utilized technology (Volkmer 2009). Over 400 peerreviewed papers have been published on the subject of SPOT technology over the last 19
years. The technology is appealing to researchers as it fulfills many characteristics of
array technology including spatially immobilizing molecules, parallel and simultaneous
probing and software to support read-out and data analysis (Volkmer 2009).
The most frequently used support in SPOT technology for binding studies is the
cellulose membrane (Volkmer 2009). Though non-specific binding to cellulose can
present significant problems, incubation with blocking solutions can reduce the signal-tonoise ratios. Common detection approaches include anti-body based immunoblotting,
fluorescent- and radioactive isotope-labelling (Volker 2009). Control incubations using
either only the detection agents or empty vector-tagged expressing lysates are required to
eliminate false-positive results.
Recently published papers have exemplified the power of SPOT technology.
Cellulose-membrane-bound peptide libraries were screened to identify peptides capable
of neutralizing an antibody that inhibits the human clotting factor VII, an event resulting
in bleeding disorders (Kopecky et al. 2000). It was demonstrated that short peptides can
be used to compete for polyclonal inhibitory antibodies (Kopecky et al. 2000).
Antimicrobial peptides have been designed through substitution analyses, scrambled
peptide and random peptide libraries prepared by the SPOT technology (Hilpert et al.
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2006). Synthetic peptide arrays have been screened as an approach to characterize
covalent modification of histone tails (Nady et al. 2008).
From simple binding assays to sophisticated enzyme assays and comprehensive
proteomic studies, the SPOT technology enables a multitude of investigations. SPOT
technology still presents challenges however, as posttranslational modifications or celllevel protein concentrations present a great deal of unattested variability. Moreover, the
native state of proteins upon surface immobilization presents further challenges to the
development of this technology. It is undisputed however, the impact that this technology
will have for the future of protein research.
1.10 Research Rationale
Hypothesis
The molecular determinants that coordinate the formation of a PDE3Bbased signalling complex with the cAMP-effector, EPAC, can be elucidated using a
combination of peptide array-, and “pull-down”-based approaches. Antagonism of
the formation of this cellular complex represents a novel approach by which to
selectively control PDE3B-dependent cellular events.
Conceptual Framework
Previous studies purported to show that hydrophobic sequences within the Nterminal half of PDE3B allowed endoplasmic reticulum membrane insertion, and thus,
intracellular localization of this enzyme. Recently published work has reported that
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PDE3B interacts with EPAC and that this interaction allows PDE3B to coordinate
cellular EPAC activity in a spatially and temporally restrictive manner (Raymond et al.
2007). Importantly, while our laboratory’s earlier published report identified the Nterminal of PDE3B as containing the “EPAC-interaction domain” (Raymond et al. 2007),
the molecular determinants which, allowed membrane association of PDE3B, and those
which coordinate the association of this PDE3 with EPAC, were currently unknown.
In cells, some PDE3B is bound to EPAC some is bound to other proteins such as
PKA or phosphoinositide 3-kinase gamma (PI3Kγ) (Patrucco et al. 2004). Current
family-specific PDE3 inhibitors such as cilostamide and milrinone inhibit the activity of
PDE3 irrespective of their intracellular signalling network. Previously, our laboratory
determined that the PDE3 population that interacts with EPAC constitutes 17% of the
total PDE3 activity in the cell (Raymond et al. 2007). If this PDE3B-EPAC interaction
could be antagonized, it will be possible to target a subpopulation of PDE3B.
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Figure 1.5 PDE3B and EPAC relationship in cells. Antagonizing the PDE3B-EPAC
interaction in cells represents a novel way to target this particular PDE3 isoform.
In this study, we report that the minimal PDE3B domain required for proteinprotein interaction-based formation of PDE3B-EPAC complexes was determined using
two separate approaches. Firstly, a peptide array-based approach was used to map the
sequences within EPAC, or PDE3B, which interact. Our results show that PDE3B
interacts with EPAC in the cAMP-binding domain, the REM and the CDC25 domains.
EPAC, in turn, interacts with PDE3B within the first 13 amino acids of the N-terminus.
Secondly, pull-down assays were carried out in cells heterologously expressing defined
sub-domains of tagged-PDE3B, and EPAC. An amino-terminal construct expressing the
first 90 amino acids of PDE3B was sufficient to pull down the full length EPAC and also
the cAMP-binding domain of EPAC.
Having determined the minimal domains coordinating the formation of this
complex an antagonizing cell-permeable peptide was designed and the impact of
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inhibiting the formation of this complex in cells was determined. A similar strategy was
used previously with the entire N-terminal half of PDE3B (Raymond et al. 2007). The
cell permeable peptides, based on the peptides uncovered using the peptide array-based
studies, were used to antagonize formation of this complex in human aortic endothelial
cells and we report that this PDE-containing complex is involved in coordinating the
effect of cAMP-elevating or EPAC-selective activating agents on integrin-dependent
adhesion.
Overall, we report that by mapping the region(s) within PDE3B and EPAC,
responsible for the protein-protein interactions, we have been able to establish a
framework through which it is possible to inhibit the formation of this complex.
Moreover, we propose that these data will allow development of a novel approach to
antagonizing PDE3B-dependent, EPAC-mediated, effects in cells.
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Chapter 2
Materials and Methods
2.1 Materials
Human embryonic kidney cells containing large T antigen (HEK293T) were a gift
from Dr. Peter Greer. Human aortic endothelial cells (HAEC) were from Lonza
(Walkersville, MD, USA). Plasmids encoding the FLAG-tagged amino terminus of
PDE3B (1.7-FLAG) and the GST-tagged PDE3B (2-90aa) were generated as previously
described (Palmer et al. 2007). The plasmid encoding the FLAG-tagged EPAC was a gift
from Dr. Xiaodong Cheng (University of Texas, TX, USA). FRET-based plasmids
encoding a CFP-YFP-tagged full length EPAC (CFP-EPAC-YFP) and the cAMP binding
domain of EPAC (CFP-EPAC (cAMP-BD)-YFP) were a generous gift from Manuela
Zaccolo (University of Glasgow, Scotland). Fibronectin, forskolin (FSK) and cilostamide
(CIL) were from Calbiochem (Gibbstown, NJ, USA). 8-(4-Chlorophenylthio)-2’-Omethyl-cAMP (8-CPT) was from Biolog (Life Science Institute, Germany) and H89 was
from Sigma (St. Louis, MO, USA). The cell permeable TAT-PDE3B displacing peptide
(RKKRRQRRRGGMRRDERDAKAMRS) and the negative control TAT peptide in
which the positively charged residues (R or K) were mutated to the neutral A
(RKKRRQRRRGGMAADEADDADMAS) were from Sheldon Biotech Centre (McGill
University, Montreal).
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2.2 Cell Culture and Transient Transfections
HAECs or HEK293T (herein referred to as (293T) cells were cultured using
endothelial growth medium-2 (EGM-2), or Dulbecco’s Modified Eagle Media (DMEM),
respectively, in a 95% air/5% CO2 humidified environment. EGM-2 was supplemented
with Fetal Bovine Serum (FBS), hydrocortisone, human fibroblast growth factor –B
(hFGF-B), vascular endothelial growth factor (VEGF), arginine-3 insulin-like growth
factor (R3-IGF-1), ascorbic acid, human epidermal growth factor (hEGF), GA-1000
(define), heparin, penicillin (100 U/ml) and streptomycin (100 μg/ml). DMEM was
similarly supplemented with 10% Fetal Bovine Serum [FBS], penicillin (100 U/ml) and
streptomycin (100 μg/ml). Confluent cultures of HAECs were sub-cultured (herein
referred to as “passaged”) at a dilution of 1:3. For transfection of 293T cells,
Lipofectamine and Plus Reagent were used with 3 μg of DNA/10cm culture dish as per
manufacturer's directions at a cell density of 70-80% confluence. At 3 h post transfection,
the transfection mixture was removed and the cells were allowed to propagate in
supplemented DMEM for 24h prior to use in experiments.
2.3 SPOT Synthesis of Peptides and Overlay Experiments
Peptide libraries were generated off-site in the laboratory of our collaborator, Dr.
George Baillie (Glasgow University, Glasgow, Scotland) by automatic SPOT synthesis
(Kramer et al. 1998) on continuous cellulose membrane supports on Whatman 50
cellulose membranes using Fmoc (fluoren-9-ylmethoxycarbonyl) chemistry with
theAutoSpot-RobotASS222 (Intavis Bioanalytical Instruments AG). Binding of
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immobilized peptides on these membranes with cell lysates expressing tagged proteins of
interest was measured using an overlay procedure with lysates diluted such that the lysate
concentration was ~40 μg/ml of total cell lysate.

Immobilized peptides that had

specifically interacted with recombinant proteins in the cell lysates were detected by
immunoblot analysis with monoclonal antisera raised to the relevant tag and visualized
with a secondary anti-mouse horseradish-peroxidase-coupled antibody (1:2500 dilution)
(Dianova) by enhanced chemiluminescence (ECL).
2.4 Anti-FLAG (M2)-Coupled Pull-Downs
293T cell lysates used for immunoprecipitation studies were generated by
homogenization in a Tris (50 mM, pH 7.4)-based buffer supplemented with 5 mM
magnesium chloride, 5 mM benzamidine, 1% Triton X-100, 150 mM sodium chloride, 5
mM sodium pyrophosphate, 10 mM sodium β-glycerophosphate, 1 μg/ml pepstatin A, 2
μg/ml E-64, 100 μg/ml phenylmethylsulfonyl fluoride (PMSF), 2 μg/ml leupeptin and 0.1
mM dithiothreitol (DTT), and subsequently centrifuged at 10000 × g. For some
experiments, cytosolic and particulate fractions were prepared. In these instances, cells
were lysed as described above, except that Triton X-100 was excluded from the lysis
buffer, and the 1000 × g supernatant was subjected to a further centrifugation at 100000 ×
g for 1 h at 4 °C. This pellet was gently washed three times with lysis buffer and then
resuspended in lysis buffer containing Triton X-100 (1% vol/vol).
In all immunoprecipitation experiments, non-specific protein binding was
reduced by incubation of the resolved cell lysates with Protein A/G beads (20 μl bed
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volume) for 4 h at 4 °C. Following removal of these Protein A/G beads by centrifugation
(1000 ×g), cellular lysates were incubated with M2–agarose (25–50 μl bed volume) for
16 h at 4 °C. M2–agarose was recovered by centrifugation at 1000 ×g and the remaining
cleared lysate was kept for analysis of “unbound” cell lysate proteins. After extensive
washing of M2–agarose pellets with ice cold lysis buffer, specifically adsorbed proteins
were selectively eluted using a laemmli elution buffer. The eluted proteins were
subsequently identified by immunoblot analysis as described previously. Briefly, samples
were subjected to SDS-PAGE 7.5 ± 10% poly-acrylamide gels at 100V. Following
electrophoresis, proteins were transferred to nitrocellulose membranes and the
membranes blocked by incubation with T-TBS (20 mM TrisHCl, pH 7.5, 100 mM NaCl,
0.1% Tween-20) supplemented with 5% powdered milk, for 1 h. Blots were incubated
with an appropriate dilution of primary antibody (polyclonal anti-EPAC1, 1:1000; M2anti-FLAG monoclonal 1:5000) overnight and rinsed three times with tween-tris based
saline (T-TBS). Rinsed blots were incubated with horseradish peroxidase conjugated goat
anti-rabbit IgG (1: 3000 dilution) or goat anti-mouse IgG (1:5000 dilution) for 1 h, rinsed
with T-TBS and immunoreactivity was detected by chemiluminescence as per
manufacturers' recommendations. Immunoreactive proteins detected by immunoblot were
quantified by scanning densitometry using Corel Photo-Paint 7.0 Software as per
manufacturers’ recommendations (Liu et al. 2000).
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2.5 Precipitation of Cellular Proteins with Immobilized GST Fusions
An interaction between EPAC, or defined domains of this protein, with a truncated
PDE3B-GST fusion protein (GST-PDE3B-2-90aa) was studied using the established
GST-pull-down approach. Thus, 50 μl (bed volume) of GSH-Sepharose-4B beads were
saturated with GST, or with GST-PDE3B (2-90), at 4 °C for 1 h, and washed of unbound
protein. Binding of FLAG-tagged EPAC, or of a GFP-EPAC chimera, to immobilized
GST, or immobilized GST-PDE3B (2-90), was measured by incubating 293T cell lysates
(processed as in Section 2.4) from cells expressing these recombinant proteins with the
GSH-Sepharose immobilized for 16 h at 4 °C (Section 2.4). Following these incubations,
Sepharose beads were centrifuged (6,000 x g; 2 min) and washed repeatedly with 1%
Triton X-100-containing lysis buffer. For immunoblot-based analysis of these binding
events, isolated Sepharose pellets were suspended in the SDS-PAGE loading buffer and
processed by SDS-PAGE and immunoblotted as described (Section 2.4). EPAC, EPACFLAG, EPAC-GFP, GST, or GST-PDE3B (2-90) proteins isolated from these pellets
were detected using several antisera, including an anti-EPAC1 polyclonal antibody
(1:1000) from Wyeth Research (New Jersey, USA), M2-anti-FLAG monoclonal antibody
(1:5000 dilution) from Sigma (St. Louis, MO, USA); a polyclonal antibody for GFP
(1:1000) from Invitrogen (Carlsbad, CA, USA) and a GST antibody from GE Healthcare
(Baie d’Urfé, Quebec).
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2.6 HAEC Adhesion Assay
Adhesion of HAEC cells was measured using the protocol previously described in
Netherton et al. 2007. Briefly, confluent HAECs were incubated with adenine (4 μM, 2
μCi [3H]adenine/ml) for 16 h, recovered by trypsinization, washed free of unincorporated
[3H]adenine with fresh culture medium and resuspended at a final concentration that
would provide 20 000 cells/well. Aliquots of these labeled cells, (20 000 cells) were
allowed to adhere to fibronectin (5 μg/mL)-coated wells for 15 min in the presence, or
absence, of test-agents. Non-adherent cells were removed by rinsing wells with
phosphate-buffered saline (PBS). Adherent cells were dissolved with Triton X-100
(1%v/v final in PBS, 100 μl) and the amount of radioactivity present in the dissolved
cells was quantified by liquid scintillation. Numbers of cells which had adhered to
fibronectin-coated wells were calculated using the following equation: [ 3H] dpm (bound)/
[3H] dpm (total) × 100 and expressed as a percentage. Adhesions within experiments
were conducted in six separate wells per condition and means ± S.E.M of these means
were calculated.
2.7 Assay of Cyclic AMP Phosphodiesterase Activity
cAMP hydrolysis was measured as described previously in Rose et al. (1997).
Briefly, reactions were carried out in a total volume of 100 μl containing 5 mmol TrisHCl (pH 7.4), 0.5 mmol MgCl2, 10 nmol ethylene glycol-bis-(b-aminoethyl ether)
N,N,N',N'-tetraacetic acid (EGTA) and 1 μmol [ 3H]-cyclic AMP containing 100 000
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dpm. Aliquots of 293T cell lysates processed as in section 2.4 containing 5 μg of protein
were used for these assays.
PDE activities were measured at 37 oC for 30 min (cell lysates) or for 1 h
(immunoprecipitates). PDE3 activity was estimated using the PDE3-selective inhibitor
cilostamide (CIL 1 uM) while PDE4 activity was estimated using the PDE4-selective
inhibitor rolipram (RO 10 uM). PDE activity reactions were terminated by addition of 50
μl of 0.5 M ice-cold EDTA (pH 7.4). Prior to isolating the product of the reaction ([3H]
AMP), a recovery marker (0.1 ml of [14C]-AMP, 1800 dpm) was added to each sample.
Following dilution of the samples with 0.3 ml of N-2-hydroxyethyl piperazine-N'2-ethanesulphonic acid, (HEPES)-NaCl buffer (0.1 M NaCl, 0.1 M HEPES, pH 8.5),
samples were processed by chromatography using polyacrylamide-boronate gel column
(A-gel 601 Bio-Rad, 1 ml bed volume) and elution buffers which allowed isolation of
[3H]AMP, and retention of [3H]cAMP on the column matrix. Thus, samples were applied
following prewashing of the columns (bed volume of x mls) with 8 ml of HEPES-NaCl
buffer. After 4 additional washes of the columns with 2 ml of HEPES-NaCl and
equilibration of the columns with 1 ml of 0.05 M Na-acetate (pH 4.8), 5' AMP was eluted
with 4 ml of 0.05 M Na-acetate. The recovered [3H]-AMP was quantified by liquid
scintillation counting, corrected for recovery of [ 14C]-AMP, normalized to the total
protein used in the assay and the total activity, determined in triplicate, expressed as
pmol/min/mg protein.
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2.8 Statistical Analysis
Individual adhesion assays were conducted in replicates of six (n=6). Statistical
significance was tested by one-way analysis of variance (ANOVA) with a Tukey’s
multiple comparison test, or using a paired, two-tailed t-test, when appropriate. In both
instances, differences were considered significant when P ≤ 0.05.
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Chapter 3
Results
3.1 PDE3B-EPAC interaction is validated with GST-fusion protein pull-down
approach
The amino terminal portion and not the carboxy terminal portion of PDE3B
interacts with EPAC (Raymond et al. 2007). In order to investigate the interaction
further, pull-down experiments were carried out using purified proteins. Thus, GST pulldown experiments were conducted using a purified fusion protein encoding GST-and a
GST-tagged PDE3B fragment encoding amino acids 2-90 (GST-PDE3B (2-90)). For
these studies, a FLAG-tagged full length EPAC construct was used. The FLAG-EPAC
expressing 293T lysates were incubated with either GST- or GST-PDE3B (2-90)immobilized GSH sepharose beads. Amounts of FLAG-tagged EPAC from lysates of
293T cells expressing this protein that bound to GSH-Sepharose immobilized GSTPDE3B (2-90), or GST without the PDE3B fragment, were measured by immunoblot
analysis of isolated sepharose beads. As shown in Figure 3.1 A, significant amounts of
FLAG-tagged EPAC were retained on GST-PDE3B (2-90) beads while virtually none of
this protein was retained on beads saturated with GST alone. These data indicated that
EPAC interacted with GST-PDE3B (2-90) through molecular determinants contained
within the amino-terminal domain of PDE3B. Similar results were obtained when the
CFP/YFP-cAMP-BD construct was used rather than the full-length EPAC construct
(Figure 3.1 B).
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Figure 3.1 A truncated PDE3B protein expressing amino acids 2-90 interacts with
full length EPAC, in particular the cAMP-binding domain of EPAC. Constructs
encoding either a FLAG-tagged full length EPAC, a CFP/YFP-tagged EPAC fragment
(cAMP-BD), or a control vector, GFP (controlling for CFP/YFP detection), were
transiently transfected in 293T cells. Cells were lysed, and lysates were subjected to a
GST or GST-PDE3B (2-90aa) pull-down assay (see “Materials and Methods”). A) A
representative immunoblot (n=3) depicts the selective interaction between GST-PDE3B
(2-90) and the full length EPAC (GST-3B-EPAC elution). No interaction was observed
between GST-immobilized beads and EPAC (GST-EPAC elution). B) A representative
immunoblot (n=3) depicts the interaction between GST-3B (2-90) and the cAMP-BD of
EPAC (lower panel). A 293T lysate expressing GFP alone did not interact with either
GST or GST-3B (2-90) (upper panel). Proteolytic lysis of the GST fusion protein GST3B (2-90) was evident when immunoblotted for GST and PDE3B (not shown). The GST
in the GST-3B (2-90) was observed to be approximately 80% of the total protein purified
through GSH-sepharose methods while the remaining 20% was that of PDE3B (2-90)
(ascertained through GST and PDE3B immunodetection, not shown).
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3.2 The minimal domain of EPAC required to interact with PDE3B is within the
cAMP-binding domain
In an attempt to further assess the binding between PDE3B and EPAC, coimmunoprecipitation studies of FLAG-tagged PDE3B and a series of dual CFP- and
YFP-expressing EPAC probes were carried out. Thus, 293T cells were either transfected
with the FLAG-PDE3B amino-terminal construct (Raymond et al. 2007), or with this
construct in combination with one of the series CFP/YFP-expressing EPAC fragments.
Following 293T cell lysis, anti-FLAG immunoprecipitates from these various individual
cell lysates were immunoblotted for FLAG, to identify PDE3B immunoprecipitation, and
for GFP, in order to detect co-immunoprecipitation of the EPAC constructs. As shown in
Figure

3.2,

immunoprecipitation

of

FLAG-tagged

PDE3B

allowed

co-

immunoprecipitation of each of the EPAC constructs tested. Thus, when expressed with
FLAG-PDE3B, each full length EPAC (FL-EPAC), EPAC lacking the DEP domain
(ΔDEP EPAC), EPAC with its DEP domain substituted with myristolation and
palmitoylation sequences (myr-pal-EPAC) as well as a construct expressing only the
cAMP-binding domain (cAMP-BD) of EPAC were co-immunoprecipitated with FLAGtagged PDE3B (Figure 3.2, elution lanes). These findings were consistent with the idea
that the minimal region of EPAC that could interact with PDE3B was contained within
the cAMP-BD of EPAC.
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Figure 3.2 cAMP-BD of EPAC is sufficient to interact with an amino terminal
fragment of PDE3B. A) Schematic representation of EPAC constructs expressed (minus
their N-terminal tag of CFP and their C-terminal tag of YFP). B) 293T cells transiently
co-transfected with FLAG-tagged PDE3B amino terminus, and one of the EPAC
constructs, were subjected to an anti-FLAG (M2) conjugated agarose (M2-agarose)
immunoprecipitation and subjected to anti-FLAG, or anti-GFP, immunoblot analysis
(n=1). 30µg of lysate was immunodetected to ensure efficiency of transfection, while the
elution lanes represent EPAC fragments that interacted with the amino terminal fragment
of PDE3B.
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3.3 The amino terminus of PDE3B interacts with five distinct EPAC peptides
PDE3B is an 1112-amino-acid protein that consists of three distinct regions, a) the
N-terminal targeting domain, b) the central regulatory domain and c) the catalytic Cterminal domain, (Figure 1.3). In co-immunoprecipitation and pull-down analyses, the
amino-terminal half of PDE3B has been shown to bind to EPAC (Raymond et al. 2007).
In the present study, this interaction was further explored using peptide array analyses,
which provide a novel and powerful technology for gaining insight into the basis of
specific protein–protein interactions (Baillie et al. 2007). In order to do this, overlapping
peptides (25-mers), each shifted by five amino acids across the entire sequence of EPAC,
were SPOT-synthesized on cellulose membranes. The immobilized peptide library was
incubated with either a) a 293T lysate expressing a FLAG-tagged construct encoding the
amino terminus half of PDE3B (FLAG-PDE3B (AT)), or b) control 293T cells
transiently transfected with the control plasmid (Figure 3.3). While development of
membranes incubated with control 293T cell lysates with an anti-FLAG antiserum did
not reveal specific binding, development of the EPAC peptide arrays incubated with the
FLAG-tagged amino-terminal of PDE3B was shown to reveal binding of the FLAGPDE3B construct to five distinct interacting peptide “spots” (Figure 3.3). While one of
the peptides represented a sequence from within the cAMP binding domain (cAMP-BD),
three represented peptide sequences from within the Ras-exchange motif (REM). The
fifth spot contained a peptide from within the CDC25 domain of EPAC.
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Figure 3.3 Probing an EPAC peptide array with a FLAG-tagged N-terminal
construct of PDE3B. Shown are selected regions of an EPAC peptide array. Each spot
represents overlapping 25mer sequences of amino acids of EPAC, chemically
synthesized and spotted in sub µl volumes onto a nitrocellulose membrane. This
membrane had been incubated with a lysate derived from FLAG-tagged PDE3Bexpressing 293T cells and subsequently developed with an anti-FLAG monoclonal
antibody (for detection of PDE3B). “Spots” of EPAC in which the anti-FLAG
immunoreactivity is higher than background identified as 1, 2…5 represent peptides
which selectively bound FLAG-tagged PDE3B. Sequences of the EPAC binding peptides
are indicated under individual peptide regions.
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3.4 The crystal structure of EPAC reveals the 3D location of residues conferring an
interaction with PDE3B
The potential position of the individual EPAC peptides identified as FLAGPDE3B (AT)-interacting peptides in our peptide-array analysis was studied in silico
based on the available EPAC2 crystal structure (no EPAC1 structure is available).
Interestingly, this analysis showed that peptide 1, the peptide that represented a sequence
within the cAMP-BD, was to potentially be accessible on the surface of EPAC2 (Figure
3.4).
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Figure 3.4 Crystal structure of EPAC2 and the potential location of EPAC1 residues
implicated in PDE3B binding. Residues identified through the peptide array that
interacted with PDE3B were mapped onto the solvent accessible surface of EPAC2. A)
Light green represents the DEP domain; dark green represents the cAMP-BD; orange
represents the Ras-exchange motif (REM); red represents the Ras-association domain
(RA) and blue represents the CDC25 homology domain (yellow represents the additional
cAMP-BD of EPAC2). A and B) Glutamate (E 186) maps onto the surface of the cAMPBD. A, B and C) Amino acids 346-370, representative of spots 2, 3 and 4 (Fig 3.3) map
to the surface of the REM, while M666 maps to the surface of the CDC25 homology
domain (Mapping was performed by Dr. George Baillie, University of Glasgow).
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3.5 a) EPAC interacts with the first thirty amino acids of a PDE3B peptide array
Once the molecular determinants of EPAC that interact with PDE3B were
identified, PDE3B was then investigated to understand what characteristics it possessed
that allowed its interaction with EPAC. In the present study, this interaction was further
examined using a peptide array-based analysis. In order to do this, a peptide array
strategy similar to that described previously for EPAC was carried out. Thus, a PDE3B
array was generated and incubated with a 293T cell lysate expressing FLAG-tagged
EPAC1, or a control 293T cells lysate derived from cells expressing the empty FLAGexpression plasmid. Thus, in a manner analogous to that described previously for
identification of EPAC peptides, the PDE3B immobilized peptide library was probed
with 293T lysate expressing recombinant FLAG-tagged EPAC. Probing the PDE3B
peptide library with FLAG-tagged EPAC allowed identification of the two most amino
terminal PDE3B peptides as FLAG-EPAC binding peptides. Based on the manner in
which the peptides were synthesized, these peptides together represented the first 30
amino acids of PDE3B. As was the case with the EPAC array, incubation of a PDE3B
array with a control 293T cell lysate not expressing FLAG-tagged EPAC did not identify
any interacting peptides.
3.5 b) Positively charged arginine (R) residues within the PDE3B peptides are
critical for interactions with EPAC
In order to determine which individual amino acids were involved in binding
FLAG-EPAC, we performed an alanine-scanning substitution analysis of the individual
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amino acids within peptide 1 (M1-E25) . As shown in Figure 3.5, it was observed that
alanine substitutions of several positively charged residues abolished binding. Thus,
Alanine substitution at R2, R3, R6, K9, or R12 all but abolished EPAC binding of the
peptide. Analogously, substitution of the non-charged A’s at positions 8 or 10 also
markedly reduced binding (Figure 3.5). Thus, the positively charged residues in the
amino terminus of PDE3B were observed to be critical to maintain its interaction with
EPAC.

Figure 3.5 Alanine substitution analysis of PDE3B M 1-E25 peptide binding to EPAC.
The peptide array panel represents an alanine scanning substitution analysis based on spot
1 of the original PDE3B peptide array (not shown). Spot 1, representing the first 25
amino acids of PDE3B, was subjected to alanine substitutions (or aspartate substitutions
for PDE3B-occurring alanines). Immunoblot analysis of A-substitution of charged
residues or D-substitution of alanine residues (denoted in red) within the peptide
markedly attenuated binding.
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3.6 A small PDE3B peptide antagonizes the PDE3B-EPAC interaction in vitro and in
cellulo
A PDE3B peptide was designed to antagonize the PDE3B-EPAC interaction
(Figure 3.6). The peptide-optimization was based on “spot 1”, containing the first 25
amino acids of PDE3B, which was observed to interact with an overlaying EPACexpressing lysate. The first 25 amino acids of PDE3B maintain the interaction with
EPAC, but it is the first 13 amino acids which were observed to be critical. The 13 amino
acids of PDE3B were then fused to a cell permeable transactivator of transcription (TAT)
protein. The HIV TAT-derived peptide is a small basic peptide that has been successfully
shown to deliver a large variety of cargoes, including small particles, proteins, peptides
and nucleic acids (Brooks et al. 2005). Using this cell permeable peptide, the PDE3BEPAC interaction will be antagonized in vivo.
Upon generation of the 3B TAT peptide, the extent of antagonizing the PDE3BEPAC interaction in cells was assessed. A construct encoding a FLAG-tagged EPAC was
transiently transfected in 293T cells. After 24 h, EPAC expressing cells were lysed, and
lysates were incubated with a TAT-tagged PDE3B peptide (13aa), for 30 minutes and
subjected to a GST-PDE3B (2-90) pull-down assay. A representative immunoblot depicts
the selective interaction between GST-PDE3B (2-90) and EPAC and the relegation of
this interaction by the 3B TAT peptide (Figure 3.7A). Densitometric analysis reveals that
the 3B TAT peptide was able to antagonize ~53% of the GST-PDE3B (2-90) – EPAC
interaction (Figure 3.7 B). No effect of the 3B TAT peptide was observed on the control
GST-EPAC pull-down (Figure 3.7 A and B).
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The 3B TAT peptide was able to antagonize the GST-3B (2-90) interaction in
vitro and was next assessed on its impact in cellulo. Constructs encoding either a
CFP/YFP-tagged full length EPAC or a FLAG-tagged amino-terminal fragment of
PDE3B (AT) were transiently transfected in 293T cells. After 24 h, transfected cells were
incubated with varying concentrations of the 3B TAT peptide (0 μM, 1 μM and 10 μM)
for 4 hours (Figure 3.7 C). Treated cells were lysed, and lysates were subjected to a
FLAG-PDE3B (AT) pull-down assay. An immunoblot depicts the selective interaction
between PDE3B (AT) and EPAC and the relegation of this interaction by the 3B TAT
peptide is shown (Figure 3.7 C). The 3B TAT peptide successfully antagonized the
interaction between PDE3B (AT) and EPAC as visualized through measurements of the
relative intensities of Figure 3.7 C (Figure 3.7 D). The 3B TAT peptide was observed to
have disrupted ~63% of the PDE3B (AT) – EPAC interaction.
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Figure 3.6 Optimization of a PDE3B-based cell permeable peptide. A) Each spot in
the array is spotted with the first 25 amino acids of PDE3B, the sequence of PDE3B that
was identified to interact with an overlaying EPAC-expressing 293T lysate. The
sequences represented by the spots were then either truncated C-terminally (2-13), had
certain charged residues converted to alanines (14-16), truncated N-terminally (17-26) or
dually truncated both N- and C-terminally (27). Though the first 25 amino acids of
PDE3B confer an interaction with EPAC, it is the first thirteen amino acids which were
observed to be critical (11). B) Based on the first thirteen amino acids, a cell permeable
peptide was designed. The transactivator of transcription (TAT) sequence, a positively
charged set of residues which disrupt the lipid bilayer of the plasma membrane allowing
its entry into the cell as well as its cargo, was fused to the thirteen amino acids of PDE3B
(3B TAT Peptide). As a control, the positively charged residues (R or K) within the
thirteen amino acids of PDE3B were converted to alanines and fused to the TAT peptide
(Negative Peptide). The TAT sequence is underlined; the PDE3B sequence is in bold and
in between is a series of glycines which act as a linker region.
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Figure 3.7 A cell-permeable PDE3B-based antagonizing peptide disrupts the
PDE3B-EPAC interaction in vivo and in cellulo. A) GST and a GST fusion protein
expressing the first 90 amino acids of PDE3B (GST-PDE3B (2-90) were immobilized on
GSH-sepharose beads. 293T cells were transiently transfected with an FLAG-EPAC
construct. The cells were lysed and cell lysates were incubated with the 3B TAT peptide
(10µM) for 30 mins. A representative immunoblot (n=2) depicts the selective interaction
between GST-3B (2-90) and EPAC and the demotion of this interaction by the 3B TAT
peptide. B) Histogram representation of the relative intensities of A. C) 293T cells were
transiently co-transfected with the amino terminus of PDE3B (PDE3B AT) and EPAC.
Cells were then incubated with varying degrees of the 3B TAT peptide (0 µM, 1.0 µM or
10 µM) for 4 hrs. Cells were then lysed and lysates, were subjected to an anti-FLAG
(M2) conjugated agarose (M2-agarose) immunoprecipitation and subjected to antiFLAG, or anti-GFP, immunoblot analysis. An immunoblot (n=1) depicts the selective
interaction between PDE3B (AT) and EPAC and the subsequent demotion of this
interaction by the varying concentrations of the 3B TAT peptide. D) Histogram
representation of the relative intensities of D.
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3.7 A PDE3B displacing peptide impacts the PDE3B–EPAC interaction with an
increase in adhesion
Having identified the residues within PDE3B and EPAC which allowed these two
proteins to interact, the impact of disrupting that interaction was next assessed using as a
functional read-out, an adhesion-based assay. Adhesion of HAECs to fibronectin-coated
surfaces was chosen as a cell-based assay since this approach was used initially to
characterize PDE3B-EPAC binding in the studies of Raymond et al. (2007). In these
experiments the effects of activators of PKA, or EPAC, or of a PKA inhibitor were
tested. Initially, the increased adhesion of HAECs to fibronectin-coated multiwells which
was caused by addition of either forskolin (FSK, activator of adenylyl cyclase), or of
8CPT (selective EPAC activator) was measured. In these studies we observed that
addition of either FSK or of 8CPT significantly increased HAEC adhesion (Figure 3.8).
Since previous work had indicated that some of the pro-adhesive effects of FSK could be
attributed to PKA activation, (Whittard et al. 2001, Rangarajan et al. 2003) we assessed
the role of PKA in our studies using the PKA inhibitor (H89). Our data were consistent
with those of Rangarajan et al. (2003) in which PKA played only a minor role on cAMPinduced adhesion when FSK was used. As anticipated, PKA inhibition was without effect
when 8CPT was used (Figure 3.7).
While the effects of 8CPT did show that activation of EPAC could promote cell
adhesion, these data said nothing of the involvement of a PDE3B-EPAC complex in this
effect. To study this, we made use of an optimized cell permeable PDE3B displacing
peptide based on the sequence within the first 25 amino acids of PDE3B. As a control, we
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also used a peptide in which the positively charged residues within the optimized peptide
had each been substituted for alanine. Addition of the displacing peptide significantly
increased adhesion when compared to the effect which could be attributed to the alaninesubstituted peptide under identical experimental conditions (Figure 3.7, # P<0.05). Taken
together, these data indicate that integrin-mediated cell adhesion is induced through the
activation of EPAC, is largely independent of PKA, and that a peptide that antagonizes
EPAC and PDE3B interactions promotes adhesion.
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Figure 3.8 Impact of cAMP-elevating agents and of peptides designed to antagonize
PDE3B-EPAC interactions on HAEC adhesion to fibronectin-coated surfaces. A
suspension of HAECs was incubated with a cell permeable PDE3B-based peptide
designed to antagonize PDE3B-EPAC interactions, or its inactive analogue (10 µM), for
30 min. Subsequently, cells were allowed to adhere to fibronectin-coated surfaces in the
presence of dimethyl sulfoxide (DMSO) (0.1% vol/vol), forskolin (FSK) (10 µM), 8CPT2’O-Methyl-cAMP (8CPT) (100 µM) or H89 (10 µM) singly, or in the presence of the
indicated combinations of these agents (see Materials and Methods). Data are means
±S.E.M of adhered cells from six identical replicates. *Statistically significant differences
in adhesion compared with CONTROL (DMSO); P<0.05. Statistically significant
differences (#) in adhesion are observed when the Negative peptide is compared with the
3B TAT peptide under the same drug treatment; P<0.05.
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3.8 The specific activity of PDE3B is greater when complexed with EPAC
The effects of the displacing peptide were consistent with the idea that the EPACbound PDE3B had a tonic negative effect on EPAC activation in cells. To assess if the
activity status of PDE3B when bound to EPAC could influence EPAC activity, we
isolated “free” PDE3B and “EPAC-bound PDE3B” and measured the specific activity of
these separate “pools” of PDE3B. As shown in Figure 3.9, immunoprecipitation of
PDE3B using our PDE3B antibody, or of FLAG-EPAC, using M2-agarose beads,
allowed efficient isolation of these two proteins, respectively, and isolation of the small
pool of PDE3B that specifically interacts with EPAC in 293T cells.
When the PDE3 activities in these two separate pools of PDE3B were measured,
we observed that the specific activity of the PDE3B in the EPAC IP was significantly
higher than that of the “free” PDE3B. Thus, while densitometric analysis of the amount
of PDE3B that was isolated with EPAC immunoblot (Figure 3.9) indicated that 22-fold
less PDE3B was recovered in the M2-agarose pull-downs, the amount of PDE3B
activities isolated in this fraction was only ~50% less that present in PDE3B
immunoprecipitates. These values, once corrected for the disparate amounts isolated by
these two immunoprecipitations approaches, showed that the specific activity of the free
PDE3B was 0.63 pmol/mg/min while that for the EPAC-associated PDE3B was 13.3
pmol/min/mg; a factor of ~21-fold.
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Figure 3.9 PDE3B is more active when it interacts with EPAC. A) 293T cells were
transfected with either an amino terminal PDE3B construct alone (PDE3B IP) or in
combination with FLAG-EPAC (EPAC IP). Immunoprecipitation of PDE3B, using antiPDE3B conjugated protein A/G beads (PDE3B IP), or of FLAG-EPAC, using M2agarose beads (EPAC IP), allowed efficient isolation of these two protein (panel 1 elution
lane and panel 4 elution lane, respectively). The EPAC IP also allowed isolation of the
small pool of PDE3B that interacts with EPAC (panel 3, elution lane). No EPAC was
detected in the PDE3B IP (panel 2, elution lane) due to the low level of expression of
endogenous EPAC in 293T cells. Total lysate represents 30 µg of protein from whole
cell lysates, unbound fraction represents the fraction of lysate that did not interact with
the beads in the pull-down (30 µg). PDE3B was eluted from the beads in a 2X laemmli
buffer. B) Protein level of PDE3B visualized by western blotting analysis and
densitometrically analyzed (based on A). 22-fold more PDE3B is present in the PDE3B
immunoprecipitation elution than in the total. 2.6-fold less PDE3B is present in the
EPAC immunoprecipitation sample than in the total. C) The specific activities of PDE3B
in the PDE3B- or EPAC-immunoprecipitations were calculated to be 0.63 pmol/mg*min
and 13.3 pmol/mg*min, respectively. The PDE3B present in the EPAC-IP is 21-fold
more active than the PDE3B present in the PDE3B-IP.
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Chapter 4
Discussion
4.1 PDE3B-EPAC interaction adds level of spatial control to cAMP signalling
Cyclic nucleotide signalling was initially believed to be orchestrated through
diffusion of these second messengers throughout the cell. In recent reports, however,
live-cell imaging has allowed the visualization of gradients, rather than a uniform
distribution of cAMP, suggesting that cAMP is able to accumulate at specific
intracellular sites (Bacskai et al. 1993, and Zaccolo et al. 2002). The >100 PDE isozymes
contain diverse amino terminal regions thus allowing PDEs to be spatially localized to
various organelles and compartments. This compartmentation of PDEs creates sinks
throughout the cell and allows the concentration of the cyclic nucleotides, and by
extension their effects, also to be spatially and even temporally controlled in cells and,
more specifically, within distinct intracellular signalling complexes (Baillie et al. 2005,
and Dodge-Kafka et al. 2005).
It has been reported that PDE3B distinguishes itself from other PDE family
enzymes through its hydrophobic, membrane targeting domains (Kenan et al. 2000).
Another distinguishing factor of PDE3B is its interaction with EPAC (Raymond et al.
2007). In my studies, I took this work further. I identified the molecular determinants
which coordinate the PDE3B-EPAC interaction and investigated the potential cell
biological significance of this protein-protein interaction. Indeed, in this thesis I report
the molecular determinants which coordinate PDE3B and EPAC interaction and
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demonstrate that this complex is involved in regulating integrin-mediated endothelial cell
adhesion to fibronectin-coated surfaces.
Previously it was shown that the amino, but not the carboxyl terminus of PDE3B,
interacted with EPAC. Not only were these proteins shown to interact in this earlier work,
but heterologous over-expression of a construct encoding the entire PDE3B amino
terminal half (PDE3B (AT)) efficiently competed the interaction of endogenous PDE3B
with EPAC in 293T cells (Raymond et al. 2007). As presented in the RESULT section of
this thesis, I used a peptide array-based approach to identify regions within PDE3B and
EPAC1 which coordinate this interaction. In addition, I have presented my findings of
experiments conducted using optimized displacing peptides of PDE3B binding to EPAC
and have shown that the complex plays a significant role in coordinating cell adhesions.
4.2 PDE3B anchors EPAC to membranes through EPAC’s cAMP-binding domain
Upon probing an EPAC peptide array with the amino terminus of PDE3B, a
positive reaction was observed with peptides mapped to the cAMP-BD, as well as the
REM and the CDC25 domains (Figure 3.3). Moreover, the various PDE3B-interacting
EPAC domains were tested for their ability to bind PDE3B through coimmunoprecipitation experiments. Constructs expressing either the full length of EPAC,
or EPAC constructs encoding selected domains: EPAC1 ΔDEP (205-848), myr-palEPAC ΔDEP (205-848) and cAMP-BD (157-316) (Figure 3.2A), were used to test for
binding with PDE3B in transfection/immunoprecipitation studies in 293T cells. These
experiments showed that a construct encoding only the cAMP-BD could interact with
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PDE3B. These data not only supported the idea that the cAMP-BD contained PDE3Binteracting sequences, but also showed that this domain was sufficient to allow binding
and validated some of the peptides identified by peptide array binding studies (see
below).
Alanine-scanning mutational analyses were performed on the EPAC peptides
identified as PDE3B binders. Upon substitution of E186, M666, D796 for alanines (A)
within peptide 1 (346-370), which mapped to the cAMP-BD, the interaction is lost.
Mapping of these residues of EPAC1 amino acids of peptide 1 onto the published X-ray
crystal structure of EPAC2 showed they were likely exposed on the surface of the protein
and could be accessible for protein-protein interactions (Figure 3.4). Taken together,
peptide- and pull-down analyses, as well as crystal structure mapping of the residues
involved, reveal that PDE3B interacts with EPAC largely through the cAMP-BD and also
has binding sites in the REM and the CDC25 domain that are either not sufficient to
maintain the interaction or are contacts which assist in stabilizing the interaction between
PDE3B and EPAC.
EPAC has been observed at numerous locations in the cell, including the cytosol,
the nucleus and the plasma membrane (Borland et al. 2006, de Rooij et al. 2000, and
Qiao et al. 2002). EPAC has been identified in complexes with PDE4 in a complex with
mAKAP in cardiomyocytes (Dodge-Kafka et al. 2005) and with MAP-LC bound to
microtubules (Borland et al. 2006). Just as PDEs are tethered to various intracellular
locations, EPAC is also suggested to be directed spatially. It has been reported that cAMP
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regulates EPAC signalling through release from auto-inhibition and its recruitment to the
plasma membrane (Ponsioen et al. 2009). Their findings suggest that the DEP domain of
EPAC is essential but not sufficient for EPAC translocation to the plasma membrane. The
removal of the DEP domain abolished EPAC translocation while a GFP-DEP truncated
protein was not observed at the plasma membrane at all. It is possible that EPAC, upon
cAMP activation, is translocated to the plasma membrane, inserts itself via its DEP
domain, but interacts and stabilizes itself through binding with PDE3B. EPAC activates
Rap1 to mediate integrin-mediated cell adhesion, and this has been observed
predominantly at the plasma membrane in cells (Ponsioen et al. 2009). EPAC requires an
affinity for an anchoring factor when it is in its open conformation. We propose that this
anchoring “factor” may be PDE3B, which aids in mediating EPAC- and plasma
membrane- specific events.
4.3 Positively charged residues in the N-terminus of PDE3B are responsible for the
PDE3B-EPAC interaction
Having confirmed that PDE3B (AT) interacted with EPAC, the sequence(s)
within this region of PDE3B that interacted with EPAC were identified using a peptide
array-based approach. To do this, we probed a library of overlapping 25-mer peptides
that scanned the entire sequence of PDE3B with the full length FLAG-EPAC. Analysis of
the PDE3B peptide arrays identified two EPAC-specific interacting peptides in the
PDE3B’s amino terminal domain. The two peptides corresponded to the first thirty amino
acids of PDE3B, peptides 1-25 and 5-30. Alanine substitution allowed for the further
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analysis of the interaction of the peptides and identified a stretch of amino acids (1-13)
which were found to be critically important. Indeed, substitution of any of the charged
amino acids within this region significantly reduced binding. Thus, charge nullification of
any of the positively charged residues by substitution with As (R2, R3, R6, K9, R11), or
introduction of a negatively charged residue (D) for native As, (A8, A10), all but abolished
binding (Figure 3.5).
Using a pull-down approach with a construct expressing the first 90 amino acids
of PDE3B (PDE3B (2-90)) as bait, the interaction of EPAC with the first 30 amino acids
of PDE3B was further analyzed. Consistent with our earlier findings, EPAC interacted
with immobilized GST-PDE3B (2-90) (Figure 3.1 A). Taken further, a construct
encoding the isolated cAMP-BD of EPAC was also observed to interact with
immobilized GST-PDE3B (2-90) (Figure 3.1 B). Through alanine-scanning substitution
analysis and immobilized PDE3B (2-90)-EPAC elutions, our data clearly demonstrated
that EPAC, in particular the cAMP-BD, interacts with PDE3B through the very amino
terminal residues of PDE3B. Interestingly, our data suggests that it is the negatively
charged residues of EPAC and the positively charged residues of PDE3B that are
conferring this interaction.
4.4 A PDE3B-based TAT fusion peptide displaces the PDE3B-EPAC interaction
Efficient transfer of proteins across cellular membranes requires a carrier. Studies
have demonstrated that a peptide derived from the HIV TAT protein, transactivator of
transcription (TAT), has the ability to transduce fused peptides or proteins into various
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cells. Cell permeable peptides such as the TAT peptide provide potentially useful tools
for cell signalling research as well as for mechanism studies. In the present study, a small
peptide, based on the peptide array data, was generated with a TAT sequence fusion to
investigate the integrity of the PDE3B-EPAC interaction. The 3B TAT peptide was
optimized based on “spot 1” of the PDE3B peptide array that was observed to interact
with EPAC. EPAC indeed interacts with “spot 1” which encompasses amino acids 1-25
of PDE3B but the optimization data revealed that it is amino acids 1-13 which are critical
(Figure 3.6).
The 3B TAT peptide was utilized in various pull-down experiments and it was
observed that upon incubation of cells with the 3B TAT peptide, less EPAC interacted
with PDE3B. Using the same GST-3B (2-90) pull-down approach as above, we report
that addition of the 3B TAT peptide (10 μM) reduces the amount of EPAC in the elution
by ~53% (Figure 3.7 A and B). Similarly, in an M2-agarose pull-down, the addition of
the 3B TAT peptide (10 μM) reduces the amount of EPAC in the elution by ~63%
(Figure 3.7 C and D). Taken together, these data suggest that the PDE3B-EPAC
interaction can in fact be antagonized through the use of the 3B TAT peptide in cells. The
potential of this tool has now been evaluated and the prospects of targeting a subpopulation of PDE3B through its interaction with EPAC can now be investigated.
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4.5 Antagonizing PDE3B-EPAC interaction results in increased adhesion,
independent of PKA
Earlier studies have reported that the expression of PDE3B (AT) could disrupt the
integration of EPAC into PDE3B-containing complexes and that as a result the ability of
a PDE3-inhibitor to stimulate cell adhesion was markedly reduced (Raymond et al.
2007). This was the first report demonstrating that inhibition of a particular PDE-EPAC
containing complex in cells impacted the ability of a pharmacological agent (PDE3
inhibitor) to regulate cell function. In the previously published report, the amino terminus
of PDE3B was expressed, and acted as a dominant negative in its interaction with EPAC.
Subsequently, EPAC was still localized to the plasma membrane, likely through its
interactions reported here. At the plasma membrane, EPAC was still able to execute its
plasma membrane-specific signalling events, including the activation of Rap1 leading to
cell adhesion. Our data suggests that the antagonizing-peptide antagonized PDE3B from
interactions with EPAC at the plasma membrane, and thus no EPAC mediated events at
the plasma membrane (i.e. adhesion) were observed. Also, the peptide has now displaced
EPAC from the plasma membrane and further inhibition of PDE3B would have no
expected effect on cell adhesion.
Comparisons of the levels of adhesions promoted in cells incubated with either
the mutated non-displacing peptide (negative peptide), or the charged displacing peptide
(3B TAT peptide), demonstrated that the charged PDE3B displacing peptide promoted
adhesion (Figure 3.8). Additions of cAMP-elevating agents promoted adhesions in both
cases. Two major observations can be inferred from these data. Firstly, the generation of
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cAMP through FSK stimulation or the addition of 8CPT, both activate EPAC to levels
where an increase in adhesion is observed, irrespective of whether the displacing peptide,
or non-displacing peptide, was present. There was, however, a significant increase in
adhesion when the displacing peptide was present compared to the non-displacing
peptide (# P<0.05). Secondly, our data suggests that since an increase in adhesion is
observed with FSK and 8CPT in the absence or presence of the PKA inhibitor H89, that
the observed increases in endothelial adhesion to fibronectin-coated surfaces are
independent of PKA, consistent with the findings of Rangarajan et al. (2003).
4.6 cAMP-hydrolyzing activity of PDE3B is higher when it interacts with EPAC
PDE3B exerts is control of signalling through the hydrolysis of cAMP and
ultimately the termination of the cAMP signal and we propose that EPAC-associated
PDE3B regulates local EPAC activity within this complex. What in turn regulates
PDE3B then becomes of outmost importance. In this context, we have demonstrated that
EPAC-associated PDE3B had a specific activity some 21-fold higher than that of nonEPAC associated PDE3B (Figure 3.9C).This finding suggests that not only does the
PDE3B-EPAC interaction play a pivotal role in the cAMP signalling, in particular
endothelial cell adhesion, but also that this interaction heightens the cAMP hydrolyzing
activity of PDE3B.
4.7 Conclusions
The AT of PDE3B, within the first 13aa, interacts with EPAC, verified with pulldowns and peptide array analyses. The cAMP-BD of EPAC is the smallest portion
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required to maintain an interaction with the AT of PDE3B. Positively charged residues of
PDE3B and negatively charges residues of EPAC are likely conferring this interaction.
Disrupting the PDE3B-EPAC1 interaction in cells may represent a potential approach to
defining PDE3B/EPAC-selective signalling in cells. Peptide-mimetics of PDE3B (1-13)
may be useful therapeutics for interfering with these cellular functions.
4.8 Significance and Future Perspectives
Different PDE families are attractive targets for the development of specific
therapeutic agents that affect cyclic nucleotide pathways in diseased states and eliminate
the side effects produced by non-selective inhibitors. It is now becoming clear that
identifying PDE family specific inhibitors as well as PDE isoform specific inhibitors will
generate the most effective of therapeutic benefits. The PDE3B-EPAC1 interaction
findings presented here allow a greater understanding of the functional roles of these two
cAMP degrading or effector proteins as well present a potential target for PDE3 isoformspecific inhibitors.
By defining the roles of N-terminal structural determinants of PDE3B it will
become possible to characterize the effects of these domains on PDE3B protein-protein
interactions as well as their sensitivity to specific PDE3 inhibitors. Investigating the
structural determinants of PDE3B interactions is important as part of our understanding
of the effects of cAMP signalling networks in cells of the cardiovascular system, in
particular cell adhesion. How the PDE3B-EPAC interaction affects Rap1 regulation of
integrin-mediated cell adhesion remains elusive. There are many levels of regulation in
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this cell event including PDE3 activation through phosphorylation, EPAC activation and
translocation, Rap1 activation and lastly integrin activity itself is regulated through
various mechanisms including cell surface expression, redistribution and conformational
changes.
There are many questions that this study raises with potential for future avenues
of research. We report that a PDE3B-based peptide is able to antagonize a PDE3B-EPAC
interaction in cells, yet how this peptide affects the interaction from the perspective of
time and space is unclear. NMR binding studies may reveal more information about the
affinity for this interaction and address its antagonizing nature. It would also be
interesting to investigate how the peptide affects the organization of F-actin – integrin
signalling networks in cells.
In the presence of the peptide, i.e. EPAC without a cAMP hydrolyzing partner,
EPAC is suggested to be more active. Indeed, an increase in the activation of EPAC, read
as an increase in adhesion when cells are incubated with the peptide, was in fact observed
in this study. Other effects of a ``constitutively active`` EPAC should be assessed.
Preliminary work in Dr. Maurice’s lab has investigated EPAC in the context of RRas, a small GTPase similar to Rap1. It was observed that EPAC can activate both Rap1
and R-Ras in both 293T cells and HAECs. Importantly, it was observed that only
activation of R-Ras results in the activation of PI3Kγ, a protein that also interacts with
PDE3B. Specifically, the activation of PI3Kγ results in its autophosphorylation and
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subsequent ERK phosphorylation (indicative of PI3Kγ acting as a protein kinase) and
also PKB phosphorylation (indicative of PI3Kγ acting as a lipid kinase) (Wilson et al.
2009, unpublished).
In the context of HAECs and angiogenesis, a signalling complex (including
PDE3B) has been observed to be located in cholesterol-rich caveolin containing domains
in the plasma membrane and also, activation EPAC or inhibition of PDE3B results in an
increased rate in tube formation- an in vitro assay of angiogenesis. When the use of a
specific PI3Kγ inhibitor, it was observed that the rate of tube formation was reduced and
impeded. It is suggested that PDE3B bound EPAC regulates PI3Kγ activity at the plasma
membrane in these lipid domains and that activation of this complex results in an
increased rate of angiogenesis (Wilson et al. 2009, unpublished).
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