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ABSTRACT 

EPAC1 is a cyclic AMP sensor protein involved in a multitude of physiological and 

pathophysiological processes in the human body and has been recognised as an attractive 

target for pharmacological regulation. Activation of EPAC1 protein was reported to 

suppress chronic vascular inflammation, making it a potential therapeutic strategy for the 

prevention and treatment of cardiovascular disease. While literature describes a range of 

EPAC1 inhibitors, no selective small-molecule activators of this protein have been 

reported until the 2017 discovery of the N-acylsulphonamide derivative, I942, in the 

Yarwood laboratory. The presented study follows up on this finding and aims to identify 

novel EPAC1 ligands with agonist properties. A two-phase screening approach was 

employed to detect EPAC1-binding compounds with potential agonist component in a 

carefully designed library of I942 analogues. Hits from the screen were further analysed 

in terms of activity, EPAC1-selectivity, and cytotoxicity, using in vitro biochemical 

assays and cell-based tests, alongside another new class of EPAC1 activators identified 

in the Yarwood laboratory, benzofuran oxoacetic acid derivatives. In addition to that, the 

mechanism of ligand-mediated cytotoxicity was investigated. Three novel, selective, 

small-molecule EPAC1-regulators with agonist properties and good safety profiles were 

identified, which can serve as promising lead compounds for drug development. 
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CHAPTER 1: Introduction 
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1.1 Cyclic AMP Signalling 

1.1.1 Discovery of Cyclic AMP and the Concept of the Second Messenger 

In 1957, Earl W. Sutherland and Theodore Rall were studying the action of epinephrine 

and glucagon in liver homogenates and observed an interesting phenomenon. The 

response to studied hormones was apparently generated in two stages: first, an active 

“heat-stable factor” was formed, and then the presence of this factor led to the activation 

of glycogen phosphorylase, which catalyses the breakdown of glycogen [1]. They 

concluded that the isolated “heat-stable factor” is an essential mediator of epinephrine 

and glucagon action, and later identified it as a cyclic adenine ribonucleotide, 3’,5’-cyclic 

adenosine monophosphate, now commonly known as cyclic AMP [2]. Cyclic AMP was 

then found in other tissues as well, such as the heart, skeletal muscle, and brain [2], and 

it was established that its synthesis occurs from adenosine triphosphate (ATP), in the 

presence of magnesium ions [1], [3]. Those findings led to the development of the second 

messenger concept, a revolutionary idea that allowed for enormous progress in the field 

of cell signalling research. In 1971, Earl Sutherland was awarded a Nobel Prize in 

Physiology or Medicine, “for his discoveries concerning the mechanisms of the action of 

hormones”. 

Now we know that first messengers, which usually are extracellular factors, such as 

hormones or neurotransmitters, bind to receptors on the cell surface and thus trigger 

intracellular production or release of second messenger molecules. These can be cyclic 

nucleotides, like the prototypical second messenger cyclic AMP, as well as lipids, ions or 

even gases [4], which then convey the signal initiated by first messengers, by altering the 

activity of various target proteins. A resulting cascade of events finally leads to a desired 

response, for example, the breakdown of glycogen to glucose in epinephrine-stimulated 

liver cells. 

 

1.1.2 Adenylyl Cyclases 

Following on their initial discovery, Sutherland and colleagues managed to isolate an 

enzyme, or what they then thought might be an enzyme complex, responsible for 

intracellular synthesis of the cyclic AMP, and named it “adenyl cyclase” [5], now 

commonly referred to as adenylyl cyclase or adenylate cyclase (AC). They also predicted 
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it to be a component of cell membranes, which was confirmed afterwards. Later studies 

by Gilman et al. [6], [7] showed that there are intermediate factors involved in the 

activation of AC, namely heterotrimeric G proteins coupled to first messenger receptors. 

The discovery of G proteins, which were named for their ability to bind guanine 

nucleotides, won Alfred Gilman and Martin Rodbell a Nobel Prize in Physiology or 

Medicine in 1994. 

Events leading to AC activation are presented in Figure 1-1. Upon binding of the ligand 

to a G protein-coupled receptor (GPCR; process 1), the Gα subunit of associated 

heterotrimeric stimulatory G protein exchanges guanosine diphosphate (GDP) for 

guanosine triphosphate (GTP; process 2) and dissociates from GPCR and Gßγ subunit 

(process 3). Subsequently, the GTP-bound Gα subunit activates the AC (process 4). 

Activated AC converts ATP to cyclic AMP (process 5) and inorganic pyrophosphate 

(PPi), as presented in Scheme 1-1A. 

Currently, 10 isoforms of AC are known: membrane-bound AC1-AC9, and AC10, which 

is a soluble protein [8], [9]. AC1-AC9 isoforms have 12 transmembrane segments and 

two cytoplasmatic domains, forming a catalytic core. Divalent cations, such as Mg2+ and 

Mn2+, are utilized as cofactors, which enable binding and conversion of the substrate, 

ATP. All membrane-associated ACs are activated by stimulatory G proteins coupled to 

cell-surface receptors, as described above. In addition to that, inhibitory G proteins, Gßγ 

subunits, and other endogenous factors, including calcium, Ca2+-activated calmodulin 

and protein kinases, regulate AC activity in an isoform-dependent manner. AC10 is 

unique, since it is not subject to G-protein regulation but is instead activated by 

bicarbonate ions and utilizes Ca2+ as a cofactor [8], [9].  

 

1.1.3 Phosphodiesterases 

The discovery of cyclic AMP by Sutherland et al. [2] was accompanied by the 

observation that cell extracts contain an enzyme capable of deactivating this second 

messenger, by converting it to an inactive product, 5’-adenosine monophosphate (5’-

AMP). This enzyme was later purified by Butcher et al. [10] and recognised as a cyclic 

3’,5’-nucleotide phosphodiesterase, now commonly abbreviated as PDE. Currently 

known to be a large family of enzymes, PDEs indeed catalyse the hydrolysis of cyclic 

nucleotides, cyclic AMP and 3’,5’-cyclic guanosine monophosphate (cyclic GMP), to 

respective non-cyclic monophosphates, as presented in Scheme 1-1B.  
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Synthesised by ACs in response to activating stimuli, cyclic AMP activates one of its 

sensors (Figure 1-1, process 6), and thus initiates a cascade of downstream signalling, 

leading to a certain cellular effect. Cyclic AMP effector proteins will be described in 

detail in the following sections. PDEs can then terminate this signal, or regulate the 

magnitude of the response, by degrading cyclic AMP to the inactive 5’-AMP (Figure 1-

1, process 7). 

To date, 11 mammalian PDE families are known, and within these families, multiple 

isoforms and splice variants have been identified [11], [12]. Each family has a conserved 

C-terminal catalytic domain, with binding sites for divalent cation cofactors, Zn2+ and 

Mg2+. PDEs differ in substrate specificity, some are cyclic AMP-specific (PDE4, PDE7, 

PDE8) or cyclic GMP-specific (PDE5, PDE6, PDE9), while others can hydrolyse both 

cyclic nucleotides (PDE1-3, PDE10, PDE11). N-terminal regions structures vary between 

families. They contain sequences involved in targeting PDEs to specific subcellular 

localisations, oligomerization loci, as well as binding domains and phosphorylation sites 

for factors regulating the enzyme’s catalytic activity [13]. Endogenous regulators of PDE 

activity include Ca2+-activated calmodulin, cyclic nucleotides themselves, as they can 

also bind to allosteric sites, and phosphorylating factors, such as protein kinases A, B, C 

and G (PKA, PKB, PKC, PKG, respectively) and extracellular signal-regulated kinase 

(ERK). Mechanisms of regulation are family-dependent [11], [12], [14]. 

Disruption of cyclic nucleotide signalling pathways occurs in many diseases and 

pathophysiological processes, which offers a great potential for developing therapeutic 

strategies. PDEs have long ago been recognised as good drug targets [11], [15], one of 

the reasons being a variety of isoforms, which are often characterised by distinct 

expression patterns [12]. A number of PDE-inhibitors are currently available on the 

market (outlined in Table 1-1), including theophylline, a non-selective naturally 

occurring alkaloid used as a bronchodilator in the treatment of asthma, and the PDE5-

blocking sildenafil, the most common remedy for erectile dysfunction [16], [17]. 
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Figure 1-1. Cyclic AMP signalling. The extracellular ligand binds to the G protein-coupled receptor 
(GPCR, process 1), which leads to an exchange of GDP to GTP, and subsequent activation of stimulatory 
heterotrimeric G protein associated with this receptor (process 2). Gα subunit dissociates from GPCR and 
Gßγ subunit (process 3) and activates adenylyl cyclase (AC, process 4). AC converts ATP to the second 
messenger, cyclic AMP (cAMP, process 5), which propagates the signal initiated by external stimulus by 
activating one of its downstream effector proteins (process 6). Signalling is terminated by a 
phosphodiesterase enzyme (PDE) catalysing the hydrolysis of cAMP to inactive 5’-AMP (process 7). 
Figure created with BioRender.com. 

 

 

 

Scheme 1-1. Synthesis and hydrolysis of cyclic AMP in cells. A) Adenylyl cyclases synthesise cyclic 
AMP from ATP. B) Phosphodiesterases catalyse the hydrolysis of cyclic AMP to 5’-AMP.  
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Table 1-1. On-the-market PDE inhibitors [16], [17]. 

Inhibited isoform Drug Indication 

PDE3 Amrinone 
Milrinone 

Enoximone 
Congestive heart failure 

Cilostazol Peripheral arterial disease 

Anagrelide Essential thrombocytosis 

PDE4 Roflumilast Chronic obstructive pulmonary disease 
(COPD) 

Apremilast Psoriatic arthritis 

Crisaborole Atopic dermatitis 

PDE5 Sildenafil [1] 
Tadalafil [2] 

Erectile dysfunction and pulmonary 
hypertension 

Vardenafil Erectile dysfunction 

Non-selective Theophylline 
Aminophylline Asthma and COPD 

Dipyridamole Anti-platelet 
 

[1] weak PDE6 inhibitor as well 
[2] weak PDE11 inhibitor as well 
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1.1.4 Protein Kinase A 

Kinases are cellular enzymes that catalyse the reaction of phosphorylation, in other words, 

transfer of a phosphate group from an ATP molecule to a substrate, which for most 

kinases is a protein, a carbohydrate, or a lipid. In 1968, Edwin G. Krebs and Donal A. 

Walsh isolated from rabbit muscle tissue a protein kinase, which phosphorylated casein 

and protamine in the presence of cyclic AMP [18], and hypothesised it might be a missing 

element in the epinephrine-initiated cascade of events leading to glycogenolysis [3], [5]. 

In 1992, a Nobel Prize in Physiology or Medicine was awarded to Edmond H. Fischer 

and Edwin G. Krebs, for studies involving this kinase, later named protein kinase A 

(PKA), in the context of phosphorylation as a mechanism of protein activity regulation. 

PKA was the first cyclic AMP effector to be discovered and for many years believed to 

be the only one.  

PKA belongs to the AGC serine/threonine kinase family. The PKA holoenzyme is a 

tetrameric protein, consisting of two dimerised regulatory subunits and two catalytic 

subunits [19], [20]. The catalytic subunit, besides the enzyme active site, contains the 

ATP binding domain. The regulatory subunit comprises the dimerization/docking 

domain, two conserved cyclic nucleotide-binding domains (CNBDs) and a 

pseudosubstrate motif, which binds to the catalytic subunit to inhibit its activity [19]–

[21]. There are three isoforms of C subunits: Cα, Cß and Cγ, and two isoforms of R 

subunits: RI and RII, with α and ß subtypes. Cα, together with RIα and RIIα are widely 

expressed, while others are tissue-specific [19]. 

Following the increase in cellular cyclic AMP levels, four cyclic AMP molecules bind to 

CNBDs of the regulatory subunits of the inactive PKA holoenzyme, which induces a 

conformational change leading to dissociation of active catalytic subunits ready for 

substrate phosphorylation [20]. Although this is a well-documented and generally 

accepted mechanism of PKA activation, Smith et al. [22] have recently shown, that 

holoenzymes bound to A-kinase-anchor proteins (AKAPs, discussed in detail later), can 

display catalytic activity while remaining an intact tetramer. Activated PKA further 

transmits the signal mediated by cyclic AMP, by transferring a phosphate group from 

ATP to a serine or threonine residue of a protein substrate, and thus leading to its 

activation or deactivation. PKA is involved in a multitude and variety of cellular 

processes and recognises numerous substrates [23], such as phosphorylase kinase [24], 

involved in epinephrine-induced glycogen degradation, or cyclic AMP response element-
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binding protein (CREB), which is a transcription factor [25]. The activity of cellular PKA 

is regulated primarily by cyclic AMP levels, but also by an endogenous protein kinase 

inhibitor peptide (PKI) [26], autophosphorylation, and phosphorylation by other kinases 

[19]. 

 

1.1.5 Cyclic Nucleotide-Gated Ion Channels 

Cyclic AMP directly regulates two types of cation channels, permeable to Na+, K+ and 

Ca2+, namely the cyclic nucleotide-gated (CNG) channels and the hyperpolarisation-

activated and cyclic-nucleotide-gated (HCN) channels [27], [28]. CNG channels 

activation depends on the binding of cyclic AMP or cyclic GMP, while HNC channels 

are primarily activated by the electric potential of the plasma membrane, and bound cyclic 

nucleotide only facilitates channel opening. Both channel types are built of four subunits, 

each of them containing six transmembrane segments and a CNBD in the C-terminal 

cytoplasmatic region [27], [29]. CNBDs of CNG and HCN ion channels bear a significant 

sequence similarity to CNBDs of most cyclic AMP effector proteins [27]. 

CNG channels activated by cyclic AMP are expressed mainly in the olfactory neurons, 

where they play a key role in sensory signal transduction [27], [30]. Upon stimulation of 

GPCR by an odorant, and subsequent AC activation, newly synthesised cyclic AMP 

molecules bind to CNBDs of the CNG channel. Consecutive opening of the channel leads 

to an influx of Na+ and Ca2+ ions, and in consequence, neuronal membrane depolarisation 

and initiation of the action potential [27], [30]. HCN channels, on the other hand, are 

critical for generating spontaneous membrane depolarisation in the cardiac pacemaker 

cells, responsible for controlling the heart rate [27]. Activated by the membrane 

hyperpolarisation (an indicator of the action potential termination), HCN channels let the 

Na+ ions inside the cell, which triggers another action potential. Heart rate can be 

accelerated by the increase in cellular cyclic AMP levels, as cyclic AMP interacts with 

the CNBDs of HCN channels and thus facilitates their activation [27], [31].
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1.1.6 Popeye Domain-Containing Proteins 

Popeye domain-containing (POPDC) proteins were discovered by two independent 

research groups in 1999 and 2000 [32], [33], and only later identified as yet another 

family of cyclic AMP binding proteins [34]. Three POPDC isoforms have been found in 

vertebrae, namely POPDC1, POPDC2 and POPDC3 [33]. All of them are expressed in 

the heart and skeletal muscles at high levels, but also in smooth muscle tissue in some 

organs, autonomous neurons and epithelial cells, following isoform-dependent 

expression patterns [35], [36]. POPDC are transmembrane proteins, which in their C-

terminal, cytoplasmatic region, contain a conserved Popeye domain, responsible for 

cyclic AMP binding. Interestingly, while predicted to be structurally similar to the 

CNBDs of PKA, there is very little sequence similarity between Popeye domains and 

CNBDs of other eukaryotic cyclic AMP sensor proteins [35], [36].  

The involvement of POPDC proteins has been implicated in a number of physiological 

and pathophysiological processes [36], but best documented is their importance for 

cardiac and muscle function [36], [37]. POPDC1 and POPDC2 knockout mice and 

knockdown zebrafish both displayed phenotypes with impaired electric signalling in the 

heart and skeletal muscle pathologies [37]. Moreover, a missense S201F mutation in the 

POPDC1 gene was identified as the cause of rare muscular dystrophy and cardiac 

arrhythmia in afflicted members of an Albanian family [37], [38]. 

 

1.1.7 Cyclic Nucleotide Receptor Involved in Sperm Function 

Discovered in 2013 by Krähling et al. [39], the cyclic nucleotide receptor involved in 

sperm function (CRIS) is the most recent finding among cyclic AMP binding proteins. 

CRIS is a cytosolic protein, found in all published mammalian genomic sequences, 

containing a conserved CNBD that was shown to preferentially bind cyclic AMP over 

cyclic GMP [39]. It is expressed exclusively in testis, specifically in sperm precursor 

cells, but not in mature sperm, which suggests that it is involved in spermiogenesis. 

CRIS’s vital role in sperm function is further supported by the observation that CRIS 

knockout mice are either infertile or suffer from reduced fertility [39]. 
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1.1.8 Exchange Proteins Activated by Cyclic AMP 

1.1.8.1 Discovery of a New Cyclic AMP Effector Protein, EPAC 

The Ras superfamily encompasses a range of small GTPases, also known as monomeric 

G proteins, involved in signal transduction in a vast number of cellular signalling 

pathways [40]. These proteins act as molecular switches and their activity depends on the 

guanine nucleotide they are bound to [41]. Inactive, GDP-bound form of small GTPase 

is usually aided by another protein, a guanine nucleotide exchange factor (GEF), which 

facilitates the dissociation of GDP and promotes the formation of the active, GTP-bound 

state [42]. Rap1 is among many members of the Ras superfamily and was initially 

identified as a suppressor of Ras-induced oncogenic cell transformation [43], but later 

shown to be involved in a multitude of processes related to cell adhesion, migration and 

proliferation [44]. It had previously been reported that elevation of cellular cyclic AMP 

levels leads to Rap1 activation [45], [46], however, the mechanism remained unknown. 

Then in 1998, when the only known cyclic AMP sensor proteins were PKA and cyclic 

nucleotide-gated channels, de Rooij et al. [47] made an interesting discovery. Upon 

treatment of cells with forskolin, a diterpene that activates the AC and induces cyclic 

AMP formation, Rap1 was activated independently of PKA. Following up on these 

observations, they searched databases for genes encoding proteins with sequence 

homology to known GEFs and cyclic AMP binding sites, managed to identify such a 

protein, and named it exchange protein activated by cyclic AMP (EPAC). 

The identified sequence of EPAC demonstrated significant similarities to the CNBDs of 

PKA [48] and to C3G, a previously recognised Rap1-specific GEF [49]. A series of 

subsequent in vitro experiments confirmed that the putative CNBD of EPAC indeed binds 

cyclic AMP, and the presumed GEF domain directly interacts with Rap1 and promotes 

its activation. However, the GEF activity of EPAC towards Rap1 was observed only in 

the presence of cyclic AMP, which pointed to an autoinhibitory role of the CNBD domain 

[47]. Interestingly, while PKA was shown to interact with and phosphorylate Rap1, it was 

not necessary for the cyclic AMP-mediated activation of this small GTPase [46]. 

At the same time, EPAC was also independently discovered and characterised by 

Kawasaki et al. [50] who searched for novel genes related to cyclic AMP signalling in 

the mammalian brain. Importantly, the group identified two isoforms of this protein, 

encoded by separate genes, which they named cAMP-GEFI and cAMP-GEFII, now more 

commonly referred to as EPAC1 and EPAC2. Isoforms were shown to have distinct 
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expression patterns. EPAC1 is rather widely expressed, while the expression of EPAC2 

is more restricted and particularly abundant in the central nervous system and adrenal 

glands [50], [51]. The discovery of EPAC shed new light on the cyclic AMP signalling, 

which was previously thought to be mediated almost exclusively by PKA. Two isoforms 

of this novel cyclic AMP sensor were identified, namely EPAC1 and EPAC2, both 

characterised as GEFs for the small GTPase, Rap1, and directly regulated by cyclic AMP 

[47], [50]. Later it was observed that they also activate Rap2 [52]. 

 

1.1.8.2 EPAC Knockouts 

Several EPAC-deficient mice models have been generated to study the role of EPAC 

proteins in mammalian physiology, including EPAC1 knockouts (EPAC1-KO) [53]–

[56], EPAC2 knockouts (EPAC2-KO) [56], [57], as well as double knockouts [56]. 

Deletion of EPACs is not lethal. EPAC KOs are fertile, show no visible physical defects, 

and have normal heart rate and blood pressure. Nevertheless, these models yielded a great 

deal of information on the potential roles of EPAC proteins in disease development and 

maintenance of proper physiological functions. For example, EPAC2-KO mice were 

reported to be more prone to obesity [58] and exhibited impaired glucose tolerance [59]. 

At the same time, increased leptin sensitivity and reduced weight gain were observed in 

EPAC1-KO mice [54], showing the significance and complexity of EPAC signalling in 

metabolic syndrome development and progression. Genetic deletion of EPAC1 results in 

prolonged bleeding time [60] and enhanced vascular permeability [55], while EPAC2 KO 

mice are less susceptible to induced arrhythmia [56]. Moreover, deletion of both isoforms 

from mice forebrain leads to severe impairment in spatial learning, demonstrating the 

importance of EPAC proteins in brain function [61]. 

 

1.1.8.3 EPAC Structure and Mechanism of Activation 

1.1.8.3.1 Domain Architecture of EPAC Isoforms 

While the prototypical cyclic AMP sensor, PKA, is built of four subunits, EPACs are 

single polypeptide, multidomain proteins (Figure 1-2). Two major isoforms, EPAC1 and 

EPAC2, are encoded by human RAPGEF3 and RAPGEF4 genes, respectively. In addition 

to that, three different transcripts of the EPAC2 encoding gene were described in the 
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literature, which give rise to EPAC2A, EPAC2B and EPAC2C variants [51], [62], 

presented in Figure 1-2. EPAC2A is the most widely expressed of these variants, present 

at high levels in the brain and pancreas, EPAC2B, with similar domain architecture to 

EPAC1, has been detected in adrenal glands [63], while EPAC2C is liver-specific [64]. 

Subcellular localisation of EPAC proteins is isoform-specific and regulated by various 

factors. For example, EPAC1 is mainly found in the perinuclear region of the cytosol, in 

mitochondria, and associated with the nuclear pore complex (NPC) or plasma membrane 

[51]. EPAC2A is observed in the proximity of the plasma membrane, as well as localised 

to it, while the EPAC2B variant is primarily present in the cytosol [51]. 

EPAC proteins have an N-terminal regulatory region and a C-terminal catalytic region 

(Figure 1-2). The regulatory region includes a Dishevelled, Egl-10 and Pleckstrin (DEP) 

domain, a cyclic nucleotide-binding domain (CNBD-B), and in the case of EPAC2A, an 

additional CNBD (CNBD-A) at the N-terminus. The catalytic region consists of a Ras 

association (RA) domain, Ras exchange motif (REM) and a catalytic CDC25-homology 

domain (CDC25-HD) [65]. 

CNBD-B contains a conserved cyclic AMP binding site and serves as a regulatory, 

autoinhibitory domain, blocking access to EPAC’s catalytic site in the absence of cyclic 

AMP [52], [66]. The mechanism of autoinhibition and activation will be discussed in the 

following subsection. The DEP domain, according to current knowledge, does not exert 

a direct regulatory function but was demonstrated to play a role in the localisation of 

EPAC1 to membrane structures through interaction with phospholipids [52], [67]. Upon 

EPAC1 activation by cyclic AMP binding, the conformation of the DEP domain is 

altered, so that it promotes translocation of the protein to the plasma membrane, which 

was shown to be important for its catalytic activity towards Rap [68], [69]. The additional 

N-terminal CNBD-A of EPAC2A, despite sharing significant sequence similarity with 

CNBD-B, has a substantially lower affinity for cyclic AMP and is not involved in the 

autoinhibition [52]. While its function remains somewhat unclear, CNBD-A is likely to 

be involved in regulating protein’s subcellular localisation. For example, it was reported 

to prevent targeting of EPAC2A to the nuclear pore complex, which is available for 

EPAC1, as well as for EPAC2B [70]. In addition to that, CNBD-A is suspected to be 

involved in cyclic AMP-induced insulin secretion in pancreatic ß-cells, as it directs 

EPAC2A to the insulin secretory granules, which was shown to promote exocytosis [71]. 

Subcellular localisation of EPAC2A was also observed to be regulated by the RA domain, 

which by interacting with active Ras GTPase targets EPAC2A to the plasma membrane 
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[71], [72]. The REM domain is important for stabilisation of the active conformation of 

EPAC [73], while the CDC25-HD, conserved among GEFs for Ras-like small GTPases 

[74], is responsible for the catalytic activity. It activates Rap proteins by facilitating the 

guanine nucleotide exchange from GDP to GTP. The CDC25-HD domain was also 

reported to contain a site for interaction with Ran-binding protein 2 (RanBP2), which 

tethers EPAC1 to the NPC at the nuclear envelope [75]. 

 

1.1.8.3.2 Mechanisms of EPAC activation 

The regulatory, auto-inhibitory role of CNBD-B was recognised very early on. The GEF 

activity of EPAC is induced by binding of cyclic AMP to CNBD-B and protein constructs 

lacking this domain are constitutively active in the absence of the cyclic nucleotide [47], 

[52]. In addition to that, isolated regulatory domains were shown to inhibit GEF activity 

of isolated catalytic domains in vitro, which suggests a direct interaction between these 

protein regions [52]. To determine the 3D structure of EPAC and to elucidate the 

mechanism of its regulation and activation, Rehmann et al. [66], [73] used X-ray 

crystallography to solve crystal structures of full-length EPAC2 in an autoinhibited state 

(PDB ID: 2BYV) and EPAC2 deletion mutant, EPAC2∆305, in complex with a 

hydrolysis-resistant cyclic AMP analogue, Sp-cAMPS, and Rap1B (PDB ID: 3CF6). 

These structures were used to present a model of cyclic-AMP induced activation of EPAC 

in Figure 1-3. It has to be noted that EPAC is believed to exist in an equilibrium between 

inactive and active states, and binding of cyclic AMP shifts this equilibrium towards the 

active conformation, as described below [76]. 

In the absence of cyclic AMP (Figure 1-3, inactive EPAC), CNBD-B (shades of blue) 

creates a steric hindrance, blocking the access to the Rap binding site in the CDC25-HD 

(shades of green), which contains the helical hairpin (dark green), critical for the GEF 

activity of EPAC [77]. This autoinhibited state is stabilised by interactions of the 

regulatory region with the catalytic region at two contact points, called the “switchboard” 

and the “ionic latch” [66]. The switchboard (Figure 1-3) is a structure resembling a ß-

sheet, composed of the C-terminal part of CNBD-B, N-terminus of REM (orange) and 

the helical hairpin loop, held together by hydrogen bonds. Ionic latch (Figure 1-3) is 

formed by ionic interactions between the CDC25-HD and the N-terminal region of 

CNBD-B [66]. 
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When cyclic AMP is present, it binds to the phosphate-binding cassette (PBC, cyan) 

within the CNBD-B, via its phosphate and sugar moieties [78], and thus induces a 

tightening in the PBC, relieving a steric block from the hinge helix (dark blue). The hinge 

subsequently unfolds partially and “swings”, disrupting the ionic latch and some of the 

bonds in the switchboard, which alters the relative CNBD-B position and enables forming 

of new interactions stabilising the active, open conformation of EPAC (Figure 1-3, active 

EPAC) [73]. These primarily include interactions involving the “lid” (Figure 1-3), a 

structure formed by C-terminal ß-strands of CNBD-B and the first helix of REM. The lid 

not only becomes a part of the cyclic AMP binding site and interacts with the ligand’s 

base moiety, but also further stabilises the active protein conformation by interacting with 

the core of CNBD-B [73]. Catalytic site within CDC25-HD is now easily accessible for 

Rap (cream). 

Unfortunately, no crystal structures of EPAC1 have been obtained so far. The nature of 

this isoform’s interaction with cyclic AMP was therefore studied using homology models 

based on EPAC2 structure and nuclear magnetic resonance (NMR) analysis employing 

the isolated CNBD-B of EPAC1 [76], [79], [80]. NMR studies showed that binding of 

cyclic AMP to EPAC1 induces conformational changes within the PBC, but also in more 

distant CNBD-B regions, such as the hinge helix, which is in agreement with the well-

established EPAC2 activation model discussed above [76].  
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Figure 1-2. Domain organisation of EPAC isoforms. EPACs are single polypeptide, multidomain 
proteins that have an N-terminal regulatory region and a C-terminal catalytic region. The regulatory region 
includes a Dishevelled, Egl-10 and Pleckstrin (DEP) domain, a cyclic nucleotide-binding domain (CNBD-
B), and in the case of EPAC2A, an additional CNBD (CNBD-A) at the N-terminus. The catalytic region 
consists of a Ras association (RA) domain, Ras exchange motif (REM) and a catalytic CDC25 homology 
domain (CDC25-HD). 

 

 

Figure 1-3. Cyclic AMP-induced activation of EPAC. Domains and critical structures are colour-coded 
as follows: CNBD-B (shades of blue) with PBC (cyan) and hinge helix (dark blue), REM (orange), RA 
domain (yellow), CDC25-HD (shades of green) with the helical hairpin (dark green). Cyclic AMP 
analogue, Sp-cAMPS, is shown in red. In the autoinhibited state, maintained by interactions in the 
switchboard (SB) and the ionic latch (IL), access to the Rap catalytic site within CDC25-HD is sterically 
blocked by the CNBD-B. Binding of cyclic AMP disrupts bonds in SW and IL and induces a conformational 
change, which is stabilised by newly formed interactions of the ligand and CNBD-B with the lid (L). Active, 
“open” conformation of EPAC can now bind Rap (cream) and catalyse nucleotide exchange. Figure based 
on solved crystal structures of autoinhibited (2BYV) and active (3CF6) EPAC2 [73]. 
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1.1.9 Compartmentalisation of Cyclic AMP Signalling 

For many years following its discovery, scientists believed that cyclic AMP, synthesised 

in response to external stimuli, freely diffuses in the cytoplasm and conveys the signal by 

activating its intracellular effectors [51]. However, in the light of an increasing number 

of identified pathways and growing recognition of the complexity and specificity of cyclic 

AMP signalling over time, such a simple mechanism no longer provided a suitable 

explanation. In the early 1980s, an interesting observation was made by Brunton and 

colleagues [81], [82] when studying the response of cardiomyocytes to isoproterenol and 

prostaglandin E1. Although both treatments caused elevation in cellular cyclic AMP 

levels, they activated different pools of PKAs and resulted in distinct physiological 

outcomes. This led to proposing a theory of cyclic AMP signalling compartmentalisation, 

which states that cyclic AMP action is restricted to specific, stimulus-dependent, discrete 

subcellular compartments, also referred to as “nanodomains”, and therefore various 

responses can be induced independently [81]–[84]. 

The idea of cyclic AMP signalling compartmentalisation is widely accepted nowadays. 

Enzymes introduced at the beginning of this chapter, ACs and PDEs, responsible for 

cyclic AMP synthesis and hydrolysis, respectively [8], [12], are one of the key elements 

contributing to this phenomenon. N-terminal regions of some PDE families contain 

distinct targeting sequences, determining their subcellular localisations, and in addition 

to that, mechanisms of PDEs and ACs regulation are family/isoform-dependent. This 

enables other local factors to control cyclic AMP diffusion, by allowing for, or even 

enhancing, cyclic AMP generation in some cellular compartments, while increasing its 

degradation in others [83], [85]. 

The diversity and properties of cellular ACs and PDEs, while very important, are not 

enough to achieve the high level of compartmentalisation we observe for cyclic AMP 

signalling. The major players are believed to be the A-kinase anchor proteins (AKAPs), 

a large group of functionally related scaffolding proteins, which bind individual 

components involved in a signalling pathway to form multi-protein signalosomes [51], 

[86], [87]. These can include enzymes controlling cyclic AMP levels (ACs and PDEs), 

cyclic AMP effectors (usually PKA, as the name suggests), together with their activity 

regulators and substrates, such as other kinases, phosphatases, ion channels, small 

GTPases, and other binding partners [87]–[89]. AKAPs localise such signalling 
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complexes to relevant organelles or subcellular compartments, which allows to isolate 

different pathways from each other and facilitates efficient signal transduction [83], [89]. 

More than 50 AKAPs exhibiting cell type-dependent expression patterns are currently 

known, and although they have diverse structures, most of them share a common motif 

in the form of an amphipathic helix, responsible for binding the regulatory subunit of 

PKA [90], [91]. A great number of AKAP class members translates to an even greater 

number of identified signalosomes, ones containing EPAC among them. The muscle-

specific AKAP (mAKAP) in cardiomyocytes, for instance, is believed to tether PKA, 

EPAC1, PDE4D3 and extracellular signal-regulated kinase 5 (ERK5) at the nuclear cell 

membrane, thus coordinating two major cyclic AMP effector pathways [92], while 

AKAP9 in vascular endothelial cells was reported to bind EPAC1 and assist EPAC1 

activation-mediated polymerisation of microtubules [93]. 
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1.2 EPAC Regulators 

The omnipresence of cyclic AMP and a multitude of cellular functions it is involved in, 

creates a need for research tools that enable to distinguish between signalling pathways 

mediated by individual effector proteins. When studying EPAC it is also important to 

take into account the existence of two major isoforms, EPAC1 and EPAC2, that were 

shown to play distinct roles in physiological and pathophysiological processes in various 

types of cells [51]. Tools facilitating research in the EPAC field include a range of 

selective and non-selective activators and inhibitors that have been identified over the 

years. These can be divided into two main categories, namely the analogues of the 

endogenous EPAC ligand, cyclic AMP [79], [94], and small-molecule regulators [95]–

[99] Cyclic nucleotide analogues are well established, widely used and commercially 

available isoform-selective agonists, but currently, the main focus is on the development 

of the latter group, as small molecules, which usually offer excellent potential for 

synthetic modifications, can serve not only as research tools but also drug development 

candidates [100]–[102]. 

 

1.2.1 Cyclic Nucleotide Analogues 

1.2.1.1 EPAC1-Selective Cyclic Nucleotide Agonists: 007 

There is a significant sequence homology between CNBDs of all known cyclic AMP 

effectors, except for POPDC proteins. In the PBCs of PKA, CRIS, and CNG and HCN 

channels, two amino acid residues, believed to be critical for cyclic AMP binding, are 

conserved; glutamic acid (PKA: E202), which hydrogen bonds the 2’-hydroxy group in 

the cyclic AMP molecule, and arginine (PKA: R211), responsible for engaging the 

phosphate [103]. The latter is also present in both EPAC isoforms (Figure 1-4, 

underlined), but interestingly, the key glutamic acid is replaced by corresponding 

glutamine (Q270) in EPAC1 and lysine (K405) in EPAC2 (Figure 1-4, marked in red). 

This observation led Enserink and colleagues [94] to hypothesize, that while the 2’-

hydroxy group of cyclic AMP (Figure 1-5A) is required for efficient binding to PKA 

[104], it might not be necessary for the activation of EPAC. They developed a cyclic 

AMP analogue with an O-methyl substituent at the 2’-position of the ribose ring, namely 

8-(4-chlorophenylthio)-2’-O-methyladenosine-3',5'-cyclic monophosphate, abbreviated 
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as 8-pCPT-2’-O-Me-cAMP or 007 (Figure 1-5C). The last acronym, 007, is going to be 

used throughout this thesis. Indeed, the 2’-O-alkyl substitutions, such as 2’-O-methyl, 2’-

O-ethyl, 2’-O-propyl or 2’-O-butyl, in cyclic AMP analogues, significantly reduce their 

affinity for PKA [105]. Affinity for EPAC is also decreased by such modification, but 

better tolerated. The para-chlorophenylthio (pCPT) substituent at the 8-position of 

adenine ring, known for enhancing cell permeability of cyclic AMP analogues [106], 

rescues this unfavourable effect, while maintaining the discrimination against all four 

PKA isoforms, as demonstrated by in vitro kinase activation assays [79], [105]. 007 was 

shown to not only be an EPAC-selective agonist, which makes it a valuable research tool 

to discriminate between EPAC and PKA-mediated signalling pathways, but it also turned 

out to activate EPAC1 with a higher potency than the endogenous ligand, cyclic AMP 

(Table 1-2) [94], [105], [107]. 

In further studies, Schwede et al. [79] employed in vitro GEF activity assays and X-ray 

crystallography using EPAC1-mimicking single-site mutant, EPAC2K405Q, to perform an 

in-depth analysis of the influence of introduced synthetic modifications on 007 activation 

constants and binding properties. The reported activation constants include the half-

maximal concentration for activation (AC50), which is a measure of affinity, and the 

activity induced by saturating ligand concentration (relative maximal activity, kmax), 

which measures the capability of the ligand to shift the equilibrium towards the active 

state of EPAC (Table 1-2). It was demonstrated that the 8-pCPT substituent in 007 is 

responsible for high binding affinity (AC50), which Schwede and colleagues attributed to 

favourable hydrophobic interactions and the pCPT motif shielding the binding pocket 

against the solvent [79]. 2’-O-methylation, while shown to negatively affect the affinity, 

is believed to increase the maximal activity, which is presumably caused by the 2’-O-

methyl group pushing away the Q270 glycine residue in EPAC1, which then interacts 

with the hinge region of the CNBD and changes its conformation to a more favourable 

one [79]. 

Although 007 activates both EPAC isoforms in in vitro GEF assays, a comparison of 

activation constants clearly shows that it is a poor EPAC2 agonist (Table 1-2). Moreover, 

in cell assays monitoring the activation of EPAC downstream effector, Rap1, 007 failed 

to induce a statistically significant increase in active Rap1 levels in cells expressing the 

EPAC2 isoform only [79]. This effect derives from the single amino acid difference 

between PBCs of EPAC isoforms (Figure 1-4), as it is the interaction of 2’-O-methyl 

group with the unique Q270 in EPAC1 that is believed to be responsible for promoting 
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and stabilising the active conformation of the protein. Therefore, 007 is widely used by 

researchers in the cyclic AMP signalling field as an EPAC1-selective activator. It must 

be noted, however, that this selectivity was established in 2015, and before that, 007 had 

been employed as a general EPAC agonist. 

While the negatively charged phosphate group in the 007 molecule is necessary for 

EPAC1 binding and activation, its presence impairs cell membrane permeability. To 

address this issue, Vliem and colleagues [108] developed an acetoxymethyl ester of 007 

(007-AM, Figure 1-5C), as masking a phosphate group with a labile ester improves 

membrane penetration, a method first employed by Schultz et al. [109] to improve the 

permeability of dibutyryl cAMP. Upon entering a cell such compound is hydrolysed by 

water or cellular esterases and the active molecule, in this case 007, is released [108]. 

Fluorescence resonance energy transfer (FRET)-based assays and detection of active, 

GTP-bound Rap1 in cell lysates were used to demonstrate that 007-AM not only activates 

EPAC1 more readily than 007 but can also be used at concentrations two to three orders 

of magnitude lower to achieve a comparable effect, indicating that membrane 

permeability was indeed substantially improved by esterification [102], [108]. 

 

1.2.1.2 EPAC2-Selective Cyclic Nucleotide Agonists: S-220 and S-223 

In the search for ligands that would efficiently activate EPAC2 isoform, Schwede and 

colleagues [79] synthesised and tested a series of cyclic AMP analogues with various 

structural modifications of a phosphate group and positions 2’, 8 and N6 (Figure 1-5A 

and 1-5B). Employed systematic approach led to the identification of a potent EPAC2 

agonist: 8-benzylthioadenosine-3’,5’-cyclic monophosphorothioate, Sp-isomer, 

abbreviated as Sp-8-BnT-cAMPS or S-220 (Figure 1-5D). Analysis of the impact of 

introduced synthetic modifications on S-220 activation constants and binding was again 

performed using in vitro GEF activity assays and X-ray crystallography. AC50 and kmax 

values for S-220 are outlined in Table 1-2 [79]. Replacement of the cyclic phosphate axial 

oxygen with the sulphur atom (see Figure 1-5B for reference) was found to increase the 

relative maximal activity and importantly, did not impair the critical interaction with the 

PBC. Introducing a benzylthio (BnT) substituent at 8-position of adenine ring resulted in 

affinity improvement and further increase of maximal activity. Inspection of the crystal 

structure of EPAC2 in complex with S-220 revealed that the aromatic BnT group of the 

ligand is sandwiched between K450 in the lid and L379 in the core of the CNBD, and 
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engages in hydrophobic interactions stabilising the active conformation of the protein 

[79]. In vitro GEF assays and cell-based experiments monitoring Rap1 activation have 

been used to demonstrate that although S-220 efficiently activates EPAC2, it is a poor 

activator of EPAC1 isoform (Table 1-2). Schwede et al. [79] believe that selectivity of S-

220 for EPAC2 is at least partially derived from the favourable interaction of the BnT 

group with a unique lysine, K450, which in EPAC1 is replaced by a glutamic acid residue, 

E315 (Figure 1-4, coloured yellow). Site-directed mutagenesis has confirmed that this 

single amino acid difference within CNBDs of EPAC1 and EPAC2 is indeed a key factor 

contributing to the isoform selectivity of S-220. 

S-220 was shown to activate all four PKA isoforms in in vitro biochemical kinase assays, 

though less effectively than the endogenous ligand, cyclic AMP [79], [102]. However, in 

cell-based studies using a cell line stably transfected with EPAC2, the level of observed 

PKA activation was very low, therefore S-220 became a widely used research tool for 

EPAC2-selective activation in cellulae. 2’-substitutions of the ribose ring, which were 

previously shown to improve ligand selectivity for EPAC1 over PKA [105], considerably 

reduce both the maximal activity and affinity for EPAC2 isoform. However, the S-220 

analogue bearing a 2’-O-methyl structural modification, namely S-223 (Figure 1-5D), 

efficiently discriminates against PKA in vitro and demonstrates reduced, but still 

significant potency for EPAC2 activation. Sadly, S-223 failed to induce the activity of 

cellular EPAC2, which is likely due to insufficient membrane permeability [79]. This 

issue was very recently addressed by Xu et al. [110], who synthesised a prodrug of S-223 

with increased lipophilicity, an acetoxymethyl ester S-223-AM (Figure 1-5D). S-223-AM 

is characterised by improved cell membrane penetration over the parent compound and 

was shown to selectively activate EPAC2 isoform and efficiently discriminate against 

PKA both in vitro and in cellulae. 
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Figure 1-4. Sequence alignment of cyclic nucleotide-binding domains of EPAC1, EPAC2 and PKA. 
Phosphate binding cassettes are coloured grey and conserved arginines (R) responsible for phosphate group 
binding are underlined. Marked in red are amino acid differences critical for PKA discrimination and EPAC 
isoform selectivity of cyclic nucleotide analogues (Q270, K405 and E202 in EPAC1, EPAC2 and PKA, 
respectively). The amino acid difference likely contributing to EPAC2-selectivity of S-220 is coloured 
yellow (E315 in EPAC1 versus K450 in EPAC2). Sequences of human EPAC1 (ID: O95398), EPAC2 (ID: 
Q8WZA2) and PKA (ID: P10644) CNBDs were obtained from the Uniprot database (www.uniprot.org).  

 

Table 1-2. Comparison of activation constants for EPAC1 and EPAC2 characterising cyclic AMP and 
isoform-selective cyclic nucleotide EPAC agonists. Adapted from Schwede et al. [79], [102]. 

 EPAC1 EPAC2 

 AC50 (µM) kmax AC50 (µM) kmax 

Cyclic AMP 45 1.0 1.8 1.0 
007 1.8 3.3 3.5 0.8 

S-220 13 0.3 0.1 7.7 
S-223 30 0.2 1.5 4.7 

 
Data obtained from in vitro biochemical GEF activity assays [79], [111]. 
AC50 = half-maximal concentration for activation, a measure of affinity 
kmax = relative maximal activity, the activity induced by saturating ligand concentration, a measure of the capability 
of the ligand to shift the equilibrium towards the active state of EPAC 
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Figure 1-5. Cyclic nucleotide EPAC ligands. A) Endogenous EPAC ligand, cyclic AMP. B) 
Modifications within the cyclic phosphate group and resulting isomers. C) EPAC1-selective agonists: 007 
and 007-AM. D) EPAC2-selective agonists: S-220, S-223 and S-223-AM. 
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1.2.1.3 Concerns Over Using Cyclic AMP Analogues 

Isoform selective EPAC1 agonists, 007 and 007-AM, have been used extensively, not 

only for studying EPAC1 signalling pathways in vitro and in cells [112]–[120] but also 

for in vivo experiments, such as administration of 007 in ischaemia-reperfusion injury 

mice model, where it was found to decrease renal failure [121] and oxidative stress [122]. 

Although these cyclic AMP analogues have proven over the years to be remarkably 

valuable research tools, there are concerns regarding their usage as EPAC activators. The 

main problem is the potential for interactions of 007 with cyclic nucleotide degrading 

enzymes, PDEs, which might affect its stability, as well as the activity of said enzymes. 

Poppe et al. [123] have shown that 007 is a substrate for PDE5 and PDE10, and at the 

same time can act as an inhibitor of PDE1, PDE2 and PDE6. Several studies reported that 

active products of 007 metabolism, presumably derived from hydrolysis by PDEs, display 

EPAC-independent activities, which can lead to off-target effects, such as stimulation of 

cortisol synthesis [124], [125] and TREK-1 potassium channel expression [126] in 

adrenocortical cells. Resistance to hydrolysis can be achieved by replacing the axial 

oxygen atom in the cyclic phosphate group of the nucleotide with sulphur (see Figure 1-

5B for reference) [107], a modification introduced into 007 molecule to obtain Sp-8-

pCPT-2’-O-Me-cAMPS [127]. As expected, Sp-8-pCPT-2’-O-Me-cAMPS is not 

degraded by PDEs and is, therefore, more stable than the parent compound, but its 

usefulness is limited due to reduced EPAC1 over EPAC2 selectivity and general in vitro 

PDE-inhibiting properties, significantly more pronounced than in the case of 007 [79], 

[123]. In addition, treatment of cells with Sp-8-pCPT-2’-O-Me-cAMPS was reported to 

induce PKA and PKG activation, which is likely caused by elevated cyclic AMP and 

cyclic GMP levels resulting from inhibition of PDEs [123]. Knowing that 007 was also 

found capable of inhibiting some PDE families, it might often be necessary to control for 

unspecific PKA or PKG activation when studying EPAC1 signalling using this analogue 

or its esterified prodrug, 007-AM. Several EPAC- and PDE-independent actions of 007 

have also been reported, including modulation of platelet signalling via antagonist 

activity towards thromboxane receptor [128] and purinergic platelet receptor P2Y12 

[129], and inhibition of toxin-induced apoptosis of hepatocytes, due to interference with 

the function of organic anion-transporting polypeptides (OATP), responsible for toxin 

uptake [130]. These effects have been attributed to the presence of the aromatic 8-pCPT 

substituent in the 007 molecule. 
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EPAC2 selective activator S-220, which was introduced fairly recently, was shown to 

increase glucose-induced secretion of insulin from isolated human islets [79]. It was also 

used in vivo, where it contributed to reducing body weight gain in mice on a high-fat diet 

[58], and aided recovery after spinal cord injury in rats [131]. Contrary to 007, S-220 has 

originally been synthesised as a phosphorothioate, since replacement of axial oxygen with 

a sulphur atom, resulting in Sp-isomer (Figure 1-5B and 1-5D), was observed to enhance 

the relative maximal activity of EPAC2 isoform [79], therefore it is assumed to be 

resistant to hydrolysis by PDEs. No off-target effects of S-220 resulting from PDE 

inhibition or active products of metabolism have yet been reported, however, its potential 

for PKA activation remains a major concern. This problem will likely be resolved in the 

future by using the recently developed, membrane-permeable prodrug of S-223 (Figure 

1-5D), which efficiently discriminates against PKA [110]. 

Adverse effects can also arise from insufficient isoform selectivity of cyclic AMP 

analogue, such as in the case of EPAC1-selective 007, which is also a weak EPAC2 

agonist (Table 1-2). Hothi et al. [132] observed that 007-induced activation of EPAC in 

cardiomyocytes leads to disturbed calcium homeostasis and arrhythmia. Subsequent 

studies using cardiomyocytes isolated from wild-type (WT), EPAC1 knockout (EPAC1-

KO) and EPAC2 knockout (EPAC2-KO) mice have shown that arrhythmogenic response 

to 007 stimulation observed in both WT and EPAC1-KO, did not occur in the EPAC2-

KO [56]. This suggests that the EPAC2 isoform is responsible for mediating this effect 

and that the low potential of 007 for EPAC2 activation is apparently enough to induce it, 

which highlights the importance of high isoform selectivity of EPAC agonists. 

Finally, cyclic nucleotide analogues offer limited possibilities for synthetic modifications. 

EPACs tolerate substituents at 8-position of the adenine ring and 2’-position of the ribose, 

but not at the N6-position, while substitutions at alternative positions are synthetically 

challenging [102]. This, in addition to all the reasons discussed above, makes cyclic 

nucleotides rather poor drug development candidates, and led to shifting the focus to 

identifying more “drug-like”, small-molecule EPAC regulators, which will be reviewed 

in the following section. 
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1.2.2 Non-Cyclic Nucleotide Small-Molecule EPAC Regulators 

1.2.2.1 Competitive EPAC Inhibitors: ESI Series 

The possibility of selective activation of EPAC had greatly benefited the field of cyclic 

AMP signalling research and consequently, a need for selective inhibition also arose. 

Some Rp-isomers of cyclic nucleotides and their analogues, in which the equatorial 

oxygen atom in the phosphate group is replaced with sulphur (see Figure 1-5B for 

reference), were reported to act as non-selective, competitive antagonists of EPACs and 

PKA [105], [107]. Their potential to inhibit PDEs is a major obstacle though [123], as the 

resulting increase in cellular cyclic AMP levels would counteract the desired inhibition. 

The above issue was addressed in 2012 by Tsalkova et al. [133], who established a high-

throughput screening (HTS) assay for the discovery of small-molecule EPAC2 ligands. 

The developed method is based on the properties of 8-NBD-cAMP, a cyclic AMP 

analogue, which is highly fluorescent in the hydrophobic environment of the cyclic AMP 

binding pocket of the full-length EPAC2, but when it is displaced by another ligand, a 

significant decrease in fluorescence can be detected. Screening a library of 14,000 small 

molecules resulted in the identification of seven drug-like competitive EPAC2 binders 

capable of inhibiting cyclic AMP-induced activation of this protein in in vitro GEF 

activity assays [95]. These compounds commenced a series of structurally diverse EPAC 

specific inhibitors (ESI), depicted in Figure 1-6. All seven ESIs were subsequently tested 

for their activity towards EPAC1, and interestingly, while ESI-04, ESI-06, ESI-08, ESI-

09 and ESI-10 efficiently inhibited both isoforms in vitro, ESI-05 and ESI-07 turned out 

to be EPAC2-specific. Additional cell-based experiments confirmed the observed 

isoform specificity of these two ligands, and further analysis demonstrated that they do 

not affect PKA activity, both in vitro and in cellulae [95]. The binding mode of ESI-07 

was then studied using deuterium exchange mass spectrometry (DXMS), showing that 

the ligand binds to an allosteric site, most likely located at the interface of CNBD-A and 

CNBD-B, and thus “locks” EPAC2 in its autoinhibited conformation [95]. This theory 

was later supported by an independent study, which found that the second EPAC2-

specific ligand, ESI-05, is incapable of inhibiting the activity of the CNBD-A deletion 

mutant of EPAC2 [134]. Since the CNBD-A is absent in EPAC1, this allosteric binding 

site is probably the reason for the isoform specificity of ESI-05 and ESI-07. Among non-

selective EPAC inhibitors, ESI-09 drew the most attention, as it was shown to decrease 

cell migration of pancreatic cancer cell lines, by inhibiting EPAC1, which is known to be 



 

 27 

overexpressed in human pancreatic ductal adenocarcinoma [97]. No effect on PKA was 

observed for this compound, and docking studies revealed that ESI-09 likely binds to the 

CNBD-B in both EPAC isoforms and forms favourable hydrogen bonds and hydrophobic 

interactions within the cyclic AMP binding pocket [97].  

Controversies over the suitability of ESI-09 as a research tool arose after one study 

reported that responsible for EPAC inhibitory activity are the non-specific protein 

denaturation properties of this compound [134]. However, a detailed analysis by Zhu et 

al. [135] using GEF activity assays supported by NMR experiments has shown that at 

concentrations below 25 µM, sufficient to exert pharmacological activity, ESI-09 is 

indeed a competitive inhibitor, interacting specifically with EPAC and non-denaturing. 

They asserted that previously observed effects appear only at higher concentrations and 

are caused by hydrophobic molecules of ESI-09 forming protein adsorbing colloidal 

aggregates, which was recently confirmed by another study [136]. Since ESI compounds 

have a good potential for synthetic modifications, a range of optimised analogues were 

developed, including EPAC2 specific ESI-05/ESI-10 [137], [138] derivatives, as well as 

dual-specificity ESI-08 [139] and ESI-09 [135], [140]–[142] derivatives, all characterised 

by improved potency for EPAC inhibition. Examples of novel ESI analogues are 

presented in Figure 1-6. ESI-09, ESI-05 and its EPAC2 specific analogue HJC0350 are 

now commercially available and have been widely and successfully used both in vitro 

and in vivo for probing functions of EPAC proteins [143]–[153]. 
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Figure 1-6. Competitive EPAC inhibitors from EPAC specific inhibitor (ESI) series. Based on the 
structures of ESI-05, ESI-10, ESI-08 and ESI-09, novel analogues with improved EPAC inhibition potency 
were synthesised. 
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1.2.2.2 Uncompetitive EPAC Inhibitors: CE3F4 

Shortly after the discovery of ESI inhibitors, Courilleau and colleagues [96] reported the 

identification of a novel EPAC antagonist, a tetrahydroquinoline derivative CE3F4 

(Figure 1-7A). To screen a library of 640 structurally diverse compounds, they developed 

and validated an HTS assay monitoring the ability of the compound to inhibit the GEF 

activity of EPAC1, by measuring changes in fluorescence upon the EPAC-mediated 

exchange of a Rap-bound fluorescent GDP analogue to unlabelled GDP. Subsequent 

detailed analysis of hit CE3F4 revealed several interesting properties of this EPAC ligand. 

While it effectively inhibited 007- and cyclic AMP-induced EPAC1 GEF activity in vitro, 

it was unable to inhibit the constitutively active catalytic domain of this protein. In 

addition, excess agonist did not reverse the inhibition, which would happen in the case of 

a competitive inhibitor, on the contrary, high agonist concentrations increased the affinity 

of CE3F4 for EPAC1 [96]. CE3F4 reduced both the maximal velocity of GDP exchange 

reaction and the half-maximal effective concentration (EC50) of cyclic nucleotide 

activator, which is typical for the kinetics of uncompetitive inhibition. All the above 

observations point to CE3F4 being a non-classical uncompetitive EPAC1 inhibitor, with 

respect to cyclic AMP and 007, as it effectively binds and inhibits the enzyme-activator 

complex, as opposed to a conventional uncompetitive inhibitor binding the enzyme-

substrate complex [154], [155]. 

CE3F4 was found to have no effect on PKA, and its antagonist activity towards EPAC1 

was additionally confirmed in cell-based experiments [96]. Further studies also showed 

that identified ligand is isoform-selective, as it displays an approximately 10-fold higher 

inhibition potency for EPAC1 than for EPAC2 [156], which was later contributed to a 

single amino acid difference between the isoforms (Q270 in EPAC1 versus K405 in 

EPAC2 CNBD, see Figure 1-4 for reference) [157]. Having a chiral centre (Figure 1-7A, 

indicated with an asterisk), CE3F4 has two enantiomers: (R)-CE3F4 and (S)-CE3F4. 

Initially, a racemic mixture was used, but subsequent analysis showed that the (R)-

stereoisomer is 10-fold more potent than the (S)-stereoisomer [156]. Both the racemate 

and (R)-CE3F4 are now commercially available and have been used extensively to 

elucidate cellular functions of EPAC1 [152], [158]–[162]. 

Recently, Boulton et al. [157] investigated the phenomenon of uncompetitive inhibition 

of EPAC1 by (R)-CE3F4 in-depth, using both ligand- and protein-based NMR 

techniques. (R)-CE3F4 was shown to preferentially bind to cyclic AMP-bound EPAC1 
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at an allosteric site located within the CNBD. The proposed mechanism involves (R)-

CE3F4 targeting and stabilising a mixed intermediate form of the cyclic AMP-bound 

EPAC1, which combines characteristic features of both active and inactive 

conformations, such as the cyclic AMP induced changes in the PBC region and blocked 

access to the catalytic site at the same time [154], [157]. 

 

1.2.2.3 Non-Competitive EPAC Inhibitors: 5225554, 5376753 and AM-001 

Conformational changes in the hinge helix, located within the CNBD-B of EPACs (see 

Figure 1-3 for reference), are critical for cyclic AMP-mediated activation of these 

proteins, therefore Brown et al. [163] recognised this structural element as a good target 

for potential allosteric inhibition of EPAC activity. They used in silico primary screening 

approach, creating a model of autoinhibited EPAC1 and performing molecular docking 

of a range of compounds to the identified binding region. 133 hits were then subjected to 

a bioluminescence resonance energy transfer (BRET)-based HTS assay developed by the 

group. This method utilises the CAMYEL sensor [164], composed of EPAC1 sandwiched 

between the Renilla luciferase (RLuc, BRET donor) and the yellow fluorescent protein 

(YFP, BRET-acceptor). When EPAC1 is in an auto-inhibited state, donor and acceptor 

are in close proximity, so the transfer can occur, but when EPAC1 is activated and 

changes conformation, RLuc and YFP move away from each other, resulting in a decrease 

of BRET signal. Among screened compounds, the best-identified inhibitor of EPAC1 

activity was a barbituric acid derivative 5225554 (Figure 1-7B) [163]. A series of 

molecules similar to 5225554 were tested in a subsequent study, which led to the 

identification of a more effective EPAC1 antagonist, 5376753, with a thiobarbituric acid 

moiety in its structure (Figure 1-7B) [165]. Both compounds were able to discriminate 

against PKA and were shown to behave as non-competitive inhibitors of EPAC1, with 

5376753 exhibiting stronger antagonist properties in cell-based experiments monitoring 

Rap1 activation [163], [165]. Since the amino acid residues of EPAC1 suspected to 

interact with identified ligands are conserved between EPAC isoforms, 5225554 and 

5376753 are predicted to act as EPAC2 inhibitors as well, which has already been 

supported by preliminary experimental data for compound 5376753 [165]. 

The same CAMYEL BRET sensor was recently used by Laudette and colleagues [99] to 

perform a small-scale screen of structurally unrelated compounds, which resulted in the 

discovery of a novel EPAC1 inhibitor, a thieno(2,3-b)pyridine derivative AM-001 
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(Figure 1-7B). In both BRET and GEF activity assays, the response generated by AM-

001 was characteristic for the kinetics of non-competitive inhibition, where the enzyme’s 

affinity for the substrate or like in this case, activator, is unaffected by the inhibitor. In 

agreement with that, identified ligand decreased the maximal activity of cyclic AMP-

stimulated EPAC1, but not the EC50 of cyclic AMP itself. No effect on the activity of 

PKA or EPAC2 isoform was observed, the latter confirmed both in vitro and in cellulae, 

making AM-001 an EPAC1-specific antagonist [99]. The binding mode of the newly 

discovered ligand was investigated in a subsequent study [166], using the cosolvent 

molecular dynamics (CMD) and molecular docking. CMD is an in silico method used for 

mapping protein surface to search for potential allosteric binding sites [167]. Identified 

putative allosteric site for AM-001 is localised at the interface between the CNBD and 

CDC25-HD catalytic domain. The binding of the inhibitor might therefore stabilise 

interactions between these regions, which is important for maintaining the inactive 

conformation of EPAC, while still allowing cyclic AMP to bind [166]. 
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Figure 1-7. Uncompetitive (A) and non-competitive (B) EPAC inhibitors. CE3F4 and AM-001 display 
selectivity towards EPAC1 over EPAC2, while 5225554 and 5376753 are predicted to inhibit the activity 
of both EPAC isoforms. 
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1.2.2.4 Sulphonylurea EPAC Agonists: Tolbutamide, Glibenclamide, etc. 

Sulphonylureas (SUs) are a class of drugs commonly used for the treatment of type 2 

diabetes mellitus, that lower blood glucose levels by potentiating insulin release from 

pancreatic ß-cells [168]. SUs bind to the sulphonylurea receptor 1 (SUR1), a regulatory 

subunit of the ATP-sensitive potassium channel, causing the channel to close. This leads 

to membrane depolarisation, which in turn opens voltage-gated calcium channels. 

Resulting elevation in cellular Ca2+ levels enhances exocytosis of insulin-containing 

granules [168], [169]. EPAC2A was shown to interact with the intracellular part of SUR1 

and identified as a mediator in cyclic AMP-stimulated insulin secretion enhancement in 

pancreatic ß-cells [112], [170]. In 2009 Zhang et al. [171] reported that it is also an 

intracellular target for SUs, which was later confirmed by another, independent research 

group [172]. Tolbutamide (Figure 1-8A), glibenclamide, acetohexamide, glipizide, and 

chlorpropamide induced an activation-like change in conformation of a FRET biosensor 

comprising EPAC2A sandwiched between cyan and yellow fluorescent proteins, 

transfected into mouse insulinoma (MIN6) cells. By detecting active Rap1 following the 

treatment of cells with tolbutamide and glibenclamide, this conformational change was 

demonstrated to result in EPAC2A activation [171]. Interestingly, these effects were 

isoform-selective, as SUs failed to reduce the signal of EPAC1-based FRET sensor or 

cause EPAC1-mediated activation of cellular Rap1 [172]. Finally, radiolabelling 

experiments showed that there was a direct interaction between SUs and EPAC2A protein 

[171], which was further confirmed by Herbst et al. [172], who used a FRET reporter 

purified from cell lysate, to remove potential interference of cellular environment, and 

demonstrated that SUs are capable of acting on it as well. The latter result, together with 

the inability of SUs to alter the signal of a PKA-based FRET sensor [172], suggest that 

observed EPAC2A activation is indeed a consequence of interaction with SUs, and not 

of cellular cyclic AMP level elevation following the SU treatment.  

Molecular docking simulations followed by mutational analysis performed by Takahashi 

and colleagues [173] led to the identification of a probable allosteric binding site for SUs 

within the CNBD-A of EPAC2A, which would explain the isoform selectivity of these 

ligands. Most notably, the H124 residue was demonstrated as critical for both SUs 

binding and activating EPAC2A. In the same study, a cooperative mechanism of 

EPAC2A activation by SUs and endogenous cyclic AMP was proposed, according to 

which the conformational change initially induced by binding of cyclic AMP to CNBD-

B is stabilised by the subsequent binding of SU to CNBD-A [173]. 
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Interestingly, Parnell et al. [174] reported that tolbutamide at high (millimolar) 

concentrations is actually capable of reducing the signal of an EPAC1-based FRET sensor 

in HEK-293 and CHO cells, challenging the claims of SUs isoform selectivity. They also 

provided additional evidence in the form of protein-based NMR experiments, which 

confirmed a low-affinity interaction between the recombinant CNBD of EPAC1 and 

tolbutamide. 

Contradictory results showing that EPAC2A is not in fact a direct target of SUs were 

reported by Tsalkova et al. [175] and corroborated by the Rehmann group [176], who 

tested tolbutamide and glibenclamide using in vitro GEF activity assays. SUs showed no 

agonist activity towards EPAC2A, neither on their own nor in the presence of cyclic 

AMP. The lack of direct interaction of SUs with this protein was additionally 

demonstrated by isothermal titration calorimetry (ITC), a method which allows for 

measuring thermodynamic parameters of biomolecular interactions. Takahashi et al. 

[173] proposed that the reason for these discrepancies might be the fact that recombinant 

protein was used for the GEF assays, while studies showing the agonist activity of SUs 

investigate EPAC2A in a cellular environment, which might be critical for its activation. 

Whether or not SUs are capable of direct interaction with EPAC proteins remains 

controversial and needs to be investigated further. 

 

1.2.2.5 N-Acylsulphonamide EPAC1 Regulators with Agonist Properties: I942 

In 2017, the Yarwood group reported the discovery of small-molecule, isoform-selective 

compounds with agonist activity towards EPAC1 [177]. Using a modified version of the 

fluorescence-based 8-NBD-cAMP binding assay developed by Tsalkova et al. [133], they 

screened a library of 5195 small molecules and identified two hits: I942 and I178 (Figure 

1-8B). This method, based on the ability of the molecule to displace cyclic AMP analogue 

from its protein binding pocket, was previously employed to search for EPAC inhibitors, 

which resulted in the discovery of the ESI series. However, in vitro GEF activity studies 

of I942 and I178 revealed that while both compounds inhibit EPAC1 in the presence of 

its natural ligand, they can also activate the protein in the absence of cyclic AMP, which 

was a phenomenon observed for the first time for a non-cyclic nucleotide molecule. I942, 

with the AC50 of 50 µM, was shown to have a higher affinity for EPAC1 than I178 (AC50 

= 200 µM). The binding affinity of the former is comparable with cyclic AMP (AC50 = 

40 µM), but the maximal activity induced by I942 is lower around 10-fold. Agonist 
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activity of both hits towards EPAC2 isoform was minimal, too low to determine the AC50 

values by GEF assay. In addition, no significant effect of I942 on PKA activity was noted. 

Further analysis using ligand-based NMR confirmed the existence of compound-protein 

interaction and that I942 displaces cyclic AMP from EPAC1 CNBD in a competitive 

manner [177]. I942 and I178 have a common N-acylsulphonamide motif in their 

structures, predicted to mimic the phosphate group of cyclic AMP [101], which is a key 

element that allows for binding to EPAC. The binding mode of I942 will be discussed in 

more detail in Chapter 3. 

In subsequent studies, we demonstrated that I942 activates EPAC1 and initiates its 

downstream signalling not only in vitro but in cells as well [178]. Moreover, similarly to 

cyclic AMP elevating agents and EPAC1-selective agonist, 007, I942 was shown to 

suppress pro-inflammatory gene expression induced by interleukin 6 (IL-6) treatment in 

human umbilical vein endothelial cells (HUVECs). 
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Figure 1-8. Small-molecule compounds with agonist properties towards EPAC. A) Tolbutamide, a 
representative of the sulphonylurea (SU) class of drugs. B) EPAC1-selective N-acylsulphonamide 
derivatives, I942 and I178. 
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1.3 EPAC Activation as a Potential Therapeutic Approach 

EPAC proteins are involved in a multitude of physiological and pathophysiological 

functions in the human body and were therefore recognised as attractive targets for 

pharmacological regulation [51], [100]. This section will focus on reviewing conditions 

in which activation of EPAC1 might have potential therapeutic benefits, to highlight the 

need for the development of novel agonists of this protein. 

 

1.3.1 Atherosclerosis 

Atherosclerosis is a chronic inflammatory condition characterised by the progressive 

formation of arterial plaques and it is regarded to be the underlying cause of most types 

of cardiovascular disease. Subsequent narrowing of the blood vessel lumen and 

consequently impaired blood flow can lead to a stroke, while plaque rupture may cause 

myocardial infarction. One of the main risk factors contributing to the development of 

atherosclerosis is hypercholesterolaemia. Low-density lipoprotein (LDL) deposits in 

artery walls and induces an innate immune inflammatory response in vascular endothelial 

cells (VECs), which results in the production of pro-inflammatory cytokines, adhesion 

molecule expression and subsequent recruitment of leukocytes to the inflamed 

endothelium. Endothelial dysfunction slowly develops. While healthy VECs are capable 

of mediating various anti-atherogenic processes, dysfunctional ones can no longer 

suppress atherosclerosis progression and the inflammatory signalling is sustained due to 

a chronic, adaptive autoimmune response [179]–[182]. Despite a wide range of available 

treatments, cardiovascular disease remains the number one cause of death in the world 

[183]. 

Cyclic AMP signalling is crucial in maintaining the health and proper functioning of the 

vasculature. Early on, it has been observed that elevation of cellular cyclic AMP levels 

by agents such as forskolin enhances the vascular endothelial barrier function [184], 

[185]. It is an important mechanism of controlling inflammation, as regulation of 

endothelial monolayer permeability allows to control the infiltration of inflammatory 

cells, such as neutrophils or monocytes, to the underlying vascular tissue. Follow up 

studies utilising the EPAC-selective agonist, 007, revealed that EPAC protein is a key 

effector in this process and that its activation promotes the integrity of the vascular 
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endothelium by Rap1-dependent rearrangement of cytoskeleton and stabilisation of the 

VE-cadherin-based cell-cell junctions [113], [114], [186]–[190]. Moreover, 007 was 

found to decrease thrombin-induced vascular permeability, and restore hyperpermeability 

caused by ethyl alcohol in endothelial cell monolayers in vitro [114], [191]. EPAC, 

alongside PKA, is also thought to be involved in the physiological regulation of vascular 

tone, and thus blood pressure, since the elevation of cellular cyclic AMP, as well as 

pharmacological activation of EPAC, leads to vasodilation. In vascular smooth muscle 

cells (VSMCs), EPAC-selective agonist causes relaxation via Rap1-dependent inhibition 

of RhoA, a GTPase associated with actin-myosin contractility [192]. In endothelium, 

EPAC activation increases endothelial nitric oxide synthase (eNOS) activity, which 

results in elevated nitric oxide (NO) production and NO-mediated relaxation of VSMCs 

[193]. These findings were further supported by a study by Lakshmikanthan et al. [194], 

who showed that mice deficient in a primary downstream effector of EPAC, namely 

Rap1B, develop hypertension due to abnormalities in the functioning of both endothelium 

and VSMCs.  

In addition to potential anti-inflammatory effects arising from vascular endothelial barrier 

integrity enhancement that limits immune cells infiltration, EPAC activation was shown 

to regulate cytokine signalling, most notably IL-6 signalling. This cytokine can induce 

both anti- and pro-inflammatory responses, but in vascular endothelium, it is associated 

with the latter [195], [196]. IL-6-driven chronic inflammation has been widely recognised 

as an important factor underlying the development and progression of atherosclerosis 

[197]–[200]. Stimulation of VECs with IL-6 results in the production and release of 

monocyte chemoattractant protein 1 (MCP-1), a chemokine that recruits leukocytes, as 

well as in the significantly increased expression of intercellular adhesion molecule 1 

(ICAM-1), to which inflammatory cells bind [196]. Interestingly, VECs do not express a 

receptor for IL-6 on their surface but can still respond to this cytokine due to the 

phenomenon called trans-signalling [196], [201]. Soluble IL-6 receptor (sIL-6R), formed 

as a result of shedding or alternative mRNA splicing, can be found in blood plasma and 

bind IL-6 [202]. The IL-6/sIL-6R complex can then interact with the transmembrane 

glycoprotein 130 (gp130) present on VECs, which initiates gp130 homodimerisation and 

downstream pro-inflammatory signalling, as depicted in Figure 1-9 [195]. This 

mechanism allows IL-6 to affect a much wider variety of cell types since gp130 is 

ubiquitously expressed [203]. Subsequently, two associated Janus kinases (JAKs) are 

activated by trans-phosphorylation. Active JAKs phosphorylate gp130, so the signal 

transducer and activator of transcription 3 (STAT3) can be recruited and activated. 
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STAT3s dimerise and translocate to the nucleus to act as transcription factors for genes 

encoding pro-inflammatory proteins, such as MCP-1 [195], [204]. IL-6 signalling is 

controlled by a negative feedback mechanism. One of the genes induced by STAT3 is the 

suppressor of cytokine signalling 3 (SOCS3), which inhibits JAK and therefore all the 

downstream processes, as shown in Figure 1-9 [205]. Ortiz-Muñoz et al. [206] reported 

that knocking down SOCS3 enhanced atherogenesis in atherosclerosis-prone mice model, 

which highlights the importance of SOCS3 protein anti-inflammatory signalling in 

cardiovascular disease. SOCS3 expression was also observed to be promoted by cyclic 

AMP elevating agents, in a PKA-independent manner [207]. Following up on this, Sands 

and colleagues [115] demonstrated that IL-6 pro-inflammatory trans-signalling in VECs 

can be suppressed by cyclic AMP-induced increase in SOCS3 levels and that this effect 

is mimicked by pharmacological activation of EPAC1 with 007. Further studies 

suggested that EPAC1-dependent SOCS3 expression is mediated by CCAAT/enhancer-

binding protein (C/EBP) transcription factors, as presented in Figure 1-9 [208]. Our group 

has recently reported that I942, a small-molecule partial agonist of EPAC1 [177], 

increases SOCS3 levels in HUVECs [178]. We also showed that treatment with I942 can 

suppress downstream effects of IL-6; it inhibits STAT3 activation and reduces expression 

of the pro-inflammatory vascular cell adhesion protein 1 (VCAM-1) associated with 

atherosclerotic plaque formation [209]. 

In conclusion, targeting EPAC could provide regulation of blood pressure and 

enhancement of vascular endothelial barrier function, which may help maintain vascular 

health. Moreover, selective EPAC1 agonists were shown to suppress pro-inflammatory 

signalling that, according to current knowledge, is the main driver of the plaque formation 

process. Taken together, pharmacological activation of EPAC1 might potentially be an 

effective therapeutic approach to both prevent and control atherosclerosis. 
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Figure 1-9. IL-6 trans-signalling pathway in vascular endothelial cells. The IL-6/sIL-6R complex binds 
to gp130 on the cell surface and induces a cascade of downstream JAK/STAT signalling leading to pro-
inflammatory gene expression. It can be inhibited by SOCS3, which expression is induced by STATs in a 
classic negative feedback loop, but also as a result of EPAC1 activation. Figure created with 
BioRender.com.
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1.3.2 Tissue Fibrosis 

Fibrosis is a process involving increased synthesis and accumulation of extracellular 

matrix (ECM) components, especially collagen, as well as proliferation and migration of 

fibroblasts, which together lead to pathological tissue remodelling and impairment of its 

function [210]. It is often a response to injury and chronic inflammation. The most 

commonly affected tissues include heart, lung, liver and kidney [210], [211].  

Cardiac fibrosis is associated with heart failure and negatively affects the electrical 

function of the heart [212], [213]. Cyclic AMP signalling in cardiac fibroblasts has been 

identified as an important regulator of fibrotic responses [210], [213], [214]. Elevated 

levels of this second messenger have been shown to alleviate pro-fibrotic effects of 

transforming growth factor ß (TGF-ß) and angiotensin-II stimulation, by reducing cell 

proliferation and secretion of collagen [215]–[217]. Later studies utilizing cyclic AMP 

analogues, which selectively activate either EPAC or PKA, demonstrated that both cyclic 

AMP sensors play a role in mediating these anti-fibrotic actions [150], [218]. Yokoyama 

et al. [218] reported that EPAC1 overexpression in cardiac fibroblasts suppresses 

collagen production following the TGF-ß stimulation, while several other studies showed 

that cardioprotective effects of adenosine are apparently mediated by EPAC-dependent 

signalling pathway [219]–[221]. In vivo treatment with selective EPAC activator, Sp-8-

pCPT-2’-O-Me-cAMPS, resulted in a reduction of cardiac dysfunction and fibrosis 

following induced myocardial infarction in mice [150]. 

However, there have also been reports of pro-fibrotic effects mediated by EPAC, as well 

as PKA [213], which emphasize the complexity of cyclic AMP signalling involved in the 

regulation of cardiac fibroblasts function. While overexpression of EPAC1 was shown to 

reduce collagen secretion in these cells, the same study found that it also increased 

fibroblast migration [218]. Moreover, Chen and colleagues [222] reported that EPAC1 

mediates the up-regulation of IL-6 production in response to ß-adrenoreceptors (ß-AR) 

activation in cardiac fibroblasts, which is associated with cardiac hypertrophy and fibrosis 

[223]. It could be supported by a recent in vivo study, where treatment with EPAC1-

selective, non-competitive inhibitor AM-001, was shown to decrease pathological cardiac 

remodelling in mice subjected to chronic ß-AR stimulation [99]. It has been speculated 

that AKAPs, which play a crucial role in the compartmentalisation of cyclic AMP 

signalling, might be responsible for directing this ubiquitous second messenger towards 
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pathways leading to anti- or pro-fibrotic effects [213]. In conclusion, further research is 

needed to fully elucidate the role of EPAC in cardiac fibrosis. 

Cyclic AMP signalling is implicated in liver fibrosis as well. It was shown to control 

activation and differentiation of hepatic stellate cells (HSCs), which are the key players 

in the pro-fibrotic processes in the liver [224]. In response to growth factors, such as TGF-

ß and platelet-derived growth factor (PDGF), or exposure to acetaldehyde, HSCs 

transform into myofibroblast-like, fibrogenic cells [225]–[227]. Schippers and colleagues 

[225] recently reported that EPAC1 expression is reduced in fibrotic murine livers and 

that cyclic AMP elevating treatment with prostaglandin E2 (PGE2) can not only rescue 

EPAC1 levels but also reduce fibrogenesis in mice. They also showed that in vitro 

stimulation of HSCs with EPAC1-selective agonist, 007, suppresses PDGF-induced 

proliferation and migration of these cells. Anti-fibrotic effects of EPAC1 in the liver were 

independently demonstrated by another group, who observed that pharmacological 

stimulation of this protein decreases collagen production and proliferation of 

acetaldehyde-activated HSCs [228]. 

It has been hypothesised that EPAC1 activation might also be beneficial in idiopathic 

pulmonary fibrosis [229]. Treatment with PGE2 or PGE2 receptor agonist suppresses 

lung fibroblast proliferation via EPAC1-dependent pathway [230], [231] and induces a 

PKA-mediated reduction of collagen production [230], which was confirmed in 

experiments utilising gene silencing and selective EPAC1 and PKA activators. 

Pathological airway tissue remodelling can also be one of the issues in patients suffering 

from obstructive lung diseases, which will be discussed in the following section together 

with other potential therapeutic effects of EPAC agonists in these conditions. 

 

1.3.3 Asthma and COPD 

Chronic obstructive pulmonary disease (COPD) and asthma are inflammatory lung 

diseases characterised by limited airflow due to narrowing of the airways and, especially 

in asthma, hyper-responsive airway smooth muscles resulting in episodes of 

bronchoconstriction. Patients with these conditions develop similar symptoms, such as 

shortness of breath and coughing, and receive similar treatments, including 

bronchodilating ß2-adrenoreceptor (ß2-AR) agonists and anti-inflammatory 

corticosteroids [232]. 
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The binding of ß-AR agonist to its receptor on the cell surface results in the elevation of 

cellular cyclic AMP levels and subsequent relaxation of the airway smooth muscles. This 

effect had long been believed to be mediated by PKA; however, a growing body of 

evidence suggested the existence of additional, PKA-independent mechanisms [233], 

[234]. Spicuzza et al. [235] have reported that PKA is not involved in ß-AR agonist 

agonist-induced relaxation of guinea pig trachealis, which then led another research group 

to investigate the potential role of more recently discovered cyclic AMP sensors, EPACs. 

They showed that direct, selective activation of both EPAC isoforms does indeed relieve 

the methacholine-induced airway smooth muscle cell (SMC) contraction [236], [237]. 

The involvement and importance of EPAC protein in bronchodilation was later confirmed 

by another independent study [238]. 

Another cause of airflow restriction in asthma and COPD is excessive proliferation of 

SMCs leading to irreversible airway remodelling [239], [240]. ß2-AR agonists, used by 

patients for their bronchodilating properties, were also observed to exert an anti-

proliferative effect on mitogen-induced SMCs [241]–[243]. A number of studies have 

shown that this effect is mimicked by stimulation with forskolin and naturally occurring 

PGE2, agents known to elevate cellular cyclic AMP levels, confirming the role of cyclic 

AMP signalling [243]–[245]. Further investigation utilising EPAC- and PKA-selective 

agonists demonstrated that not only does activation of EPAC reduce SMCs proliferation, 

but also that targeting PKA was ineffective in this regard [246]. However, in subsequent 

reports, Roscioni et al. [247], [248] showed that both EPAC and PKA can mediate the 

anti-proliferative effects of cyclic AMP, which was corroborated by flow cytometry 

analysis of cell cycle following treatment with selective agonists of these proteins. 

Activation of EPAC was found to inhibit the proliferation of not only airway SMCs but 

also pulmonary fibroblasts, which contribute to pathological airway remodelling in 

obstructive lung diseases [230], [231]. Moreover, protein-silencing experiments 

demonstrated that EPAC1 isoform, rather than EPAC2, is responsible for this effect 

[231], which underscores the importance of isoform selectivity when targeting EPACs. 

Chronic inflammation developing in asthma and COPD patients leads to swelling and 

thus narrowing of the airway lumen, as well as irreversible lung damage in later stages of 

the disease [249], [250]. In COPD, the dominant factor causing the inflammation of 

pulmonary tissue is the inhalation of tobacco smoke [251]. This involves the recruitment 

of inflammatory cells, such as neutrophils and macrophages, and the release of pro-

inflammatory cytokines. One of the best-studied COPD-related cytokines is interleukin-
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8 (IL-8); produced by airway SMCs and macrophages in response to cigarette smoke, it 

acts as a neutrophil attractant [251], [252]. Basing upon reports that ß2-AR agonists 

inhibit cytokine secretion in vitro [253], Oldenburger and colleagues [252] investigated 

the role of cyclic AMP signalling in tobacco smoke-stimulated airway SMCs and showed 

that selective activation of both EPAC and PKA suppresses IL-8 release from these cells 

and therefore exerts an anti-inflammatory effect. Further studies using EPAC1 and 

EPAC2 knockout mice revealed that isoforms play different roles in inflammation and 

airway remodelling following exposure to cigarette smoke and that EPAC2 might 

actually mediate a pro-inflammatory response [254], which once again highlights the 

importance of isoform-selective targeting.  

In summary, EPAC1 emerges as a very promising target in the treatment of the most 

common obstructive lung diseases, namely asthma and COPD. Activation of EPAC1 was 

shown to induce bronchodilation, reduce SMCs proliferation and airway remodelling, as 

well as suppress pro-inflammatory IL-8 release promoted by tobacco smoke. Moreover, 

small-molecule EPAC1 agonists would probably have one distinct advantage over ß2-

AR mimetics, which are widely used in the management of the abovementioned 

conditions. Long-term usage of these drugs is often associated with gradual receptor 

desensitisation and subsequent loss of response [255]. As EPAC1 activators would act 

downstream of the ß2-AR, they offer a potential solution to this problem [51]. 

 

1.3.4 Neutrophil Dysfunction 

Critically ill patients are at high risk of developing dangerous, often lethal hospital-

acquired infections, due to impaired function of the immune system. One of the predictors 

of infection in such patients is neutrophil dysfunction, which manifests itself in 

substantial reduction of their phagocytic ability, and hence loss of bacterial killing 

properties [256], [257]. A very interesting study by Scott et al. [258] showed that 

activation of EPAC with 007 not only reverses drug-induced neutrophil dysfunction but 

also restores phagocytosis in dysfunctional neutrophils isolated from critically ill patients. 

While further investigation is naturally needed in this field, EPAC emerges as a 

potentially relevant target for antibacterial therapies [51]. 
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1.3.5 Cytotoxicity and Cell Injury 

There has been a number of reports demonstrating the cytoprotective effects of EPAC. In 

hepatocytes, treatment with EPAC agonist, 007, successfully reduces pro-apoptotic 

effects of toxic factors, such as lipopolysaccharide (LPS), hydrophobic bile acids, or Fas 

ligand (FasL) [259]–[261], while transfection of constitutively active Rap1, the primary 

downstream effector of EPAC, was shown to reduce hepatotoxicity of simvastatin, a 

popular cholesterol-lowering drug [262]. On the other hand, Herfindal et al. [130] 

demonstrated that the protective effect of 007 in nodularin-treated hepatocytes is due to 

off-target interference with toxin uptake. EPAC activation was also observed to alleviate 

cisplatin-mediated nephrotoxicity. Cisplatin is a very effective anti-cancer drug, but its 

use is limited due to kidney damage being one of the major adverse effects. Qin and 

colleagues [263] showed that EPAC agonist, 007, protects proximal tubular epithelial 

cells against cytotoxic effects of cisplatin treatment, by stabilising cell junctions and 

preventing apoptosis. Moreover, subsequent studies in mice models demonstrated that 

pharmacological activation of EPAC during induced ischaemia/reperfusion injury 

significantly reduces resulting renal failure, most likely due to decreasing mitochondrial 

production of reactive oxygen species and helping maintain the epithelial barrier function 

[121], [122]. Overall, targeting EPAC might prove to be a good approach to alleviate 

cytotoxicity and cell injury induced by a variety of factors. It is certainly worth exploring 

further, as small-molecule EPAC agonists could potentially provide cytoprotection 

during necessary, but toxic medical treatments. 
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1.4 Aims of the Thesis 

The pharmacological regulation of EPAC1 is widely recognised as a potentially useful 

therapeutic strategy in many human diseases. Therefore, the main goal of this project was 

to address the lack of small-molecule EPAC1-selective activators, which could be used 

as research tools, but also as future drug development candidates. 

The aims of this thesis are to: 

• Identify novel small-molecule regulators of EPAC1 with agonist properties. 

• Study the cyclic AMP sensor-selectivity and EPAC isoform-selectivity of 

identified compounds. 

• Carry out in vitro cytotoxicity testing of lead EPAC1 ligands.
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CHAPTER 2: Materials and Methods 
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2.1 Materials 

2.1.1 General Reagents 

Table 2-1. Reagents 

Reagent Supplier 

8-(2-[7-nitro-4-
benzofurazanyl]aminoethylthio)adenosin
e-3’,5’-cyclic monophosphate (8-NBD-

cAMP) 

Biolog Life Science Institute, Bremen, 
Germany 

8-(4-chlorophenylthio)-2’-O-
methyladenosine-3',5'-cyclic 

monophosphate (8-pCPT-2’-O-Me-
cAMP, 007) 

Biolog Life Science Institute, Bremen, 
Germany 

8-benzylthioadenosine-3',5'-cyclic 
monophosphorothioate, Sp- isomer (Sp-

8-BnT-cAMPS, S-220) 

Biolog Life Science Institute, Bremen, 
Germany 

5-carboxyfluorescein diacetate 
acetoxymethyl ester (CFDA-AM) Thermo Scientific, Waltham, USA 

Acetic Acid ≥ 99.7% Sigma Aldrich, St. Louis, USA 

Acrylamide/bis-acrylamide (29:1), 30% 
solution Sigma Aldrich, St. Louis, USA 

Adenosine 3’,5’-cyclic monophosphate 
(cAMP) sodium salt Sigma Aldrich, St. Louis, USA 

Adenosine 5’-triphosphate (ATP) 
disodium salt hydrate Sigma Aldrich, St. Louis, USA 

AlamarBlue Cell Viability Reagent Thermo Scientific, Waltham, USA 

Ammonium persulphate (APS) Sigma Aldrich, St. Louis, USA 

ANTI-FLAG M2 Affinity Gel Sigma Aldrich, St. Louis, USA 

Blue Prestained Protein Standard, Broad 
Range (11 – 190 kDa) / Prestained 

Protein Marker, Broad Range (11 – 190 
kDa) 

New England Biolabs, Ipswich, USA / 
Cell Signaling Technology, Danvers, 

USA 

Bovine serum albumin (BSA) Thermo Scientific, Waltham, USA 

Bromophenol Blue Sigma Aldrich, St. Louis, USA 

cOmplete™, EDTA-free Protease 
Inhibitor Cocktail Sigma Aldrich, St. Louis, USA 

Dimethyl sulphoxide (DMSO) Thermo Scientific, Waltham, USA 

DL-1,4-Dithiothreitol (DTT) Acros Organics, Geel, Belgium 

Ethanol (EtOH), absolute, for HPLC Thermo Scientific, Waltham, USA 
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Reagent Supplier 

Ethylenediaminetetraacetic acid (EDTA) Thermo Scientific, Waltham, USA 

Forskolin from Coleus forskohlii, ≥98% 
(HPLC), powder Sigma Aldrich, St. Louis, USA 

Glutathione Sepharose 4B GE Healthcare, Chicago, USA 

Glycerol, pure 83.5 – 88.5 wt% Acros Organics, Geel, Belgium 

Glycine Thermo Scientific, Waltham, USA 

L-Glutathione Reduced Sigma Aldrich, St. Louis, USA 

Lysozyme from chicken egg white Sigma Aldrich, St. Louis, USA 

Magnesium chloride (MgCl2) 
hexahydrate Sigma Aldrich, St. Louis, USA 

Methanol (MeOH), laboratory reagent 
grade Thermo Scientific, Waltham, USA 

MG-132 Merck Millipore, Burlington, USA 

Neutral Red Solution 0.33% Sigma Aldrich, St. Louis, USA 

N,N,N’,N’-tetramethylethylenediamine 
(TEMED) Sigma Aldrich, St. Louis, USA 

PageBlue™ Protein Staining Solution Thermo Scientific, Waltham, USA 

Pefabloc® SC Sigma Aldrich, St. Louis, USA 

Phenylmethylsulphonyl fluoride (PMSF) Thermo Scientific, Waltham, USA 

Potassium chloride (KCl) Sigma Aldrich, St. Louis, USA 

Propan-2-ol (isopropanol) Thermo Scientific, Waltham, USA 

Protein G Magnetic Beads New England Biolabs, Ipswich, USA 

RIPA Buffer (10x) Cell Signaling Technology, Danvers, 
USA 

Rolipram, solid, ≥98% (HPLC) Sigma Aldrich, St. Louis, USA 

Sodium dodecyl sulphate (SDS), 
Micropellets Thermo Scientific, Waltham, USA 

Sodium chloride (NaCl) Thermo Scientific, Waltham, USA 

Sodium fluoride (NaF) Sigma Aldrich, St. Louis, USA 

Sodium pyrophosphate (Na4P2O7) 
decahydrate Sigma Aldrich, St. Louis, USA 

SuperSignal™ West Pico PLUS 
Chemiluminescent Substrate Thermo Scientific, Waltham, USA 

SYPRO™ Orange protein gel stain Thermo Scientific, Waltham, USA 

Thrombin Protease GE Healthcare, Chicago, USA 

Tris Base Thermo Scientific, Waltham, USA 

Triton X-100 Sigma Aldrich, St. Louis, USA 
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Reagent Supplier 

Tween-20 Sigma Aldrich, St. Louis, USA 

Z-VAD-FMK Selleck Chemicals, Houston, USA 

Table 2-2. Recombinant proteins 

Protein Supplier 

Human His6Fas Ligand Cell Signaling Technology, Danvers, 
USA 

 

2.1.2 Test Compounds 

Table 2-3. Test compounds 

Compounds Source 

N-(2,4-dimethylbenzenesulphonyl)-2-
(naphtalen-2-yloxy)acetamide (I942) 

MolPort, Riga, Latvia 

N-acylsulphonamide derivatives, I942 
analogues (“T” series) 

Provided by Professor Jia Zhou, 
University of Texas Medical Branch, 

Galveston, USA 

Benzofuran oxoacetic acid derivatives 
(“SY” series) 

Synthesized by David Morgan and Dr 
Graeme Barker, Heriot-Watt University, 

Edinburgh, UK 

 

2.1.3 Kits  

Table 2-4. Kits 

Kit Supplier 
Qiagen Plasmid Maxi Kit Qiagen, Hilden, Germany 

 

2.1.4 Bacterial Cell Culture 

Table 2-5. Competent cells 

Bacterial Strain Supplier 
One Shot BL21 Star (DE3) E. coli / 

BL21(DE3) Competent E. coli 
Invitrogen, Carlsbad, USA / New 
England Biolabs, Ipswich, USA 

Table 2-6. Bacterial cell culture reagents 

Reagent Supplier 
Ampicillin sodium salt Sigma Aldrich, St. Louis, USA 



 

 51 

Reagent Supplier 
Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) Thermo Scientific, Waltham, USA 

LB Agar, Miller, powder Thermo Scientific, Waltham, USA 
LB Broth, Miller, powder Thermo Scientific, Waltham, USA 

SOC medium Invitrogen, Carlsbad, USA 
 

2.1.5 Mammalian Cell Culture 

Table 2-7. Mammalian cell lines and primary cells 

Cells Source 
HEK293T-EPAC1 Dundee Cell Products, Dundee, UK 

U2OS-EPAC1 A gift from Professor Holger Rehmann, 
Utrecht University, Netherlands 

U2OS-EPAC2 A gift from Professor Holger Rehmann, 
Utrecht University, Netherlands 

Human Umbilical Vein Endothelial Cells 
(HUVEC), pooled (# CC-2519) Lonza, Basel, Switzerland 

Table 2-8. Mammalian cell culture reagents 

Reagent Supplier 

Dimethyl Sulphoxide (DMSO), for 
molecular biology Sigma Aldrich, St. Louis, USA 

Dulbecco's modified Eagle's medium 
(DMEM) high glucose, phenol-red Gibco, Carlsbad, USA 

Dulbecco's modified Eagle's medium 
(DMEM) high glucose, phenol-red free Gibco, Carlsbad, USA 

Dulbecco's phosphate-buffered saline 
(DPBS), no calcium, no magnesium Gibco, Carlsbad, USA 

EBM Endothelial Cell Growth Basal 
Medium Lonza, Basel, Switzerland 

EGM Endothelial Cell Growth Medium 
SingleQuots Supplements Lonza, Basel, Switzerland 

Endothelial Cell Basal Medium PromoCell, Heidelberg, Germany 

Fetal Bovine Serum (FBS), heat-
inactivated Gibco, Carlsbad, USA 

G 418 disulphate salt Sigma Aldrich, St. Louis, USA 

GlutaMAX™ Gibco, Carlsbad, USA 

Penicillin/Streptomycin (5000 U/ml) Gibco, Carlsbad, USA 

Puromycin dihydrochloride from 
Streptomyces alboniger Sigma Aldrich, St. Louis, USA 

TrypLE Express Gibco, Carlsbad, USA 
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2.1.6 Antibodies 

Table 2-9. Primary antibodies 

Antibody Catalogue number Supplier 

EPAC1 (5D3) Mouse 
mAb 4155 

Cell Signaling 
Technology, Danvers, 

USA 

Fas (C18C12) Rabbit mAb 4233 
Cell Signaling 

Technology, Danvers, 
USA 

GAPDH (14C10) Rabbit 
mAb 2118 

Cell Signaling 
Technology, Danvers, 

USA 

Phospho-VASP (Ser157) 
(D1C80) Rabbit mAb 84519 

Cell Signaling 
Technology, Danvers, 

USA 

Rap1A/Rap1B (26B4) 
Rabbit mAb 2399 

Cell Signaling 
Technology, Danvers, 

USA 

VASP (9A2) Rabbit mAb 3132 
Cell Signaling 

Technology, Danvers, 
USA 

Table 2-10. Secondary antibodies 

Antibody Catalogue number Supplier 

Anti-Mouse IgG A5278 Sigma Aldrich, St. Louis, 
USA 

Anti-Rabbit IgG A6154 Sigma Aldrich, St. Louis, 
USA 

 

2.1.7 Buffer Compositions 

Table 2-11. Buffer compositions 

Buffer Composition 

TE Buffer pH 8.0 10 mM Tris-HCl pH 8.0 
1 mM EDTA 

Buffer A 

50 mM Tris-HCl pH 7.5 
150 mM NaCl 
5 mM EDTA 

5% (v/v) glycerol 
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Buffer Composition 

Buffer B 
50 mM Tris-HCl pH 7.5 

1 M NaCl 
5% (v/v) glycerol 

Buffer C 

50 mM Tris-HCl pH 7.5 
100 mM KCl 

10 mM MgCl2 
5% (v/v) glycerol 

250 µM ATP 

Buffer D 
50 mM Tris-HCl pH 7.5 

150 mM NaCl 
5% (v/v) glycerol 

Bacterial Lysis Buffer 

50 mM Tris-HCl pH 7.5 
150 mM NaCl 
5 mM EDTA 

5% (v/v) glycerol 
0.1% (v/v) Triton X-100 

0.5 mg/ml lysozyme 
1x protease inhibitor cocktail 

Elution Buffer 
50 mM Tris-HCl pH 7.5 

10 mM L-glutathione 
1mM DTT 

Dialysis Buffer 

50 mM Tris-HCl pH 7.5 
100 mN NaCl 
1 mM EDTA 
1 mM DTT 

5% (v/v) glycerol (optional) 

GFC Buffer 
50 mM Tris-HCl pH = 7.5 

100 mN NaCl 
5% (v/v) glycerol 

Binding Assay Buffer 

50 mM Tris-HCl pH 7.5 
50 mM NaCl 
1 mM EDTA 
1 mM DTT 

2x SDS Sample Loading Buffer 

125 mM Tris-HCl pH = 6.8 
4% (w/v) SDS 

20% (v/v) glycerol 
0.02% (w/v) bromophenol blue 

20 mM DTT 

1x Running Buffer 
25 mM Tris-HCl 
192 mM glycine 
0.1 % (w/v) SDS 

1x Transfer Buffer 
25 mM Tris-HCl 
192 mM glycine 

20% (v/v) methanol 
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Buffer Composition 

1x Tris-Buffered Saline (TBS), pH 7.4 20 mM Tris-HCl pH 7.4 
150 mM NaCl 

1x TBS-T 
20 mM Tris-HCl pH 7.4 

150 mM NaCl 
0.1% (v/v) Tween-20 

Rap1 Assay Lysis Buffer 

55 mM Tris-HCl pH 7.4 
132 mM NaCl 
22 mM NaF 

11 mM Na4P2O7 
10 mM MgCl2 

1% (v/v) Triton X-100 

Thermal Shift Assay (TSA) Buffer 

50 mM Tris-HCl, pH 7.5 
50 mM NaCl 

2.5% (v/v) glycerol 
5 mM DTT 

 

2.1.8 Plasmid Constructs 

Table 2-12. Plasmid constructs 

Protein Vector Antibiotic 
Resistance Source 

GST-EPAC1-
CNBD 

(169-318) 
pGEX-6P-1 Ampicillin 

Dundee Cell 
Products, Dundee, 

UK 

GST-EPAC2-
CNBD 

(304-453) 
pGEX-6P-1 Ampicillin 

Dundee Cell 
Products, Dundee, 

UK 

EPAC1-∆DEP 
(149-881) pGEX-4T-2 Ampicillin 

From Professor 
Holger Rehmann, 

Utrecht University, 
Netherlands 

EPAC2-∆DEP 
(280-993) pGEX-4T-2 Ampicillin 

From Professor 
Holger Rehmann, 

Utrecht University, 
Netherlands 

GST-RalGDS-
RBD 

(788-884) 
pGEX-5X-1 Ampicillin 

Made in-house by 
Stephen Yarwood, 

Heriot-Watt 
University, UK 

[264]. 
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2.1.9 Laboratory Plastics 

All standard laboratory plastics, including cell cultureware, assay plates, centrifuge and 

microcentrifuge tubes, pipette tips and serological pipettes, etc., were sourced from 

Thermo Scientific (Waltham, USA) unless indicated otherwise. 
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2.2 Methods 

2.2.1 Plasmid DNA Isolation 

Plasmid DNA isolation was performed using a Qiagen Plasmid Maxi Kit (Qiagen, Hilden, 

Germany), following the manufacturer’s protocol. The procedure is based on a modified 

alkaline lysis method [265]. Lysing bacterial cells with a strong alkali, such as sodium 

hydroxide, results in the denaturation of cellular DNA. Separation of plasmid DNA from 

genomic DNA can then be achieved due to the unique ability of small plasmid DNA to 

re-nature following neutralisation of the basic pH. 

 

2.2.1.1 Bacterial Culture 

For the generation of stock plates of E. coli containing plasmids of interest, 5 ml of LB 

medium, supplemented with 100 µg/ml ampicillin, was inoculated with a stab from a 

relevant bacterial glycerol stock and incubated for 16 hours at 37 °C in an orbital 

incubator set at 200 rpm. On the following day, 150 µl and 50 µl of the overnight bacterial 

culture were plated onto two separate selective agar plates, supplemented with 100 µg/ml 

ampicillin. The plates were then incubated overnight at 37 °C until well-spread colonies 

were obtained. A single bacterial colony was then picked from one of the new stock plates 

and used to further inoculate 5 ml of selective LB broth, which was then incubated with 

rotation at 300 rpm for 8 hours at 37 °C. The sample of the starter culture was then diluted 

1:100 into 100 ml of fresh selective LB medium and incubated with rotation for 16 hours 

at 37 °C and 300 rpm. Bacteria were then harvested by centrifugation at 6000 x g for 15 

minutes at 4 °C. 

 

2.2.1.2 DNA Isolation 

Bacterial pellet was resuspended in 10 ml of Buffer P1 (supplemented with 100 µg/ml 

RNase A) and subsequently, cells were lysed by mixing with 10 ml of Buffer P2 and 

incubating for 5 minutes at room temperature. To neutralize the solution and precipitate 

genomic DNA, proteins and cell debris, 10 ml of Buffer P3 was added, mixed thoroughly, 

and incubated for 20 minutes on ice. The precipitate was then separated from the lysate 
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by centrifugation at 20,000 x g for 30 minutes at 4 °C. The supernatant containing plasmid 

DNA was transferred onto a QIAGEN-tip 500 column, equilibrated earlier with 10 ml of 

Buffer QC, and the column was left to drain. The column resin was washed twice with 

30 ml of Buffer QC, and the DNA was then eluted with 15 ml of Buffer QF. Plasmid 

DNA was precipitated by adding 10.5 ml of room temperature isopropanol to the eluate 

and promptly centrifuged at 11,000 x g for 30 minutes at 4 °C. The formed pellet was 

washed with 70% (v/v) ethanol and centrifuged again at 11,000 x g for 15 minutes at 4 

°C. The Plasmid DNA pellet was air-dried for 10 minutes and dissolved in 250 µl of TE 

Buffer, pH 8.0 (see: 2.1 Materials). DNA concentration was measured using a NanoDrop 

2000/2000c (Thermo Scientific, Waltham, USA) and then adjusted to a concentration of 

1 mg/ml with TE Buffer pH 8.0 (see: 2.1 Materials). Plasmid solutions were stored at -20 

°C. 

 

2.2.2 Recombinant Protein Expression and Purification 

Following recombinant proteins were produced using a bacterial expression system: 

• GST-fusion proteins of cyclic nucleotide-binding domains of EPAC1 (amino 

acids 169-318) and EPAC2 (amino acids 304-453); these are subsequently 

referred to as GST-EPAC1-CNBD and GST-EPAC2-CNBD, respectively. 

• Truncated forms of EPAC1 (amino acids 149-881) and EPAC2 (amino acids 280-

993), with Dishevelled, Egl-10, Pleckstrin (DEP) domains removed to increase 

solubility; these are subsequently referred to as EPAC1-∆DEP and EPAC2-

∆DEP, respectively. 

• GST-fusion protein of the Ras binding domain of the Ral Guanine Nucleotide 

Dissociation Stimulator (amino acids 788-884); subsequently referred to as GST-

RalGDS-RBD. 

 

2.2.2.1 Bacterial Transformation 

Recombinant GST-EPAC1-CNBD, GST-EPAC2-CNBD (cloned into pGEX-6P-1 

vectors), EPAC1-∆DEP, EPAC2-∆DEP (cloned into pGEX-4T-2 vectors) and GST-

RalGDS-RBD (cloned into a pGEX-5X-1 vector) were transformed into chemically 

competent E. coli One Shot BL21 Star (DE3) (Invitrogen, Carlsbad, USA), following 
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manufacturer’s protocol. 10 ng of relevant plasmid DNA was added to a vial of competent 

E. coli, vial contents were mixed by tapping gently and incubated on ice for 30 minutes. 

Cells were then heat shocked at 42 °C for 30 seconds and immediately put back on ice. 

Subsequently, 250 µl of room temperature SOC medium was added to the vial, followed 

by 1-hour incubation in an orbital shaker set to 225 rpm at 37 °C. Two volumes of 

transformation reaction (150 µl and 50 µl) were then plated onto two separate selective 

LB agar plates (containing 100 µg/ml ampicillin) to ensure the growth of well-separated 

colonies on at least one of the plates. Plates were incubated overnight at 37 °C and then 

stored at 4 °C for up to one week. 

 

2.2.2.2 Recombinant Protein Expression 

Protein expression and purification procedures were based on previously published 

methods [111], [264]. Briefly, 50 ml of LB medium, supplemented with 100 µg/ml 

ampicillin, was inoculated with a bacterial colony from a stock plate containing bacteria 

transformed with a plasmid of interest and then incubated overnight with rotation at 37 

°C and 200 rpm. The following day, the culture was diluted 1:20 (to a final volume of 1 

l) in fresh, selective LB medium (supplemented with 100 µg/ml ampicillin) and incubated 

for a further 4 hours at 37 °C and 200 rpm. At this stage, a 1 ml sample of bacterial culture 

was collected for SDS-PAGE analysis (pre-IPTG induction). Recombinant protein 

expression was then induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to 

a final concentration of 100 µM. Induced bacterial culture was left to grow overnight at 

19 °C with 200 rpm rotation. The next day, a 1 ml sample of bacterial suspension was 

collected for SDS-PAGE analysis (post-IPTG induction). 

 

2.2.2.3 Recombinant Protein Purification 

Cells from overnight, IPTG-induced bacterial culture was pelleted by centrifugation at 

3000 x g for 20 minutes at 4 °C, washed in 500 ml of 154 mM NaCl and pelleted again. 

Bacterial pellet was resuspended in 25 ml of ice-cold Bacterial Lysis Buffer (see: 2.1 

Materials) by agitation in an orbital shaker for 30 minutes at 8 °C and 200 rpm. Lysis was 

continued by sonication at 60% amplitude for 3 minutes, on ice, using a 15 s on/off cycle 

(VCX 130 Ultrasonic Liquid Processor, SONICS, Newtown, USA). The resulting 

suspension was centrifuged for 1 hour at 30000 x g and 4 °C to remove cell debris. The 
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resulting soluble fraction, containing the protein of interest, was transferred to a clean 50 

ml centrifuge tube. At this stage, a 100 µl sample was collected for SDS-PAGE analysis. 

The soluble fraction was incubated overnight at 4 °C, on a roller shaker, with 1 ml of 

Glutathione Sepharose 4B (GE Healthcare, Chicago, USA), pre-equilibrated according to 

the manufacturer’s protocol. On the following day, the matrix was recovered by 

centrifugation (500 x g, 5 minutes, 4 °C), resuspended in 5 ml of Buffer A (see: 2.1 

Materials) and then transferred to a 10 ml Pierce Centrifuge Column (Thermo Scientific, 

Waltham, USA). After Buffer A had flowed through completely, the packed Glutathione 

Sepharose 4B beads were then washed 4 times with 0.5 ml of Buffer B (see: 2.1 

Materials), to remove non-specific bound proteins, and once with 10 ml of Buffer C (see: 

2.1 Materials), to remove chaperone proteins. From this point, the purification procedure 

was different for glutathione S-transferase (GST)-fusion proteins (GST-EPAC1-CNBD, 

GST-EPAC2-CNBD and GST-RalGDS-RBD) and cleaved proteins (EPAC1-∆DEP and 

EPAC2-∆DEP).  

 

2.2.2.3.1 GST-tagged Fusion Proteins: GST-EPAC1-CNBD, GST-EPAC2-CNBD and 

GST-RalGDS-RBD 

Once Buffer C (see: 2.1 Materials) had flowed through the column, the packed 

Glutathione Sepharose 4B beads were equilibrated with 0.75 ml of 50 mM Tris-HCl, pH 

7.5. Next, to release the GST-fusion protein bound to the beads, 1.5 ml of Elution Buffer 

containing 10 mM L-glutathione (see: 2.1 Materials) was added to the bead bed, 

following which, the column was sealed and incubated at room temperature for 10 

minutes. Following incubation, the eluate was collected in a clean tube and kept on ice. 

This step was repeated two additional times but with 0.75 ml of Elution Buffer each (see: 

2.1 Materials). To remove L-glutathione, the eluate was dialysed at 4 °C against Dialysis 

Buffer (see: 2.1 Materials), using 10K molecular weight cut-off (MWCO) Slide-A-Lyzer 

Dialysis Cassettes (Thermo Scientific, Waltham, USA), according to manufacturer’s 

protocol. Samples of 100 µl were collected for SDS-PAGE analysis, before and after 

dialysis (Eluate and Post-dialysis, respectively). Protein concentrations were measured 

using a NanoDrop 2000/2000c (Thermo Scientific, Waltham, USA). Purified proteins 

were then aliquoted, snap-frozen on dry ice and stored at -80 °C for later use. 
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2.2.2.3.2 Non-GST-tagged proteins: EPAC1-∆DEP and EPAC2-∆DEP 

To remove the GST-tag from EPAC1-∆DEP and EPAC2-∆DEP proteins, Buffer C (see: 

2.1 Materials) was allowed to flow through the column, then the packed beads were 

equilibrated with 0.75 ml of Buffer D (see: 2.1 Materials). Subsequently, 1 ml of Buffer 

D (see: 2.1 Materials) containing 80 units of thrombin was added to the packed bead bed. 

The column was then sealed and incubated for 4 hours at 4 °C to cleave off the GST-tag 

from fusion proteins. The cleaved protein was then eluted from the column by washing 

three times with 0.5 ml of Buffer D (see: 2.1 Materials). Pefabloc SC (Sigma Aldrich, St. 

Louis, USA) was then added to combined fractions, to a final concentration of 1 mM, to 

inhibit thrombin activity. At this stage, a 100 µl sample (Eluate) was collected for SDS-

PAGE analysis. Gel filtration, using an ÄKTA chromatography system (GE Healthcare, 

Chicago, USA), was next carried out to remove the thrombin and any other protein 

contaminants. Pooled fractions were loaded onto a Superdex 75 10/300 GL (GE 

Healthcare, Chicago, USA) gel filtration column equilibrated with GFC Buffer (see: 2.1 

Materials). Fractions containing the protein of interest were collected and protein 

concentrations measured using a NanoDrop 2000/2000c (Thermo Scientific, Waltham, 

USA). Purified proteins were then aliquoted, snap-frozen on dry ice and stored at -80 °C 

for later use. 

 

2.2.2.4 Protein Purity Assessment 

Samples collected from crucial stages of protein expression and purification were 

prepared for SDS-PAGE by denaturing for 5 min at 95 °C in 2x SDS Sample Loading 

Buffer (see: 2.1 Materials) and separated on a 10 % (v/v) polyacrylamide gels (as 

described in 2.2.5 SDS-PAGE and Western Blotting section below). PageBlue Protein 

Staining Solution (Thermo Scientific, Waltham, USA) was then used to stain the gels 

according to the manufacturer’s protocol. The gels were washed 3 times for 10 minutes 

with 100 ml of ultrapure water and then incubated for 1 hour with 20 ml of Page Blue 

Protein Staining Solution. After discarding the staining solution, gels were rinsed twice 

with ultrapure water, followed by washing with 100 ml ultrapure water for at least 5 

minutes. Both washing and staining steps were performed at room temperature, on an 

orbital shaker set to 50 rpm. Digital images of the gels were captured using a Fusion FX7 

camera platform (Vilber, Collégien, France) on the white-light setting.  
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2.2.3 8-NBD-cAMP Competition Binding Assay 

The 8-NBD-cAMP competition binding assay is based on previously described high-

throughput screening methods [133], [177], and was used for: 

• Screening a library of small-molecule I942 analogues for binding to recombinant 

GST-EPAC1-CNBD. 

• Determining the binding affinity of I942 and identified lead compounds for 

different forms of recombinant EPAC1 and EPAC2 proteins (dose-response 

experiments). 

All experiments were carried out at a final volume of 100 µl, in Binding Assay Buffer 

(see: 2.1 Materials), in black, 96-well plates. Recombinant protein, test compounds, 

diluent (DMSO), cyclic AMP and 8-NBD-cAMP were combined at the final 

concentrations indicated in Table 2-13 and 2-14, for library screening and dose-response 

experiments, respectively. In all cases, the fluorescent probe, 8-NBD-cAMP, was added 

last. Reactions were mixed thoroughly and subsequently incubated for 4 hours at room 

temperature, protected from light. Fluorescence intensity was then measured using a 

FLUOstar Omega microplate reader (BMG LABTECH, Ortenberg, Germany) at 

excitation/emission (ex/em) wavelengths of 485/520 nm. 

Table 2-13. Sample compositions for compound library screening using the 8-NBD-cAMP competition 
binding assay. 

 Control Background I942 and analogues 

GST-EPAC1-CNBD 0.8 μM 0.8 μM 0.8 μM 

Compound - - 10 μM 
DMSO 1% (v/v) 1% (v/v)* 1% (v/v)* 

Cyclic AMP - 500 μM - 
8-NBD-cAMP 62.5 nM 62.5 nM 62.5 nM 

 
* DMSO was used as a solvent for cyclic AMP and compound stock solutions 
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Table 2-14. Sample compositions for 8-NBD-cAMP competition binding assay dose-response 
experiments. 

 Control Background I942 and analogues 

Protein 0.8 μM 0.8 μM 0.8 μM 

Series of 1:2 ligand 
dilutions - - 0.1 - 100 μM 

DMSO 1% (v/v) 1% (v/v)* 1% (v/v)* 
Cyclic AMP - 500 μM - 

8-NBD-cAMP 62.5 nM 62.5 nM 62.5 nM 
 

* DMSO was used as a solvent for cyclic AMP and compound stock solutions  

 

2.2.4 Mammalian Cell Culture 

Standard aseptic technique was used for all cell culture-related activities. Human 

embryonic kidney 293T cells (HEK293T) stably transfected to express EPAC1, dually 

tagged with FLAG and myc epitopes, were previously prepared by Dundee Cell Products 

(Dundee, UK), as described [70]. Human bone osteosarcoma epithelial cells (U2OS) 

stably transfected to express FLAG-tagged EPAC1 or EPAC2 were a gift from Professor 

Holger Rehmann, Utrecht University, Netherlands. Cells were cultured in 75 cm2, tissue 

culture treated flasks containing complete medium, comprising Dulbecco's modified 

Eagle's medium (DMEM), with 4.5 g/l D-glucose and phenol red, supplemented with 

10% (v/v) fetal bovine serum (FBS), 1% (v/v) GlutaMAX and 1% (v/v) Penicillin-

Streptomycin (all from Gibco, Carlsbad, USA), at 37 °C in a humidified atmosphere 

containing 5% (v/v) CO2. To ensure selection of stable transfectants, selective antibiotics 

were also added to the complete medium; namely 1 mg/ml G418 or 2 mg/l puromycin, 

for HEK293T and U2OS cells, respectively. 

Cryopreserved primary human umbilical vein endothelial cells (HUVECs), passage 1, as 

well as dedicated medium and growth supplements, were bought from Lonza (Basel, 

Switzerland) unless otherwise indicated. Cells were cultured in the growth medium, 

comprising EBM Endothelial Cell Growth Basal Medium supplemented with EGM 

Endothelial Cell Growth Medium SingleQuots Supplements (excluding antibiotics), in 

75 cm2, tissue culture treated flasks, at 37 °C, in a humidified atmosphere containing 5% 

(v/v) CO2. HUVECs used for experiments were no older than passage 6. 
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2.2.4.1 Initiation of Mammalian Cell Cultures 

Cryopreserved HEK293T, U2OS or HUVEC cells were rapidly thawed in a 37 °C bath 

for a maximum of 3 minutes and then the vial contents were gently transferred to a 75 

cm2 tissue culture treated flask containing 10 ml of pre-warmed complete medium. In the 

case of cell lines stably transfected with EPAC, selective antibiotics were not added at 

this stage. The medium was changed after 16-24 hours. Complete medium was 

supplemented with appropriate selective antibiotics, where needed, to ensure selection of 

stable transfectants. 

 

2.2.4.2 Subculturing of Mammalian Cells 

Complete medium was changed every other day and cells were passaged when 80-90% 

confluent. This involved removing the culture medium, washing the cell layer with 1x 

PBS and subsequently adding 5 ml of TrypLE Express (Gibco, Carlsbad, USA), followed 

by incubation for 3 minutes (HEK293T, HUVECs) or 5-6 minutes (U2OS) at 37 °C, 

followed by gentle tapping, to detach the cells. TrypLE was then inactivated by diluting 

with 5 ml of 1x PBS and then the cell suspension was transferred to a centrifuge tube and 

cells pelleted by centrifugation at 200 x g for 5 minutes. Cells were resuspended in fresh 

complete growth medium and the appropriate volume, corresponding to a dilution of 1:4 

(HUVECs) or 1:8 (HEK293T and U2OS), was transferred to a new flask. Alternatively, 

cells were counted using a haemocytometer and seeded at the required density. 

 

2.2.4.3 Cryopreservation 

Cells from an 80-90% confluent 75 cm2 flask were collected, pelleted (see: 2.2.4.2 

Subculturing of Mammalian Cells), and gently resuspended in 1 ml of cold culture 

medium supplemented with 5% (v/v) dimethyl sulphoxide (DMSO) as a cryoprotective 

agent. Cell suspension was transferred gently to a cryovial and placed in a pre-cooled, 

dedicated freezing container. The closed container was then frozen at -80 °C for 16-24 

hours and subsequently, the cryovial was transferred to liquid nitrogen for long-term 

storage. Primary HUVECs were cryopreserved no later than passage 3. 
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2.2.5 SDS-PAGE and Western Blotting 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is a method 

used to separate proteins on the basis of their molecular weight. The western blotting 

technique allows for subsequent selective detection of proteins of interest and their 

relative expression levels using specific antibodies. 

 

2.2.5.1 SDS-PAGE 

Samples for SDS-PAGE were prepared either by scraping the cells directly in 1x SDS 

Sample Loading Buffer (see: 2.1 Materials) or by mixing cell lysates or protein samples 

with an equal volume of 2x SDS Sample Loading Buffer (see: 2.1 Materials) and then 

denaturing for 5 minutes at 95 °C, unless otherwise indicated. 

Percentage of the polyacrylamide gels used depended on the molecular weight (MW) of 

the protein of interest; for example, 8% (v/v) gels were used for proteins over 100 kDa, 

10% (v/v) gels for proteins between 25 and 100 kDa proteins and 12.5% (v/v) gels for 

proteins under 25 kDa. Protein samples and a broad range (11-190 kDa), pre-stained 

protein marker were loaded onto the appropriate gel and electrophoresis was carried out 

in 1x Running Buffer (see: 2.1 Materials) at 80 V for the first 30 minutes and then at 130 

V for the next 50-70 minutes. 

 

2.2.5.2 Western Blotting 

After separation by SDS-PAGE proteins were transferred from gels to nitrocellulose 

membranes in 1x Transfer Buffer (see: 2.1 Materials) at 80 V for 75 minutes. Following 

the transfer, membranes were washed in 1x TBS (see: 2.1 Materials) for 5 min and then 

blocked for 1 h at room temperature in 5% (w/v) non-fat dry milk or 5% (w/v) bovine 

serum albumin (BSA) in 1x TBS-T (see: 2.1 Materials). The blocking step was followed 

by overnight incubation with the primary antibody diluted in the blocking buffer at 4 °C. 

Primary antibody dilutions ranged from 1:500 to 1:5000 and were determined empirically 

for each antibody. In order to detect the primary antibody bound to the protein of interest, 

membranes were incubated with appropriate horseradish peroxidase-conjugated 

secondary antibody (anti-mouse or anti-rabbit) diluted in 5% (w/v) non-fat dry milk in 1x 

TBS-T (see: 2.1 Materials) for 1 hour at room temperature. After blocking, incubation 
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with primary antibody and incubation with secondary antibody steps, membranes were 

then washed three times with 15 ml of 1x TBS-T (see: 2.1 Materials). For signal detection, 

membranes were incubated for 5 minutes with SuperSignal West Pico PLUS 

Chemiluminescent Substrate (Thermo Scientific, Waltham, USA). Images were acquired 

using a Fusion FX7 camera platform (Vilber, Collégien, France) on the 

chemiluminescence setting. 

Signal intensities were measured densitometrically, using ImageJ software (National 

Institutes of Health, Bethesda, USA), and normalised to the signal obtained from a known 

housekeeping protein in the same sample.  

 

2.2.6 Immunoprecipitation of Active EPAC1  

HEK-293T cells stably transfected to overexpress EPAC1 [70] were cultured in 6-well 

plates (culturing conditions described in: 2.2.4 Mammalian Cell Culture). Experiments 

were performed when cells reached 90% confluence. In the time-course experiment, cells 

were stimulated for 0, 5, 10, 15, 30 or 60 minutes with 50 µM of the selective EPAC1 

agonist, 007 [94]. For compound testing, cells were treated for 30 minutes with either 

vehicle (DMSO), 50 µM of 007 (as a positive control) or 100 µM of test compounds. 

After stimulation, cells were washed with ice-cold 1x PBS and lysed in 0.5 ml of ice-

cold, non-denaturing RIPA buffer (Cell Signaling Technology, Danvers, USA) 

supplemented with cOmplete, EDTA-free Protease Inhibitor Cocktail (Roche, Basel, 

Switzerland). Lysates were then cleared by centrifugation (16,000 x g, 10 minutes at 4 

°C). 20 µl of cleared lysate was collected at this point for an input control; this was mixed 

with an equal volume of 2x SDS Sample Loading Buffer (see: 2.1 Materials) and 

denatured by heating at 95 °C for 5 minutes. To immunoprecipitate active EPAC1, 2 µl 

of the EPAC1 (5D3) mouse mAb was added to cleared lysates and incubated for 30 

minutes at 4 °C on a rotator. Following this, 10 µl of protein G magnetic beads (New 

England Biolabs, Ipswich, USA) was added to each lysate containing the antibody, 

followed by a further 1-hour incubation on a rotator at 4 °C. Protein G magnetic beads 

were captured from the supernatant using a magnetic separation rack and then washed 3 

times with 0.5 ml of ice-cold RIPA buffer. Finally, the beads were resuspended in 60 µl 

of 1x SDS Sample Loading Buffer (see: 2.1 Materials) and denatured by heating for 5 

min at 95 °C. Prepared IP and input control samples were then subjected to SDS-PAGE 

and western blotting, to detect levels of active EPAC1. 
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2.2.7 Active Rap1 Pull-Down 

U2OS cells stably transfected with EPAC1 or EPAC2 were cultured in 6-well plates 

(culturing conditions described in: 2.2.4 Mammalian Cell Culture). 80% confluent cells 

were starved for 16 hours in complete medium, with the FBS concentration reduced to 

0.5% (v/v), and the stimulations were performed on the following day. In the time-course 

experiment, U2OS-EPAC1 cells were stimulated for 0, 5, 10, 15 or 30 minutes with 50 

µM of 007. For compound testing, cells were treated for 10 min with either vehicle 

(DMSO), a mixture of 10 µM forskolin and 10 µM rolipram, 50 µM of 007 (positive 

control for U2OS-EPAC1), 100 µM of S-220 (positive control for U2OS-EPAC2), or 100 

µM of test compounds.  

Stimulated cells were then washed with ice-cold 1x PBS and then lysed in 0.5 ml of Rap1 

Assay Lysis Buffer (see: 2.1 Materials) supplemented with 1 mM phenylmethylsulphonyl 

fluoride (PMSF), followed by centrifugation at 16,000 x g for 15 minutes at 4 °C to clear 

the cell lysates. 50 µl of cleared lysate was collected at this stage, mixed with an equal 

volume of 2x SDS Sample Loading Buffer (see: 2.1 Materials) and denatured by heating 

for 5 minutes at 95 °C for input control. Cleared cell lysates were next incubated with 40 

µg of GST-GST-RalGDS-RBD (purified as described in 2.2.2 Recombinant Protein 

Expression and Purification section) immobilized on Glutathione Sepharose 4B (GE 

Healthcare, Chicago, USA), for 1 hour at 4 °C on a rotator, to selectively capture active 

Rap1. After incubation, the glutathione resin was separated from the supernatant by 

centrifugation at 500 x g for 5 minutes at 4 °C and then the beads were washed 3 times 

with 0.4 ml of Rap1 Assay Lysis Buffer (see: 2.1 Materials). The beads were then 

resuspended in 2x SDS sample loading buffer and denatured by heating for 5 minutes at 

95 °C. Prepared pull-down and input control samples were then subjected to SDS-PAGE 

and western blotting with an anti-Rap1 antibody to detect Rap1.GTP levels. 

 

2.2.8 Cell Viability and Cytotoxicity Assays 

HUVECs or U2OS were seeded in transparent 96-well plates and cultured until they 

reached 90% confluence (culturing conditions are described in: 2.2.4 Mammalian Cell 

Culture) unless indicated otherwise. Cells were then subjected to the desired treatment 

for 24 or 48 hours. Final concentrations of test compounds, vehicle (DMSO, negative 

control), and ethanol (EtOH, positive cytotoxic control) in dose-response experiments are 
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detailed in Table 2-15. Untreated cells were also used as a secondary negative control. To 

detect cytotoxic effects, three readouts were used: Alamar Blue and 5-carboxyfluorescein 

diacetate acetoxymethyl ester (CFDA-AM) viability assays, and Neutral Red cytotoxicity 

assay. These can be multiplexed and performed on the same set of treated cells if desired, 

which was used for dose-response experiments. Since all three assays are fluorescence-

based, the light in the laminar flow cabinet was switched off and aluminium foil was used 

to protect plates and dyes from exposure to light. 

Table 2-15. Concentration ranges of test compounds, diluent (DMSO) and ethanol in dose-response 
cytotoxicity experiments. A series of eight 1:2 dilutions was prepared for each treatment. 

 Test Compounds Diluent (DMSO) EtOH 

HUVECs 3.9 – 500 μM 0.01 – 1% (v/v) 0.2 – 25% (v/v) 

U2OS cells 7.8 – 1000 μM 0.02 – 2% (v/v) 0.3 – 40% (v/v) 

 

2.2.8.1 Alamar Blue and CFDA-AM Assays 

After incubation with test ligands, the exposure medium was removed by inverting the 

plate and the cells were rinsed twice with 100 μl of 1x PBS. Alamar Blue and CFDA-AM 

working solution mixture was prepared in a pre-warmed, serum-free and phenol-red free 

Endothelial Cell Basal Medium (PromoCell, Heidelberg, Germany), at 1.25% (v/v) and 

4 μM concentrations, respectively. 100 μl of dye mixture was then added to each well of 

a 96-well plate, followed by a 30-minute incubation in the dark, using standard culturing 

conditions. For the Alamar Blue assay, the fluorescence was recorded at 532/590 nm 

ex/em wavelengths, whereas CFDA-AM measurements were made at 485/535 nm ex/em 

wavelengths using SpectraMax M5 Multi-Mode Microplate Reader (Molecular Devices, 

San Jose, USA). Fluorescence of the dye mixture (without cells) was also measured at 

both wavelength settings (background signal). 

 

2.2.8.2 Neutral Red Assay 

In the next step, the Alamar Blue and CFDA-AM dye mixture was removed by inverting 

the plate and the cells were rinsed once with 100 μl of 1x PBS. The Neutral Red working 

solution was prepared at a final concentration of 33 μg/ml, in pre-warmed, serum- and 

phenol-red free Endothelial Cell Basal Medium (PromoCell, Heidelberg, Germany). 100 

μl of Neutral Red working solution was added to each well of a 96-well plate, followed 
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by 1-hour incubation in the dark, at standard culturing conditions. After incubation, the 

Neutral Red working solution was removed by inverting the plate and then cells were 

rinsed twice with 100 μl of 1x PBS. Subsequently, cells were solubilized to release the 

accumulated dye. 100 μl of solubilizing solution (1% (v/v) acetic acid, 50% (v/v) EtOH, 

49% (v/v) H2O) was transferred to each well and plates were incubated on an orbital 

shaker (150 rpm) for 20 minutes in the dark, followed by fluorescence reading at 532/645 

nm ex/em wavelengths using SpectraMax M5 Multi-Mode Microplate Reader (Molecular 

Devices, San Jose, USA). 

 

2.2.9 Detection of Caspase 3/7 Activation 

Caspase 3/7 activation was measured in live cells using the CellEvent Caspase-3/7 Green 

Detection Reagent (Invitrogen, Carlsbad, USA). HUVECs were cultured in black, clear-

bottom 96-well plates under standard culturing conditions (see: 2.2.4 Mammalian Cell 

Culture). When 90% confluent, cells were further incubated in phenol-red free 

Endothelial Cell Growth Medium (PromoCell, Heidelberg, Germany) containing 1:400 

diluted CellEvent, in the presence of either vehicle (DMSO), or 200 µM of selected test 

compounds. The fluorescence intensity was measured after 24 and 48 hours of exposure 

at 485/532 nm ex/em wavelengths using the SpectraMax M5 Multi-Mode Microplate 

Reader (Molecular Devices, San Jose, USA). 

 

2.2.10 Thermal Shift Assay 

Recombinant proteins were purified as described in section 2.2.2 Recombinant Protein 

Expression and Purification. Experiments were carried out in MicroAmp® Fast Optical 

96-well Reaction Plates (Life Technologies, Carlsbad, USA), in a total volume of 25 µl, 

in TSA Buffer (see: 2.1 Materials). Recombinant GST-EPAC1-CNBD, test ligands, and 

SYPRO™ Orange dye (Thermo Scientific, Waltham, USA), were combined at the final 

concentrations indicated in Table 2-16. Prepared plates were sealed and incubated 

overnight at 4 °C, protected from light. To obtain protein melt curves, plates were 

subsequently subjected to a standard temperature gradient programme using Applied 

Biosystems StepOnePlus Real-time PCR Instrument (Thermo Scientific, Waltham, 

USA). The applied temperature range was 11 – 80 °C, ramping up in 0.5 °C increments, 

with a 30-second hold at each temperature. Changes in fluorescence of SYPRO™ Orange 
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were detected using a filter set for a ROX reporter dye, which has ex/em maxima of 

580/621 nm. 

Table 2-16. Sample compositions for thermal shift assay. A series of six 1:2 dilutions was prepared for 
each treatment. 

 Vehicle Control Ligand Samples 

GST-EPAC1-CNBD 2 μM 2 μM 
Series of 1:2 ligand dilutions - 3.1 - 100 μM* 

Series of 1:2 DMSO 
dilutions 0.0006 – 0.02 % (v/v) - 

SYPRO Orange dye 10x 10x 
 
* DMSO was used as a solvent for ligand stock solutions 

 

2.2.11 RNA Sequencing 

Cell culture, stimulations and RNA extractions were performed by Dr Jolanta Wiejak 

(Yarwood Lab, Heriot-Watt University, Edinburgh, UK). HUVECs were cultured under 

standard culturing conditions (see: 2.2.4 Mammalian Cell Culture) in 6-well plates. Once 

70-80% confluent, cells were incubated in the presence or absence of 100 μM I942 for 

48 hours. RNA was then isolated using the RNeasy Kit (Qiagen, Hilden, Germany) 

following the manufacturer’s protocol. Sample preparation and RNA sequencing were 

carried out by Glasgow Polyomics (Wolfson Wohl Cancer Research Centre, Garscube 

Campus, University of Glasgow) [266]. Statistical analysis of gene expression was 

performed using the Bioconductor DESeq2 package [267]. 

 

2.2.12 Statistical Analysis 

All statistical analyses were performed using GraphPad Prism 8 software (GraphPad 

Software, San Diego, USA). Outliers in datasets were detected with Grubbs’ test (at a 

significance level of α = 0.05) and subsequently removed. Unless indicated otherwise, 

when two means were compared, unpaired, two-tailed t-test was used, and when 

comparing three or more means, one-way analysis of variance (ANOVA) with Tukey’s 

or Dunnett’s post hoc test was performed, preceded by the Brown-Forsythe test for 

equality of variances. P-value thresholds were marked as follows: * represents p < 0.05; 

** represents p ≤ 0.01; *** represents p ≤ 0.001; **** represents p ≤ 0.0001.
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CHAPTER 3: Identification of Novel 

N-Acylsulphonamide Ligands that Interact with the 

Cyclic Nucleotide Binding Domain of EPAC1 
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3.1 Introduction 

EPAC proteins play various roles in cell physiology, as well as pathophysiology. They 

were found to be involved in insulin secretion, inflammation, vascular and cardiac 

function, cancer development, neural function, infectious diseases and many other 

processes in the human body [51], [100], [268]. Our group is particularly interested in the 

anti-inflammatory potential of EPAC1 isoform in the vascular endothelium. It was 

reported that the activation of EPAC1 in vascular endothelial cells (VECs) can suppress 

interleukin-6 (IL-6) trans-signalling [115], a pro-inflammatory process associated with 

the development and progression of atherosclerosis [269]. It makes EPAC1 a very 

interesting therapeutic target and accentuates the growing need for isoform-selective 

regulators of this protein [100]. 

To date, the only commercially available EPAC agonists are cyclic nucleotide analogues; 

namely, 007 [94] and its acetoxymethyl ester, 007-AM [108], for EPAC1, and S-220 and 

S-223 [79] for EPAC2. While very useful for research purposes, the limited potential for 

synthetic modification of these compounds makes them poor lead candidates for drug 

discovery, which was discussed in Chapter 1. Search for more “drug-like”, small-

molecule EPAC regulators led to the discovery of several EPAC inhibitors, including the 

tetrahydroquinoline analogue, CE3F4 [96], the thiobarbituric acid derivative, 5376753 

[98], and probably the most widely used antagonists from the ESI series [95], [97]. All 

compounds were described in Chapter 1. 

In 2017, the Yarwood group identified the first non-cyclic nucleotide EPAC1-selective 

regulator with agonist properties, the N-acylsulphonamide derivative, I942 (Figure 3-1A) 

[177]. N-acylsulphonamide is a common motif in the structures of synthetic drugs and 

therefore allows for the easy use of previously described synthetic routes [270], which 

makes I942 an attractive lead compound for drug development. 

 

3.1.1 High-Throughput Screening Using the 8-NBD-cAMP Competition Binding 

Assay 

In the late 1980s, the pharmaceutical industry and research largely moved away from the 

phenotypic drug discovery, in favour of a target-based approach, which together with 

technological advances and an increasing number of small molecules to test, led to the 
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development of a concept of high-throughput screening (HTS) [271]–[274]. HTS is a 

process that allows for rapid, effective screening of large compound libraries using 

scaled-down assays carried out in automated systems. HTS approaches with EPAC 

proteins as targets have been successfully applied in the discovery of small-molecule 

EPAC inhibitors [96], [98], [95], [97]. They utilised the bioluminescence resonance 

energy transfer-based assay, an in vitro guanine nucleotide exchange (GEF) activity 

assay, and most notably, the fluorescence-based, 8-NBD-cAMP competition binding 

assay. 

8-NBD-cAMP (Figure 3-2) is a cyclic AMP analogue conjugated to a fluorescent dye. It 

binds to the cyclic nucleotide-binding domains (CNBDs) of EPAC proteins and protein 

kinase A (PKA). While only moderately fluorescent in aqueous solutions, its fluorescence 

significantly increases in the hydrophobic environment of protein binding sites. 

Following binding, fluorescence can be reversed by adding an excess amount of 

unlabelled ligand, like cyclic AMP or test compounds, which competes with 8-NBD-

cAMP, thereby displacing it from the hydrophobic cyclic nucleotide-binding pocket to 

the aqueous surroundings [133], [275]. These properties of 8-NBD-cAMP were used by 

Tsalkova et al. [133] to develop a fluorescence-based HTS assay for the discovery of 

EPAC2 binders. While EPAC1 was also tested, it failed to produce a sufficient signal 

change to satisfy the requirements for an effective HTS. The method was later adapted 

by Parnell et al. [177], who used an isolated CNBD of EPAC1, instead of a full-length 

protein, and optimized buffer conditions, to develop a robust HTS assay for the 

identification of EPAC1 binders. This approach was successfully used to screen a library 

of 5195 small molecules with medical relevance, which resulted in the discovery of the 

aforementioned, non-cyclic nucleotide partial agonist of EPAC1, I942 [177]. 

 

3.1.2 Proposed I942 Binding Model 

The 3D structure of EPAC2, in both its active and inactive conformations, has already 

been solved by X-ray crystallography [66], [73], but the crystal structure of EPAC1 has 

yet to be determined. Despite this, Barker et al. [101] proposed an in silico binding model 

of I942 interacting with the cyclic AMP binding pocket of EPAC1, which was based on 

the previously solved structures of EPAC2, with an EPAC1-mimicking K405Q point 

mutation, in complex with a cyclic AMP analogue [79]. A simplified representation of 

the proposed model is shown in Figure 3-1B. The N-acylsulphonamide motif of I942 is 
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predicted to occupy a similar space to the negatively charged phosphate group of cyclic 

AMP and mimic it by interacting with the phosphate-binding cassette (PBC) within the 

EPAC1 CNBD. Notably, the ionised N-acylsulphonamide of I942 forms an ionic bond 

with the positively charged arginine R279 and forms additional hydrogen bonds with the 

protein backbone at A272, A280 and A281. According to the model, the purine moiety 

of cyclic AMP engages K353 located within the Ras exchange motif (REM) and thus 

promotes a change of the CNBD position, thereby promoting EPAC1 activation. 

Although the positions of the purine and the meta-xylyl ring of I942 in the binding site 

are presumably coplanar, this kind of polar interaction is not possible for I942. It might, 

however, exploit a range of hydrophobic interactions unavailable to cyclic AMP. It was 

suggested that the naphthyloxy group of I942 occupies a heavily hydrophobic channel on 

the opposite side of the protein and interacts with three residues within the REM domain, 

namely L357, A361 and E360, which supposedly leads to stabilization of the active 

conformation of EPAC1. This would explain the partial agonism of I942 despite its 

inability to engage K353. Out of the three key REM amino acids, only E360 is present in 

EPAC2, while the leucine and alanine are replaced by hydrophilic histidine and threonine. 

The authors of the model suggested these differences as a possible explanation for the 

isoform selectivity of I942 [101]. 
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Figure 3-1. The first non-cyclic nucleotide EPAC1-selective activator, I942. A) Chemical structure of 
I942. B) Binding model of I942 to EPAC1 proposed by Barker et al. [101]. 

 

 

 

 

Figure 3-2. 8-NBD-cAMP. A fluorescent cyclic AMP analogue used in high-throughput screening assays. 
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3.2 Objectives 

This chapter intends to address the need for drug-like, isoform-selective EPAC1 

activators. I942, which represents the first non-cyclic nucleotide EPAC1 regulator with 

agonist activity, has a disadvantage of a limited binding affinity. By introducing a range 

of structural modifications to the I942 molecule, we hope to improve the binding affinity 

and develop a novel class of N-acylsulphonamide EPAC1 ligands. 

 

We aim to: 

• Use the modified 8-NBD-cAMP competition binding assay developed by Parnell 

et al. [177] to identify novel I942 analogues that interact with the CNBD of 

EPAC1. 

• Identify structural modifications of I942 that increase binding affinity to EPAC1. 

• Perform orthogonal cell-based screen to identify cell-permeable compounds with 

potential agonist properties. 

• Test lead compounds’ effects on protein stability in vitro. 
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3.3 Materials and Methods 

All materials and methods used in this chapter were described in detail in Chapter 2. 

 

3.3.1 Expression and Purification of GST-EPAC1-CNBD 

Recombinant GST-EPAC1-CNBD (amino acids 169-318) was produced in the BL21 E. 

coli expression system transformed with a pGEX-6P-1 plasmid (Appendix A, Figure I), 

which expresses GST-fusion proteins. Transcription of any target gene cloned into the 

pGEX-6P-1 vector is under the control of tac promoter, which is, in turn, controlled by a 

lac operator. Under standard culture conditions, the lac repressor is bound to the lac 

operator, inhibiting transcription of GST-fusion proteins from the plasmid. Transcription 

can be induced by the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to the 

culture of transformed bacteria. IPTG mimics a natural inducer, allolactose, but has the 

advantage of being non-hydrolysable. Upon binding the IPTG molecule, the lac repressor 

dissociates from the lac operator allowing transcription of GST-fusion proteins to be 

initiated. 

Recombinant GST-EPAC1-CNBD (169-318) cloned into a pGEX-6P-1 vector (from 

Dundee Cell Products, Dundee, UK) was transformed into E. coli One Shot BL21 Star 

(DE3) (Invitrogen, Carlsbad, USA), following manufacturer’s protocol. Protein 

expression was induced with IPTG and followed by the affinity purification of GST 

fusion protein. Protein concentration was measured using a NanoDrop 2000/2000c 

(Thermo Scientific, Waltham, USA). Protein samples collected in critical stages of the 

process were separated on 10% (v/v) polyacrylamide gels (SDS-PAGE) and visualised 

using PageBlue Protein Staining Solution (Thermo Scientific, Waltham, USA), according 

to the manufacturer’s protocol. 

 

3.3.2 8-NBD-cAMP Competition Binding Assay 

The 8-NBD-cAMP competition binding assay was used to identify EPAC binders in the 

library of I942 analogues. It detects changes in relative fluorescence intensity caused by 

the displacement of the fluorescent probe, 8-NBD-cAMP, from the cyclic AMP binding 

sites of EPAC proteins by unlabelled ligands (e.g., cyclic AMP or test molecules). The 



 

 77 

presented method is based on the previously described high-throughput screening 

approach using recombinant GST-EPAC1-CNBD [177]. 

 

3.3.2.1 Assay Quality Assessment 

First, the reproducibility and quality of the assay were assessed. In black, 96-well plates, 

samples corresponding to the maximum signal (control) and the minimum signal 

(background) were prepared by mixing combinations of GST-EPAC1-CNBD, cyclic 

AMP, diluent (dimethyl sulfoxide, DMSO) and 8-NBD-cAMP at the final concentrations 

indicated in Table 3-1. Plates were incubated for 4 hours at room temperature, protected 

from light. Fluorescence intensity was then measured at excitation/emission (ex/em) 

wavelengths of 485/520 nm. Experiments were repeated three times, on three separate 

days using different plates each time. The following statistical parameters were then 

calculated: means, standard deviations (SD), standard errors of the mean (SEM), 

coefficients of variation (%CV, Equation 1), signal to background ratio (S/B, Equation 

2), signal to noise ratio (S/N, Equation 3) and Z’-factor (Z’, Equation 4). 

%𝐶𝑉 =
𝑆𝐷

𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙 	 ∗ 	100% 

Equation 1. Coefficient of variation (%CV) 

𝑆 𝐵⁄ =
𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙!"#$%"&

𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙'()*+%",#-
 

Equation 2. Signal to background ratio (S/B) 

𝑆 𝑁⁄ =
𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙!"#$%"&	 − 𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙'()*+%",#-

𝑆𝐷'()*+%",#-
 

Equation 3. Signal to noise ratio (S/N) 

𝑍. = 1 −
3	 ∗ 	(𝑆𝐷!"#$%"& + 𝑆𝐷'()*+%",#-)

𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙!"#$%"& −𝑀𝑒𝑎𝑛	𝑆𝑖𝑔𝑛𝑎𝑙'()*+%",#-
 

Equation 4. Z'-factor (Z') 
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3.3.2.2 Screen of I942 Analogues 

I942 analogues were provided by Professor Jia Zhou, from the University of Texas 

Medical Branch, Galveston, USA. First, to test if they display intrinsic fluorescence at 8-

NBD-cAMP competition binding assay wavelengths, compound stock solutions were 

diluted with ultra-pure water to a concentration of 50 µM, in black, 96-well plates. 

Fluorescence intensity was then measured at ex/em wavelengths of 485/520 nm. For the 

screening experiments, GST-EPAC1-CNBD, test compounds, diluent (DMSO), cyclic 

AMP and 8-NBD-cAMP were combined at the final concentrations indicated in Table 3-

1 in black, 96-well plates and incubated in the dark for 4 hours, followed by fluorescence 

reading at 485/520 nm ex/em wavelengths. 

To analyse obtained data, the background signal was first subtracted from raw 

fluorescence intensities. Subsequently, the relative fluorescence (RF) was calculated, so 

that each data point represents the percentage of the maximum, control signal (Equation 

5). Means and standard errors of the mean (SEM) were then calculated using RF values 

from three independent experiments. 

Table 3-1. Compositions of maximum signal (control), minimum signal (background) and compound 
samples for 8-NBD-cAMP competition binding assay quality assessment and screening. 

 Control Background I942 and analogues 

GST-EPAC1-CNBD 0.8 μM 0.8 μM 0.8 μM 
Compound - - 10 μM 

DMSO 1% (v/v) 1% (v/v)* 1% (v/v)* 
Cyclic AMP - 500 μM - 

8-NBD-cAMP 62.5 nM 62.5 nM 62.5 nM 
 
* DMSO was used as a solvent for cyclic AMP and compound stock solutions 

 

 

𝑅𝐹 =	
(𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑	𝑆𝑖𝑔𝑛𝑎𝑙 − 	𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑆𝑖𝑔𝑛𝑎𝑙)

𝐶𝑜𝑛𝑡𝑟𝑜𝑙	𝑆𝑖𝑔𝑛𝑎𝑙 	 ∗ 	100% 

Equation 5. Relative fluorescence (RF) 
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3.3.3 Immunoprecipitation of Active EPAC1 

The structure, mechanism of activation and conformational changes of EPAC proteins 

were discussed in detail in Chapter 1. In general, EPAC proteins display catalytic activity 

towards the downstream effectors, Rap proteins, when cyclic AMP is bound to the 

CNBD. In the absence of cyclic AMP, EPAC exists in an auto-inhibited state, where the 

CNBD creates a steric hindrance that blocks access to the catalytic site [52], [66]. Upon 

cyclic AMP binding, significant conformational changes are induced, whereby the CNBD 

changes its position and thus enables Rap proteins to interact with the catalytic site [73]. 

In 2006, Zhao et al. [276] developed an anti-EPAC1 antibody, suitable for 

immunoprecipitation (IP), and reported that it was capable of binding selectively to the 

active conformation of EPAC1. In the presence of cyclic AMP, which induces the 

conformational change in the EPAC1 molecule, levels of immunoprecipitated EPAC1 

significantly increase. They concluded that the epitope recognised by EPAC1 (5D3) 

mouse monoclonal antibody (mAb) lies within the CNBD, in a region that is not 

accessible when EPAC1 is in an inactive, auto-inhibited state. We therefore used this 

antibody to detect the potential of I942 and selected analogues to interact with cellular 

EPAC1 and alter its conformation. 

HEK-293T cells stably transfected with EPAC1 were cultured in 6-well plates under 

standard culturing conditions (see: 2.2.4 Mammalian Cell Culture). For compound 

testing, cells were treated for 30 minutes with either vehicle (DMSO), 50 µM of 007 (as 

a positive control) or 100 µM of test compounds. Active EPAC1 was then 

immunoprecipitated from cell lysates using EPAC1 (5D3) mouse mAb (Cell Signaling 

Technology, Danvers, USA) immobilized on protein G magnetic beads. IP samples were 

prepared by resuspending the beads in 60 µl of 1x SDS Sample Loading Buffer (see: 2.1 

Materials) and denaturing for 5 minutes at 95 °C. Samples were then separated on 10% 

(v/v) polyacrylamide gels, transferred to nitrocellulose membranes and immunoblotted 

with the anti-EPAC1 (5D3) mouse mAb. Blots were developed using SuperSignal West 

Pico PLUS Chemiluminescent Substrate (Thermo Scientific, Waltham, USA). Signal 

intensities were quantified densitometrically. 
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3.3.4 Thermal Shift Assays 

Thermal shift assay (TSA) enables the analysis of protein stability and protein-ligand 

interaction by monitoring thermal denaturation of this protein in the presence of an 

environmentally sensitive fluorescent dye [277], such as SYPRO Orange (Thermo 

Scientific, Waltham, USA). A typical protein melt curve is presented in Figure 3-3A, left 

panel. SYPRO Orange dye is fluorescent when bound to hydrophobic surfaces. Since 

natively folded proteins have most of their hydrophobic parts hidden, the signal of the 

dye at low temperatures is minimal. Increasing the temperature leads to unfolding and 

denaturation of the protein, exposing the hydrophobic regions. This results in enhanced 

SYPRO Orange binding and, in consequence, a substantial increase in fluorescence 

intensity. TSA was used to confirm interactions observed in the 8-NBD-cAMP 

competition binding assay screen and to detect any potential destabilising or denaturing 

properties of identified lead compounds. The method was adapted from Huynh et al. 

[278]. 

Recombinant GST-EPAC1-CNBD, test ligand dilutions, and SYPRO Orange dye 

(Thermo Scientific, Waltham, USA), were combined in a PCR-compatible microplate at 

the final concentrations indicated in Table 3-2. Vehicle controls were included to account 

for the potential effects of the compound solvent, DMSO. Prepared plates were stored 

overnight at 4 °C, protected from light. To obtain protein melt curves, plates were 

subsequently subjected to a standard temperature gradient programme using a real-time 

PCR machine (Applied Biosystems StepOnePlus Real-time PCR Instrument, Thermo 

Scientific, Waltham, USA). The applied temperature range was 11 – 80 °C, ramping up 

in 0.5 °C increments, with a 30-second hold at each temperature. Changes in fluorescence 

of SYPRO Orange dye were detected using a filter set for a ROX reporter dye (ex/em 

maxima 580/621 nm) 

Melting temperature (Tm), a temperature at which 50% of the protein population is 

unfolded, is usually calculated from generated melt curves by fitting a selected range of 

acquired data to a Boltzmann equation [278]. A problem arises, however, when the 

studied protein does not have a typical thermal denaturation profile characterised by a 

single transition (one Tm value) but displays multiple transitions instead. Examples of 

one- and two-transition melt curves are presented in Figure 3-3 below. An alternative 

method that allows for obtaining multiple Tm values is plotting a first derivative of the 

fluorescent signals as a function of temperature and then identifying extrema, which is 
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also shown in Figure 3-3. Since the thermal denaturation profile of recombinant GST-

EPAC1-CNBD is characterised by two transitions, Tm values were calculated using the 

first derivative approach. 

Table 3-2. Sample compositions for thermal shift assay. A series of six 1:2 dilutions was prepared for each 
treatment. 

 Vehicle Control Ligand Samples 

GST-EPAC1-CNBD 2 μM 2 μM 
Series of 1:2 ligand dilutions - 3.1 - 100 μM* 

Series of 1:2 DMSO 
dilutions 0.0006 – 0.02 % (v/v) - 

SYPRO Orange dye 10x 10x 
 
* DMSO was used as a solvent for ligand stock solutions 
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Figure 3-3. One-transition (A) and two-transition (B) protein melt curves. Obtaining Tm values by 
fitting data to a Boltzmann equation (left panels, red fitted curves) is suitable only for proteins with 
standard, single-transition thermal denaturation profiles, while the first derivative method (right panels) can 
be used for multiple-transition protein melt curves as well. 
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3.4 Results 

3.4.1 Expression and Purification of GST-EPAC1-CNBD 

To screen I942 analogues for binding to EPAC1, it was necessary to produce the isolated 

EPAC1 CNBD. It has previously been demonstrated that the CNBD of EPAC1 interacts 

with 8-NBD-cAMP and that this interaction results in a significant increase in the 

fluorescence of bound 8-NBD-cAMP [177], [275]. Parnell et al. [177] also demonstrated 

that the GST protein tag does not interfere with the assay, as no increase in 8-NBD-cAMP 

fluorescence is observed in the presence of the GST tag. The removal of GST tags was 

therefore deemed unnecessary, and EPAC1 CNBD was expressed and purified as a 

chimeric GST-fusion protein. 

Figure 3-4 shows the different stages involved in the expression and purification of GST-

EPAC1-CNBD. Staining of the SDS-PAGE gel in the figure was performed using 

PageBlue Protein Staining Solution (Thermo Scientific, Waltham, USA), which is a very 

sensitive dye that can detect protein at levels as low as 5 ng. A strong protein band of 

approximately 40 kDa, corresponding to the predicted molecular weight of EPAC1 

CNBD, appears following induction with IPTG (lane 3), which demonstrates that the 

induction step was highly efficient. The same band is also observed in the soluble fraction 

(lane 4) and in purified protein samples before (lane 5) and after dialysis (lane 6), which 

confirms successful affinity purification of the GST-fusion protein, as well as protein 

stability. The final yield of pure GST-EPAC1-CNBD was 7.6 mg per 1 l of bacterial 

culture. 
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Figure 3-4. Expression and purification of recombinant GST-EPAC1-CNBD. Protein samples from 
each stage of purification were separated on a 10% (w/v) polyacrylamide gel (SDS-PAGE) and visualised 
using PageBlue Protein Staining Solution. Lane 6 contains the final purified, GST-fusion protein product. 
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3.4.2 Quality Assessment of the 8-NBD-cAMP Competition Binding Assay  

Having purified the recombinant GST-EPAC1-CNBD, it was next used to test the 

suitability of the 8-NBD-cAMP competition binding assay, developed by Parnell et al. 

[177], for I942 analogues screening. Although this assay was previously validated and 

met all the requirements for a high-throughput screening method [177], [279], the quality 

assessment was carried out here to test if it was reproducible and met the previously set 

acceptance criteria (Table 3-3) under different laboratory conditions. For this, the 

minimum (background) signal and maximum (control) signal measurements were 

repeated in triplicates, on three separate days using different plates each time (Figure 3-

5). The means, standard deviations (SD) and parameters commonly used to evaluate HTS 

assay quality: coefficients of variation (%CV), signal to background ratios (S/B), signal 

to noise ratio (S/N) and Z’-factors (Z’), were calculated for each plate and presented in 

Table 3-4. Equations used to calculate these parameters were detailed in the Materials 

and Methods section of this chapter. 

The advantage of %CV over SD, which is an absolute value, is that it describes the 

variation of the sample relative to the produced signal. %CV values of the minimum and 

the maximum signal can therefore be directly compared. Calculated %CV values ranged 

from 0.88% to 7.40% (Table 3-4). Since these values are well below 20%, they meet the 

acceptance criteria set for this assay. 

S/B describes the signal strength and is a common measure of assay performance, but not 

entirely reliable, since it does not take into account data variability [280]. The values 

obtained were slightly below the threshold S/B of ≥ 3 and represent a minimum of 2.61 

for Plate 1 and a maximum of 2.92 for Plate 2 (Table 3-4). 

S/N indicates how confident one can be that the measured signal is real and not just a 

product of the background noise. Contrary to S/B, it does take into account the variability 

of the background signal, but not the variability of the control signal. S/N was not 

included in the initial assay validation, but the usually accepted threshold is S/N ≥ 10 

[281]. All calculated S/N values were found to be above this threshold and ranged from 

28.09 to 101.71 (Table 3-4). 

Concerns over the reliability of S/B and S/N parameters led Zhang et al. [280] to propose 

an alternative statistical parameter, namely the Z’-factor, which is now the most widely 

used assay quality indicator, particularly for HTS. It is a dimensionless characteristic, 
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which takes into account the variability of both background and control signals, as well 

as the dynamic range of an assay. Possible Z’ values range from -1 to 1. Z’ = 1 indicates 

a perfect assay, with either no variation at all or an infinite dynamic range, 1 > Z’ ≥ 0.5 

indicates an excellent assay, 0.5 > Z’ > 0 a marginal assay and Z’ < 0 means that minimum 

and maximum signals overlap, and screening is impossible. Calculated Z’ values for the 

8-NBD-cAMP competition assay carried out here were either above or just slightly under 

the previously set threshold of Z’ ≥ 0.6, with the lowest value being 0.56 (for Plate 2) and 

the highest value being 0.93 (for Plate 3). It should be noted that this acceptance criterion 

is exceptionally stringent, as the widely accepted Z’-factor threshold is Z’ ≥ 0.5 [280] or 

even Z’ ≥ 0.4 according to some sources [282], [283]. 

The calculated statistical parameters characterizing the 8-NBD-cAMP competition 

binding assay were deemed to be satisfactory, except for the S/B ratio, which was 

consistently slightly below the set threshold of S/B ≥ 3. However, in the subsequent 

screening approach employed here, the data was collected from three separate 

experiments and the results were then analysed not as raw data, but as values relative to 

the respective positive control in each experiment. The discussed acceptance criteria 

presented here are usually requirements for carrying out effective HTS, where data is 

often collected from single-point screening experiments. Moreover, the difference 

between the maximum (control) signal and the background signal was statistically 

significant in all experiments (Figure 3-5). Bearing that in mind, the obtained S/B values 

from the quality assessment carried out here were considered to be acceptable.
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Figure 3-5. Quality assessment of the 8-NBD-cAMP competition binding assay: inter-plate variation. 
The concentrations of GST-EPAC1-CNBD and 8-NBD-cAMP used were 0.8 μM and 62.5 nM, 
respectively. The fluorescence signal produced by 8-NBD-cyclic AMP bound to GST-EPAC1-CNBD (dark 
bars) was found to be reduced by the addition of excess unlabelled ligand (500 μM cyclic AMP; light bars). 
Plate 1, Plate 2, and Plate 3 datasets were obtained from 3 independent experiments. The data are presented 
as means ± SD, n = 3. Significant inhibition of fluorescence by the addition of cyclic AMP is indicated, 
*** p ≤ 0.001 and **** p ≤ 0.0001 (unpaired t-tests). 

 

Table 3-3. Acceptance criteria for 8-NBD-cAMP competition binding assay validation [279]. 

Parameter Previously set thresholds for this assay 
[279] 

%CV ≤ 20% 
S/B ≥ 3 
Z’ ≥ 0.6 

 
%CV - coefficient of variation, S/B – signal to background ratio, Z’ – Z’-factor 

 

Table 3-4. Statistical parameters obtained from the quality assessment of the 8-NBD-cAMP competition 
binding assay (Figure 3-5). 

 Plate 1 Plate 2 Plate 3 
 Background Control Background Control Background Control 

Mean Signal 1885 4923 1667 4863 1481 4076 
SD 108 307 107 360 26 36 

%CV 5.74% 6.24% 6.40% 7.40% 1.72% 0.88% 
S/B 2.61 2.92 2.75 
S/N 28.09 29.96 101.71 
Z' 0.59 0.56 0.93 

 
SD – standard deviation, %CV - coefficient of variation, S/B – signal to background ratio, S/N – signal to noise ratio, Z’ – Z’-factor 
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3.4.3 Phase 1 Competition Binding Screen of I942 Analogues 

Having determined the reliability of the 8-NBD-cAMP competition binding assay as a 

screening method, we then applied it to identify I942 analogues with improved binding 

characteristics. In the first round of compound screening, 33 novel analogues of I942 

(also referred to as “T” compounds; for structures, please refer to Table 3-5) were 

provided by Professor Jia Zhou, University of Texas Medical Branch, Galveston, USA. 

The 8-NBD-cAMP competition binding assay used for screening is a fluorescence-based 

method. It is therefore necessary to check each compounds’ intrinsic fluorescence at assay 

wavelengths (ex/em 485/520 nm), to confirm their compatibility. Measurements for I942 

and Phase 1 compounds (T1-T33) are presented in Figure 3-6, where their intrinsic 

fluorescence is compared to that of the background (buffer) signal. An acceptance 

threshold of 10,000 arbitrary units (A.U.) was set and compounds exhibiting a higher 

fluorescence were removed from subsequent experiments, as they were likely to interfere 

with the assay. We found that one compound, T3, had to be discarded, while the rest of 

the compounds displayed fluorescence under 10,000 A.U. and were deemed compatible 

with further studies.  

After removing T3 from the screening pool, due to inherent fluorescence at assay 

wavelengths, 32 novel T compounds were screened for binding to GST-EPAC1-CNBD 

using the 8-NBD-cAMP competition binding assay, in comparison with I942. When a 

ligand competes with 8-NBD-cAMP for the cyclic AMP binding site, the fluorescent 

probe is displaced from the hydrophobic environment of the cyclic AMP binding pocket, 

which results in a reduction of the fluorescent signal. We can therefore assume that the 

lower the detected fluorescence, the more effectively the compound competes with 8-

NBD-cAMP and, presumably, the higher its affinity for GST-EPAC1-CNBD. 

Figure 3-7 presents the results of the Phase 1 screen. Data are expressed as relative 

fluorescence (RF) units, which represents the percentage of the maximum, control signal 

(GST-EPAC1-CNBD + 8-NBD-cAMP; see Equation 5 in the Materials and Methods 

section of this chapter). Means were compared using one-way ANOVA with Tukey’s 

post hoc test to determine statistical differences (Appendix A, Table I). Table 3-5 lists the 

structures of all compounds screened in Phase 1 and their respective RF values. 

Compounds with mean RF values lower than I942 were chosen for further testing, namely 

T15, T20 and T21, which are indicated in red in Figure 3-7.
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Figure 3-6. Intrinsic fluorescence of I942 and Phase 1 analogues. I942 and test compounds were 
dissolved in ultra-pure water at a concentration of 50 µM and their intrinsic fluorescence was measured at 
485/520 nm ex/em wavelengths. Compounds exhibiting fluorescence intensity over 10,000 A.U. (threshold 
indicated with a dotted line) were decided to be incompatible with the assay and removed from the 
screening pool (T3). Data presented as means ± SEM, n = 5. 

 

 

 

Figure 3-7. Phase 1 screening of I942 analogues for binding to GST-EPAC1-CNBD. All compounds 
were screened alongside I942 using the fluorescence-based 8-NBD-cAMP competition binding assay, as 
described in the Materials and Methods section. The concentrations of test compounds, GST-EPAC1-
CNBD and 8-NBD-cAMP were 10 μM, 0.8 μM and 62.5 nM, respectively. All assay components were 
mixed in a black, 96-well plate, incubated in the dark for 4 hours, followed by fluorescence reading at 
485/520 nm ex/em wavelengths. Data points marked in red indicate the hits that were selected for further 
analysis. The positive control signal (GST-EPAC1-CNBD + 8-NBD-cAMP) was set at 100%. Results 
presented as means ± SEM, n = 3.
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Table 3-5. Chemical formulae and RF values for I942 analogues from Phase 1 screening. 

ID Formula RF (%) 
Mean ± SEM 

I942 
 

61.22 ± 3.40 

T1 
 

95.31 ± 1.05 

T2 
 

104.18 ± 2.76 

T3 
 

- 

T4 
 

94.87 ± 3.68 

T5 
 

102.32 ± 0.99 

T6 
 

101.53 ± 4.63 

T7 
 

103.60 ± 1.70 

T8 
 

118.74 ± 8.35 

T9 
 

91.71 ± 1.57 

T10 
(I942) 

 

69.71 ± 3.77 

T11 
 

80.78 ± 1.37 

T12 
 

94.25 ± 4.65 

T13 
 

96.78 ± 5.04 

T14 
 

87.75 ± 8.84 

T15 
 

48.62 ± 3.37 

T16 
 

76.72 ± 2.24 

T17 
 

77.48 ± 3.73 

T18 
 

91.97 ± 2.41 
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ID Formula RF (%) 
Mean ± SEM 

T19 
 

104.28 ± 6.75 

T20 
 

22.58 ± 3.75 

T21 
 

38.21 ± 2.45 

T22 
 

69.06 ± 1.71 

T23 
 

81.97 ± 3.74 

T24 
 

80.63 ± 3.87 

T25 
 

82.80 ± 3.17 

T26 
 

105.35 ± 3.03 

T27 
 

108.89 ± 3.20 

T28 
 

102.90 ± 6.69 

T29 
 

115.28 ± 6.31 

T30 
 

102.67 ± 4.03 

T31 
 

61.82 ± 1.61 

T32 
 

105.23 ± 3.97 

T33 
 

104.66 ± 3.11 

 
“-“ indicates that the compound was not tested due to intrinsic fluorescence interfering with the assay  
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3.4.3.1 Structure-Binding Relationships of Phase 1 I942 Analogues 

The structures and RF values of compounds being discussed here are listed in Table 3-5 

above. The obtained RF value for I942 was 61.22%. Compound T10, which was later 

revealed to be I942 as well, but synthesised by our collaborators at the University of Texas 

Medical Branch (Galveston, USA), displayed a comparable RF of 69.71%. The difference 

in RF values between I942 and T10 is not statistically significant (Appendix A, Table I), 

which gave us confidence that the assay was able to discriminate between like and non-

like compounds. When discussing the structure-binding relationship here, the RF of T10 

will be used as a reference, since it was synthesised in the same batch as the other Phase 

1 compounds. 

For the purpose of this chapter, the I942 molecule can be described as having a “West” 

2,4-dimethylphenyl moiety that is separated from an “East” naphthyl group by the N-

acylsulphonamide motif and an ether linker, as shown in Figure 3-8. 

 

 

 

Figure 3-8. Proposed segmentation of the structure of I942. The structure of I942 is shown that has been 
sub-divided into West (2,4-dimethylphenyl), N-acylsulphonamide, linker and East (naphthyl) regions; from 
left to right. The structure-binding analysis revealed that the N-acylsulphonamide moiety (blue) is the 
essential pharmacophore needed for EPAC1 binding and that modifications to West and East I942 regions 
(red and green, respectively) can be introduced to optimise the binding affinity. 
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West modifications of I942. I942/T10 has two methyl substituents in the ortho and para 

positions of its West phenyl ring. An additional methyl group in the ortho position (2,4,6-

trimethylphenyl) introduced into compound T11 slightly weakens the binding to GST-

EPAC1-CNBD while changing both methyl substitution positions to meta (3,5-

dimethylphenyl) in T21, results in significantly improved binding over I942/T10. 

Replacement of the weak electron-donating methyl groups in I942/T10 with stronger 

electron-donating methoxy groups in T20 leads to an even higher increase in binding 

affinity. Compounds T20 (RF = 22.58%) and T21 (RF = 38.21%) were therefore chosen 

for further testing. The effects of electron-withdrawing substituents were also 

investigated. T22, T23 and T24 are I942/T10 analogues with fluorine in the ortho (2-

fluorophenyl), meta (3-fluorophenyl) and para (4-fluorophenyl) positions on the West 

phenyl ring, respectively. Meta and para substitutions (T23 and T24) were found to 

weaken the interaction, but the RF values of the ortho-substituted analogue (T22) and 

I942/T10 are similar. T25 is a further modification of T24, with a strong electron-

withdrawing nitro group in the meta position (3-nitro-4-fluorophenyl) of the West ring. 

This nitro substituent was not found to further decrease binding. In T31, the para-fluorine 

induced reduction in binding was rescued by substitution of the strong electron-donating 

amino group in meta position (3-amino-4-fluorophenyl). 

Modifications to the N-acylsulphonamide region of I942. According to the I942 

binding model proposed by Barker et al. [101], the N-acylsulphonamide motif is essential 

for interaction with EPAC1, as it mimics the phosphate group of the endogenous ligand, 

cyclic AMP. Compounds T26-T30 lack the sulphonyl group and as expected, no binding 

was detected for any of them. Additional modifications in the West region were 

introduced into all these compounds, including substitutions of the phenyl ring with 

electron-withdrawing groups, which might possibly contribute to this effect. However, 

while electron-withdrawing substituents were, indeed, shown to reduce the affinity of 

binding to some extent (for example, in T23, T24 and T25), they did not abolish the 

binding. It can therefore be deduced that removal of the key sulphonyl group most likely 

prevents binding regardless of the modifications in the West region. The outcome of 

removing the carbonyl groups in T32 and T33 was the same as with the removal of the 

sulphonyl group and consistent with the proposed model, that no binding was observed. 

T33 has an additional piperidine moiety modification, which increases steric bulk and 

significantly lowers the acidity of the N-acylsulphonamide proton, further decreasing the 

phosphate-mimicking potential. 
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Modifications to the I942 linker region. Oxygen atoms in T9 and T13 linkers were 

replaced with sulphur and nitrogen, respectively. Both compounds have an additional 

ortho-methyl substituent in the West phenyl ring, which was found to be unfavourable in 

T11. Nevertheless, their binding affinity is further decreased by modifications within the 

linker. 

East modifications of I942. The East region of I942/T10 is composed of beta substituted 

naphthalene. In T12, the naphthalene substitution position was changed from beta to 

alpha. This modification exacerbates the weakening effect of the unfavourable ortho-

methyl substituent in the West phenyl ring, suggesting that the original beta position is 

preferred. Substitution of the naphthyl at position 7 in T15 with an electron-donating 

methoxy group not only rescues the effect of a disadvantageous T11 West modification 

but also improves binding affinity in comparison to I942/T10. With an RF value of 

48.62%, T15 was chosen for further testing. An opposite effect was observed for T19, 

where an electron-withdrawing acetyl group at position 1 of the naphthalene ring 

eliminated binding. Reduction of naphthalene to tetrahydronaphthalene (T16) or 

dihydroquinolin-2(1H)-one (T17) did not affect 8-NBD-cAMP binding but replacing it 

with quinoline (T18) resulted in a reduction in binding affinity. 

Compounds T1-T8 and T14 have a combination of the T11 West modification, various 

linker modifications and replacement of the East naphthalene with different heterocyclic 

rings (T1-T8) or 3-chlorophenyl (T14). Decreased or completely abolished binding was 

observed for all of them. 

The structures of I942 and the three hit compounds, T15, T20 and T21, chosen from Phase 

1 of the screen are shown in Figure 3-9. The most important effects of Phase 1 structure 

modifications on the binding of I942 analogues to GST-EPAC1-CNBD are outlined in 

Table 3-6 below.
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Figure 3-9. Chosen hits from Phase 1 screening. Modifications to the chemical structure of I942 are 
indicated in blue in each analogue. RF values were obtained from three independent experiments and are 
presented as means ± SEM, n = 3.
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Table 3-6. Summary of most important effects of Phase 1 structure modifications. 

West modifications • Substitution of the West phenyl ring with electron-donating 

groups (methoxy, amino) enhanced analogue binding affinity 

(Figure 3-9: T20). 

• Electron-withdrawing substituents (fluorine, nitro group) 

either weakened analogue binding or had no effect. 

• Methyl groups in meta positions are favoured over methyl 

groups in ortho and para positions (Figure 3-9: T21). 

N-acylsulphonamide 

motif modifications 
• The sulphonyl and carbonyl groups of the N-

acylsulphonamide motif are essential for binding to GST-

EPAC1-CNBD. 

Linker modifications • Replacement of the oxygen atom with sulphur or nitrogen 

was found to be unfavourable. 

East modifications • Substitution of the naphthalene ring with an electron-

donating methoxy group at position 7 was found to improve 

binding to GST-EPAC1-CNBD (Figure 3-9: T15). 

• Substitution of the naphthalene ring with an electron-

withdrawing acetyl group at position 1 was not tolerated. 
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3.4.3.2 Interaction of Phase 1 I942 Analogues with Cellular EPAC1 

Three hits from Phase 1 screening, T15, T20 and T21, were subsequently tested in a cell-

based model to assess their ability to cross the cell membrane, interact with cellular 

EPAC1 and alter its conformation. HEK293T cells that had previously been stably 

transfected with EPAC1 (HEK293T-EPAC1 [70]) were treated with test compounds and 

then EPAC1 was immunoprecipitated from cell lysates using an EPAC1 (5D3) mouse 

mAb, which was reported to selectively interact with the active conformation of EPAC1 

[276]. In principle, the more EPAC1 molecules were present in an active conformation 

in cell extracts, the more EPAC1 was effectively immunoprecipitated with the 5D3 mAb. 

Initially, a time-course experiment was performed to establish a suitable incubation time 

for compounds after which an increase in active EPAC1 levels could be detected in cell 

lysates. For this, the EPAC1-selective cyclic AMP analogue, 007 [94], was used as a 

positive control for EPAC1 activation. 007 is known to be a potent orthosteric, 

membrane-permeable, isoform-selective EPAC1 agonist [79], [94]. As shown in Figure 

3-10, there was a robust and sustained increase in the levels of immunoprecipitated 

EPAC1 following 5 minutes of stimulation with 007, which continued for up to 1 hour. 

30-minute time-point was chosen for subsequent experiments. 

HEK293T-EPAC1 cells were next stimulated with test compounds in comparison with 

007 as a positive control (Figure 3-11). Results demonstrated that treatment of cells with 

007, I942 and compound T20 for 30 minutes, led to a significant increase in the levels of 

immunoprecipitated EPAC1 (in comparison to vehicle-treated cells). This suggests that 

007, I942 and T20 were all able to cross the cell membrane and, by interacting with 

EPAC1, promoted a shift in its equilibrium towards the active conformation of the 

protein. Stimulation with T15 and T21 was also observed to increase the level of 

immunoprecipitation of active EPAC1 to some extent, but this was not as consistent as 

with T20, and also not statistically significant. The results presented indicate that T20 is 

very likely to possess agonist activity towards EPAC1, similar to the parent compound, 

I942. It is important to note, that the employed IP assay is not a method of cell 

permeability assessment and that it does not detect all compounds entering the cell, just 

the ones favourably interacting with EPAC1. 
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Figure 3-10. Time course of immunoprecipitation of active EPAC1. HEK293T-EPAC1 cells were 
treated with 50 µM of the recognized EPAC1 agonist, 007, for indicated time points. Active EPAC1 was 
then immunoprecipitated from cell lysates with anti-EPAC1 (5D3) mouse mAb (EPAC1 IP), 
immunoblotted and compared to total EPAC1 levels in cell extracts. 007-induced activation of cellular 
EPAC1 was detected at all selected time points. 

 

 

 

Figure 3-11. The ability of hits from Phase 1 screening to promote the active conformation of cellular 
EPAC1. HEK293T-EPAC1 cells were stimulated for 30 minutes with either vehicle (DMSO), 50 µM 007 
(as a positive control), or 100 µM of test compounds, as indicated. Active EPAC1 was then 
immunoprecipitated from cell lysates with an anti-EPAC1 (5D3) mouse mAb (EPAC1 IP), immunoblotted 
and then compared to total EPAC1 levels in cell extracts. Data obtained from at least three independent 
experiments are presented as means ± SEM. Significant increases in active EPAC1 levels in comparison to 
vehicle-treated cells are indicated, *** p ≤ 0.001, **** p ≤ 0.0001 and ns (not significant; one-way ANOVA 
with Dunnett’s post hoc test). Treatments with I942 and T20 induced a significant increase in the levels of 
active cellular EPAC1.
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3.4.4 Phase 2 Competition Binding Screen of I942 Analogues 

Based on the binding results and structure-activity analysis from Phase 1 of the screen, 

our collaborators from the University of Texas Medical Branch, Galveston, USA, 

synthesised 22 new I942 analogues (T compounds; for structures, please refer to Table 3-

7) and a selection process analogous to Phase 1 screening was then employed. 

The intrinsic fluorescence of Phase 2 I942 analogues (T39-T61) was measured prior to 

screening, to detect compounds that might be incompatible with the 8-NBD-cAMP 

competition binding assay. As before, fluorescence intensity was measured at assay 

wavelengths (ex/em 485/520 nm) and compared to the background (buffer) signal. 

Results are presented in Figure 3-12. One compound, T60, was found to greatly exceeded 

the threshold of 10,000 A.U. and was removed from the screening pool, whereas all other 

compounds displayed fluorescence well within the set limits and were therefore 

compatible with the 8-NBD-cAMP displacement assay. 

After removing T60 from the Phase 2 screening pool due to interfering intrinsic 

fluorescence, 21 novel T compounds were screened for binding to GST-EPAC1-CNBD 

using the 8-NBD-cAMP competition binding assay, alongside the parent compound, 

I942, and the best binder from Phase 1 screening, T20. Results are shown in Figure 3-13. 

Data from the Phase 2 screen are expressed as relative fluorescence (RF) units, which 

represents the percentage of the maximum, control signal (GST-EPAC1-CNBD + 8-

NBD-cAMP; see Equation 5 in the Materials and Methods section of this chapter). Means 

were compared using one-way ANOVA with Tukey’s post hoc test to determine 

statistical differences (Appendix A, Table II). Table 3-7 lists the structures of all 

compounds screened in Phase 2 and their respective RF values. Compounds with mean 

fluorescence signals lower or equal to T20, the principle hit identified in Phase 1 

screening, were chosen for further testing and include T39, T40, T42, T44, T48 and T58 

(Figure 3-13, highlighted in red). The reduction of the fluorescence signal of 8-NBD-

cAMP caused by T20 and all hits from Phase 2 screening was significantly greater than 

the reduction provoked by I942 (Appendix A, Table II), which suggests they are better 

binders.  
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Figure 3-12. Intrinsic fluorescence of Phase 2 analogues. Test compounds were dissolved in ultra-pure 
water at a concentration of 50 µM and their intrinsic fluorescence was measured at 485/520 nm ex/em 
wavelengths. Compounds exhibiting fluorescence intensity over 10,000 A.U. (threshold indicated with a 
dotted line) were decided to be incompatible with the assay and removed from the screening pool (T60). 
Data presented as means ± SEM, n = 5. 

 

 

 

Figure 3-13. Phase 2 screening of I942 analogues for binding to GST-EPAC1-CNBD. All compounds 
were screened alongside I942 using the fluorescence-based 8-NBD-cAMP competition binding assay, as 
described in the Materials and Methods section. The concentrations of test compounds, GST-EPAC1-
CNBD and 8-NBD-cAMP were 10 μM, 0.8 μM and 62.5 nM, respectively. All assay components were 
mixed in a black, 96-well plate, incubated in the dark for 4 hours, followed by fluorescence reading at 
485/520 nm ex/em wavelengths. Data points marked in red indicate the hits that were selected for further 
analysis. The positive control signal (GST-EPAC1-CNBD + 8-NBD-cAMP) was set at 100%. Results 
presented as means ± SEM, n = 3.
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Table 3-7. Chemical formulas and RF values for I942 analogues from Phase 2 screening. 

ID Formula RF (%) 
Mean ± SEM 

I942 
 

60.59 ± 2.55 

T20 
 

27.17 ± 2.88 

T39 
 

23.89 ± 1.72 

T40 
 

13.94 ± 2.77 

T41 
 

53.74 ± 5.91 

T42 
 

7.19 ± 1.23 

T43 
 

48.79 ± 3.65 

T44 
 

22.54 ± 4.07 

T45 
 

71.94 ± 3.80 

T46 
 

50.39 ± 2.70 

T47 
 

58.05 ± 1.64 

T48 
 

28.91 ± 8.14 

T49 
 

96.81 ± 5.44 

T50 
 

93.80 ± 8.51 

T51 
 

97.65 ± 1.66 

T52 
 

88.46 ± 6.41 

T53 

 

35.58 ± 2.74 

T54 
 

39.66 ± 1.38 
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ID Formula RF (%) 
Mean ± SEM 

T55 

 

33.70 ± 4.93 

T56 
 

82.40 ± 3.75 

T57 
 

55.78 ± 5.66 

T58 
 

20.32 ± 3.29 

T59 
 

80.58 ± 8.03 

T60 
 

- 

T61 
 

91.85 ± 7.16 

 
“-“ indicates that the compound was not tested due to intrinsic fluorescence interfering with the assay  
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3.4.4.1 Structure-Binding Relationships of Phase 2 I942 Analogues 

Structures and RF values of compounds from Phase 2 screening are listed in Table 3-7. 

For convenience in discussing the structure-binding relationship, the I942 molecule can 

be divided into West (2,4-dimethylphenyl moiety), N-acylsulphonamide, linker and East 

(naphthyl group) sub-domains, as described previously in Figure 3-8. Compounds will be 

compared to I942 as well as to the hits from Phase 1 screening (Figure 3-9). 

West modifications of I942. As already discussed in 3.4.3 Phase 1 Competition Binding 

Screen of I942 Analogues, replacing methyl groups in the I942 West phenyl ring with 

stronger electron-donating methoxy groups was shown to significantly improve binding. 

A compound with this modification (2,4-dimethoxyphenyl moiety), T20, turned out to be 

the best binder from Phase 1 screening. In Phase 2 screening, the importance of methoxy 

group location was investigated. A substantial decrease in binding affinity was observed 

for compounds with different methoxy substitution positions, for example, T45 (2,5-

dimethoxyphenyl) and T46 (3,4-dimethoxyphenyl), in comparison to T20. Changing the 

substitution position of I942 methyl groups from ortho and para to meta, as in T21 (3,5-

dimethylphenyl), was found to be favourable, so a series of compounds with different 

substituents in meta positions was synthesised, namely T47, T53, T54, T55, T57 and T58. 

Replacement of one methyl group with electron-withdrawing bromine resulted in 

decreased binding, which is consistent with previous observations regarding halogen 

substitutions of the West phenyl ring. In T53, T54 and T55, methyl groups were replaced 

with 5-fluoropyridin-3-yl, furan-2-yl and 1-methyl-1H-pyrazol-5-yl substituents, 

respectively. While no apparent improvement in binding was detected, it is interesting to 

see that their RF values were roughly comparable to the RF value for T21, which shows 

that increased steric bulk in the West region is tolerated. Compounds T57 and T58 have 

a pyridine with a trifluoromethyl substituent linked to the West phenyl ring with an amino 

group, and the only difference between them is the position of the trifluoromethyl group 

in the pyridine ring, at the position 3 in T57, and at the position 5 in T58. Surprisingly, 

their binding properties are very different. The RF value for T57 is similar to I942, while 

T58 has an RF value of 20.32%, which makes it a significantly better binder than I942. 

T58 was therefore chosen for further testing. The binding affinity of T59, where the West 

phenyl ring is substituted with fluorine in the meta position and a nitro group in para 

position (3-fluoro-4-nitrophenyl), was decreased compared to I942, which is in 

accordance with previously observed lower tolerance for electron-withdrawing groups. 
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Modifications to the N-acylsulphonamide region of I942. In T56, one hydrogen atom 

of the methylene group was replaced with fluorine, in addition to an unfavourable T11 

West modification (see: 3.4.3 Phase 1 Competition Binding Screen of I942 Analogues). 

Sulphonyl and carbonyl groups, which were proven to be crucial for binding to GST-

EPAC1-CNBD, were left intact. Here, binding was not completely inhibited, suggesting 

that this kind of modification to the N-acylsulphonamide region might be tolerated. T61 

has a sulphonyl group removed from the N-acylsulphonamide motif, which was 

previously shown to completely abolish binding. Interestingly, a sulphonamide group was 

introduced into the West phenyl ring, in the para position, alongside a meta-methoxy 

group. The RF value of 91.58% suggests that some residual binding activity might have 

been maintained in the case of T61. 

Modifications to the linker region of I942. Changes in the linker region were introduced 

in compounds T49-T52 and T61, alongside a range of West, East and N-

acylsulphonamide motif modifications. All these compounds showed a strong, 

statistically significant decrease in binding affinity. 

East + West modifications of I942. Substitution of an electron-donating methoxy group 

at position 7 of the naphthalene ring, which was found to be advantageous in compound 

T15 in Phase 1 screening, was introduced into compounds T39-T44 and T48. The same 

effect was observed in Phase 2 screening, with all compounds bearing the 7-methoxy 

modification demonstrating improved binding to GST-EPAC1-CNBD, when compared 

to I942, and, except T41 and T43, this was found to be a statistically significant effect for 

them all. Moreover, compounds T39, T40, T42, T44 and T48 had RF values lower than 

the best binder from the Phase 1 screen, T20, and were therefore chosen for further 

analysis. In addition to the 7-methoxy substituent in the East, all aforementioned 

compounds were modified in the West region as well. T39, which had 2-methoxy and 4-

nitro substituent in the West phenyl ring, was a very good binder with an RF value of 

23.89%. However, the replacement of a strong electron-withdrawing nitro group with a 

strong electron-donating amino group, as seen in T42, resulted in an RF value of 7.19%, 

which makes T42 the best binder in the T series. This further confirms the conclusion 

from the Phase 1 screen, that electron-donating substituents on the West ring are preferred 

over electron-withdrawing groups. T40 is an interesting case, where the West phenyl ring 

was replaced with a ß-naphthyl group. The RF value of 13.94% here shows that not only 

was the increased steric bulk in the West region tolerated, but also resulted in improved 

binding affinity. Compounds T41, T43, T44 and T48 all have West region modifications, 
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which turned out to weaken the binding to GST-EPAC1-CNBD, either with electron-

withdrawing halogen substituents (T41 and T48) or unfavourable methoxy group 

substitution positions (T43 and T44). Introducing a 7-methoxy substituent in the East 

naphthyl ring rescues these disadvantageous effects to some extent, which is especially 

pronounced in T44 (RF = 22.54%) and T48 (RF = 28.91%), which still display high 

binding affinity and were therefore qualified as hits. 

The six compounds identified from phase 2 screening, T39, T40, T42, T44, T48 and T58, 

as effective binders to GST-EPAC1-CNBD are shown in Figure 3-14, along with the 

structure of I942. To summarize, the most important effects of the Phase 2 structure 

modifications on the binding of I942 analogues to GST-EPAC1-CNBD are outlined in 

Table 3-8. 
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Figure 3-14. Chosen hits from Phase 2 screening. Modifications to the chemical structure of I942 are 
indicated in blue in each analogue. RF values were obtained from three independent experiments and are 
presented as means ± SEM.
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Table 3-8. Summary of most important effects of Phase 2 structure modifications. 

West modifications • Substitution positions of methoxy groups on the phenyl ring 

are important for binding to GST-EPAC1-CNBD (original 

2,4-positions were found to be preferred over 2,5- and 3,4-

positions). 

• Preference for electron-donating substituents over electron-

withdrawing substituents was further confirmed (Figure 

3-14: T39 versus T42). 

• Binding was significantly improved by the replacement of 

the West phenyl ring with a ß-naphthyl group (Figure 3-14: 

T40). 

• Increased steric bulk, in the form of various aromatic 

heterocyclic substituents at the meta position, was tolerated. 

What is more, substitution with a 5-(trifluoromethyl)pyridin-

2-yl)amino moiety (Figure 3-14: T58) was observed to 

significantly increase binding affinity. 

East modifications • Substitution of electron-donating methoxy group in position 

7 of the East naphthyl ring was found to consistently 

contribute to substantial improvement in binding to GST-

EPAC1-CNBD (Figure 3-14: T39, T40, T42, T44, T48). 
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3.4.4.2 Interaction of Phase 2 I942 Analogues with Cellular EPAC1 

Six hit compounds identified in the Phase 2 screening (T39, T40, T42, T44, T48 and T58) 

were next tested for their ability to promote a shift of cellular EPAC1 towards the active 

conformation using active EPAC1 immunoprecipitation from HEK293T-EPAC1 cells, as 

previously described. For these experiments, T20, which had already been shown to 

enhance active EPAC1 immunoprecipitation (Figure 3-11), was included as a reference. 

HEK293T-EPAC1 cells were treated with test compounds and then active EPAC1 was 

immunoprecipitated from cell lysates using the mouse EPAC1 (5D3) conformation-

selective mAb. 

Results of cell stimulations with test compounds are presented in Figure 3-15 and 

demonstrate that treatment with 007 (positive control) and T20, but also with two new 

I942 analogues, T40 and T42, promoted a significant increase in the level of 

immunoprecipitated, active EPAC1 (in comparison to vehicle-treated cells). The level of 

EPAC1 activation promoted by T20, T40 and T42 was roughly comparable. This suggests 

that 007, T20, T40 and T42 were all able to cross the cell membrane and by interacting 

with EPAC1, promote its active conformation. The results presented indicate that T20, 

T40 and T42 are very likely to possess agonist activity towards EPAC1, similar to the 

parent compound, I942.
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Figure 3-15. The ability of hits from Phase 2 screening to promote the active conformation of cellular 
EPAC1. HEK293T-EPAC1 were stimulated for 30 minutes with either vehicle (DMSO), 50 µM 007 (as a 
positive control), or 100 µM of test compounds, as indicated. Active EPAC1 was then immunoprecipitated 
from cell lysates with an anti-EPAC1 (5D3) mouse mAb (EPAC1 IP), immunoblotted and then compared 
to total EPAC1 levels in cell extracts. Data obtained from at least three independent experiments are 
presented as means ± SEM. Significant increases in active EPAC1 levels in comparison to vehicle-treated 
cells are indicated, ** p < 0.05, *** p ≤ 0.001, **** p ≤ 0.0001 and ns (not significant; one-way ANOVA 
with Dunnett’s post hoc test). Treatments with 007, T20, T40 and T42 induced a significant increase in the 
levels of active cellular EPAC1.
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3.4.5 Effects of Identified Lead Ligands on Protein Stability 

A report published in 2013 demonstrated that the EPAC antagonist ESI-09 [97] has non-

specific protein denaturing properties at 100 µM and 50 µM concentrations, which, 

according to the authors, are solely responsible for the compound’s apparent inhibitory 

effects on EPAC [134].  A subsequent detailed analysis by Zhu et al. [135] disputed this 

claim and showed that at concentrations below 25 µM, which are sufficient to exert 

pharmacological activity, ESI-09 does act as a competitive inhibitor, interacting 

specifically with EPAC and non-denaturing. Nevertheless, possible nonspecific 

interactions and associated protein-destabilising properties of certain compounds can lead 

to false-positive hits in screening studies. To address this concern, we tested I942 and the 

identified lead analogues, T20, T40 and T42, in terms of their effects on protein stability, 

using the thermal shift assay (TSA) [278]. TSA monitors the thermal denaturation of a 

protein in the presence of a potential ligand and an environmentally sensitive fluorescent 

dye, such as SYPRO Orange. Rising temperature leads to protein unfolding and exposure 

of hydrophobic regions that SYPRO Orange can bind to, promoting an increase in 

fluorescence signal [278]. The resulting melt curves provide information on ligand 

binding, which usually stabilises the protein and shifts the melting temperature (Tm) 

towards higher values, but also on potential destabilising properties of the compound. At 

low temperatures, proteins should be natively folded, which is accompanied by a minimal 

SYPRO Orange signal. If high fluorescence values are observed instead, it means that the 

test compound might be denaturing. 

Recombinant GST-EPAC1-CNBD protein, test ligand dilution series, and SYPRO 

Orange dye, were combined in a PCR-compatible microplate. Cyclic AMP was also used 

in addition to the test EPAC ligands, as a protein-binding and protein-stabilising control, 

while ESI-09 was employed as a protein-denaturing control. Vehicle controls were 

included as well to account for potential effects of the solvent, DMSO. Plates were 

incubated overnight at 4 °C and subsequently subjected to a standard temperature gradient 

programme using a real-time PCR machine, with a temperature range of 11 – 80 °C, and 

changes in fluorescence of SYPRO Orange dye were detected. Protein melt curves and 

respective first derivative transformations are presented in Figure 3-16 (vehicle, cyclic 

AMP and ESI-09 controls) and Figure 3-17 (I942 and selected lead analogues). Tms for 

GST-EPAC1-CNBD in the presence of each ligand concentration were obtained by 

identifying function minima in the first derivative plots, as described in the Materials and 

Methods section of this chapter. Since the recombinant protein we used yields a double-
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transition thermal denaturation profile, two Tm values can be identified: Tm1 (lower) and 

Tm2 (higher). We will, however, focus on Tm1, which noticeably changes in response to 

ligand binding. Tm1 values for the highest and lowest ligand concentrations are listed and 

compared in Table 3-9 and Table 3-10, respectively. Tm1 values for intermediate 

concentrations are listed in Appendix A, Tables III-VI. 

As shown in Figure 3-16, cyclic AMP causes a dose-dependent shift in GST-EPAC1-

CNBD Tm towards higher values, which means it increases the thermal stability of the 

protein by binding to it specifically, as expected. At the same time, high concentrations 

of ESI-09 (100 µM, and to a lesser extent, 50 µM) were found to distort the shape of the 

melt curve and induce protein unfolding at low temperatures, which is manifested by high 

fluorescence signal in this region, confirming the denaturing properties of this EPAC 

inhibitor. Thermal profiles of I942 and T analogues in Figure 3-17 retain correct shapes 

and low fluorescence at low temperatures, demonstrating that none of the compounds 

negatively affects the stability of GST-EPAC1-CNBD. All test compounds induce a dose-

dependent increase in the Tm value, in the pattern resembling the stabilising effect of the 

endogenous ligand, cyclic AMP. This provides additional confirmation of the protein-

ligand interaction observed in the 8-NBD-cAMP competition binding assay. A ligand-

mediated change in Tm (∆Tm) can be interpreted as a binding affinity [284]. All 

discussed Tm values were compared using one-way ANOVA with Tukey’s post hoc test 

to detect statistically significant differences. As shown in Table 3-9, at 100 µM 

concentration I942 shifts the Tm of GST-EPAC1-CNBD up by 6.3 °C (in comparison to 

vehicle), which is comparable to the effect of 100 µM cyclic AMP. Consistent with the 

8-NBD-cAMP assay binding data, T20, T40 and T42 are characterised by improved 

binding affinity, as 100 µM concentrations of these compounds induce ∆Tm of 9 °C, 9.1 

°C and 10.5 °C, respectively. Moreover, unlike cyclic AMP and I942, selected T 

analogues are also capable of promoting a statistically significant Tm shift at the lowest, 

3.125 µM concentration, further confirming the observed affinity enhancement (Table 3-

10). 
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Figure 3-16. Thermal shift assay controls. A series of six 1:2 dilutions of cyclic AMP and ESI-09 (3.125 
– 100 µM range), as well as respective vehicle concentrations, were prepared and combined with 2 µM 
GST-EPAC1-CNBD and 10x SYPRO Orange dye, in a PCR-compatible microplate. Cyclic AMP was used 
as a protein-binding and protein-stabilising control, while ESI-09 was employed as a protein-denaturing 
control. Plates were incubated overnight at 4 °C, and subsequently subjected to a standard temperature 
gradient programme using a real-time PCR machine, with a temperature range of 11 – 80 °C, ramping up 
in 0.5 °C increments, and a 30-second hold at each temperature, and changes in fluorescence of SYPRO 
Orange were monitored. A 20 – 70 °C range is shown in the graphs above. The data presented represents 
an average of three independent experiments. Standard protein melt curve plots are located on the left, and 
the first derivative transformed data, used to obtain Tm values, is plotted on the right. A shift of the protein 
melt curve towards higher temperature values indicates ligand binding and protein stabilisation (cyclic 
AMP), while an initial high fluorescence signal at low temperatures indicates protein denaturation (ESI-
09). Obtained Tm values are listed and compared in Table 3-9 (100 µM ligand concentrations) Table 3-10 
(3.125 µM ligand concentration), and Appendix A, Tables III – VI (intermediate concentrations). 
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Figure 3-17. Thermal shift profiles of I942 and lead T compounds. A series of six 1:2 dilutions of 
selected EPAC1 ligands (3.125 – 100 µM range) were prepared and combined with 2 µM GST-EPAC1-
CNBD and 10x SYPRO Orange dye, in a PCR-compatible microplate. Plates were incubated overnight at 
4 °C, and subsequently subjected to a standard temperature gradient programme using a real-time PCR 
machine, with a temperature range of 11 – 80 °C, ramping up in 0.5 °C increments, and a 30-second hold 
at each temperature, and changes in fluorescence of SYPRO Orange were monitored. A 20 – 70 °C range 
is shown in the graphs above. Presented data is an average of three independent experiments. Standard 
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protein melt curve plots are located on the left, and the first derivative transformed data, used to obtain Tm 
values, is plotted on the right. No protein-destabilising effects were observed for I942, T20, T40 or T42 at 
low temperatures. All test compounds induce dose-dependent stabilisation of the recombinant GST-
EPAC1-CNBD, which confirms the protein-ligand interaction. Obtained Tm values are listed and compared 
in Table 3-9 (100 µM ligand concentrations) Table 3-10 (3.125 µM ligand concentration), and Appendix 
A, Tables III – VI (intermediate concentrations). 

 

Table 3-9. Tm values from TSA experiments at 100 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 
100 µM Mean ± SD 

(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 
DMSO 41.75 ± 0.50 x **** **** **** **** **** na 
cAMP 49.25 ± 0.50 **** x ns * ** **** na 
I942 48.08 ± 0.29 **** ns x **** **** **** na 
T20 50.75 ± 0.50 **** * **** x ns * na 
T40 51.08 ± 0.76 **** ** **** ns x ns na 
T42 52.25 ± 0.50 **** **** **** * ns x na 

ESI-09 - na na na na na na x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant; na – not applicable. 
 
 

Table 3-10. Tm values from TSA experiments at 3.125 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 
3.125 µM Mean ± SD 

(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 
DMSO 41.58 ± 0.76 x ns ns ** ** **** ns 
cAMP 42.91 ± 0.76 ns x ns ns ns *** ns 
I942 42.08 ± 0.29 ns ns x ns ns **** ns 
T20 43.41 ± 0.29 ** ns ns x ns ** * 
T40 43.41 ± 0.29 ** ns ns ns x ** * 
T42 45.41 ± 0.76 **** *** **** ** ** x **** 

ESI-09 41.75 ± 0.50 ns ns ns * * **** x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
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3.5 Discussion 

3.5.1 Employed screening methods identified three EPAC1 binders with potential 

agonist properties: T20, T40 and T42. 

The 8-NBD-cAMP competition binding assay has previously been used as a high-

throughput method to screen for binders to GST-EPAC1-CNBD, resulting in the 

identification of a small-molecule partial-agonist of EPAC1: I942 [177]. We successfully 

adapted it to a 96-well plate format for manual handling. Since the assay is fluorescence-

based, any compounds that display intrinsic fluorescence at the assay wavelengths used 

will be incompatible with this method. In our case, 2 analogues out of 55 had to be 

removed due to inherent fluorescent properties, which represents almost 4% of the total 

screening pool (Figures 3-6 and 3-12). When dealing with small, carefully designed 

compound libraries it might be advantageous to use a complementary screening method, 

such as the fluorescence-based GEF assay for EPAC1 activity [52], [94], which utilizes 

different ex/em wavelengths. 

Among 32 compounds tested in Phase 1 of the screen, 3 hits were identified (Figure 3-7). 

After carefully analysing the relationship between compound structures and their binding 

to GST-EPAC1-CNBD, the second batch of I942 analogues was designed and 

synthesised. In Phase 2 of the screen, we identified 6 hits among 21 compounds, and in 

addition to that, some degree of binding was detected for most analogues (Figure 3-13). 

This can be considered a confirmation of the effectiveness of the applied structure-

binding analysis approach. 

Hits from Phase 1 and Phase 2 screens were also tested using a cell-based orthogonal 

assay (Figures 3-11 and 3-15). The main purpose was to determine if they can promote a 

shift towards the active conformation of EPAC1 in cellulae. This not only verifies that 

the binding to EPAC1 occurs in cells but also suggests that a compound might possess an 

agonist activity component. A single hit from Phase 1 (T20) and 2 hits from Phase 2 (T40 

and T42) screens promoted a significant increase in active EPAC1 levels and were 

therefore chosen for further testing. Additional important information obtained from this 

experiment was that I942 and the three selected compounds are cell membrane-

permeable, which is a fundamental property for a drug-like small molecule to be 

considered as a lead compound. However, to properly assess the membrane permeability 

of the compounds, a different method needs to be employed, such as measuring the levels 
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of a radiolabelled ligand taken up by exposed cells. The fact that only 3 out of 9 identified 

binders exhibited agonist-like properties, stresses the importance of an additional, 

activity-based test to narrow down the number of hits following the initial ligand binding 

screen. The active EPAC1 immunoprecipitation cell-based assay we employed was found 

to work well when dealing with a limited number of compounds, but for larger libraries, 

a simpler in vitro method might be useful, such as the previously mentioned GEF assay 

for example [52], [94]. 

 

3.5.2 The N-acylsulphonamide motif is necessary for binding of I942 analogues to 

GST-EPAC1-CNBD. 

In total, 53 analogues of I942 were screened for binding to GST-EPAC1-CNBD. Many 

of the introduced synthetic modifications were found to decrease the binding affinity, but 

it was especially pronounced in compounds with changes to the N-acylsulphonamide 

motif (Tables 3-5 and 3-7). The lack of sulphonyl or carbonyl groups in compound 

structures was observed to completely abolish protein binding. This is in agreement with 

the binding model proposed by Barker et al. [101], in which the N-acylsulphonamide 

motif of I942 occupies a similar space in the cyclic AMP binding site as the phosphate 

group of the endogenous ligand, and acts as a phosphomimetic (Figure 3-1). 

These observations and predictions have recently been confirmed through our 

collaboration with Professor Giuseppe Melacini from McMaster University in Canada 

[285]. NMR-based analysis of ligand interactions with the EPAC1 CNBD demonstrated 

that, like the cyclic phosphate moiety, the sulphonyl group of I942 interacts with a key 

arginine R279 within the phosphate-binding cassette (PBC) (Figure 3-18). Both I942 and 

cyclic AMP were also shown to engage A272 and A280 (located in the PBC as well), 

however, hydrogen bonds formed by I942 are predicted to be significantly weaker than 

those formed by cyclic AMP [285], which is consistent with the partial-agonist nature of 

this compound. Moreover, I942 was revealed to alter its conformation upon binding to 

the CNBD of EPAC1. This change allows for the west phenyl ring to dock to the PBC, 

like the ribose moiety of cyclic AMP, while the east naphthyl group apparently docks to 

the same CNBD region as cyclic AMP adenine [285]. These results contradict the 

previous in silico I942 docking model [101], which should therefore be revisited to take 

the newest findings into account. A schematic summary of the I942 vs cyclic AMP 

mimicry is presented in Figure 3-18. 
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Importantly, there were also significant differences between conformational changes 

induced in the EPAC1 CNBD following cyclic AMP and I942 binding. In addition to 

weaker phosphate-mimicking interactions with PBC amino acids, I942 was found to have 

distinct long-range effects on the allosteric sites of the protein. Most notably, the typical 

cyclic AMP-induced conformational change in the hinge region, which is critical for 

EPAC1 activation (as described in detail in Chapter 1), was partially inhibited by 

replacing cyclic AMP with I942 [285]. The inability of I942 to properly promote the shift 

in hinge helix conformation is predicted to be a major limiting factor of ligand’s agonism. 

The NMR-based methods employed by Shao et al. [285] to obtain these results could be 

a very useful approach for studying and optimising identified lead I942 analogues. 

Focusing on structural modifications that enhance A272 and R279 interactions and cyclic 

AMP-like conformational changes in the hinge region might help generate more effective 

EPAC1 agonists. 

 

 

Figure 3-18. I942 vs cyclic AMP mimicry proposed by Shao et al. [285]. The upper panel shows the 
sequence of the cyclic nucleotide-binding domain (CNBD) of EPAC1, to which both cyclic AMP and I942 
bind. The phosphate-binding cassette (PBC) is marked in grey. Key amino acids engaged by both ligands 
are indicated in bold and underlined: A272, R279 and A280. The lower panel presents the structures of 
cyclic AMP and I942. Moieties indicated with the same shapes and colours dock to the corresponding 
regions of EPAC1 CNBD. 
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3.5.3 Electron-donating substituents in the West phenyl ring and 7-methoxy 

substitution of the East naphthalene of I942 improve binding to GST-

EPAC1-CNBD. 

Modifications to the sulphonyl and carbonyl groups of the N-acylsulphonamide moiety 

of I942 abolished ligand binding to the recombinant GST-EPAC1-CNBD, and 

modifications within the linker decreased it. We have, however, observed a range of both 

disadvantageous and favourable effects following modification of the West and East 

aromatic rings of I942 (Figure 3-8). Substitution with a methoxy group in position 7 of 

the East naphthyl was consistently found to be beneficial, and it is present in the structures 

of two selected lead compounds, T40 and T42. Electron-donating substituents in the West 

phenyl ring, such as methoxy and amino groups in T20 in T42, were also observed to 

increase the binding affinity to GST-EPAC1-CNBD. Electron-withdrawing substituents 

on the other hand, like halogens or nitro groups, either compromised the binding or had 

no effect. While electron-donating groups will decrease the acidity of the N-

acylsulphonamide, which is important for its phosphomimetic properties, the effect 

should not be strong enough to prevent deprotonation when binding to the basic side chain 

of R279. It can be speculated that their presence enhances binding instead by providing 

sites for additional protein-ligand interactions. It is also possible that these substituents 

might improve the “fit” of the ligands in the protein binding pocket. 

 

3.5.4 I942 and lead analogues, T20, T40 and T42, have no negative effects on the 

stability of recombinant GST-EPAC1-CNBD. 

To address concerns about false-positive hits from screens, resulting from non-specific 

protein-denaturing properties of compounds [134], we tested the effects of I942 and the 

three identified lead analogues, T20, T40 and T42, on EPAC1 stability in vitro. TSA 

experiments were carried out and thermal denaturation profiles of recombinant GST-

EPAC1-CNBD in the presence of increasing compound concentrations were analysed 

(Figure 3-17). Importantly, no distortions of the protein melt curves, which are 

characteristic for protein-denaturing agents, such as ESI-09 [134], were observed at low 

temperatures in the presence of test compounds. It can therefore be concluded that I942 

and the selected analogues do not negatively affect the natively folded state of 

recombinant GST-EPAC1-CNBD and that protein-destabilising properties of these 

compounds can be ruled out with high probability. Moreover, I942, T20, T40 and T42 
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induced a dose-dependent protein stabilisation, a typical indicator of ligand binding, 

which manifests itself in a shift of Tm towards higher values. This confirmed the protein-

ligand interactions and relative binding affinities observed in the initial 8-NBD-cAMP 

assays (see: Figure 3-7 and Figure 3-13) and assured us that none of the three newly 

identified EPAC1 ligands was a false-positive hit. 

TSA could also be used to screen compound libraries for EPAC1 binders, and it is 

possible to adapt it to HTS. Low reaction volumes and resulting low reagent consumption, 

as well as detection with a real-time PCR instrument, available in many research 

laboratories, makes TSA an easily accessible, attractive, low-cost method. TSA has been 

widely recognised as a useful technique for high-throughput screening in drug discovery 

[284], [286]–[288], e.g., it was successfully employed by Krishna et al. [289] to identify 

inhibitors of mitogen-activated protein kinase kinase 4 (MAP2K4), a potential target for 

prostate cancer treatment. To the best of our knowledge, no TSA-based HTS assay for 

EPAC proteins has been developed so far, which creates an opportunity to establish a 

novel method for EPAC regulators identification. The results presented here show that at 

6.25 µM all test ligands, including the cyclic AMP control, induced statistically 

significant changes in the Tm value of GST-EPAC1-CNBD (Figures 3-16, 3-17 and 

Appendix A, Table VI). This means that at a 10 µM compound concentration, which was 

used for the 8-NBD-cAMP competition binding screen, TSA would most likely be 

sensitive enough to detect the exact same hits. Moreover, sensitivity could probably be 

further improved with appropriate assay optimisation. To establish an HTS assay, 

extensive validation would have to be carried out and all the acceptance criteria met [282], 

[283], but since multiple proteins have already been used in this application [284], [287]–

[289], and since our preliminary data for recombinant GST-EPAC1-CNBD look 

promising, we believe there is a high chance of success.  

Employing TSA to search for EPAC1 regulators could have one more potential advantage 

over the 8-NBD-cAMP-based screening. As mentioned in the Introduction section of this 

chapter, recombinant full-length EPAC1 fails to produce a sufficient signal to be used for 

the 8-NBD-cAMP competition binding assay, which is why the method was originally 

developed for EPAC2 only [133]. To overcome this, Parnell and colleagues [177] used a 

small isolated fragment of EPAC1, a CNBD, to successfully develop an EPAC1-based 

HTS assay that was used in this thesis to screen a library of I942 analogues. However, 

TSA could possibly be used to establish a screening method that utilises an almost full-

length recombinant EPAC1-∆DEP construct, lacking only the N-terminal DEP domain, 
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which does not disturb its ligand-binding and catalytic function. This would be very 

valuable, as the presence of other functional domains can alter the conformation of the 

whole protein, affect CNBD-ligand interactions, and provide additional binding sites for 

potential small-molecule regulators. We carried out an initial test and subjected a GST-

tagged EPAC1-∆DEP in the presence of increasing concentrations of its natural ligand, 

cyclic AMP, to TSA, using the same protocol as for GST-EPAC1-CNBD experiments 

discussed in this chapter. Results can be found in Appendix A, Figure II and Table VII. 

Tm shifts upon ligand binding are slightly less pronounced than when using an isolated 

CNBD. 12.5 µM was a minimum cyclic AMP concentration to induce a statistically 

significant ∆Tm, compared to a protein-only sample, confirming the reduced sensitivity 

of the GST-EPAC1-∆DEP-based assay. However, with proper optimisation of assay 

conditions, this could evolve into a simple, efficient, and affordable method for the 

discovery of compounds interacting with an almost full-length EPAC1 protein, better 

mimicking the real-life, in-cell conditions. 
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3.6 Summary 

Main findings of this chapter: 

• Screening a library of I942 analogues for binding to recombinant EPAC1 CNBD 

resulted in the successful identification of nine hits. 

• N-Acylsulphonamide moiety in the I942 structure was shown to be the key 

pharmacophore needed for binding to EPAC1. 

• A range of favourable and unfavourable synthetic modifications was identified. 

For example, introduction of electron-donating substituents into the West 

aromatic ring significantly improved the binding of I942 analogues. 

• Employed orthogonal cell-based screen narrowed the number of hits down to 

three compounds with potential agonist properties: T20, T40 and T42. 

• I942, T20, T40 and T42 have no protein-destabilising properties. 
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CHAPTER 4: Characterisation of Activity and 

Selectivity of N-Acylsulphonamide and Benzofuran 

Oxoacetic Acid EPAC1 Regulators 

 



 

 123 

4.1 Introduction 

4.1.1 Importance of Sensor and Isoform Selectivity Within the Cyclic AMP 

Signalling Cascade 

Cyclic AMP, a prototypical secondary messenger, initiates a multitude of downstream 

processes in cells, by activating one of its sensors, protein kinase A (PKA) [18], cyclic 

nucleotide-gated ion channels [290], [291] exchange proteins activated by cyclic AMP 

(EPAC) [47], [50], Popeye domain-containing proteins (POPDC) [32], [33], or the cyclic 

nucleotide receptor involved in sperm function (CRIS) [39], all of which are described in 

detail in Chapter 1. Among these, PKA and EPAC are the most important, as they are 

implicated as mediators of the majority of cyclic AMP effects [21]. Therefore, to fully 

elucidate the mechanisms underlying the various actions of cyclic AMP, differentiation 

between PKA- and EPAC-mediated signalling events is essential. To facilitate this, 

selective research tools, in the form of cyclic nucleotide agonists have been developed 

(Figure 4-1), including 6-Bnz-cAMP [105], which preferentially activates PKA, as well 

as the EPAC-selective analogues, 007 [94] and S-220 [79]. It should be pointed out 

though, that obtaining high levels of selectivity with cyclic AMP analogues is challenging 

since EPAC proteins and PKA share homologous cyclic nucleotide-binding domains 

(CNBDs). 

Moreover, there is a further level of complexity in the development of research tools or 

potential therapeutic agents to control cyclic AMP signalling; not only is selectivity at the 

level of the cyclic AMP sensor important, but discrimination between effector isoforms 

is often necessary. For example, there are two isoforms in the EPAC family, EPAC1 and 

EPAC2, which act as guanine nucleotide exchange factors (GEFs) for small GTPases 

Rap1 and Rap2 [47], [50]. Although they share significant sequence homology, EPAC1 

and EPAC2 are characterised by different tissue distribution and play distinct roles in 

physiological and pathophysiological processes. For instance, EPAC2 is involved in the 

glucose-stimulated insulin release in pancreatic islets [79], whereas EPAC1 was shown 

to suppress the proinflammatory actions of interleukin-6 (IL-6) in vascular endothelial 

cells [115]. In cells expressing both isoforms at significant levels, it is often the case that 

only one of them is responsible for a certain effect, as in cardiomyocytes, where the 

activation of EPAC2, but not EPAC1, was reported to be linked to disturbed calcium 

homeostasis and arrhythmia [56], [132]. Another example could be the response of airway 
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cells to cigarette smoke, where EPAC1 was found to suppress unwanted remodelling, 

while EPAC2 was shown to promote pro-inflammatory signalling [254]. 

The help to discriminate between actions of EPAC1 and EPAC2, the cyclic nucleotide 

analogues mentioned above, 007 and S-220 (Figure 4-1), are commercially available and 

widely recognised as EPAC1- and EPAC2-selective agonists, respectively [79]. Both 

ligands were described in detail in Chapter 1. Although they are widely considered to be 

the gold standard for discriminating between signalling responses to selective EPAC 

activation and have indeed proven to be very useful in EPAC signalling studies, there are 

concerns about the degree of their selectivity. The main disadvantage of S-220 is poor 

discrimination against PKA [79], [110], while the use of 007 in vivo was reported to cause 

off-target effects, which are attributed to activation of EPAC2 isoform [56], [132]. 

Therefore, when developing novel EPAC signalling modulators, selectivity is an 

important aspect to consider. In this regard, the first non-cyclic nucleotide EPAC1 

agonist, the N-acylsulphonamide derivative, I942 [177], was found to have no effect on 

PKA, and only negligible agonist activity towards EPAC2, which makes it a good lead 

compound for the development of EPAC1-selective regulators. 

 

 

Figure 4-1. Widely used cyclic nucleotide agonists of PKA and EPAC. Structures are shown for the 
PKA-selective agonist, 6-Bnz-cAMP, and the isoform-selective EPAC1 and EPAC2 activators, 007 and S-
220, respectively.  



 

 125 

4.1.2 The N-Acylsulphonamide Motif in Medicinal Compounds 

The N-acylsulphonamide structural motif (Figure 4-2, in blue), which is present in the 

novel EPAC1 ligand, I942, and its lead analogues identified in Chapter 3, is well 

established in the field of medicinal chemistry. An increasing number of N-

acylsulphonamide derivatives with biological activity have recently been identified in 

drug development and screening projects, including antiviral [292], antibacterial [293] 

and antimycobacterial [294], antiproliferative [295], [296], antidiabetic [297] and 

vasodilating agents [298]. Some of these have already been approved for use in disease 

treatment and are currently available on the market (Table 4-1). 

Having comparable pKa and potential for hydrogen bond formation, N-

acylsulphonamides are commonly recognised as bioisosteric replacements for carboxylic 

acids [299], [300], [270], which often offer a significant improvement in the 

bioavailability of a drug molecule. They have also been identified as structural isosteres 

of phosphates [301], which is considered to be the key to the mechanism of action of 

I942, as discussed in Chapter 3. The N-acylsulphonamide moiety in I942 is predicted to 

mimic the phosphate group of the endogenous EPAC1 ligand, cyclic AMP, and, by 

forming a similar hydrogen bond network, promote EPAC1 activation [101], [285]. 

 

4.1.3 The Benzofuram Scaffold in Medicinal Compounds 

Structural motifs that are frequently found in bioactive substances of natural origin, and 

have proven to be useful as scaffolds for drug design, are often referred to as “privileged 

structures” [302]. The term was introduced into the field of medicinal chemistry by Evans 

et al. [303] and subsequently defined as “a single molecular framework able to provide 

high-affinity ligands for more than one type of receptor”. While there is no strict rule to 

what should comprise these privileged structures, they usually tend to be relatively rigid 

cyclic systems built of 2 to 3 rings, which are fused or connected by single bonds [304]. 

One of these structural motifs that are regularly encountered is the benzofuran heterocycle 

(Figure 4-3). 

Multiple benzofuran derivatives with diverse biological activities are currently available 

on the market as drugs (Table 4-2), including the widely known opium alkaloid, 

morphine, and Vilazodone, an antidepressant approved by the FDA in 2011 [16]. In 

addition, numerous bioactive compounds containing the benzofuran core have been 
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synthesised or isolated from natural sources [304]–[306], including anti-cancer [307], 

antimicrobial [308], [309], antiviral [310], anti-inflammatory [311], antioxidant [312], 

antihyperglycemic [313] and vasodilating [314] agents, as well as molecules with 

potential for the treatment of Alzheimer’s disease [315]. 

 

4.1.3.1 Benzofuran Oxoacetic Acid Derivatives as EPAC Ligands 

Recently, the Yarwood Laboratory, in collaboration with the European Lead Factory, 

carried out high throughput screening (HTS) of a 350,000 small molecule library to 

identify novel regulators of EPAC1 [316], using the previously developed, fluorescence-

based 8-NBD-cAMP competition binding assay [133], [177]. This led to the identification 

of compound SY000, a selective binder to the cyclic nucleotide-binding domain (CNBD) 

of EPAC1, which consisted of a privileged, benzofuran core structure and an oxoacetic 

acid moiety (Figure 4-4, upper panel). Subsequent in silico docking modelling suggested 

that the oxoacetic acid group might form hydrogen bonds with amino acids in the same 

region of the EPAC1 CNBD that binds the phosphate group of the endogenous ligand, 

cyclic AMP [316]. It is worth noting that carboxyl groups have previously been 

recognised as potential phosphate bioisosteres [317] and that the oxoacetic acid moiety 

was successfully used as a phosphate replacement in phosphotyrosine mimetics as 

potential therapeutic agents for type II diabetes [318]. 

Based on the established docking model, a compound library of SY000 analogues was 

synthesized and tested. Extensive structure binding analysis showed that both the 

benzofuran ring and the oxoacetic acid structure elements were relevant for the interaction 

with EPAC1 CNBD and no suitable substitutes were found [316]. However, three lead 

compounds, SY006, SY007 and SY009 (Figure 4-4), were selected due to their improved 

binding affinities and ability to display agonist properties towards EPAC1, which was 

confirmed in vitro using an EPAC1 GEF activity assay [52], [111] that measures changes 

in fluorescence upon the EPAC-mediated exchange of a Rap-bound fluorescent GDP 

analogue to an unlabelled nucleotide.
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Figure 4-2. The N-acylsulphonamide functional group. Commonly found in the structures of synthetic 
drug molecules. The R2 group represents an alkyl group. 

 

Table 4-1. Examples of on-the-market drugs containing N-acylsulphonamide motifs in their chemical 
structures [16], [270], [319]. 

Drug Indication Mechanism of Action 

Paritaprevir Hepatitis C virus infection Inhibitor of viral NS3-4A 
protease 

Venetoclax 
Chronic lymphocytic 
leukaemia and small 

lymphocytic lymphoma 
Bcl-2 inhibitor 

Selexipag Pulmonary arterial 
hypertension Prostacyclin receptor agonist 

Parecoxib 
Pain management in 

osteoarthritis and rheumatoid 
arthritis 

Selective COX2 inhibitor 
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Figure 4-3. Benzofuran ring. A common motif often found in medicines and natural bioactive compounds. 

 

Table 4-2. Examples of on-the-market drugs containing the benzofuran motif [16], [319]. 

Drug Indication Mechanism of Action 

Morphine 
Oxycodone 

Acute and chronic moderate to 
severe pain Opioid receptor agonist 

Codeine Cough, mild to moderate pain Opioid receptor agonist 

Naltrexone Alcohol and opioid 
dependence Antagonist of opioid receptors 

Amiodarone 
Antiarrhythmic in ventricular 
tachycardia and ventricular 

fibrillation 

Blocker of voltage-gated 
potassium channels 

Rifampicin Tuberculosis and other 
mycobacterial infections 

Inhibitor of bacterial DNA-
dependent RNA polymerase 

Rifaximin Traveller’s diarrhoea, hepatic 
encephalopathy 

Inhibitor of bacterial DNA-
dependent RNA polymerase 

Griseofulvin Fungal infections of skin and 
nails 

Inhibitor of microtubule 
polymerisation 

Darifenacin Urinary incontinence Muscarinic receptor 
antagonist 

Galantamine Mild to moderate Alzheimer’s 
disease Acetylcholinesterase inhibitor 

Methoxsalen 
Psoriasis and vitiligo (in 

conjunction with 
phototherapy) 

Photosensitiser, inhibitor of 
DNA synthesis 

Ramelteon Insomnia Selective agonist of melatonin 
receptors 

Citalopram 
Escitalopram 

Depression, obsessive-
compulsive disorder, anxiety 

Selective serotonin reuptake 
inhibitor 

Vilazodone Major depressive disorder Serotonin reuptake inhibitor 
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Figure 4-4. SY compounds. The primary hit SY000 and optimised EPAC1 ligands SY006, SY007 and 
SY009.
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4.2 Objectives 

In Chapter 3, we demonstrated that the N-acylsulphonamide structural motif is a key 

determinant for ligand interaction with the CNBD of EPAC1. This was done by screening 

two carefully designed libraries of I942 analogues for binding to GST-EPAC1-CNBD, 

using the 8-NBD-cAMP competition binding assay, which led to the identification of nine 

hits. These were then subjected to a secondary screen, using an active EPAC1 

immunoprecipitation assay, which resulted in the selection of three EPAC1 binders and 

potential activators: T20, T40 and T42 (“T” compounds), which all contain the N-

acylsulphonamide motif. Another, earlier screening study carried out in the Yarwood 

laboratory [316] led to the discovery of novel, benzofuran oxoacetic acid-derived EPAC1 

regulators: SY006, SY007 and SY009 (“SY” compounds). This chapter will now focus 

on characterising ligands from N-acylsulphonamide and benzofuran oxoacetic acid 

groups in terms of their selective binding properties and agonist activity towards EPAC 

isoforms. 

 

We aim to: 

• Compare the binding of I942 and selected T analogues to EPAC1 and EPAC2 

isoforms in vitro. 

• Determine agonist properties of identified lead T and SY compounds towards 

EPAC1 and EPAC2 isoforms in cells. 

• Determine the ability of lead T and SY compounds to discriminate between EPAC 

and PKA in cells.
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4.3 Materials and Methods 

All materials and methods used in this chapter were described in detail in Chapter 2. 

 

4.3.1 Expression and Purification of Recombinant Proteins 

Genes for recombinant EPAC and RalGDS-RBD proteins were previously subcloned into 

the vectors from the pGEX series, which contain an IPTG-inducible tac promoter 

controlled by a lac operator, allowing protein production in the BL21 E. coli expression 

system (as previously described for GST-EPAC1-CNBD in the Materials and Methods 

section of Chapter 3). 

The following constructs were transformed into E. coli One Shot BL21 Star (DE3) 

(Invitrogen, Carlsbad, USA), following manufacturer’s protocol: pGEX-6P-1 vector 

(Appendix A, Figure I) with EPAC2-CNBD (304-453) insert (made by Dundee Cell 

Products, Dundee, UK), pGEX-4T-2 vectors (Appendix B, Figure III) with EPAC1-

∆DEP (149-881) and EPAC2-∆DEP (280-993) inserts (from Professor Holger Rehmann, 

Utrecht University, Netherlands) and pGEX-5X-1 vector (Appendix B, Figure IV) with 

RalGDS-RBD (788-884) insert [264]. Protein expression was induced in bacteria with 

the addition of IPTG to cultures, followed by affinity purification of GST fusion-proteins 

from bacterial extracts. Recombinant GST-EPAC2-CNBD and GST-RalGDS-RBD were 

purified as GST-fusion proteins. In the case of EPAC1-∆DEP and EPAC2-∆DEP, their 

respective GST tags were cleaved off using thrombin and recombinant proteins were then 

further purified by gel filtration, using an ÄKTA chromatography system (GE Healthcare, 

Chicago, USA) with a Superdex 75 10/300 GL column (GE Healthcare, Chicago, USA). 

Protein concentrations were measured using a NanoDrop 2000/2000c (Thermo Scientific, 

Waltham, USA). Protein samples collected at individual stages of the process were 

separated on 10% (v/v), 12% (v/v) or 4-15% (v/v) polyacrylamide gels (SDS-PAGE) and 

visualised using PageBlue Protein Staining Solution (Thermo Scientific, Waltham, USA). 

 

4.3.2 8-NBD-cAMP Competition Binding Assay: Dose-Response Experiments. 

The 8-NBD-cAMP competition binding assay in a dose-response format was used to 

determine the relative binding affinities of I942 and selected T analogues to different 
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forms of recombinant EPAC1 and EPAC2 proteins. In this assay, changes in fluorescence 

intensity are caused by the displacement of the fluorescent probe, 8-NBD-cAMP, from 

the cyclic AMP binding sites of EPAC proteins by unlabelled ligands (e.g., cyclic AMP 

or test molecules). 

The recombinant protein (GST-EPAC1-CNBD, GST-EPAC2-CNBD, EPAC1-∆DEP or 

EPAC2-∆DEP), series of 11-point 1:2 dilutions of test compounds, cyclic AMP and 8-

NBD-cAMP were combined at the final concentrations indicated in Table 4-3 in black, 

96-well plates and incubated in the dark for 4 hours, followed by fluorescence reading at 

485/520 nm excitation/emission (ex/em) wavelengths. 

To analyse obtained data, the background signal was first subtracted from raw 

fluorescence intensities. Subsequently, the relative fluorescence (RF) was calculated, so 

that each data point represents the percentage of the maximum, control signal (Chapter 3, 

Equation 5). Means and standard errors of the mean (SEM) were calculated using RF 

values from three independent experiments. RF values were then plotted against 

concentration and dose-response curves were fitted using nonlinear regression in 

GraphPad Prism 8 software (GraphPad Software, San Diego, USA) to obtain the half-

maximal inhibitory concentration (IC50) values. IC50 is the concentration of a compound 

at which the response (in this case the fluorescence signal produced by 8-NBD-cAMP 

binding) is reduced by 50%. IC50 parameter was adopted as a measure of binding affinity 

and compared between the compounds. 

Table 4-3. Compositions of maximum signal (control), minimum signal (background) and test (I942 and 
analogues) samples for 8-NBD-cAMP competition binding assay dose-response experiments. 

 Control Background I942 and analogues 

Protein 0.8 μM 0.8 μM 0.8 μM 
Series of 1:2 ligand 

dilutions - - 0.1 - 100 μM 

DMSO 1% (v/v) 1% (v/v)* 1% (v/v)* 

Cyclic AMP - 500 μM - 
8-NBD-cAMP 62.5 nM 62.5 nM 62.5 nM 

 
* DMSO was used as a solvent for cyclic AMP and compound stock solutions  
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4.3.3 Active Rap1 Pull-Down Assay 

Active Rap1 pull-down assay was developed by Franke et al. [320] to monitor Rap1 

activation in human platelets and has been subsequently used widely as an experimental 

tool [94]–[96], [79]. The assay is based on the ability of the Ras binding domain (RBD) 

of the Ral Guanine Nucleotide Dissociation Stimulator (RalGDS) protein to bind the 

active, GTP-bound form of Rap1 in stimulated cell extracts with a much higher affinity 

than the inactive Rap1-GDP [321]. The level of active Rap1-GTP associated with 

RalGDS-RBD is then detected by western blotting. 

U2OS cells transfected with EPAC1 or EPAC2 (from Professor Holger Rehmann, 

Utrecht University, Netherlands) were cultured in 6-well plates under standard culturing 

conditions (see: 2.2.4 Mammalian Cell Culture). For compound testing, cells were starved 

for 16 hours and then treated for 10 min with either vehicle (DMSO), 50 µM of 007 

(positive control for U2OS-EPAC1), 100 µM of S-220 (positive control for U2OS-

EPAC2), or 100 µM of test compounds. Subsequently, the GTP-bound Rap1 was purified 

from cell lysates with GST-RalGDS-RBD immobilized on Glutathione Sepharose 4B 

beads (GE Healthcare, Chicago, USA). For sample preparation, beads were resuspended 

in 50 µl of 2x SDS Sample Loading Buffer (see: 2.1 Materials) and denatured for 5 

minutes at 95 °C. 

 

4.3.4 SDS-PAGE and Western Blotting 

Protein samples were separated on 12% (v/v) for Rap1, or 10% (v/v) for EPAC1, VASP 

and phospho-VASP, polyacrylamide gels, transferred to nitrocellulose membranes and 

subsequently immunoblotted with appropriate antibodies. Blots were developed using 

SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific, Waltham, 

USA). Signal intensities were quantified densitometrically using ImageJ software 

(National Institutes of Health, Bethesda, USA). 
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4.4 Results 

4.4.1 Dose-Response Binding Analysis of Selected I942 Analogues 

To further explore the binding properties of I942 and the three lead N-acylsulphonamide 

compounds identified in Chapter 3, T20, T40 and T42, we used the 8-NBD-cAMP 

competition binding assay in a dose-response format to determine the relative affinity of 

each compound. A serial dilution range of 0.1 µM to 100 µM was prepared for each 

compound and tested for interaction with recombinant, GST-tagged, isolated cyclic 

nucleotide-binding domains (CNBDs) of EPAC1 and EPAC2, GST-EPAC1-CNBD 

(amino acids 169-318) and GST-EPAC2-CNBD (amino acids 304-453), respectively, as 

well as truncated versions of full-length EPAC proteins, EPAC1-∆DEP (amino acids 149-

881) and EPAC2-∆DEP (amino acids 280-993). 

 

4.4.1.1 Expression and Purification of Recombinant EPAC Proteins 

4.4.1.1.1 Expression and Purification of GST-EPAC2-CNBD Fusion Protein 

Firstly, to compare ligand interaction with EPAC1 and EPAC2 isoforms, we produced 

recombinant GST-EPAC2-CNBD in addition to previously purified GST-EPAC1-

CNBD, which was used for screening in Chapter 3. Figure 4-5 shows the different stages 

of the expression and purification of GST-EPAC2-CNBD. The SDS-PAGE gel was 

stained using PageBlue Protein Staining Solution (Thermo Scientific, Waltham, USA), a 

very sensitive dye, detecting protein at levels as low as 5 ng. A strong protein band of 

approximately 40 kDa, corresponding to the predicted molecular weight of EPAC2 

CNBD, appears following induction with IPTG (lane 3), which indicates that the 

induction step is highly efficient for this protein. The same band is also observed in the 

soluble fraction (lane 4) and in purified protein samples before (lane 5) and after dialysis 

(lane 6), which confirms successful affinity purification of the GST-fusion protein, as 

well as its stability. The final yield of pure GST-EPAC2-CNBD was in the region of 13.0 

mg per 1 l of bacterial culture. 
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4.4.1.1.2 Expression and Purification of Recombinant EPAC1-∆DEP and 

EPAC2-∆DEP 

Interaction with full-length proteins, where ligand binding can be affected by the presence 

of other domains, might be very different to the interaction with isolated CNBDs. To test 

this, we produced recombinant EPAC1-∆DEP and EPAC2-∆DEP, which lack only the 

EPAC DEP domains, to improve the solubility of purified proteins. In this regard, 

production of full-length EPAC1 protein in E. coli has been attempted previously [275], 

but it expressed very poorly, with associated problems of solubility, purification and 

stability. These problems were alleviated, to some degree, by developing a construct that 

expresses a truncated form of EPAC1, which lacks the N-terminal amino acids that code 

for the DEP domain. The DEP domain is not necessary for ligand binding or EPAC 

catalytic activity, so the resulting protein product is functionally active [275]. 

The SDS-PAGE gels, shown in Figure 4-6 and Figure 4-7, demonstrate the different 

stages in the expression and purification process for EPAC1-∆DEP and EPAC2-∆DEP, 

respectively. In both gels, a protein band of approximately 100 kDa, corresponding to the 

predicted molecular weight of EPAC GST-fusion proteins, increases following the 

addition of IPTG to bacterial cultures (lane 3). The band is also observed in the soluble 

fraction (lane 4). Following GST-tag removal with thrombin, a strong band at 

approximately 75 kDa can be observed in the eluate (lane 5), which corresponds to the 

predicted size of the cleaved EPAC1-∆DEP and EPAC2-∆DEP proteins. Thrombin and 

other contaminating proteins were successfully removed by gel filtration chromatography 

and, as a result, stable, purified proteins were obtained (lane 6). The final yields of 

EPAC1-∆DEP and EPAC2-∆DEP were both in the region of 0.2 mg per 1 l of bacterial 

culture. 

Expression of large proteins in E. coli is known to be challenging, due to solubility and 

toxicity issues [322]. The relatively low yields observed here might be the result of less 

efficient protein induction with IPTG, when compared with the EPAC CNBD GST-

fusion proteins (Figure 3-4 in Chapter 3 and Figure 4-5), particularly in the case of 

EPAC2-∆DEP (Figure 4-7). It is also possible that EPAC proteins might undergo non-

specific digestion by bacterial proteases during the expression stage. While the yields for 

EPAC1-∆DEP and EPAC2-∆DEP were substantially lower than for their respective 

CNBDs, the protein amounts obtained were sufficient for subsequent experiments.
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Figure 4-5. Expression and purification of recombinant GST-EPAC2-CNBD. Protein samples from 
each stage of purification were separated on a 10% (w/v) polyacrylamide gel (SDS-PAGE) and visualised 
using PageBlue Protein Staining Solution. Lane 6 contains the final purified, GST-fusion protein product. 

 

 

Figure 4-6. Expression and purification of recombinant EPAC1-∆DEP. Protein samples from each 
stage of purification were separated on a 4-15% (w/v) polyacrylamide gradient gel (SDS-PAGE) and 
visualised using PageBlue Protein Staining Solution. Lane 6 contains the final purified cleaved protein 
product. 

 

 

Figure 4-7. Expression and purification of recombinant EPAC2-∆DEP. Protein samples from each 
stage of purification were separated on a 10% (w/v) polyacrylamide gel (SDS-PAGE) and visualised using 
PageBlue Protein Staining Solution. Lane 6 contains the final purified cleaved protein product. 
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4.4.1.2 Ligand Binding to EPAC1 

Having previously purified recombinant GST-EPAC1-CNBD to carry out 8-NBD-cAMP 

competition binding assay screening, as described in Chapter 3, we subsequently used it 

for dose-response experiments to further characterise and compare binding properties of 

I942 and selected lead compounds, T20, T40 and T42. As described in the Materials and 

Methods section of this chapter, IC50 values were adopted as a measure of binding affinity 

and compared between the compounds. The lower the IC50 value, the more potent the 

interaction with ligand. 

The dose-response curves generated by these experiments (Figure 4-8A) demonstrate a 

clear relationship between compound concentration and 8-NBD-cAMP fluorescence 

intensity for both I942 and selected analogues. The IC50 values of all three T compounds 

were found to be significantly lower than the IC50 of I942 (Figure 4-8B and Table 4-4). 

This defines them as being more potent binders to GST-EPAC1-CNBD, which is 

consistent with the original binding data from the initial compound screen and thermal 

shift assays (Chapter 3, Figures 3-7, 3-13 and 3-17). 

Binding to the full-length EPAC1 protein, where the presence of other domains can affect 

protein conformation and, hence, interactions with a ligand, might be very different to 

binding to the isolated EPAC1 CNBD. To test this, corresponding dose-response 

experiments were carried out using EPAC1-∆DEP, which only lacks the DEP domain 

(Figure 4-9). It has been previously been reported by Tsalkova et al. [133] that EPAC1-

∆DEP is unsuitable for 8-NBD-cAMP competition binding assay because the change in 

fluorescence induced by binding of 8-NBD-cAMP to this protein is rather modest. 

However, their purpose was to determine protein suitability for high-throughput 

screening (HTS) assay, which must meet a series of specific requirements to allow for 

accurate hit detection [282], [283]. While the fluorescence signal change associated with 

EPAC1-∆DEP is not enough for HTS, we found it to be sufficient to generate satisfactory 

dose-response curves and obtain reliable IC50 values to evaluate ligand binding. The 

calculated IC50 values demonstrated that the binding affinities for T40 and T42 are still 

significantly higher in comparison to I942, while the binding of T20 is roughly similar 

(Figure 4-9B and Table 4-5). What is more, T40 and T42, with IC50 values of 0.54 µM 

and 0.64 µM, respectively, achieved a sub-micromolar binding affinity. 

Figure 4-10 and Table 4-6 present the comparison of the IC50 values that characterise the 

affinity of binding to different recombinant EPAC1 proteins, GST-EPAC1-CNBD and 
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EPAC1-∆DEP. No significant differences in binding affinities were observed in the case 

of T20 and T42. Interestingly, I942 and T40 bind significantly better to EPAC1-∆DEP 

than to GST-EPAC1-CNBD, indicating that the binding of these ligands is positively 

influenced by additional domains of EPAC1.



 

 139 

 

Figure 4-8. Binding of I942 and selected T compounds to the isolated GST-EPAC1-CNBD. A) Dose-
response curves. Compounds were tested in an 11-point dose-response format using the 8-NBD-cAMP 
competition binding assay. For this, a series of 1:2 serial dilutions was prepared, resulting in a concentration 
range of 0.1 – 100 μM. Concentrations of GST-EPAC1-CNBD and 8-NBD-cAMP were 0.8 μM and 62.5 
nM, respectively. All assay components were mixed in a black, 96-well plate and incubated in the dark for 
4 hours, followed by fluorescence reading at 485/520 nm ex/em wavelengths. The positive control signal 
(GST-EPAC1-CNBD + 8-NBD-cAMP) was set at 100%. Data obtained from three independent 
experiments are presented as means ± SEM. B) Half maximal inhibitory concentration (IC50) values 
obtained from curve fitting. T20, T40 and T42 bind to GST-EPAC1-CNBD significantly better than I942. 
Data presented as means ± SEM, n = 3. IC50 values significantly lower than the IC50 of I942 are indicated; 
**** p ≤ 0.0001 (one-way ANOVA with Dunnett’s post hoc test).  

 

Table 4-4. Ligand binding to GST-EPAC1-CNBD. Comparison of half-maximal inhibitory concentration 
(IC50) values for selected T compounds versus I942. 

 EPAC1-CNBD  IC50 (µM) 
Mean ± SEM 

Significance in 
comparison to I942  

I942 12.01 ± 1.08 x 
T20 4.78 ± 0.43 **** 
T40 2.15 ± 0.19 **** 
T42 0.93 ± 0.08 **** 

 
**** p ≤ 0.0001 (one-way ANOVA with Dunnett’s post hoc test) 
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Figure 4-9. Binding of I942 and selected compounds to EPAC1-∆DEP. A) Dose-response curves. 
Compounds were tested in an 11-point dose-response format using the 8-NBD-cAMP competition binding 
assay. A series of 1:2 serial dilutions was prepared, resulting in a concentration range of 0.1 – 100 μM. 
Concentrations of EPAC1-∆DEP and 8-NBD-cAMP were 0.8 μM and 62.5 nM, respectively. All assay 
components were mixed in a black, 96-well plate and incubated in the dark for 4 hours, followed by 
fluorescence reading at 485/520 nm ex/em wavelengths. The positive control signal (EPAC1-∆DEP + 8-
NBD-cAMP) was set at 100%. Data obtained from three independent experiments are presented as means 
± SEM. B) Half maximal inhibitory concentration (IC50) values obtained from curve fitting. T40 and T42 
bind to EPAC1-∆DEP significantly better than I942. Data presented as means ± SEM, n = 3. IC50 values 
significantly lower than the IC50 of I942 are indicated; ** p ≤ 0.01, ns – not significant (one-way ANOVA 
with Dunnett’s post hoc test). 

 

Table 4-5. Ligand binding to EPAC1-∆DEP. Comparison of half-maximal inhibitory concentration (IC50) 
values for selected T compounds versus I942. 

 EPAC1-∆DEP  IC50 (µM) 
Mean ± SEM 

Significance in 
comparison to I942  

I942 6.66 ± 1.48 x 
T20 4.85 ± 1.08 ns 
T40 0.54 ± 0.12 ** 
T42 0.64 ± 0.14 ** 

 
** p ≤ 0.01, ns – not significant (one-way ANOVA with Dunnett’s 
post hoc test) 
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Figure 4-10. Comparison of ligand binding to GST-EPAC1-CNBD versus EPAC1-∆DEP. Half-
maximal inhibitory concentration (IC50) values for each compound were compared between two forms of 
EPAC1 protein. I942 and T40 bind significantly better to EPAC1-∆DEP than to the isolated GST-EPAC1-
CNBD. Results are presented as means ± SEM, n = 3. Significant differences in IC50 values are indicated; 
* p < 0.05, ** p ≤ 0.01, ns – not significant (unpaired t-tests). 

 

Table 4-6. Ligand binding to GST-EPAC1-CNBD versus EPAC1-∆DEP. Comparison of half-maximal 
inhibitory concentration (IC50) values for I942 and selected T compounds. 

 GST-EPAC1-CNBD EPAC1-∆DEP 
Significantly 

different?  IC50 (µM) 
Mean ± SEM 

IC50 (µM) 
Mean ± SEM 

I942 12.01 ± 1.08 6.66 ± 1.48 * 
T20 4.78 ± 0.43 4.85 ± 1.08 ns 
T40 2.15 ± 0.19 0.54 ± 0.12 ** 
T42 0.93 ± 0.08 0.64 ± 0.14 ns 

 
* p < 0.05, ** p ≤ 0.01, ns – not significant (unpaired t-tests) 
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4.4.1.3 Ligand Binding to EPAC2 

The sequence identity between the cyclic nucleotide-binding domains of EPAC1 and 

EPAC2 is approximately 74% and there is conservation of the amino acids suspected to 

be crucial for I942 binding [101], [285]. For this reason, ligand binding to the EPAC2 

isoform was also characterised. It has already been demonstrated that recombinant GST-

EPAC2-CNBD and EPAC2-∆DEP are compatible with the 8-NBD-cAMP competition 

binding assay and that the magnitude of fluorescence signal change following interaction 

with 8-NBD-cAMP is much greater than for recombinant EPAC1 proteins [133], [177]. 

Dose-response curves against GST-EPAC2-CNBD are presented in Figure 4-11A and 

show that both I942 and selected T analogues bind to GST-EPAC2-CNBD. Calculated 

IC50 values (Figure 4-11B and Table 4-7) clearly demonstrate that T20, T40 and T42 are 

significantly better binders than the parent I942 compound, as was also the case with 

binding to GST-EPAC1-CNBD. What is more, the exact same order of binding affinities, 

I942 < T20 < T40 < T42, is maintained for binding to both isoform CNBDs. It can be 

noted, however, that the dose-response curves of I942 and T20 do not display a classic, 

sigmoidal shape at this concentration range, which combined with their IC50 values of 

70.35 µM and 20.37 µM, respectively, indicates a rather low binding affinity to GST-

EPAC2-CNBD (discussed further in 4.4.1.4 Ligand Binding to EPAC1 versus EPAC2 

below). 

Binding to EPAC2-∆DEP was also evaluated and the results are presented in Figure 4-12 

and Table 4-8. The same pattern can be observed again, with all T compounds showing 

significantly lower IC50 values than I942, which means they have a significantly higher 

binding affinity. 

Figure 4-13 and Table 4-9 present the comparison of the IC50 values for ligand binding 

to GST-EPAC2-CNBD and EPAC2-∆DEP. All compounds, including I942, were found 

to bind significantly better to EPAC2-∆DEP, than to GST-EPAC2-CNBD. This suggests 

that the presence of additional protein domains is very important for the interaction of 

these ligands with the EPAC2 isoform.
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Figure 4-11. Binding of I942 and selected compounds to GST-EPAC2-CNBD. A) Dose-response 
curves. Compounds were tested in an 11-point dose-response format using the 8-NBD-cAMP competition 
binding assay. A series of 1:2 serial dilutions was prepared, resulting in a concentration range of 0.1 – 100 
μM. Concentrations of GST-EPAC2-CNBD and 8-NBD-cAMP were 0.8 μM and 62.5 nM, respectively. 
All assay components were mixed in a black, 96-well plate and incubated in the dark for 4 hours, followed 
by fluorescence reading at 485/520 nm ex/em wavelengths. The positive control signal (GST-EPAC2-
CNBD + 8-NBD-cAMP) was set at 100%. I942, T20, T40 and T42 all bind to GST-EPAC2-CNBD. Data 
obtained from three independent experiments are presented as means ± SEM. B) Half maximal inhibitory 
concentration (IC50) values obtained from curve fitting. Selected compounds bind to GST-EPAC2-CNBD 
significantly better than I942. Data are presented as means ± SEM, n = 3. IC50 values significantly lower 
than the IC50 of I942 are indicated; *** p ≤ 0.001, **** p ≤ 0.0001 (one-way ANOVA with Dunnett’s post 
hoc test). 

 

Table 4-7. Ligand binding to GST-EPAC2-CNBD. Comparison of half-maximal inhibitory concentration 
(IC50) values for selected T compounds versus I942. 

 GST-EPAC2-CNBD  IC50 (µM) 
Mean ± SEM 

Significance in 
comparison to I942  

I942 70.35 ± 8.26 x 
T20 20.37 ± 2.27 *** 
T40 8.61 ± 0.99 **** 
T42 5.76 ± 0.67 **** 

 
*** p ≤ 0.001, **** p ≤ 0.0001 (one-way ANOVA with Dunnett’s 
post hoc test) 
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Figure 4-12. Binding of I942 and selected compounds to EPAC2-∆DEP. A) Dose-response curves. 
Compounds were tested in an 11-point dose-response format using the 8-NBD-cAMP competition binding 
assay. A series of 1:2 serial dilutions was prepared, resulting in a concentration range of 0.1 – 100 μM. 
Concentrations of EPAC2-∆DEP and 8-NBD-cAMP were 0.8 μM and 62.5 nM, respectively. All assay 
components were mixed in a black, 96-well plate and incubated in the dark for 4 hours, followed by 
fluorescence reading at 485/520 nm ex/em wavelengths. The positive control signal (EPAC2-∆DEP + 8-
NBD-cAMP) was set at 100%. I942, T20, T40 and T42 bind to EPAC2-∆DEP. Data obtained from three 
independent experiments are presented as means ± SEM. B) Half maximal inhibitory concentration (IC50) 
values obtained from curve fitting. Selected compounds bind to EPAC2-∆DEP significantly better than 
I942. Data are presented as means ± SEM, n = 3. IC50 values significantly lower than the IC50 of I942 are 
indicated; *** p ≤ 0.001, **** p ≤ 0.0001 (one-way ANOVA with Dunnett’s post hoc test). 

 

Table 4-8. Ligand binding to EPAC2-∆DEP. Comparison of half-maximal inhibitory concentration (IC50) 
values for selected T compounds versus I942. 

 EPAC2-∆DEP  IC50 (µM) 
Mean ± SEM 

Significance in 
comparison to I942  

I942 4.07 ± 0.53 x 
T20 1.25 ± 0.16 *** 
T40 0.80 ± 0.10 *** 
T42 0.47 ± 0.06 **** 

 
*** p ≤ 0.001, **** p ≤ 0.0001 (one-way ANOVA with Dunnett’s 
post hoc test) 
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Figure 4-13. Comparison of ligand binding between GST-EPAC2-CNBD versus EPAC2-∆DEP. Half 
maximal inhibitory concentration (IC50) values for each compound were compared between two forms of 
EPAC2 protein. All compounds bind significantly better to the EPAC2-∆DEP than to the isolated GST-
EPAC2-CNBD. Results are presented as means ± SEM, n = 3. Significant differences in IC50 values are 
indicated; ** p ≤ 0.01 (unpaired t-tests). 

 

Table 4-9. Ligand binding to GST-EPAC2-CNBD versus EPAC2-∆DEP. Comparison of half-maximal 
inhibitory concentration (IC50) values for I942 and selected T compounds. 

 GST-EPAC2-CNBD EPAC2-∆DEP 
Significantly 

different?  IC50 (µM) 
Mean ± SEM 

IC50 (µM) 
Mean ± SEM 

I942 70.35 ± 8.26 4.07 ± 0.53 ** 
T20 20.37 ± 2.27 1.25 ± 0.16 ** 
T40 8.61 ± 0.99 0.80 ± 0.10 ** 
T42 5.76 ± 0.67 0.47 ± 0.06 ** 

 
** p ≤ 0.01 (unpaired t-tests) 
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4.4.1.4 Ligand Binding to EPAC1 versus EPAC2 

Knowing that I942 selectively activates EPAC1 over EPAC2 isoform [177], we were 

interested to know if there was any corresponding selectivity at the level of ligand 

binding. A comparison of ligand binding affinities between isoforms was therefore made 

for I942 and each T compound. First, the IC50 values for isolated EPAC CNBDs were 

compared. Results are presented in Figure 4-14 and Table 4-10 and indicate that while all 

compounds bind to both CNBDs, they display clear selectivity towards GST-EPAC1-

CNBD where, in all cases, IC50 values for binding to GST-EPAC1-CNBD were 

significantly lower than for binding to GST-EPAC2-CNBD. 

To confirm that the observed isoform-selectivity of I942 and analogues is indeed ligand-

dependent, and not due to some inherent characteristics of recombinant proteins, we 

subsequently tested the endogenous EPAC ligand, cyclic AMP, for binding to GST-

EPAC1-CNBD and GST-EPAC2-CNBD. Results are presented in Figure 4-15. A very 

similar shape of dose-response curves and no statistically significant difference between 

the obtained IC50 values demonstrate that the binding affinity of cyclic AMP to the 

CNBDs of both isoforms is comparable. It can therefore be concluded that I942, T20, 

T40 and T42, unlike cyclic AMP, display selectivity towards EPAC1 CNBD. 

Interestingly, no EPAC1 selectivity at the binding level was observed when comparing 

∆DEP proteins. As shown in Figure 4-16 and Table 4-11, there are no significant 

differences in the IC50 values between isoforms for binding I942, T40 and T42, while T20 

binds even better to the EPAC2-∆DEP than to EPAC1-∆DEP. The presence of other 

EPAC2 domains seems to compensate for the reduced binding affinity to the isolated 

CNBDs.
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Figure 4-14. Comparison of ligand binding between GST-EPAC1-CNBD versus GST-EPAC2-
CNBD. Half maximal inhibitory concentration (IC50) values for each compound were compared between 
EPAC1 and EPAC2 CNBDs. All compounds bind significantly better to the isolated CNBD of EPAC1 than 
to the isolated CNBD of EPAC2. Results are presented as means ± SEM, n = 3. Significant differences in 
IC50 values are indicated; ** p ≤ 0.01 (unpaired t-tests). 

 

Table 4-10. Ligand binding to GST-EPAC1-CNBD versus GST-EPAC2-CNBD. Comparison of half-
maximal inhibitory concentration (IC50) values for I942 and selected T compounds. 

 EPAC1-CNBD EPAC2-CNBD 
Significantly 

different?  IC50 (µM) 
Mean ± SEM 

IC50 (µM) 
Mean ± SEM 

I942 12.01 ± 1.08 70.35 ± 8.26 ** 
T20 4.78 ± 0.43 20.37 ± 2.27 ** 
T40 2.15 ± 0.19 8.61 ± 0.99 ** 
T42 0.93 ± 0.08 5.76 ± 0.67 ** 

 
** p ≤ 0.01 (unpaired t-tests) 
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Figure 4-15. Cyclic AMP binding to GST-EPAC1-CNBD and GST-EPAC2-CNBD. A) Dose-response 
curves. Cyclic AMP was tested in eleven-point dose-response format using the 8-NBD-cAMP competition 
binding assay. A series of 1:2 serial dilutions was prepared, resulting in a concentration range of 0.1 – 100 
μM. Concentrations of recombinant CNBDs and 8-NBD-cAMP were 0.8 μM and 62.5 nM, respectively. 
All assay components were mixed in a black, 96-well plate and incubated in the dark for 4 hours, followed 
by fluorescence reading at 485/520 nm ex/em wavelengths. The positive control signal (protein + 8-NBD-
cAMP) was set at 100%. Data obtained from two independent experiments are presented as means ± SEM. 
B) Half maximal inhibitory concentration (IC50) values obtained from curve fitting. There is no statistically 
significant difference between binding of cyclic AMP to GST-EPAC1-CNBD (E1) and GST-EPAC2-
CNBD (E2) (unpaired t-test; ns – not significant). Data are presented as means ± SEM, n = 2.  
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Figure 4-16. Comparison of ligand binding to EPAC1-∆DEP versus EPAC2-∆DEP. Half maximal 
inhibitory concentration (IC50) values for each compound were compared between EPAC1-∆DEP and 
EPAC2-∆DEP proteins. There are no significant differences in binding for I942, T40 and T42. T20 binds 
significantly better to EPAC2-∆DEP than to EPAC1-∆DEP. Results are presented as means ± SEM, n = 3. 
Significant differences in IC50 values are indicated; * p < 0.05, ns – not significant (unpaired t-tests). 

 

Table 4-11. Ligand binding to EPAC1-∆DEP versus EPAC2-∆DEP. Comparison of half-maximal 
inhibitory concentration (IC50) values for I942 and selected T compounds. 

 EPAC1-∆DEP EPAC2-∆DEP 
Significantly 

different?  IC50 (µM) 
Mean ± SEM 

IC50 (µM) 
Mean ± SEM 

I942 6.66 ± 1.48 4.07 ± 0.53 ns 
T20 4.85 ± 1.08 1.25 ± 0.16 * 
T40 0.54 ± 0.12 0.80 ± 0.10 ns 
T42 0.64 ± 0.14 0.47 ± 0.06 ns 

 
* p < 0.05, ns – not significant (unpaired t-tests) 
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4.4.2 Ligand-Mediated Activation of Cellular EPAC 

In Chapter 3, lead N-acylsulphonamide ligands, T20, T40 and T42, have been shown to 

enhance immunoprecipitation of active EPAC1 from stimulated cells, which suggests that 

they are likely to possess agonist activity towards cellular EPAC1. Top benzofuran 

oxoacetic acid compounds, SY006, SY007 and SY009, promoted EPAC1 GEF activity 

in vitro [316]. To confirm both observations, we used a cell-based model to detect the 

levels of active, GTP-bound Rap1 (Rap1-GTP) following the treatment of cells with 

selected compounds. Since Rap1 is the principle downstream effector of EPAC, levels of 

Rap1-GTP can be used as a marker of EPAC activation. 

 

4.4.2.1 Expression and Purification of GST-RalGDS-RBD. 

Recombinant GST-RalGDS-RBD (amino acids 788-884) was produced in the BL21 E. 

coli expression system, as described in the Materials and Methods section of this Chapter. 

Figure 4-17 presents different stages of expression and purification of GST-RalGDS-

RBD. A strong protein band of approximately 35 kDa, corresponding to the predicted 

molecular weight of GST-RalGDS-RBD, appears following induction with IPTG (lane 

3), which demonstrates that the induction step was highly efficient. The band can be 

observed at a consistent level in the soluble fraction (lane 4) and purified protein samples 

before (lane 6), and after dialysis (lane 7), which confirms a successful affinity 

purification of a GST-fusion protein, as well as protein stability. Staining of the SDS-

PAGE gel was done with PageBlue Protein Staining Solution (Thermo Scientific, 

Waltham, USA), which can detect protein at levels as low as 5 ng. The final yield of GST-

RalGDS-RBD was around 20 mg per 1 l of bacterial culture. 



 

 151 

 

Figure 4-17. Expression and purification of recombinant GST-RalGDS-RBD. Protein samples from 
each stage of purification were separated on a 12% (v/v) polyacrylamide gel (SDS-PAGE) and visualised 
using PageBlue Protein Staining Solution. Lane 7 contains the final, purified GST-fusion product. 
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4.4.2.2 Ligand-Mediated Activation of Cellular EPAC1 

To determine if the selected lead T and SY compounds, display agonist activity in cells, 

we used the purified recombinant GST-RalGDS-RBD for subsequent active Rap1 pull-

down assays, utilising its ability to selectively interact with the active, GTP-bound form 

of Rap1 (Rap1-GTP) and capture it from cell lysates. U2OS cells stably transfected to 

overexpress EPAC1 were chosen as a model for Rap1 activation, as they have been 

successfully used for this application in the past [79]. Initially, a time-course experiment 

was performed to establish a suitable ligand incubation time, after which an increase in 

Rap1-GTP levels can be detected in cell lysates. The EPAC1-selective agonist, 007 [94], 

was used as a positive control for EPAC1-mediated Rap1 activation. As shown in Figure 

4-18, a peak of Rap1 activation was detected after only 5 minutes of 007 treatment, which 

then decreased, to almost completely disappear by 30 minutes. To avoid high variation 

associated with short stimulation periods, a 10-minute exposure time was chosen for 

subsequent experiments. 

Results of cell stimulation with test compounds are presented in Figure 4-19. Treatment 

of U2OS-EPAC1 cells with 007 (a positive control), as well as with T20, T40, T42 

(Figure 4-19A), SY006, SY007, and SY009 (Figure 4-19B), resulted in a significant 

increase in Rap1-GTP levels (in comparison to vehicle-treated cells). This confirms that 

selected T compounds display agonist properties towards EPAC1 in cells, as predicted in 

Chapter 3, and that SY compounds are membrane-permeable and capable of inducing 

activity of not only recombinant but cellular EPAC1 as well, showing that used 

orthogonal assays were good predictors of in cellulae activity, in this instance. 

Given the competitive binding nature of test ligands in the 8NBD-cAMP displacement 

assay, we hypothesized that they might also act as competitive inhibitors of cellular 

EPAC1. Bearing in mind, that Rap1 activation induced by all compounds was weaker 

than the level of activation induced by 007, co-stimulation of U2OS-EPAC1 cells with a 

combination of 007 and individual T or SY ligands was carried out (Figure 4-20). 

Experiments demonstrated that co-stimulation with test compounds failed to suppress the 

agonist activity of 007, under the assay conditions tested. On the contrary, co-stimulation 

with a combination of 007 with T20, T42 and SY009 resulted in a significant increase in 

Rap1-GTP levels, compared to treatment with 007 alone.
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Figure 4-18. Time course of Rap1 activation by 007. U2OS cells transfected with EPAC1 were 
stimulated with 50 µM of the recognized EPAC1 agonist, 007, for the indicated periods. Active Rap1 was 
then isolated from cell lysates, immunoblotted and compared to total Rap1 levels in cell extracts. 
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Figure 4-19. Effects of selected T (A) and SY (B) compounds on Rap1 activation in cells expressing 
EPAC1. U2OS cells transfected with EPAC1 were stimulated for 10 minutes with vehicle (DMSO), 50 
μM 007 (EPAC1 agonist), 10 μM forskolin plus 10 μM rolipram (F/R, cyclic AMP elevating agents), or 
100 μM of test compounds, as indicated. Active Rap1 was then pulled down from cell lysates, 
immunoblotted and compared to total Rap1 levels in cell extracts. Treatment with all T and SY ligands 
induced a significant increase in active Rap1 levels in EPAC1-expressing cells, confirming their agonist 
activities. Data obtained from three independent experiments are presented as means ± SEM. Significant 
increases in active Rap1 levels in comparison to vehicle-stimulated cells are indicated; ** p ≤ 0.01, *** p 
≤ 0.001, **** p ≤ 0.0001, (one-way ANOVA with Dunnett’s post hoc test). 
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Figure 4-20. Testing potential competitive inhibitory properties of selected T and SY compounds 
towards EPAC1. U2OS cells transfected with EPAC1 were preincubated for 10 minutes with 100 μM of 
test compounds and then 50 μM 007 was added for further 10 minutes. Active Rap1 was then pulled down 
from cell lysates, immunoblotted and compared to total Rap1 levels. Selected compounds do not inhibit the 
agonist effect of 007 in cells. Data are presented as means ± SEM; n ≥ 3, except SY compounds, where n 
= 2. Significant increases in active Rap1 levels in comparison to 007-stimulated cells are indicated; * p < 
0.05 ** p ≤ 0.01, ns – not significant (one-way ANOVA with Dunnett’s post hoc test). 
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4.4.2.3 Ligand-Mediated Activation of Cellular EPAC2 

Whereas all of the selected lead T compounds displayed a clear binding preference 

towards EPAC1 CNBD over EPAC2 CNBD, no such effect was observed for ∆DEP 

proteins, where binding affinities to both EPAC1 and EPAC2 were comparable. 

Interaction of SY compounds with the CNBDs of both isoforms was also tested using the 

8-NBD-cAMP competition assay, which demonstrated that SY009 has a 10-fold higher 

binding affinity for EPAC1 than for EPAC2 [316]. We therefore decided to investigate if 

selected lead ligands exhibit isoform selectivity in terms of their ability to activate cellular 

EPAC proteins. 

Therefore, to test if selected compounds can activate the EPAC2 isoform as well as 

EPAC1, an active Rap1 pull-down experiment analogous to one performed in 4.4.2.2 

Ligand-Mediated Activation of Cellular EPAC1 section was carried out using U2OS cells 

stably transfected with EPAC2 (U2OS-EPAC2). As a positive control for EPAC2-

mediated Rap1 activation, a cyclic nucleotide analogue, S-220, was used, as it is a potent, 

membrane-permeable, isoform-selective agonist [79]. As shown in Figure 4-21, in 

contrast to S-220 treatment, stimulation of cells with T20, T40, T42 (panel A) or SY006, 

SY007 and SY009 (panel B) did not induce a significant Rap1 activation in EPAC2-

expressing cells, which points to their EPAC1-selectivity. 
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Figure 4-21. Effects of selected T (A) and SY (B) compounds on Rap1 activation in cells expressing 
EPAC2. U2OS cells transfected with EPAC2 were stimulated for 10 minutes with vehicle (DMSO), 100 
μM S-220 (EPAC2 agonist), 10 μM forskolin plus 10 μM rolipram (F/R, cyclic AMP elevating agents), or 
100 μM of test compounds, as indicated. Active Rap1 was then pulled down from cell lysates, 
immunoblotted and compared to total Rap1 levels in cell extracts. Neither of the ligands managed to induce 
a significant increase in Rap1 activation in EPAC2-expressing cells. Data obtained from three independent 
experiments are presented as means ± SEM. Significant increases in active Rap1 levels in comparison to 
vehicle-stimulated cells are indicated; ** p ≤ 0.01, **** p ≤ 0.0001, ns – not significant (one-way ANOVA 
with Dunnett’s post hoc test). 
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4.4.3 Ligand-Mediated Activation of Cellular PKA 

Protein kinase A (PKA) and EPACs are cyclic AMP sensors with homologous CNBDs 

(see Chapter 1, Figure 1-4), which translates to a possibility of EPAC ligands interacting 

with both proteins. It is therefore important to investigate the PKA activating potential of 

selected lead T and SY ligands, to determine their EPAC-selectivity. I addition, if a ligand 

was to possess an ability to inhibit phosphodiesterases (PDEs), or activate cellular 

adenylyl cyclases (ACs) [8], [12], it could activate Rap1 not by direct interaction with 

EPAC1, but by increasing cellular cyclic AMP levels. This would also result in 

simultaneous non-specific PKA activation. Therefore, to confirm whether agonist effects 

observed in the U2OS-EPAC1 cells (Figure 4-19) are indeed strictly EPAC1-dependent, 

the potential of selected ligands for inducing cyclic AMP-elevating off-target effects can 

be assessed by monitoring PKA activation. 

The selectivity of 007 for EPAC1 over PKA has already been confirmed [94]. Cells were 

stimulated with test compounds, 007 or a combination of the cyclic AMP elevating 

agents, forskolin and rolipram (F/R) [323], [324], as a positive control. Phosphorylation 

of vasodilator-stimulated phosphoprotein (VASP), a well characterised downstream 

effector of PKA [325], was monitored by immunoblotting as a marker of PKA activation. 

As shown in Figure 4-22, in contrast to F/R treatment, none of the test compounds 

promoted VASP phosphorylation, which indicates that they do not activate PKA in cells. 

The Rap1 activation observed in previous experiments (Figure 4-19) can therefore be 

contributed to a direct interaction of identified ligands with cellular EPAC1 and not to 

non-specific elevation in intracellular cyclic AMP levels. 

 



 

 159 

  

Figure 4-22. Effects of selected T (A) and SY (B) compounds on PKA activation in cells. U2OS cells 
expressing EPAC1 were stimulated for 10 minutes with vehicle (DMSO), a mixture of 10 μM forskolin 
and 10 μM rolipram (F/R; cyclic AMP elevating agents, positive control), 50 μM 007 or 100 μM of test 
compounds, as indicated. Phosphorylation of the PKA downstream effector, VASP, was monitored by 
immunoblotting as an indicator of PKA activation. Phospho-VASP (P-VASP) was detected using a 
phospho-specific anti-VASP antibody. No PKA activation was observed following treatment with any of 
the ligands. Representative blots from three independent experiments are presented.
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4.5 Discussion 

4.5.1 T20, T40 and T42 are more potent EPAC1 binders than I942. 

In Chapter 3, a single-point competition binding assay screen, using 8-NBD-cAMP, 

resulted in the identification of nine EPAC1 binders, and an orthogonal, cell-based screen 

narrowed this number down to three lead I942 analogues, T20, T40 and T42. In this 

chapter, the binding of I942 and selected T compounds to GST-EPAC1-CNBD was 

further characterised and compared using the 8-NBD-cAMP competition binding assay 

in dose-response format (Figure 4-8). This showed that the binding effects observed in 

the initial screen were dose-dependent and that selected I942 analogues are competitive 

binders and produce classic sigmoidal-shaped curves. The IC50 values calculated from 

dose-response curves demonstrate that the binding affinities of T20, T40 and T42 are 

significantly higher than the binding affinity of I942, with a rank order of affinity, I942 

< T20 < T40 < T42, which is consistent with the data from the ligand screen and confirms 

the reliability of the applied screening method. 

Initial experiments were carried out using isolated CNBDs, however, the presence of 

other EPAC1 domains in the parent protein might influence compound binding by having 

an impact on the conformation of the CNBD, creating a steric hindrance, or on the 

contrary, providing additional sites for protein-ligand interactions. We therefore tested 

I942 and selected compounds for binding to recombinant EPAC1-∆DEP (Figure 4-9), 

which is a truncated version of the full-length protein that lacks only the N-terminal DEP 

domain. Although EPAC1-∆DEP has been previously deemed incompatible with the 8-

NBD-cAMP competition binding assay in HTS format, due to insufficient change in 

fluorescence upon 8-NBD-cAMP binding [133], we proved that it can be successfully 

used for studying dose-response effects of competitive binders. The IC50 values for T20 

and T42 were found to be comparable between GST-EPAC1-CNBD and EPAC1-∆DEP 

but, interestingly, I942 and T40 display a higher binding affinity for EPAC1-∆DEP. This 

is especially pronounced in the case of T40, which displays a 4-fold decrease in the IC50 

value. The mechanism behind this improvement in binding is yet to be elucidated, but it 

might be a piece of potentially valuable information aiding the future design of better 

EPAC1 binders. 
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4.5.2 I942 and lead T compounds show binding selectivity towards GST-EPAC1-

CNBD over GST-EPAC2-CNBD. 

I942 has been shown to selectively activate the EPAC1 isoform over EPAC2 [177]. To 

follow up on this, we compared the binding of I942 and the selected analogues, T20, T40 

and T42, to the CNBDs of EPAC1 and EPAC2 (Figure 4-14). As expected, all compounds 

demonstrated significantly reduced binding affinities for GST-EPAC2-CNBD, compared 

to GST-EPAC1-CNBD, ranging from a 4-fold increase in the IC50 value for T20 and T40 

to a 6-fold increase for I942 and T42. Interestingly, this preference for interaction with 

the EPAC1 isoform was not observed when comparing EPAC1-∆DEP with EPAC2-

∆DEP (Figure 4-16), which indicates that the presence of additional domains in EPAC2 

significantly influenced the affinity of ligand binding. 

The results obtained suggest that the explanation for the isoform selectivity of I942 might 

lie in the differences in amino acid composition between EPAC1 and EPAC2 CNBDs. It 

is possible, that an additional, favourable interaction is available for I942 in complex with 

the EPAC1-CNBD, or that some sort of a steric hindrance is present when binding to the 

EPAC2-CNBD. Nothing in the current I942 binding models [101], [285] directly points 

towards the individual amino acids that may be responsible for this isoform selectivity, 

since those suggested to be involved in I942 binding are conserved in both EPAC 

isoforms. There is, however, an amino acid difference between EPAC1 and EPAC2 

CNBDs, which has been speculated to potentially contribute to this effect [101], namely 

Q270 in the phosphate-binding cassette of EPAC1, which is replaced by the 

corresponding K405 in EPAC2 (see: Chapter 1, Figure 1-4). These amino acids have 

previously been shown to play a key role in the EPAC1-selectivity of 007 [79]. Further 

investigation into this matter is therefore needed, since elucidating the mechanisms 

underlying the isoform-selectivity of I942 could be valuable in guiding the future design 

of selective, small-molecule EPAC1 regulators. 

 

4.5.3 Lead N-acylsulphonamide and benzofuran oxoacetic acid compounds 

selectively activate EPAC1 over EPAC2 in U2OS cells. 

To determine if the selected lead ligands have agonist properties, we tested their ability 

to induce activation of the EPAC downstream effector, Rap1, in U2OS cells transfected 

with either an EPAC1 or EPAC2 isoform. We found that treatment of cells with T20, T40 
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and T42 led to a significant increase in active Rap1 levels in U2OS-EPAC1 cells (Figure 

4-19A), but not in U2OS-EPAC2 cells (Figure 4-21A), which suggests that these ligands 

are capable of selectively activating the EPAC1 isoform over EPAC2, just like the parent 

compound, I942 [177]. Therefore, the high binding affinities of T20, T40 and T42 to 

GST-EPAC1-CNBD and EPAC1-∆DEP measured here, translated into activation of 

EPAC1 in cells. This also confirms that the orthogonal screening method used in Chapter 

3, based on the immunoprecipitation of active EPAC1 from cell lysates, was a good 

predictor of the agonist properties of test ligands. Similar EPAC1-selective effects were 

observed for SY006, SY007 and SY009 (Figures 4-19B and 4-21B). Obtained results 

demonstrated the membrane permeability of the compounds from the SY series and that 

their agonist properties have been correctly assessed using an in vitro GEF activity assay 

[316]. 

The observation that treatment of U2OS-EPAC2 cells with lead T compounds did not 

induce EPAC2-mediated activation of Rap1 is in agreement with the detected binding 

preference towards GST-EPAC1-CNBD over GST-EPAC2-CNBD and isoform-

selective properties of I942 [177]. Interestingly, the binding affinities of ligands towards 

EPAC1-∆DEP and EPAC2-∆DEP were comparable, leading to the assumption that 

additional protein domains in EPAC2 compensate for the reduced binding capacity to 

isolated CNBDs, possibly by altering the conformation of CNBD or providing alternative 

sites for interaction. The presence of these additional domains in cellular EPAC2 did not, 

however, influence the ability of compounds to activate it, which further confirms that 

the key to isoform selectivity of I942 and its analogues is likely to lie in the structural 

differences between EPAC1 and EPAC2 CNBDs.  

Moreover, a very interesting effect was observed following co-treatment of U2OS-

EPAC1 cells with selected T or SY compounds and the cyclic nucleotide EPAC1 agonist, 

007 (Figure 4-20). Because of the competitive binding nature of studied ligands, we 

hypothesized that, depending on circumstances, they might act not only as agonists, but 

as competitive inhibitors, or partial agonists, as well. Surprisingly, instead of inhibition, 

a potentiation of 007 activity was detected following treatment with combinations of T20 

plus 007, T42 plus 007, and SY009 plus 007, which might be caused by some kind of a 

synergistic, or more likely, an additive interaction between newly identified EPAC1 

ligands and the cyclic nucleotide EPAC1 agonist. Further investigation, including 

confirmation with a different type of activation assay, is needed to elucidate the 
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mechanisms underlying this effect, which might provide useful information on 

pharmacological targeting of the EPAC1 protein. 

 

4.5.4 Employed orthogonal, activity-based screening methods successfully 

predicted agonist activity of T and SY compounds in cells. 

Previously, the application of a fluorescence-based 8-NBD-cAMP competition binding 

assay as a screening method for the discovery of EPAC1 regulators led to the 

identification of two distinct classes of small-molecule ligands with agonist properties 

towards EPAC1:  N-acylsulphonamide compounds, including I942 [177] and its 

analogues, T20, T40 and T42, and benzofuran oxoacetic acid derivatives, namely SY006, 

SY007 and SY009 [316]. Since this is a ligand binding-based method, carrying out further 

orthogonal screening is required to assess the activity of the hits. During the development 

of I942 analogues (T compounds), orthogonal screening, using the immunoprecipitation 

(IP) of active, cellular EPAC1, was employed (see Chapter 3), while an in vitro GEF 

assay was used to evaluate the activity of the SY compound series [316]. Both methods 

enabled the successful selection of lead ligands with agonist properties. 

The clear advantage of the active EPAC1 IP assay is that it detects interaction with 

EPAC1 in cellulae and therefore yields important information on one critical ligand 

property, namely membrane permeability. This is in contrast to the GEF assay, which is 

carried out in vitro and utilises recombinant proteins purified from bacteria. The IP 

method is, however, time-consuming, requires culturing of cells, manual handling, and 

visualisation by Western blotting, which makes it only suitable for testing a limited 

number of ligands, in its current form. For comparison, we carried out active EPAC1 IP 

experiments with lead SY compounds (Appendix B, Figure V). Treatment of cells with 

SY007 resulted in a significant increase in the levels of immunoprecipitated EPAC1, 

correctly suggesting agonist properties, but likely due to data variability frequently 

associated with cell-based assays, we did not obtain a statistically significant response to 

SY006 and SY009. This might potentially lead to discarding valuable ligands if EPAC1 

IP is used as an orthogonal screening method. The in vitro GEF assay, on the other hand, 

detected the agonist activity of SY007, as well as SY006 and SY009. In drug discovery 

projects dealing with large libraries of small molecules, the in vitro GEF assay would 

therefore probably be favoured, since it is quicker to perform and involves simple 

detection by fluorescence reading. 
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4.5.5 Selected T and SY lead compounds do not activate PKA in U2OS cells. 

A very important matter to consider when designing pharmacological tools and drug-like 

molecules to target EPAC proteins is their ability to discriminate against other cyclic 

AMP sensors that have homologous CNBDs, in particular, PKA, which is ubiquitously 

expressed in cells (see Chapter 1, Figure 1-4). Such selectivity is critical for 

distinguishing between EPAC-mediated processes and the multitude of signalling 

pathways where PKA is involved. To address this, PKA activation was measured in 

U2OS cells, by monitoring the phosphorylation state of its downstream effector, VASP 

(Figure 4-22). No activation of PKA was detected following treatment of cells with T20, 

T40 or T42, showing that they effectively discriminate against PKA in cells, which is in 

agreement with what has been reported for I942 [177]. The same was demonstrated for 

SY ligands, SY006, SY007, SY009. Moreover, it gives us confirmation that the increase 

in active Rap1 observed in U2OS-EPAC1 cells after exposure to T compounds was not a 

consequence of the elevation of cellular cyclic AMP levels, via activation of G protein-

coupled receptors, ACs, or inhibition of PDEs. In conjunction with no activation observed 

in EPAC2-transfected cells, these results clearly point to EPAC1 as a mediator of this 

effect. 
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4.6 Summary 

Main findings of this chapter: 

• Hit compounds identified in Chapter 3 (T20, T40 and T42) have a higher EPAC1 

binding affinity than the parent compound, I942. 

• Identified N-acylsulphonamide ligands preferentially bind to EPAC1 CNBD over 

EPAC2 CNBD in vitro. They also selectively activate EPAC1 isoform in cells, 

which confirms their agonist properties predicted in Chapter 3. 

• Another group of studied EPAC1 regulators, benzofuran oxoacetic acid 

derivatives (SY compounds), were also shown to activate EPAC1, while 

discriminating against EPAC2 in cells. 

• Neither T nor SY ligands showed activity towards PKA in cells. 
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CHAPTER 5: In Vitro Cytotoxicity Testing of Lead 

EPAC1 Ligands 
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5.1 Introduction 

5.1.1 In Vitro Cytotoxicity Testing in Drug Discovery 

Introducing automated high throughput screening (HTS) methods in the pharmaceutical 

industry enabled rapid and efficient screening of large molecule libraries [272], [271], 

[273]. Due to these improvements, growing numbers of hits and lead compounds have 

been identified in drug discovery projects. Since the drug development process is 

extremely expensive, especially in later phases, and many compounds with promising 

biological properties get rejected because of their toxicity, the advantage of cytotoxicity 

testing in the early phases of the drug discovery process has been recognised [326]. This 

allows early triage of compounds and therefore limits the costs associated with their 

potential failure in later phases. 

Traditional in vivo toxicity experiments are time-consuming, costly and require approval 

from an ethics committee. While still essential and impossible to avoid, they can be scaled 

down when preceded by comprehensive in vitro cytotoxicity testing. In vitro cell-based 

cytotoxicity assays are a response to an increasing number of compounds processed in 

modern drug discovery programs, since they are cheaper, faster, and many of them can 

be adapted to HTS [327]. Another clear advantage is the plenitude of human cell models 

to choose from, which allows for an experimental design that takes into account the 

biological target of the molecule and the planned route of administration. The results 

obtained by this approach help to immediately eliminate highly toxic compounds and 

define the optimal starting doses for subsequent in vivo experiments. What is more, 

comparing different methods and cell types can yield information about potential toxicity 

mechanisms and provide useful data for lead structure modifications [328]. 

 

5.1.2 Mechanisms of Cell Death 

For the purpose of this chapter, three major cell death mechanisms will be introduced: 

apoptosis and autophagy, which are programmed and controlled processes, and necrosis, 

an uncontrolled cell death resulting from a direct injury [329]–[331]. 

Apoptotic cell death is an active, ATP-dependent process and is characterised by cell 

shrinkage, maintenance of plasma membrane integrity, chromatin condensation, and 



 

 168 

involvement of caspases [329]–[331]. Caspases are a family of proteases that coordinate 

apoptosis by cleaving, and thus activating, inactivating, or degrading hundreds of 

different cellular proteins. Like many other proteolytic enzymes, they are synthesised as 

inactive proenzymes (pro-caspases) and require cleavage to be functional. Two major 

classes of caspases are involved in apoptotic cell death: initiator caspases (2, 8, 9 and 10) 

and their downstream effectors, executioner caspases (3, 6 and 7), which initiate 

processes needed for apoptosis and suppress signalling pathways promoting cell survival 

[330]–[332]. Examples of the outcomes of executioner caspases activation include 

cleavage of nuclear lamins, which allows for nuclear condensation [333], or activation of 

caspase-dependent DNase (CAD) that subsequently degrades the chromosomal DNA 

[334]. 

Apoptosis can be initiated by two major signalling pathways, called the extrinsic and 

intrinsic pathways, both schematically depicted in Figure 5-1. The extrinsic pathway is 

triggered when a ligand, such as a membrane-bound Fas ligand (FasL) presented by 

another cell, binds to its transmembrane death receptor, Fas receptor (FasR) in this case, 

on a target cell. This results in aggregation of cytoplasmatic death domains of these 

receptors, and subsequent recruitment of adaptor proteins, like Fas-associated protein 

with death domain (FADD), and initiator caspase proteases, 8 and 10, together forming a 

death-inducing signalling complex (DISC). Activated initiator caspases can then cleave 

executioner caspases 3, 6 and 7 [330], [331]. The intrinsic pathway is usually induced as 

a response to cellular stress and intrinsic stimuli such as DNA damage. Creation of pores 

in the mitochondrial membrane by proapoptotic proteins such as Bax and Bak allows for 

the release of cytochrome c to the cytoplasm. Cytochrome c then binds to apoptotic 

protease-activating factor 1 (Apaf-1) to create a complex called apoptosome. Within the 

apoptosome, the initiator caspase 9 is activated and, in turn, activates its downstream 

effectors, caspases 3, 6 and 7 [330], [331]. 

In contrast to apoptosis, necrotic cell death is not regulated and is characterised by cell 

swelling and disruption of plasma membrane integrity, followed by the release of cellular 

contents, which causes inflammation. Necrosis can be caused by external factors, 

including extreme temperature, toxins, anoxia or infection [329]–[331]. Moreover, if late-

stage apoptotic cells are not removed by scavengers, such as macrophages, they can 

undergo secondary necrosis [335]. 

Autophagy was first described as a protective mechanism, activated in stress conditions 

such as nutrient deprivation, that allows the cell to either recycle its components or use 
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them as a source of energy. However, it has also been recognised as another mechanism 

of cell death [336], [337]. No distinct nuclear condensation or caspase activation is 

present in cells undergoing autophagic cell death. It is characterised by the formation of 

vesicles called autophagosomes, to which cytoplasmatic components targeted for 

degradation are recruited. Autophagosomes then fuse with lysosomes to complete the 

digestion process [337], [338]. 

It has to be noted that other mechanisms of cell death have been described as well. These 

include, but are not limited to, pyroptosis, a highly inflammatory programmed cell death 

occurring usually as a response to intracellular pathogens [339], and necroptosis, which 

is a controlled form of necrosis [340]. 
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Figure 5-1. Schematic representation of extrinsic (left) and intrinsic (right) pathways of apoptosis 
initiation. The extrinsic pathway is triggered by the binding of a ligand to a transmembrane death receptor, 
which results in aggregation of cytoplasmatic death domains, and subsequent recruitment of adaptor 
proteins and initiator caspases 8 and 10. Together they form a death-inducing signalling complex (DISC), 
which then activates the executioner caspases 3, 6 and 7. The intrinsic pathway is usually induced by stress 
or intracellular lethal stimuli. Pores are formed in the mitochondrial membrane and cytochrome c is released 
into the cytoplasm, where it binds to the Apaf-1 protein to create the apoptosome. The initiator caspase 9 
is then activated within the apoptosome, which, in turn, activates the executioner caspases 3, 6 and 7. Figure 
created with BioRender.com.



 

 171 

5.2 Objectives 

The discovery of the first non-cyclic nucleotide partial agonist of EPAC1, the N-

acylsulphonamide derivative, I942 [177], was soon followed by the identification of the 

I942 analogues, T20, T40 and T42, described in Chapter 3, and the SY compound series 

of benzofuran oxoacetic acid EPAC ligands, SY006, SY007 and SY009 [316], studied in 

more detail in Chapter 4. This chapter will focus on in vitro cytotoxicity assessment of 

both compound groups and on investigating the mechanism of observed toxic effects. 

The aims are to: 

• Compare and contrast the cytotoxic properties of I942 and lead compounds from 

the T and SY series of EPAC1 regulators. 

• Investigate the mechanism of ligand-induced cell death. 
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5.3 Materials and Methods 

All materials and methods used in this chapter were described in detail in Chapter 2. 

 

5.3.1 In Vitro Cytotoxicity Assays 

The method used here is a modified version of the protocol developed by Dayeh et al. 

[341], which was originally used for testing the toxicity of water samples, using a rainbow 

trout gill cell line, and allows the simultaneous use of three different fluorescence-based 

cytotoxicity assays, using the same set of cells: Alamar Blue assay, 5-carboxyfluorescein 

diacetate acetoxymethyl ester (CFDA-AM) assay, and Neutral Red assay. This allows the 

determination of the impact of each compound on cell metabolic activity, plasma 

membrane integrity, and lysosomal function. 

The schematic representation of the protocol used for cytotoxicity testing is depicted in 

Figure 5-2. Human umbilical vein endothelial cells (HUVECs) or U2OS cells were grown 

in transparent 96-well plates under standard culturing conditions (see: 2.2.4 Mammalian 

Cell Culture). Once confluent, they were incubated in the presence of potential toxicants 

for further 24 or 48 hours. For dose-response experiments, series of eight 1:2 dilutions 

were prepared for I942, selected lead compounds, ethanol (EtOH; positive cytotoxic 

control) and the diluent (DMSO), as summarized in Table 5-1. Some cytotoxicity 

experiments in this chapter were performed using a single toxicant concentration, as 

indicated. Untreated cells were used as a negative control. To test for cytotoxic effects, 

the exposure medium was then replaced with a mixture of Alamar Blue and CFDA-AM 

dyes, at 1.25% (v/v) and 4 μM concentrations, respectively, and cells were further 

incubated for 30 minutes in the dark under standard culturing conditions. Following this, 

the fluorescence of the plates was recorded at excitation/emission (ex/em) wavelengths 

of 532/590 nm, and then 485/535 nm, for Alamar Blue and CFDA-AM, respectively. 

There is no interference between these dyes and, therefore, their signal can be detected at 

distinct ex/em wavelengths (Appendix C, Figure VI) in the same experiment.  

Alamar Blue is the commercial name for a reagent containing resazurin, a membrane-

permeable, non-toxic, very weakly fluorescent blue dye. Normally, mitochondrial and 

cytoplasmatic enzymes in healthy cells reduce resazurin to a highly fluorescent dye, 

resorufin, as shown in Scheme 5-1A. Therefore, a reduction in fluorescence signal reports 



 

 173 

an impairment in cellular metabolic activity [326], [341]. Similarly, CFDA-AM is a 

nonfluorescent, nonpolar dye that easily enters the cell and is subsequently converted by 

non-specific, cellular esterases to polar, fluorescent 5-carboxyfluorescein (5-CF), as 

shown in Scheme 5-1B. In the presented method, the fluorescence of the plate is recorded 

without prior removal of the Alamar Blue and CFDA-AM dye mix solution, so what is 

measured in the CFDA-AM assay is the decrease in total esterase activity. This allows 

for the detection of two effects the test compounds might have; namely, direct 

interference with the activity of esterase enzymes and impairment of plasma membrane 

integrity. The latter is based on the fact that esterases leaking out of the cells through 

damaged plasma membranes are removed together with the culturing medium, at the 

initial step of the protocol, before adding the dye mixture to the wells. 

Since both dyes described in the preceding paragraphs are non-invasive, the same set of 

test compound-treated cells was subsequently used for the neutral red assay. The Alamar 

Blue/CFDA-AM dye mixture was replaced with 33 μg/ml neutral red working solution 

and incubated for 1 hour in the dark under standard culturing conditions. Cells were then 

solubilised with 1% (v/v) acetic acid in 50% (v/v) EtOH and the fluorescence of the plate 

was recorded at ex/em wavelengths of 532/645 nm. 

The neutral red assay is used to assess the plasma membrane integrity, as well as 

lysosomal function [328], [341]. Unlike Alamar Blue or CFDA-AM, the neutral red dye 

does not undergo an enzymatic reaction but, is instead taken up by viable cells and 

incorporated into their lysosomes (Scheme 5-1C). It is also a pH indicator, which turns 

red at pH ≤ 6.8, and after solubilization of cells in an acidic solution, the levels of 

accumulated dye can be measured fluorometrically. 

The half-maximal effective concentration (EC50) parameter was adopted as a measure of 

cytotoxic potential of test compounds. To obtain EC50 values from the dose-response 

data, curve fitting was performed using nonlinear regression in GraphPad Prism 8 

software (GraphPad Software, San Diego, USA).
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Table 5-1. Concentration ranges of test compounds, diluent (DMSO) and ethanol in dose-response 
cytotoxicity experiments. 

 Test Compounds Diluent (DMSO) EtOH 

HUVECs 3.9 – 500 μM 0.01 – 1% (v/v) 0.2 – 25% (v/v) 

U2OS cells 7.8 – 1000 μM 0.02 – 2% (v/v) 0.3 – 40% (v/v) 

 

 

 

Figure 5-2. Schematic representation of the protocol used for cytotoxicity testing. The presented 
method allows for performing three different cytotoxicity assays on the same set of cells. 
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Scheme 5-1. Fluorescence-based cytotoxicity assays. A) Alamar Blue: reduction of a weakly fluorescent 
resazurin to a highly fluorescent resorufin by cellular enzymes. B) CFDA-AM: hydrolysis of membrane-
permeable, non-fluorescent CFDA-AM to polar, fluorescent 5-CF, by cellular esterases. C) Neutral Red: 
the red dye is accumulated in the lysosomes of viable cells.
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5.3.2 RNA seq 

Cell culture, stimulation and RNA extraction from cells was performed by Dr Jolanta 

Wiejak (Yarwood Lab, Heriot-Watt University, Edinburgh, UK). HUVECs were cultured 

under standard culturing conditions (see: 2.2.4 Mammalian Cell Culture) in 6-well plates. 

Once 70-80% confluent, cells were incubated in the presence or absence of 100 μM I942. 

RNA was then isolated using the RNeasy Kit (Qiagen, Hilden, Germany) following the 

manufacturer’s protocol. Sample preparation and RNA sequencing were carried out by 

Glasgow Polyomics (Wolfson Wohl Cancer Research Centre, Garscube Campus, 

University of Glasgow). Statistical analysis was performed using the Bioconductor 

DESeq2 package, which employs the Wald test for significance testing [267]. 

  

5.3.3 SDS-PAGE and Western Blotting 

Protein samples were separated on 10% (v/v) polyacrylamide gels, transferred to 

nitrocellulose membranes and subsequently immunoblotted with appropriate antibodies. 

Blots were developed using SuperSignal West Pico PLUS Chemiluminescent Substrate 

(Thermo Scientific, Waltham, USA). Signal intensities were quantified densitometrically 

using ImageJ software (National Institutes of Health, Bethesda, USA). 

 

5.3.4 Detection of Caspase 3/7 activation 

Caspase 3/7 activation was measured in live cells using the CellEvent Caspase-3/7 Green 

Detection Reagent (Invitrogen, Carlsbad, USA). It is a cell-permeable, intrinsically non-

fluorescent peptide-dye conjugate. The peptide sequence (DEVD) is a cleavage site for 

active caspases 3 and 7 and cleaving of CellEvent conjugate releases the DNA-binding 

fluorescent dye. For this experiment, HUVECs were cultured under standard culturing 

conditions (see: 2.2.4 Mammalian Cell Culture) in black, clear-bottom 96-well plates. 

When 90% confluent, cells were further incubated in a phenol red-free medium 

containing 1:400 diluted CellEvent, either in the presence of vehicle (DMSO) or 200 µM 

of selected test compounds. The fluorescence intensity was measured after 24 and 48 

hours of exposure at 485/532 nm ex/em wavelengths.  
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5.4 Results 

5.4.1 In Vitro Cytotoxicity Testing of Lead N-Acylsulphonamide and Benzofuran 

Oxoacetic Acid EPAC1 Ligands 

As mentioned in the introduction to this chapter, there is a growing tendency to perform 

in vitro cytotoxicity testing in the early stages of the drug development process, in order 

to minimise cost losses associated with compound failure in the later phases [326], [328]. 

Therefore, having determined the agonist activity and EPAC1-selectivity of three lead 

I942 analogues identified in Chapter 3, T20, T40 and T42, and three lead SY compounds, 

SY006, SY007 and SY009, the next logical step was to analyse their relative 

cytotoxicities, in comparison with the previously identified EPAC1 ligand, I942, as its 

cytotoxic potential has not yet been investigated. To do that, we employed a multiplex 

method utilizing three fluorescent viability probes, namely Alamar Blue, CFDA-AM and 

Neutral Red, which was described in detail in the Materials and Methods section of this 

chapter. 

Our main interest is the anti-inflammatory effects of EPAC1 activation in the vascular 

endothelium [115] and the potential protective role it might play in the development of 

cardiovascular disease. In this respect, a hypothetical EPAC1 agonist could be potentially 

used as a medication to combat unwanted vascular inflammation through local 

administration using a drug-eluting stent [100]. For this reason, primary HUVECs were 

chosen for in vitro cytotoxicity testing, since they represent a valid model of vascular 

function [342], [343]. Bearing in mind that the original protocol [341] was designed to be 

performed on an immortalised cell line, we first checked if a response could be effectively 

detected in HUVECs, using all three assays. To test this, HUVECs were exposed for 24 

hours to a range of concentrations of a known toxicant, 0.2 – 25% (v/v) EtOH, before 

assaying for cytotoxic effects. Cell viability was then expressed as a percentage of the 

untreated control signal. To quantify the cytotoxicity of EtOH and test compounds, the 

half-maximal effective concentration (EC50) was calculated for each treatment. EC50 is a 

common measure of toxic properties and describes the concentration of any toxicant that 

reduces the measured response, which represents cell viability, by half [341]. 

Figure 5-3 depicts the obtained dose-response curves for EtOH and a bar graph with EC50 

values calculated from curve fitting. Cytotoxic effects of high concentrations of ethanol 

were easily detectable using all three assays. The obtained EC50 values for ethanol were 
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7.5% (v/v), 7.3% (v/v) and 5.1% (v/v) for Alamar Blue, CFDA-AM and neutral red 

assays, respectively, and there were no statistically significant differences between them 

(determined using one-way ANOVA with Tukey’s post hoc test). HUVECs were 

therefore deemed suitable for further in vitro cytotoxicity testing using the presented 

method. 

Before investigating the cytotoxicity profiles of I942 and lead compounds, their 

autofluorescence at all three assay wavelengths was tested to rule out the possibility of 

any of them interfering with the readings (Appendix C, Figure VII). To confirm full 

compatibility with the Alamar Blue assay, the redox activity of the compounds was also 

assessed (Appendix C, Figure VIIB). All compounds were deemed compatible with all 

three assays. 

HUVECs were exposed to I942, T20, T40, T42, SY006, SY007 and SY009 in a 

concentration range of 3.9 – 500 µM, for 24 hours. To assay for the effects of test ligands 

on cellular enzymatic activity, which is an indicator of viability, HUVECs were first 

incubated with a mixture of Alamar Blue and CFDA-AM, followed by fluorescence 

readings at 532/590 nm and 485/535 nm ex/em wavelengths to detect the signals of both 

dyes. Subsequently, the same set of test compound-treated HUVECs was used for the 

neutral red assay, to assess lysosomal function and cell membrane integrity, as disruption 

of the plasma membrane, a typical feature of necrotic cell death, is a common effect of 

cytotoxic treatments. Cells were incubated with the neutral red working solution, 

solubilized to release the retained dye and then the fluorescence was recorded at 532/645 

nm ex/em wavelengths. 

To calculate EC50 values for each test compound, curve fitting was performed on data 

sets from each readout, as demonstrated in Figure 5-4 using the example of I942. 

Respective plotted data and curve fitting for other lead compounds can be found in 

Appendix C, Figures VIII, IX and X. Obtained EC50 values were compared between the 

compounds, as shown in Figures 5-5, 5-6 and 5-7, for Alamar Blue, CFDA-AM and 

Neutral Red assays, respectively. Statistical differences between these values were 

determined using one-way ANOVA with Tukey’s post hoc test, which is presented in 

associated Tables 5-2, 5-3, and 5-4. In the Alamar Blue assay (Figure 5-5, Table 5-2) 

I942, T40, SY006 and SY009 have relatively low EC50 values and are therefore 

significantly more toxic than either T20, T42 or SY007. The negative effects on 

enzymatic activity in CFDA-AM assay (Figure 5-6, Table 5-3) are most evident for T40, 

SY006 and SY009, and considerably less pronounced for T20, T42 and SY007. The EC50 
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for I942, while significantly lower than the EC50 values of T20 and T42, is not 

significantly different from the EC50 of SY007 and is therefore intermediate in its effect. 

The results from the Neutral Red cytotoxicity assay (Figure 5-7, Table 5-4) again follow 

the same trend as the Alamar Blue and CFDA-AM assays and show that exposure to T20, 

T42 and SY007 is better tolerated in HUVECs than treatment with the other test ligands. 

It should be noted that in the case of T20, T42 and SY007, responses were rather modest, 

which made curve fitting difficult. While the presented results confirm lower cytotoxicity 

of these ligands, relatively to I942, T40, SY006 and SY009, the resulting EC50 values 

should be taken with caution. 
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Figure 5-3. Assessment of the suitability of HUVECs for the in vitro cytotoxicity testing. HUVECs 
were treated with varying concentrations of ethanol (a series of 1:2 dilutions in 0.2 – 25% (v/v) range) for 
24 hours, followed by incubation with a mixture of Alamar Blue and CFDA-AM dyes for 30 minutes in 
the dark. Fluorescence was then measured at 532/590 nm (for Alamar Blue) and 485/535 nm (for CFDA-
AM) ex/em wavelengths. Subsequently, cells were incubated with Neutral Red dye for 1 hour in the dark, 
followed by cell solubilization and fluorescence reading at 532/645 nm ex/em wavelengths. Curve fitting 
was performed to obtain half-maximal effective concentrations (EC50) for ethanol in each assay. Data 
presented as means ± SEM, n = 3. 
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Figure 5-4. Cytotoxic effects of HUVECs treatment with increasing concentrations of I942. HUVECs 
were treated with I942 concentration range of 3.9 – 500 µM for 24 hours, followed by incubation with a 
mixture of Alamar Blue and CFDA-AM dyes for 30 minutes in the dark. Fluorescence was then measured 
at 532/590 nm (for Alamar Blue) and at 485/535 nm (for CFDA-AM) ex/em wavelengths. Subsequently, 
cells were incubated with Neutral Red dye for 1 hour in the dark, followed by cell solubilization and 
fluorescence reading at 532/645 nm ex/em wavelengths. Curves were fitted to the data collected in all three 
assays to obtain EC50 values. Data presented as means ± SEM, n = 3. 
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Figure 5-5. Half maximal effective concentrations (EC50) of lead EPAC1 ligands from Alamar Blue 
viability assay. The EC50 values were obtained from curve fitting. Data are presented as means ± SEM, n 
= 3. 

 

 

Table 5-2. Comparison of EC50 values obtained from Alamar Blue viability assay. 

 EC50 (µM) Significance in comparison to:  Mean ± SEM I942 T20 T40 T42 SY006 SY007 SY009 
I942 101.65 ± 16.62 x ** ns * ns ** ns 
T20 529.92 ± 94.66 ** x *** ns ** ns ** 
T40 50.78 ± 8.31 ns *** x * ns *** ns 
T42 391.57 ± 68.68 * ns * x * ns * 

SY006 91.41 ± 16.40 ns ** ns * x ** ns 
SY007 534.59 ± 95.96 ** ns *** ns ** x ** 
SY009 93.79 ± 15.40 ns ** ns * ns ** x 

ns – not significant; * p < 0.05, ** p ≤ 0.01, *** p ≤ 0.001 (one-way ANOVA with Tukey’s post hoc test) 
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Figure 5-6. Half maximal effective concentrations (EC50) of lead EPAC1 ligands from CFDA-AM 
viability assay. The EC50 values were obtained from curve fitting. Data are presented as means ± SEM, n 
= 3. 

 

 

Table 5-3. Comparison of EC50 values obtained from the CFDA-AM viability assay. 

 EC50 (µM) Significance in comparison to:  Mean ± SEM I942 T20 T40 T42 SY006 SY007 SY009 
I942 222.04 ± 19.55 x **** ns ** ns ns ns 
T20 589.90 ± 59.84 **** x **** ns **** ** **** 
T40 144.23 ± 13.00 ns **** x *** ns ** ns 
T42 449.21 ± 40.83 ** ns *** x *** ns *** 

SY006 154.79 ± 13.91 ns **** ns *** x ** ns 
SY007 361.11 ± 31.73 ns ** ** ns ** x ** 
SY009 156.27 ± 14.04 ns **** ns *** ns ** x 

 
ns – not significant; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001 (one-way ANOVA with Tukey’s post hoc test) 
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Figure 5-7. Half maximal effective concentrations (EC50) of lead EPAC1 ligands from Neutral Red 
cytotoxicity assay. The EC50 values were obtained from curve fitting. Data are presented as means ± SEM, 
n = 3. 

 

 

Table 5-4. Comparison of EC50 values obtained from Neutral Red cytotoxicity assay. 

 EC50 (µM) Significance in comparison to:  Mean ± SEM I942 T20 T40 T42 SY006 SY007 SY009 
I942 125.77 ± 16.12 x *** ns * ns ** ns 
T20 385.14 ± 50.20 *** x **** ns *** ns *** 
T40 78.75 ± 10.16 ns **** x ** ns *** ns 
T42 289.21 ± 36.90 * ns ** x ** ns * 

SY006 103.03 ± 13.26 ns *** ns ** x ** ns 
SY007 319.12 ± 40.93 ** ns *** ns ** x ** 
SY009 108.42 ± 13.93 ns *** ns * ns ** x 

ns – not significant; * p ≤ 0.05, ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001 (one-way ANOVA with Tukey’s post hoc 
test) 
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5.4.2 Regulation of Cell Death-Associated Genes by I942: RNA Sequencing 

Having investigated the cytotoxicity profile of I942 in HUVECs, we next wanted to shed 

a light on the mechanism of this cytotoxic effect. RNA-sequencing (RNA-Seq) of 

HUVECs, following the 48-hour treatment with 100 µM I942, was therefore carried out, 

and compared with untreated cells. From obtained data, genes associated with cell death, 

including apoptosis, necrosis and autophagy, were selected and changes in their 

expression were visualised as a volcano plot (Figure 5-8). In a volcano plot, fold-changes 

in mRNA levels are plotted on the x-axis versus statistical significance on the y axis, both 

sets of values transformed logarithmically. The result is a simple and clear visualisation 

of gene expression, where, to give an example, the most significantly upregulated genes 

will be in the top right part of the plot. Thresholds for the magnitude of change and 

significance were set at 1.5-fold and p < 0.05, respectively, and are indicated on the plot 

by grey dotted lines.  

Significantly upregulated genes (Figure 5-8, marked in red) will be discussed first. The 

most pronounced effect of I942 treatment is almost 6-fold upregulation of the FAS gene, 

encoding the Fas receptor (FasR). FasR is a transmembrane death receptor that belongs 

to the tumour necrosis factor receptor superfamily [344], and its activation by Fas ligand 

(FasL) initiates the extrinsic pathway of apoptotic cell death (see 5.1 Introduction, Figure 

5-1). The TP53 gene, although demonstrating only 1.7-fold increase, stands out due to 

the high statistical significance of the observation. The product of this gene, the tumour 

suppressor protein P53 (most widely known as simply p53), can inhibit the cell cycle 

when DNA damage is recognised and induce DNA repair or apoptosis [345]. 

Upregulation of the APAF1 gene, encoding the apoptotic protease-activating factor 1 

(Apaf-1), was observed as well. Apaf-1 is a key component of the intrinsic apoptotic 

pathway (see 5.1 Introduction, Figure 5-1); together with cytochrome c released from 

mitochondria, Apaf-1 forms the apoptosome, which is responsible for activation of pro-

caspase 9 and initiation of the caspase cascade [330], [331]. GADD45A gene expression 

is usually increased by DNA damage and other apoptosis-inducing stress signals [346], 

and it was also detected after stimulation with EPAC1 ligand, I942. Moreover, treatment 

with I942 resulted in slight upregulation of NOL3 and MAP3K1 genes, responsible for 

coding the nucleolar protein 3 (NOL3) and the mitogen-activated protein kinase kinase 

kinase 1 (MAP3K1). NOL3 acts as a suppressor of apoptosis, which interferes with both 

the extrinsic [347] and intrinsic [348] pathways, by interacting with FasR and pro-caspase 

8 to prevent DISC formation (see 5.1 Introduction, Figure 5-1), and inactivating the pro-
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apoptotic protein Bax. MAP3K1 can also be involved in pro-survival signalling, but when 

cleaved by active caspase 3, it will have an opposite effect and promote apoptosis [349]. 

All the above observations suggest that apoptosis constitutes a significant component of 

I942-induced cell death. 

Apart from increases in the expression of strictly apoptosis-related genes, several other 

interesting effects can also be noted, such as a very minor upregulation of the caspase 1 

coding gene (CASP1). Caspase 1 is associated with pro-inflammatory response, as it 

cleaves and activates inflammatory cytokines, and it is also known as an initiator of 

pyroptosis, which is another type of programmed, but highly inflammatory cell death 

[350]. However, it has been reported that caspase 1 might play a role in pro-apoptotic 

signalling in certain circumstances [351]. MAP1LC3A, SQSTM1 and HTT genes, on the 

other hand, give rise to proteins commonly associated with autophagy. The first gene 

encodes the microtubule-associated protein 1A/1B light chain 3A (LC3 A), one of the 

fundamental proteins involved in the formation of autophagosomes [352]. Huntingtin, the 

product of the HTT gene, is best known due to its mutated variant, which causes 

Huntington disease, but it has many other functions. Martin et al. [353] reported that a 

fragment of this protein, created by caspase 3 cleavage and post-translationally modified, 

promotes the formation of autophagosomal vacuoles. Sequestosome-1 (SQSTM1 gene) is 

one of the so-called autophagy receptors, which recruit proteins for autophagosomal 

degradation [354]. Observed upregulation of these genes suggests that autophagy should 

be considered as a possible part of the mechanism of I942 cytotoxicity. 

Most significantly downregulated genes (Figure 5-8, marked in blue) include LMNB1, 

LMNB2 and LMNA, encoding the nuclear lamins. Lamins are proteins providing 

structural and regulatory function for the nucleus and the nuclear envelope. Being a target 

for executioner caspases, they also play an important role in apoptotic cell death, as their 

degradation allows for chromatin condensation [333]. Moreover, silencing of B-type 

lamin genes was reported to induce apoptosis [355]. The Bcl-2 family of proteins 

associated with the mitochondrial membrane is mostly known for the role its members 

play in the regulation of the intrinsic apoptosis pathway, by either preventing or 

promoting the release of cytochrome c from the mitochondria [356]. I942 treatment 

resulted in downregulation of BCL2 and BCL2A1, genes encoding Bcl-2 and Bcl-2-

related protein A1, respectively, both responsible for supporting cell survival. On the 

other hand, the BCL2L1 gene was significantly upregulated. This gene, due to alternative 

splicing, can give rise to two protein isoforms: Bcl-xL (anti-apoptotic) and Bcl-xS (pro-
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apoptotic) [357], which might explain the opposite effect I942 had on its expression. The 

product of the under-expressed PARP1 gene, poly [ADP-ribose] polymerase 1 (PARP-

1), can act as a pro-survival factor, as it detects DNA damage and facilitates its repair 

[358], [359]. Like many other proteins necessary for cell survival, PARP-1 is cleaved and 

inactivated by executioner caspases. Another caspase target is the Rho GDP-dissociation 

inhibitor 2 (ARHGDIB gene), which translocates to the nucleus upon cleavage. It is 

implicated in apoptosis, but the exact role it plays remains unknown [360]. 

Downregulation of the PAK1 gene was also observed, which encodes the 

serine/threonine-protein kinase PAK 1, a protein promoting cell survival by 

phosphorylating, and thus inhibiting, a pro-apoptotic member of the Bcl-2 protein family 

[361], [362]. I942 treatment decreased expression of the PTPN13 gene; its product, the 

tyrosine-protein phosphatase non-receptor type 13, has anti-apoptotic properties, as it 

dephosphorylates FasR and negatively regulates its downstream signalling pathway 

[363]. Lastly, we noticed downregulation of the GLUD1 gene, encoding the glutamate 

dehydrogenase 1, which is an enzyme-linked to promoting reactive oxygen species (ROS) 

production during necrosis and necroptosis [364]. Since less is known about expression 

patterns related to necrotic cell death, such observation does not rule out a contribution 

of necrosis or occurrence of secondary necrosis. However, considering a general trend of 

upregulation of pro-apoptotic genes and downregulation of pro-survival genes, it can be 

concluded that apoptosis is likely a major mechanism of HUVEC cell death induced by 

I942 treatment. 
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Figure 5-8. Regulation of cell death-associated genes by I942: RNA-Seq results. HUVECs cultured in 
the presence or absence of 100 µM I942 for 48 hours, then the RNA was isolated and prepared for RNA-
seq. Obtained data were visualised on a volcano plot. The x-axis represents the fold change in gene 
expression, while the y axis represents the statistical significance (the adjusted p-value, Padj) of the 
observation, both transformed logarithmically. The significance threshold was set at Padj ≤ 0.05 (-
log10(0.05) = 1.3), and the threshold for the magnitude of change was set at 1.5 (log2(1.5) = 0.58), both 
indicated in the graph by grey dotted lines. Significantly up- and downregulated genes are marked in red 
and blue, respectively. Cell culture, stimulation and RNA extraction from cells was performed by Dr Jolanta 
Wiejak (Yarwood Lab, Heriot-Watt University, Edinburgh, UK). Sample preparation and RNA sequencing 
were carried out by Glasgow Polyomics (Wolfson Wohl Cancer Research Centre, Garscube Campus, 
University of Glasgow). 
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5.4.3 Effects of I942 and Lead Ligands on FasR Protein Levels in HUVECs 

As discussed in the previous section, the most pronounced effect of I942 treatment was 

the upregulation of transcription of gene encoding Fas receptor (see Figure 5-8). We 

therefore decided to check if the detected increase in mRNA levels translates to the 

increase in protein levels. To do this, HUVECs were incubated in the presence of 100 µM 

of I942 for 0, 6, 16, 24 and 48 hours. Cell extract samples were then prepared, separated 

by SDS-PAGE, and immunoblotted with anti-FasR and anti-EPAC1 antibodies, as 

presented in Figure 5-9. A marked increase in FasR protein levels can be observed after 

48-hour stimulation, in accordance with RNA-seq results. The 48-hour timepoint 

experiment was repeated and quantified, showing that the upregulation of FasR by I942 

is statistically significant (Figure 5-9, lower left panel). As EPAC1 levels were monitored 

as well, a very interesting effect was discovered; namely, I942 treatment leads to a 

reduction in cellular EPAC1 protein levels, which appears to be exacerbated with time. 

The observed reduction in EPAC1 protein levels was statistically significant after 48 

hours of treatment, as shown in the lower right panel of Figure 5-9. 

Next, we wanted to test if FasR upregulation and the observed decrease in EPAC1 levels 

was in any way related to the activation of EPAC1 by I942. We used CE3F4, an 

uncompetitive inhibitor of EPAC1 [96], [156], which prevents activation of the protein 

by cAMP and 007, but not the ligand binding in itself. Since I942 was previously shown 

to mimic the binding of the endogenous ligand to the cAMP binding site [285], it was 

assumed that CE3F4 would similarly bind and inhibit the protein-I942 complex. Figure 

5-10 shows the results obtained after 48-hour treatment of HUVECs with either vehicle, 

100 µM I942, 10 µM CE3F4, or co-treatment with both agonist and inhibitor. I942 was 

found to upregulate FasR expression, as expected, whereas CE3F4 did not have any 

significant effect. Interestingly, there was a statistically significant reduction in I942-

induced FasR expression in cells co-treated with I942 and CE3F4, as shown in Figure 5-

10, lower left panel, suggesting that the observed FasR upregulation is, at least partially, 

dependent on EPAC1 activation by I942, but not on the protein-ligand interaction as such. 

Conversely, the decrease in EPAC1 levels promoted by I942 treatment was not rescued 

by inhibiting protein activation with CE3F4 (Figure 5-10, lower right panel). It is 

therefore likely to be an off-target effect, or a direct result of ligand binding, unrelated to 

EPAC1 activation. It can also be assumed that it is unrelated to the increase in FasR 

expression since suppressing FasR upregulation with CE3F4 was not accompanied by 
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any significant change in the EPAC1 effect. Downregulation/degradation of EPAC1 by 

I942 will be addressed in more detail in subsequent sections. 

To make sure that the suppression of I942-induced FasR upregulation is not due to CE3F4 

simply aggravating toxic properties of I942, thereby reducing cell count, additional 

cytotoxicity tests were carried out. HUVECs were exposed to vehicle, 100 µM I942, 10 

µM CE3F4, or co-treatment with both EPAC1 ligands, for 48 hours. Cell viability was 

then assessed using Alamar Blue and CFDA-AM assays, as described in detail in the 

Materials and Methods section of this chapter. The results presented in Figure 5-11 show 

that the applied concentration CEF34 did not have a significant effect on HUVEC 

viability and that the toxic effects of I942 and I942 + CEF34 co-treatment were 

comparable. This supports our previous assumption that the observed elevation of FasR 

levels by I942 is likely dependent on the activation of EPAC1 by the ligand. 

Lead compounds from N-acylsulphonamide and benzofuran oxoacetic acid series were 

also tested, alongside I942, to assess their potential to upregulate FasR in HUVECs. The 

results following 48-hour treatment with all ligands are presented in Figure 5-12. It was 

observed that stimulation with I942, SY007 and SY009 led to comparable FasR 

upregulation, while FasR levels following treatment with all other ligands, namely T20, 

T40, T42 and SY006, were significantly lower than FasR levels induced by I942. As 

discussed in section 5.4.1 In Vitro Cytotoxicity Testing of Lead N-acylsulphonamide and 

Benzofuran Oxoacetic Acid EPAC1 Ligands, T20, T42 and SY007 were best tolerated 

by HUVECs, while I942, T40, SY006 and SY009 had more pronounced toxic properties, 

showing that FasR upregulation does not correlate with compound cytotoxicity. This 

might suggest that other ligands, such as T40 or SY006, cause cell death in different, 

FasR-independent mechanisms, or that FasR plays a different role in response to I942 

treatment.
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Figure 5-9. Levels of FasR and EPAC1 proteins in HUVECs following treatment with I942. HUVECs 
were exposed to 100 µM I942 for 0, 6, 16, 24 or 48 hours. Cell extract samples were then separated by 
SDS-PAGE and immunoblotted with anti-FasR, anti-EPAC1, and anti-GAPDH antibodies. 48-hour 
treatment experiments were repeated, results quantified densitometrically and normalised to the levels of 
the housekeeping protein, GAPDH. 48-hour stimulation with 100 µM I942 resulted in a significant increase 
in FasR levels, as well as a significant decrease in EPAC1 levels. Data are presented as means ± SEM, n ≥ 
3. Significant differences in protein levels, in comparison to vehicle-stimulated cells, are indicated; ** p ≤ 
0.01, **** p ≤ 0.0001 (unpaired t-tests). 
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Figure 5-10. Effect of EPAC1 inhibition with CE3F4 on I942-induced FasR upregulation in 
HUVECs. Cells were exposed to vehicle, 100 µM I942, 10 µM CE3F4, or co-treatment with I942 and 
CE3F4, for 48 hours. Cell extract samples were then separated by SDS-PAGE and immunoblotted with 
anti-FasR, anti-EPAC1, and anti-GAPDH antibodies. Obtained signals were quantified densitometrically 
and normalised to the levels of the housekeeping protein, GAPDH. EPAC1 inhibitor, CE3F4, significantly 
reduced I942-induced upregulation of FasR but did not rescue the EPAC1 downregulation/degradation 
effect. Data are presented as means ± SEM, n ≥ 3. Significant differences in protein levels, in comparison 
to vehicle-stimulated cells, are indicated; ** p ≤ 0.01 (one-way ANOVA with Tukey’s post hoc test). Non-
significant changes are also indicated (ns). 
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Figure 5-11. Cytotoxic effects of CE3F4 and I942 co-treatment in HUVECs. Cells were treated with 
vehicle, 100 µM I942, 10 µM CE3F4, or a combination of I942 and CE3F4, for 48 hours, followed by 
incubation with a mixture of Alamar Blue and CFDA-AM dyes for 30 minutes. Fluorescence was then 
measured at 532/590 nm (for Alamar Blue) and at 485/535 nm (for CFDA-AM) ex/em wavelengths. CE3F4 
did not aggravate the toxic effects of I942 at studied concentrations. Data are presented as means ± SEM, 
n ≥ 3. Significant differences in cell viability, in comparison to vehicle-stimulated cells, are indicated; ** 
p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 (one-way ANOVA with Tukey’s post hoc test). A statistically 
insignificant difference between I942 and I942 + CE3F4 treatment is also indicated (ns). 
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Figure 5-12. Potential of lead compounds from T and SY series to upregulate FasR in HUVECs, in 
comparison with I942. Cells were exposed to either vehicle or 100 µM of I942 or lead ligands, for 48 
hours. Cell extract samples were then separated by SDS-PAGE and immunoblotted with anti-FasR and 
anti-GAPDH antibodies. Obtained FasR signals were quantified densitometrically and normalised to the 
levels of the housekeeping protein, GAPDH. FasR levels following treatment with T20, T40, T42 and 
SY006 were significantly lower than after stimulation with I942. Data are presented as means ± SEM, n ≥ 
3. Significant differences in FasR levels, in comparison to I942-stimulated cells, are indicated; * p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001 (one-way ANOVA with Tukey’s post hoc test). Statistically insignificant 
differences also indicated (ns). 
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5.4.4 Effects of FasL on cytotoxicity of I942 

FasR protein is strongly associated with apoptosis, as described in more detail in the 

introduction to this chapter. Pro-apoptotic signalling via FasR is triggered by the Fas 

ligand (FasL), usually present on the membrane of other interacting cells, such as 

cytotoxic T lymphocytes. Although HUVECs have been described in the literature as 

being resistant to Fas-mediated cell death [365], [366], there have also been reports 

claiming that certain circumstances might render them sensitive [367]. Since I942 

treatment significantly upregulates FasR expression, we hypothesised that I942 might 

sensitise HUVECs to apoptosis induction by FasL. 

Recombinant soluble FasL (sFasL) with an N-terminal polyhistidine (His) tag was used 

to test this. The diminished ability of sFasL to induce apoptosis, compared to the 

membrane-bound form, was boosted by promoting aggregation of His-tagged sFasL by 

an anti-His antibody, which translates to stronger pro-apoptotic activity [368]. HUVECs 

were incubated for 48 hours with either vehicle, 10 µg/ml anti-His antibody, or a range 

of recombinant sFasL concentrations (50, 100 and 200 ng/ml) combined with 10 µg/ml 

of anti-His antibody, in the presence or absence of 100 µM I942. Cell viability was then 

assessed using Alamar Blue assay. Results are presented in Figure 5-13. In accordance 

with literature data, recombinant sFasL failed to induce cell death in HUVECs. I942 on 

the other hand, both with and without the sFasL, reduced cell viability by 55% on average, 

and there were no statistically significant differences between the treatments. This means 

that I942, despite FasR upregulation, did not sensitise HUVECs to sFasL pro-apoptotic 

signalling, which may suggest a different or redundant role of FasR in the response of 

HUVECs to I942 stimulation, or that FasR activation occurs independently of FasL [369], 

[370]. 
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Figure 5-13. Effects of FasL on I942-mediated cytotoxicity. HUVECs were stimulated for 48 hours with 
either vehicle, 10 µg/ml anti-His antibody, or a range of recombinant sFasL concentrations (50, 100 and 
200 ng/ml) combined with 10 µg/ml of anti-His antibody, in the presence or absence of 100 µM I942. To 
assess viability, cells were incubated with Alamar Blue for 30 minutes and fluorescence was then recorded 
at 532/590 nm ex/em wavelengths. Data are presented as means ± SEM; n ≥ 3 for all samples except 50, 
100 and 200 ng/ml FasL + DMSO, where n = 2. All I942 treatments significantly reduced HUVEC viability 
when compared to Vehicle + DMSO control, but there were no statistically significant differences between 
them (one-way ANOVA with Tukey’s post hoc test).  
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5.4.5 Ligand-Mediated Reduction of EPAC1 Levels in HUVECs 

An interesting phenomenon of I942-mediated reduction of EPAC1 levels was observed 

and described in section 5.4.3 Effects of I942 and Lead Ligands on FasR Protein Levels 

in HUVECs, which we wanted to investigate in more detail. First, a test was carried out 

to check if the “disappearing EPAC1” effect is at the transcriptional or, rather, at the 

protein level, by trying to rescue EPAC1 levels using the proteasome inhibitor, MG-132, 

that blocks the main pathway of cellular protein degradation [371]. Secondly, other lead 

ligands from both the T and SY series were examined and compared to I942. 

An appropriate stimulation time was determined in the first experiment since 24-hour 

exposure of HUVECs to MG-132 was found to induce apoptosis [372]. Cells were 

therefore exposed to 100 µM I942 for 0, 0.5, 1, 2, 4, 6 and 16 hours and EPAC1 levels in 

cell extracts were monitored. As Figure 5-14 demonstrates, a gradual, time-dependent 

decrease in EPAC1 levels could be observed in response to I942 treatment. The effect 

was apparent after 16-hour stimulation, but a 6-hour incubation time also resulted in a 

clear decrease in EPAC1 levels, so this time point was used for proteasome inhibitor 

studies. HUVECs were therefore stimulated for 6 hours with either vehicle, a mix of 10 

µM forskolin + 10 µM rolipram (F/R), 50 µM 007, or 100 µM I942, in the presence or 

absence of 10 µM proteasome inhibitor, MG-132. Co-treatment with I942 + F/R and I942 

+ 007 was also performed. EPAC1 protein levels were then monitored, as demonstrated 

in Figure 5-15. Three important pieces of information could be determined from this 

experiment. First of all, MG-132 reversed the I942-induced decrease in EPAC1 levels, 

suggesting that the observed “disappearing EPAC1” effect is most likely a result of 

protein degradation, instead of downregulation of EPAC1 gene expression. It also shows 

that the degradation of EPAC1 is, at least partially, proteasome-dependent. Secondly, 

treatment with the EPAC1 activators, F/R and 007, did not affect EPAC1 levels in 

HUVECs, which confirms our previous conclusion that EPAC1 degradation is not 

dependent on the activation of the protein by I942 (see: section 5.4.3 Effects of I942 and 

Lead Ligands on FasR Protein Levels in HUVECs, Figure 5-10). Finally, the last two 

bands/bars in Figure 5-15 represent results of co-treatment of HUVECs with I942 and 

either F/R or 007. The idea behind this was to test if EPAC1 degradation can be mitigated 

by reducing the interaction of the ligand with the protein, as cyclic AMP (generated by 

F/R) and 007 would displace I942 from the binding pocket. There were no significant 

differences between stimulation with I942 only and co-treatments, which supports the 

conclusion that the observed EPAC1 degradation might be an off-target effect of I942, 
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unrelated to protein-ligand interaction. Alternatively, since binding is a dynamic process, 

and other ligands will not be able to completely abolish the I942 interaction with EPAC1, 

it can be concluded that the level of interaction during co-treatment is sufficient to cause 

the same level of degradation. 

Subsequently, we tested if the lead ligands from the T and SY series also affect EPAC1 

levels in HUVECs following a 48-hour treatment and compared them to I942. Results 

presented in Figure 5-16 show that compounds T40, SY006 and SY009, like I942, cause 

a clear, statistically significant reduction in EPAC1 levels. Interestingly, what we 

observed in this experiment correlates with previously obtained cytotoxicity data (see 

section 5.4.1. In Vitro Cytotoxicity Testing of Lead N-acylsulphonamide and Benzofuran 

Oxoacetic Acid EPAC1 Ligands). The best-tolerated ligands, namely T20, T42 and 

SY007, had no significant effect on EPAC1 levels, while treatment with compounds 

characterised by more pronounced toxic properties, I942, T40, SY006 and SY009, 

resulted in a clear decrease in the levels of this protein. 
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Figure 5-14. I942-mediated EPAC1 level reduction: time course. HUVECs were incubated with 100 
µM I942 for indicated periods of time. Cell extract samples were then separated by SDS-PAGE and 
immunoblotted with anti-EPAC1 and anti-GAPDH antibodies. Gradual, time-dependent decrease in 
EPAC1 levels can be observed. 
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Figure 5-15. Effects of proteasome inhibition and ligand displacement on I942-mediated EPAC1 
levels reduction in HUVECs. Cells were exposed to 6-hour treatment with either vehicle, a mix of 10 µM 
forskolin + 10 µM rolipram (F/R), 50 µM 007, or 100 µM I942, in the presence or absence of 10 µM 
proteasome inhibitor, MG-132. The two last bands/bars represent co-treatments with I942 and F/R or 007. 
Cell extract samples were then separated by SDS-PAGE and immunoblotted with anti-EPAC1 and anti-
GAPDH antibodies. Obtained EPAC1 signals were quantified densitometrically and normalised to the 
levels of the housekeeping protein, GAPDH. Proteasome inhibition by MG-132 suppresses EPAC1 
degradation caused by I942 treatment, but the displacement of the ligand by cAMP (F/R) or 007 does not. 
Data are presented as means ± SEM, n ≥ 3, except I942 + F/R and I942 + 007, where n = 2. Statistically 
significant differences in comparison to DMSO control are indicated; * p ≤ 0.05, ** p ≤ 0.01 (unpaired t-
tests). Statistically insignificant differences indicated as well (ns). Selected pairs of results were also 
compared, which is shown by horizontal lines. 
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Figure 5-16. Effects of lead EPAC1 ligands from T and SY series on EPAC1 levels in HUVECs. Cells 
were exposed for 48 hours to either vehicle, 100 µM I942, or 100 µM compounds from T and SY series. 
Cell extract samples were then separated by SDS-PAGE and immunoblotted with anti-EPAC1 and anti-
GAPDH antibodies. Obtained EPAC1 signals were quantified densitometrically and normalised to the 
levels of the housekeeping protein, GAPDH. Treatment with I942, as well as with compounds T40, SY006 
and SY009, resulted in a significant decrease in EPAC1 levels in HUVECs. Data are presented as means ± 
SEM, n ≥ 3. Statistically significant differences in comparison to DMSO control are indicated; ** p ≤ 0.01, 
*** p ≤ 0.001 (one-way ANOVA with Tukey’s post hoc test). Statistically insignificant differences 
indicated as well (ns). 
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5.4.6 Effect of EPAC1 Protein Expression in Cells on the Response to Cytotoxic 

Ligands 

Having observed a correlation between the ligand-mediated degradation of EPAC1 and 

compound cytotoxicity, we wanted to investigate how the presence and absence of 

EPAC1 protein in cells, generally influences the response to treatment with toxic ligands. 

To do this, we performed cytotoxicity testing on U2OS cells either lacking EPAC1 

(U2OS-Control) or overexpressing it (U2OS-EPAC1) and compared the EC50 values for 

each ligand from T and SY series. As in the initial cytotoxicity testing on HUVECs 

(section 5.4.1. In Vitro Cytotoxicity Testing of Lead N-acylsulphonamide and 

Benzofuran Oxoacetic Acid EPAC1 Ligands), we used a multiplex method utilizing three 

fluorescent viability probes, namely Alamar Blue, CFDA-AM and Neutral Red, which 

was described in detail in the Materials and Methods section of this chapter. 

First, responses of both cell lines to a range of concentrations of a known toxicant, EtOH, 

were compared to check if there are any inherent differences between them that might 

affect the results. As Figure 5-17 and Table 5-5 show, there were no statistically 

significant differences between EtOH EC50 values obtained for U2OS-Control versus 

U2OS-EPAC1 cell lines, they were therefore deemed to be a suitable model for the 

planned experiment. 

Cells were then exposed to I942 and lead compounds from both T and SY series in a 

concentration range of 7.8 – 1000 µM, for 24 hours, before assaying for cytotoxic effects. 

Maximum concentrations used were higher than before because the U2OS cell lines were 

assumed to be less sensitive to treatments than primary HUVECs. Curve fitting was then 

performed to calculate EC50 values, which were subsequently compared between cell 

lines for each ligand in three readouts: Alamar Blue, CFDA-AM and Neutral Red (Figure 

5-18). The same tendencies were observed as in HUVECs (see section 5.4.1. In Vitro 

Cytotoxicity Testing of Lead N-acylsulphonamide and Benzofuran Oxoacetic Acid 

EPAC1 Ligands); T20, T42 and SY007 were notably better tolerated than I942, T40, 

SY006 and SY009, which demonstrates that tested compounds induce cell death in a 

general, not cell type-specific mechanism. In the case of all ligands, no statistically 

significant differences between the effects on U2OS-Control and U2OS-EPAC1 cell lines 

were detected, implying that the presence of EPAC1 does not influence the cytotoxicity 

of the compounds. In the CFDA-AM assay (Figure 5-18, middle panel), T20 and T42 

seem to display a tendency to be less toxic to U2OS-EPAC1 cells. It has to be noted, 
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however, that no sufficient cytotoxic effects of these compounds were observed to 

properly fit a dose-response curve, so EC50 values were extrapolated, and therefore have 

to be regarded with caution. We concluded that EPAC1 protein might not be directly 

involved in the mechanism of the test compounds’ toxicity, but its ligand-mediated 

degradation can nevertheless be considered as a marker of cytotoxic potential for 

analogues from both N-acylsulphonamide and benzofuran oxoacetic acid regulator series.  
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Figure 5-17. Comparison of the response of U2OS-Control and U2OS-EPAC1 cell lines to ethanol. 
Cells were treated with varying concentrations of ethanol (a series of 1:2 dilutions in 0.3 – 40% (v/v) range) 
for 24 hours, followed by incubation with a mixture of Alamar Blue (AB) and CFDA-AM dyes for 30 
minutes in the dark. Fluorescence was then measured at 532/590 nm (for Alamar Blue) and at 485/535 nm 
(for CFDA-AM) ex/em wavelengths. Subsequently, cells were incubated with Neutral Red (NR) dye for 1 
hour in the dark, followed by cell solubilization and fluorescence reading at 532/645 nm ex/em 
wavelengths. Curve fitting was performed to obtain EC50 values for ethanol in each assay. Black dotted 
lines represent the dose-response curves of U2OS-Control cells, while grey dashed lines represent U2OS-
EPAC1 cells. The lower right panel shows a comparison of obtained EC50 values. Data are presented as 
means ± SEM, n = 3. 

 

Table 5-5. Comparison of EtOH EC50 values between U2OS-Control and U2OS-EPAC1 cell lines obtained 
in three different readouts. 

Assay 
EC50 (%) 

Mean ± SEM Significantly 
different? U2OS-

Control 
U2OS-
EPAC1 

Alamar Blue 4.36 ± 0.31 4.96 ± 0.27 ns 
CFDA-AM 3.94 ± 0.30 3.97 ± 0.30 ns 
Neutral Red 3.36 ± 0.21 2.95 ± 0.18 ns 

 
ns – not significant (unpaired t-tests) 
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Figure 5-18. Comparison of EC50 values of I942 and lead compounds between U2OS-Control and 
U2OS-EPAC1 cell lines. Cells were treated with varying concentrations of test compounds (a series of 1:2 
dilutions in 7.8 – 1000 µM range) for 24 hours, followed by incubation with a mixture of Alamar Blue and 
CFDA-AM dyes for 30 minutes. Fluorescence was then measured at 532/590 nm (for Alamar Blue) and at 
485/535 nm (for CFDA-AM) ex/em wavelengths. Subsequently, cells were incubated with Neutral Red dye 
for 1 hour, followed by cell solubilization and fluorescence reading at 532/645 nm ex/em wavelengths. 
Curve fitting was performed to obtain EC50 values for each ligand in each assay. Calculated EC50 values 
are depicted in the form of bar graphs. Data are presented as means ± SEM, n = 3. For each ligand, U2OS-
Control and U2OS-EPAC1 EC50 values were compared using unpaired t-tests. No statistically significant 
differences were detected in any case.  
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5.4.7 Involvement of Caspase Activation in Lead Ligand-Mediated Cell-Death 

RNA-Seq results discussed in section 5.4.2 Regulation of Cell Death-Associated Genes 

by I942: RNA Sequencing, show an expression pattern that suggests the involvement of 

apoptosis as a mechanism of I942-mediated cytotoxicity. A primary feature of apoptotic 

cell death is the activation of protease enzymes, caspases. Since blocking caspase 

activation has been demonstrated to promote cell survival [373]–[375], we used a pan-

caspase inhibitor, Z-VAD-FMK [376], to try reversing the cytotoxic effects of I942 and 

other lead ligands. HUVECs were pre-incubated with either vehicle or Z-VAD-FMK for 

30 minutes, followed by treatment with 200 µM of the test compounds for 48 hours. 

Effects on cell viability in the presence and absence of the caspase inhibitor were then 

assessed using Alamar Blue and CFDA-AM assays, described in detail in the Materials 

and Methods section of this chapter, and compared for each ligand, as shown in Figure 

5-19. In the case of I942 and one of its analogues, T40, co-treatment with Z-VAD-FMK 

significantly alleviated the cytotoxic effects of the compounds. This suggests the 

involvement of caspases in the cell death process induced by these ligands, which points 

to apoptosis. However, Z-VAD-FMK was far from completely suppressing the 

cytotoxicity, which shows that while the classic, caspase-dependent apoptosis is most 

likely a substantial component, it is not the main mechanism of observed cell death. 

Caspase inhibition did not affect the toxicity of other lead ligands, suggesting that they 

probably do not induce significant levels of activation of these enzymes. 

To confirm the above observations, the ability of I942 and T40 to activate executioner 

caspases 3 and 7 was subsequently tested. HUVECs were incubated in the presence of 

either vehicle or 200 µM of selected ligands, in the medium containing CellEvent, a 

membrane-permeable dye that becomes fluorescent only after cleavage by active 

caspases 3/7. Fluorescence intensity, which is proportional to the level of caspase 3/7 

activation, was measured after 24 and 48 hours of exposure (Figure 5-20). T40 induced a 

massive rise in fluorescence signal at both time points, confirming the involvement of 

caspases in the response to compound treatment. The increase caused by I942 was not 

statistically significant, which might mean there was no substantial caspase 3/7 activation, 

but it is also possible that the assay sensitivity was a limiting factor. 
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Figure 5-19. Effects of caspase activity inhibition on ligand-mediated cell death. HUVECs were pre-
incubated with either vehicle or 50 µM of caspase inhibitor, Z-VAD-FMK, for 30 minutes, followed by 
exposure to 200 µM of studied EPAC1 ligands for 48 hours. To assess the cytotoxic effects of the 
treatments, cells were subsequently incubated with a mixture of Alamar Blue and CFDA-AM dyes for 30 
minutes. Fluorescence was then measured at 532/590 nm (for Alamar Blue) and at 485/535 nm (for CFDA-
AM) ex/em wavelengths. Cell viability in the presence and absence of Z-VAD-FMK was compared for 
each compound. Co-treatment with caspase inhibitor significantly alleviated the cytotoxicity of I942 and 
T40. Data are presented as means ± SEM, n ≥ 3. Statistically significant differences within +/- Z-VAD-
FMK pairs are indicated; * p ≤ 0.05, *** p ≤ 0.001 (unpaired t-tests). 
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Figure 5-20. Caspase 3/7 activation by N-acylsulphonamide EPAC1 ligands, I942 and T40. HUVECs 
were incubated in the presence of either vehicle or 200 µM of selected compounds, in the medium 
containing CellEvent, a dye that becomes fluorescent after cleavage by active caspases 3/7. Fluorescence 
intensity was then measured after 24 and 48 hours (h) of exposure at 485/532 nm ex/em wavelengths. T40 
induced an approximately 5-fold increase in caspase 3/7 activation at both time points. Data are presented 
as means ± SEM, n ≥ 4. Statistically significant differences in comparison to relevant DMSO controls are 
indicated; **p ≤ 0.01, **** p ≤ 0.0001 (one-way ANOVA with Tukey’s post hoc test). Statistically 
insignificant differences indicated as well (ns). 
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5.5 Discussion 

5.5.1 Among the tested EPAC1 ligands, compounds T20, T42 and SY007 have 

the best in vitro cytotoxicity profiles in HUVECs. 

In accordance with current drug development pipelines, we decided to carry out in vitro 

cytotoxicity testing of identified lead ligands, to eliminate toxic compounds at an early 

stage [326], [328]. As has previously been mentioned, the anti-inflammatory actions of 

EPAC1 in vascular endothelium, suggest that it might potentially play a protective role 

against the development of cardiovascular disease [101], [115]. Therefore, the possible 

administration route of small-molecule EPAC1 regulators could be drug-infused stents 

[100], which slowly release the drug to act locally. Bearing this in mind, human umbilical 

vein endothelial cells (HUVECs) were chosen as a model for in vitro cytotoxicity testing 

of I942 and the lead compounds from the N-acylsulphonamide and benzofuran oxoacetic 

acid series. Usually, the first choice for this type of application would be immortalised 

cell lines, which are stable, cheap, well-characterised and give reproducible results [328]. 

However, using primary cells, which are often more sensitive to changes in the 

extracellular environment, provides a more authentic representation of the actual target 

tissue in the human body, and might therefore allow for the detection of cytotoxic effects 

at lower compound concentrations. Here, the suitability of HUVECs for the chosen 

method of in vitro cytotoxicity testing [341] was confirmed by using dose-response 

experiments with a known toxicant, ethanol. 

For a reliable and comprehensive cytotoxicity assessment, it is strongly recommended 

that more than one type of assay is used [328]. The method we selected meets this 

requirement, as it comprises Alamar Blue, CFDA-AM and Neutral Red assays, which test 

for different viability and cytotoxicity indicators, including effects on metabolic activity, 

membrane integrity or lysosomal function. To gather more information on cytotoxicity 

profiles of lead ligands, testing compounds in different cell models would be the next 

step, preferably using vascular smooth muscle cells, which might also be affected by the 

planned local administration of EPAC1 activators in vivo, and hepatocytes, which are 

commonly used for in vitro cytotoxicity assays, due to their defined role in detoxification 

and metabolism. 

Similar trends were observed in all of the three assays used here, Alamar Blue, CFDA-

AM and Neutral Red, which made us confident about obtained results. In general, from 
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the N-acylsulphonamide series, compounds T20 and T42 were significantly better 

tolerated by HUVECs than I942 and T40. In the case of benzofuran oxoacetic acid 

ligands, SY006 and SY009 were shown to be significantly more toxic than SY007. 

Cytotoxic effects of T20, T42 and SY007 were detected, but only at very high 

concentrations, way above those used in activity assays (see Chapter 4). The calculated 

EC50 values for T40 were consistently lower in each assay than the EC50 values for I942. 

While these differences are not statistically significant, it is likely that T40 is more toxic 

to HUVECs than the parent compound, I942. The cytotoxic effects of compounds SY006 

and SY009 were found to be consistently comparable, with their EC50 values being very 

similar. There was a tendency for higher EC50 values, which is an indication of lower 

cytotoxicity, from the CFDA-AM assay, when compared to the Alamar Blue and Neutral 

Red assays (Appendix C, Figure XI), for all compounds except SY007. In the case of 

I942, T40 and SY006, these differences were statistically significant. This might 

therefore suggest that total esterase activity was affected to a lesser extent by test ligands 

than the membrane integrity, activity of reductases, and lysosomal function, but this is 

more likely to be an internal characteristic of this particular assay. 

In summary, the presented in vitro cytotoxicity experiments allowed for the selection of 

compounds with good safety profiles from both EPAC1 ligand series. In the N-

acylsulphonamide class (T series), T20 and T42 were found to be best tolerated by 

HUVECs, whereas, among the benzofuran oxoacetic acid derivatives (SY series), 

compound SY007 was significantly less toxic than SY006 and SY009. In combination 

with their binding properties and demonstrated in-cell activities (see Chapters 3 and 4), 

this makes T20, T42 and SY007 promising candidates for further drug development and 

in-depth activity studies in cellulae. 

 

5.5.2 Treatment with I942 induces upregulation of pro-apoptotic genes and 

downregulation of pro-survival genes in HUVECs, suggesting apoptosis as a 

major mechanism of ligand-induced cell death.   

To elucidate the mechanism of observed cytotoxic effects of the N-acylsulphonamide 

EPAC1 activator, I942, expression of cell death-related genes was analysed in HUVECs 

after a 48-hour treatment with this compound. Most noticeable was the general trend of 

significant upregulation of genes encoding pro-apoptotic proteins, but downregulation of 

genes producing proteins with pro-survival activity. Examples of the first group are: 
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FasR, a receptor that initiates the extrinsic apoptosis pathway, and Apaf-1, a key protein 

for the execution of the intrinsic pathway. The pro-survival factors include certain 

proteins from the Bcl-2 family (genes BCL2 and BCL2A1), which suppress the intrinsic 

apoptosis pathway by preventing the release of cytochrome c from mitochondria, and 

lamins, essential for proper nucleus function. Altogether, these results suggest that 

apoptosis is a major component of the I942-mediated cell death, which we addressed in 

the subsequent experiments. 

We also observed an increased expression of genes encoding proteins specifically 

involved in apoptosis following the DNA damage, p53 and GADD45A, as well as a 

decreased expression of PARP-1 protein gene, a pro-survival factor that facilitates DNA 

repair. This may suggest that I942 treatment results in some injury to cellular DNA, which 

subsequently causes cell death. It is worth investigating this lead further using methods 

for identifying DNA damage, for example by monitoring the phosphorylation state of 

histone H2AX protein, which is a marker for DNA double-strand breaks [377], or 

detecting the presence of 8-hydroxy-2-deoxy guanosine, a product of the oxidative 

damage of DNA [378]. Both markers can be detected in cell lysates using the ELISA 

assay format. 

Interestingly, three genes that give rise to proteins commonly associated with autophagy, 

MAP1LC3A, SQSTM and HTT, were significantly upregulated by I942 treatment as well. 

Apoptosis and autophagy are thought to be involved in complex crosstalk. In some cases, 

autophagy can act as a pro-survival mechanism and inhibit apoptosis by removing 

damaged proteins and organelles and providing nutrients to starving cells [379], [380]. 

However, autophagy can also cooperate with apoptosis in inducing cell death, or even 

take over, if the other is not working properly [379], [381]. Products of MAP1LC3A/B 

genes, LC3 proteins, are commonly used as markers of autophagy [382]. During this 

process, a cytosolic form LC3-I undergoes a posttranslational modification (lipidation) 

and becomes LC3-II, which plays an important role in autophagosomal membrane 

formation. Conversion of LC-I to LC-II can be easily monitored by Western blotting to 

confirm the occurrence of autophagy in I942-treated HUVECs [382], [383]. Studies 

incorporating autophagy inhibitors, such as chloroquine [384], would also be helpful in 

determining the protective or contributory role of autophagy in ligand-mediated cell 

death. 
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5.5.3 Upregulation of FasR protein levels by I942 is dependent on EPAC1 

activation by the ligand.   

At the mRNA level, the most pronounced effect of I942 treatment was the nearly 6-fold 

upregulation of the FAS gene, which encodes the death receptor, FasR. Our subsequent 

experiments confirmed that exposure to I942 significantly increases FasR protein levels 

in HUVECs as well. To determine if this effect is mediated by EPAC1 activation by the 

ligand, we carried out co-treatment experiments with I942 and EPAC1-selective 

inhibitor, CE3F4. Inhibition of EPAC1 with CE3F4 significantly suppressed FasR 

upregulation induced by I942, which shows that the observed increase in FasR levels is 

most likely dependent on EPAC1 activation. Interestingly, CE3F4, which is an 

uncompetitive antagonist, does not prevent the binding of cyclic AMP or 007 to EPAC1 

[96], [156]. Since I942 was shown to mimic the endogenous ligand at its binding site, we 

assumed that CE3F4 would allow I942 to bind as well. This led to the conclusion that 

protein-ligand interactions, as such, do not result in FasR upregulation. To get the full 

picture, however, it would be useful to test the effect of co-treatment with an EPAC 

antagonist that blocks ligand binding, such as the competitive inhibitor ESI-09 [97]. 

 

5.5.4 I942 does not sensitise HUVECs to pro-apoptotic FasL signalling. 

Sensitisation of cells to pro-apoptotic Fas signalling by cytokines or cytotoxic drugs is 

often achieved by upregulation of FasR levels [385]. This has even been shown for 

vascular endothelial cells, usually resistant to Fas-mediated apoptosis [365], [366], which 

under certain circumstances, such as exposure to H2O2, express a functional FasR [367]. 

We therefore hypothesised that upregulation of FasR by I942 treatment plays a significant 

role in ligand-mediated cell death, as increased FasR levels might sensitise HUVECs to 

apoptosis induced by FasL. However, co-treatment with activated soluble FasL did not 

exacerbate the I942 effect on cell viability.  

Interestingly, it has been reported that the intracellular death domains of FasR can 

oligomerise and trigger pro-apoptotic signalling independently of external stimulation 

with FasL [386]. This domain self-association can be boosted by overexpression of FasR, 

as shown by Boldin and colleagues [387]. Moreover, a number of anti-cancer drugs, such 

as cisplatin, camptothecin, etoposide or vinblastine, were demonstrated to initiate cell 

death through this mechanism [386], [388], [389]. It is therefore possible that, while 



 

 213 

treatment with I942 does not sensitise HUVECs to FasL-induced apoptosis, it simply 

leads to FasR activation, either due to overexpression and self-oligomerisation of this 

protein or through a different, unknown mechanism. To investigate this, subsequent 

experiments could include observation of FasR clustering following drug treatment using 

immunofluorescence confocal microscopy [386], as well as Western blot monitoring of 

cleavage of pro-caspase 8, which is a direct downstream event that follows FasR 

activation. To further assess the involvement of FasL-independent apoptosis in overall 

I942-induced cell death, it might be useful to try suppressing it by either selective caspase 

8 inhibition, or better, downregulation of FADD expression [386]. 

 

5.5.5 I942 treatment leads to EPAC1 protein degradation, which is at least 

partially proteasome-dependent and is likely an off-target effect. 

While investigating upregulation of FasR by I942 treatment in HUVECs, we noticed a 

very interesting effect of “disappearing” EPAC1, which was more pronounced the longer 

the exposure of cells to the ligand (Figure 5-9). This phenomenon is most likely unrelated 

to the observed increases in FasR, since blocking EPAC1 activation suppressed I942-

induced FasR upregulation but had no clear effect on EPAC1 protein levels (Figure 5-

10). It has been reported that activation of EPAC1 by elevated cyclic AMP in cardiac 

fibroblasts can suppress EPAC1 gene expression in a negative feedback mechanism 

[120]. We have shown, however, that the decrease in EPAC1 levels induced by I942 

treatment of HUVECs is independent of protein activation by the ligand. Neither 

forskolin and rolipram combination (F/R, cyclic AMP generating compounds), nor 007 

(a well-established EPAC1 agonist), managed to cause a similar “EPAC1-disappearing” 

effect (Figure 5-15). In addition to that, inhibiting EPAC1 by CE3F4 did not rescue I942-

mediated reductions in EPAC1 protein levels (Figure 5-10). Subsequent RNA-Seq data 

obtained by our group following a 48-hour treatment of HUVECs with I942 did not 

indicate any significant downregulation of EPAC1 gene expression (data not shown), 

leading us to think that this effect did not occur at a transcriptional level, but at the protein 

level instead. To confirm this, an experiment was carried out to test if blocking the 

proteasomal breakdown of cellular proteins can interfere with I942-mediated EPAC1 

decrease. We showed that I942 treatment did indeed result in EPAC1 protein degradation 

and that it is, at least partially, proteasome-dependent (Figure 5-15). Due to the fact that 

prolonged exposure to proteasome inhibitors is usually toxic for cells [372], [390], it was 
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impossible to extend the experiment over 6 hours. While a significant EPAC1 degradation 

can be observed in HUVECs following a 6-hour stimulation with I942, making it a good 

endpoint, it has to be noted that there might be some other mechanisms contributing to 

observed decreases in EPAC1 levels over time. Nevertheless, there seems to be a clear 

proteasome-dependent effect, and since proteasome complexes are mainly involved in 

the breakdown of ubiquitin-tagged proteins [391], it would be valuable to check if EPAC1 

undergoes this post-translational modification. 

The proteasome disposes of damaged or simply unneeded proteins; we therefore 

considered the possibility that I942 binding might denature EPAC1. However, the 

thermal shift assay (TSA) carried out as a part of a ligand-binding assessment in Chapter 

3 (Figure 3-17) shows no sign of denaturing effects of this ligand. TSA is a fluorescence-

based method that monitors the temperature-dependent protein denaturation under 

various conditions, to assess how these conditions affect protein stability. It can also be 

used to detect destabilising and denaturing properties of small molecules [278], as shown 

by the example of high concentrations of ESI-09 [134]. Obtained results for I942 

concentrations ranging from 3.125 to 100 µM show no distortion of protein melt curve 

shape at lower temperatures that would suggest denaturation. On the contrary, increasing 

ligand concentrations were observed to enhance protein stability, which is manifested by 

significant shifts of melting temperature (Tm) towards higher values. It has to be noted 

though, that the protein used for these assays was a recombinant GST-tagged EPAC1 

cyclic nucleotide-binding domain (GST-EPAC1-CNBD), not the full-length EPAC1. 

While perfectly useful for ligand binding studies and detection of unspecific protein-

denaturing activity, which is the usual case, it might not respond to a potential full-length 

EPAC1-specific denaturation. We cannot therefore rule out the possibility that I942-

mediated degradation of EPAC1 is due to the ligand’s denaturing properties, but in the 

light of obtained TSA results, it seems highly unlikely. We then hypothesised that EPAC1 

degradation might, nevertheless, be caused by the binding of the ligand to the protein and 

that displacing it by another competing ligand could alleviate the observed effect. To test 

it, cells were co-treated with I942 and either 007 or F/R, compounds causing no 

degradation themselves. No change was observed in EPAC1 levels after such co-

treatments. One explanation might be that concentrations of the competing compounds 

were too low to displace I942 to a sufficient extent, or that the reduced level of interaction 

was enough to induce EPAC1 degradation, as due to the dynamic nature of ligand 

binding, it would not be abolished completely. Another possibility is that I942-mediated 

“disappearing” of EPAC1 is independent of both protein activation and protein-ligand 
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interaction itself and is instead an off-target effect. In any case, it is an intriguing 

phenomenon worth investigating further. 

 

5.5.6 The potential of lead ligands to induce EPAC1 protein degradation in 

HUVECs correlates with cytotoxicity. 

A clear correlation was observed when other lead ligands from both the N-

acylsulphonamide and benzofuran oxoacetic acid series were tested for the ability to 

induce EPAC1 degradation in HUVECs like I942 (Figure 5-16). Compounds 

characterised by higher levels of cytotoxicity, namely T40, SY006 and SY009, all caused 

statistically significant decreases in EPAC1 levels after 48-hour exposure, while 

compounds shown to be better tolerated by the cells, T20, T42 and SY007, did not. To 

further confirm this correlation, it would be worth testing cytotoxicity and EPAC1-

degrading ability of successive new analogues from each group in the future. If 

confirmed, EPAC1 degradation could be considered as a marker of cytotoxic potential 

for EPAC1 ligands. Interestingly, in both T and SY ligand series, which have different 

core chemical structures, there were compounds causing degradation of EPAC1. The 

main thing they have in common is of course their ability to bind and activate EPAC1 

protein, which may present the hypothesis of “disappearing” EPAC1 being an off-target 

effect as less probable. However, it would be worth testing several other EPAC-unrelated 

cytotoxic compounds, with different mechanisms of action, to check if they have any 

impact on EPAC1 levels in HUVECs. EPAC1 degradation might well be a response of 

HUVECs to initiation of cell death, or a certain type of cell death, by small molecules. 

 

5.5.7 Overexpression of EPAC1 protein in U2OS cells does not affect their 

response to cytotoxic ligands.   

Having recognised a possible correlation between the ligand-mediated EPAC1 

degradation and compound cytotoxicity, we subsequently investigated how the presence 

and absence of this protein influences the response to toxic treatment. To do this, dose-

response cytotoxicity testing on U2OS cells, either lacking EPAC1 or overexpressing it, 

was performed. We used higher ligand concentrations since the U2OS cell line was 

assumed to be less sensitive to cytotoxic treatments than primary HUVECs. Comparison 

of obtained EC50 values showed a similar trend as in HUVECs: I942, T40, SY006 and 
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SY009 were significantly more toxic to U2OS cells than T20, T42 and SY007 (Figure 5-

18), indicating that ligand-induced cell death is most likely not specific to cell type. No 

statistically significant differences in responses between EPAC1-expressing and non-

expressing cells were detected (Figure 5-18), suggesting that EPAC1 is not directly 

involved in the mechanism of compounds’ cytotoxicity. To get a full picture, however, it 

might be worth studying how silencing of the EPAC1 gene in HUVECs affects the 

response to toxic concentrations of EPAC1 ligands. 

 

5.5.8 Inhibition of caspase activation in HUVECs alleviates cytotoxic effects of 

I942 and its analogue, T40. 

Since the RNA-Seq results (Figure 5-8) implied a significant apoptotic component during 

I942-mediated cell death, we endeavoured to suppress it by blocking caspases, which are 

the main drivers of apoptosis. All lead ligands were studied in this experiment (Figure 5-

19), and, in the case of I942 and T40, the cytotoxic effect was indeed significantly reduced 

when HUVECs were co-incubated with a pan-caspase inhibitor, Z-VAD-FMK [376], 

suggesting a considerable role of caspases in ligand-induced cell death and confirming a 

suspected apoptotic component. We have also shown that, in accordance with previously 

obtained data, T40 causes substantial activation of executioner caspases 3 and 7. 

Surprisingly, no statistically significant effect on caspase 3/7 activity was observed for 

the I942 treatment. The dye we used to detect caspase 3/7 activation (CellEvent) is 

primarily designed for fluorescence microscopy, and while the manufacturer has 

validated using it for plate reader-based assays, the sensitivity is predicted to be lower in 

this application. I942 seems to be better tolerated by cells than T40 and may thus induce 

a lower level of caspase 3/7 activation, not sufficient to observe a clear difference between 

treated and untreated cells. It could also be that a different executioner caspase, caspase 

6, is a major factor in I942-induced apoptosis [392], which can be investigated further 

using caspase 6-selective inhibitors [393] or an ELISA-based method for specific 

assessment of caspase 6 activation designed by Ehrnhoefer et al. [394]. 

Observed increases in cell survival following caspase inhibition, while statistically 

significant, were not substantial, and treatment with ligand + Z-VAD-FMK still caused 

significant levels of cell death. It might be that apoptosis is simply not the main 

mechanism of ligand-mediated cell death, and instead necrosis, autophagy or other, less 

common type of cell death dominates. Another possibility is that once caspase activity is 
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blocked, rendering apoptosis “defective”, autophagy takes over as the main mechanism 

of cell death [379]. Further experiments to validate this hypothesis would be needed, as 

already discussed in the above section 5.5.2. 
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5.6 Summary 

Main findings of this chapter: 

• I942 treatment results in the upregulation of some pro-apoptotic genes and 

downregulation of pro-survival genes in HUVECs. Apoptosis was then shown to 

be one of the mechanisms involved in cell death caused by N-acylsulphonamide 

EPAC1 ligands. 

• I942 treatment causes EPAC1 activation-dependent upregulation of FasR, 

however, its role has yet to be elucidated. 

• Ligand-mediated degradation of EPAC1 protein was observed, which correlates 

with the cytotoxicity of the compounds. It is likely proteasome-dependent and an 

off-target effect. 

• In vitro cytotoxicity testing of ligands from both T and SY groups revealed that 

compounds T20, T42 and SY007 have good safety profiles, which makes them 

promising leads for further drug development. 
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CHAPTER 6: Discussion 
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6.1 General Discussion 

A growing body of evidence accumulated in the last 20 years suggests that selective 

activation of EPAC1 protein might be a potentially useful therapeutic approach in the 

prevention and treatment of various human diseases, such as atherosclerosis [115], [174], 

obstructive pulmonary diseases [236], [237], [247], [248], and tissue fibrosis [150], [218], 

[225], [230]. Currently, the only commercially available EPAC1 agonists are cyclic AMP 

analogues, 007 [94], 007-AM [108], and Sp-8-pCPT-2’-O-Me-cAMPS, which are 

certainly useful research tools, but not good drug candidates. Due to their significant 

structural resemblance to the endogenous ligand, cyclic AMP, it is difficult to achieve 

high levels of PKA discrimination and EPAC isoform selectivity [79]. Moreover, for the 

same reason, they tend to interact with PDEs, either as inhibitors, which results in non-

specific elevation of cellular cyclic AMP levels, or substrates, leading to the formation of 

metabolism by-products that can cause off-target effects [123], [124]. Finally, cyclic 

nucleotide derivatives offer rather limited potential for structural modifications [102], 

which, in addition to the issues discussed above, shifts the attention to more “drug-like”, 

small-molecule compounds for pharmacological targeting of EPAC. 

A number of small-molecule EPAC antagonists have been identified in recent years, 

including a wide range of inhibitors from ESI series [95], [137], CE3F4 [96], barbituric 

acid derivatives 5225554 and 5376753 [98], and AM-001 [99]. Antidiabetic drugs, 

sulphonylureas, were reported to activate EPAC2 [171], but whether or not they exert this 

effect via direct interaction with EPAC protein, remains controversial [175]. The first, to 

our knowledge, non-cyclic-nucleotide EPAC1-selective regulator with agonist 

properties, I942, was discovered in 2017 by the Yarwood lab [177]. I942 contains a meta-

xylyl moiety, which is connected to a naphthyl group via N-acylsulphonamide motif and 

an ether linker (see Chapter 1, Figure 1-8). N-acylsulphonamide derivatives are gaining 

more and more interest in the field of medicinal chemistry, as they can act as carboxylic 

acid bioisosteres [300] and phosphate mimetics [301], but also thanks to the multiple and 

relatively easy synthetic routes [270]. The structure of I942 allows for introducing a 

variety of synthetic modifications, especially to the aromatic rings, which makes it a good 

drug development candidate. In Chapter 3, we followed up on the discovery of this novel 

EPAC1 ligand, and, in collaboration with Professor Jia Zhou and his group, from the 

University of Texas Medical Branch (Galveston, USA), synthesised a small library of 

I942 analogues. Compounds were screened for binding to the isolated CNBD of EPAC1, 
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and structure-binding relationship analysis was then performed to generate a second batch 

of improved binders for phase 2 screening. This resulted in the identification of nine hits. 

Subsequent orthogonal screen, testing compounds’ ability to promote the active 

conformation of cellular EPAC1, narrowed this number down to three lead compounds: 

T20, T40 and T42. Their agonist properties towards EPAC1 isoform were confirmed in 

further cell-based studies in Chapter 4. We also showed that, like the parent compound, 

T20, T40 and T42 discriminate against PKA and EPAC2 in cells. 

To perform initial screening, we adapted the 8-NBD-cAMP competition binding HTS 

assay, originally developed by Tsalkova et al. [133] for EPAC2, and modified by Parnell 

et al. [177] for the isolated CNBD of EPAC1, for manual handling in a 96-well plate 

format, to enable screening of small, carefully designed compound libraries. To date, the 

modified version of this assay [177] has been successfully used to identify I942 [177], 

SY EPAC1 ligands [316], and T compounds (described in this thesis). It provides an 

attractive screening approach, as it is relatively cheap and reproducible, requires 

purification of only one well-expressed protein (GST-EPAC1-CNBD), uses low 

concentrations of fluorescent probe, and utilises plate readers with a fluorescence 

detection mode, which are available in most laboratories. It has, however, two main 

limitations. Firstly, it is a binding-based method that is unable to detect compound 

activity. Secondly, it does not allow the use of full-length recombinant EPAC1 (or 

EPAC1-∆DEP), and the isolated CNBD might be a poor representation of “real-life” 

conditions. The first limitation can be solved by employing an activity-based orthogonal 

screen for testing identified hits, which is common practice in drug discovery projects to 

avoid false positives [395]. In this case, we carried out the active cellular EPAC1 

immunoprecipitation assay for this purpose (described in detail in Chapter 3), and to the 

best of our knowledge, this is the first time the conformation-selective anti-EPAC1 

antibody [276] has been used in such an application. It successfully predicted the agonist 

properties of the compounds and had the additional advantage of simultaneously testing 

their membrane permeability. However, detection by Western blotting limits the use of 

this method to a small number of samples. Possible alternative methods for orthogonal 

screens include the GEF activity assay [52] and a BRET-based assay utilising the 

CAMYEL sensor-transfected HEK293T cells [164], both employed before as HTS assays 

for identification of EPAC inhibitors [96], [98], [99]. These could also be used as primary 

screens to replace the 8-NBD-cAMP competition binding assay, since both methods 

utilise the EPAC1-∆DEP construct instead of a protein fragment. BRET, which involves 

a luminescence-based detection, would have an additional advantage of eliminating 
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interference from auto-fluorescent molecules, but on the other hand, it is comparatively 

labour-intensive and expensive. A more economical approach could be the development 

of an EPAC1-∆DEP-based TSA screening method, which we discussed at the end of 

Chapter 3 and showed a preliminary experiment in Appendix A. TSA (also referred to as 

differential scanning fluorimetry) is easily adaptable to high-throughput applications and 

has been widely used in drug discovery to detect ligand binding to a variety of target 

proteins, such as membrane growth factor receptors and nuclear hormone receptors [396], 

various kinases [287], [289], or bacterial enzymes [397]. Being a binding-based method, 

like the 8-NBD-cAMP competition assay, TSA would again require an orthogonal screen 

detecting EPAC activation or inhibition to identify functional ligands. This is not 

necessarily a disadvantage, as it is important to always employ orthogonal screening to 

avoid false-positive results, regardless of the primary screening method. Interestingly, 

using TSA might simultaneously provide information on potential protein-destabilising 

properties of test compounds [134]. This was used herein to confirm that I942 and lead T 

ligands do not promote protein unfolding or aggregation (Chapter 3). 

The structure-binding analysis of screened T ligands clearly showed that the N-

acylsuphonamide motif of I942 and its analogues is crucial for binding to the CNBD of 

EPAC1, since binding was abolished by any synthetic modifications to this region. This 

is consistent with the I942 docking model proposed by Barker et al. [101], in which the 

N-acylsulphonamide moiety of I942 mimics the phosphate group of the endogenous 

ligand, cyclic AMP, which is crucial for EPAC1 binding and activation. Sulphur-based 

functional groups have been identified as phosphate replacements [317], [398] and used 

to generate phosphotyrosine mimetics that would act as inhibitors of protein tyrosine 

phosphatase 1B (PTP1B) [398]–[401]. PTP1B negatively regulates insulin signalling and 

is, therefore, a widely recognised drug target for the treatment of type II diabetes [402]. 

For example, Leung and colleagues [399] synthesised and evaluated peptide-based 

PTP1B inhibitors containing sulphono(difluoromethyl)phenylalanine, a hydrolytically 

stable phosphate mimetic. Among other sulphur-based moieties, N-acylsulphonamide 

was identified as a bioisostere of a phosphate group by Zhang et al. [301], who developed 

a computational workflow to search for novel isosteric replacements. A recent study [285] 

carried out in collaboration with Professor Giuseppe Melacini from McMaster University 

in Canada (discussed in Chapter 3) used NMR to confirm the phosphate mimicry of N-

acylsulphonamide towards the EPAC1 PBC and, in addition, shows West meta-xylyl 

moiety and East naphthyl group mimicking the ribose and adenine of cyclic AMP, 

respectively. They also observed that I942 undergoes a conformational change upon 
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binding to EPAC1 CNBD, which, together with the general cyclic AMP mimicry, should 

be taken into account in order to update the earlier in silico docking model [101]. 

However, in comparison with the endogenous ligand, I942 was shown to engage in 

weaker interactions with the PBC; it also failed to promote analogous changes in the 

conformation of the hinge region [285], which are most likely the factors limiting the 

efficacy of I942 as an EPAC1 agonist. NMR experiments performed to obtain these 

results utilised the isolated EPAC1 CNBD, as the protein size is a major limitation of this 

technique [403]. Updating the I942 in silico docking model would put the ligand binding 

in the context of other EPAC1 domains, which might influence the conformation of the 

CNBD and provide additional binding sites. Both the model and EPAC1 CNBD-based 

NMR studies can then be employed to help understand the impact of synthetic 

modifications in the West and East aromatic rings of I942 analogues on ligand binding 

and protein activation, which might result in significant advances in lead design. 

In Chapter 4, more detailed binding studies of I942 and selected T compounds revealed 

that they exhibit binding selectivity towards EPAC1 CNBD over EPAC2 CNBD, which 

correlates with the lead ligands’ ability to activate EPAC1, but not EPAC2 in cells. The 

explanation for I942 isoform selectivity proposed as a part of the in silico docking model 

was disproved by the recent study discussed above [285], but no alternative mechanism 

was suggested. To elucidate this, the first step to take would probably be the analysis of 

the impact of single-point mutations on the binding of the ligand to the recombinant 

protein. For example, replacing the unique glutamine of EPAC1 (Q270) with a lysine, 

which can be found in EPAC2 (K405), resulting in an EPAC1-CNBDQ270K mutant, would 

be very interesting, as this is the amino acid difference reported by Schwede et al. [79] to 

be responsible for the isoform selectivity of the cyclic nucleotide agonist, 007. The 

binding of cyclic AMP, I942 and T compounds to such a mutant could then be assessed 

using the 8-NBD-cAMP competition assay, alongside wild type EPAC1 and EPAC2 

CNBDs. I942 and lead analogues were also shown to discriminate against PKA, which is 

important since PKA is ubiquitous and involved in a multitude of cellular signalling 

pathways. Moreover, the lack of PKA activation demonstrated, indirectly, that test 

compounds do not inhibit PDEs or elevate cyclic AMP levels in any other way. While 

this is a preliminary result, which should be confirmed by a direct PDE inhibition assay, 

it is very promising, as undesired interactions with PKA and PDEs are one of the main 

limiting factors for cyclic nucleotide agonists of EPAC. It would also be good to test the 

influence of I942 and T compounds on the function of another important group of cyclic 

AMP effectors, namely cyclic nucleotide-gated ion channels. In the light of more recent 
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discoveries of new cyclic AMP binding Popeye domain-containing (POPDC) proteins 

[32], [33], and cyclic nucleotide receptor involved in sperm function (CRIS) [39], both 

discussed in Chapter 1, it might be useful to test novel EPAC1 ligands for binding to these 

proteins as well. 

In Chapter 4 we also introduced another group of novel EPAC1 activators: SY006, SY007 

and SY009, referred to as SY ligands [316]. They contain a benzofuran heterocycle, 

which is a privileged structure [304], found in many synthetic drugs and natural bioactive 

compounds, as well as the oxoacetic acid functional group, predicted to act as a phosphate 

mimetic, similarly to the N-acylsulphonamide motif in I942. To confirm this prediction 

and establish their binding mode, NMR-based studies, analogous to the ones performed 

for I942 [285], will be carried out in the future. We showed that SY compounds, like the 

ligands from the T series, preferentially activate EPAC1 over EPAC2 isoform and 

discriminate against PKA in cells. The main limitation of both groups of EPAC1 

regulators emerging from obtained results is the efficacy of EPAC1 activation. Compared 

to the effect of 007 positive control in the Rap1 pull-down assays, treatment with 100 µM 

of T and SY compounds induced, on average, 53% and 61% of the 007 response, 

respectively. Since Western blotting is often considered only semi-quantitative, this 

should be interpreted with caution, and a different method needs to be employed to 

determine the optimal effective dose for each compound. For instance, Zhu et al. [404] 

have recently developed an assay that, similarly to the technique we used, monitors the 

activation of the primary downstream effector of EPAC, Rap1, but in a quantitative 

ELISA format. Contrary to the most popular in vitro GEF activity assay, this one is cell-

based, and therefore offers two significant advantages: monitoring EPAC1 activation in 

the actual cellular environment and sensitivity to compound membrane permeability. 

Chapter 5 was focused on cytotoxicity studies of lead ligands from both N-

acylsulphonamide and benzofuran oxoacetic acid series. Early-stage in vitro toxicity 

assessment is highly recommended in drug discovery pipelines, as it significantly reduces 

the costs associated with compound failure in later phases [326]. This allowed for the 

selection of EPAC1 activators with good safety profiles, namely T20, T42 and SY007, 

which are therefore promising leads for further drug development and in-depth in cellulae 

activity studies. I942, T40, SY006 and SY009 were significantly more cytotoxic. Before 

discarding them, however, a minimum effective dose (MED) should be determined, and 

then compared to the maximum tolerated dose (MTD) over different periods of time. If 

MED is significantly lower than MTD, the compound might still be a useful lead. An 
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interesting approach, therefore, would be a single-dose screen of the whole library of T 

compounds for cytotoxic properties, which would allow for analysis of structure-

cytotoxicity relationships in the series. Identification of structural elements responsible 

for toxic effects can considerably aid the design of new, better tolerated I942 analogues, 

and might also contribute to elucidating the mechanism of their cytotoxicity. 

Since our group’s main focus is the anti-inflammatory effects of EPAC1 activation in the 

vascular endothelium [115] and the potential protective role it might play in the 

development of cardiovascular disease, cytotoxicity assays were carried out in human 

umbilical vein endothelial cells (HUVECs), which represent a valid model of vascular 

function [342], [343]. As already discussed in Chapter 5, additional tests should be 

performed on vascular smooth muscle cells (VSMCs), to properly determine the 

compounds’ therapeutic window for a potential local administration in a drug-eluting 

stent [100]. Furthermore, if there was a plan of testing ligands’ activity in any other target 

tissue, such as pulmonary or cardiac tissue, additional cytotoxicity assessments should be 

carried out on representative cells, as they may vary in response. Even with the local 

administration route, a significant amount of drug might be directed to the liver, undergo 

metabolism there, and/or exert hepatotoxic effects [405], [406], therefore testing the 

ligands on hepatocytes would be highly recommended as well. Some drugs containing 

the benzofuran core in their structure, such as amiodarone, an antiarrhythmic medication, 

or a uricosuric agent benzbromarone, have been associated with hepatotoxicity [407]–

[409]. Wang et al. [409] reported that metabolism of benzbromarone by cytochrome P450 

(CYP) class of enzymes results in the formation of toxic epoxides that are responsible for 

liver injury; they also demonstrated that susceptibility to epoxidation can be reduced by 

certain substitutions of the benzofuran heterocycle. EPAC1 ligands from the SY series 

contain the benzofuran core, which was shown to be a crucial structural element for 

EPAC1 activation by these compounds [316]. Cytotoxicity testing of SY compounds in 

liver cells is therefore essential, and epoxidation potential should be assessed. 

In Chapter 5 we also investigated the possible mechanism of ligand cytotoxicity. RNA 

sequencing analysis of I942-treated HUVECs demonstrated significant upregulation of 

several pro-apoptotic genes, and downregulation of anti-apoptotic genes, suggesting 

apoptosis as the main mechanism of I942-mediated cell death. Caspase inhibition resulted 

in statistically significant improvement in the survival of the cells subjected to I942 

treatment, confirming the involvement of apoptosis. However, a substantial level of cell 

death was still observed, which indicates that apoptosis is most likely accompanied by 
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other types of cell death, or that when apoptosis is rendered “defective” by caspase 

inhibition, other mechanisms take over. Minor, but significant upregulation was also 

observed for genes encoding proteins associated with autophagy, and it would be very 

interesting to examine what role, if any, it plays in I942-treated cells, and what is its 

relationship with apoptosis. While autophagy is commonly considered to be a protective 

mechanism, literature also describes many examples of autophagic cell death (ACD) 

[337]. Interestingly, there are reports of ACD induced by caspase inhibition [410], [411]. 

To the best of our knowledge, no such phenomenon has yet been observed in vascular 

endothelial cells (VECs), but this should be taken into consideration when revisiting the 

subject of apoptosis and autophagy involvement and crosstalk in EPAC1 ligand-mediated 

cell death. Furthermore, observed upregulation of genes such as TP53 (encoding the p53 

protein) might indicate a genotoxic potential of I942 at applied concentration, which 

needs to be investigated further, preferably in comparison with novel analogues, T20, 

T40 and T42. 

The most pronounced consequence of I942-treatment was upregulation of the FAS gene, 

which translated to a significant increase in FasR protein levels. Importantly, this effect 

was shown to be dependent on EPAC1 activation by the ligand. While VECs are generally 

considered resistant to pro-apoptotic FasR/FasL signalling, they can be sensitised by 

certain treatments. Suhara and colleagues showed that exposure to H2O2 [367] and 

homocysteine [412] results in increased expression of functional FasR in VECs, and 

makes them susceptible to apoptosis induced by anti-FasR activating antibody. Similarly, 

interferon-γ stimulation was reported by Li et al. [413] to upregulate FasR, rendering 

VECs sensitive to apoptotic death mediated by co-culture with FasL-expressing cells. 

I942 treatment, however, had no sensitising effect on HUVECs treated with recombinant 

soluble FasL. We speculated that overexpression of FasR might cause spontaneous 

oligomerisation of intracellular death domains and initiation of pro-apoptotic signal 

independently of FasL, which is a recorded phenomenon [387], [386], [388], [389]. 

However, testing all the T and SY ligands alongside I942 showed that compound 

cytotoxicity does not correlate with its ability to induce FasR expression, suggesting a 

possibility of FasR playing a different, apoptosis-unrelated role in I942-treated HUVECs, 

which has yet to be elucidated. 

An interesting effect was observed when studying the regulation of FasR protein 

expression by I942, namely ligand-mediated, time-dependent decrease in the levels of 

cellular EPAC1. Downregulation of EPAC1 in other tissues has previously been 
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documented in the literature. Yokoyama et al. [218] reported that pro-fibrotic 

transforming growth factor ß (TGF-ß) signalling in cardiac fibroblasts downregulates 

EPAC1, but, interestingly, not EPAC2 [218]; and more recently, Ebrahimighaei and 

colleagues [120] showed that activation of EPAC1 by elevated cyclic AMP in the same 

type of cells can suppress EPAC1 gene expression in a negative feedback mechanism. 

Reduction of EPAC1 isoform mRNA and protein levels was also observed by another 

research group in airway smooth muscle cells exposed to cigarette smoke, as well as in 

lung tissue samples from COPD patients [252]. In all cases, the decrease in EPAC1 was 

shown to happen at the transcriptional level, while the I942-mediated effect is likely to 

be caused by protein degradation, as it was rescued by proteasome inhibition. Moreover, 

it is independent of EPAC1 activation and correlates with ligand cytotoxicity in both T 

and SY series. It would be useful to test more compounds from both series to determine 

if EPAC1 degradation can be considered a marker of the toxic effects of treatment, and 

to repeat experiments in another EPAC1-expressing cell type to demonstrate if the effect 

is HUVEC-specific. In any case, this is an interesting phenomenon worth investigating 

further.
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6.2 Future Directions and Potential Applications 

In this dissertation, we presented and characterised two novel classes of small-molecule 

EPAC1 regulators with agonist properties: N-acylsulphonamide derivatives (I942 and T 

series), and benzofuran oxoacetic acid analogues (SY series). In each class, promising 

lead compounds for further drug development were identified, and the main issue that 

needs to be addressed in further studies is the relatively limited potency of these ligands 

for EPAC1 activation. Below are the steps we would like to undertake to follow up on 

the groundwork described in this thesis: 

 

1. Determine optimal effective doses and maximum tolerated doses for identified 

lead compounds. 

2. Based on NMR analysis of I942 binding to EPAC1 CNBD [285], update the in 

silico docking model 

3. Analyse lead compounds in terms of interactions with the EPAC1 CNBD using 

protein-based and ligand-based NMR techniques, in comparison with I942 and 

007, to examine effects of introduced synthetic modifications on the 

conformational changes induced in EPAC1 protein. 

4. Screen existing T and SY compound libraries for cytotoxic properties to analyse 

the structure-toxicity relationship. 

5. Optimise lead ligands. Introduce a range of synthetic modifications to increase 

potency for EPAC1 activation and improve (or maintain) the safety profile of the 

ligand, based on results from points 1, 2, 3, and 4 above. 

6. Test optimised compounds in terms of binding to EPAC1 and EPAC2, activation 

of both isoforms, and PKA discrimination. 

7. Perform cytotoxicity testing of identified EPAC1-selective agonists on VECs, 

VSMCs, and hepatocytes. 

8. Test optimised EPAC1 ligands with good safety profiles in cell-based models of 

vascular inflammation, and if good results are obtained, in vivo. 
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Ample evidence shows that pharmacological targeting of EPAC1 could present a useful 

strategy for the prevention and treatment of a wide range of human diseases [51]. 

However, due to the multitude of functions mediated by this protein, which are often 

tissue- or cell type-specific, the best approach to deliver an effective EPAC1-regulating 

pharmaceutical agent would be a local route of administration. For example, since a 

considerable body of data shows a potential positive impact of EPAC1 activation in the 

management of asthma and COPD (discussed in Chapter 1), local delivery of an EPAC1 

agonist in aerosol could be an interesting therapeutic approach. Another possible form of 

local drug delivery, which is of particular interest to our group, is a drug-eluting stent. 

Plaque formation and resulting narrowing of blood vessels in patients suffering from 

atherosclerosis is life-threatening and often requires a medical intervention to widen the 

lumen and restore the blood flow. One of the most common interventions is balloon 

angioplasty, which involves inserting a deflated balloon into the vessel and inflating it in 

the afflicted area to force the blocked vessel open [414], [415]. During the procedure, a 

stent (metal or plastic tube) can be introduced as well, to help maintain the effects. The 

long-term success of these interventions is limited by re-narrowing of treated blood 

vessels, which is termed restenosis, or in-stent restenosis (ISR) if a stent was inserted 

[416]. Angioplasty procedure, while relatively non-invasive, still causes a mechanical 

injury to the vessel tissue and thus initiates inflammatory and healing processes [417], 

and in addition to that, the material stent is made of can often exacerbate the immune 

response [418]. Damaged endothelium and prolonged inflammation lead to the 

development of neointimal hyperplasia (NIH), pathological tissue remodelling involving 

VSMCs proliferation and migration, which results in thickening of the vessel wall and 

restenosis [419], [420]. To alleviate this problem, drug-eluting stents were introduced, 

which provide controlled release of immunosuppressive or antiproliferative agents, such 

as sirolimus (rapamycin) or paclitaxel, respectively [418], [421]. 

Conflicting evidence exists regarding the effects of EPAC activation on NIH formation 

[101], [422]. In a study by Hewer et al. [423], EPAC1 agonist, 007, synergised with 

selective PKA activator to inhibit proliferation of VSMCs. Two independent research 

groups also showed that cooperation of these cyclic AMP sensors [424], as well as 

EPAC1 activation on its own [425], suppresses VSMCs migration. Yokoyama and 

colleagues [426], on the other hand, demonstrated an opposite effect of 007 stimulation 

on VSMCs migration and observed a correlation of EPAC1 overexpression with 

neointima formation. Proliferation and migration of VSMCs were also attenuated in 
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EPAC1-knockout mice [149], [427]. A further, more comprehensive investigation is 

needed to fully understand the role of EPAC1 in NIH. However, as discussed in detail in 

Chapter 1, EPAC1 activation promotes the health and proper functioning of the 

vasculature, by enhancing endothelial barrier function [113], [114], [186]–[190] and 

regulating vascular tone [192]–[194]. It was also shown by Sands et al. [115] to reduce 

expression of proteins that facilitate recruitment and adhesion of immune cells in VECs, 

through suppression of interleukin-6 pro-inflammatory trans-signalling (see Chapter 1, 

Figure 1-9). Since inflammation is thought to be the number one driver of NIH 

development and resulting ISR, we therefore believe that small-molecule EPAC1 agonist 

could potentially be incorporated in a drug-eluting stent to suppress post-angioplasty 

inflammation.
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APPENDIX A 

 

Figure I. Schematic representation of the pGEX-6P-1 vector. Plasmid map form www.snapgene.com. 

 

Table I. Relative fluorescence (RF) values of I942 and its analogues: phase 1 competition binding screen. 

ID N Mean Grouping 
T8 3 118.74 A            
T29 3 115.28 A B           
T27 3 108.89 A B C          
T26 3 105.35 A B C D         
T32 3 105.23 A B C D         
T33 3 104.66 A B C D E        
T19 3 104.28 A B C D E        
T2 3 104.18 A B C D E        
T7 3 103.60 A B C D E F       
T28 3 102.90 A B C D E F       
T30 3 102.67 A B C D E F       
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ID N Mean Grouping 
T5 3 102.32 A B C D E F       
T6 3 101.53 A B C D E F       T13 3 96.78 A B C D E F G      T1 3 95.31  

B C D E F G      T4 3 94.87  
B C D E F G      T12 3 94.25  
B C D E F G      T18 3 91.97   

C D E F G H     T9 3 91.71   
C D E F G H     T14 3 87.75   
C D E F G H     T25 3 82.80    

D E F G H I    T23 3 81.97     
E F G H I    T11 3 80.78      

F G H I    T24 3 80.63      
F G H I    T17 3 77.48       

G H I    T16 3 76.72       
G H I    T10 3 69.71        

H I J   T22 3 69.06        
H I J   T31 3 61.82         

I J   I942 3 61.22         
I J K  T15 3 48.62          

J K  T21 3 38.21           
K L T20 3 22.58            

L  
I942 marked in green. Hits from Phase 1 marked in red. Means that do not share a letter are significantly different (one-way 
Anova with Tukey’s post-hoc test, 95% confidence). 

 

Table II. Relative fluorescence (RF) values of I942 and its analogues: phase 2 competition binding screen 

ID N Mean Grouping 

T51 3 97.65 A           
T49 3 96.81 A           
T50 3 93.80 A           
T61 3 91.85 A           
T52 3 88.46 A           
T56 3 82.40 A B          
T60 3 80.58 A B C         
T45 3 71.94 A B C D        
I942 3 59.95  

B C D E       
T47 3 58.05  

B C D E F      
T57 3 55.78   

C D E F G     
T41 3 53.74    

D E F G H    



 

 233 

ID N Mean Grouping 
T46 3 50.39    

D E F G H    
T43 3 48.79    

D E F G H I   
T54 3 39.66     

E F G H I J  
T53 3 35.58     

E F G H I J  
T55 3 33.70      

F G H I J  
T20 3 31.77       

G H I J K 
T48 3 28.91        

H I J K 
T39 3 23.89         

I J K 
T44 3 22.54          

J K 
T58 3 20.32          

J K 
T40 3 13.94          

J K 
T42 3 7.19           

K 
 
I942 and the best binder from phase 1, T20, are marked in green. Hits from Phase 2 marked in red. Means that do not share a 
letter are significantly different (one-way Anova with Tukey’s post-hoc test, 95% confidence.) 

 

Table III. Tm values from TSA experiments at 50 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 

50 µM Mean ± SD 
(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 

DMSO 41.58 ± 0.76 x **** **** **** **** **** **** 
cAMP 47.91 ± 0.29 **** x ** ** **** **** **** 
I942 46.58 ± 0.29 **** ** x **** **** **** **** 
T20 49.25 ± 0.00 **** ** **** x ns **** **** 
T40 49.91 ± 0.29 **** **** **** ns x *** **** 
T42 51.58 ± 0.29 **** **** **** **** *** x **** 

ESI-09 39.24 ± 0.00 **** **** **** **** **** **** x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post-hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
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Table IV. Tm values from TSA experiments at 25 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 

25 µM Mean ± SD 
(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 

DMSO 41.08 ± 0.29 x **** **** **** **** **** ns 
cAMP 46.41 ± 0.58 **** x ns ** **** **** **** 
I942 45.25 ± 0.50 **** ns x **** **** **** **** 
T20 47.91 ± 0.29 **** ** **** x ns **** **** 
T40 48.58 ± 0.29 **** **** **** ns x ** **** 
T42 50.25 ± 0.50 **** **** **** **** ** x **** 

ESI-09 40.91 ± 0.29 ns **** **** **** **** **** x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post-hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
 

Table V. Tm values from TSA experiments at 12.5 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 
12.5 µM Mean ± SD 

(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 
DMSO 41.58 ± 0.29 x **** *** **** **** **** ns 
cAMP 44.91 ± 0.29 **** x ns ns *** **** **** 
I942 43.91 ± 0.76 *** ns x ** **** **** **** 
T20 45.75 ± 0.50 **** ns ** x ns **** **** 
T40 46.91 ± 0.29 **** *** **** ns x *** **** 
T42 48.91 ± 0.29 **** **** **** **** *** x **** 

ESI-09 41.41 ± 0.29 ns **** **** **** **** **** x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post-hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
 

Table VI. Tm values from TSA experiments at 6.25 µM ligand concentration. 

  Significance in comparison to: 
Ligand C 
6.25 µM Mean ± SD 

(°C) DMSO cAMP I942 T20 T40 T42 ESI-09 
DMSO 41.58 ± 0.29 x **** ** **** **** **** ns 
cAMP 43.58 ± 0.29 **** x ns * ** **** **** 
I942 42.91 ± 0.76 ** ns x *** **** **** ** 
T20 44.75 ± 0.00 **** * *** x ns **** **** 
T40 44.91 ± 0.29 **** ** **** ns x **** **** 
T42 46.91 ± 0.29 **** **** **** **** **** x **** 

ESI-09 41.41 ± 0.29 ns **** ** **** **** **** x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post-hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
 

 



 

 235 

 

Figure II. Thermal shift profiles of GST-EPAC1-∆DEP in the presence of increasing cyclic AMP 
(cAMP) concentrations. A series of seven 1:2 dilutions of endogenous EPAC1 ligand, cyclic AMP (3.125 
– 200 µM range), was prepared and combined with 2 µM GST-EPAC1-∆DEP and 10x SYPRO Orange 
dye, in a PCR-compatible microplate. Plate was incubated overnight at 4 °C, and subsequently subjected 
to a standard temperature gradient programme using a real-time PCR machine, with a temperature range of 
11 – 80 °C, ramping up in 0.5 °C increments, and a 30 second hold at each temperature. Changes in 
fluorescence were monitored using a filter set for a ROX reporter dye. A 20 – 70 °C range is shown in the 
graphs above. Presented data is an average of three independent experiments. Cyclic AMP induces a dose-
dependent shift of the protein melt curve towards higher temperature values, which indicates ligand binding 
and protein stabilisation. Tm values, listed in Table VII below, were obtained by fitting a Boltzmann 
equation to data in the 25 – 61.5 °C range. 

 

Table VII. Tm values from TSA experiments using recombinant GST-EPAC1-∆DEP protein. 

  Significance in comparison to:  
cAMP C 

(µM) Mean ± SD 
(°C) 200 100 50 25 12.5 6.25 3.125 0 

200 50.12 ± 0.09 x ns **** **** **** **** **** **** 
100 49.98 ± 0.11 ns x *** **** **** **** **** **** 
50 49.25 ± 0.15 **** *** x ** **** **** **** **** 
25 48.63 ± 0.09 **** **** ** x ns **** **** **** 

12.5 48.24 ± 0.12 **** **** **** ns x * * *** 
6.25 47.78 ± 0.17 **** **** **** **** * x ns ns 
3.125 47.74 ± 0.23 **** **** **** **** * ns x ns 

0 41.51 ± 0.20 **** **** **** **** *** ns ns x 
 
Tm comparisons on the following slides were performed using One-way ANOVA with Tukey’s post-hoc test. 
Significance levels indicated as follows: **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns – not 
significant. 
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APPENDIX B 

 

Figure III. Schematic representation of the pGEX-4T-2 vector. Plasmid map form www.snapgene.com. 

 

Figure IV. Schematic representation of the pGEX-5X-1 vector. Plasmid map form www.snapgene.com. 
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Figure V. Ability of lead SY compounds to promote the active conformation of cellular EPAC1. 
HEK293T-EPAC1 cells were stimulated for 30 minutes with either vehicle (DMSO), 50 µM 007 (as a 
positive control) or 100 µM of test compounds, as indicated. Active EPAC1 was then immunoprecipitated 
from cell lysates using an anti-EPAC1 (5D3) mouse mAb (EPAC1 IP), immunoblotted and then compared 
to total EPAC1 levels in cell extracts. Treatment with SY007 induced a significant increase in active cellular 
EPAC1 levels. Data obtained from at least three independent experiments are presented as means ± SEM. 
Significant increases in active EPAC1 levels compared to vehicle-treated cells are indicated; ** p ≤ 0.01 
(one-way ANOVA with Dunnett’s post hoc test). Non-significant changes are also indicated (ns). 
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APPENDIX C 

 

Figure VI. Excitation/emission spectra of Alamar Blue and CFDA-AM metabolic transformation 
products. 5-Carboxyfluorescein (5-CF; left, green) and resorufin (right, yellow). Dashed lines indicate 
excitation spectra, while solid colours indicate emission spectra. Graph obtained using Spectrum Viewer at 
www.aatbio.com. 
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Figure VII. Autofluorescence and redox activity of compounds used in in vitro cytotoxicity assays. In 
96-well plates, I942, T compounds, SY compounds, Z-VAD-FMK (caspase inhibitor) and CE3F4 (EPAC1 
inhibitor) were diluted in phenol red-free, serum-free HUVEC medium to 200 µM concentrations and their 
fluorescence was measured at ex/em wavelength sets for Alamar Blue (A), CFDA-AM (C) and Neutral 
Red assays (D). Standard deviation of the solvent signal multiplied by five (5xSD) was chosen as a 
threshold indicating the autofluorescence level potentially interfering with the assay. None of the test 
compounds crossed this threshold, so they were deemed suitable for in vitro cytotoxicity testing using these 
readouts. Data are presented as means ± SD; n ≥ 3. Redox activity (B) of the compounds was also tested to 
check if any of them has the ability to interfere with the Alamar Blue assay by reducing resazurin 
extracellularly. In 96-well plates, compounds were diluted to 200 µM in phenol red-free, serum-free 
HUVEC medium containing 1.25% (v/v) Alamar Blue, followed by incubation at 37 °C for 30 minutes, 
and subsequent fluorescence measurement at 532/590 nm ex/em wavelengths. 5xSD threshold was set in 
this experiment as well, and one compound, SY009, was found to exceed slightly exceed it. Since this effect 
was minimal, and no significant autofluorescence was detected at any of the three assay wavelength sets, 
SY009 was deemed compatible with all three in vitro cytotoxicity readouts anyway. Data are presented as 
means ± SD; n ≥ 2. 
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Figure VIII. Alamar Blue. Cytotoxic effects of HUVECs treatment with increasing concentrations of 
T and SY compounds. HUVECs were treated with ligand concentration range of 3.9 – 500 µM for 24 
hours, followed by incubation with a mixture of Alamar Blue and CFDA-AM dyes for 30 minutes in the 
dark. Fluorescence was then measured at 532/590 nm ex/em wavelengths. Curves were fitted to the data 
collected in all three assays to obtain EC50 values. Data presented as means ± SEM, n = 3. 
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Figure IX. CFDA-AM. Cytotoxic effects of HUVECs treatment with increasing concentrations of T 
and SY compounds. HUVECs were treated with ligand concentration range of 3.9 – 500 µM for 24 hours, 
followed by incubation with a mixture of Alamar Blue and CFDA-AM dyes for 30 minutes in the dark. 
Fluorescence was then measured at 485/535 nm ex/em wavelengths. Curves were fitted to the data collected 
in all three assays to obtain EC50 values. Data presented as means ± SEM, n = 3. 
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Figure X. Neutral Red. Cytotoxic effects of HUVECs treatment with increasing concentrations of T 
and SY compounds. HUVECs were treated with ligand concentration range of 3.9 – 500 µM for 24 hours. 
Following the Alamar Blue and CFDA-AM measurements, cells were incubated with Neutral Red dye for 
1 hour in the dark, solubilised in 1% (v/v) acetic acid, and then fluorescence was read at 532/645 nm ex/em 
wavelengths. Curves were fitted to the data collected in all three assays to obtain EC50 values. Data 
presented as means ± SEM, n = 3. 
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Figure XI. Comparison of EC50 values of lead EPAC1 ligands obtained in different in vitro 
cytotoxicity assays. EC50 values calculated from curve fitting were compared between different readouts 
within ligand groups using one-way ANOVA with Tukey’s post hoc test. Data presented as means ± SEM, 
n = 3. Statistically significant differences in comparison to CFDA-AM (grey bar) in each group are 
indicated; * p < 0.05, ** p ≤ 0.01. 
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