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ABSTRACT 

 
Exchange protein directly activated by cAMP 1 (EPAC1) is an intracellular cyclic AMP 

(cAMP) sensor involved in a wide variety of cellular and physiological processes. Despite an 

increased understanding of the different roles of EPAC1 in health and disease, reagents are 

lacking to study its association with cAMP nanodomains intracellularly. In this work, the non-

antibody Affimer protein scaffold was used to develop isoform-selective Affimers of EPAC1. 

Phage-display screens against purified, biotinylated human recombinant EPAC1ΔDEP protein 

(149-811) identified five potential EPAC1-selective Affimers. Through dot blot and indirect 

ELISA assays, Affimer 780A was confirmed to be the top EPAC1-binder. Thermal shift assays 

revealed that 780A had a stabilising effect on the EPAC1 protein conformation in vitro and 

was found to not discriminate between the active and inactive conformations of EPAC1 in the 

presence of the EPAC1-specific agonist 007. HSQC NMR confirmed that the binding of 780A 

to the cyclic-nucleotide binding domain (CNBD) of EPAC1 caused a subtle conformational 

change. Peptide array technology and mutagenesis studies further revealed a potential 

interaction site for 780A in the CNBD. In EPAC1-expressing U2OS cells, 780A was shown to 

co-precipitate EPAC1 protein in immunoprecipitation studies. Through fluorescent and 

immunofluorescent confocal microscopy, 780A was able to interact with EPAC1 in COS1 cells 

and co-localised with both EPAC1 WT and a non-targeting EPAC1-SUMOmutant 

predominantly in the perinuclear and cytosolic regions, respectively. As a novel EPAC1-

selective binder, 780A has the potential to be used in super resolution microscopy studies to 

further our understanding of the cAMP-EPAC1 signalling pathway.  
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Chapter 1- Introduction 

1.1 Importance of cAMP in Health and Disease 

1.1.1 cAMP Signalling Pathway and Compartmentalisation 

The universal second messenger, 3’,5’-cyclic adenosine monophosphate (cAMP), was 

the first to be discovered in eukaryotic cells in 1958 by Earl Sutherland and colleagues 

[1]. For many cellular functions to occur extracellular first messengers, including 

hormones, growth factors and neurotransmitters, require intracellular second messenger 

mediators. This is done by intracellular signalling transduction. The cAMP signalling 

pathway is thus considered to be a paradigm of intracellular signalling and is involved in 

a wide variety of cellular and physiological processes. These include gene regulation, cell 

adhesion and neurotransmission to name just a few [2]–[5]. When a first messenger binds 

to its specific receptor at the cellular plasma membrane, this activates G-protein coupled 

receptors (GPCRs), stimulating, via the Gs protein, adenylyl cyclase (AC) at the plasma 

membrane: an enzyme that converts ATP to cAMP inside the cell. Through the action of 

cAMP phosphodiesterase (PDE) enzymes, and receptor desensitisation, the cAMP signal 

is turned off by degrading cAMP to 5’AMP (Figure 1.1). While there are nine membrane-

bound, and one soluble, isoforms of AC, the PDE superfamily is grouped into 11 diverse 

families (PDE1-11) [6], [7]. 

                                  

Figure 1.1: A General Schematic Overview of the Intracellular Second Messenger cAMP Signalling 

Pathway. In response to G-protein coupled receptor (GPCR) activation at the membrane induced by a first 

messenger, adenylate cyclase (AC) is stimulated to convert ATP to the second messenger cAMP. Increased 

levels of intracellular cAMP activate cAMP effectors, including protein kinase A (PKA) and exchange 

protein directly activated by cAMP (EPAC), which activate cAMP response element-binding protein 

(CREB) or GTPase Rap, respectively, leading to specific cellular responses. Popeye domain containing 

(POPDC) proteins are a third effector found in cardiac myocytes, To switch off cAMP signalling, 

phosphodiesterase (PDE) enzymes degrade cAMP to 5’AMP to control the duration and intensity of the 

signal.  



2 

 

 

An essential component to the control of the cAMP signalling cascade is 

compartmentalisation, a concept first proposed by Brunton and colleagues in cardiac 

myocytes in the early 1980s [8]–[10]. With the advent of techniques for visualising 

intracellular cAMP, proof of this concept could be further elucidated, allowing for a better 

understanding of cAMP dynamics. These techniques include fluorescence resonance 

energy transfer (FRET)-based imaging probes. FRET sensors are a commonly used 

spectroscopic technique, which can be used to indirectly measure, for example, 

interactions between two different proteins, or even between domains of the same protein, 

and can be used to measure the distance between two fluorophores (a donor and an 

acceptor) attached to protein(s) of interest that have been excited via monochromatic light 

at their specific wavelengths. Through FRET it was ascertained, for instance, that while 

AC activity is sustained and constitutive (i.e. formed continuously), the basal 

concentration of cAMP is maintained by PDE activity [11]. FRET studies have thus 

shown that intracellular cAMP diffusion is not homogenous, confirming that it is instead 

compartmentalised into discrete ‘micro’-or ‘nanodomains’, ensuring that the hormonal 

response is specific to a particular subcellular region [12]. However, one downside to 

FRET reporters is that the tracking is, ultimately, indirect [13]. By controlling the 

magnitude and duration of cAMP-dependent events, PDEs are thought to be essential for 

the tight spatial regulation of cAMP compartmentalisation [14]. 

With the most recent advances in tools and methods, Bock and colleagues were the first 

to directly measure and characterise cAMP movement in intact cells at physiological 

levels [13]. This was done using a cell permeable fluorogenic cAMP analog (8-FDA-

cAMP), and showed that, at basal levels, cAMP is mostly bound and diffuses only very 

slowly [13]. By only having to use trace amounts of this fluorescent cAMP, cAMP could 

be tracked directly in HEK293 cells and measured close to, if not at, basal cAMP levels 

[13].With free cAMP levels kept within a low range, individual PDEs can create cAMP 

gradients in nanometer sized areas, protecting effectors from stimulation by external 

cAMP-mediators [13]. When cells were stimulated with the AC activator, forskolin, on 

the other hand, cAMP became displaced and diffusion occurred quickly, and the 

downstream activation of targets was modulated by the local PDE domains [13]. This 

study was thus able to address two statements that caused controversy in the 

compartmentalisation theory. First, the observation that cAMP is highly diffusible in 

cells, and second, that PDEs have low catalytic rates [15]–[18]. These would suggest that 
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cAMP would rapidly equilibrate in cells, preventing cAMP compartmentalisation, and 

until the study by Bock and colleagues, how cAMP was compartmentalised 

intracellularly, as described above, could not be investigated directly [13]. 

Once cAMP has been activated, its signal in the cell is propagated by downstream cAMP 

sensors. The downstream signalling effects of cAMP’s cellular functions were originally 

attributed to the first protein kinase discovered by Krebs and colleagues in 1956 named 

protein kinase A (PKA) [19]. Gene transcription induced by cAMP is mediated by PKA 

through the phosphorylation of, for example, the cAMP response element-binding protein 

(CREB) transcription factor among other PKA cellular substrates [20]. However, it was 

realised, over time, that this classical route could not account for all of the second 

messenger’s cellular functions, for example, resulting in the discovering by Kawasaki and 

colleagues of a new cAMP sensor, exchange protein directly activated by cAMP (EPAC), 

over 20 years ago [21]. In another independent study, EPAC was identified showing that 

the activation of the small GTPase, Rap1, by cAMP occurred independently of PKA [22]. 

Thus, EPAC was identified simultaneously by two different groups. Cyclic nucleotide-

gated ion channels (HCN) and the more recently discovered Popeye domain containing 

(POPDC) gene family are two other recently discovered cAMP effectors [23]–[25]. As 

effector proteins, PKA and EPAC, for example, are anchored to specific intracellular sites 

by scaffold proteins, which act to maintain compartmentalisation of cAMP signalling by 

anchoring PDEs next to effectors, and consequently can interact with cAMP and initiate 

its downstream signalling events [26]. Without any control of cAMP, via 

compartmentalisation, receptor action specificity would be lost as cells would be flooded 

in cAMP [26].  

1.1.2 Drugs and Disease 

The cAMP second messenger pathway is involved in wide variety of conditions and 

diseases. These include cancer, cardiac dysfunction, diabetes and nerve diseases [27]–

[32]. In addition, it has been demonstrated through numerous studies that inhibiting or 

activating the cAMP pathway can be an important factor in the treatment of many human 

diseases [33]. For example, using a diabetic mouse model, it was discovered that the 

peptide hormone glucagon’s action, mediated by the cAMP-PKA pathway, is inhibited 

by hypoxia-inducible factor 2α (HIF2α) in the liver, which could alleviate 

hyperglycaemia [34]. Through clinical trials in type II diabetes patients, it has been 

shown, for example, that a selective small-molecule glucagon receptor antagonist 
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(LY2409021) significantly reduced glycated haemoglobin (HbA1c) and glucose levels 

with little risk of hypoglycaemia [35]. Targeting the disruption of the cAMP signalling 

pathway has, therefore, led to the discovery of an assortment of inhibitors, contributing 

to the development of drugs for the treatment of various diseases [33]. These include 

cAMP activators, PDE inhibitors, and PKA activators and inhibitors. 

The discovery of forskolin, derived from the Coleus forskohlii root, in 1981 provided an 

essential step towards understanding the physiological roles of cAMP in cells. Forskolin 

is a potent AC activator, and consequently increases cAMP levels in many tissues, 

including the brain [36]. It has been shown, for instance, to act as a β-adrenergic agonist 

and could be potentially used to treat Alzheimer’s disease [37]. Unlike the cholera toxin, 

another cAMP elevator, forskolin activation is reversible [36]. Another cAMP elevating 

agent, that works by decreasing cAMP hydrolysis, is the selective PDE4 inhibitor 

rolipram. Rolipram has been used to treat asthma, autoimmune diseases, chronic 

obstructive pulmonary disease, and inflammation [38]–[40]. It has been shown in vivo 

that in conjunction with forskolin, cAMP concentration is significantly enhanced and the 

cAMP signal is amplified in the presence of rolipram both in rat neurons and mouse 

hippocampal slices [41], [42]. For example, in neurons, rolipram worked by promoting 

the dopamine synthesis induced by forskolin [41]. PDE4 inhibitors have been tested in 

the treatment of pulmonary diseases, such as chronic obstructive pulmonary disease 

(COPD), and Alzheimer’s disease [43], [44]. For example, the anti-inflammatory 

roflumilast is a once-daily PDE4 inhibitor taken orally, which has been approved for the 

treatment of COPD in both the EU and USA by their respective regulatory bodies. By 

decreasing the number of neutrophils and eosinophils in sputum, roflumilast is believed 

to increase cAMP and suppress cytokine levels [43]. 

As the first cAMP effector to be discovered, PKA inhibitors were developed not long 

after the cAMP agonist forskolin. KT-5270 and H89 are two protein kinase inhibitors of 

PKA and both act as competitive antagonists of ATP at its catalytic binding site on PKA 

[45], [46]. KT-5270 is synthesised from the fungus Nocardiopsis sp with a inhibition 

constant (Ki) of 60 nM [45]. H89 is a an isoquinoline derivate of the PKA/PKC/PKG 

inhibitor H-8 with a Ki of 0.05 µM [47], [48]. Both H89 and KT-5270 are commonly used 

as they are selective, potent and cell permeable [33]. Studies have shown that both 

inhibitors can block lipopolysaccharide (LPS)-induction of nitric oxide (NO) production 

and inducible nitric oxide synthase (iNOS) expression [48]. H89 has also been shown to 
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block the mitogen-activated protein kinase (MAPK) pathway through the inhibition of 

the cAMP response-element binding-protein (CREB) which mediates levels of mRNA 

and protein expression of phosphatase-1 of the MAPK pathway [49]. The only direct PKA 

activator is dibutyryl-cAMP (Bt2cAMP), which has been shown to cause a concentration-

dependent release of NO and iNOS expression, consequently activating the nuclear-

factor-κB (NF-KB), for example [49]. 

1.2 EPAC 

1.2.1 EPAC Structure and Mechanism of Activation 

As the more recently discovered cAMP effector, EPAC is a guanine nucleotide exchange 

factor (GEF) for the small Ras-like GTPases Rap1 and Rap2 [22], [50]. As GTPases, the 

Rap proteins cycle between the inactive-GDP- and active-GTP-bound states. There are 

two main isoforms of EPAC, EPAC1 and EPAC2, as seen in figure 1.2A. The two 

isoforms differ in their tissue distribution, whereby EPAC1 is found to be more 

ubiquitously expressed, EPAC2 is predominantly found in the brain, pancreas, adrenal 

glands and other secretory cells [21]. Although, in isolation, the biochemical activities of 

both isoforms are similar, the differences in tissue distribution result in different 

physiological functions depending on cell type [21], [51].  

At the protein level, EPAC1 and EPAC2 share highly conserved structural motifs in both 

their regulatory and catalytic domains (Figure 1.2A). In the C-terminus catalytic region, 

a CDC25 homology domain (HD), containing the Rap binding site, is stabilized by a Ras 

exchange motif (REM) [51]. An important feature of the CDC25-HD are two antiparallel 

α-helices that point outwards, forming a helical hairpin [52]. While the C-terminal of this 

hairpin interacts with the REM domain, the N-terminal helix is an essential part of the 

binding site [53]. In between the CDC25-HD and REM domains is the Ras association 

domain (RA), which regulates EPAC2 intracellular distribution [53]. At the N-terminus, 

containing the regulatory domains, is the dishevelled-EGL-plekstrin homology domain 

(DEP) and the high affinity cyclic nucleotide binding domain (CNBD2) (Figure 1.2A) 

which are involved in membrane localization and cAMP binding, respectively [51]. 

While both isoforms share CNBD2, EPAC2 has a second binding domain (CNBD1) 

(Figure 1.2A) with a lower cAMP binding affinity [51]. While the function of CNBD1 is 

yet to be fully elucidated, it is believed to be unlikely to contribute to Rap activation [54].  
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Figure 1.2: The Structure Conformations of EPAC Protein. A) Schematic representation of the 

organisation of EPAC isoforms EPAC1 and EPAC2 regulatory and catalytic domains. The domains are as 

follows: DEP, dishevelled-EGL-plekstrin homology domain; CNBD 1/2, cyclic nucleotide binding 

domains; REM, Ras exchange motif; RA, Ras association domain; CDC25-HD, CDC25 homology domain. 

B) Cartoon representation of the active and inactive conformations of EPAC2. As cAMP binds to the cAMP 

binding pocket in the CNBD, the active (open) conformation occurs as the lid region closes over the bound 

cAMP, allowing Rap1 to bind to the catalytic region. Adapted from [54]. 

 

 

EPAC exists in equilibrium where both inactive (ligand-free and closed) and active 

(ligand-bound and open) states are present [55] (Figure 1.2B). In its ligand-free state, the 

CNBD2 acts as an auto-inhibitory domain since, in its absence, the protein has been found 

to be constitutively active [51]. How the activation of EPAC occurs upon cAMP binding 

was investigated using the crystal structure of the EPAC2 isoform’s regulatory region 

[51], [55], [56]. Within the cAMP binding pocket of the CNBD is a highly-conserved 

phosphate-binding cassette (PBC) that interacts with the phosphate-sugar region of cAMP 

[55]. When unbound, the binding pocket is shielded by a lid that is connected to a hinge 

region at the C-terminal helix of the CNBD [55] (Figure 1.2B). To allow for Rap binding 

to the CDC25-HD in the regulatory region, EPAC activation requires the regulatory 

region to move away from the catalytic region [51]. This is done via a loose connection 

between them which is secured by a central ‘switchboard’, consisting of the N-terminus 

of the REM domain, a loop of the helical hairpin in the CDC25-HD, and the C-terminus 

of CNBD, which forms a five-stranded β-sheet [51]. EPAC is kept inactive due to the 

B 

A 
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‘switchboard’ maintaining the relative orientation between the regulatory and catalytic 

regions and contains a highly conserved sequence (VLVLE) in the C-terminal end of 

CNBD (amino acids 321-325) [51], [56]. The second point of contact is an ionic latch 

between the CDC25-HD and CNBD, which contains Arg886, a residue found to be 

important for Rap interaction since mutation of this residue caused a striking reduction in 

GEF activity [51].  

Communication between the regulatory and catalytic regions depends on the lid, which 

is linked to the first two strands of the ‘switchboard’ [56]. Importantly, the orientation of 

the hinge in the CNBD is restricted by a conserved leucine (Leu) residue in the PBC that 

is found opposite to another conserved residue, phenylalanine (Phe), which acts to prevent 

the hinge from moving closer to EPAC’s core [55]. Upon cAMP binding, Leu in the PBC 

is reoriented such that the hinge’s movement frees the binding pocket in the CNBD, 

allowing Phe to move towards the binding pocket [55]. By binding to the base of cAMP, 

the lid stabilizes EPAC in its active state, releases it from intrasteric inhibition, and thus 

allows Rap to bind to CDC25-HD [53], [55] (Figure 1.2B). To keep EPAC in its inactive 

conformation, the alignment between the catalytic and regulatory regions is maintained 

by the switchboard containing a highly conserved sequence in the C-terminus end of the 

CNBD [51]. To fully understand how EPAC is regulated, especially in vivo, the 

pharmacological development of small molecule modulators has been essential. 

1.2.2 Subcellular Localisation of EPAC Proteins 

As cAMP can mediate the actions of several different effector proteins, including PKA 

and the two EPAC isoforms, effector compartmentalisation through nanodomains is key 

to separating each effector’s cAMP-dependent functions. For example, in vascular 

endothelial cells (VECs), it was found that the VE-cadherin-based adhesion and VEC 

permeability mediated by cAMP-EPAC1 is achieved by PDE4D regulation of this 

EPAC1 signalling pathway [57]. In the first study to investigate the subcellular 

localisation of EPAC, specifically the EPAC1 isoform, two distinct populations of 

EPAC1 in the cell were observed [58]. Using an EPAC1-GFP fusion protein transfected 

into COS7 cells (African green monkey fibroblast cell line), EPAC1 localised mainly in 

and around the nucleus, along the nuclear membrane, but also in punctate structures 

identified to be the mitochondria in these cells [58]. An increase in levels of EPAC1 were 

also observed in the nuclear membrane in forskolin/rolipram stimulated cells [58]. 

Importantly, this was the first study to show that the EPAC1 membrane association was 
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due to the DEP domain [58]. Furthermore, using a cAMP binding deficient mutant, 

EPAC1R279E, the association of EPAC1 in the nuclear membrane was observed to be 

caused by the higher concentrations of intracellular cAMP since the mutant EPAC1 was 

localised in the microtubule network in interphase not seen with WT EPAC1 [58]. From 

this study it was further ascertained that EPAC1 has a physiological role in mitotic cell-

division as EPAC1 took on cell-cycle dependent localisation [58]. For example, in 

interphase, EPAC1 was mainly associated with the nuclear membrane while in 

metaphase, EPAC1 associated with the mitotic spindle and centrosomes [58].  

The localisation of EPAC1 with the perinuclear region of cells has been seen in several 

other cell lines, including COS1, COS7, human embryonic kidney (HEK293) cells and 

cancer cell lines such as the human epidermal carcinoma (A431) and the human breast 

cancer (MCF7) cells [58]–[64].  In a later study by Borland et al., immunofluorescent 

analysis of the overexpression of EPAC1-FLAG in COS1 cells showed that despite 

EPAC1 immunoreactivity throughout the cell, EPAC1 clearly associated in the 

perinuclear regions as also confirmed by fractionation [59]. However, unlike the Qiao et 

al. study [58], stimulation of the cells with the EPAC1 agonist, 007, did not affect cellular 

distribution, arguing that cAMP does not have a role in the regulation of intracellular 

EPAC1 targeting [59]. It was further determined that in COS1 cells the CNBD of EPAC1 

is not required for the nuclear/perinuclear distribution of EPAC1, but instead they 

discovered that the CDC25-HD is required and in fact is thought to anchor the EPAC1 to 

the nuclear region, allowing the activation of a Rap1 compartmentalised pool caused by 

increased intracellular cAMP [59]. This is consistent with Rap1 shown to specifically 

activate EPAC1 in this region as seen by FRET analysis [62]. In another later study, 

EPAC1ΔDEP764-838 transfected HEK293T cells showed a significant increase in 

cytosolic EPAC1 levels in contrast to WT, confirming that residues in the CDC25-DH 

are implicated in EPAC1 nuclear localisation, representing a nuclear pore localisation 

signal (NPLS)  [64].  

As an EPAC1 binding partner, the small GTPase Ran, of the Ras family, binds to the RA 

domain of EPAC1 to regulate Rap1 GEF activity by anchoring EPAC1 to the nuclear 

pore [65]. As a mechanism of EPAC1 regulation, the Rap GTPase Ran binding protein 2 

(RanBP2) is a component of this NPC that binds to the CDC25-HD domain of EPAC1 to 

specifically block the protein’s catalytic activity. Thus, by sequestering EPAC1 to the 

nuclear membrane of a cell, EPAC1 GEF activity can be controlled [66]. Another binding 
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protein is the light chain 2 (LC2) of the microtubule-associated protein 1 (MAP1A) [67]. 

The LC2 can regulate the cAMP-activation of EPAC1 by interacting with the CNBD2 

regulatory domain and enhance EPAC1 GEF activity to promote cell adhesion in the 

tested HEK293 cells [67]. 

Besides the nuclear membrane, EPAC1 has also been observed, via confocal microscopy, 

total internal reflection fluorescence (TIRF) and FRET analysis, to translocate, at early 

time points following cAMP stimulation, to the plasma membrane (PM) in HEK293 cells 

induced by a conformation change caused by cAMP [63]. From this same investigation 

using EPAC1 deletion mutants, the DEP domain was again found to be essential for 

EPAC1 translocation, but only worked in association with the catalytic region, [63]. For 

the efficient activation of Rap1 at the PM, it has been shown that, upon cAMP binding, 

activation of the DEP domain can interact with the negatively charged phospholipid 

phosphatidic acid (PA) [68]. This results in the tethering of EPAC1 to the PM allowing 

for Rap1 activation and facilitating cell adhesion [68]. In addition, EPAC1 recruitment to 

the PM can occur independently of the DEP domain via interaction of the first 49 residues 

at the N-terminus of EPAC1 with the ezrin-radixin-moesin (ERM) family [69]. When 

active, ERM proteins, such as ezrin, can bind to EPAC1 and recruit the protein to PM in 

clusters, working with DEP-domain mediated translocation to control cell adhesion [70]. 

The localisation of EPAC1 at the PM is similar to what has been observed with EPAC2, 

which, although normally distributed throughout the cell [64], [71], [72], the activation 

of Ras and its subsequent binding to the RA domain of EPAC2 promotes the translocation 

of EPAC2 to the PM [72]. Thus, the redistribution of EPAC2 to the PM is mediated by 

the RA domain and, furthermore, the interaction of Ras with EPAC2 is necessary for 

cAMP-dependent activation of Rap1 by EPAC2 [73]. The distinct distributions of the 

EPAC1 and EPAC2 isoforms have also been studied in adult mouse cardiomyocytes 

using novel fluorescent EPAC ligand, 8-[PharosΦ-cAMP]-2’-O-methyladenosine-3’,5’-

cyclic monophosphate (Φ-O-Me-cAMP) [74]. As a fluorescent cAMP analogue, with an 

excitation of 535 nm, Φ-O-Me-cAMP partially activates EPAC1 at concentration of 10 

µM and above and at 100 µM in the presence of 100 µM cAMP, it reduces EPAC1 

activity as seen with partial-agonists [75]. In addition, at concentrations below 10 µM, Φ-

O-Me-cAMP acted as an antagonist as it blocked an EPAC1 agonists actions [75]. 

Ultimately, however, Φ-O-Me-cAMP offered an advantage over EPAC1/EPAC2-specific 

antibodies, which in this study showed a lack of specificity in immunolocalizations [75]. 
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With Φ-O-Me-cAMP it was observed that endogenous Epac2 levels were concentrated 

in the T tubules while endogenous Epac1 was concentrated in the perinuclear region [75]. 

The different localisations of EPAC1 and EPAC2 are important for their isoform-specific 

regulation in cells and consequently their diverse physiological functions. 

1.2.3 Physiological Functions of EPAC Proteins 

EPAC has been implicated in a number of physiological processes in multiple systems of 

the body, including insulin secretion, cell adhesion, vascular function and cell 

differentiation [75]–[77]. An overview of the different biological functions of EPAC in a 

variety of physiological systems has been provided in Table 1.1. However, here a focus 

on the two different isoforms functions in the cardiovascular and endocrine systems, and 

in cell differentiation have been provided to exemplify the many roles EPAC has been 

shown to have.  

cAMP is an essential potentiator of insulin secretion and a regulator of endothelial cell 

barrier function [77], [78]. In pancreatic beta (β) cells, therefore, the EPAC2/Rap1 

signalling pathway is crucial for the first phase of insulin exocytosis [78]. For example, 

it has been found that EPAC2 is directly involved in cAMP-induced insulin secretion 

through the interaction with the calcium- and cAMP-dependent Rim2, a target of the 

GTPase Ras3, and the cytomatrix at the active zone (CAZ) protein Piccolo, which acts as 

a calcium sensor in exocytosis in pancreatic β-cells [79], [80]. It has also been found that 

the penetration of 007-AM (to be discussed in section 1.3.1), activating EPAC2, into 

mouse islets, potentiates the first and second phases of glucose-stimulated insulin 

secretion (GSIS) [81]. Both EPAC isoforms are expressed in β-cells [82] and there is 

evidence, through EPAC1-deficient mice, that EPAC1 plays an important part GSIS and 

the survival of β-cell as these mice showed an insulin secretion deficit [83].  

In  cell culture, cAMP is known to induce differentiation in the presence of insulin and 

glucocorticoid [84]. While it was found that differentiation into myelin-forming cells is 

via EPAC, mesenchymal stem cells (MSCs), located in a number of areas in the body, 

including adipose tissue and the bone marrow, are capable of differentiating into several 

lineages, including adipocytes and osteoblasts [84]–[86]. While both PKA and EPAC-

dependent cAMP signalling synergistically promotes adipogenesis of murine 3T3-L1 

cells and human MSCs (hMSCs), PKA is in fact indispensable [84], [86]. Furthermore, 

hMSCs continuously expressing EPAC1 also reveal that selective activation of EPAC 

promotes adipogenesis while inhibiting osteogenesis [86]. EPAC is consequently also a 
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potential target not only for the treatment of osteoporosis, but also for obesity where fat 

mass excess is caused by an increase in adipocyte size and number [86].  

In VECs, EPAC1/Rap1 pathway activation has a crucial role in the regulation of cell 

barrier function by decreasing cell permeability and improving VE-cadherin-mediated 

adhesion [87], [88]. In VECs and vascular smooth muscle cells (VSMC), the reduction 

of proinflammatory signalling, interleukin-6 (IL-6) signalling, in particular, is achieved 

through the cAMP/EPAC1 pathway [89]. In the classical signalling pathway, IL-6 exerts 

its effects by binding to the membrane-bound IL-6 receptor (IL-6R). As only a select 

number of cell types, such as hepatocytes and monocytes, express IL-6R, in order for IL-

6 to have an effect on other cells, a soluble form of the receptor (sIL-6R) is present [90].  

In both cases, the ubiquitously expressed gp130 co-receptor is required. The release of 

sIL-6R renders other cells expressing gp130 able to respond to the cytokine [91]. Known 

as trans signalling, this is believed to have a significant role in the pathophysiology of 

chronic inflammatory conditions like atherosclerosis [91]. IL-6 exerts its 

proinflammatory actions, through the Janus-kinase (JAK)-signal transducer and activator 

of transcription (STAT) pathway [91]. As one of the principle signalling pathways 

identified in the development of atherogenesis, pro-inflammatory cytokine IL-6 

signalling is negatively regulated by the suppressor of cytokine signalling (SOCS) 3 

protein [92].  

The inhibition of IL-6 signalling by SOCS3 has been observed in cell types including 

hepatocytes and SOCS3-/- deficient macrophages [93], [94]. In VECs, it was discovered 

that this inhibition is mediated by cAMP through the induction of SOCS3 and consequent 

inhibition of STAT phosphorylation via EPAC [89]. It was further revealed in human 

umbilical VECs (HUVECs) and murine embryonic fibroblasts (MEFs), that isoforms of 

the transcription factor CCAAT enhancer binding protein (C/EBP), downstream of 

EPAC, are essential for the induction of the SOCS3 gene [95]. This contrasts with the 

cAMP/PKA pathway which mediates its effects via the cAMP response element-binding 

protein (CREB) [96]. In HUVECS, it was further discovered that EPAC1 activates the 

transcription factor activator protein 1 (AP-1) and is a requirement of EPAC1-mediated 

SOCS3 induction [97]. Therefore, small-molecule activators of EPAC1 may have the 

potential to form the basis for treating pathologies associated with chronic inflammation, 

such as atherosclerosis [95].  
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The localisation of EPAC1 and EPAC2 isoforms has been shown to contribute to their 

distinct roles in, for instance, the heart. Using adult ventricular myocytes from mouse 

EPAC1, EPAC2, or both, knockout models, as mentioned in section 1.2.2, EPAC2 was 

localised in the T-tubules [74], consistent with its role in mediating cardiac β1-adrenergic 

receptor (AR)-dependent sarcoplasmic reticulum Ca2+ leak and cardiac arrythmia [98]. 

EPAC1, on the other hand, was found around the nuclear envelope, regulating β1-AR-

mediated gene transcription [74]. β-ARs, member of the GPCR superfamily, have a 

central role in the regulation of sympathetic cardiac function [99]. Progressive cardiac 

dysfunction and cardiac chamber remodelling in humans, for example, have both been 

found to be caused by the chronic activation of β-ARs [100], [101]. In human heart failure 

and animal models of hypertrophy (thickening of the heart muscle), EPAC1 has been 

specifically found to be upregulated [102]. In a study by Métrich et al., constriction of the 

thoracic aorta causing cardiac hypertrophy increases EPAC1 expression in rat 

myocardium (thick middle layer of the heart) [102]. At the molecular level, EPAC1 

hypertrophic effects involve the small GTPase Ras and not Rap [102]. In addition, for the 

first time, this study quantified EPAC1 and EPAC2 expression levels in human cardiac 

tissue using RT-PCR [102]. EPAC1 was predominantly seen in nonfailing left ventricular 

myocardium samples, but also showed increased expression in failing myocardium 

samples in comparison to EPAC2 [102]. From studies like these in cardiac and pancreatic 

cells, for example, the different physiological roles of EPAC1 and EPAC2, and their roles 

during dysfunction, make them further promising therapeutic targets in the treatment of 

a range of diseases, such as cardiovascular diseases. 
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Table 1.1: An Overview of Some of the Key Biological Functions in Different Physiological Systems 

of Regulated by EPAC Proteins. Modified from Robichaux et al [50]. 

Physiological System Key Biological Functions Refs 

Cardiovascular 

System 

• Angiogenesis 

• Contractility 

• Hypertrophic signalling 

• Vascular pressure and tone 

• Vascular barrier 

• VSMC proliferation and migration 

[77], [88], 

[103]–

[111] 

Central Nervous 

System 

• Neuron excitation 

• Long-term potentiation 

• Neurotransmission 

• Learning and social interaction 

[112]–

[120] 

Digestive System • Amylase enzyme secretion 

• Bile acid signalling 

[121]–

[123] 

Endocrine System • Thyroid stimulating hormone signalling 

• Leptin expression, secretion and 

signalling 

• Insulin secretion 

• Glucagon production 

[79], [80], 

[124]–

[128] 

Immune System • Apoptosis 

• Transcriptional regulation 

• Phagocytosis 

[129]–

[133] 

Reproductive System • Ovarian follicle development 

• Sperm activation and oocyte recognition 

[134]–

[140] 

 

1.3 EPAC Modulators 

A summary of available EPAC agonists and antagonists has been provided in Table 1.2. 

1.3.1 EPAC Agonists 

Small molecule regulators of EPAC activity have enormous potential to not only reveal 

the physiological functions of EPAC, but also for the development of new therapeutics 

against diseases where either there is dysfunctional cAMP/EPAC signalling or, as in the 

case of atherosclerosis, for instance, EPAC1 has the potential to regulate any aberrant 

signalling. Because cAMP has two sensors mediating its downstream responses, it was 

first essential to obtain a means of differentiating between the two pathways. This came 

in the form of the first EPAC-specific agonist 8-CPT-2’-O-Me-cAMP (007) [141]. While 

proving to be an invaluable tool for discriminating between PKA- and EPAC-dependent 

signalling, as well as having a half-maximal activity of 2.2 µM versus that of 30 μM for 

cAMP, due to its low cell permeability, it has a limited use in cells [141]. This 
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consequently led to the development of the improved analogue 8-CPT-2’-O-Me-cAMP-

AM (007-AM) that is more efficiently delivered into cells with an EC50 of 1.8 µM [142]. 

Due to a single amino acid difference in the binding site of the two isoforms, 007 is, 

however, a poor EPAC2 activator [143]. By exploiting this difference, an EPAC2-

selective agonist, S-220 (EC50: 0.1 µM), was designed and proved to be another more 

potent activator than cAMP (EC50: 1 µM)  [143].  

More recently, a non-cyclic nucleotide small molecule, known as I942, has been 

identified [144]. Using the 8-NBD cAMP binding assay for high throughput screening 

(HTS) (described further in section 1.3.2), I942 was one of 34 hit compounds, from a 

library of 5,195, that interacted with EPAC1-CNBD [144]. In this first study, it was 

shown that I942 has reproducible inhibitory effects, with an IC50 of 35 µM (versus cAMP: 

4 µM), as well as interacting directly with both EPAC1 and EPAC2 as seen by nuclear 

resonance spectroscopy (NMR) [144]. Using a GEF activity assay, developed by Dr 

Holger Rehmann’s group [145], it was observed that I942 also has partial agonist 

properties towards EPAC1 with an AC50 of approximately 50 [144]. In HEK293T cells, 

EPAC1 and Rap1 activation was promoted by I942 and in human vascular endothelial 

cells (HUVECs), I942 induced the expression of SOCS3 and inhibited IL-6 stimulated 

JAK/STAT3 signalling [146]. Furthermore, I942 was shown to regulate the expression of 

SOCS3 via EPAC1 since ESI-09, and not the PKA-specific inhibitor H89, inhibited 

SOCS3 induction via I942 [146]. RNA sequencing further revealed that I942-regulated 

genes are involved in the control of key vascular functions, including vascular adhesion 

molecule 1 (VCAM1) [146].  

1.3.2 EPAC Antagonists 

The identification of EPAC-specific antagonists has provided a significant means to fully 

comprehend the diverse roles of EPAC in physiological and pathophysiological settings. 

The first method by which this was achieved was the development of a HTS assay by 

Tsalkova et al. based on the fluorescent cAMP analogue 8-NBD-cAMP [147]. Based on 

the ability of 8-NBD-cAMP to compete with cAMP for binding to EPAC2, as seen by an 

increase in fluorescence, this assay was first used to identify several noncyclic nucleotides 

known as EPAC-specific inhibitors (ESIs), including two EPAC2-selective ESI-05 and 

ESI-07, and the commercially available pan-EPAC inhibitor ESI-09 [148], [149]. As a 

competitive inhibitor, ESI-09 has an IC50 of about 10 µM (versus around 39 µM for 

cAMP) and has been shown to suppress cellular EPAC activity via inhibiting EPAC-
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mediated Rap1 activation [149]. Other studies, however, have called this into question 

and instead assert that its inhibitory properties are due to general protein denaturing 

properties and limited aqueous solubility in concentrations above 20 µM [150], [151]. 

Assay development is a key means to quickly identifying new EPAC activity regulators. 

Using a bioluminescence resonance energy transfer (BRET) assay, CAMYEL, Courilleau 

et al. were the first to identify a non-competitive allosteric inhibitor of EPAC1 activity, 

CE3F4, which has an IC50 of approximately 23 µM [152]. Unlike FRET, BRET uses both 

a luminescent donor (e.g. luciferase) and a fluorescent acceptor and thus does not require 

an external light source to excite the donor, making it easier to quantify the resonance 

energy transfer [153]. In the presence of 20 µM of 007, the IC50 of CE3F4 is reduced to 

about 15 ± 2 µM, suggesting that, as an uncompetitive inhibitor, stabilisation of CE3F4 

binding to EPAC1 in vitro requires 007 as inhibition in this scenario will only occur when 

the complex between the protein and agonist forms [152]. Despite a lack of binding 

pockets for small molecules thought to prevent GEF’s from being “classical drug targets”, 

Brown et al. discovered not only that the hinge region in EPAC’s CNBD is in fact a 

druggable target, but also additional allosteric regulators of EPAC1 using CAMYEL 

[154]. In fact, like any good HTS assay, CAMYEL can be used to not only identify EPAC 

inhibitors but can also be used to predict agonism [154], as done with I942 mentioned 

previously. Besides commercially available CE3F4, most EPAC activity regulators, in 

particular antagonists, that have been developed so far, are however orthosteric in action.  

Table 1.2: List of EPAC1, EPAC2 and Pan-EPAC Agonists and Antagonists. 

Agonist Isoform Target EC50 (µM) Refs 

8-CPT-2’-O-Me-

cAMP (007) 

EPAC1 and EPAC2 2.2  [141] 

8-CPT-2’-O-Me-

cAMP-AM (007-

AM) 

EPAC1 and EPAC2 1.8 (EPAC1); 3.5 (EPAC2) [142] 

S-220 EPAC2 0.1 [143] 

I942 EPAC1 50 (EC50) and 35 (IC50) [144] 

Antagonists Isoform Target IC50 (µM) Refs 

CE3F4 EPAC1 23 [152] 

ESI-05; ESI-07 EPAC2 0.4; 0.6 [148] 

ESI-09 EPAC1 and EPAC2 10 [149] 
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1.3.3 EPAC Antibodies 

There is however a commercially available monoclonal antibody, 5D3, that is an 

allosteric agonist of EPAC1 [155]. 5D3 specifically activates EPAC1 by binding to an 

epitope in the CNBD that is normally hidden by the catalytic region [155]. Once bound, 

5D3 traps EPAC1 in its active conformation without interfering with the protein’s 

catalytic activity [155]. In addition, an EPAC2-specific monoclonal antibody, 5B1, was 

also identified with its epitope shown to be in a similar area in the CNBD as 5D3 [155]. 

While 5D3 can be used for immunoprecipitation and immunofluorescence studies, 5B1 

is unable to precipitate EPAC2 [155]. Furthermore, in a study by Parnell et al., it was 

confirmed through IP studies that the 5D3 Ab specifically recognised the active 

conformation of EPAC1 in HEK293T cells transfected with FLAG tagged EPAC1 [64]. 

The companies ABCAM and Santa Cruz both sell EPAC1- and EPAC2-specific 

monoclonal and polyclonal antibodies, which have been used in several different studies. 

For example, a recombinant anti-EPAC1 antibody from ABCAM (Cat. no. ab109415) 

has been used in western blotting to detect EPAC1 levels in human retinal endothelial 

cells (RECs) following EPAC1-agonist treatment as well as levels of EPAC1 in Epac1 

VEC knockout mice [156]. While antibodies can be used for immunocytochemistry (ICC) 

or immunohistochemistry (IHC), one study showed that because EPAC1 and EPAC2 

homology is high, the EPAC1 and EPAC2 antibodies tested could not be used for 

immunolocalization as double knockout of EPAC1 and EPAC2 in mice cardiomyocytes 

also showed strong signals in the presence of the mouse monoclonal EPAC1-A5 (Santa 

Cruz), goat polyclonal EPAC1-N16 (ABCAM) and rabbit polyclonal anti-EPAC1 

(ABCAM) antibodies [74]. Thus, the current available antibodies for ICC/IHC may not 

be specific enough for EPAC isoform localisation studies [74]. Furthermore, these 

antibodies are expensive, as for only 100 µl, prices range from £255 for 5D3/5B1 from 

Cell Signalling Technology to £345 for the recombinant Epac1 from ABCAM, for 

example. 

Although antibodies have provided many benefits as tools in research and as therapeutics, 

they do have several limitations. First, they are expensive to produce, especially as they 

rely on the use of mammalian cell culture to make them and are difficult to express in 

bacterial systems [157]. This also means that there may be differences between batches 

of antibodies purchased from companies. Second, because they are mainly multimeric 

proteins, disulphide bridges and glycosylation are needed for their stability [157]. Thirdly, 

antibodies are large, roughly 150 kDa in size, limiting their ability to penetrate tissues 
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and localise at their target, and can be extremely sensitive to increased temperatures [157], 

[158]. Fourth, the constant fragment crystallizable (Fc) region, the tail region that 

interacts with cell surface receptors and has immunological effector functions, can lead 

to unwanted interactions [157]. Finally, although this list of limitations is not restricted 

to only these four, antibodies come under intellectual property, which can obstruct the 

development and production of antibodies [157].  

To overcome these limitations, protein engineering has provided the opportunity to 

manipulate and optimise protein properties to remove unwanted ones while also able to 

create proteins with novel therapeutic applications [159]. Insulin was in fact the first 

recombinant human protein to be used as a therapeutic, for example [160]. Protein 

engineering has, thus, provided alternative non-antibody protein scaffolds, which will be 

described further in section 1.4.  

1.4 Non-Antibody High Affinity Reagents 

The term ‘scaffold’ can be defined as a constant engineered core protein, or framework, 

for a protein capable of carrying variable amino acids or sequence insertions, giving the 

protein alternates different functions that can mirror the functions of antibodies [158], 

[161]. Scaffold proteins, therefore, are non-antibody or antibody domain proteins that can 

be used to develop artificial affinity reagents [162]. Furthermore, scaffold proteins should 

be able to act as supportive structures or frameworks, taking on a completely new binding 

activity [162]. As an engineered non-antibody protein, it should be equipped to improve 

on all an antibody’s limitations without having to concede on target affinity and 

specificity [158]. An ideal affinity binder should, of course, have excellent target affinity 

and specificity; be small (2-20 kDa) and monomeric (e.g. single-chain) as this will enable 

the use of most selection technologies and allow for the easier production of fusion 

proteins; have high solubility and thermodynamic stability [157]–[159], [163]. The 

smaller size and higher stability should also provide the potential for different routes of 

administration clinically as well as improve tissue penetration [159]. The affinity binder 

should, furthermore, have rapid folding abilities; be cysteine-free; and not have any 

disulphide bridges [157]–[159], [163]. These latter properties are particularly 

advantageous as they mean that the proteins can be synthesised in the reducing bacterial 

cytoplasm environment, making production more cost effective and convenient, as well 

as improving yields in comparison to eukaryotic expression [158].  
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Essential to obtaining specific affinity binders is the generation of a library, or libraries, 

in combination with the engineered protein scaffold [158]. The affinity binders should, 

consequently, be able to tolerate randomisation or mutagenesis at the DNA level as this 

will provide a more diverse library and applications [158], [164]. Scaffold libraries are 

then exposed to a selection screening process to acquire the binders with desired 

properties [158]. The joining of phenotype to the genotype is important and usually 

accomplished by a selection technology such as phage display, which is the most 

extensively used for the selection of engineered non-antibody proteins [158]. In this 

selection method, bacteriophage coat proteins can be fused with the library of interest so 

that it is displayed on the surface of the phage. Isolation of specific binders is then 

achieved by mixing the pool of phage with the immobilised target, which is usually a 

purified protein. This technique has been further described in Chapter 3. Over the past 

several decades, over 50 alternative non-antibody protein scaffolds have been developed. 

These include Affimer reagents (referred to as Affimers in plural), Affibodies, 

Nanobodies, and DARPins. Affimers will be discussed in further detail in section 1.5. A 

summary of the key features of these four protein scaffolds has been provided in Table 

1.3. The use of these alternative non-antibody high affinity reagents has been explored 

not only in research, but also in diagnostics and as potential therapeutics. 

Table 1.3: Main Features of Four Non-Antibody Protein Scaffolds. Table adapted from [164]. 

Scaffold Template Production Tm (° 

C) 

Size of 

variable 

region 

(number 

of amino 

acids) 

Size of 

Scaffold 

(kDa) 

Refs 

Affibodies Z domain of 

Staphylococcus 

a. Protein A 

Peptide 

synthesis or 

E. coli 

42 – 75 13 5-6 [165]–

[167] 

Affimers Human protein 

Stefin A and 

plant Cystatin 

E.coli (up to 

200 mg/L) 

42 – 

100 

18 12-15 [168], 

[169] 

DARPins Natural Ankyrin 

repeat proteins 

E. coli (up 

to 200 

mg/L) 

66 – 89 18 18-20 [170] 

Nanobodies Single-domain 

heavy chain-

only antibody 

fragments 

(Camelidae 

family) 

E.coli (up to 

150 mg/L) 

60 – 80 9-12 15 [171], 

[172] 
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Affibodies, developed by the Swedish biotech company Affibody AB, are taken from the 

immunoglobulin Z domain of Staphylococcus aureus protein A, consisting of three α-

helices [173]. They are cysteine-free, do not have disulphide bridges and can reversibly 

fold [158]. The synthetic molecular libraries were constructed from the combinatorial 

randomisation of 13 amino acids [166], [173]. Specific binding of Affibodies with µM to 

pM binding affinities has been shown with a variety of targets, such as insulin, IL-8, 

HER2 and EGFR [167]. For example, a bispecific Affibody for HER2/EGFR has been 

developed [174]. HER2 is a transmembrane protein that belongs to the human epidermal 

growth factor tyrosine kinase family and EGFR is the epidermal growth factor receptor. 

With both receptors, it has been found that they can overexpress in cancers of the bladder, 

colon, and prostrate, for instance [167]. Originally, a HER2-specific Affibody with a 22 

pmol/L affinity was developed and could be used to see in vivo the expression of HER2 

in tumours [175]. Subsequently, an EGFR-specific Affibody, with a nM affinity and 

ability to bind to EGFR in tumours, was also developed [176]. To increase their selectivity 

for tumour-targeting, the HER2 and EGFR-specific dimer Affibodies were linked, 

resulting in a bispecific molecule that kept both of the original Affibodies properties, 

revealing that this technology could be used to improve imaging and cancer therapy [174].  

Developed by the company Ablynx based in Belgium, Nanobodies® are a class of 

recombinant single-domain antibody fragments of the Camelidae family. It was 

discovered that dromedaries (one-humped domesticated camels) possess fully functional 

antibodies devoid of the light chain, and thus as heavy-chain only antibodies, they have a 

single variable domain (VHH) and are a homodimer H2-type antibody [172]. This type of 

antibody can also be found in non-mammals, such as sharks and ratfish [172]. As affinity 

capture reagents, nanobodies have high-capacity binding surfaces, due to their small size 

and single-domain arrangement [172]. They bind monovalently and have stability and 

refolding capacity, which means that they can handle mild elution conditions and 

stringent regeneration conditions, respectively [172]. They do, however, have disulphide 

bridges and require post-translational modification [164]. In addition, although the 

production and purification of large amounts of a nanobody can be done using E.coli, 

most continue to be generated through the immunisation of Camelidae and the VHH region 

is subsequently reformatted and screened by phage display [171]. Nanobodies have been, 

for example, engineered as a specific binder for the fluorescent GFP probe, providing the 

ability to isolate GFP fusion proteins and their targets in one-step for biochemical analysis 

[177]. Therapeutically, the nanobody technology has, for instance, identified a nanobody 
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with a high affinity, in the low nanomolar range, for human tumour-associated 

carcinoembryonic antigen (CEA), which is expressed highly in epithelial-origin cancer 

cells, including colorectal and breast carcinoma [178]. When fused with a β-lactamase, 

which can convert substrates into cytotoxic compounds, the nanobody displayed 

properties necessary for selective anticancer prodrug activation in vivo, such as a good 

biodistribution and preferential localisation in tumours [178].   

As another non-immunoglobulin binding reagents derived from the naturally occurring 

ankyrin repeat (AR) proteins, designed AR proteins (DARPins) have also been used 

successfully to create high-affinity binders against a variety of targets, including 

Escherichia coli (E. coli) maltose binding protein and eukaryotic JNK2 and p38 mitogen 

activated protein kinases (MAPKs) [163]. DARPins are cysteine-free, highly 

thermostable, and are generated using combinatorial libraries designed from a 33 amino 

acid residue AR module where seven positions have been randomised [170]. DARPins 

have, for example, been used to produce intracellular kinase inhibitors against 

aminoglycoside phosphotransferase type (3’)-IIIa (APH), which is a bacterial kinase that 

confers aminoglycoside antibiotics resistance [179]. This class of antibiotics mainly treat 

aerobic gram-negative bacterial infections. Through in vitro selection, using AR protein 

libraries, and in vivo screening, in the form of replica plating, several inhibitors were 

discovered to bind to APH with high specificity and affinities in the low nanomolar range 

[179]. Able to completely inhibit APH enzyme activity as well as reversing resistant 

bacteria antibiotic sensitivity, the DARPins generated in this study revealed their potential 

to modulate intracellular functions [179]. Clinically, vascular endothelial growth factor 

(VEGF)-A antagonistic DARPins were developed which were shown to lessen corneal 

neovascularisation and suppress laser-induced neovascularisation in different animal 

models when applied topically [180]. Because of this study, clinical trials for the 

treatment of macular degeneration of a VEGF-inhibiting DARPin is under investigation 

[180]. The four non-antibody scaffolds described here and in section 1.5 are by no means 

the only scaffolds currently in development. As of 2015, there were over 50 different 

engineered protein scaffolds available, including Anticalins, Avimers, Kunitz domains 

and Monobodies to name just a few more [181]. However, as the focus of this project is 

on Affimer technology, only a few other alternative engineered proteins have also been 

described. 
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1.4.1 Limitations of Protein Scaffolds 

Although non-antibody protein scaffolds have been principally developed to overcome 

the limitations of antibodies, they do come with some disadvantages themselves, mostly 

with regards to their potential in the clinical setting. First, protein scaffolds lack the Fc-

region of the antibody, resulting in the loss of serum-half life and effector functions 

common in antibodies [159]. Human monoclonal antibodies commonly have long serum 

half-lives of up to several weeks due to their repeated passage in serum, allowing for an 

increased uptake into tissues [181]. Unmodified non-antibody protein scaffolds, on the 

other hand, are mostly removed after passing through the kidneys with a single pass [181]. 

This could put the protein scaffolds at a disadvantage as lacking an antibody’s extended 

intrinsic half-life will limit the scaffolds accumulation at pharmacological sites of action 

[181]. However, this does not necessarily signify a major limitation as different strategies 

have been developed to extend half-life [164]. For example, using phage display to isolate 

human domain antibodies, serum-albumin-binding domain antibodies (AlbudAbs) have 

been developed, matching the half-life of serum-albumin [182]. In addition, they can be 

used to extend the half-lives of agonist and antagonists [182], [183]. To provide protein 

scaffolds with effector functions, where needed, Fc-fusion is possible [159]. However, 

‘half-life solutions’ do come with some drawbacks. To prevent single pass kidney 

filtration, the engineered protein will need to have a molecular weight of about 60 kDa 

[181]. The genetic fusion with a larger protein, such as Fc, will thus increase a scaffold 

protein’s size, abolishing key advantages of engineered scaffolds, including their small 

size, low molecular weight, as well as reduce their highly soluble expression and stability 

[181]. 

Second, while the small size of a non-antibody engineered protein should allow for better 

tissue penetration, these increased tissue penetrating scaffolds are only needed if a 

monoclonal therapeutic antibody’s tissue penetration is limited by its dose toxicity or if 

it is too expensive at the required dosage [181]. While a scaffold antagonist, for instance, 

without any modifications, might be given at one-tenth of the dose needed for the 

antibody, the antibody may only be required to be administered bi-weekly, or monthly, 

in contrast to a daily dose of the scaffold agonist. Thus, advantages of the engineered 

scaffold need to outweigh the limits of the monoclonal antibody both in terms of cost and 

dose effectiveness, for example. Third, as many protein scaffolds are the property of 

biopharmaceutical companies, access to data on the scaffolds can be limited, making it 

difficult for any comparative analyses [181]. Fourth, to accomplish the very high affinity 



22 

 

binding, in vitro affinity maturation is often necessary, possibly prolonging development 

of a binder [164]. Finally, while most engineered protein scaffolds share more similarities 

than differences, large variations of properties between binders of the same scaffold type 

have been observed owing to the fact that even just small sequence changes of the 

recognition insert can affect biophysical properties, such as thermal stability and melting 

temperature (Tm) [164], [181], [184]. A case in point is the Tm of the parent Affibody of 

~75 °C versus reported Tms of between 42 to 71 °C of subsequently synthesised 

Affibodies with improved properties [165], [181], [185].  

1.5 Affimers 

As a peptide aptamer scaffold, Affimers, developed by Avacta Life Sciences in the UK, 

are small (12-15 kDa; 2-4 nm), monomeric, single-domain synthetic proteins of ~98 

amino acids [186]. There are in fact two different Affimer scaffolds available both of 

which are based on the cystatin protein fold of the cysteine protease inhibitors family 

[164]. Consequently, Affimers can be grouped into either a type I scaffold, based on the 

human protease Stefin A [169], [187], or type II scaffold, based on the consensus plant 

cystatin A protein [168]. Both scaffolds share practically identical folded structures 

consisting of an α-helix and four β-sheets as seen in figure 1.3 [164], [188]. For molecular 

recognition, Affimers interact with their targets via two loops between pairs of β-sheets 

each with a variable binding domain of nine amino acids (Figure 1.3) [168], [186], [189]. 

While the type I scaffold is primarily used for therapeutics, the type II scaffold is used for 

reagents and diagnostics [190].  

Besides being small, Affimers have several other advantages over antibodies. They are 

structurally stable, even under the harshest conditions; they lack disulphide bridges; they 

do not require post-translational modification, nor do they have cysteine residues, 

allowing Affimers to be efficiently expressed in E. coli; they have excellent thermal and 

chemical stabilities with a pH range 2-13 and a melting temperature of 101 °C; and as 

Affimers are N-terminal free, they can be easily conjugated with reporter tags or drugs, 

for example [164], [186]. Furthermore, the two variable loops provide versatile design 

opportunities as the two insert sequences can be randomised, which allows for a greatly 

diverse selection library [164]. 
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Figure 1.3: X-ray Crystal Structure of the Affimer Scaffold. Ribbon diagram of the crystal structure of 

the type II Affimer scaffold at 1.75 Å resolution [168]. The α-helix and four β-sheets are green and the two 

variable loop regions (loops 1 and 2), containing the insertion sites, are in pink. Modified from Tiede et al 

[189]. 

 

 

Affimers with desired affinity and specificity for specific targets can, therefore, be 

quickly generated using an established phage display library (>6 x 1010) [164]. A 

particularly advantageous feature of Affimers is that the selection and characterisation of 

new Affimers, expressed in E. coli, can take as little as 10 to 12 weeks [190]. Thus, not 

only is their manufacture time shorter than antibodies, but is also more cost-effective 

since the immunization of animals is not required. By using the same strategy for 

generating specific protein-protein interactions as antibodies for the molecular design of 

Affimers, this scaffold can mimic the molecular recognition characteristics of monoclonal 

antibodies necessary for detecting target proteins [191], [192]. Consequently, the 

isolation of highly specific Affimers against over 350 targets has been achieved for a 

range of applications [189], demonstrating that not only can they behave similarly to 

antibodies, but can also be used to block protein-protein interactions in vivo, for instance. 

Furthermore, Affimers have the potential to differentiate between active and inactive 

conformations of a protein, between proteins that differ by as little as one amino acid, and 

also potentially distinguish between a protein-ligand complex in comparison to the 

protein or ligand on their own [164].  
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1.5.1 Applications of the Affimer Scaffold 

Affimers can be used in a wide range of in vitro, in vivo, diagnostic, and therapeutic 

applications. For example, Xie et al. developed a diagnostic test for the hepatocellular 

carcinoma marker glypican-3 (GPC3) [193]. Here a combinatorial Affimer-monoclonal 

antibody was used in a novel sandwich chemiluminescence assay more sensitive than the 

available ELISA in the detection of GPC3 [193]. Using fibrinogen specific 

conformational Affimers, Kearney et al. showed that the Affimers, with the ability to 

significantly increase clot lysis while stabilising the fibrin network, could have clinical 

implications as they have the potential to control excessive bleeding [194].  

Using the Affimer type I scaffold, the intellectual property of Avacta’s proprietary 

therapeutic platform is covered by several patent families and the company has been 

building a pipeline of different clinical immunotherapies [195]. For example, they have 

in early pre-clinical stages a lead Affimer programme with two Affimer inhibitors of 

programmed death-ligand 1 (PD-L1) and lymphocyte-activation gene 3 (LAG-3) 

mediated checkpoint pathways [201]. Termed AVA021, it is a bispecific Affimer 

designed to both prevent the inactivation of antitumour response mediated by PD-L1, and 

through reversing LAG-3 signalling, revive exhausted T-cells to kills PD-L1 positive 

tumour cells [195]. Most recently, Avacta have been using the Affimer technology to 

develop several SARS-COV-2 tests for the rapid diagnosis of Covid-19 [202]. These 

include a lateral flow antigen test for the screening of large populations and an ELISA 

laboratory test for worldwide Covid-19 research [196]. While these tests are in progress, 

the lateral flow antigen test has had an encouraging initial evaluation with clinical samples 

in the UK and EU, allowing Avacta to progress to clinical studies [197].  

As mentioned previously, Affimers have been developed against over 350 targets (as of 

2017) and tested as reagents in applications ranging from biosensors to super-resolution 

microscopy. Although antibodies have been widely used in diagnostics, there are limits 

to their uses, including poor characterisation and batch-to-batch variability [198]. In terms 

of biosensors, antibody use is further limited by the fact that in electrical biosensors, for 

example, the recognition element must be immobilised on a solid surface while antibodies 

work mostly in solution and immobilise in the presence of pathogens resulting in their 

degradation [161]. Additionally, the performance shelf life of biosensors using antibodies 

are limited by the need to identify an antibody that can retain its affinity and specificity 

when immobilised on a biosensor surface [161]. An advantage of non-antibody scaffolds, 
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such as Affimers, is that they can recognise a variety of analytes without completely 

affecting a biosensor set up as the scaffold utilises a tuneable yet chemically uniform 

protein [161]. For example, Affimers have been used in different label-free biosensors to 

detect cyclin-dependent kinases (CDKs), anti-myc tag antibody, human interleukin-8 (IL-

8), and HER4 [199]–[201].  

To increase our understanding of protein-protein interactions, Affimers can be used in 

place of antibodies as the latter, while blocking these interactions, their inhibitory actions 

cannot enter cells [202]. Therefore, a huge advantage of Affimers is that they can also be 

expressed in cells and applied to numerous biological systems to assess intracellular 

functions [169], [202]. Using the small ubiquitin-like modifier (SUMO) protein family, 

with isoforms SUMO1, SUMO2 and SUMO3, SUMO-specific Affimers were generated 

that could target specific SUMO isoforms with high affinities [202]. Furthermore, in the 

same study it was shown that these SUMO-specific Affimer did not only act as protein-

protein interaction inhibitors but could also be used to probe SUMO protein functions in 

cells [202]. In another study, anti-p300 Affimers were generated to examine the protein-

protein interaction between HIF-1α and the p300 transcriptional coactivator protein, that 

have been shown to play an important role in tumour metabolism [203]. Affimer 

technology, thus, helped identify novel binding regions of p300, showing that it can be 

used not only as a tool in assay development, but also to potentially direct inhibitor design 

[203].  

In a study by Tiede et al., the isolation of Affimers against 12 different targets with a 

range of techniques was tested [189]. For example, Affimers against the growth factor 

receptor-bound proteins (Grb2) Src-Homology 2 (SH2) domain and against the p85 

regulatory subunit of phosphoinositide 3-kinase (PI3K) demonstrated that the Affimers 

could be used in pull-down assays as they specifically bound to their associated targets 

[195]. A screening against vascular endothelial growth factor 2 (VEGFR2), a promising 

therapeutic target in many diseases, identified anti-VEGFR2 Affimers that could be used 

in affinity histochemistry as well as blocking the VEGFR signal in cells [189]. For cell 

imaging, Affimers against the extracellular matrix protein, tenascin C (TNC), were 

generated and successfully used both in affinity histochemistry and in in vivo imaging 

[189]. In the case of both anti-VEGFR2 and anti-TNC Affimers, the staining patterns 

were observed to be similar to commercially available antibodies while anti-TNC 

Affimers could potentially provide more rapid imaging of tumours due to a quicker 
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clearance by the kidneys in comparison to the antibody [189]. In a study by Michel et al., 

using pull-down, western blot and confocal microscopy, Affimers against ubiquitin (Ub) 

linkage chains (K6 and K33) were characterised to demonstrate that this scaffold can be 

used to overcome a lack of tools to detect and understand Ub linkage, specifically 

antibodies, as only five out of the eight Ub chain types had antibodies available for 

detection [204].  

In the Tiede et al. investigation, anti-HER4 and anti-tubulin Affimers were also developed 

to show that Affimers can be used in super-resolution microscopy techniques, such as 

direct Stochastic Optical Reconstruction Microscopy (dSTORM) and Total Internal 

Reflection Fluorescence (TIRF) [189]. As large multi-domain proteins, the use of 

antibodies in super-resolution microscopy is greatly limited, especially as they are usually 

labelled at random sites with fluorophores [189]. As a consequence, the resolution of ~20 

nm that can be achieved by super-resolution is limited with antibodies. In contrast, 

Affimers can be labelled at specific sites, which allows for improved spatial resolution of 

fluorophores with the target [188], [189]. Therefore, as a non-antibody protein scaffold, 

Affimers are promising alternatives to antibodies for in cell applications, such as cell 

microscopy in the form of probes, in addition to their uses as research reagents to study 

biological functions of different receptors [189]. Crucially, in the different studies 

described here, the expression of Affimers in mammalian cells could be achieved due to 

the lack of disulphide bonds in the scaffold. Affimers, however, can not only be used to 

replace traditional antibodies that may, for example, not be available or perform poorly 

in a desired technique, but can also be used to complement the use of antibodies in 

research and diagnostics [189].  
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1.6 Aims and Organisation of Thesis 

The overall aim of this project is to use the alternative non-antibody Affimer protein 

scaffold, specifically the type II scaffold, to develop a selective probe that can interact 

with the cAMP sensor, EPAC1, in cells for the purpose of confocal and super resolution 

microscopy. The objectives of this project are, therefore, to:  

1. Optimise the purification protocol of recombinant EPAC1ΔDEP protein, as 

described in Chapter 3, for the isolation of EPAC1-selective Affimers. 

2. Identify EPAC1-selective Affimers. The findings of the five phases of Affimer 

development can be found in Chapter 4. 

3. Characterise EPAC1-Affimer interactions through several in vitro assays, as 

detailed in Chapter 5. 

4. Identify potential in vitro Affimer interaction sites on EPAC1, as determined in 

Chapter 6. 

5.  Investigate the interactions between Affimers and EPAC1 in cells, as described 

in Chapter 7. 
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Chapter 2 - Materials and Methods 

2.1 Suppliers 

Table 2.1: List of Suppliers. 

Company Location Country 

Abcam Cambridge UK 

Avacta Life Sciences Ltd Wetherby UK 

Biochrom Cambridge UK 

Biolog Life Sciences Bremen Germany 

Bio-Rad Laboratories 

Ltd 

Hertfordshire UK 

Bio-Techne Ltd 

(TOCRIS) 

Abingdon UK 

Cell Signaling 

Technology 

Leiden Netherlands 

DC Biosciences Dundee UK 

GE Healthcare Life 

Sciences 

Buckinghamshire UK 

Leica Microsystems Ltd Milton Keynes UK 

Lonza Group Ltd Basel Switzerland 

MolPort Riga Latvia 

Moredun Research 

Institute 

Penicuik UK 

Nanotemper 

Technologies 

Munich Germany 

New England Biolabs 

Ltd (NEB) 

Hertfordshire UK 

Premier International 

Foods Ltd 

Lincs UK 

PromoCell via Merk Dorset UK 

Qiagen Manchester UK 

Scientific Laboratory 

Supplies (SLS) 

Newhouse UK 

Sigma-Aldrich Ltd Dorset UK 

Sonics Newton USA 

TAAB Laboratory 

Equipment Ltd 

Berks UK 

Thermo Fisher Scientific Loughborough UK 
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2.2 Materials 

Table 2.2: List of Experimental Reagents. 

Compound Product No. Diluent/Stock 

concentration 

Supplier 

α-[(2-(3-

Chlorophenyl)hyd

razinylidene]-5-

(1,1-

dimethylethyl)-β-

oxo-3-

isoxazolepropanen

itrile (ESI-09) 

4773 10 mM Tocris 

3, 3′,5 ,5′-

Tetramethylbenzi

dine Liquid 

Substrate, ELISA, 

Supersensitive 

T4444 As supplied Sigma-Aldrich 

5,7-Dibromo-6-

fluoro-3,4-

dihydro-2-methyl-

1(2H)-

quinolinecarboxal

dehyde (CE3F4) 

4793 10 mM Tocris 

5-alpha-

Competent E. coli 

C29887H As supplied New England 

Biolabs 

8-pCPT-2'-O-Me-

cAMP 
(D-007) 

C 041 50 mM Biolog 

Acrylamide/Bis-

acrylamide, 30% 

(v/v) solution 

A3574 As supplied Sigma-Aldrich 

Ammonium-15N 

chloride 

299251 Solid Sigma-Aldrich 

Ammonium 

chloride 

A9434 Solid Sigma-Aldrich 

Ampicillin sodium 

salt 

A9518 100 mg/ml Sigma-Aldrich 

Adenosine 3’,5’-

cyclic 

monophosphate 

(cAMP) 

A9501 50 mM Sigma-Aldrich 

Adenosine 5′-

triphosphate 

disodium salt 

hydrate (ATP) 

A6419 

 

250 mM Sigma-Aldrich 

Alfa Aesar™ 

Ponceau S 

AAJ63139AP 0.2% (v/v) soln. in 

5% acetic acid 

Thermo Fisher 

Scientific 
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Benzamidine  

Sepharose 4Fast 

Flow (High sub) 

17-5123-10 As supplied Sigma-Aldrich 

BL21 (DE3) 

Competent E. coli 

C2527 As supplied New England 

Biolabs 

BL21 Star (DE3) 

One Shot 

Chemically 

Competent E. coli 

C601003 As supplied Thermo Fisher 

Scientific 

Biotium 

Covergrip 

Coverslip Sealant 

NC1691108 As supplied Thermo Fisher 

Scientific 

 Bovine Serum 

Albumin (BSA) 

12737119 Solid Thermo Fisher 

Scientific 

cOmplete™ 

Protease inhibitor 

cocktail 

04693132001 Solid Sigma-Aldrich 

DL-1,4-

Dithiothreitol 

(DTT) 

10183011 1 M Thermo Fisher 

Scientific 

Dimethyl 

Sulfoxide (DMSO) 

10103483 As supplied Thermo Fisher 

Scientific 

EZ-Link™ Sulfo-

NHS-LC-Biotin 

21327 10 mM Thermo Fisher 

Scientific 

Formaldehyde 

(Formalin) 

F017/3 16 % (v/v) TAAB 

Forskolin F6886 10 mM Sigma-Aldrich 

Glycine 10061073 Solid Thermo Fisher 

Scientific 

Glutathione 

Sepharose® 4B 

17075601 As supplied Thermo Fisher 

Scientific 

Glycerol 1007340 83.5-88.5 wt% 

aqueous solution 

Thermo Fisher 

Scientific 

Helmanex™ III Z805939 1 % v/v in 

deionised water 

Sigma-Aldrich 

His-Tag (27E8) 

(Sepharose® Bead 

Conjugate) (α-His 

Tag 

4079 As supplied Cell Signalling 

Technology 

Hoechst 33342 

Solution 

62249 20 mM Thermo  Fisher 

Scientific 

ISOGRO®-15N 

Powder 

606871 As supplied Sigma-Aldrich 

Isopropyl-β-D-

thio-

galactopyranoside 

(IPTG) 

10725471 238.3 mg/L culture 

 

ThermoFisher 

Scientific 

Kanamycin 

sulfate 

60615 100 mg/ml Sigma-Aldrich 
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Lipofectamine 

3000 Transfection 

Reagent 

L3000008 As supplied Thermo Fisher 

Scientific 

Lipofectamine™ 

LTX Reagent with 

PLUS™ Reagent 

15338100 As supplied Thermo Fisher 

Scientific 

Lysozyme from 

chicken egg white 

62970 Solid Sigma-Aldrich 

LB Agar 10734724 Solid Thermo Fisher 

Scientific 

LB-broth 10638013 Solid Thermo Fisher 

Scientific 

L-Glutathione 

reduced 

G4251 Solid Sigma-Aldrich 

“Marvel” 

skimmed milk 

powder 

198 g tin Solid Premier 

International Foods 

N-(2,4-

dimethylbenzenes

ulfonyl)-2-

(naphthalen-2-

yloxy)acetamide 

(I942) 

002-348-622 50 mM MolPort 

Nitrocellulose 

Membrane 

1620115 NA Bio-Rad 

N, N, N’, N’-

tetramethylethyle

nediamine 

(TEMED) 

T9281 NA Sigma-Aldrich 

PageBlue Protein 

staining solution 

24620 NA Thermo Fisher 

Scientific 

Pefabloc® SC 11429868001 100 mM Sigma-Aldrich 

PMSF Protease 

Inhibitor 

36978 Solid Thermo Fisher 

Scientific 

Phosphate 

Buffered Saline 

(PBS) Tablets 

10388739 As supplied Thermo Fisher 

Scientific 

Poly-D-Lysine 

hydrobromide 

(PDL) 

P6407 0.1 mg/ml in PBS Sigma-Aldrich 

PreScission® 

Protease 

GE27-0843-01 500 units as 

supplied 

Sigma-Aldrich 

Prestained protein 

standard Marker 

Broad Range 

(11-190 kDa) 

P7706S/13953 0.2 mg/ml New England 

Biolabs/Cell 

Signaling 

Technologies 

Prolong™ Glass 

Antifade 

Mountant 

P36984 As supplied Thermo Fisher 

Scientific 
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Protein G Agarose 

Beads 

37378 As supplied New England 

Biolabs 

RIPA Buffer (10x) 9806S 5x New England 

Biolabs 

Rolipram R6520 10 mM Sigma-Aldrich 

Sodium azide 

(NaN3) 

S2002 Solid Sigma-Aldrich 

Sodium chloride 10112640 Solid Thermo Fisher 

Scientific 

Sodium Dodecyl 

Sulfate (SDS) 

L3771 Solid Sigma-Aldrich 

Sodium fluoride 

(NaF) 

201154 Solid Sigma-Aldrich 

Sodium 

pyrophosphate 

P8135 Solid Sigma-Aldrich 

SuperSignal™ 

West Pico 

chemiluminescent 

substrate 

34580 As supplied Thermo Fisher 

Scientific 

SYPRO® Orange 

Protein Gel Stain 

S5692 5000x Sigma-Aldrich 

Thrombin 

Protease 

27-0846-01 1unit/µl Sigma-Aldrich 

Tris Base 10376743 Solid Thermo  Fisher 

Scientific 

Triton-X 100 11488696  As supplied Thermo Fisher 

Scientific 

Tween™ 20, 

Fisher 

BioReagents™ 

BP337 As supplied Thermo Fisher 

Scientific 

2.3 Kits 

Table 2.3: List of Kits. 

Kit Product Number Supplier 

Monolith Protein 

Labelling Kit RED-NHS 

(1st gen) 

MO-L001 Nanotemper Technologies 

Monolith NT His-tag 

Labelling Kit RED-Tris 

NTA (1st gen) 

MO-L008 Nanotemper Technologies 

Thermo Scientific™ 

GeneJET Plasmid 

Maxiprep Kit 

FERK0491 Thermo Fisher Scientific 

Thermo Scientific(tn) 

GeneJET Plasmid 

Miniprep Kit 

FERK0502 Thermo Fisher Scientific 

https://www.sigmaaldrich.com/catalog/product/aldrich/p8135?lang=en&region=GB
https://www.fishersci.co.uk/shop/products/triton-x-100-alfa-aesar-3/11488696
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Slide-A-Lyzer™ Dialysis 

Cassette Kit, 10K 

MWCO, 3ml 

66382 Thermo Fisher Scientific 

 

2.4  Cell Culture Reagents 

Table 2.4: List of Cell Culture Reagents. 

Reagent Product Number Supplier 

EGM™ Endothelial Cell 

Growth Medium 

BulletKit™ 

CC-3124 Lonza 

Endothelial Cell Growth 

(ECG) Medium 2 

C-22111 PromoCell 

ECG Basal Medium 2, 

phenol red-free 

C-22216 PromoCell 

Endothelial Cell Growth 

Medium MV 2 

C-22022 PromoCell 

Gibco™ Dulbecco’s 

Modified Eagle’s 

Medium (DMEM). 

 -No L-glutamine 

-No Sodium Pyruvate 

11500416 Thermo Fisher Scientific 

Gibco™ DMEM, high 

glucose, no glutamine, no 

phenol red 

11594416 Thermo Fisher Scientific 

Gibco™ Dulbecco’s 

Phosphate Buffered 

Saline (D-PBS) (1x) 

11590476 Thermo Fisher Scientific 

Gibco™ Fetal Bovine 

Serum, qualified heat 

inactivated 

11550356 Thermo Fisher Scientific 

Gibco™ Penicillin-

Sreptomycin (5,000 

U/ml) 

11528876 Thermo Fisher Scientific 

Gibco™ TrypLE™ 

Express Enzyme (1x) 

11558856 Thermo Fisher Scientific 

GlutaMAX™ 

Supplement 

11574466 Thermo Fisher Scientific 

Puromycin 

dihydrochloride from 

Streptomyces alboniger 

P8833 Sigma-Aldrich 
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2.5 Antibodies 

Table 2.5.1: List of Primary Antibodies. ELISA-dilution for ELISA; ICC-dilution for 

immunocytochemistry; IP-dilution for immunoprecipitation; WB-dilution for western blotting. 

Name Product 

Number 

Epitope Species Working 

Dilution 

Supplier 

α-EPAC1 

(5D3) 

4155 Monoclonal Mouse 1:1000 

(WB) 

Cell 

Signalling 

Technology 

α-EPAC2 

(5B1) 

4156 Monoclonal Mouse 1:1000 

(WB) 

Cell 

Signalling 

Technology 

α-GAPDH 

(14C10) 

2118 Monoclonal Rabbit 1:5000 

(WB) 

Cell 

Signalling 

Technology 

α-mCherry ab167453 Polyclonal Rabbit 1:1000 

(WB) 

Abcam 

α-Rap1A/1B 2399 Monoclonal Rabbit 1:1000 

(WB) 

Cell 

Signalling 

Technology 

DYKDDDDK 

Tag (9A3) 

mouse (anti-

FLAG)  

8146 Monoclonal Mouse 1:800 

(ICC) 

Cell 

Signalling 

Technology 

His-Tag 

(27E8) (HRP 

Conjugate) 

9991 Monoclonal Mouse 1:1000 

(WB) 

1:10,000 

(ELISA) 

Cell 

Signalling 

Technology 

Normal 

Rabbit IgG 

2729 Polyclonal Rabbit N/A Cell 

Signalling 

Technology 

 

Table 2.5.2: List of Secondary Antibodies. 

Name Product 

Number 

Epitope Species Working 

Dilution 

Supplier 

α-Mouse 

IgG (whole 

molecule) 

A5278 Polyclonal Goat 1:1000 

(WB) 

1:10,000 

(ELISA) 

Sigma-

Aldrich 

Goat pAb 

α-Mouse 

IgG H+L 

(Alexa 

Fluor 488) 

ab150113 Polyclonal Goat 1:1000 

(ICC) 

Abcam 

α-Rabbit 

IgG (whole 

molecule) 

A6154 Polyclonal Goat 1:1000 

(WB) 

 

Sigma-

Aldrich 
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2.6 Affimers 

Table 2.6: List of Affimers supplied by Avacta Life Sciences Ltd in PBS pH 7.4, 0.02 % (w/v) NaN3. 

Name Avacta ID Molecular Weight 

(kDa) 

380A 392_647380 14.3 

414A 392_647414 14.4 

691A 392_657691 14.6 

748A 392_657748 14.4 

780A 392_657780 14.2 

GST A2 GST A2 13.4 

 

2.7 Buffers 

Table 2.7.1: Recombinant Protein Purification Buffers. 

 

 

 

 

 

Reagent Buffer 

A 

Buffer 

B 

Buffer 

C 

Buffer 

D 

GFC 

Buffer 

Elution 

Buffer 

Tris-HCl, pH 7.5 50 mM 50 mM 50 mM 50 mM - - 

Tris-HCl, pH 8 - - - - - 50 mM 

PBS - - - - 1x  

NaCl 150 mM 1 M - 150 mM 150 mM - 

KCl - - 100 mM - - - 

MgCl2 - - 10 mM - - - 

EDTA 5 mM - - - - - 

Glycerol 5% 

(v/v) 

5% 

(v/v) 

5% 

(v/v) 

5% 

(v/v) 

2.5% 

(v/v) 

- 

ATP - - 250μM - - - 

L-glutathione - - - - - 10 mM 
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 Table 2.7.2: Buffers for SDS-PAGE and western blotting. 

2.8. Constructs 

Table 2.8: List of Plasmid Constructs and suppliers. 

Construct Shortened Name Source 

pGEX4T2-GST-

EPAC1ΔDEP (aa 149-881) 

EPAC1ΔDEP or 

EPAC1 WT 

Holger Rehmann, UMC 

Utrecht, Netherlands 

pGEX6P2-GST-

EPAC1ΔDEP (aa 149-881) 

EPAC1ΔDEP Eurofins Genomics 

Germany GmbH, 

Ebersberg, Germany  

pGEX4T2-GST-EPAC1 

ΔDEP Mutants: L273W, 

D276R, R279L and F300D 

EPAC1 L273W 

EPAC1 D276R 

EPAC1 R279L 

EPAC F300D 

Holger Rehmann, UMC 

Utrecht, Netherlands 

pGEX4T-GST-

EPAC2ΔDEP (aa 280-993) 

EPAC2ΔDEP Holger Rehmann, UMC 

Utrecht, Netherlands 

pGEX6P-1-GST-EPAC1-

CNBD (aa 169-318) 

EPAC1-CNBD Dundee Cell Products, UK 

pGEX6P-1-GST-EPAC2-

CNBD (aa 304-453) 

EPAC2-CNBD Dundee Cell Products, UK 

pmCherry (N-terminus) Empty-mCherry (N) DC Biosciences, UK 

pmCherry-780A (C1- and 

N1-terminus) 

780A-mCherry (C- and 

N-terminus) 

DC Biosciences, UK 

P3XFLAG-Myc-CMV-26 

EPAC1 Full Length 

EPAC1-FLAG Stephen Yarwood, Heriot-

Watt University, 

Edinburgh, UK [205] 

Full length EPAC1-

pmCherry (N-terminus) 

EPAC1-mCherry (N) Gemini Biosciences Ltd. 

P3XFLAG-Myc-CMV-26 

EPAC1-K212R Full Length 

EPAC1-SUMOmutant-

FLAG 

Gemini Biosciences Ltd. 

Full length EPAC1 K212R-

pmCherry (N-terminus) 

EPAC1-SUMOmutant-

mCherry 

Gemini Biosciences Ltd. 

10 x Running Buffer 10 x Transfer Buffer 10x TBS, pH 7.4 

250 mM Tris Base 

1.92 M Glycine 

35 mM SDS 

250 mM Tris Base 

1.92 M Glycine 

100 mM Tris Base 

59 mM NaCl 

 

1x TBST 2x Sample Buffer 1x Sample Buffer 

10x TBS, pH 7.4 

0.1% Tween-20 

 

1M Tris-HCl, pH 6.8 

10% SDS 

20 % Glycerol 

0.002% Bromophenol blue 

20 mM DTT 

2x sample buffer diluted 

1:1 in deionized water 
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mPopdc1-FLAG in pCDNA 

3.1 (+) 

POPDC1-FLAG Thomas Brand, University 

College of London, UK 

mPopdc1-GPF in pEGFP-

N3 

POPDC1-GFP Thomas Brand, University 

College London, UK 

pGEX6X-GST-RalGDS GST-RalGDS Stephen Yarwood, Heriot-

Watt University, 

Edinburgh, UK [206] 

pGEX-4T-GST-Rap1 B (1-

167) 

Rap1 Holger Rehmann, UMC 

Utrecht, Netherlands 

 

2.9 Methods 

2.9.1 Transformation 

2-5 µl of plasmid DNA was incubated on ice for 30 minutes with BL21 (DE3) or BL21 

Star (DE3) One Shot Competent E. coli cells. Alternatively, 5 µl of EPAC1ΔDEP mutant 

plasmid DNA (L273W, D276R, R279L, and F300D) or of POPDC-FLAG and -GFP 

plasmid DNA (Table 2.8) were added to 5-alpha Competent E. coli cells (NEB) and 

incubated on ice for 10 minutes. Depending on manufacturer, the DNA-cell mixture was 

either heat shocked for 10 or 30 seconds at 42 °C followed by a 5-minute incubation on 

ice. 250 or 950 µl of pre-warmed SOC medium was then added to the bacterial cells and 

incubated with gentle shaking for one hour at 37°C. Bacteria were then plated onto LB 

Agar plates supplemented with 100 µl/ml ampicillin or kanamycin and left to incubate 

overnight at 37 °C. Stock plates were stored at 4 °C for up to one month.  

2.9.2 Plasmid DNA Expression 

Glycerol stocks of Eschericia coli (E. coli) bacteria containing plasmids were expanded 

for preparation of plasmids or protein expression. Transformed bacterial cultures were 

inoculated in LB-broth supplemented with 100 μl/ml ampicillin or kanamycin and grown 

overnight with shaking at 37 °C. Plasmid DNA was then isolated from the O/N cultures 

using the Thermo Fisher Scientific™ GeneJET Plasmid Maxiprep or Miniprep kits (Table 

2.3) according to manufacturer’s protocol. For plasmid maxipreps, protocol B was used. 

250 ml overnight bacterial cultures were harvested by centrifugation for 10 minutes at 

5,000 x g. Supernatant was then discarded and bacterial pellets resuspended in 6 ml of 

Resuspension solution containing RNase A. 6 ml of Lysis solution was then added and 

incubated at room temperature (RT) for 3 minutes. 6 ml of Neutralisation solution and 

0.8 ml of Endotoxin binding reagent were subsequently added followed by a 5 minute 
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incubation at RT. To pellet cell debris and chromosomal DNA, the sample was 

centrifuged for 20 minutes at 48,000 x g. The supernatant was then transferred to a new 

centrifuge tube and 1 volume of 96 % ethanol was added. 20 ml of this was then 

transferred to a purification column (provided) and centrifuged for 3 minutes at 2,000 x 

g. Flow through was discarded and this last step repeated until all of sample transferred 

to the column. Two times 8 ml of Wash solution II was added to the column and 

centrifuged for 2 minutes at 3,000 x g and flow through discarded at end of each 

centrifugation. To remove any residual wash solution, the column was centrifuged for 

five minutes at 3,000 x g. The column was then transferred to a collection tube (provided) 

and 1 ml of Elution buffer was added and incubated for 2 minutes at RT. This was then 

centrifuged for five minutes at 3,000 x g to elute plasmid DNA. The concentration of 

plasmid DNA was checked using Nanodrop Nuclei Acid (2000c; Thermo Fisher 

Scientific) and stored at -20 °C. Plasmid DNA was isolated in a similar manner using the 

miniprep kit (5 ml of inoculated bacterial culture only; smaller volumes of each solution 

and centrifugations done at 12,000 x g).  

2.9.3 Glycerol Stock Preparation and Storage 

Glycerol stocks of plasmids were prepared for long term storage at -80 °C by adding 500 

µl of overnight bacterial culture to 500 µl 40 -50 % (v/v) sterilised glycerol in deionised 

water.  

2.9.4 Recombinant Protein Purification 

2.9.4.1 Protein Expression 

Colonies from stock plates of transformed E. coli bacteria expressing recombinant 

EPAC1ΔDEP, EPAC1ΔDEP mutants (L273W, D276R, R279L and F300D), 

EPAC2ΔDEP, or EPAC1-CNBD (Table 2.8) were used to inoculate LB-Broth 

supplemented with 100 µg/ml ampicillin (or kanamycin for EPAC1ΔDEP mutants) and 

left to grow overnight with shaking (200 RPM) at 37 °C. These pre-cultures were then 

diluted 1:20 in LB-Broth supplemented with 100 µg/ml appropriate antibiotic and then 

incubated for a further 4 hours (37 °C with shaking) until an optical density reading at 

600 nm (OD600) reached 2 (Biochrom WPA S1200+ Visible Spectrophometer). To induce 

the expression of GST-tagged proteins, fresh isopropyl-β-D-thio-galactopyranoside 

(IPTG) was added to a final concentration of 100 µM and then the cultures were left to 

grow O/N at 19 °C with shaking. Bacteria were then collected by centrifugation for 20 

minutes at 2,837 x g.  The supernatant was then decanted, and the bacterial pellets were 
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washed with 0.9 % (w/v) NaCl solution followed by a 10-minute centrifugation at 2,837 

x g. Cell pellets were frozen at either -20 °C or -80 °C until needed. Samples before and 

after IPTG inducement were collected for SDS-PAGE and PageBlue stain analysis. 

2.9.4.2 Protein Purification 

To extract GST-fusion protein, pellets of the induced bacteria were thawed and 

resuspended in 25 ml of lysis buffer (Buffer A (Table 2.7.1) per pellet, supplemented with 

0.5 mg/ml lysozyme, 0.1% (v/v) Triton-X 100 and cOmplete Protease inhibitor cocktail 

(1 tablet/50 ml)). Cells were resuspended in a rotary incubator (8 °C at 200 RPM). 

Resuspended cell pellets were lysed by using sonication (SONICS Vibra-Cell™ VCX 

130 Ultrasonic Liquid Processor, SONICS) for three minutes (15 seconds on, 15 seconds 

off) at 65 % amplitude on ice. Cell debris was then collected by centrifugation for 1 hour 

at 30,000 x g at 4 °C. Samples containing the soluble protein fraction (SF) were collected 

for SDS-PAGE and PageBlue stain analysis.  

The following bulk method of protein purification is based on the study by Professor 

Holger Rehmann (UMC Utrecht, Netherlands) [145]. 0.5-1 ml of pre-equilibrated 

glutathione Sepharose 4B beads (GS4B) were added per 50 ml of SF and incubated with 

gentle agitation overnight at 4 °C. The beads were then collected by centrifugation for 

five minutes at 500 x g at 4 °C. Following this, the supernatant was discarded, and the 

beads resuspended in 5 ml of Buffer A (Table 2.7.1). This was then transferred directly 

to a 10 ml polypropylene column to drain. The column containing collected beads was 

washed three times with 0.5 ml of Buffer B (Table 2.7.1) to remove any unspecified 

proteins, 10 ml of Buffer C (Table 2.7.1) to remove any chaperone proteins and finally 

0.75 ml of Buffer D (Table 2.7.1) to equilibrate the beads. To elute GST-tagged proteins, 

the columns were sealed, and the beads incubated in 1 ml of elution buffer (Table 2.6.1) 

for 10 minutes at RT. Beads were then incubated two more times for 10 minutes in 0.5 

ml of elution buffer and fractions were collected after each incubation. 

Alternatively, the GST-tag was cleaved off by adding 80 U of thrombin in 1 ml of Buffer 

D to the beads and incubating for 4 hours at 4 °C in a sealed column. The eluted fractions 

of cleaved protein were recovered by washing three times with 0.5 ml of Buffer D and 

then combined for gel filtration chromatography. Pefabloc was added to the collected 

eluate to a final concentration of 1 mM to block further thrombin activity. 
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2.9.4.3  ÄKTA Gel Filtration Chromatography (GFC) of EPAC1ΔDEP 

For further purification of EPAC1 WT (Table 2.8) proteins, and to remove any impurities, 

including any degraded, low molecular weight cleaved forms of EPAC1, the combined 

cleaved protein fractions were loaded onto a gel filtration column (HiLoad 16/600 

Superdex 200 pg, ÄKTA, GE Healthcare) equilibrated with GFC buffer (Table 2.7.1). 

Maximum pressure was set to 0.3 MPa and filtered (0.2 µm Whatman membrane nylon 

filter) and degassed GFC buffer and deionised water were connected to pump A and B, 

respectively. A 0.5-10 ml sample loop, with double the sample volume was fitted to the 

front injector. Runtime was roughly 148 minutes. The fractions of ÄKTA purified 

EPAC1ΔDEP protein were combined and analysed by SDS-PAGE and PageBlue staining 

or Ponceau-S staining. Protein concentrations were determined using Nanodrop A280 

(2000c; Thermo Fisher Scientific) and protein aliquots were stored at -80 °C. 

2.9.4.4 Buffer Exchange Dialysis 

To remove excess glutathione from eluted samples of GST-tagged proteins, samples were 

dialysed against two changes of dialysis buffer for 60 minutes at 4 °C followed by one 

overnight using a Slide-A-Lyzer Dialysis Cassette kit (10K MWCO) (Table 2.3).  Unless 

otherwise stated, recombinant proteins were buffer exchanged into 50 mM Tris-HCl, pH 

7.5, 100 mM NaCl, 2.5 % (v/v) glycerol. Protein concentrations were assessed by 

Nanodrop A280 and protein aliquots were stored at -80 °C. 

2.9.5 SDS-PAGE and Western Blot 

2.9.5.1 Protein Purification Sample Preparation 

Bacteria culture samples taken before and after IPTG induction (± IPTG) were pelleted 

for 10-minutes at 13,000 g at 4 °C. The supernatant was then removed, and the cell pellets 

were resuspended in 1x sample buffer (Table 2.7.2).  SF and protein eluate samples were 

prepared in 2x sample buffer (Table 2.7.2). All samples were heated for five minutes at 

95 °C.  

2.9.5.2 SDS-PAGE 

To visualise purified protein samples, equal amounts of SF and eluate, but half the amount 

of prepared bacterial culture samples (± IPTG) were separated on 8, 10 or 12 % (w/v) 

gels, depending on protein size, or precast Protean TGX 4-15 % gels (Bio-Rad). 

Electrophoresis was done using Mini-PROTEAN Tetra Vertical Electrophoresis Cell kits 

(Bio-Rad) with 1x running buffer (Table 2.7.2) for 15 minutes at 80 V followed by 1 hour 
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and 15 minutes at 130 V or 150 V for 1 hour (precast gels). Gels were stained with a 

coomassie PageBlue Protein staining solution (Table 2.2) according to manufacturer’s 

protocol: gels were washed 3 times for 10 minutes in 10 ml of deionised water before 

incubating for 1 hour at RT in PageBlue. The stained gel was then washed with deionised 

water for at least five minutes before visualized using Fusion FX imaging software 

(Vilber Lourmat, France). Prestained protein standard marker broad range (11-190 kDa) 

was used for all gels. 

2.9.5.3 Western Blotting 

Equal amounts of recombinant proteins or cell lysates were separated on 8, 10, 12 or 12.5 

% (w/v) SDS-PAGE gels, depending on protein size, by electrophoresis. Lysates were 

then wet transferred from gels to nitrocellulose membranes using Mini Trans-Blot® 

electrophoretic transfer cell (Bio-Rad) and 1x transfer buffer (Table 2.7.2) for 1 hour and 

30 minutes at 80 V. Membranes were then blocked in 5 % (w/v) “Marvel” milk powder 

in 1x TBST (Table 2.7.2) for one hour at RT. Primary antibodies diluted in 1xTBST were 

incubated overnight at 4 °C at the given dilutions (Table 2.5.1) followed by a one-hour 

incubation at RT with the secondary antibody diluted in 1x TBST at given dilutions 

(Table 2.5.2.). Protein signals were detected using ECL (SuperSignal™ West Pico 

chemiluminescent substrate) and visualized using Fusion FX imaging software (Vilber 

Lourmat, France). For Ponceau-S staining, membranes were washed 3 times for 5-

minutes in deionized water before incubating for 30 seconds in Ponceau-S. Membranes 

were then washed with deionized water until background signal was removed.  

2.9.5.4 Membrane Stripping  

To reprobe a membrane with a second antibody, nitrocellulose membranes were first 

washed three times with 1xTBST for at least five minutes. The membrane was then 

incubated for five minutes in mild stripping buffer (200 mM glycine, 3.5 mM SDS, 0.01 

% Tween-20 in deionised water, pH adjusted to 2.2) at RT with shaking. This was 

repeated once more with fresh stripping buffer. The membrane was then washed  for 10 

minutes in PBS twice followed by five minutes in 1xTBST twice. The membrane was 

then blocked in 5 % (w/v) milk in 1xTBST and re-blotted as described in section 2.9.1.1. 

2.9.6 Protein Mass Spectrometry 

Proteins comprised of E. coli exosome and supernatant material containing equal volumes 

of purified recombinant EPAC1ΔDEP before and after GFC (as described in sections 

2.9.4.3-2.9.4.4) were resolved on a precast Protean TGX 4-15 % gel by SDS-PAGE and 
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following electrophoresis, resolved proteins were visualised with PageBlue stain as 

described in section 2.9.5.2. 

The following methods were done by Moredun Proteomics Facility at the Moredun 

Research Institute. Each of the two stained gel lanes was excised and then sliced 

horizontally from top to bottom into a series of 24 equal slices of 2.5 mm depth. Each of 

the resulting gel slices where then subjected to standard in-gel destaining, reduction, 

alkylation and trypsinolysis procedures [207]. Digests were transferred to high 

performance liquid chromatography (HPLC) sample vials and were stored at 4 °C until 

needed for liquid chromatography-electrospray ionisation-tandem mass spectrometry 

(LC-ESI-MS/MS) analysis. Using an Ultimate 3000-HPLC system (Dionex) comprising 

a WPS-3000 well-plate micro auto sampler, a FLM-3000 flow manager and column 

compartment, a UVD-3000 UV detector, an LPG-3600 dual-gradient micropump and an 

SRD-3600 solvent rack controlled by Chromeleon™ chromatography software, liquid 

chromatography (LC) was performed. A micro-pump flow rate of 246 µl/min was used 

in combination with a  cap-flow splitter cartridge, allowing a 1/82 flow split and a final 

flow rate of 3 µl/min through a 5 cm x 200 µm ID monolithic reversed phase column 

(Thermo Fisher Scientific) maintained at 50 °C. Samples of 4 µl were added to the column 

by direct injection. Peptides were eluted by the application of a 15 min linear gradient 

from 8-45 % solvent B (80 % acetonitrile, 0.1 % (v/v) formic acid) and directed through 

a 3 nl UV detector flow cell. LC was interfaced directly with a 3-D high capacity ion trap 

mass spectrometer (amazon-ETD, Bruker Daltonics) via a low-volume (50 µl/min 

maximum) stainless steel nebuliser (Cat. No. G1946-20260; Agilent) and ESI. Parameters 

for tandem MS analysis were based on those previously described [208]. 

2.9.6.1 Database mining 

The following was done by Moredun Proteomics Facility at the Moredun Research 

Institute. Deconvoluted MS/MS data in Mascot Generic Format (.mgf) was imported into 

ProteinScape™ V3.1 (Bruker Daltonics) proteomics data analysis software for 

downstream database mining of cognate partial E. coli genomic sequence using the 

Mascot™ V2.3 (Matrix Science) search algorithm. The protein content of each individual 

gel slice was established using the “Protein Search” feature of ProteinScape™, while 

separate compilations of the proteins contained in all 24 gel slices for each sample were 

produced using the “Protein Extractor” feature of the software. Mascot search parameters 

were set in accordance with published guidelines [209] and to this end, fixed 
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(carbamidomethyl “C”) and variable (oxidation “M” and deamidation “N, Q”) 

modifications were selected along with peptides (MS) and secondary fragmentation 

(MS/MS) tolerance values of 0.5 Da while allowing for a single 13-C isotope. Molecular 

weight search (MOWSE0 scores attained for individual protein identifications were 

inspected manually and considered significant only if a) two peptides were matched for 

each protein, and b) each matched peptide contained an unbroken “b” or “y” ion series 

represented by a minimum of four contiguous amino acid residues.  

2.9.7 Production of Affimers to EPAC1 Target Protein 

The methods described in section 2.9.7 were performed by Avacta Life Sciences Ltd. 

2.9.7.1  Target Quality Control and Biotinylation 

The quality of purified cleaved recombinant EPAC1 WT protein (in PBS, pH 7.4) (refer 

to Table 2.8 for construct details) was sent to Avacta and checked in two ways prior to 

biotinylation. First, it was confirmed that the concentration was not below 10 % of stated 

value (at least 1 mg/ml) and second, that it showed no degradation and had a purity of at 

least 90 % as confirmed by Nanodrop A280 and SDS-PAGE, respectively. The target 

material (EPAC1ΔDEP) was biotinylated using amine-reactive Biotinylation reagent in 

excess. A 10-fold molar excess of 10 mM EZ-Link™ Sulfo-NHS-LC-biotin reagent was 

added to protein solution and incubated for 2 hours on ice. Excess biotin was removed by 

buffer exchange dialysis into PBS, pH 7.4. Successful biotinylation was confirmed using 

western blotting. 200 ng of the biotinylated EPAC1ΔDEP protein was run on an SDS-

PAGE gel (Bolt 4-12 % Bis-Tris) and protein was transferred from gel to nitrocellulose 

membrane using an iBlot2 transfer device. The membrane was blocked for 1 hour at RT 

in 3 % (w/v) BSA in 1xTBS, pH 7.6 and then incubated in Streptavidin-HRP (ab7403, 

Abcam) at a concentration of 1:10,000. Protein signals were detected with ECL reagent 

(GE Healthcare, RPN2016).  

2.9.7.2 Phage Display Selection Screen 

Six separate phage selections were performed. For each selection, three rounds of panning 

were done using Type II Affimer library, T2[9_9]ph4v1. In each round of panning, 

biotinylated EPAC1ΔDEP (EPAC1) protein was immobilized in 96-well plates coated 

with either streptavidin or neutravidin in the first and third round of panning. In the second 

round, magnetic beads were coated with streptavidin. In one selection, EPAC1 was 

immobilised alone (S01, SO4) and in the other two selections, protein was immobilised 

in the presence of either 10 µM D-007 (EPAC1-agonist) (S02, S05) or 10 µM CE34F 
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(EPAC1-antagonist) (S03, S06). Phage selections were performed in PBS, pH 7.4 buffer 

according to Avacta’s standard order of procedure (SOP) (not given) with pre-optimised 

pre-panning cycles, incubation times and wash protocols for each panning round. The 

three phage selections were repeated three times. In the second (S02/S05) and third 

(S03/S06) phage display screens, pre-panning deselection against biotinylated 

EPAC1ΔDEP alone was performed in panning rounds two and three.. This is when phage 

were added to wells prior to the target containing well. In all three phage displays, 

increased off-rate deselection (increased incubation times after panning) was included in 

the last two rounds without target. A summary of the conditions of each phage display 

are described in Tables 2.9a, 2.9b and 2.9c.  

Phage display enrichment was measured by performing the final, third, panning round 

against either neutravidin or EPAC1ΔDEP as negative controls at the end of the process. 

When the bounds phages have been eluted after panning, they are used to infect E. coli 

cells and then plated. The number of colonies from the target (EPAC1ΔDEP) pan with 

the negative control were compared and the fold-difference between the two was used as 

an indicator of successful panning against the target.  

Table 2.9a: Phage Selection Overview (EPAC1 alone, Unbound) 

 Pan 1 Pan 2 Pan 3 

Target EPAC1 EPAC1 EPAC1 

Deselection Target None None None 

Surface 96-well plate Magnetic bead 96-well plate 

Coating Streptavidin Streptavidin Neutravidin 

Input Phage Type II library Pan 1 Pan 2 

Type Panning Standard Standard Standard 

Special Requirements None None None 
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Table 2.9b: Phage Selection Overview (EPAC1:007, Active Conformation) 

 Pan 1 Pan 2 Pan 3 

Target EPAC1:007 EPAC1:007 EPAC1:007 

Deselection Target None EPAC1 (pre-panning 

only) 

EPAC1 (pre-panning 

only) 

Surface 96-well plate Magnetic bead 96-well plate 

Coating Streptavidin Streptavidin Neutravidin 

Input Phage Type II library Pan 1 Pan 2 

Type Panning Standard Standard Standard 

Special Requirements 10 µM 007 should be 

included in steps where 

EPAC1:007 is present, 

but not during pre-

panning with EPAC1. 

10 µM 007 should be 

included in steps where 

EPAC1:007 is present, 

but not during pre-

panning with EPAC1. 

10 µM 007 should be 

included in steps where 

EPAC1:007 is present, 

but not during pre-

panning with EPAC1. 

  

Table 2.9c: Phage Selection Overview (EPAC1:CE3F4, Inactive Conformation) 

 Pan 1 Pan 2 Pan 3 

Target EPAC1:CE3F4 EPAC1:CE3F4 EPAC1:CE3F4 

Deselection Target None EPAC1 (pre-panning 

only) 

EPAC1 (pre-panning 

only) 

Surface 96-well plate Magnetic bead 96-well plate 

Coating Streptavidin Streptavidin Neutravidin 

Input Phage Type II library Pan 1 Pan 2 

Type Panning Standard Standard Standard 

Special Requirements 10 µM CE3F4 should 

be included in steps 

where EPAC1:007 is 

present, but not during 

pre-panning with 

EPAC1. 

10 µM CE3F4 should 

be included in steps 

where EPAC1:007 is 

present, but not during 

pre-panning with 

EPAC1. 

10 µM CE3F4 should 

be included in steps 

where EPAC1:007 is 

present, but not during 

pre-panning with 

EPAC1. 

 

2.9.7.3  Affimer Production 

The Affimer protein coding regions from each selection outcome were subcloned into a 

vector containing both HA and His6 tags (pEtLECTRA cHAH6) and transformed into E. 

coli and plated onto agar. Following agar plate scanning, 90 picks (1080 total) of Affimer 

expressing colonies were taken from pans two and three of all six repeated phage 
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selections (S01-S03; S04-S06). Each colony was screened overnight and the resulting 

candidate Affimer binders were purified using Ni-NTA beads (QIAGEN) (SOP not 

provided). Affimer protein concentrations were normalised to 2.5 µg/ml for use during 

primary screening. 

2.9.7.4  Clone Screening and Sequencing 

Using the flow cytometer Intellicyt iQue instrument, selected clones were screened in 

multiple independent bead-based multiplex binding assays. This iQue screening platform 

is a bead-based flow system for quick analysis of clones against a multiplexed target set. 

Biotinylated EPAC1ΔDEP, and other non-EPAC1ΔDEP targets: mouse IgG2b 

(mIgG2B), human and dog C-reactive protein (CRP), and/or anti-carcinoembryonic 

antigen (CEA) Affimer were immobilised onto different streptavidin-functionalised 

beads. An HA-tagged anti- mIgG2b Affimer, which  was used as a positive assay control, 

no Affimer (target protein plus PBS) as a zero control, and an anti-VEGFR Affimer was 

used as a negative control. The assay was performed in the presence and absence of 10 

µM D-007 or CE3F4 in a final homogenous assay solution containing PBS and 0.2 % 

BSA (w/v). Affimers were detected using an anti-HA tag antibody conjugated to Alexa 

Fluor 488 (Figure 2.1). Results of these screening assays were used to identify the most 

suitable Affimer binders, with no cross-reactivity, and sequencing was done to determine 

the number of unique Affimer candidates. 

                  

Figure 2.1: Standard or Forward iQue Screen of Immobilised EPAC1ΔDEP (Target) with Affimer 

in Solution. EPAC1ΔDEP is conjugated to beads by Biotin/Streptavidin interaction. HA-tagged Affimer 

(black) in solution is captured by target. An anti-HA-Alexa488 antibody (green) is used for detection of 

EPAC1-Affimer binding. Anti-HA-Alexa488 antibody was added to all wells including all control. 
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2.9.8 Dot Blotting 

Six different concentrations of recombinant EPAC1ΔDEP (GST-tag free) (refer to Table 

2.8 for construct detail) (from 1 ng to 1 μg) were spotted onto nitrocellulose membranes. 

20 ng of non-specific Affimer (GST A2) was also spotted as a control on the Affimer 

blots. Antibody/Affimer-protein interaction was detected by far-western blotting. The 

membranes were blocked for 1 hour at RT with 5% (w/v) “Marvel” milk (antibody blot) 

or BSA (Affimer blot) in 1x TBST (Table 2.6.2) followed by a 2 hour incubation at RT 

in either 4.5 nM (1:1000) of 5D3 antibody in 5%  (w/v) milk in 1xTBST, or 45 nM of  

Affimer diluted in 5% (w/v) BSA in 1xTBST. Membranes were then incubated for 1 hour 

at RT with an appropriate secondary antibody at given concentrations (Tables 2.5.1-2.5.2) 

(anti-mouse for 5D3 antibody or His-tag for Affimer) and the protein signal was detected 

with ECL (SuperSignal™ West Pico chemiluminescent substrate) and visualized using 

Fusion FX imaging software. The experiment was repeated up to three times.  

2.9.9 Microscale Thermophoresis (MST) 

2.9.9.1 Protein Labelled MST 

To label recombinant EPAC1-CNBD protein, the Monolith NT™ Protein Labelling Kit 

Red-NHS (Table 2.3), containing the red fluorescent dye NT-647, was used according to 

manufacturer’s protocol. First, the protein was buffer exchanged using the spin columns 

and labelling salt buffer provided. Protein concentration of EPAC1-CNBD was then 

adjusted to 20 µM. The NT-647-NHS fluorescent dye was prepared by adding 30 µl of 

deionized water to the solid dye, giving a 470 µM solution. 100 µl of this dye was then 

mixed in a 1:1 volume ratio with the protein and incubated for 30 minutes at RT in the 

dark. To remove any unreacted “free” dye, provided gravity flow columns were used. 

Following this, the columns were washed 3 times with 3 ml of assay buffer (1xPBS, 5 % 

(v/v) glycerol, 0.05 % (v/v) tween-20), the maximum volume of labelled protein was 

added and flow through discarded. 600 µl of assay buffer was then added and eluates 

collected in 100-150 µl fractions. Early fractions were expected to contain sufficient 

amounts of labelled proteins which were aliquoted and frozen at -80 °C.  

For the binding affinity MST assay of labelled EPAC1-CNBD with 5D3 antibody or 

Affimer, EPAC1-CNBD was diluted down to between 20 nM in assay buffer. 5D3 

antibody had a maximum concentration of 125 nM. In the Affimer dose response 

experiments, EPAC1-CNBD was diluted down to 20 nM and the top concentrations of 

Affimer (380A or 414A) were set at 500 nM or 1.2 µM. The top concentration of antibody 
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or Affimer was added to a PCR-tube containing an equal volume of assay buffer. After 

mixing, an equal volume was removed and placed into the next tube. This was repeated 

in a total of 16 tubes. An equal volume of labelled protein was then added to each tube. 

16 Monolith NT.115 capillaries (Nanotemper technologies) were then loaded and the 

samples were measured at LED/excitation set at 80 -100 % and MST power of 60 % (high 

setting). The normalised fluorescence (Fnorm (%)) from the MO.Affinity Analysis 

software version 2.2.4 (Nanotemper technologies) was normalised as a fold-change with 

the relative fluorescence associated with the lowest concentration of antibody or Affimer 

set to 1 (Arbitrary Units: AU). The EC50 and pEC50 was determined by nonlinear curve 

fitting analysis (Log (agonist) vs response (three parameters)) Graphpad Prism.  

2.9.9.2  Affimer Labelled MST 

Alternatively, Affimer (380A, 414A, and 780A) was labelled using the Monolith NT™ 

His-Tag Labelling Kit RED-tris-NTA (Table 2.3), containing the red fluorescent dye NT-

647 coupled with N-hydroxysuccinimide (NHS), as per manufacturer’s protocol. After 

adjusting Affimer concentration to 200 nM, it was then mixed in a 1:1 volume ratio with 

a prepared solution of 100 nM NT647 fluorescent dye. Following a 30-minute incubation 

at RT, the labelled Affimer was then centrifuged for 10 minutes at 4 °C, 15,000 x g. No 

removal of excess dye was necessary. Labelled Affimer aliquots were stored at -20 °C. 

MST-EPAC1ΔDEP interference with the his-labelling was tested as recommended by the 

manufacturer. A 10 µM concentration of lyophilised Control Peptide (provided by the 

labelling kit) was prepared in PBS-T (1xPBS, 0.05 % (v/v) Tween-20). 2 µl of 10 µM 

Control Peptide was then mixed with 98 µl of PBS-T. A 100 nM working dye solution 

was also prepared in PBS-T (2 µl of 5 µM dye plus 98 µl PBS-T). 90 µl of 200 nM Control 

Peptide was then mixed with 100 nM of dye working solution and then incubated for 30 

minutes at RT. 20 µl of highest Affimer concentration (~4 µM) was prepared in PBS-T 

and added to PCR tube 1. 10 µl of PBS-T was then added to PCR tubes 2-16. 10 µl of 

Affimer in tube 1 was then transferred to tube 2 and mixed by pipetting. This was repeated 

in tubes 3-16 and extra 10 µl was discarded from tube 16. 10 µl of labelled Control Peptide 

was then added to tubes 1-16 and mixed by pipetting. The capillaries (Nanotemper 

Technologies) were then loaded and samples were measured at LED/excitation and MST 

power of 40 %. 

The affinity and efficacy of the His-labelling dye to Affimer was tested according to the 

manufacturer’s experimental procedure. The following was done in PCR-tubes: 5 µM of 
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prepared labelled Affimer solution was added to a PCR-tube containing the same volume 

of PBS-T. After mixing, an equal volume was removed and placed into the next tube. 

This was repeated in a total of 16 tubes. To each tube, an equal volume of 50 nM His-

labelling dye was added and incubated for 30-minutes at RT. 16 Monolith NT.115 

capillaries (Nanotemper Technologies) were then loaded and the samples were measured 

at LED/excitation and MST power of 40 % (medium setting). The binding affinity MST 

assay of 50 nM labelled Affimer to a dose-response of recombinant EPAC1ΔDEP (GST-

tag free) protein starting at 1 µM was prepared as previously described using PCR-tubes.  

2.9.10 ELISA Assay 

1 µg (100 µl/well) of GST-tagged recombinant protein were added to Pierce™ 

glutathione coated plates (15140; Thermo Fisher Scientific), and incubated overnight at 

4 °C. 100 µl/well of 0.002-0.250 µM 5D3 or 5B1 antibody, or 0.004-4 µM of Affimer 

was then added and incubated for 1 hour at RT. 100 µl/well of 1:10,000 anti-mouse or 

anti-his-tag HRP-conjugated secondary antibodies were then added to 5D3/5B1 antibody 

or Affimer wells, respectively, and incubated for a further 1 hour at RT. Recombinant 

protein alone was used as a control. Each experiment was done in triplicates and between 

each incubation step, the wells were washed three times with wash buffer (10 mM Tris-

HCl pH 7.4, 150 mM NaCl and 0.05% (v/v) Tween-20 buffer). Protein, antibodies and 

Affimers were diluted in assay buffer (10 mM Tris-HCl pH 7.4 and 150 mM NaCl buffer). 

Plates were kept covered during all incubation steps. Finally, 100 µl/well of 3, 3′,5 ,5′-

Tetramethylbenzidine Liquid (ELISA) Substrate, Supersensitive was added to each well 

and incubated for 30 minutes at RT. Detection of colour change was measured at 

wavelength 655 nm using a FLUOstar Omega Microplate reader (BMG Labtech). All 

data was normalised as a fold-change where the lowest concentration of antibody or 

Affimer was set to 1 (arbitrary units) 

2.9.11 Thermal Shift Assay (TSA) 

Thermal shift stability experiments were carried out in Thermo Fisher Scientific™ 

Abgene 1.2ml Polypropylene 96-well storage plates (10243223; Thermo Fisher 

Scientific), using a modified protocol based on the methods described by Huynh and 

Partch [210]. All dilutions were prepared in assay buffer (50 mM Tris-HCl pH 7.5, 50 

mM NaCl, 2.5 % (v/v) glycerol and 5 mM DTT). 1-2 µg/well of GST-tagged recombinant 

protein was combined with 20 x SYPRO Orange dye and were then added to wells. Serial 

dilutions of ligands (cAMP, D-007, ESI-09 and I942; 3.125 – 100 µM) were prepared 
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from stocks  (see Table 2.1 for stock concentrations) and added to the wells containing 

protein and dye in a 1:1 volume ratio, with a final volume of 25 µl/well. Serial dilution 

of stock diluent DMSO (0.00625 – 0.2 %) were also prepared and added to EPAC1ΔDEP 

(Table 2.8) only wells. Protein and dye alone were used as a control and combined with 

assay buffer (1:1). For TSA experiments using Affimer (780A), the protein and dye were 

prepared in the same manner as described above and 10 µM of 780A was prepared and 

added to wells in a 1:1 volume ratio (final volume 25 µl). In the 780A versus ligand TSA 

experiments, 10 µM of 780A and 50 µM of ligand were prepared from stocks and added 

to wells containing protein/dye in 1:1:1 volume ratio (final volume 25 µl). Alternatively, 

2.5 µM of 780A and 12.5 µM of ESI-09 were prepared from stocks and added to wells 

containing protein/dye in 1:1:1 volume ratio (final volume 25 µl). 

Plates were sealed with a sheet of optically clear adhesive (MicroAmp™ Optical 

Adhesive Film; Applied Biosystems) and mixed for 15 minutes on an orbital shaker at 

RT before incubating overnight at 4 °C. The fluorescence readout of SYPRO Orange dye 

was then measured using an Applied Biosystems StepOnePlus Real-time PCR Instrument 

(System Version 2.2.3; Thermo Fisher Scientific) with excitation wavelength 470 nm and 

emission wavelength 570 nm over a temperature range from 11 to 80 °C ramped in 0.5 

°C increments with plateau times of 30 seconds. Measurements were done in duplicates. 

The melting temperature (Tm) (°C) was derived from calculating the first derivative of 

the fluorescence emission as a function of temperature (–dF/dT) (as shown below in 

equations 1-3) where Tm is the lowest first derivative value. Figure 2.2 shows this 

analysis in graph form to demonstrate how a thermal shift profile curve can be converted 

to a first derivative peak. For multiple experimental replicates, the mean Tm was 

calculated with standard error of the mean.  

First Derivative Calculations: 

1. 𝑑𝐹 = 𝐹 (𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛) − 𝑇 (𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒) 

2. 𝑑𝑇 = 𝑇𝑥 − 𝑇𝑥 (𝑒. 𝑔. 𝑇2 − 𝑇1) 

3. −𝑑𝐹/𝑑𝑇 = −(𝑑𝐹 ÷ 𝑑𝑇) 
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Figure 2.2: Representative Thermal Shift Data Analysis. A) Thermal shift profile of the denaturation of 

EPAC1ΔDEP protein. With increasing temperature, fluorescence emission increases, resulting in the 

sigmoidal curve shown here. B) To convert the curves into first derivative peaks, fluorescence emission as 

a function of temperature (- dF/dT) was calculated to identify the Tm. Here Tm is represented by the lowest  

part of the curve. 

2.9.12 HSQC NMR 

Recombinant EPAC1-CNBD protein was expressed from the pGEX-6P-1-GST-EPAC1-

CNBD vector and purified from E. coli, as described in section 2.9.4. Alterations to the 

procedure are described here. 

Pre-cultures were grown overnight in LB-broth supplemented with 100 µg/ml of 

ampicillin and then harvested by centrifugation for 2 minutes at 10,000 x g and the 

supernatant discarded. The bacterial pellets were gently washed in 40 ml of sterilized PBS 

and harvested again by centrifugation to remove any excess LB-broth. The pellets were 

then resuspended in M9 minimal media (50 mM Na2HPO4.7H2O, 25 mM KH2PO4, 10 

mM NaCl, 5 mM MgSO4, 0.2 mM CaCl2, 11 mM glucose, 100 µg/ml ampicillin and 18.3 

mM 15N-enriched 15NH4Cl as a sole source of nitrogen) and grown for another 1.5 hours 

at 37 °C. This pre-culture was then diluted 1:20 in M9 minimal media supplemented with 

1 g/L (w/v) of ISOGRO-15N and grown for a further 5.5 hours at 37°C until an OD600 of 

~0.9 was reached. To induce protein expression, IPTG was added to a final concentration 

of 100 µM, and cultures were then grown overnight at 19 °C. The rest of the purification 

was performed as described in section 2.9.4.2, except that after washing the GS4B beads 

containing 15N-labelled EPAC1-CNBD with 10 ml of buffer C (Table 2.6.2), the beads 

were equilibrated with 10 ml of cleavage buffer (50 mM Tris-HCl pH 7.0, 150 mM NaCl, 

1 mM EDTA and 1 mM DTT). Following this, the GST-tag as cleaved using 120 units of 

PreScission Protease in 1.5 ml of cleavage buffer, which was then added to the sealed 

column and incubated overnight at 4 °C. The eluate was then collected as flow through 
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along with 2 further washes with 0.5 ml of cleavage buffer. This last stage was repeated 

twice more to obtain any remaining cleaved protein in the beads. Bacterial cultures (± 

IPTG) and supernatant at all stages of purification were collected and analysed by SDS-

PAGE and PageBlue staining. 

Eluted 15N-EPAC1-CNDB  protein and 780A Affimer were buffer exchange dialysed into 

NMR buffer (20 mM Na2PO4, 50 mM NaCl, 0.1 % NaN3, pH 7.0), as previously described 

in section 2.9.4.4. Protein and Affimer were then concentrated using a Vivaspin 20 5 kDa 

MWCO centrifugal concentrator (Z614580 Sigma-Aldrich). To remove any glycerol 

from the centrifugal columns, they were first rinsed with deionized water and centrifuged 

twice for five minutes at 3,000 x g (10-14°C). A final stock concentration of 120 µM 

protein and 190 µM of Affimer was obtained. [1H, 15N] heteronuclear single quantum 

coherence nuclear magnetic resonance (HSQC NMR) spectra were then recorded using a 

Bruker AVANCE 800 MHz spectrometer with cryoprobe. In each separate spectrum, 15N-

EPAC1-CNBD and 780A Affimer were diluted with NMR buffer and 5 % (v/v) of 

deuterium oxide (D2O) to final concentrations of 50 µM and 100 µM, respectively, to 

lock the signal (final sample volume: 0.6 ml).    

2.9.13 Peptide Array 

The peptide arrays were supplied by Professor George Baillie and Dr Connor Blair 

(University of Glasgow, UK). Peptides were covalently linked to cellulose fibres on 

Whatmann 50 membranes using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry with 

automatic SPOT synthesis using a MultiPep RSi high throughput multiple peptide 

synthesizer (Intavis Bioanalytical Instruments). An EPAC1 array was synthesised as 25-

mer peptides, each shifted by five amino acids. Two Affimer arrays were synthesised 

based on two short regions of 780A sequence identified by sequence alignment (CLC 

Sequence Viewer 8, CLC bio (QIAGEN), Denmark): EWYTKLLHF and 

YGDGADAGF. Amino acids were rationally substituted with every other amino acid, 

beginning with alanine.  

Following synthesis, cellulose sheet peptide arrays were activated in absolute ethanol for 

10 minutes followed by a 10 minute wash in enough 1xTBST (Table 2.6.2) to cover the 

array. The EPAC1 array was then blocked in 5 % (w/v) “Marvel” milk powder in 1xTBST 

for one-hour followed by an overnight incubation at 4 °C in 4.5 nM primary antibody or 

45 nM Affimer diluted in 1 % (w/v) “Marvel” or BSA in 1xTBST, respectively. The array 

was then incubated for one-hour in secondary antibody (anti-mouse or His-tag for arrays 
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incubated with primary antibody or Affimer, respectively) at given western blot dilutions 

(Table 2.5.2). Signal was detected using ECL (SuperSignal™ West Pico 

chemiluminescent substrate) and visualized using Fusion FX imaging software (Vilber 

Lourmat, France).  

As a negative control, the Affimer arrays were first incubated with 1:1000 5D3 and anti-

mouse antibodies and signal was visualised as described above. The arrays were then 

washed 3 times for 10-30 minutes in 1xTBST before incubating overnight at 4 °C in 0.5 

µM of recombinant GST-tagged EPAC1ΔDEP protein. This was followed by an 

overnight incubation at 4 °C in 5D3 antibody followed by anti-mouse secondary at RT 

for one-hour at given dilutions (Tables 2.5.1-2.5.2). Both antibodies were diluted in 1 % 

(w/v) milk in 1xTBST. In between incubations, all arrays were washed 3 times for 10-

minutes with 1xTBST. All steps were done with agitation at RT, unless otherwise stated. 

Signal was detected as described above. To strip the arrays, stripping buffer (60 mM Tris-

HCl, pH 6.8, 20 mM DTT and 70 mM SDS) was heated to and kept at 70 °C. The array 

was then incubated with agitation in stripping buffer for 30 minutes with the buffer being 

replaced every five minutes. The membrane was then rinsed 2 times in 1xTBST for 10-

minutes and air dried before reactivating in absolute ethanol as described above.  

2.9.14 Cell Culture 

All cell lines and primary cells were cultured aseptically and stored long term in liquid 

nitrogen.  

2.9.14.1 COS1 

COS1 cells are an African green monkey kidney fibroblast-like cell line derived from the 

CV-1 cell line. COS1 cells were grown in Dulbecco’s modified Eagle’s medium (without 

added glutamine) (DMEM), 10% (v/v) foetal bovine serum, 2 mM glutaMAX, and 100 

units/ml and 100 μg/ml penicillin and streptomycin, respectively (Table 2.3). Cultures 

were incubated at 37 °C, 5% (v/v)  CO2. 

2.9.14.2 Osteosarcoma (U20S) 

U20S cell lines stably transfected with pBabe-Flag-Epac1 (HS 1-881) (EPAC1 U2OS), 

pBabe-Flag-Epac2 (EPAC2 U2OS) or vector alone (Control U2OS), were gifts from 

Professor Holger Rehmann (UMC Utrecht, Netherlands). U2OS cells were grown in 

Dulbecco’s modified Eagle’s medium (without added glutamine) (DMEM), 10% (v/v) 

foetal bovine serum, 2 mM glutaMAX, and 100 units/ml and 100 μg/ml penicillin and 
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streptomycin, respectively (Table 2.3) and incubated at 37 °C, 5% (v/v)  CO2. 2 mg/L 

puromycin was added to growth medium to maintain stable expression of EPAC1 and  

EPAC2 U2OS cell lines only. 

2.9.14.3 Cell Passage 

To maintain growth of cell cultures, all cells were grown to 70-100 % confluence and 

then passaged. Cells were passaged by removing growth medium and washing with 5-10 

ml sterile 1x D-PBS, followed by five minute incubation with 5 ml of TrypLE™ per 75 

cm2 flask at 37 °C, 5 % (v/v) CO2, followed by resuspension of trypsinized cells in 5 ml 

of growth medium. Cells were then centrifuged at 0.2-0.4 RPG for three to five minutes 

and then the trypLE™/medium was removed. COS1 cells were trypsinized in 3 ml of 

TrypLE™ per 75 cm2 flask at 37 °C, 5 % (v/v) CO2 and resuspended in 7 ml of growth 

medium. Cells were diluted 1/2 - 1/8 of original cell density in 10 ml of growth medium 

per 75 cm2 flask.  

2.9.14.4 Cryopreservation 

For long term storage, cells pelleted at 0.2-0.4 RPG for three to five minutes at RT were 

resuspended in growth medium supplemented with 5 % (v/v) DMSO per confluent 75 

cm2 flask. Cells were frozen at overnight at -80 °C before moving to liquid nitrogen for 

long term storage. To initiate new cultures of cells, cryopreserved U20S or COS1 cells, 

thawed at 37 °C for no longer than two minutes, were resuspended in 10 ml growth 

medium (without puromycin for U20S) and incubated at 37 °C, 5% (v/v) CO2 in 75 cm2 

flasks.  

2.9.15 Immunoprecipitation (IP) 

U2OS cells were grown to 100 % confluency in 6-well plates (9.6 cm2 per well) and then 

placed on ice and washed with 1 ml/well ice cold PBS. Cells were then lysed with 0.5 

ml/well lysis buffer (1x RIPA buffer supplemented with 1x cOmplete Protease inhibitor 

cocktail). In some experiments, cells were treated with a combination of 10 μM of 

forskolin/rolipram (F/R) for 30 minutes at 37 °C, 5 % (v/v) CO2, before placing on ice 

and then washing and lysing the cells in the same manner as previously mentioned. Lysed 

cells were collected in Eppendorfs and incubated with rotation for 30 minutes at 4 °C 

after which cell debris was removed by centrifugation for 10 minutes at 9,615 x g. 

Following this, 20 µl of cell lysate (input) were collected and heated in 20 µl of 2x sample 

buffer (Table 2.6.2) for five minutes at 95 °C. Cell lysates were analysed by western 

blotting as described in section 2.9.5.3. 
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Unbound 5D3 Ab (1.35 or 2.6 µg), 5B1 (2.5 µg) or rabbit IgG (4 µg) antibodies, or 

unbound Affimer either alone (2.6 µg) or in combination in stimulated cells (5.2 µg) were 

added to cell lysate and incubated with rotation for 30 minutes at 4 °C. To the antibody 

and Affimer lysates, 40 μl of Protein G Agarose or α-His Tag Sepharose® beads were 

added, respectively, and incubated with rotation for one hour at 4 °C. Proceeding this, 

beads were collected and washed three to five times with 0.5 ml of 1x RIPA buffer by 

centrifugation (14,000 x g for 30 seconds at 4 °C). Beads were heated in 1x sample buffer 

(Table 2.6.2) for five minutes at 95 °C. Alternatively, Affimer and bead complexes were 

incubated overnight at 4 °C with rotation and collected, washed and heated as described 

above. The input and immunoprecipitated samples were analysed by western blotting 

where 15-20 µl of inputs and 15-30 µl of immunoprecipitates were loaded into wells as 

described in section 2.9.5.3. 

2.9.16 Preparation of Poly-D-Lysine Coated Coverslips 

A heated solution (~60 °C) of 1 % v/v of Helmanex™ III solution was prepared using 

deionised water and then added to a sonicating water bath. The 25 mm diameter No 1.5 

high precision glass coverslips (MIC3350 SLS) were then submerged for 10 minutes with 

constant sonication. Following this, the coverslips were washed by submerging 

sequentially 3 times in deionised water. The coverslips were then submerged in 100 % 

(v/v) ethanol followed by 100 % (v/v) acetone. To remove acetone, the coverslips were 

washed one last time in deionised water. The coverslips were then placed into a dish 

containing 0.5 mg/ml poly-d-lysine (PLD) (1 mg/ml stock prepared in sterile PBS) and 

incubated for at least one hour with gentle agitation. In a laminar flow hood, the coverslips 

were then rinsed in deionised water and placed individually onto dried lab tissue paper 

that had been soaked in 70 % (v/v) ethanol. The coverslips were then air dried under a 

UV unit to sterilise the coverslips for 1 hour. The PLD-coated coverslips were stored 

individually in 6-well plates (one coverslip/well) at 4 °C for up to three months. 

2.9.17 Transient COS1 Cell Transfection 

COS1 cells were seeded onto 100 mm (10 cm) Corning® tissue-culture treated culture 

dishes (Sigma-Aldrich) and grown to at least 80 % confluency. Alternatively, cells were 

seeded onto PDL-coated 25 mm diameter No 1.5 high precision glass coverslips and 

grown until at least 80 % confluency in 6-well plates. In the 100 mm culture dishes, cells 

were transfected with either lipofectamine 3000 or with X-tremeGENE 360 (XTG360) 

Transfection Reagent (Sigma-Aldrich) as per manufacturer’s protocols. For a 6-well 
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plate, 1.5 ml of serum-free DMEM containing 36 µl of Lipofectamine 3000 reagent was 

combined with 1.5 ml of serum-free DMEM containing 30 µl of reagent P3000 and 2 

µg/well of plasmid DNA. The DNA-liposomal complex was then formed by combining 

the two mixtures and incubating for 20 minutes at RT. This transfection mix was then 

added to the cells (0.5 ml/well) containing fresh DMEM and the cells were incubated for 

48 hours at 37 °C, 5 % (v/v) CO2. For a 100 mm dish, 1 ml of serum-free DMEM 

containing 21.7 µl of lipofectamine 3000 reagent was combined with 1 ml of serum-free 

DMEM containing 25 µl of P300 and 10 µg/dish of plasmid DNA. The DNA-liposomal 

complex was then formed by combining the two mixtures and incubating for 20 minutes 

at RT. This transfection mix was then added to the cells (2 ml/well) containing fresh 

DMEM and the cells were incubated for 48 hours at 37 °C, 5 % (v/v) CO2. 

Transfections using the XTG360 transfection reagent were done per manufacturer’s 

protocol in a 1:1 DNA to reagent ratio. 2 or 10 µg of DNA was added to serum-free 

DMEM (2 µg/200 ml or 10 µg/1ml). 4 or 10 µl of XTG360 reagent was then added 

directly into the medium containing 2 or 10 µg of DNA, respectively, and gently mixed. 

The transfection reagent: DNA complex was incubated for 15 min at RT and then added 

slowly in a dropwise manner to the cells. For co-transfections, 1 µg of 780A-mCherry 

(N) plasmid DNA was combined with 1 µg of EPAC1-FLAG, EPAC1-SUMOmutant-

FLAG, or POPDC-FLAG plasmid DNA and 4 µl of XTG360 reagent was added as 

described above. Cells were then incubated for 48 hours at 37 °C, 5 % (v/v) CO2 before 

proceeding with the Rap1 activation assay or cell fixation for microscopy.  To check the 

transfection efficiency wide-field imaging was carried out on FLoid™ Cell Imaging 

Station (Thermo Fisher Scientific 4471136). Normal white light and red or green 

fluorescence were used.   

For single transfections, 10 µg per 100 mm dish of either empty-mCherry, 780A-mCherry 

(C-terminus or N-terminus), or EPAC1-mCherry (N) DNA constructs (Table 2.8) were 

transfected. For co-transfections, 5 µg per dish of EPAC1-mCherry (N) was transfected 

with 5 µg of empty-mCherry or 780A-mCherry (C-terminus or N-terminus). 

Alternatively, co-transfections were done with 5 µg of EPAC1-FLAG per dish with 5 µg 

of either empty-mCherry or 780A-mCherry (C-terminus or N-terminus). 10 µg per 

100mm dish of empty-mCherry was transfected as a control. 
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2.9.18 Confocal Microscopy 

COS1 cells were seeded onto PDL-coated 25 mm diameter No 1.5 high precision glass 

coverslips and transiently transfected with empty-mCherry, EPAC1-mCherry (N) or 

780A-mCherry (N) DNA as described in section 2.9.13. Following 48 hours, transfected 

cells were fixed on coverslips with 1-2 ml/well of 4 % (v/v) formaldehyde (prepared in 

PBS) for 10 minutes at 37 °C. Coverslips were then quenched with 1-2 ml/well of filter 

sterilised (Whatman Puradisc 25 mm syringe filter 0.2 µm) 50 mM ammonium chloride 

(NH4Cl) (prepared in PBS) to remove free aldehydes for 10 minutes at RT. The nuclei 

were then stained with 1x working solution of Hoechst (prepared in PBS) for five minutes 

at RT (protected from light). Between each incubation, coverslips were washed three 

times with PBS. Coverslips (protected from light) were stored in PBS at 4 °C and were 

imaged in an Attofluor™ Cell Chamber (A17816 Thermo Fisher Scientific). Same day 

imaging was performed on a Leica TCS SP8 STED 3X confocal microscope with a Leica 

HC PL APO C52 63x water objective (Leica 15506361). Samples were excited using a 

Supercontinuum White laser at 580 nm for mCherry or a Leica SP8 405 nm laser for 

Hoechst and detected using a Leica HyD hybrid detector with detection window of 560-

650 nm or 415-490 nm, respectively.  

Alternatively, COS1 cells seeded onto PDL-coated 25 mm diameter No 1.5 high precision 

glass coverslips and were transiently transfected with EPAC1-mCherry (N), 780A-

mCherry (C or N), EPAC1-SUMOmutant-mCherry (EPAC1-mutant-mCherry), or 

POPDC-GFP DNA as described in section 2.9.17. After 48 hours, growth medium 

containing transfection reagents was replaced with fresh medium and coverslips were 

incubated for 30 minutes at 37 °C, 5 (v/v) % CO2. Cells were then treated with or without 

100 µM of 007 and incubated for 15 minutes at 37 °C, 5 (v/v) % CO2 before fixation as 

described previously. Fixed coverslips were stored (protected from light) in PBS at 4 °C. 

Imaging was performed as described above and samples were excited using a 

Supercontinuum White Laser at 438 and 580 nm for GFP and mCherry, respectively, and 

detected using a Leica HyD hybrid detector with detection windows of 500-550 nm or 

590-650 nm, respectively.  
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2.9.19 Immunofluorescent Confocal Microscopy 

Cells were seeded to at least 90 % confluency onto PDL-coated 25 mm diameter No 1.5H 

high precision glass coverslips and allowed to adhere overnight in growth medium (37 

°C, 5 % (v/v) CO2). Cells were then transiently co-transfected with 780A-mCherry (N) 

DNA and EPAC1-FLAG, EPAC1-SUMOmutant-FLAG or POPDC-FLAG DNA as 

described in section 2.9.17. After 48 hours, growth medium containing transfection 

reagents was replaced with fresh medium and coverslips were incubated for 30 minutes 

at 37 °C, 5 (v/v) % CO2. Cells were then treated with or without 100 µM of 007 and 

incubated for 15 minutes at 37 °C, 5 (v/v) % CO2 before fixation with 2 ml/well of 4 % 

(v/v) paraformaldehyde (prepared in PBS) for 15 minutes at RT. Cells were then 

quenched to remove free aldehydes with 2 ml/well of filter sterilised (Whatman Puradisc 

25 mm syringe filter 0.2 µm) 50 mM NH4Cl (prepared in PBS) for 10 minutes at RT. 

Cells were then permeabilised with 2 ml/well of 0.1 % (v/v) Triton-x 100 in PBS for 10 

minutes at RT. Cells were then blocked for one hour at RT in blocking buffer (1 % (w/v) 

BSA, 0.3 % (v/v) Triton-X 100 in PBS, filtered (Whatman Puradisc 25 mm syringe filter 

0.2 µm)). Primary and secondary antibodies (α-FLAG and goat α-mouse IgG H + L 

(Alexa Fluor 488)) were prepared in blocking buffer and cells were incubated for one 

hour at RT (dilutions indicated in Tables 2.5.1-2.5.2). Between incubations, coverslips 

were washed three times for five minutes in PBS with shaking.  

Coverslips were mounted onto Fisherbrand™ microscopic glass slides (12383118; 

Thermo Fisher Scientific) using Prolong™ Glass Antifade Mountant, sealed with 

Biotium covergrip coverslip sealant and stored at 4 °C. Samples were analysed using a 

Leica HC PL APO C52 63x water objective on a Leica TCS SP8 STED 3X confocal 

microscope. Samples were excited using a Supercontinuum White Light Laser at 488 and 

580 nm for Alexa Fluor 488 and mCherry, respectively, using a Leica HyD1 hybrid 

detector with detection windows of 500-550 nm for Alexa Fluor 488 and 590-650 nm for 

mCherry. 

2.9.20  Rap1 Activation Assay 

Following 48 hours of single or co-transfection of COS1 cells in 100 mm dishes, as 

described in section 2.9.13, cell culture media was removed and replaced with fresh 

medium and cells were left to incubate for at least 30 minutes at 37 °C, 5 % (v/v) CO2. 

Cells were then treated with or without 100 µM of 007 for 15 minutes 37 °C, 5 % (v/v) 

CO2. Following stimulation, cells were immediately placed on ice and media removed 
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before washing the cells once with ice-cold 1x PBS. Cells were then lysed with 0.5 

ml/dish of lysis buffer (55 mM Tris-HCl, pH 7.4, 132 mM NaCl, 22 mM NaF, 11 mM 

sodium pyrophosphate, 10 mM MgCl2, 1x Triton-X and 1 mM PMSF (added on the day)). 

Cells were scraped in lysis buffer using a cell scraper and transferred to an Eppendorf 

tube and vortexed briefly before incubating on ice for a minimum of five minutes. Cell 

lysates were then centrifuged for 15 minutes at 16,000 x g at 4 °C and supernatant was 

transferred to a new Eppendorf. As input controls, 25 µl of cell lysate was collected and 

heated for five minutes at 95 °C in 2x sample buffer (Table 2.7.2).  

Glutathione Sepharose 4B beads were equilibrated in lysis buffer (without 1 mM PMSF) 

per manufacturer’s protocol. 100 µl of equilibrated beads were then added to a new 

Eppendorf and 40 µg of GST-RalGDS protein was added directly to the beads. Up to 700 

µl of cell lysate was then immediately transferred to the beads containing GST-RalGDS 

and vortexed and incubated for one hour at 4 °C with rotation. Beads were then 

centrifuged for five minutes at 500 x g at 4 °C and supernatant was discarded. Beads were 

then washed with 0.4 ml of lysis buffer (without 1 mM PMSF) and the Eppendorf was 

inverted three times before centrifuging for five minutes at 500 x g. Supernatant was 

removed and the wash was repeated three times. After the final wash, 2x sample buffer 

was added to the beads and samples were heated for five minutes at 95 °C. Samples were 

stored at -20 °C and analysed by western blot where 25 µl of sample was loaded per well.  

2.9.21 Data Analysis 

Calculations were performed using Microsoft Excel 2016 for Windows (Microsoft 

Software) and graphs were made using GraphPad Prism version 5.2 or 8.4.2 for Windows 

(GraphPad Software LLC, USA). Values are represented as mean ± standard error of the 

mean (SEM) or mean ± standard deviation (SD) in Chapter 4. The density of protein 

bands from western blots were quantified using ImageJ/Fiji version 1.53c (National 

Institute of Health, USA; Available from: http://imagej.nih.gov.j).  

To identify the two short regions of amino acids of 780A for peptide array synthesis, the 

full sequence of 780A amino acids was aligned against the sequences of two other 

Affimers (380A and 414A) using the CLC Sequence Viewer 8 (CLS bio (QIAGEN), 

Denmark). For EPAC1 peptide array analysis, peptides of interest from the array were 

also aligned using CLC Sequence Viewer 8. Consensus sequences of 780A and 5D3 

antibody binding to the EPAC1 peptide array were determined by percentage of 

conservation.  
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2.9.22 Confocal Image Analysis 

Confocal images were acquired using the Leica Application Suit X software and saved in 

the LIF format and analysed using ImageJ/Fiji. Z-stacks were taken with a zoom factor 

of 1.3 (2048 x 2048 nm). Deconvolution was performed using Huygens Professional 

software using default settings apart from 0.01 % quality change threshold and images 

were saved in the ICS image format and analysed using ImajeJ/Fiji. Scale bars were added 

to microscopy images using the ImageJ Microscopy Scale plugin (available for 

download: https://imagej.nih.gov/ij/plugins/microscope-scale.html). Using ImageJ/Fiji, 

Z-stacks were analysed using the Stacks Z-project maximum intensity projection method. 

Brightness and contrast adjustments post-acquisition were performed using ImageJ/Fiji.     

2.9.23 Statistical Analysis 

To compare two sets of means with a minimum of three experimental repeats, p-values 

were obtained from unpaired t-tests using GraphPad Prism version 5.2/9.0.0 for 

Windows. Analysis of variance (ANOVA) was used for data sets with three or more sets 

of means, with a minimum of three experimental repeats. P-values were from One-Way 

ANOVA with Dunnett’s multiple comparison test using GraphPad Prism versions 

5.2/9.0.0. 

2.9.24 Conclusion 

The methods described in this chapter were used to carry out the experiments and analyses 

described in the following chapters. More detailed information about materials and 

methods relevant to each chapter are provided when appropriate.  
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Chapter 3- Optimisation of EPAC1ΔDEP Protein Purification 

3.1 Introduction 

The principle objective of this project was to generate human EPAC1-selective non-

antibody high affinity reagents known as Affimers. The first step in this process was to 

generate a source of biotinylated, recombinant human EPAC1 to use in phage display 

screens, to be carried out using an automated protocol at our industrial partner, Avacta 

Life Sciences Limited (Avacta). Full length, recombinant EPAC1 protein is known to be 

difficult to express and purify from bacteria, in contrast to the full length EPAC2 isoform, 

and previous studies have shown that it can only be successfully expressed and purified 

as a GST-fusion protein, with the N-terminal DEP domain removed, as this allows for 

EPAC1 to be soluble, while retaining its cAMP binding properties [211]. It was therefore 

decided that, for the Affimer screening, a relatively pure (⁓90%) sample of recombinant 

EPAC1ΔDEP, GST-tag free, with a protein yield of around 1 mg/ml was required. To 

achieve this, an existing purification protocol, previously developed in the laboratory of 

Professor Holger Rehmann (UMC Utrecht, Netherlands) [145], was modified to our 

specific requirements. This involved adapting the following purification steps: 

1. Optimisation of bacterial growth conditions and induction of expression of GST- 

EPAC1ΔDEP. 

2. Optimisation of the batch purification of human EPAC1ΔDEP. 

3. Optimisation of GST-tag removal by thrombin protease cleavage. 

4. Identification of co-purifying contaminating proteins.  

5. Removal of co-purifying proteins from cleaved EPAC1ΔDEP. 

Having achieved the required levels of purity and final yield of human EPAC1ΔDEP 

protein, this was then sent to Avacta for subsequent biotinylation and automated phage-

display, as described in the following Chapter. There arose a few limiting factors during 

the adaptation of the purification protocol for EPAC1ΔDEP. First, there was a 

concentration-limiting factor as it was difficult to obtain enough protein yield. Second, 

and perhaps more importantly, co-purifying protein contaminants below 25 kDa in size 

were present in each purification. The steps taken to overcome these limitations are 

described in this Chapter. 
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3.2 Materials and Methods 

3.2.1 Buffers 

Table 3.1: Buffers originally developed for the purification of recombinant EPAC proteins [145] . 

 

3.2.2 Methods 

3.2.2.1 Bacterial Expression of GST-EPAC1ΔDEP Fusion Protein 

Colonies from stock plates of transformed (section 2.9.1 for full protocol) BL21 Star 

(DE3) One Shot Competent E. coli cells (Thermo Fisher Scientific) expressing 

pGEX4T2-GST-EPAC1ΔDEP plasmid (Table 2.8) were used to inoculate LB-Broth 

supplemented with 100 µg/ml ampicillin and then grown overnight at 37 °C with shaking 

(200 RPM). These pre-cultures were then diluted 1:20 or 1:76 (for large scale 

purification) in LB-Broth supplemented with 100 µg/ml of ampicillin and incubated for 

2 to 5 hours at 37 °C (200 RPM), until an OD600 of  ≥ 0.8 was reached. For a small-scale 

protein purification, a total volume of 2 L bacterial culture was used. The volume used 

for large-scale protein purification was between 4-8 L of bacterial culture. To induce the 

expression of human EPAC1ΔDEP protein in bacteria, fresh IPTG was added to a final 

concentration of 100 µm and then cultures were then grown overnight at 19 °C (200 

RPM). Bacterial pellets were then collected by centrifugation for 20 minutes at 2,837 x g  

at 4 °C and the supernatant discarded. Bacterial pellets were washed with 0.9 % (w/v) 

Reagent Buffer 

A 

Buffer 

B 

Buffer C Buffer 

D 

Buffer 

E 

Cleavage 

Buffer 

Tris-HCl, pH 

7.5 

50 mM 50 mM 50 mM 50 mM 50 mM - 

Tris-HCl, pH 

7.0 

- - - - - 50 mM 

NaCl 50 mM 400 mM - 50 mM 100 mM 150 mM 

KCl - - 100 mM - - - 

MgCl2 - - 10 mM - - - 

CaCl2 - - - 10 mM - - 

EDTA 5 mM - - - - - 

DTT 5 mM 5 mM 5 mM 5 mM 5 mM - 

Glycerol 5 % 

(v/v) 

5 % 

(v/v) 

5 % (v/v) 5 % 

(v/v) 

2.5 % 

(v/v) 

5 % (v/v) 

ATP - - 250 µM - - - 
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NaCl solution followed by a 10 minute centrifugation at 2,837 x g at 4°C. The resulting 

cell pellets were frozen at -20 °C until needed. Samples before and after IPTG induction 

were collected for SDS-PAGE and PageBlue stain analysis, as described in the Materials 

and Methods Chapter 2 section 2.9.5. Prior to purification of GST-EPAC1ΔDEP protein 

from the bacteria, the cell pellets were thawed and manually resuspended by a pipette gun 

in 25 ml of lysis buffer, consisting of Buffer A (Table 3.1) supplemented with 0.5 mg/ml 

lysozyme, 0.1% (v/v) Triton-X 100 and cOmplete Protease inhibitor cocktail (1 tablet/50 

ml). Resuspended bacterial pellets were then incubated at room temperature for 15 

minutes followed by cell lysis by sonication on ice for 3 minutes at 100 % amplitude (15 

secs on, 15 secs off). Lysed cells were centrifuged for 1 hour at 30,000 x g at 4 °C to 

remove insoluble bacterial debris. The resulting supernatant, containing the soluble 

fraction (SF) of GST-EPAC1ΔDEP, was collected and analysed by SDS-PAGE and 

PageBlue staining. 

3.2.2.2 Purification of GST-EPAC1ΔDEP using Batch Absorption to Glutathione 

Sepharose  

Pilot-scale purification of GST-tagged EPAC1ΔDEP proteins (GST-EPAC1ΔDEP) from 

the SF of IPTG-induced bacterial pellets, was initially done using glutathione Sepharose. 

For this, 20 µl of Glutathione Sepharose 4B beads were added to 1 ml of SF, containing 

GST-EPAC1ΔDEP protein obtained as described in section 3.2.2.1, and left to incubate 

on a roller for 20 minutes at room temperature (RT). GST-EPAC1ΔDEP proteins were 

then purified by pull-down with beads, which were pelleted by centrifugation for 1 min 

at 14,000 x g and then washed three times by centrifugation with 50 mM Tris-HCl pH 

7.8, 300 mM NaCl, 1 mM EDTA, 1 mM TCEP buffer before a final centrifugation. After 

the third wash, the supernatant was removed and the beads (SF+) were resuspended in 50 

µl of 2x sample buffer (Table 2.7.2). As a control, 50 µl of SF without beads (SF-) was 

also prepared in 50 µl of 2x sample buffer. Samples were heated for five minutes at 95 

°C and analysed by SDS-PAGE and PageBlue staining.  

3.2.2.3 Growth of Pre-induction Bacterial Cultures 

Colonies from a stock plate of transformed (see section 2.9.1 for full protocol) BL21 Star 

(DE3) One Shot Competent E. coli  cells (Thermo Fisher Scientific) expressing pGEX4T-

GST-EPAC1ΔDEP were used to inoculate LB-broth supplemented with 100 µg/ml of 

ampicillin and left to grow overnight at 37 °C with shaking (200 RPM). This pre-culture 

was then diluted 1:39 in LB-broth supplemented with 100 µg/ml of ampicillin with or 
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without 0.2 % (v/v) of glycerol as an extra nutrient source and then incubated for 6 hours 

at 37 °C at 200 RPM. At each hour, starting at time zero, 5 ml of culture was taken and 

the OD600 was measured (Biochrom WPA S1200+ Visible Spectrophometer). For SDS-

PAGE and PageBlue staining analysis, 1 ml of collected bacterial cultures were pelleted 

by centrifugation for 10 minutes at full speed. The supernatant was then removed and 200 

µl of deionised water was added to each pellet, after which samples were sonicated on ice 

for 15 seconds at 35 % amplitude. 200 µl of 2x sample buffer (Table 2.8.2) was then 

added and samples were heated for five minutes at 95 °C for SDS-PAGE analysis in order 

to visualise the level of bacterial growth at each time point using PageBlue staining.  

3.2.2.4 Optimisation of Thrombin Protease Cleavage of GST-EPAC1ΔDEP 

To remove the GST-tag from GST-EPAC1ΔDEP, the SF containing GST-EPAC1ΔDEP, 

obtained as previously described in section 3.2.2.1, was incubated with thrombin protease 

(1 unit/µl). For optimisation, different incubation times (4, 20 and 24 hours) and two 

different temperatures (4 °C and RT) were compared. Following this,  1 ml of SF was 

centrifuged for 10 minutes at 14,000 x g, to remove any cell debris. For each time and 

temperature variable, 20 µl of Glutathione Sepharose 4B beads were added to the cleared 

SF and left to incubate on a roller for 20 minutes at RT. Subsequently, the beads were 

pelleted and washed twice (13,000 x g for one minute at 4°C) with 50 mM Tris-HCl pH 

7.8, 300 mM NaCl, 1 mM EDTA, 1 mM TCEP buffer. Following this, the supernatant 

was removed and 1 µl of thrombin prepared in PBS buffer, was added to the beads and 

incubated at the test temperatures and time points. Following this beads and supernatants 

were then separated by centrifugation, heated in sample buffer for five minutes at 95 °C 

and analysed SDS-PAGE and PageBlue stain analysis. 

3.2.2.5 Batch Absorption, Affinity Purification and GST Cleavage of EPAC1ΔDEP 

For pilot-scale purifications of EPAC1ΔDEP protein, a SF was obtained from IPTG-

induced bacterial transformed with pGEX4T2-EPAC1ΔDEP, as described in Methods 

and Materials section 3.2.2.1. An affinity purification protocol was then applied, which 

was based on the original protocol reported by the Rehmann laboratory [145]. For this, 

Glutathione Sepharose 4B beads were added to the SF (0.5ml/50ml SF) and incubated for 

30 minutes at RT. Following this, the beads were then collected by centrifugation, for 

five minutes at 500 x g, and the supernatant was discarded. The beads were then 

resuspended in five ml of Buffer A (Table 3.1) and transferred to a 10 ml polypropylene 

column to drain. The packed bead bed in the column was then washed four times with 0.5 



65 

 

ml of Buffer B (Table 3.1) to remove any non-specific proteins, and then 10 ml of Buffer 

C (Table 3.1) was slowly added to remove any bound chaperone proteins, in particular a 

70 kDa heat shock protein (Hsp70/DnaK), which has previously be shown to bind to 

EPAC1ΔDEP [145]. Following this, 0.75 ml of Buffer D (Table 3.1) was added to 

equilibrate the beads for thrombin cleavage overnight at 4 °C in 0.75 ml of fresh Buffer 

D. Following equilibration, Buffer D was replaced with 1 ml of thrombin solution (50 µl 

of thrombin dissolved in 950 µl of Buffer D) and the beads were then left to incubate for 

four hours at 4 °C in the sealed column. Finally, eluted fractions of EPAC1ΔDEP were 

then collected by gravity flow and the bead bed was washed a further three times with 0.5 

ml of Buffer D and the flow through was collected and combined for further purification 

steps. In order to remove the residual thrombin, following GST cleavage, a new 

polypropylene column containing 100 µl of packed benzamidine Sepharose beads was 

equilibrated with 1 ml of Buffer D. The column was then loaded with the combined 

purified eluted fractions of EPAC1ΔDEP protein and the fractions were collected 

following gravity flow. The column was then washed with a further 0.5 ml of Buffer D, 

which was collected and pooled with the previously collected eluted fractions of cleaved 

EPAC1ΔDEP. 

Alternatively, for protein purification of EPAC1ΔDEP protein from the SF of bacteria 

transformed with pGEX6P2-EPAC1ΔDEP, PreScission protease was used instead of 

thrombin to remove the GST-tag from GST-EPAC1ΔDEP. In this case, 80 units of 

PreScission protease solution was prepared in Buffer D. Following the wash of packed 

bead bed with Buffer C, as described above, the beads were washed 10 times with 0.75 

ml of cleavage buffer (Table 3.1).  Following this, 1 ml of the PreScission solution was 

then added to the column, which was then sealed and incubated overnight at 4 °C. 

Following this, the eluate was collected and pooled with three further 0.5 ml washes of 

the beads with cleavage buffer. In all cases, the concentration of purified EPAC1ΔDEP 

was determined using Nanodrop A280 and samples of eluate were collected for analysis 

by SDS-PAGE and Western blot.   

3.2.2.6 Gel Filtration Chromatography (GFC) 

For further purification of cleaved EPAC1ΔDEP to remove any impurities, the 

concentrated eluted protein collected from gravity flow was loaded onto a gel filtration 

column (Superose 12, 10/300 GL or Superdex 75, 10/300 GL, GE Healthcare) connected 

to an ÄKTA purifier (GE Healthcare). Before starting GFC with any of the columns, the 
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20 % (v/v) ethanol column storage buffer was washed out with one column volume of 

deionised water and one column volume of the sample buffer to equilibrate the column. 

All buffers were filtered through 0.2 µm Whatman membrane nylon filters and degassed. 

The pooled eluates of cleaved EPAC1ΔDEP from column chromatography, was 

concentrated using a Vivaspin 20 kDa MWCO spin column to obtain a sample volume of 

0.2 ml. This was then loaded onto a 0.5 ml sample loop connected to the Superose 12, 

10/300 column, pre-equilibrated with 1xPBS for GFC. Maximum pressure was set at 3 

MPa and the 1xPBS buffer was connected to pump A. A flow rate of 0.5 ml/min was set 

and runtime was roughly 148 minutes. The fractions of purified EPAC1ΔDEP protein 

obtained from the ÄKTA purification run were analysed by SDS-PAGE and western 

blotting. Fractions from GFC identified as containing EPAC1ΔDEP were subsequently 

pooled and loaded through a Superdex 75, 10/300 column, equilibrated with Buffer E 

(Table 3.1). In a third experiment, eluates obtained as described in section 1.2.2.5, with a 

concentration of ~0.1 mg/ml, were concentrated using an Amicon Ultra-15, 50 kDa 

MWCO centrifugal filter device to obtain a sample volume of ~0.25 ml. This was then 

loaded onto a Superdex 75, 10/300 column equilibrated in Buffer E (Table 3.1). Three 

sets of 12 fractions were collected (A1-12; B1-12; C1-12) following GFC and visualised 

by western blotting and Ponceau-S staining. 

To obtain a better separation and a better yield of protein, a Hiload 16/600 Superdex 200 

pg column was used for GFC. Purification was upscaled to 8 litres of IPTG-induced 

bacterial culture expressing pGEX4T2-EPAC1ΔDEP and eluate containing cleaved 

EPAC1ΔDEP was obtained, as described in Chapter 2 section 2.9.4. The eluate 

containing cleaved EPAC1ΔDEP and 1 mM Pefabloc was loaded onto the Superdex 200 

column equilibrated with GFC buffer (Table 2.7.1), using a 10 ml sample loop. Fractions 

containing EPAC1ΔDEP protein were pooled and collected for visualisation by SDS-

PAGE and PageBlue staining. Protein concentrations were measured by Nanodrop A280. 

All protein samples were frozen at -20 °C until needed. 
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3.3 Results 

3.3.1 Purification of  GST-EPAC1ΔDEP using batch absorption to glutathione 

Sepharose beads 

Initial attempts to purify EPAC1ΔDEP, concentrated on a batch purification method 

adapted from the original protocol devised by the Rehmann laboratory [145]. This 

involved transformation of BL21 (DE3) bacteria with pGEX4T2- EPAC1ΔDEP, which 

was previously generated by the Bos laboratory [211]. Transformed bacteria were initially 

subjected to a slow overnight induction with IPTG at 19 °C to induce protein expression 

from the plasmid and cell extracts were analysed by SDS-PAGE (Figure 3.1). In these 

gels, GST-tagged EPAC1ΔDEP (GST-EPAC1ΔDEP) can be observed as a single protein 

species with a molecular weight of ~100 kDa (Figure 3.1: arrow). It can be seen using 

PageBlue staining that EPAC1ΔDEP was successfully induced in bacteria by IPTG 

treatment (Figure 3.1: lane 3 (+IPTG)) in contrast to the bacterial culture control without 

IPTG (-IPTG), which has a thinner band at the expected protein size. GST-EPAC1ΔDEP 

was successfully purified from the soluble fraction (SF) by batch absorption and pulldown 

with Glutathione Sepharose 4B (GS4B) affinity resin and can be seen as a single ~100 

kDa band that was successfully separated from non-specific bacterial proteins present in 

the SF (Figure 3.1: lane 5 (SF+) versus lane 6 (SF-)). There was, however, a second and 

distinct protein species that co-purified with GST-EPAC1ΔDEP that was observed below 

the 46 kDa protein marker on gels (Figure 3.1: lane 5). Nevertheless, from this pilot-scale 

experiment, it can be seen that GST-EPAC1ΔDEP can be successfully expressed and 

purified from BL21(DE3) bacteria using batch purification with glutathione Sepharose 

beads.  
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Figure 3.1: Pilot-Scale Purification of EPAC1ΔDEP from E. coli using Glutathione Sepharose Beads. 

Overnight cultures of BL21 E. coli expressing pGEX4T2-EPAC1ΔDEP (149-881) plasmids were diluted 

1:20 and then left to grow for 2 hours after which the expression of GST-EPAC1ΔDEP was induced by the 

addition of 100 µM of IPTG overnight at 19 °C (+IPTG). Control cells were cultured in the absence of 

IPTG (-IPTG). A soluble fraction (SF) containing GST-EPAC1ΔDEP was prepared following cell lysis as 

described in Materials and Methods. 20 µl of Glutathione Sepharose 4B beads were then added to 1 ml of 

the SF containing GST-EPAC1ΔDEP and incubated for 20 minutes at room temperature. Beads were then 

collected and washed by centrifugation (SF+). Proteins in each sample were visualised by SDS-PAGE and 

PageBlue staining. GTS-tagged EPAC1ΔDEP is highlighted by an arrow. Lane M contains prestained 

protein standard markers. *Co-purifying protein. 
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3.3.2 Optimisation of Bacterial Growth Conditions 

In order to optimise purification of GST-EPAC1ΔDEP as described in Figure 3.1, efforts 

were made to improve bacterial growth conditions prior to induction of protein expression 

by IPTG. As expected, bacterial growth, as determined by an increase in OD600 and total 

protein extracted from bacteria for SDS-PAGE, was observed to increase after six hours 

of culture (Figure 3.2). In an attempt to increase bacterial growth, glycerol was added to 

the growth medium as an additional nutrient source. It was observed that the addition of 

0.2 % (v/v) of glycerol did not appear to increase bacterial growth, in terms of the amount 

of protein in bacterial extracts, following six hours cell growth (Figure 3.2A). Moreover, 

from the measurement of OD600, it can be observed that growth was at a lag phase until 

one hour but then reached the exponential growth phase from one hour on (Figure 3.2B). 

The growth began to plateau (i.e. reached the stationary phase) after 4 hours of growth 

when an optical density of ~2 had been reached (Figure 3.2B). It should be noted that 

while pre-inoculates are normally diluted 1:20 before induction, the 1:39 dilution done 

here did not hinder growth as the OD600 after 2 hours of growth in LB-broth, without the 

glycerol supplement, was the expected optical density of 0.8 despite this larger dilution. 

The addition of 0.2 % (w/v) of glycerol did not appear to have an obvious added benefit 

on bacterial growth at any time point according to OD600 measurements (Figure 3.2B). 

Therefore, a 4 hour incubation (OD600 ≈ 2) was determined to be a sufficient amount of 

time for growth before inducing the bacteria with IPTG and no added nutrient sources 

were required. 
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Figure 3.2: Effects of Time and Glycerol on the Growth of E. coli Expressing pGEX4T Vector. 

Bacterial cultures were supplemented with or without 0.2 % (v/v) glycerol as an extra source of  nutrients. 

Cultures were grown for up to six hours at 37 °C and sample of bacterial culture were collected each hour 

(± 0.2 % (v/v) glycerol) and prepared for either A) SDS-PAGE and PageBlue staining (Lane M contains 

prestained protein standard markers) or B) measurement of OD600. 
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3.3.3 Optimisation of GST-tag removal from GST-EPAC1ΔDEP by Thrombin  

Production of recombinant GST-EPAC1ΔDEP from pGEX4T2 vectors results in the 

insertion of an in-frame thrombin protease cleavage site between the GST and the 

EPAC1ΔDEP component of the protein chimera. This can be exploited to “cleave off” 

the GST from the fusion protein, resulting in the production of a pure EPAC1ΔDEP 

protein product. To determine the best conditions for optimal cleavage and removal of 

GST from purified GST-EPAC1ΔDEP, two different variables were tested: namely 

temperature and duration of thrombin protease incubation. Three different incubation 

times were tested (4, 20 and 24 hours) and two different temperatures (4 °C and room 

temperature (RT)) (Figure 3.3). First of all, it was initially noticed that some protein 

degradation in the SF of lysed bacteria, that had been stored for multiple days at 4 °C, 

occurred due to non-specific proteolysis. Accordingly, GST-EPAC1ΔDEP, which is 

normally seen as a thick protein band of ~100 kDa in size, was instead seen as an 

uncharacteristically faint band (Figure 3.3: white arrow) with an increased amount of 

lower molecular weight proteolytic fragments, observed predominantly at around 75, 46 

and 25 kDa (Figure 3.3).  

Nevertheless, following Glutathione Sepharose pull-down and thrombin incubation at 

both temperatures, it was observed that the GST-tag had been successfully removed from 

EPAC1ΔDEP proteins in the SF, as seen by the appearance of a new protein signal (Figure 

3.3: black arrow), which correlates with the ~82 kDa size of EPAC1ΔDEP without the 

GST-tag, and the disappearance of the protein signal at ~100 kDa. In addition, the 

appearance of released GST can be observed as a single protein species below 25 kDa 

(Figure 3.3: *). Comparing the two temperatures tested, it was observed that the samples 

incubated at 4 °C (Figure 3.3A) appeared to exhibit a slightly larger amount of proteolytic 

degradation, as seen by the larger number of protein fragments that were not present in 

the samples incubated at RT (Figure 3.3B). However, with an increase in incubation time 

at RT, there was a notable reduction in the EPAC1ΔDEP protein signal (Figure 3.3B). 

This contrasted with the EPAC1ΔDEP signal in the 4 °C samples, which was not observed 

to disappear with time (Figure 3.3A). Overall, the protein levels of EPAC1ΔDEP 

following thrombin cleavage at 4 °C (Figure 3.3A) did not appear to be affected by the 

incubation time in comparison with samples incubated at RT (Figure 3.3B). It was 

therefore decided that a four hour incubation at 4 °C were the most suitable conditions 

for thrombin cleavage of GST-EPAC1ΔDEP.  
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Figure 3.3: Optimisation of Time and Temperature for Thrombin Cleavage of GST-EPAC1ΔDEP. 

Soluble fractions (SF) were collected from the supernatants of lysed bacterial cells expressing GST-

EPAC1ΔDEP. 1 ml samples were then incubated at RT for 20 minutes with 20 µl of Glutathione Sepharose 

4B beads, which were then recovered and washed by centrifugation. 1 µl of thrombin protease was then 

added to the bead samples and further incubated for 4, 20 and 24 hours at either A) 4 °C or B) room 

temperature. Samples of beads (B) and supernatant (S) containing cleaved EPAC1ΔDEP were collected at 

each time point and prepared separately for SDS-PAGE. Levels of cleaved EPAC1ΔDEP, GST-

EPAC1ΔDEP  were assessed by SDS-PAGE and PageBlue staining and indicated here with white and black 

arrows, respectively. Lane M contains prestained protein standard markers.*GST.  
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3.3.4 Affinity Purification of GST-EPAC1ΔDEP by Batch Absorption to Glutathione 

Sepharose 

Using the buffers in Table 3.1, originally developed by the Rehmann laboratory for 

purification of recombinant EPAC protein from bacteria [145], recombinant 

EPAC1ΔDEP was successfully purified from bacteria by batch absorption/gravity flow 

chromatography (Figure 3.4). As described in Materials and Methods section 3.2.2.5, and 

through thrombin cleavage, using the optimised conditions described in section 3.3.3, 

EPAC1ΔDEP protein without the GST-tag could be observed as a band of ~75 kDa in 

size in the bead eluates, in contrast to a band of ~100 kDa in the SF corresponding to non-

cleaved GST-EPAC1ΔDEP (Figure 3.4: black and white arrows, respectively). The 

protein concentration of purified EPAC1ΔDEP was determined to be in the region of 0.9 

mg/ml, however, this represented an impure sample due to the presence of low molecular 

weight protein fragments as seen in lane E of Figure 3.4. Therefore, to increase the purity 

of EPAC1ΔDEP protein, changes were made to the standard buffers in Table 3.1 (changes 

are described in Chapter 2 section 2.9.4). Despite this, while successfully continuing to 

purify EPAC1ΔDEP protein without the GST tag (Figure 3.9C and 3.9 B), co-purifying 

contaminants remained, as seen as a dimer below 25 kDa in Figure 3.8C (input). A further 

purification step was therefore required to remove this unidentified contaminant.  
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Figure 3.4: Pilot-Scale Batch Purification and Thrombin Protease Cleavage of GST-tagged 

EPAC1ΔDEP Protein. Samples of bacteria induced with or without IPTG (±IPTG) and soluble fraction 

(SF) samples were obtained as described in Materials and Methods section 3.2.2.5. Samples containing 

GST-EPAC1ΔDEP were incubated for 30 minutes with glutathione Sepharose beads (0.5 ml/50 ml SF), 

which were then recovered by centrifugation, resuspended in Buffer A (Table 3.1) and loaded onto a 

polypropylene chromatography column. Following a series of washes, the beads were incubated for 4 hours 

at 4 °C with thrombin solution (1 unit/µl of thrombin protease) and the eluted protein recovered in Buffer 

D (Table 3.1). Following thrombin cleavage, the eluate was treated with benzamidine Sepharose beads to 

remove thrombin and the final eluate (E) was then collected. Protein levels in samples were visualised by 

SDS-PAGE and PageBlue staining. EPAC1ΔDEP protein before and after thrombin protease cleavage is 

highlighted by white and black arrows, respectively. Lane M contains prestained protein standard markers. 

 

3.3.5 Identification of Protein Fragments Co-purifying with EPAC1ΔDEP  

In order to identify the 17/20 kDa protein fragments co-purifying with EPAC1ΔDEP, the 

bands clearly seen in Figure 3.8 were excised and subjected to liquid chromatography-

electrospray ionisation-tandem mass spectrometry (LC-ESI-MS/MS) on an Ultimate 

3000-HPLC system (Dionex) at the Moredun Research Institute. The results of the LC-

ESI-MS/MS analysis were data mined to identify not only the unknown fragment of 

~17/20 kDa but also the protein band of ~75 kDa, which we assumed corresponded to 

recombinant EPAC1ΔDEP. For reference, the results of the LC-ESI-MS/MS analysis 

were compared with the primary sequence of full-length EPAC1 protein 

(UniProtKB/Swiss-Prot Sequence ID: O95398.6) denoted with its individual structural 

domains (Figure 3.5). Four main criteria were used for protein identification by LC-ESI-

MS/MS: 1) the protein score, which is the sum of the scores of individual proteins (the 

higher the better), 2) the percentage coverage: calculated by the number of amino acids 

in all found peptides divided by the total number of amino acids in the entire peptide 
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sequence (the higher the better), 3) the number of peptides, which are the number of 

distinct peptide sequences in a protein group and 4) the sequence of amino acids 

composing a peptide.  

The amino acid sequences identified are highlighted in red in Figure 3.6, as are the relative 

frequency of the occurrence of individual peptides, which are indicated by black boxes. 

The ~75 kDa band (Figure 3.9B: lane 5), which we assumed corresponded to purified 

recombinant EPAC1ΔDEP, was rightly identified as containing Rap1 guanine nucleotide 

exchange factor 3 (RapGEF3) [Homo sapiens], also known as human EPAC1, as 

expected (Figure 3.7A). It scored highly (7320.25) with an excellent secondary 

fragmentation spectrum (not shown). It had a nearly 72 % coverage (100 peptides) but 

was missing the N-terminus. This is consistent with the fact that the protein product of 

the pGEX4T2-EPAC1ΔDEP would naturally lack the DEP domain, which is found in the 

N-terminus of the protein (Figure 3.5: purple highlighted amino acids). The unknown 

band of ~17/20 kDa (Figure 3.9B: lane 4) was also identified as being predominantly 

RapGEF3 [Homo sapiens] but in a degraded form: with a score of 2410.52 and a 48 % 

sequence coverage (44 peptides). According to the relative abundance of individual 

peptides, as seen by dark grey and black boxes in Figure 3.6B, this 17/20 kDa fragment 

is likely to contain much of the cAMP binding domain of EPAC1 (EPAC1-CNBD; Figure 

3.5: yellow highlighted amino acids). It was also determined, however, that there was a 

general degradation of EPAC1ΔDEP in purified samples, giving rise to multiple short 

forms as highlighted by amino acids in red further down the sequence in other domains 

of EPAC1 (Figure 3.6B).  
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MVLRRMHRPRSCSYQLLLEH20QRPSCIQGLRWTPLTNSEES40LDFSESLEQAST

ERVLRAGR60QLHRHLLATCPNLIRDRKYH80LRLYRQCCSGRELVDGILAL100GL

GVHSRSQVVGICQVLLDE120GALCHVKHDWAFQDRDAQFY140RFPGPEPEPVRT

HEMEEELA160EAVALLSQRGPDALLTVALR180KPPGQRTDEELDLIFEELLH200IK

AVAHLSNSVKRELAAVLL220FEPHSKAGTVLFSQGDKGTS240WYIIWKGSVNVV

THGKGLV260TTLHEGDDFGQLALVNDAPRA280ATIILREDNCHFLRVDKQDF300N

RIIKDVEAKTMRLEEHGKV320VLVLERASQGAGPSRPPTPG340RNRYTVMSGTPE

KILELLLE360AMGPDSSAHDPTETFLSDFL380LTHRVFMPSAQLCAALLHHF400HV

EPAGGSEQERSTYVCNKR420QQILRLVSQWVALYGSMLHT440DPVATSFLQKLS

DLVGRDTR460LSNLLREQWPERRRCHRLEN480GCGNASPQMKARNLPVWLPNQ

D502EPLPGSSCAIQVGDKVPY520DICRPDHSVLTLQLPVTASV540REVMAALAQE

DGWTKGQVLV560KVNSAGDAIGLQPDARGVAT580SLGLNERLFVVNPQEVHELI

PH602PDQLGPTVGSAEGLDLVS620AKDLAGQLTDHDWSLFNSIH640QVELIHYVL

GPQHLRDVTTA660NLERFMRRFNELQYWVATEL680CLCPVPGPRAQLLRKFIKL

A700AHLKEQKNLNSFFAVMFGLS720NSAISRLAHTWERLPHKVRK740LYSALERL

LDPSWNHRVYR760LALAKLSPPVIPFMPLLLKDM780TFIHEGNHTLVENLINFEK

M800RMMARAARMLHHCRSHNPVP820LSPLRSRVSHLHEDSQVARI840STCSEQS

LSTRSPASTWAYV860QQLKVIDNQRELSRLSRELEP881 

Figure 3.5: The Primary Sequence of Full Length EPAC1. The EPAC1 primary amino acid sequence is 

shown with the individual structural domains highlighted. Purple = dishevelled-EGL-plekstrin homology 

(DEP) domain; Yellow = Cyclic-nucleotide binding domain (CNBD); Blue = Ras exchange motif (REM) 

domain; Red = Ras association (RA) domain; Green = the catalytic CDC25 homology domain (CDC25-

HD).  
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Figure 3.6: Liquid Chromatography-Electrospray Ionisation Generated Tandem Mass Spectrometry 

(LC-ESI-MS/MS) of EPAC1ΔDEP. Equal volumes of purified recombinant EPAC1ΔDEP before and 

after GFC, as described in Chapter 2 section 2.9.4, were separated on a precast Protean TGX 4-15 % gel 

for SDS-PAGE, which was then stained with PageBlue (Figure 3.9B). The two stained gel lanes (4 and 5 

of Figure 3.9B) were excised and sliced horizontally into a series of 24 equal gel slices of 2.5 mm depth. 

Each slice underwent digests and were analysed by LC-ESI-MS/MS. The protein content from this analysis 

was then established using the “Protein Search” feature of ProteinScape™ V3.1 software while separate 

compilations of proteins contained in all 24 gel slices for each sample were produced using the “Protein 

Extractor” feature. A) The ~75 kDa band in lane 5 of Figure 3.10B was identified as containing Rap1 

guanine nucleotide exchange factor 3 (RapGEF3) (highlighted by red) but lacking the N-terminus region 

(i.e. corresponding to EPAC1ΔDEP). The relative frequency of occurrence of individual peptides in the 

sample are indicated by black boxes. B) The band in lane 4 (~17 kDa in Figure 3.10B) was found to contain 

fragments largely corresponding to the CNBD region of EPAC1 (highlighted in red) with black boxes 

indicating relative abundance of individual peptides in the test sample.  
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3.3.6 Application Gel Filtration Chromatography (GFC) to Further Purify 

EPAC1ΔDEP from Contaminating Fragments 

3.3.6.1 GFC using Superose 12 and Superdex 75 Columns 

Having identified the contaminating fragments in batch purified EPAC1ΔDEP as being 

proteolytic fragments, principally degraded CNBD, from the full-length protein, gel 

filtration chromatography protocols were applied to try to remove these low molecular 

weight forms. Initially, to do this, a protein eluate of EPAC1ΔDEP, with a concentration 

of 1.26 mg/ml following batch absorption and thrombin cleavage, was concentrated to a 

volume of 0.2 ml and then loaded onto a Superose 12, 10/300 GL column. The first three 

high-molecular weight sets of 12 fractions (D1-12; E1-12; F1-12) were then collected and 

were assumed to contain full-length EPAC1ΔDEP protein and one set of fractions (D1-

12) was selected for western blotting (Figure 3.7B). In these fractions, full-length 

EPAC1ΔDEP can clearly be seen as a single band of 75 kDa (Figure 3.7B: arrow). 

However, it was observed that the principle, low molecular weight contaminating 

fragments were still present in these fractions (Figure 3.7B:*) and, with increasing levels 

of purified EPAC1ΔDEP, there were increasing levels of contaminant.  
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Figure 3.7: Large Scale Batch Purification and Gel filtration Chromatography of EPAC1ΔDEP. A) 

Batch purification of bacteria expressing pGEX4T2-GST-EPAC1ΔDEP was scaled up to 4 litres of culture, 

which was then induced or not with 100 µM IPTG (± IPTG) after which a soluble fraction (SF) was prepared 

and incubated with Glutathione Sepharose 4B beads to purify GST-EPAC1ΔDEP, which was then treated 

with thrombin protease to generate a cleaved eluate (E) of EPAC1ΔDEP (arrow) and the contaminating 

protein (*) as described in Materials and Methods section 3.2.2.1. Protein levels were visualised by SDS-

PAGE and PageBlue staining. M: Prestained protein standard marker. B) To further purify EPAC1ΔDEP 

and to remove any impurities, concentrated EPAC1ΔDEP eluate (E) was loaded through a Superose 12, 

10/300 GL filtration column, attached to an ÄKTA purifier, equilibrated with 1x PBS. GFC fractions (D1-

12) were selected for visualisation by western blotting. Arrow is used to highlight EPAC1ΔDEP protein. 

*Co-purifying contaminant. 
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In a second attempt to remove the contaminant from EPAC1ΔDEP, only a Superdex 75, 

10/300 gel filtration column was used from the start, instead of the Superose 12, 10/300 

GL filtration column described above, to try to improve the resolution of protein 

separation. While Superose columns offer a broad fractionation range, Superdex columns 

are the first choice for high-resolution fractionations and are suitable for large-scale 

separations. For this separation, a protein eluate of EPAC1ΔDEP, with a concentration of 

0.17 mg/ml before concentrating, was loaded onto a Superdex 75, 10/300 column 

equilibrated in Buffer E (Table 3.1). Three sets of 12 fractions were collected (A1-12; 

B1-12; C1-12) following GFC and visualised using western blotting and Ponceau-S 

staining (Figure 3.8A-B).  From these results, it was determined that fractions A1-12 did 

not contain any protein (results not shown) while fractions B1-C12 contained 

EPAC1ΔDEP protein successfully separated from the co-purifying contaminant (Figure 

3.8). Fractions B6-B12 (Figure 3.8A: arrow) contained predominately EPAC1ΔDEP 

while fractions C2-C12 contained the contaminating fragments (Figure 3.8B: *). Protein 

fractions B6-C1 from GFC were therefore pooled, checked by SDS-PAGE and PageBlue 

staining (Figure 3.8C), and the concentration was measured to be roughly 0.8 mg/ml.  

3.3.6.2 GFC using Superdex 200 Columns 

From the experiments carried out in Section 1.3.6.1, it was clear the GFC with Superdex 

75, 10/300 GL filtration columns could successfully separate EPAC1ΔDEP from 

contaminating proteolytic fragments. To see if we could further improve this level of 

resolution, additional purification was done using  a Hiload 16/600 Superdex 200 pg 

column instead. Using this approach, two UV peaks of interest were observed, which 

were close together but distinctly separate, and were assumed to contain EPAC1ΔDEP 

and co-purifying contaminants, respectively (Figure 3.9A). The EPAC1ΔDEP containing 

fractions were therefore pooled and visualised by SDS-PAGE and PageBlue staining 

alongside samples taken at each stage of the optimised purification protocol (Chapter 2 

section 2.9.4) (Figure 3.9B). With a concentration of 0.280 mg/ml and a final protein 

yield of 1.55 mg, EPAC1ΔDEP (arrow) was successfully separated via GFC using the 

Superdex 200 column (Figure 3.9B: lane 5).  
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Figure 3.8: Gel Filtration Chromatography (GFC) of EPAC1ΔDEP.  Large scale batch purification of 

bacteria expressing pGEX4T-EPAC1ΔDEP (149-881) was scaled up to 4 litres of culture, which was then 

induced with IPTG. A soluble fraction was obtained by cell lysis and was treated with glutathione Sepharose 

beads and thrombin protease to generate an eluate, containing EPAC1ΔDEP and a 17/20 kDa co-purifying 

contaminating protein, as described in Materials and Methods section 3.2.2. To further purify EPAC1ΔDEP 

and to remove any impurities, concentrated EPAC1ΔDEP eluate was loaded onto a Superdex 75 pg 16/600 

gel filtration column equilibrated with Buffer E (Table 3.1) attached to an AKTA purifier and two sets of 

fractions: A) B1-12 and B) C1-12 were collected and visualised by western blotting and Ponceau-S staining. 

Eluate containing EPAC1ΔDEP and contaminant were used as input (I). C) GFC fractions only containing 

EPAC1ΔDEP were then pooled (E) and visualised by SDS-PAGE and PageBlue staining. Lane M contains 

prestained protein standard markers. Arrow is used to highlight Cleaved EPAC1ΔDEP; * Co-purifying 

contaminant. 
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Figure 3.9: Optimisation of Purification of EPAC1ΔDEP.  A) The fractions (ml) containing 

EPAC1ΔDEP only were separated from the co-purifying contaminant by gel filtration chromatography 

(GFC) using the HiLoad 16/600 Superdex 200 pg column in GFC buffer (Table 2.7.2) attached to an AKTA 

purifier. The y-scale (mAU) refers to the UV. B) A large-scale purification of bacteria expressing 

pGEX4T2-GST-EPAC1ΔDEP was scaled up to 8 litres of culture, which was induced with IPTG (lane 2) 

(Lane 1: pre-induction culture). A soluble fraction (lane 3) was obtained by cell lysis and was then treated 

with glutathione Sepharose beads and thrombin protease to generate an eluate, containing cleaved 

EPAC1ΔDEP and a 17/20 kDa co-purifying contaminating protein (lane 4), as described in Chapter 2 

section 2.9.4. Fractions containing  EPAC1ΔDEP protein eluate were separated from the 17/20 kDa co-

purifying contaminant by GFC (A) and were pooled (lane 5). Samples from each stage of protein 

purification were analysed by SDS-PAGE and PageBlue stain. Lane M contains prestained protein standard 

markers. Arrow is used to highlight cleaved EPAC1ΔDEP protein. * Co-purifying contaminant. 
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3.3.6.3 Comparison of EPAC1ΔDEP Production from pGEX4T2 versus pGEX6P2 

Vectors 

It was clear from experiments using GFC with a HiLoad 16/600 Superdex 200 pg column, 

that EPAC1ΔDEP protein could be successfully separated from the contaminating 

proteolytic fragments (Figure 3.9). However, the question remained as to whether or not 

the proteolytic fragments present in pre-GFC fractions were a result of non-specific 

proteolytic cleavage with thrombin, during the removal of the GST-tag from GST-

EPAC1ΔDEP. We therefore carried out two separate full-scale purifications of 

EPAC1ΔDEP using either the original bacterial expression vector, pGEX4T2, or the 

vector pGEX6P2, which belongs to the same series as pGEX4T2, but instead of 

introducing a protein restriction site for thrombin, between GST and EPAC1ΔDEP in the 

purified protein, a PreScission protease site is introduced into the chimeric protein. This 

is deemed to be more specific than the corresponding site for thrombin [212]. For this 

experiment, EPAC1ΔDEP protein was, therefore, purified from bacteria expressing either 

pGEX6P2-GST-EPAC1ΔDEP or pGEX4T2-GST-EPAC1ΔDEP, as seen in lane 5 of 

Figure 3.10A and 3.10B, respectively (band ~75 kDa). However, the co-purifying low 

molecular weight contaminants were observed to be present in both purification protocols 

(Figure 3.10: lane 4). Therefore, further purifications of  EPAC1ΔDEP was performed 

using bacterial expression from the pGEX4T2-GST-EPAC1ΔDEP plasmid, cleavage 

with thrombin protease and subsequent GFC using the Superdex 200 column (Figure 

3.10B).  
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Figure 3.10: Comparison of Two pGEX Expression Vectors for the Production of EPAC1ΔDEP: A) 

pGEX6P2-GST-EPAC1ΔDEP (149-881) and B) pGEX4T-GST-EPAC1ΔDEP (149-881). Bacterial 

cultures before (1) and after (2) protein induction with IPTG and cell lysis of bacterial cells was performed 

to obtain the soluble fraction (3) containing GST-EPAC1ΔDEP as described in Chapter 2 section 2.9.4. 

GST-tags were then removed by incubating with either PreScission (A) or thrombin (B) proteases overnight 

or 4 hours, respectively, at 4 °C, and the eluted fractions (4) were collected and pooled for GFC. Pooled 

fractions containing EPAC1ΔDEP protein eluate (5) were separated from the 17/20 kDa co-purifying 

contaminant (6) by GFC as described in Chapter 2 section 2.9.4.3. Samples were collected at each stage of 

protein purification and visualised by SDS-PAGE and PageBlue stain. Lane M contains prestained protein 

standard markers. * Cleaved EPAC1ΔDEP protein. 
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3.3.7 Quality Control and Biotinylation of EPAC1ΔDEP 

Using the optimisation strategies applied here, we were able to generate purified 

recombinant EPAC1ΔDEP, with the GST tag removed and the successful co-purifying 

contaminant separated (Figure 3.9B). Purified eluates were therefore sent to Avacta to 

begin the development of EPAC1-selective Affimers, which first required the 

biotinylation of the purified protein. For this, the purified EPAC1ΔDEP protein was 

transported to Avacta in GFC buffer (Chapter 2: Table 2.7.1) since amines in Tris-HCl 

affect biotinylation. For Avacta to proceed, the purity and concentration of EPAC1ΔDEP 

protein received had to be first verified. Nanodrop A280 measurements confirmed that 

the concentration of protein sample met their minimum requirements (no less than 10 % 

of stated value) for biotinylation and SDS-PAGE also confirmed that the protein was 

sufficiently pure enough (minimum 90 %) for them proceed with biotinylation (Figure 

3.11: lane A). EPAC1ΔDEP was then biotinylated using an amine-reactive biotinylation 

reagent as described in Chapter 2 section 2.9.7.1. SDS-PAGE and western blotting were 

done to confirm that EPAC1ΔDEP was successfully biotinylated as seen by the protein 

bands between the 62 and 98 kDa protein markers (Figure 3.11: lanes B and C).  

 

                            

Figure 3.11: EPAC1ΔDEP Quality Control and Biotinylation. Purified recombinant EPAC1ΔDEP 

protein with GST-tag cleaved off was sent to Avacta to begin the development of EPAC1-selective 

Affimers. The protein samples underwent two quality control steps: the protein concentration was verified 

to be a minimum of 1 mg/ml and SDS-PAGE confirmed that the sample of EPAC1ΔDEP (A) was pure 

enough (at least 90 %). The protein was then biotinylated as described in Chapter 2 section 2.9.7.1. The 

successful biotinylation of EPAC1ΔDEP to begin phage display was confirmed by SDS-PAGE (B) and 

western blotting (C). M: SeeBlue Plus2 Marker. Figure adapted from results provided by Avacta.  

 M   A                  M   B                  M   C 

Biotinylated 
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3.4 Discussion 

The aim of this chapter was to describe the different areas optimised for the purification 

of recombinant human EPAC1ΔDEP protein from bacteria in order to obtain protein that 

was at least 90 % pure and have a concentration that was no less than 10 % of stated value 

required by Avacta for biotinylation and subsequent phage-display screening for EPAC1-

selective Affimers.  

3.4.1 Confirmation of purification GST-EPAC1ΔDEP by batch absorption to 

Glutathione Sepharose 

Glutathione S-Transferase (GST) is a 26 kDa protein that has been integrated and fused 

at the N-terminus of the recombinant EPAC1ΔDEP protein by subcloning residues 149-

881 of full-length EPAC1 into the multi-cloning site of the bacterial expression vector 

pGEX4T2. Similar to other affinity peptide tags, such as the polyhistidine (his), human 

influenza haemagglutinin (HA), and the FLAG epitope, the GST-tag is used as an aid in 

the expression and purification of a protein [213]. However, GST is specifically for  the 

pGEX E. coli expression vectors as they encode for N-terminal GST molecules and 

adjacent protease cleavage sites [213]. Glutathione Sepharose beads were therefore used 

to affinity purify EPAC1ΔDEP protein (Figure 3.1), which is an important capture step 

for the purification of EPAC1ΔDEP protein. However, alongside our protein of interest, 

other co-purifying proteins of lower molecular weight were also co-purified (Figure 3.1). 

The binding kinetics between GST and glutathione are relative slow [214] and 

consequently it was determined that a 20 minute incubation of lysed IPTG-induced 

bacterial extracts with the beads at RT was not enough time nor at the optimal 

temperature. Therefore, in the optimised protocol (Chapter 2 section 2.9.4), as 

summarised in Figure 3.12, the SF from bacteria is incubated with Glutathione Sepharose 

beads overnight at 4 °C to improve binding.  
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Figure 3.12: A Schematic Diagram of the Optimised EPAC1ΔDEP Induction and Purification with 

Overall Percentage Yields. 
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3.4.2 Bacterial growth for 4 hours is sufficient for protein induction 

In the protocol originally devised by the Rehmann group for the purification of 

EPAC1ΔDEP, the bacterial pre-inoculates, once diluted 1:20, were left to grow for two 

hours to reach an OD600 of ~0.8 before inducing protein expression in the bacteria with 

IPTG [145]. IPTG is the most commonly used inducer of Gram-negative bacteria, such 

as E. coli, which have a lac-type promoter system and hence a lactose operon [215]. 

Optical density (OD) is normally used to measure the wavelength of a liquid bacterial 

sample at 600 nm to estimate the concentration of bacterial cells present in the sample. 

This value can indicate the cultured cell population growth stage of which there are three 

main phases: a lag, an exponential and a stationary phase [216]. For highly expressed 

proteins, reaching an OD600 of 0.8 after two hours of incubation, prior to IPTG-induction 

would normally be enough for cells to reach exponential growth, but we found that this 

might not be the case and hypothesised that a longer incubation before induction would 

be necessary to obtain enough bacterial cells to produce sufficient amounts of 

recombinant EPAC1ΔDEP protein. From the OD600 results obtained here, it was 

concluded that a pre-induction incubation of four hours (OD600≈ 2) was sufficient for the 

bacteria to reach exponential growth before reaching the stationary phase (Figure 3.2B). 

Furthermore, the addition of 0.2 % (v/v) of glycerol to the growth medium (LB-broth), 

for added nutrient supplementation, while appearing to have an effect on cell growth as 

seen by increased protein yield in SDS-PAGE (Figure 3.2A), did not positively influence 

bacterial growth according to the OD600 measurements (Figure 3.2B). This is perhaps not 

surprising as gluconeogenic carbon sources, such as glycerol, are more commonly added 

to BL21 E. coli grown in minimal media as LB-broth is already nutrient rich [217].  

3.4.3 Optimisation of batch-absorption affinity chromatography and thrombin 

cleavage of EPAC1ΔDEP 

3.4.3.1 Batch-absorption affinity chromatography 

The soluble fraction (SF) is a crude extract derived from the lysis of E. coli cells 

expressing, in this case, the protein product of the pGEX4T2-GST-EPAC1ΔDEP vector, 

but will also contain contaminating bacterial biomolecules, including proteins and other 

cellular debris [218]. Therefore, in order to remove any contaminants and obtain the 

desired protein, a higher resolution purification technique is required. In the case of 

EPAC1ΔDEP, batch-absorption affinity chromatography is used. Here the SF is bound to 

Glutathione Sepharose 4B (GS4B) beads mediated by interactions between the GST-tag 
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in EPAC1ΔDEP and glutathione immobilised on the Sepharose beads. Non-specific 

bacterial contaminants can then be filtered out using a range of different buffers and the 

desired protein is finally eluted and collected.  

While the original purification protocol applied here successfully purified EPAC1ΔDEP 

(Figure 3.4), some changes were made to the original buffers (Table 3.1) used for affinity 

chromatography. This was done to see if this might aid in the removal of impurities still 

present following thrombin cleavage of the GST-EPAC1ΔDEP fusion protein, 

considering that the protein eluate (Figure 3.4) that was originally sent to Avacta was 

deemed too impure for biotinylation and, hence, failed the quality control specifications. 

First, the concentration of NaCl, which helps keep proteins soluble while mimicking 

physiological conditions, was increased in Buffers A and D to 150 mM, and to 1 M in 

Buffer B (Table 2.7.1). Second, DTT was removed from all buffers. As a reducing agent, 

DTT is often used to prevent disulphide bridges if cysteines are present on the outside of 

a protein, which is not the case in EPAC1ΔDEP. To reduce the risk of oxidation of free -

thiol (SH) groups on GST that can potentially cause aggregation of the tagged target 

protein, DTT can be included in binding and elution buffers, but this can lower the yield 

of GST-tagged proteins [214]. Consequently, DTT was removed from the buffers as while 

we were successfully purifying EPAC1ΔDEP protein, our yields were not optimal. 

Furthermore, for the purposes of biotinylation, Avacta requested that the protein sample 

sent to them be in PBS (Table 2.7.1: GFC buffer) and it is known that adding DTT to PBS 

can cause protein aggregation. Third, and finally, CaCl2 was removed from Buffer C 

(Table 3.1) as it would precipitate in PBS. Due to issues with yield, it was also decided 

that Benzamidine Sepharose would not be used to remove thrombin from cleavage 

reactions, as it was possible that we were also losing cleaved EPAC1ΔDEP that may have 

also stuck non-specifically to the Benzamidine Sepharose beads. Instead, 1 mM of 

Pefabloc (4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride; aka AEBSF) was 

added to block further thrombin action, following cleavage reactions. AEBSF  is an 

irreversible serine protease inhibitor with a molecular weight of ~240 Da, which can be 

easily removed by buffer exchange dialysis or size exclusion chromatography.  

3.4.4 The unknown contaminant following thrombin cleavage is EPAC1-CNBD 

To identify the protein fragment below 25 kDa (~17/20 kDa) that is always co-purified 

with EPAC1ΔDEP, protein mass spectrometry was used. Specifically, liquid 

chromatography-electrospray ionisation-tandem mass spectrometry (LC-ESI-MS/MS). 
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To summarise, samples of EPAC1ΔDEP eluate, before and after gel filtration 

chromatography, were resolved by 4-15 % isocratic SDS-PAGE and resolved proteins 

were visualised with PageBlue stain (Figure 3.9B: lanes 4 and 5). The gels were then 

transferred to the Moredun Research Institute for subsequent analysis. Briefly,  protein 

bands were enzymatically digested into smaller peptides using trypsin. High performance 

liquid chromatography (HPLC) was subsequently used to fractionate the peptides and the 

ESI was used as an atmospheric pressure ionisation interface between the liquid phase of 

LC and the gas phase of MS. Tandem mass spectrometry consists of two mass analyses 

coupled together. In the first spectrometer, the fragmented samples are ionised and 

separated by their mass-to-charge ratio. These are then split further into smaller fragments 

and put through a second mass spectrometer which also separates and detects the 

fragments by their charge-to-mass ratio. This final fragmentation step is important as 

smaller and more uniform fragments are easier to analyse and allows for the identification 

of proteins at high speed and accuracy.  

From the data mined MS/MS results, and according to the four main criteria for protein 

identification, it was confirmed that the ~75 kDa band of protein is EPAC1ΔDEP (Figure 

3.6A). It had a high protein score with a high % coverage, 100 peptides and the sequence 

(Figure 3.6A: red amino acids) correlates with the primary sequence of EPAC1 minus the 

N-terminus (Figure 3.5). More interestingly, the co-purifying fragment of ~17/20 kDa 

which had a high protein score but with a sequence coverage lower than the 75 kDa band. 

In addition, the distribution of these peptides from position 135 to C-terminus suggests 

degradation of parent recombinant protein rather than just a piece of it cut off (Figure 

3.6B). This protein, however, was concluded to predominantly contain EPAC1-CNBD 

(Figure 3.6B: black boxes) suggesting that the CNBD structure might be protease 

resistant and, perhaps, self-folding as an autonomous unit. This might explain why 

recombinant EPAC1-CNBD (amino acids 169-318) has been successfully purified from 

bacteria to be used in subsequent ligand binding and library screening protocols and 

structural NMR analysis [144], [219], [220].  

3.4.5 Gel filtration chromatography using Superdex 200 columns successfully 

removes the contaminant 

In order to remove the fragment of protein of ~17/20 kDa that has been identified to 

largely correspond to the CNBD of EPAC1ΔDEP, an additional GFC purification step 

was required, since Avacta requires proteins to be at least 90 % pure, in order to carry out 
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biotinylation, protein immobilisation and subsequent protein library screening. GFC is a 

type of size exclusion chromatography, whereby an aqueous solution is used to transport 

the protein sample through a column that has been prepacked with porous beads such as 

agarose [221]. As the sample goes through the beads, different proteins present will be 

separated out according to their size where larger proteins are eluted first, as they are too 

large to enter the beads and consequently flow more quickly through the column. 

Three different high performance GFC ÄKTA prepacked columns were compared here, 

depending on the experiment; Superose 12, 10/300; Superdex 75 pg, 10/300 and HiLoad 

16/600 Superdex 200 pg (GE Healthcare). The first two columns have bead dimensions 

of 10 x 300 mm with sample volumes of 4 – 50 µl or 25 – 500 µl, respectively. The third 

column (Superdex 200) has bead dimensions of 16 x 600 mm and a sample volume of 5 

ml or less. As a result, the Superdex 200 column, which is a longer length, has a flow rate 

of 1.6 ml/ml, while the smaller columns have a flow rate of 0.5 ml/min. The separation 

of two analytes of different molecular weights depends on bead pore size and pore size 

distribution [222]. More importantly, columns, such as the Superdex 200, with a larger 

pore diameter, can separate a wider range of molecular weights and an increase in column 

length, will also enhance resolution [222]. 

In the first successful attempt at GFC using the Superose 12 column, pre-inoculated 

bacterial cultures were diluted 1:76 due to poor bacterial growth, and the pre-induction 

incubation was increased to 5 hours to make up for this larger dilution. Neither of these 

changes appeared to have any adverse effect on bacterial induction, although the bacterial 

and SF samples were poorly resolved in this particular instance, such that most of the 

bands appeared more like a vertical smear in each lane rather than distinct bands (Figure 

3.7A). In addition, cleaved EPAC1ΔDEP (Figure 3.7A: arrow) appears to be closer to the 

100 kDa protein marker but can be assumed to be cleaved protein as it smaller in size 

than the GST-EPAC1ΔDEP protein band observed right next to the 100 kDa marker 

(Figure 3.7A). This is further confirmed by the fact that in the western blot (Figure 3.7B), 

where protein eluate had undergone GFC, EPAC1ΔDEP is at the expected size of ~75 

kDa (Figure 3.7B: arrow). However, in this GFC, the co-contaminant observed below 25 

kDa (Figure 3.7A: *) was still associated with the EPAC1ΔDEP protein (Figure 3.8B: *) 

and therefore the Superose 12 was not efficient in separating and removing the 

contaminant.  
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The Superdex 75 column, which can accept a larger loaded sample volume, successfully 

separated the co-purifying contaminant from EPAC1ΔDEP (Figure 3.8). It should be 

noted, however, that a very slight amount of the contaminant could still be observed in 

the fractions predominantly containing EPAC1ΔDEP (B6-C1) (Figure 3.8A: *). This may 

be due to GFC column limitations; for example, Superdex 75 may be too short to allow 

for complete separation of EPAC1ΔDEP from the contaminant. Therefore, as a larger 

column with increased porosity, HiLoad 16/600 Superdex 200 pg was used in all 

subsequent GFCs and effectively separated out the contaminating protein (Figure 3.9).  

Although not shown here, the UV data from the GFC using Superose 12 and Superdex 

75 columns, showed peaks connected by a broad base rather than two distinctly separated 

UV peaks as observed with the Superdex 200 column (Figure 3.9A). However, although 

the peaks were more distinctly separate after GFC with the larger column, the bases were 

still broad. This may have been due to sample viscosity as high viscosity will cause 

instability of the separation and an irregular flow pattern, resulting in very broad and 

skewed peaks. While the flow pattern using the Superdex 200 column was not skewed as 

EPAC1ΔDEP protein was always eluted at the same elution volume (Figure 3.9A: x-

axis), the separation could be further improved by concentrating the sample [223]. 

Although buffer composition will not normally have a direct influence on the resolution, 

in this case the increase in concentration of NaCl from 100 mM in Buffer E to 150 mM 

in PBS appeared to aid in the separation. Delays in peak elution or broad peaks, as seen 

here, can be caused by non-specific ionic interactions which can be suppressed by NaCl. 

Ultimately, considering that the contaminant is much smaller in size, it is odd that it does 

not separate out much later in the process but instead always straight after the 

EPAC1ΔDEP peak (Figure 3.9A). This suggests that the co-purifying contaminant sticks 

to EPAC1ΔDEP protein, perhaps through electrostatic interactions. 

3.4.6 The co-purifying contaminant is not dependent on the type of protease used for 

removal of the GST tag. 

Having identified the protein contaminant as being degraded CNBD-EPAC1, it was 

speculated whether it was being released from full-length EPAC1ΔDEP by thrombin 

protease during cleavage and release of GST from the GST- EPAC1ΔDEP fusion protein. 

To address this, EPAC1ΔDEP (149-881) was sub-cloned into another pGEX vector, 

pGEX6P2, which introduces a PreScission protease cleavage site into any expressed GST 

fusion protein. Not only is the cleavage with PreScission protease very specific, because 
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the protease has a GST tag, allowing it to bind to Glutathione Sepharose, it will not be 

eluted out and contaminate the cleaved target protein. In contrast, thrombin (and Factor 

Xa) will be eluted with the cleaved target, can generate less specific cleavage and 

sometimes the target protein can itself be fragmented [214]. However, we found that using 

this alternative expression vector did not increase the purity or yield of EPAC1ΔDEP 

protein as the co-purifying, low molecular weight contaminant was also present in eluates 

following purification (Figure 3.10A). While the concentration of protein purified protein 

appeared to be slightly higher when the pGEX6P2 vector was used in comparison with 

the pGEX4T2 vector, the difference in yield did not warrant changing the protocol to use 

PreScission-mediated GST removal. It is possible that proteolysis of EPAC1 occurs at 

the hinge region, at the C-terminal, by the competent bacteria, possibly explaining why 

the proteolytic fragments, including CNBD, are present regardless of expression vector 

and thrombin/PreScission cleavage. 

The pGEX vector family uses the tac promoter (Ptac) coupled with a laqIq repressor. Ptac 

is a synthetic fusion of trp and lac promoters and as a bacterial promoter, T7 RNA 

polymerase cannot bind to it. As a result, a gene of interest, such as EPAC1ΔDEP, which 

is downstream of the promoter, will be transcribed by the endogenous RNA polymerase 

of E. coli. BL21 (DE3) competent E. coli, on the other hand, is a T7 system meant to 

produce proteins from the pET expression vector which has the T7 promoter. T7 

polymerase is an RNA polymerase from the T7 bacteriophage and thus will infect most 

strains of E. coli, relying on the host to propagate. A major limiting factor in the 

purification of recombinant EPAC1ΔDEP has, therefore, been the use of an inappropriate 

expression host as we should have been using a non-T7 expression host such as BL21. 

This may very well have had a negative influence on not only the protein yield but on its 

purity as well. This could also explain why protein purified from the pGEX6P2 vector 

still had the co-purifying contaminant (Figure 3.10A). 

3.4.7 Further limiting factors 

Ultimately, we were able to obtain a pure sample of EPAC1ΔDEP protein using an 

optimised purification protocol (Figure 3.12) but it was difficult to reach yields such as 

the 5-8 mg of protein per litre of culture obtained in the original protocol [145]. By the 

end of the purification, following GFC, the overall percentage yield of cleaved 

EPAC1ΔDEP was 0.12 % of original yield in the SF which was already at a low 7.3 % 

(Figure 3.12). Furthermore, the decrease from 100 % overall protein yield following 
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IPTG-induction to 7.3 % in the soluble fraction (Figure 3.12), suggests that a larger 

percentage of protein induced was in an insoluble form, reducing yield. In addition, the 

instability of the protein as observed by the degradation of EPAC1ΔDEP identified by 

LC-ESI-MS/MS (Figure 3.6B), may have been a major limiting factor in obtaining a 

higher protein yield.  

Before changes were made to the buffers used to batch purify EPAC1ΔDEP, larger 

concentrations were obtained. For instance, 0.8-0.9 mg/ml versus 0.280 mg/ml. This stark 

contrast in concentration is likely down to the fact that the original buffers (Table 3.1) 

contain 5 mM of DTT. As an additive, DTT has a high absorbance in the 260- 280 mm 

range and will interfere with A280 absorbance. Consequently, the A280 measurements 

of protein in Buffer E (Table 3.1) are not accurate and may explain the larger amounts of 

protein apparently obtained using the original protocol. A colorimetric assay, such as the 

Bradford assay, would have been more appropriate in those instances to check 

concentration. 

Besides the inappropriate choice of expression host, protein yield may have been affected 

by the process of sonication during cell lysis as it was originally performed at full 

amplitude (100 %). This can create heat and foam and, consequently, cause degradation 

of the protein. Therefore, amplitude during sonication should be no more than 65 % and 

can be as low as 35 %. In addition, with any resuspension of bacterial pellets in either 0.9 

% (w/v) NaCl or in the cell lysis buffer, a more gentle resuspension by incubating the 

pellets in the solutions in an orbital shaker set at 200 RPM and 8 °C is a better alternative 

rather than manually by pipette gun. The former is just as effective in resuspension but 

potentially not as damaging to genomic DNA, for instance, as the latter method.  

3.4.8 Recombinant human EPAC1ΔDEP protein sent to Avacta met all criteria 

Despite limitations in the yield of EPAC1ΔDEP protein, a pure sample of protein with a 

final protein yield of 1.55 mg (Figure 3.9) was obtained using the optimised purification 

protocol (Figure 3.12). The purity, which had to be minimum 90 %, and the concentration, 

no less than 10 % of the stated value, were checked by Avacta and both criteria were met. 

Thus, recombinant EPAC1ΔDEP protein was successfully biotinylated (Figure 3.11) and 

ready for the next stage in the development of EPAC1-selective Affimers. 
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3.5 Conclusions 

In this chapter, several areas of the purification protocol of recombinant EPAC1ΔDEP 

protein were optimised, including the binding of protein to Glutathione Sepharose beads, 

growth of pre-induction cultures, the removal of impurities via batch absorption affinity 

chromatography and, via GFC, the removal of a co-purifying contaminant, identified to 

be degraded EPAC1-CNBD. In addition, it was confirmed that a four hour incubation at 

4 °C for effective thrombin cleavage of the GST-tag from GST- EPAC1ΔDEP remained 

optimal and that there was no improvement in using PreScission protease as a substitute 

for thrombin. To further optimise the purification of EPAC1ΔDEP, a non-T7 expression 

host, such as BL21 competent E. coli should be used when using a pGEX expression 

vector. Finally, the biotinylation of EPAC1ΔDEP protein paved the way for the next key 

stage in this project: the identification and development of EPAC1-selective Affimers, 

which will be covered in the following chapter. 
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Chapter 4 - Affimer Development: Screening and Identification of 

Positive EPAC1ΔDEP Binders 

4.1 Introduction 

With the successful biotinylation of purified recombinant human EPAC1ΔDEP protein 

(Figure 3.11) in Chapter 3, we could then proceed with the generation of human 

EPAC1ΔDEP-selective Affimers, which was achieved in collaboration with Avacta. 

Affimers are high affinity non-antibody protein binders, which have been described 

previously in Chapter 1 section 1.5. The original aim of this project was to identify 

modulators of EPAC1 which bound selectively to either the active form (agonist-bound), 

inactive form (antagonist-bound) and the unbound (no ligand bound) forms of 

EPAC1ΔDEP. Here, 007 and CE3F4 were chosen as a selective agonist and antagonist 

of EPAC1, respectively [106], [156]. The process for the production and screening of 

Affimer binders comprises six phases following target provision of recombinant 

EPAC1DEP, as outlined in Figure 4.1.  

 

Figure 4.1: Overview of the Affimer Process Pipeline. Target provision (red) occurs before phases 1-6 

(blue) of Affimer generation and assessment. 

 

The first phase, quality control (QC) and biotinylation of EPAC1DEP was done as 

described in Chapter 3. In the second phase, Affimer binders towards EPAC1DEP were 

selected through phage display technology, which consists of five key steps as 

summarised in Figure 4.2. Bacteriophages, or “phages”, are viruses that infect bacterial 

cells, including E. coli. An important feature of phages is that they can accommodate 

segments of “foreign” DNA and thus allow for the generation of phage libraries where 

the “foreign” DNA has been spliced into the gene for the phage coat protein, allowing it 

to be displayed on the outside of the phage, in this case the type II plant cystatin A scaffold 

protein. Large high diversity in vitro Affimer phage display libraries, were originally 

generated by the incorporation of random peptides into the double loop region of plant 

cystatin A as the basis for Avacta’s standard type II  (double loop) Affimer scaffold [161]. 

By varying the insert sequence in cystatin A, each phage will therefore display a unique 

“hybrid” protein that, together, make up the diverse library (Figure 4.2: Step 1). Individual 
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Affimer binders, displaying the desired affinity and selectivity for EPAC1ΔDEP, were 

identified from screening of up to three cycles of phage display [198].  

In step 2 of the phage display, the double loop type II phage library was exposed, in the 

presence or absence of ligand, to the target EPAC1ΔDEP protein, which had been 

previously immobilised to a solid support, in this case the wells of a plastic 96-well plate, 

through the biotin-streptavidin/neutravidin conjugation. This capture step, characterised 

by the binding of phage to the target, is also known as “panning”, or “biopanning” (Figure 

4.2: Step 2). Any unbound phages are then washed away in step 3, whereas those with 

affinity for the target remain. These target-bound phages are then recovered by elution in 

step 4 and are used to infect new host cells (E. coli) for amplification in the fifth step 

(Figure 4.2). These five steps of the phage display screen are repeated up to three times 

for stepwise selection of the best binding sequences. 

 

                

Figure 4.2: Schematic Diagram of Phage Display Selection of Affimer Target Binders. Each cycle 

repeat is referred to as pan 1, 2 or 3. 
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To meet the original requirements of this project, three different screens of phage 

selection were performed, using EPAC1ΔDEP in the presence of 007, EPAC1ΔDEP in 

the presence of CE3F4 and EPAC1ΔDEP with no ligand added. A “pan” here refer to a 

complete cycle of phage display screening. For each selection, three rounds of panning 

(steps 1-3 in Fig 4.2) were performed in addition to a prepanning deselection step in pans 

2 and 3 only. During prepanning deselection, phage were added to wells before the 

addition of EPAC1ΔDEP in order to deplete the pool of phage of any binders that  are not 

wanted and avoid enriching for them. Following three cycles of phage display panning, 

positive colony picking and subcloning into bacterial expression vectors was done (Figure 

4.1). Here, Affimer protein coding regions from isolated phages were sub-cloned into a 

standard bacterial expression vector, pEtLECRA-HAH6, to the production of 

recombinant Affimers expressing human influenza hemagglutinin (HA) and the 

polyhistidine (His6) protein tags. 

In phase four of the Affimer process pipeline (Figure 4.1), selected clones were 

orthogonally screened, using an iQue (Intellycit) bead-based assay for the rapid analysis 

of the best binding Affimers, based on their relative affinity and selectivity towards 

EPAC1ΔDEP. Affimers from orthogonal screens were then sequenced, expressed and 

purified in larger batches during  phase five (Figure 4.1), for re-assessment using the same 

iQue assay during the final phase of the Affimer process pipeline (Figure 4.1). The 

objective of this chapter is to describe the outcomes of these five phases of Affimer 

development, following the successful large-scale purification and biotinylation of the 

target protein EPAC1ΔDEP described in the previous chapter. 

4.2 Results 

4.2.1 In-Vitro Phage Display Selection and Affimer Production 

Three separate in vitro phage screenings (described in Figure 4.2), using Avacta’s 

standard double loop type II library, were carried out as described in Chapter 2 section 

2.9.7.2, using EPAC1ΔDEP alone (S01 and S04 in Table 4.1), EPAC1ΔDEP in the 

presence of 10 µM of 007 (S02 and S05 in Table 4.1), or EPAC1ΔDEP in the presence 

10 µM of CE3F4 (S03 and S06 in Table 4.1). In each screen, EPAC1ΔDEP protein was 

immobilised in individual wells of 96-well format plates that had been pre-coated with 

either streptavidin in the first round of panning in pan 1, magnetic beads coated with 

streptavidin in pan 2 and neutravidin-coated wells in the final round (pan 3). At the end 

of the process, phage display enrichment was measured as described in Chapter 2 section 
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2.9.7.1 and compared to a negative control, neutravidin or EPAC1ΔDEP, depending on 

the screen. This was done twice, resulting in a total of six screens (S01-S06) comprising 

two separate cohorts of Affimers; cohort one Affimers were from screens S01-S03 and 

cohort two from screens S04-S06 (Table 4.1). 

Before the capture of phage via panning (Figure 4.2: Step 2) against EPAC1ΔDEP, in the 

presence or absence of ligand, pre-panning deselection was performed in S02 and S03 

phage display screens only (Table 4.1). This was done to remove any “normal” 

EPAC1ΔDEP binders and leave only those that recognise unique epitopes/conformations 

of the agonist or antagonist bound to EPAC1ΔDEP.  Here, prepanning deselection was 

done against EPAC1ΔDEP alone during pans 2 and 3 while the actual target for these two 

phage display screens was EPAC1ΔDEP  in the presence of either 007 (S02) or CE34F 

(S03) (Table 4.1). In all three phage display screens of the first cohort (S01-S03), 

increased off-rate deselection, which occurs after panning (Figure 4.2: Step 2), was 

performed in rounds 2 and 3, without EPAC1ΔDEP (Table 4.1), as a form of increased 

stringency to drive for higher affinity binders. This means an increase in incubation times 

after panning to allow binders with faster off-rates to dissociate, leaving only higher 

affinity binders bound. Phage display enrichment of positive colonies was 9x over the 

neutravidin negative selection well for S01 but only 1.2x over the EPAC1ΔDEP negative 

selection well for S02 and S03 (Table 4.1). Therefore, to improve enrichment in screens 

in the presence of ligand, phages from the first cohort were re-screened with a slightly 

tweaked selection strategy to drive a better outcome, as described below.  

For this, prepanning deselection was again performed against EPAC1ΔDEP alone in pans 

2 and 3 (Table 4.1) in screens done in the presence of  ligand (S05 and S06). Off-rate 

deselection, on the other hand, was increased in pan 3 without EPAC1ΔDEP for the S04 

phage display screen only (Table 4.1). Here, the enrichment of positive clones for the S04 

screen was only roughly 2x over the neutravidin negative selection well (Table 4.1). 

However, in the case of phage display screens done in the presence of ligand, enrichment 

of positive clones, over the EPAC1ΔDEP negative selection, was increased to 2.5x (S05) 

and 1.4x (S06) (Table 4.1). 
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Table 4.1: Summary of Phage Display Selection Methods for Screens S01-S06. Prepanning deselection 

and off-rate deselection were performed in pans 2 and/or 3 as a process of negative selection. Here, small 

amounts of non-biotinylated homologous proteins, in this case streptavidin or neutravidin, were premixed 

with the phage library, both as immobilised proteins and as proteins in solution [198].  Enrichment refers 

to the number of captured phage with affinity for the target, as indicated by number of positive, phage-

transformed bacteria following the panning step. 

 

Screen 

Phage Display Method  

Phage Display 

Enrichment 

 

Target Prepanning 

Deselection 

Off-Rate 

Deselection 

S01 EPAC1ΔDEP None Increased in 

pans 2 & 3 

without 

EPAC1ΔDEP 

9x over 

neutravidin 

S02 EPAC1ΔDEP 

plus 007  

EPAC1ΔDEP 

in Pans 2 and 

3 

Increased in 

pans 2 & 3 

without 

EPAC1ΔDEP 

1.2x over 

EPAC1ΔDEP 

S03 EPAC1ΔDEP 

plus CE3F4 

 

EPAC1ΔDEP 

in Pans 2 and 

3 

Increased in 

pans 2 & 3 

without 

EPAC1ΔDEP 

1.2x over 

EPAC1ΔDEP 

S04 EPAC1ΔDEP None Increased in 

pan 3 without 

EPAC1ΔDEP 

~2x over 

neutravidin 

S05 EPAC1ΔDEP 

plus 007  

EPAC1ΔDEP 

in Pans 2 and 

3 

Not performed 2.5x over 

EPAC1ΔDEP 

S06 EPAC1ΔDEP 

plus CE3F4 

 

EPAC1ΔDEP 

in Pans 2 and 

3 

Not performed 1.4x over 

EPAC1ΔDEP 
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Pools of Affimer coding regions, isolated from pans 2 and 3 of the phage display screens 

S01-S03 and S04-S06, were all subcloned into the pEtLECTRA cHAH6 vector, 

transformed into E. coli and plated onto agar. From the resulting agar plates, 180 colonies 

were selected from each phage display screen so that there were 1080 colonies isolated 

in total. Each of these colonies were grown overnight and small-scale purification of each 

of the candidate Affimer binders was carried out using Ni-NTA beads (QIAGEN). Each 

bacterial plasmid was also isolated and sequenced ready for comparison with data from 

the subsequent orthogonal screens. Affimers were named according to the wells that 

colonies were isolated from and are referred to here by the last three digits of their ID 

code, followed by the letter ‘A’ at the end.  

4.2.2 Orthogonal Screening of EPAC1 ΔDEP-selective Affimers from Phage Display 

Screens 

The binding activity of Affimers isolated from the above phage display screens was 

determined using an iQue (Intellicyt) screening platform, which is a bead based assay 

flow cytometry system that allows for the rapid analysis of isolated clones against a 

multiplexed target set, meaning that multiple targets can be tested against the Affimers in 

one experiment. The assay was performed in the presence or absence of 10 µM 007 or 10 

µM CE3F4 as an EPAC1ΔDEP agonist or antagonist, respectively. As described in 

Chapter 2 section 2.9.7.4, biotinylated EPAC1ΔDEP was immobilised to streptavidin-

functionalised beads in parallel with mouse IgG2b (mIgG2b) detected with an HA-tagged 

anti-mIgG2b Affimer (HA positive), as a positive control, and other non-EPAC1ΔDEP 

targets to determine Affimer selectivity. Bound HA-tagged Affimers, including the 

positive control Affimer, were detected using an anti-HA tag antibody conjugated to 

Alexa Fluor 488 (Figure 2.1) and the median fluorescent intensity was measured using 

the Intellicyt iQue instrument. As a ‘No Affimer’ zero control, representing background 

signal, PBS was added to target alone with the anti-HA Alexa Fluor 488 antibody. An 

anti-VEFG Affimer was also used as a negative control. The fluorescence data obtained 

was then normalised to the median fluorescent intensity of the mIgG2b Affimer positive 

control, which was set to 100 % (Figures 4.3-4.9).  

4.2.2.1 Orthogonal Testing of First Cohort Affimer Binders 

The binding of Affimers isolated from the first cohort of phage display screens (S01-S03) 

to EPAC1ΔDEP was compared with their relative ability to interact with non-

EPAC1ΔDEP protein targets, including human and dog C-reactive protein (CRP), or no 
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target at all in the iQue assay (Figures 4.3-4.4). From these screens, one repeated Affimer 

sequence was found to occur seven times in screen S01, in the presence or absence of 

ligand, as highlighted in bold in Figures 4.3-4.5. Two additional novel Affimer sequences 

were also identified from the S01 screen, which occurred twice each within the 90 isolated 

colony picks (316A/365A and 411A/455A; Figures 4.3-4.5).  

It was found that a number of Affimer binders from phage screen S01, bound more 

strongly to human CRP than to EPAC1ΔDEP (Figure 4.3), including Affimers 379A, 

404A and 455A, and were excluded accordingly (Figure 4.3A). In contrast, the seven 

replicates sharing the same Affimer sequence, including 375A, 380A, and 469A, and one 

Affimer sequence, which was only picked once, 414A, were all found to interact 

selectively with EPAC1ΔDEP (Figure 4.3A). Binding of the seven replicate Affimers to 

EPAC1ΔDEP were in the region of 15 % of the positive control, whereas 414A bound at 

approximately 10 % of the positive control (Figure 4.3A).  

Binding of identified Affimers to EPAC1ΔDEP was found to occur irrespective of the 

presence of 007 in the assay (Figures 4.3B and 4.5). Binding of Affimers to EPAC1ΔDEP 

and other non-EPAC1ΔDEP targets in the presence of CE3F4 are not shown separately 

since results do not vary greatly from those screened in the presence of 007 (Appendix 

A1). Two more screens were carried out in the presence of 007 (S02) or CE3F4 (S03) to 

try and further identify Affimers that could discriminate between liganded and non-

liganded states of EPAC1ΔDEP. However, it was found that Affimers isolated from 

phage display screens S02 (Figure 4.4) and S03 (not shown), were found not to bind to 

EPAC1ΔDEP in the iQue assay (Figures 4.4A and 4.4B), nor was there any reproducible 

discrimination of positive binders between agonist/antagonist bound versus unliganded 

conditions (Figures 4.4A versus 4.4B and Figure 4.5). When combining the seven 

replicates from the first cohort (Figure 4.5), no significant differences between 

EPAC1ΔDEP alone and EPAC1ΔDEP with either ligand was found (One-Way 

ANOVVA). Ultimately, two unique Affimer sequences, 380A and 414A, from cohort one 

were carried forward since they demonstrated the upper and lower limits, respectively, of 

Affimer binding to EPAC1ΔDEP (Figure 4.5) in comparison to the other protein targets 

tested (Figure 4.3A). 
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Figure 4.3: Orthogonal Screening Data of Affimers isolated from Phage Display Screen S01 

(EPAC1ΔDEP alone). 180 picks from the first cohort of Affimers isolate from phage screen S01 (Table 

4.1) were sequenced and sub-cloned into the pEtLECTRA cHAH6 vector for small-scale protein 

purification for use in orthogonal testing, using a flow cytometer Intellicyt iQue assay, as described in 

Chapter 2 section 2.9.7.4. In this screen, biotinylated EPAC1ΔDEP was immobilised to streptavidin-

functionalised beads with the different HA-tagged Affimers in solution either A) alone or B) in the presence 

of 10 µM 007 (EPAC1-agonist). Screening of Affimers in the presence of 10 µM CE3F4 (EPAC1-

antagonist) is not shown. The Affimers bound to beads were detected using an anti-HA antibody conjugated 

to Alexa Fluor 488. The screening was also done in the presence of other non-EPAC1ΔDEP targets, mouse 

IgG2B, human and dog C-reactive protein (CRP) or no target alone. An unrelated Affimer, anti-VEGFR, 

was used as a negative control and mIgG2b Affimer as a positive control. No Affimer was used as a zero 

control (protein + PBS + anti-HA antibody). Data was normalised to the median fluorescent intensity of 

the positive control (mIgG2b Affimer) set to 100 % (n=1). X-axis labels in bold indicate multiple replicates 

of the same Affimer sequence.  

A 

B 
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Figure 4.4: Orthogonal Screening Data of Affimers isolated from Phage Display Screen S02 

(EPAC1ΔDEP plus 007). 180 picks from the first cohort of Affimers from phage screen S02 were 

sequenced and sub-cloned into the pEtLECTRA cHAH6 vector for small-scale protein purification for use 

in orthogonal screening, using a flow cytometer Intellicyt iQue assay, as described in Chapter 2 section 

2.9.7.4. In this screen, biotinylated EPAC1ΔDEP was immobilised to streptavidin-functionalised beads 

with the different HA-tagged Affimers in solution either A) alone or B) in the presence of 10 µM 007 

(EPAC1-agonist). Testing of Affimers in the presence of 10 µM CE3F4 (EPAC1-antagonist) are not shown. 

The Affimers bound to beads were detected by an anti-HA antibody conjugated to Alexa Fluor 488. The 

screening was also done in the presence of non-EPAC1ΔDEP protein targets, mouse IgG2b, human and 

dog C-reactive protein (CRP) or no target alone. An unrelated Affimer An unrelated Affimer, anti-VEGFR, 

was used as a negative control Affimer (HA-negative) and mIgG2b Affimer (HA-positive) as a positive 

control. No Affimer was used as a zero control (protein + PBS + anti-HA antibody). Data were normalised 

to the median fluorescent intensity of the positive control (mIgG2b Affimer), which was set to 100 % (n=1). 
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Figure 4.5: EPAC1ΔDEP (± 007/CE3F4) Orthogonal Screening Data of Positive Affimers from the 

First Cohort Phage Display Selections (S01 Only). Summary of the primary screen data, as described in 

Chapter 2 section 2.9.7.4, showing positive EPAC1ΔDEP HA-tagged Affimer binders from S01 phage 

display selections on biotinylated EPAC1ΔDEP protein in the presence of 10 µM 007 (EPAC1ΔDEP-

agonist) or 10 µM CE3F4 (EPAC1ΔDEP-antagonist) (n=1). Data normalised to the median fluorescent 

intensity of positive control (mIgG2b Affimer) set to 100 %. X-axis labels in bold indicate multiple 

replicates of the same Affimer sequence.  
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4.2.2.2 Orthogonal Testing of Second Cohort Affimer Binders 

The binding of the second cohort of Affimers (phage display screens S04-S06) to 

EPAC1ΔDEP, was compared to the binding of an additional, non-EPAC1ΔDEP protein 

target, namely, a biotinylated His6-tagged anti-carcinoembryonic antigen (CEA) Affimer 

or no target at all (Figures 4.6-4.8), using the iQue fluorescent bead assay. As before, the 

binding of test Affimers was compared to the interaction of the anti-mIG2b Affimer with 

mIgG2b (positive control) and an anti-VEGFR Affimer as a negative control (Figures 

4.6-4.8).  

In contrast to the orthogonal screens of Affimers from phage display screen S01 

(EPAC1ΔDEP alone) (Figure 4.3), Affimers identified from phage display screen S04 

(EPAC1ΔDEP alone) (Figure 4.6) showed weaker binding to EPAC1ΔDEP (Figure 

4.6A). For instance, Affimer binding to EPAC1ΔDEP did not reach above 7 % of positive 

control (928A) whereas negative control binding to EPAC1ΔDEP reached approximately 

14 % (Figure 4.6A). In the presence of 007, binding to EPAC1ΔDEP only increased by 

approximately 5 % of positive control (928A) but this remained below the negative 

control level (Figure 4.6B). Thus, no positive EPAC1ΔDEP Affimer binders were 

identified from the S04 screen (Figure 4.6). 

Orthogonal screening of Affimers from phage display screen S05 (EPAC1ΔDEP plus 

007) (Figure 4.7) showed a different pattern to that observed from the comparable S02 

screen from the first cohort (Figure 4.4). Three Affimers with unique sequences showed 

preferential binding to EPAC1ΔDEP (Figure 4.7A); namely 772A (approximately 10 % 

of maximum), 780A (approximately 20 % of maximum) and five replicates of the same 

sequence, 724A, 748A, 764A, 776A and 793A (approximately 15 % of maximum), in 

comparison to the negative control Affimer which only showed binding of approximately 

5 % of positive control (Figure 4.7A). Affimers which showed weak binding to 

EPAC1ΔDEP in this assay, such as 771A, did not reach values above the negative control 

and were consequently eliminated (Figure 4.7A). In this assay, the addition of 10 µM 007 

increased fluorescence of the same unique Affimers by no more than 5 % but, again, no 

Affimer was specific for the 007 liganded condition (Figure 4.7B). Binding of Affimers 

in the presence of CE3F4 is not shown since results did not vary greatly from those 

screened without ligand (Appendix A2). 

Orthogonal screening of Affimers from phage display S06 (EPAC1ΔDEP plus CE3F4) 

(Figure 4.8), identified three Affimer binders, with unique sequences, which showed 
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binding to EPAC1ΔDEP above approximately 10 % of positive control while negative 

control Affimer binding did not go above approximately 5 % of positive control (Figure 

4.8A). Affimers which bound to EPAC1ΔDEP no greater than negative control binding 

were eliminated (Figure 4.8). Therefore, from this screen, three positive EPAC1ΔDEP 

binders are 535A, 604A and two replicates of the same sequence, 657A and 691A (Figure 

4.8).  

Unlike screening of the first cohort (Figure 4.5), Affimers identified as positive 

EPAC1ΔDEP binders in the second cohort showed an increase in binding to 

EPAC1ΔDEP with the addition of 007 (Figure 4.9). Moreover, when combining the five 

replicates of 748A (Figure 4.9A) and the two replicates of 691A (Figure 4.9B), a 

significant increase in binding was observed between EPAC1ΔDEP + 007 versus 

EPAC1ΔDEP ± CE3F4 (***, p<0.0001). From the orthogonal screenings of the S04-S06 

cohort, a further seven EPAC1ΔDEP-selective Affimers with unique sequences were 

identified (Figure 4.9) from the phage display screens performed in the presence of either 

007 (S05) or CE3F4 (S06) (Table 4.1): 535A, 604A, 691A (representing the two 

replicates from S06), 748A (representing the five replicates from S05) and 780A.  
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Figure 4.6: Orthogonal Screening Data of Affimers from Phage Display Screen S04 (EPAC1ΔDEP 

alone). 180 picks from the first cohort of Affimers from screen S05 were sequenced and sub-cloned into 

the pEtLECTRA cHAH6 vector for small-scale protein purification for use in orthogonal screening, using 

a flow cytometer Intellicyt iQue assay, as described in Chapter 2 section 2.9.7.4. In this screen, biotinylated 

EPAC1ΔDEP was immobilised to streptavidin-functionalised beads with the different Affimers in solution 

either A) alone or B) in the presence of 10 µM 007 (EPAC1ΔDEP-agonist). Screening of HA-tagged 

Affimers in the presence of 10 µM CE3F4 (EPAC1ΔDEP-antagonist) not shown. The Affimers were 

detected by an anti-HA antibody conjugated to Alexa Fluor 488. The screening was also done in the 

presence of other non-EPAC1ΔDEP protein targets, mIgG2b, an anti- carcinoembryonic antigen (CEA) 

(cHis6-CysPEG2Biotin) Affimer or no target. An unrelated Affimer, anti-VEGFR, was used as a negative 

control Affimer (HA-negative) and mIgG2B Affimer (HA-positive) as a positive control. No Affimer was 

used as a zero control (protein + PBS + anti-HA antibody). Data are normalised to the median fluorescent 

intensity of the positive control (mIgG2b Affimer), which was set to 100 %. X-axis labels in bold indicate 

multiple replicates of the same Affimer sequence.  
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Figure 4.7: Orthogonal Screening Data of Affimers from Phage Display Screen S05 (EPAC1ΔDEP 

plus 007). 180 picks from the first cohort of Affimers from screen S05 were sequenced and sub-cloned into 

the pEtLECTRA cHAH6 vector for small-scale protein purification for use in orthogonal screening, using 

a flow cytometer Intellicyt iQue assay, as described in Chapter 2 section 2.9.7.4. In this screen, biotinylated 

EPAC1ΔDEP was immobilised to streptavidin-functionalised beads with the different HA-tagged Affimers 

in solution either A) alone or B) in the presence of 10 µM 007 (EPAC1ΔDEP-agonist). Screening of 

Affimers in the presence of 10 µM CE3F4 (EPAC1ΔDEP-antagonist) not shown. The Affimers were 

detected by an anti-HA antibody conjugated to Alexa Fluor 488. The screening was also done in the 

presence of other non-EPAC1ΔDEP targets, mIgG2b, an anti- carcinoembryonic antigen (CEA) (cHis6-

CysPEG2Biotin) Affimer or no target alone. An unrelated Affimer, anti-VEGFR, was used as a negative 

control Affimer (HA-negative) and mIgG2B Affimer (HA-positive) as a positive control. No Affimer was 

used as a zero control (protein + PBS + anti-HA antibody). Data are normalised to the median fluorescent 

intensity of the positive control (mIgG2b Affimer), which was set to 100 %. X-axis labels in bold indicate 

multiple replicates of the same Affimer sequence. 
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Figure 4.8: Orthogonal Screening Data of Affimers from Phage Display Screen S06 ( EPAC1ΔDEP 

plus CE3F4). 180 picks from the first cohort of Affimers from screen S06 were sequenced and sub-cloned 

into the pEtLECTRA cHAH6 vector for small-scale protein purification for use in orthogonal screening, 

using a flow cytometer Intellicyt iQue assay, as described in Chapter 2 section 2.9.7.4. In this screen, 

biotinylated EPAC1ΔDEP was immobilised to streptavidin-functionalised beads with the different HA-

tagged Affimers in solution either A) alone or B) in the presence of 10 µM 007 (EPAC1ΔDEP-agonist). 

Screening of Affimers in the presence of 10 µM CE3F4 (EPAC1ΔDEP-antagonist) not shown. The 

Affimers were detected by an anti-HA antibody conjugated to Alexa Fluor 488. The screening was also 

done in the presence of other non-EPAC1ΔDEP targets, mIgG2B, an anti- carcinoembryonic antigen (CEA) 

(cHis6-CysPEG2Biotin) Affimer or no target alone. An unrelated Affimer, anti-VEGFR, was used as a 

negative control (HA-negative) and mIgG2B Affimer (HA-positive) as a positive control. No Affimer was 

used as a zero control (protein + PBS + anti-HA antibody). Data are normalised to the median fluorescent 

intensity of the positive control (mIgG2b Affimer), which was set to 100 %. X-axis labels in bold indicate 

multiple replicates of the same Affimer sequence. 
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Figure 4.9: EPAC1ΔDEP (± 007/CE3F4) Orthogonal Screening Data of Positive Affimers from the 

Second Cohort of Phage Display Screens (S05 and S06). Summary of the orthogonal screening data, as 

described in Chapter 2 section 2.9.7.4, showing positive EPAC1ΔDEP HA-tagged Affimer binders from 

A) S05 and B) S06 phage display screens against biotinylated EPAC1ΔDEP protein in the presence or 

absence of 10 µM 007 (EPAC1ΔDEP-agonist) or 10 µM CE3F4 (EPAC1ΔDEP-antagonist). Data are 

normalised to the median fluorescent intensity of the positive control Affimer (mIgG2b), which was set to 

100 %. X-axis labels in bold indicate multiple replicates of the same Affimer sequence. 
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4.2.3 Large-scale Expression and Purification of EPAC1-selective Affimers 

All positive binding Affimers identified from phage display screens S01 to S06 (Figures 

4.5 and 4.9), were next expressed in E.coli using the pEtLECTRA cHAH6 vector and 

purified in large scale batches. Successful purification of Affimers 380A and 414A, which 

represent the upper and lower limits of binding to EPAC1ΔDEP, was confirmed using 

SDS-PAGE in comparison with mIgG2b as a control (Figure 4.10). As expected, purified 

Affimers were found to be around 14 kDa in size (Figure 4.10). Expression and 

purification of other selected Affimers from Figures 4.5 and 4.9 are not shown, but all 

were found to be around 14 kDa in size and displayed the same levels of purity (Chapter 

2: Table 2.6).  

                              

Figure 4.10: Expression and Purification of EPAC1ΔDEP-selective Affimers 380A and 414A from 

the First Cohort of Phage Display Screens (S01). Two unique Affimer sequences were identified from 

the primary screen that were specific binders to EPAC1ΔDEP in comparison other test protein targets. The 

Affimers 1) 380A, 2) 414A, were purified in large scale batches and visualised by SDS-PAGE alongside 

the 3) mouse IgG2b control. Lane M contains SeeBlue Plus2 Pre-stained protein standard. Images were 

provided by Avacta. 

 

4.2.4 Functional Assessment of EPAC1ΔDEP-selective Affimers from Large-Scale 

Purifications 

To confirm that the large scale batches of purified Affimer EPAC1ΔDEP binders 

displayed similar quality and binding behaviours to that seen in the previous orthogonal 

screens (Figures 4.3-4.9), Affimers, identified from the orthogonal screens as 

EPAC1ΔDEP-specific binders (Figures 4.5 and 4.9) were re-screened using the same 

iQue assay (Chapter 2 section 2.9.7.4) using three separate target conditions; no target, 
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EPAC1ΔDEP alone, and one non-EPAC1 target, mouse IgG2b (mIgG2b) (Figures 4.11-

4.12). A mIgG2b Affimer (HA-positive) and a VEGFR2 Affimer (HA-negative) were 

used as positive and negative controls, respectively. ‘No Affimer’ was again used as a 

zero control, representing background signal. As in the previous orthogonal screens, 

assays were performed using EPAC1ΔDEP alone (Figure 4.11) or in the presence of 10 

µM 007 or CE3F4 (Figure 4.12). Again, as a result of the high median fluorescent 

intensity observed with the positive control, the data was normalised to the median 

fluorescent intensity of mIgG2b, which was set to 100 %. Significant differences of the 

normalised data was first analysed by comparing the mean ± SD of Affimer binding to 

EPAC1ΔDEP relative to the mean ± SD binding of the negative control Affimer to 

EPAC1ΔDEP. However, because all Affimers, as well as the ‘No Affimer’ control, 

showed an increase in binding that was highly significant (p<0.0001-p<0.001; One-Way 

ANOVA), Affimer binding to EPAC1ΔDEP was subsequently compared to the ‘No 

Affimer’ control as an alternative negative control in order to eliminate non-binding 

Affimers. 

By comparing the binding of the Affimers to EPAC1ΔDEP relative to the background 

signal (‘No Affimer’), a clear discrimination between strong and weak EPAC1ΔDEP 

binders could be determined (Figures 4.11-4.12). Four weak binders, 514A, 535A, 604A 

and 772A, did not display significant binding above the “No Affimer” control, and were 

eliminated. In contrast, five strong binding Affimers were identified, 380A, 414A, 691A, 

748A and 780A, which showed a significant increase in binding to EPAC1ΔDEP alone 

(Figure 4.11) and in the presence of either EPAC1ΔDEP agonist or antagonist (Figure 

4.12) relative to ‘No Affimer’ control, ranging from 10 to 30 % of positive control. 

Affimer 380A was identified as being consistently the strongest EPAC1ΔDEP selective 

Affimer binder, while 414A was consistently the weakest of the five (Figures 4.11-4.13) 

as previously observed in the initial orthogonal screens of the first cohort (Figures 4.3 and 

4.5). When comparing Affimer binding between the three test conditions, four of the 

Affimers showed a significant increase in binding to EPAC1ΔDEP when 10 µM of 007 

was included in the assay (Figure 4.13). Furthermore, a significant difference of all five 

Affimers binding to EPAC1ΔDEP in the presence of 007 versus CE3F4 was also seen 

but no significant differences in binding were observed between EPAC1ΔDEP alone and 

EPAC1ΔDEP plus CE3F4 (Figure 4.13).  
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Therefore, through the functional assessment of EPAC1ΔDEP-selective Affimers 

identified in the initial primary and orthogonal screens, Affimers with weaker affinities 

and/or showed cross-reactivity with mIgG2b protein were deselected. However, five 

unique Affimers, 380A, 414A, 691A, 748A and 780A, were identified as selective 

binders for EPAC1ΔDEP, whose interaction was enhanced in the presence of 007. 

 

      

Figure 4.11: iQue Functional Assessment of EPAC1ΔDEP-selective Affimers from the First and 

Second Screening Cohorts. Using the same orthogonal iQue screen described in Chapter 2 section 2.9.7.4, 

biotinylated EPAC1ΔDEP was immobilised to streptavidin beads and the binding of 9 different 

EPAC1ΔDEP-selective previously identified HA-tagged Affimers were tested. Affimer binding was 

detected by anti-HA antibody conjugated with Alexa Fluor 488 and median fluorescence intensity was 

measured. The assay was also done in the presence of non-EPAC1ΔDEP target, mIgG2b, or no target alone, 

and performed using a mouse IgG2B Affimer as a positive control and a VEGFR2 Affimer as a negative 

control. No Affimer was used as a zero control (protein + PBS + anti-HA antibody). Data normalised to the 

median fluorescence of positive control Affimer (mIgG2b), which was  set to 100 %. Significant increases, 

determined by One-way ANOVA, in Affimer binding, relative to ‘No Affimer’ control, are indicated:  **, 

p<0.001 and ***, p<0.0001, respectively (n=3). Error bars: Standard deviation. 
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Figure 4.12:  iQue Functional Assessment of EPAC1 ΔDEP-selective Affimers from First and Second 

Affimer Screens. Using the same orthogonal iQue screen described in Chapter 2 section 2.9.7.4, 

biotinylated EPAC1ΔDEP was incubated in the presence of  A) 10 µM 007 or B) 10 µM CE3F4. HA-

tagged Affimer binding to bead-immobilised EPAC1ΔDEP was detected by anti-HA antibody conjugated 

with Alexa Fluor 488 and median fluorescence intensity was measured.  The assay was also done in the 

presence of non-EPAC1ΔDEP target, mIgG2b, or no target alone, and performed using a mouse IgG2B 

Affimer as a positive control and a VEGFR2 Affimer as a negative control. No Affimer was used as a zero 

control (protein + PBS + anti-HA antibody). Data normalised to the median fluorescence of positive control 

Affimer (mIgG2b), which was  set to 100 %. Significant increases, determined by One-way ANOVA, in 

Affimer binding, relative to ‘No Affimer’ control, are indicated: *, p<0.05; **, p<0.001 and ***, p<0.0001, 

respectively (n=3). Error bars: Standard deviation. 
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Figure 4.13: Functional Assessment of Affimers binding to EPAC1ΔDEP (± 007/CE3F4)  which only 

showed a significant increase in binding compared to ‘No Affimer’ Control. Summary of iQue re-

screen, as described in Chapter 2 section 2.9.7.4, of Affimers binding to biotinylated EPAC1ΔDEP protein 

in the presence and absence of 10 µM 007 (EPAC1 EPAC1ΔDEP-agonist) or 10 µM CE3F4 

(EPAC1ΔDEP-antagonist) which showed a significant increase in binding over the ‘No Affimer’ 

background signal (significance not indicated). Data are normalised to the median fluorescent intensity of 

the positive control Affimer (mIgG2b), which was set to 100 %. Significant increases, determined by One-

way ANOVA, in Affimer or ‘No Affimer’ binding, relative to EPAC1ΔDEP plus 10 µM 007, are indicated: 

*, p<0.05; **, p<0.001 and ***, p<0.0001, respectively (n=3). NS: Not significant. Error bars: standard 

deviation (n=3). 
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4.3 Discussion 

This chapter aimed to describe the findings of the five main phases of screening and 

identification of EPAC1ΔDEP-selective Affimers by Avacta, which included: 

1. Phage display screening; 

2. Colony picking and subcloning and for small-scale purification of selected 

Affimers from phage display; 

3. Orthogonal screening of selected Affimers to identify EPAC1ΔDEP-selective 

binders; 

4. Large-scale expression and purification of Affimers identified by orthogonal 

screening; 

5. Final confirmation of EPAC1ΔDEP-selective Affimers. 

While the original aim was to obtain Affimers that interact specifically with liganded and 

non-liganded states of EPAC1ΔDEP, Affimer binders were identified that bound to 

EPAC1ΔDEP irrespective of its activation state although binding of the Affimers was 

significantly increased in the presence of 007. 

4.3.1 Phage display enrichment was improved by removing off-rate deselection 

Following successful purification and biotinylation of recombinant, human 

EPAC1ΔDEP, as described in the previous chapter, the first phase of the Affimer isolation 

workflow, was in vitro phage display screening. As a tailored screening approach, this is 

a pivotal part in the generation of Affimers for therapeutic, diagnostic and research 

applications. Furthermore, phage display screening can be tailored to develop Affimer 

binders that can discriminate between closely related targets. The library used in the 

phage display selections performed to obtain EPAC1ΔDEP-selective Affimers was the 

type II Affimer library. Here, a consensus sequence of plant cystatin was used as the basis 

for the type II Affimer scaffold [161]. After modifying the sequences in the scaffold to 

improve stability, for instance, the sequences were cloned into a phagemid, which is an 

engineered vector with both plasmid and M13 parts, resulting in a gene coding for a fusion 

protein with the pIII of bacteriophage M13 [161]. The libraries were generated from this 

by replacing defined regions of the phagemids (within the scaffold sequence) with 

randomised sequences to give the two binding loops [161]. 
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Biopanning, or panning as it is referred to here, is an essential part of phage display as it 

is where affinity enrichment occurs [217]. Enrichment refers to the number of captured 

phage with affinity for the target. This involves steps two to four of the phage display 

protocol from target immobilisation to elution of bound phages (Figure 4.2). To allow for 

an effective interaction between phage and the target, decreased non-specific interaction 

with E. coli proteins and blocking agents is essential as during target enrichment there is 

a complex molecular microenvironment present [217]. To reduce these interactions and 

remove cross-reactivity, prepanning deselection, or capture and elimination, can be done. 

The process of deselection should allow for the enrichment and isolation of highly 

selective Affimers in rounds 2 and 3 of panning (Figure 4.2: step 2) [198]. 

In the first two rounds of the phage display screen, streptavidin was used to immobilise 

the biotinylated EPAC1ΔDEP protein either directly to a well or to magnetic beads. 

Panning against streptavidin as a very first deselection step to phage display was therefore 

done to try and remove these binders. However, because streptavidin is present during 

the selection as a capture surface, there is always a risk of enriching for binders to it. 

Therefore, neutravidin-coated wells were used for immobilisation in the final round (pan 

3) of enrichment to vary the capture surface and avoid enriching for binders to 

streptavidin.  

In both of the cohorts, prepanning deselection was not performed for either S01 or S04 

phage display screens (EPAC1ΔDEP alone) but was performed in the later pans of the 

phage display screens where phage were added to EPAC1ΔDEP in the presence of ligand 

(S02-S03 and S05-S06) (Table 4.1). This was done to remove “normal” EPAC1ΔDEP 

binders (i.e. binders that bind to EPAC1ΔDEP without ligand as in the case for S01 and 

S04 screens) and leave only those that recognise unique epitopes/conformations of  

agonist- or antagonist-bound EPAC1ΔDEP. However, when the differences between the 

pre-pan and target material are so subtle, as was the case here, prepanning in this way 

does not always work as demonstrated by the fact that only “normal” EPAC1ΔDEP 

Affimer binders were ultimately obtained. 

Off-rate deselection, which occurs after panning, was increased in pans 2 and 3 of screens 

S01-S03, without EPAC1ΔDEP, to drive the selection for higher affinity binders (Table 

4.1). In contrast, increased off-rate deselection was only performed in the third round of 

phage display screen without EPAC1ΔDEP in screen S04 (EPAC1ΔDEP alone) and not 

at all in screens S05 and S06 (EPAC1ΔDEP with ligand). The removal of off-rate 
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deselection did slightly improve phage display enrichment over an EPAC1ΔDEP 

negative control of S05 and S06 screens by 2x and 1.17x, respectively (Table 4.1). 

However, only performing off-rate deselection in round 3 without EPAC1ΔDEP in the 

S04 screen appeared to reduce enrichment by 4.5x (Table 4.1). Therefore, while off-rate 

deselection in rounds 2 and 3 without EPAC1ΔDEP was not necessary for the selections 

of EPAC1ΔDEP  with ligand (S05-S06), removal of off-rate deselection in round 2 of the 

selection of EPAC1ΔDEP one (S04) appeared to reduce phage display enrichment in the 

second cohort (Table 4.1).  

4.3.2 Orthogonal screening of Affimers refined the choice to nine potential 

EPAC1ΔDEP-selective Affimers 

To identify Affimer binders showing the best affinity and selectivity towards 

EPAC1ΔDEP, a bead-based orthogonal screen was carried out on Affimers identified in 

the primary phage display screen. In this iQue (Intellicyt) screen, Affimer binding was 

tested against multiple targets to test for cross-reactivity. Like the phage display screens, 

EPAC1ΔDEP and other test protein targets were immobilised onto 96-well plates via the 

strong biotin-streptavidin conjugation. As the Affimers contain an HA-tag, Affimer-

target interaction was detected by an anti-HA-Alexa Fluor 488 detection antibody and 

median fluorescent intensity was measured. However, because the median fluorescent 

intensity of the positive control Affimer (mIgG2b) was so much higher than that of all 

the Affimers and negative control Affimer, the data was normalised to allow for a better 

visual comparison of binding to EPAC1ΔDEP between the Affimers (Figures 4.3-4.9). 

Thus, the median fluorescent intensity of mIgG2b for each separate screen was set to 100 

% and the binding of Affimers to all targets was compared to the negative control Affimer 

for each target. 

From the orthogonal screenings, three main findings were made. First, the screens 

successfully screened out Affimer binders that showed cross-reactivity through binding 

to non-EPAC1ΔDEP targets over EPAC1ΔDEP. These included 379A (Figure 4.3), and 

596A and 643A (Figure 4.4) of the first cohort Affimers, which bound to human CRP. 

Second, nine EPAC1ΔDEP-postive Affimer binders were identified from S01 of the first 

cohort (380A and 414A), and S05 and S06 of the second cohort (514A, 535A, 604A, 

691A, 748A, 772A and 780A). These showed a range of affinities and selectivities for 

EPAC1ΔDEP as the target. For example, while 380A from S01 showed a high selectivity 

and affinity for EPAC1ΔDEP, 414A also showed good selectivity but a lower affinity for 
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EPAC1ΔDEP, representing the upper and lower limits of EPAC1ΔDEP binding (Figure 

4.3A;  Figure 4.5) with the other seven Affimers showing affinities in between (Figure 

4.9). In the second cohort, 780A showed the highest affinity for EPAC1ΔDEP (Figure 

4.8B).  

Finally, in the orthogonal screens it could not be concluded whether or not Affimers 

identified as positive EPAC1ΔDEP binders could differentiate between the three different 

states of EPAC1ΔDEP: unbound, active (+ 10 µM 007) and inactive (+ 10 µM CE3F4). 

In other words, the identified EPAC1ΔDEP-selective Affimers did not discriminate 

between ligand-bound and unliganded conditions (Figures 4.5 and 4.9) in the orthogonal 

screens. Differences in binding varied between as little as  0.1 % (Figure 4.5: 380A) and 

at most approximately 15 % (Figures 4.9: 772A). While two of the Affimers, when 

combined with their replicates, 691A and 748A, showed a significant increase in binding 

to EPAC1ΔDEP in the presence of 007, this was not seen with 380A and could not be 

tested with the other EPAC1ΔDEP-specific Affimers, such as 414A and 780A, which 

only had n numbers of one. Why the Affimers did not show any specificity for either 

liganded condition over the unbound condition may be due to the immobilisation of 

EPAC1ΔDEP protein. It is possible that the biotin-streptavidin conjugation necessary for 

protein immobilisation may have affected the protein conformation of EPAC1ΔDEP in 

such a way that the ligand could not bind and/or failed to activate or inhibit EPAC1ΔDEP 

in this assay.  

007 is a cyclic nucleotide-derived agonist that activates full length EPAC1 100 times 

more strongly than its natural ligand, cAMP [147]. As an orthosteric regulator, 007 

requires access to the CNBD of EPAC1 to bind in vitro and in vivo [106]. Thus, if 

EPAC1ΔDEP has been biotinylated at the C-terminus, when immobilised, access to the 

binding site may be hindered or blocked and thus 007 is unable to activate EPAC1. CE3F4 

is a non-competitive, allosteric antagonist of EPAC1, meaning that it will not compete 

with cAMP in vitro but instead blocks the activity of EPAC1 towards Rap1 in cellulae 

following activation by cAMP or cAMP analogues, including 007 [156]. It is therefore 

possible that without EPAC1 first being activated, CE3F4 may not produce an inhibitory 

affect in this assay and hence binding of the Affimers was not affected by the antagonist. 

For these same reasons, the phage display screens may have also been affected and could 

explain why Affimers specific for EPAC1ΔDEP could be identified, from phage display 

irrespective of selection conditions.  
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Although not all of the Affimers in the orthogonal screens showed selectivity towards 

liganded EPAC1ΔDEP, they may still display some of these properties, with respect to 

EPAC1 activity for example, in other assays. If not, they have the potential to be used as 

reagents for microscopy, including super-resolution microscopy. Currently, we are unable 

to discriminate between the active and inactive forms of EPAC1 in cells, except through 

FRET sensors [61]. Furthermore, we are unable to detect inactive EPAC1 in cells because 

the EPAC1-specific antibody, 5D3, cannot be used for the detection of endogenous 

EPAC1 [63]. As 5D3 only recognises the active form of EPAC1, it is not a good tool for 

microscopy. Therefore, in order to get a “true to life” picture of EPAC1 localisation in 

cells, EPAC1-selective Affimers have the potential, as a new affinity reagents, to provide 

this picture with the potential to be used with techniques that provide higher resolution 

images as in the case of super resolution microscopy. Because Affimers are 100x smaller 

than antibodies, such as 5D3, they are more adaptable for super resolution microscopy 

and, moreover, can be tagged and expressed in cells [195]. 

4.3.3 Functional assessment identified five EPAC1ΔDEP-selective Affimers 

To verify that the nine Affimers identified from orthogonal screens continued to 

demonstrate similar affinities and specificities for EPAC1ΔDEP, the iQue assay was 

again used for final assessment. The assay confirmed that five of the nine Affimers tested, 

380A, 414A, 691A, 748A and 780A (Figures 4.11-4.12), continued to bind to 

EPAC1ΔDEP with the same quality and binding behaviour as previously seen in the 

primary screens. Furthermore, they showed a significant increase in binding relative to 

the ‘No Affimer’ control (Figures 4.11-4.12). 380A continued to be the best binder, 

showing the highest affinity for EPAC1ΔDEP in this assay, while 414A was the weakest 

of the five (Figure 4.13). Similar pattern of affinities for EPAC1ΔDEP was observed in 

the presence of the two test ligands, 007 and CE3F4 (Figure 4.13). 

A limitation of this assay was the high median fluorescent background observed in ‘No 

Affimer’ control wells with EPAC1ΔDEP ± ligand (not shown) which can also be 

observed in the normalised data (Figures 4.11-4.12). This high background was not 

observed in mIgG2b ‘No Affimer’ target wells as they showed similar median fluorescent 

intensities as in the ‘No Affimer’ wells which contained no target and is a reason why not 

many strong binders were isolated from the original orthogonal screens as expected 

(Figures 4.11-4.12). The fact that when an off-target Affimer, such as the mIgG2b 

Affimer, is added and the signal is lower, suggests that at least some of the background 
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is coming from anti-HA antibody sticking to the EPAC1ΔDEP protein. Thus, having an 

excess of Affimer present mops up all of the anti-HA. 

In this assay, biotinylated EPAC1ΔDEP protein was considered to be a “sticky” target. 

In recombinant form, “sticky” proteins can form large aggregates and bind non-

specifically with other proteins, which would normally not be the case in in vivo [218]. 

Thus, in the iQue assay, EPAC1ΔDEP protein may have formed aggregates that the Alexa 

Fluor 488 anti-HA antibody was somehow able to bind to in the ‘No Affimer’ wells, 

resulting in the unexpectedly higher background signal. Furthermore, by potentially 

changing the conformation or position of EPAC1ΔDEP, biotinylation may have exposed 

some usually hidden residues, which could increase “stickiness”. As background 

increased over time, even with aliquots that had been kept frozen the whole time, it is 

possible that biotinylation could have also accelerated stability issues. 

While the orthogonal screens were each done only once, the functional assessment of 

these nine Affimers were repeated three times. Although no Affimer showed a distinct 

preference for one form of EPAC1ΔDEP over another as originally sought for, the 

addition of 007 to EPAC1ΔDEP protein in this assay did have a significant effect on the 

binding of four of the five Affimers (380A, 691A, 748A and 780A) as seen by an increase 

in binding in comparison to EPAC1ΔDEP ± CE3F4 (Figure 4.13). This significant 

increase with 007 was also observed in the ‘No Affimer’ control where only 

EPAC1ΔDEP protein ± CE3F4 was present (plus the anti-HA antibody) (Figure 4.13), 

suggesting that, in this assay, 007 was in fact binding to EPAC1ΔDEP and activating the 

protein, and that the Affimers were potentially enhancing this effect and, perhaps, the 

higher background in the EPAC1ΔDEP ‘No Affimer’ wells was not strictly due to the 

“stickiness” of EPAC1ΔDEP as previously suggested. Therefore, although no Affimers 

were obtained which specifically bound to the inactive or active forms of EPAC1ΔDEP, 

these five EPAC1ΔDEP-specific Affimers appeared to add to the activation of 007 as 

seen by the slight increase in significance (‘No Affimer: p<0.001 versus + Affimer: 

p<0.0001) (Figure 4.13). Regardless of the 007 effect, five EPAC1ΔDEP-specific 

Affimers continued to show similar binding affinities as seen in the orthogonal screens. 

4.4 Conclusions 

In this chapter, the development and identification of EPAC1ΔDEP-selective Affimers 

was described. From three phage display screens (EPAC1ΔDEP unbound, EPAC1ΔDEP 

plus 007 and EPAC1ΔDEP plus CE3F4), each of which were repeated twice with tweaks 
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in the phage display method (Table 4.1), pan 2 and pan 3 pools were subcloned into the 

pEtLECTRA vector and a total of 1080 colony picks, from all six screens, from 

transformed E. coli were selected for expression and purification.  

These Affimers were then orthogonally screened to identify Affimers which can 

differentiate between the unbound, active and inactive states of EPAC1ΔDEP while 

deselecting Affimers that showed cross-reactivity with non-EPAC1ΔDEP protein targets. 

While no Affimers were identified that discriminated between different conformations of 

EPAC1ΔDEP, nine potential Affimers were identified as containing unique protein 

sequences that were selective for EPAC1ΔDEP over other protein targets included in the 

orthogonal screen, showing an increase in binding with the addition of the EPAC1-

agonist 007. 

These Affimers were then expressed and purified in large-scale batches (Figure 4.10) and 

functionally assessed to confirm that they have similar quality and binding behaviour to 

that seen in the orthogonal screens. Five positive EPAC1ΔDEP Affimer binders were thus 

identified, 380A, 414A, 691A, 748A and 780A, for further validation in the next chapter.  
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Chapter 5 - Characterisation of In Vitro Binding Activity of Novel 

EPAC1 Affimers 

5.1 Introduction 

Chapter 4 described the identification of five Affimer binders that showed selectivity for 

recombinant EPAC1ΔDEP protein in two solid phase assays: phage display and iQue 

assays. The next stage, therefore, was to further characterise and evaluate Affimer binding 

with the principal objective of identifying Affimers with strong selectivity towards 

EPAC1. 

An important first step in characterising any new compound or affinity reagent, including 

antibodies and Affimers, previously introduced in Chapter 1, is to determine their binding 

mode and selectivity. Therefore, different in vitro assays were used in the current chapter 

to achieve this for the isolated EPAC1 Affimers. Two solid phase assays were applied, 

dot blot and enzyme-linked immunosorbent assay (ELISA) assays, which allowed washes 

without loss of protein from an immobilised solid support, as with the biotin-streptavidin-

mediated immobilisation during the initial phage display screens. Dot blotting is a useful 

tool for comparison of the binding activity of affinity agents, for instance, and can be used 

as an alternative to western blotting. Here, soluble recombinant protein is spotted directly 

onto a nitrocellulose membrane, which is then incubated with antibody/Affimer followed 

by the appropriate secondary antibody (Figure 5.1A). ELISA is a microtiter plate-based 

technique for the detection and quantification of soluble substances (e.g. proteins, 

antibodies). In this assay, proteins are immobilised to the solid surface of the microtiter 

wells and are subsequently complexed directly with an antibody/Affimer. Detection of 

the complex is then done by measuring the activity of a reporter enzyme attached to the 

antibody via a suitable substrate (Figure 5.2B). 
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Figure 5.1: Schematic Diagrams of Two Solid Phase Assays. A) In a dot blot assay, the test protein is 

added directly to a nitrocellulose membrane before incubating in a blocking buffer (step not shown). The 

membrane is then incubated with primary antibody followed by a secondary antibody (Horse radish 

peroxidase (HRP)-conjugated). The secondary antibody will attach to the primary antibody allowing 

detection of the immobilised protein-antibody complex via ECL substrate. B) In an indirect enzyme-linked 

immunosorbent assay (ELISA), a target GST-fusion protein can be immobilised by glutathione (GSH) 

attached to the plate surface before addition of the primary antibody. An HRP-conjugated secondary 

antibody can then attach to the primary antibody and the protein-antibody interaction detected by an 

appropriate colourimetric substrate. 

 

Following these initial solid phase assays, Affimer binding to EPAC1 was next tested 

using three solution phase assays, microscale thermophoresis (MST), a fluorescent 

thermal shift assay (TSA), and heteronuclear single quantum coherence nuclear magnetic 

resonance (HSQC NMR). Unlike dot blotting and ELISA, MST is a fluorescence-based 

technique and is therefore predicted to be more sensitive. Moreover, MST allows 

ligand/protein interaction to be detected in minute solution volumes, through the direct 

movement of molecules induced by temperature gradients and therefore mitigates the 

need for protein immobilisation, which can lead to high background signals through non-

specific binding [224]. With MST, biomolecule interactions can be quantified, including 

the binding of small molecules to proteins [225]. Similarly, the TSA assay allows 

detection of protein/ligand interaction through the interaction of a fluorescent molecule 

A 

B 
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(e.g. SYPRO Orange dye) with the protein of interest. In this case, as the temperature is 

slowly increased, this results in protein denaturation causing hydrophobic regions of the 

protein to be exposed, allowing the fluorescent dye to bind (Figure 5.2). The temperature 

at which half of the protein population is unfolded is referred to as the melting temperature 

(Tm). With the addition of ligands, protein stabilisation can occur as thermal stability is 

increased [210].    

      

Figure 5.2: Schematic Representation of a Fluorescent Thermal Shift Assay (TSA) Showing a 

Hypothetical Melting Curve of a Recombinant Protein.  As the natively folded protein is slowly heated, 

it undergoes thermal denaturation (1) allowing for exposure of hydrophobic regions. The SYPRO-Orange 

dye will bind to these regions (2) and fluorescence will increase (3), allowing for a read out of the thermal 

denaturation of the protein. Once the fluorescence peak is reached, protein aggregation and dye dissociation 

will occur (post-peak quenching) (4). From the raw thermal denaturation data, melting temperature (Tm) 

of the protein can be derived from calculating the first derivative of fluorescence emission as a function of 

temperature. Image adapted from 

https://commons.wikimedia.org/wiki/File:Thermal_Shift_Assay_diagram.svg. 

 

 

Finally, NMR is a technique commonly used to determine the three-dimensional structure 

of biomolecules in solution. Most often performed is the 1H-15N HSQC NMR experiment, 

which is highly sensitive and can be done relatively quickly. It is frequently used to 

determine the suitability of a protein for structure determination but is also useful to detect 

the binding interface in protein-protein interactions, in addition to interactions with 

ligands. The simplest and most cost-effective method for protein NMR is to isotopically 
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label the protein, in this case recombinant EPAC1-CNBD, by expressing the protein in 

bacterial cells grown in 15N-labelled media. Because each protein residue, other than 

proline, has a nitrogen attached to an amide proton in a peptide bond, HSQC can provide 

a correlation between the nitrogen and amide proton, providing an observable peak or 

signal for each amide in a HSQC spectra. Changes in chemical shifts of some peaks may 

be seen when comparing spectra of unbound protein with bound protein. A chemical shift 

is the frequency of a signal relative to a standard defined compound. The position and 

number of chemical shifts can thus be used to determine the structure of a protein. This 

can be seen, for example, in Figure 5.3, which is a 1H-15N HSQC NMR spectra of EPAC1-

CNBD with or without cAMP. From the spectra, peaks were assigned to residues of 

EPAC1-CNBD by Harper and colleagues and the secondary structure elements of 

unbound and bound EPAC1-CNBD could be determined by chemical shift analysis [219]. 

 

   

Figure 5.3: NMR Spectra of EPAC1-CNBD. 1H-15N HSQC NRM spectra was performed with 15N-

labelled EPAC1-CNBD (CNB) in the absence (red) and presence (black) of cAMP. Peaks were assigned 

and labelled. Figure adapted from Harper at al., 2008 [219]. 
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Using these five in vitro assays, this chapter aims to explore EPAC1-Affimer interactions 

by addressing the following research questions: 

1. Do the five Affimers identified in Chapter 4 bind to recombinant protein in solid- 

and solution-phase assays and which is the best binder? 

2. How does Affimer binding compare with commercially available EPAC1- and 

EPAC2-selective antibodies? 

3. Does Affimer binding effect conformation of EPAC1, determined by protein 

stability and ligand binding? 

4. Does binding of Affimer to 15N-EPAC1-CNBD cause a detectable conformational 

change? 

5.2 Materials and Methods 

5.2.1 Western Blotting 

Recombinant EPAC1ΔDEP or EPAC1-CNBD proteins (1, 10 and 100 ng), were prepared 

in equal volumes of 1x PBS and then separated by electrophoresis on 4-15 % precast 

Protean TGX gel (Bio-Rad) using a Mini-PROTEAN Tetra Vertical Electrophoresis Cell 

Kit (Bio-Rad) and then transferred on to nitrocellulose membranes using a Mini-Trans-

Blot® electrophoretic transfer cell (Bio-Rad). Electrophoresis was performed in 1x 

running buffer and transfer in 1x transfer buffer (Table 2.7.2). Membranes were then 

blocked in 5 % (w/v) “Marvel” milk powder in 1x TBST (Table 2.7.2) for one hour at 

room temperature (RT). Following this, the anti-EPAC1 5D3 monoclonal antibody (Table 

2.5.1) was diluted 1:1,000 in 1x TBST (final concentration of 4.5 nM) and Affimers, 

380A and 414A, were diluted in 1x TBST to give a final concentration of 45 nM. 

Membranes were then  incubated with 5D3 antibody or Affimer solutions overnight at 4 

°C, followed by one hour incubation at RT in anti-mouse IgG HRP (Table 2.5.2) for 5D3 

Ab or overnight at 4° C in anti-His-tag HRP (Table 2.5.1) for Affimer membranes, 

respectively. Protein signals were then detected using ECL (SuperSignal™ West Pico 

chemiluminescent substrate) and visualized using Fusion FX imaging software (Vilber 

Lourmat, France).  

5.2.2 Rest of Methods 

Please refer to Chapter 2 for other methods mentioned in this chapter. 



129 

 

5.3 Results 

5.3.1 Comparison of Dot Blotting with EPAC1-selective Affimers and Antibodies 

To confirm that the five Affimers identified in Chapter 4 (380A, 414A, 691A, 748A and 

780A) bind to recombinant EPAC1ΔDEP and EPAC1-CNBD (amino acids 169-318) 

proteins, a western blot was first performed as described in Materials and Methods section 

5.2.1. Although, as expected, the EPAC1-specific antibody (5D3 Ab) was able to bind to 

both recombinant proteins at all three concentration, no bands were observed in the 

Affimer-incubated membranes, implying that the Affimers may not be able to detect 

denatured protein (results not shown). Thus, as an alternative, a dot blotting protocol was 

applied since detection in this assay involves interaction of affinity reagents with folded 

target proteins. 

5.3.1.1 Dot Blotting 

As described in Chapter 2 section 2.9.4, 1-10 ng or 0.1-1 µg of recombinant EPAC1ΔDEP 

protein were spotted onto nitrocellulose membranes which were then blocked in 5 % 

(w/v) BSA for antibody and Affimer incubations. Membranes were then incubated with 

either the 5D3 Ab or Affimers and then probed with HRP-conjugated anti-mouse or anti-

His tag secondary antibodies, respectively. Affimers and the anti-His tag antibody were 

all prepared in 5 % BSA (w/v) to avoid a possible reaction with milk proteins. Protein-

antibody/Affimer interactions were detected by ECL (Figure 5.4). From the dot blot 

results, the antibody was able to detect all three concentrations of EPAC1ΔDEP protein 

(Figure 5.4A). As protein concentration decreased, so did the antibody signal (Figure 

5.4A).  

In terms of Affimer binding, the top three binders (in descending order) were 780A, 380A 

and 414A as they showed distinct binding to EPAC1ΔDEP protein at all three 

concentrations (Figure 5.4B). 748A and 691A, in contrast, were very weak binders and 

were unable to detect 100 ng of protein (Figure 5.4B). Ultimately, the EPAC1-specific 

antibody, 5D3 Ab, appears to be a better binder in this assay as protein signal was much 

higher at only 10 ng of both recombinant proteins in contrast to 780A signal when bound 

to 1 µg of EPAC1ΔDEP protein (Figure 5.4). Thus, 5D3 Ab appears to have a higher 

affinity for EPAC1ΔDEP protein as less protein was required to see a signal. 

Nevertheless, through the dot blot, the top three Affimers, 780A, 380A and 414A, could 

be identified. 
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Figure 5.4: Dot Blot Assessment of anti-EPAC1 Antibody and Affimer Binding to Recombinant 

EPAC1ΔDEP Protein.  As described in Chapter 2 section 2.9.8, two different sets of concentrations of 

recombinant EPAC1ΔDEP and EPAC1-CNBD protein were spotted onto nitrocellulose membrane, 

comprising 1, 5 and 10 ng for the antibody blots and 100, 500 ng and 1 µg for the Affimer blots. Membranes 

were blocked for 1 hour in 5 % (w/v)  milk or BSA in TBST  followed by a 2 hour incubation with either 

A) 4.5 nM of anti-EPAC1-antibody (5D3 Ab) in 5 % (w/v) milk in TBST or B) 45 nM of Affimer (780A, 

380A, 414A, 691A and 748A) in 5 % (w/v) BSA in TBST. Membranes were then incubated for 1 hour in 

either anti-mouse IgG-HRP, for 5D3 Ab, or anti-His-tag HRP, for Affimer, secondary antibodies. All 

incubations were done at room temperature. Protein signal was detected by ECL and visualised by Fusion 

FX imaging software. Image is representative of two to three experimental repeats, depending on Affimer. 

 

5.3.2 MST Binding Assessment of 5D3 Antibody to Recombinant Protein 

To quantitively assess the binding affinities of the EPAC1-specific antibody (5D3 Ab) 

and of the Affimers to recombinant EPAC1ΔDEP and EPAC-CNBD protein, MST 

(previously mentioned in section 5.1) was used. Thermophoresis is the coupling between 

a heat-flow and a mass flow. In MST, temperature gradients direct the motion of 

molecules to allow for the characterisation of molecular interactions, which in this case 

is the interaction between recombinant protein and either the large molecule, 5D3 Ab, or 

the smaller Affimer, which is roughly 10x smaller in size than the antibody [164]. 

To measure the interactions between a protein and an antibody, either one can be labelled 

for MST. While labelling of the antibody means that it can be used with both 
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EPAC1ΔDEP and EPAC1-CNBD protein, the antibody concentration needs to be 

accurately determined. Labelling the target protein, on the other hand, would only require 

a small amount and the antibody concentrations used could be the same for both labelled 

EPAC1ΔDEP and EPAC1-CNBD. Although antibodies are easier to label, because they 

are larger, the presence of BSA in the 5D3 Ab solution means that it too would be labelled. 

Alternatively, the Affimer could be labelled by its His-tag. 

Thus, two separate MSTs were performed where either the recombinant protein or the 

Affimer was labelled, as described in Chapter 2 section 2.9.9.1 and 2.9.9.2, respectively. 

Labelled EPAC-CNBD was diluted to a final concentration of 20 nM and was tested with 

a dose response beginning with top concentrations of either 125 nM or 500 nM for the 

antibody, or 1.25 µM for the Affimer. Due to high noise and interference in the MST 

assay caused by EPAC1-CNBD protein aggregation, an alternative method of labelling 

His-tagged Affimer (diluted to 50 nM) was also performed to determine Affimer binding 

to EPAC1ΔDEP protein. However, ultimately, only the MST using the 5D3 Ab and 

labelled EPAC1-CNBD was successful because, while in the Affimer versus labelled 

CNDB-EPAC1 MST experiments, there was good fluorescent intensity and no adsorption 

or aggregation, the signal to noise ratios were too small to detect binding. The signal to 

noise ratio (S/N) is used to evaluate binding data quality and is defined as the response 

amplitude divided by the noise of measurement. A S/N ratio of more than 5 is desirable. 

In the labelled Affimer versus EPAC1ΔDEP experiments, on the other hand, the S/N 

ratios were large enough, but the MST traces showed aggregation, suggesting suboptimal 

sample stability, quality, or homogeneity. Possible interference of EPAC1ΔDEP protein 

with His-tag labelling was tested and shown to not be the issue (results not shown).  

For the 5D3 Ab versus labelled EPAC1-CNBD MST experiments, the normalised 

fluorescence (Fnorm (%)) data obtained from the analysis software was normalised to 

fold-change where the lowest concentration of 5D3 Ab was set as 1 (arbitrary units) 

(Figure 5.5). From this dose-response curve, a pEC50 of approximately 9, equivalent to 

an EC50 of 2 nM, was determined (Figure 5.5). While the EC50 is the concentration of 

5D3 Ab that gives half-maximal response, the pEC50 is the negative log of the EC50 

value in molar. The higher the pEC50 is, the higher the potency. Although the affinity of 

the EPAC1-specific antibody could be determined using MST, the affinity of the 

Affimers could not be. 
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Figure 5.5: Assessment of Binding Affinity of anti-EPAC1 Antibody (5D3) to Recombinant EPAC1-

CNBD or EPAC1ΔDEP Protein using Microscale Thermophoresis (MST) or ELISA. A) Recombinant 

EPAC1-CNBD protein was labelled for MST as described in Chapter 2 section 2.9.9.1 using the Monolith 

NT™ Protein Labelling Kit RED-NHS and then diluted down to 20 nM using assay buffer. A serial dilution 

of 5D3 antibody (Ab), ranging from 0.03 to 125 nM, was also prepared in assay buffer, and then added to 

16 capillary tubes containing equal volumes of protein. Samples were then measured by Monolith NT1.15 

(Nanotemper) at LED/excitation set to 80-100 % and MST power of 60 % (High setting). B) 1 µg/well of 

recombinant EPAC1ΔDEP protein, prepared in assay buffer, was added to glutathione-coated plates, and 

incubated overnight at 4°C, as described in Chapter 2 section 2.9.10. Serial dilution of 5D3 Ab (0.2-125 

nM) was prepared in assay buffer and incubated for 1 hour at RT. Anti-mouse antibody (1:10,000) was then 

added and incubated for a further 1 hour at room temperature. The ELISA substrate was then finally added 

and absorbance measurements at 655 nm were taken after a 30-minute incubation at room temperature 

using a FLUOstar Omega Microplate reader. The experiments were done in triplicates. Data for both MST 

and ELISA were normalised as a fold-change with the relative fluorescence associated with the lowest 

concentration of antibody set to 1 (Arbitrary Units (AU)). Error bars are representative of standard error of 

the mean (n=4) and pEC50 (mean ± SEM) was determined by using Log (agonist) vs response—variable 

slope (four parameters) regression curve fitting (Graphpad Prism).  
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5.3.3 ELISA Binding Assessment of Antibodies and Affimers 

Since MST was inappropriate for determining the efficacy and potency of Affimer 

binding to recombinant EPAC1 protein, an enzyme-linked immunosorbent assay 

(ELISA) approach was used as an alternative quantitative method. As previously 

mentioned in section 5.1, an indirect ELISA was performed where recombinant 

EPAC1ΔDEP protein, in this case fused to a GST-tag, was immobilised in the plate well 

coated with glutathione. Antibody or Affimer was then added and antibody/Affimer-

protein binding was measured by the secondary antibody-substrate colourimetric 

interaction (Figure 5.2B). The substrate used was the 3, 3′,5 ,5′-Tetramethylbenzidine 

Liquid (ELISA) Substrate which can be read spectrophotometrically at 655 nm. All data 

was normalised as a fold-change where the lowest concentration of antibody or Affimer 

was set to 1 (arbitrary units) and EC50 and pEC50 values were determined from nonlinear 

regression curve fit Log (agonist) vs response-variable slop (four parameters).     

5.3.3.1 Antibody ELISA 

To validate the ELISA assay as an acceptable alternative to MST, the binding of the 

EPAC1-specific antibody (5D3 Ab) was tested against recombinant EPAC1ΔDEP 

protein. As described in Chapter 2 section 2.9.6, 1 µg of GST-tagged recombinant 

EPAC1ΔDEP protein was added per well and allowed to adhere to the plate overnight at 

4 °C. A concentration range of between 0.2 and 125 nM of 5D3 Ab was then prepared in 

dilution buffer and added to wells containing target protein. Following a one-hour 

incubation at RT, an anti-mouse antibody, diluted 1:10,000, was added and incubated for 

an hour at RT. The ELISA substrate was then added and after a 30-minute incubation at 

RT, the colour change was measured, and the data normalised. As seen in Figure 5.5B, a 

similar binding curve to the MST data with labelled EPAC1-CNBD (Figure 5.5A) was 

obtained and furthermore, the same pEC50 of approximately 9 was also determined from 

the antibody ELISA data. Thus, the ELISA is a valid, alternative method to MST to detect 

protein-protein interactions. 

5.3.3.2 Affimer ELISA  

For the Affimer ELISA, 1 µg of GST-tagged recombinant EPAC1-CNBD or EPAC2-

CNBD protein was added per well and allowed to adhere to the plate overnight at 4 °C. 

A concentration range of between 0.005 and 50 nM Affimer 780A was then prepared in 

dilution buffer and added to wells containing target proteins. Following a one-hour 

incubation at RT, an anti-His-tag antibody, diluted 1:10,000, was added and incubated 



134 

 

for an hour at RT. The ELISA substrate was then added and after a 30-minute incubation 

at RT, the colour change was measured, and the data normalised. At these concentrations, 

binding of 780A to both EPAC1-CNBD and EPAC2-CNBD could not be determined 

(results not shown). Using the GraphPad Prism software, a best fit value (LogEC50) was 

found for 780A binding to both recombinant proteins (EPAC1-CNBD: ~-8.736; EPAC2-

CNBD: ~-9.049), but because a complete confidence interval could not be calculated for 

any of this data, it was considered ambiguous and should be interpreted with caution. 

Thus, from this data it could be concluded that a higher concentration range of Affimer 

was required to assess Affimer binding.  

Therefore, with an optimised concentration of Affimer, ranging from roughly 4 nM to 4 

µM, a binding curve could be obtained for Affimers 380A and 780A in the presence of 

EPAC1-CNBD (Figure 5.6). While 780A appears to have a higher efficacy of binding, as 

seen by the reduced fold-change of approximately 1.5 of 380A versus 2.5 (Figure 5.7A), 

both have a pEC50 of approximately 6 (Table 5.1) where the EC50 of 780A is roughly 

0.2 µM versus 2 µM for 380A. In contrast to EPAC1-CNBD, neither Affimer showed 

binding to EPAC2-CNBD (data not shown). As seen with the lower concentrations of 

Affimer, a complete confidence interval could not be calculated for 780A binding and 

binding of 380A could not be determined at all (Figure 5.7B). Consequently, in this assay 

both Affimers showed selectivity towards EPAC1-CNBD over EPAC2-CNBD. 

Furthermore, the ELISA, in comparison to MST, is a potentially valid method to obtain 

binding affinity data of the Affimers. 
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Figure 5.6: Optimised ELISA Comparing Affimer Binding Affinities to Recombinant EPAC1-CNBD 

Protein. For each ELISA, as described in Chapter 2 section 2.9.10, 1 µg/well of GST-tagged recombinant 

protein, EPAC1-CNBD, prepared in assay buffer, was added to glutathione-coated plates, and incubated 

overnight at 4 °C. To these wells, a dose-response (0.004-4 µM) of Affimer (780A or 380A), prepared in 

assay buffer, was then added, and incubated for 1 hour at RT. His-tag HRP antibody (1:10,000) was then 

added and incubated for 1 hour (RT). ELISA substrate was finally added and fluorescence measurements 

at 655 nm were taken after a 30-minute incubation (RT) using a FLUOstar Omega Microplate reader. The 

experiment was done once in triplicates and between each incubation step, wells were washed three times 

with wash buffer. Data was normalised as a fold-change with the relative fluorescence associated with the 

lowest concentration of Affimer set to 1 (arbitrary units (AU)). Error bars are representative of standard 

error of the mean and the Log (agonist) vs response—variable slope (four parameters) nonlinear regression 

curve fitting was used to obtain pEC50 (Graphpad Prism). 

 

 

5.3.3.3 Antibody versus Affimer ELISA 

Having determined that 780A is the most effective binder of the Affimers tested (Figure 

5.6), a comparison was then made between Affimer binding and commercially available 

EPAC1- and EPAC2-specific antibodies (5D3 and 5B1 Ab, respectively) to recombinant 

EPAC1ΔDEP and EPAC2ΔDEP proteins (Figures 5.5B; 5.7). Since it was previously 

determined by dot blot that the 5D3 antibody was a more potent binder (Figure 5.4), a 

lower antibody dose range was used and hence, as seen in Figure 5.7, the antibody binding 

curves are shifted to the left with four data points in the lower nanomolar range (0.5 to 4 

nM). As expected, both antibodies have higher binding efficacies as seen, for example, 

by the 7-fold higher change at around 8 nM (Figure 5.8A). This decrease in binding 

efficacy (Emax) was found to be statistically significant (p<0.05) (Figure 5.8A). As was 

the case for EPAC2-CNBD, binding of 780A to EPAC2ΔDEP was deemed to be 

negligible as a complete confidence interval could not be calculated with the nonlinear 

regression curve fitting tool of Graphpad Prism.  
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While the binding of both antibodies to their respective proteins began to plateau after ~8 

nM (Molar Log of approximately -8), 780A binding to EPAC1ΔDEP reached plateau at 

a much higher concentration of 0.5 µM (Molar Log of approximately -6.3). From these 

dose-response curves, the pEC50 values of 5D3 Ab and 780A binding to EPAC1ΔDEP 

protein and 5B1 Ab to EPAC2ΔDEP protein could therefore be determined (Table 5.1). 

Although binding of 780A to EPAC2ΔDEP could not be determined, an EC50 of around 

2.5 nM and a pEC50 of roughly 9 was obtained for 5B1 Ab binding to this protein (Figure 

5.7B; Table 5.1). With a pEC50 of approximately 9, 5D3 Ab was a significantly (p<0.05) 

more effective EPAC1ΔDEP binder than 780A which had a pEC50 of approximately 6 

(Table 5.1). This corresponded to an EC50 of roughly 2 nM and 500 nM, respectively 

(Table 5.1). In addition, 5D3 Ab was found to be a more potent and effective binder than 

780A since the dose-response curve was shifted leftward along the x-axis with a 

significantly larger (p<0.0005) Emax of approximately 8 (A.U.) versus approximately 3 

(A.U.) (Figure 5.7A). Thus, with a similar pEC50 value to that of the MST binding curve 

with 5D3 Ab (Figure 5.5A), ELISA was further validated as an acceptable alternative for 

quantification of protein-Affimer interactions as well. This was particularly important as 

Affimer binding to both forms of recombinant EPAC1 protein could not be determined 

using MST. Therefore, from the ELISA results, 780A was identified to have a higher 

affinity for EPAC1-CNBD over 380A. The 5D3 Ab was a significantly more potent and 

effective binder towards EPAC1ΔDEP than the best Affimer 780A. While 780A bound 

to both recombinant EPAC1ΔDEP and EPAC1-CNBD proteins, it did not bind to either 

recombinant form of the EPAC2 protein. 
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Figure 5.7: ELISA Assay Comparing the Relative Binding Affinities of Affimer 780A versus anti-

EPAC1- (5D3) and anti-EPAC2-selective(5B1) Antibodies to Recombinant EPAC1ΔDEP and 

EPAC2 ΔDEP Proteins. For each ELISA, 1 µg/well of GST-tagged recombinant protein, either A) 

EPAC1ΔDEP or B) EPAC2ΔDEP, prepared in assay buffer, was added to glutathione-coated plates and 

incubated overnight at 4 °C, as described in Chapter 2 section 2.9.10. Serial dilutions of Affimer (780A) 

(0.004-4 µM) or antibodies (A) 5D3 Ab and B) 5B1 Ab (0.2-250 nM) were prepared in assay buffer and 

incubated for 1 hour at RT. Anti-His-tag or anti-mouse antibodies (1:10,000) were then added to the 

Affimer or antibody-containing wells, respectively, and incubated for a further 1 hour at room temperature. 

The ELISA substrate was then finally added and absorbance measurements at 655 nm were taken after a 

30-minute incubation at room temperature using a FLUOstar Omega Microplate reader. The experiments 

were done in triplicates. Data was normalised as a fold-change with the relative fluorescence associated 

with the lowest concentration of Affimer or antibody, which was set to 1 (Arbitrary Units (AU)). Error bars 

are representative of standard error of the mean (n=1-5) and the Log (agonist) vs response—variable slope 

(four parameters) nonlinear regression curve fitting was used to obtain pEC50 (Graphpad Prism). A 

significant decrease in binding efficacy (Emax) relative to EPAC1ΔDEP plus 5D3 Ab (#, p<0.0005) was 

determined by unpaired t-test (Graphpad Prism).  
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Table 5.1: Summary of EC50 and pEC50 Values from ELISA Binding Assays. The EC50 and pEC50 

(negative log of the EC50) values of either Affimer (780A or 380A) or antibody (5D3 or 5B1 Ab) when 

binding to different recombinant EPAC proteins were determined by ELISA. The binding of Affimer to 

EPAC2ΔDEP and EPAC2-CNBD could not be determined because complete confidence interval could not 

be calculated for at least one parameter of the nonlinear regression curve fitting. Significance (*p<0.05; 

***p<0.0001) relative to binding of 780A to EPAC1ΔDEP was determined by unpaired t-test (Graphpad 

Prism).  

Recombinant Protein  

+ Affimer/Antibody 

EC50 ± SEM 

(nM) 

pEC50 ± SEM (A.U.) 

EPAC1ΔDEP + 780A 461 ± 127 6.388 ± 0.125 

EPAC1ΔDEP + 5D3 Ab 1.888 ± 0.167 *       8.729 ± 0.038 *** 

EPAC1-CNBD + 780A 211 ± 75 6.705 ± 0.161 

EPAC1-CNBD + 380A 4937 ± 2543 5.518 ± 0.354 

EPAC2ΔDEP + 5B1 Ab 2.504 ± 0.078 8.602 ± 0.014        

 

 

5.3.4 Effect of Affimer on Stability and Ligand Binding to EPAC1ΔDEP  

The thermal shift assay (TSA) was next used to determine if the 780A Affimer could 

interact with EPAC1 in solution as a prelude to subsequent NMR experiments. This 

would be a step further than the iQue assay used in Chapter 4 as, although the iQue screens 

were done in solution, the biotinylated EPAC1ΔDEP protein was bound to Streptavidin-

coated beads and therefore was a partly solid phase assay. As previously described in 

section 5.1 (Figure 5.2), TSA was used for this purpose and was utilised to address three 

main questions: 

1. Does the Affimer, 780A, bind to recombinant EPAC1ΔDEP protein in solution? 

2. Do EPAC1 agonist (007, cAMP), partial agonist (I942) and antagonist (ESI-09 and 

CE3F4) ligands bind to EPAC1ΔDEP in solution? 

3. Does 780A binding affect the conformation of EPAC1ΔDEP in terms of 

thermostability and ligand binding? 

TSAs were carried out as described in Chapter 2 section 2.9.7. For each experiment, 1-2 

µg/well of recombinant GST-tagged EPAC1ΔDEP protein, prepared in assay buffer and 

combined with 20x SYPRO Orange dye, was added to the wells. Affimer and/or ligand 

was then added in a 1:1 or 1:1:1 (v/v) ratio and plates were incubated overnight at 4 °C 

before measuring the fluorescent SYPRO Orange dye (10x) readout. To obtain the 

melting temperature (Tm), the first derivative of the fluorescence emission as a function 

of temperature  (–dF/dT) was calculated, as described in Chapter 2 section 2.9.7, and the 

Tm (mean ± SEM) (°C) was defined as the lowest first derivative value. Significant 
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differences of the Tm values were analysed by comparing the mean ± SEM of 

EPAC1ΔDEP only (no treatment) to the mean ± SEM of EPAC1ΔDEP in the presence 

of 780A ± ligand. 

 

5.3.4.1 Effect of 780A on Thermostability of EPAC1ΔDEP 

To wells containing 1-2 µg of recombinant EPAC1ΔDEP protein and SYPRO Orange 

dye (10x), a final concentration of approximately 10 µM of 780A was added. As seen in 

Figure 5.8, EPAC1ΔDEP alone (no treatment) has a sigmoidal thermal shift profile and 

reached a maximal fluorescence of about 250,000 (A.U.), while the 780A only control 

showed no fluorescence increase. With the addition of 10 µM of 780A to the protein there 

was a reduction in fluorescence by roughly 100,000, indicating an interaction between 

the two molecules (Figure 5.8). This reduction in fluorescence suggests a possible 

stabilising effect of the Affimer on the protein and while there was no significant 

difference in melting temperature (Tm) values, the slight increase in Tm further suggests 

that 780A may have a slight stabilising effect (Figure 5.8).  

                 

Figure 5.8: Thermal Shift Profiles of Recombinant EPAC1ΔDEP Protein in the Presence and 

Absence of Affimer (780A). Thermal shift stability assays were performed as described in Chapter 2 

section 2.9.7 with 1-2 µg of recombinant EPAC1ΔDEP protein and 10x SYPRO Orange dye per well. 

Plates were incubated overnight at 4 °C before adding 10 µM of 780A. Experiments were done in 

duplicates. The fluorescence readout of SYPRO Orange dye was measured using an Applied Biosystems 

StepOnePlus Real-time PCR Instrument set at excitation wavelength 470 nm and emission wavelength of 

570 nm over a temperature range from 11 to 80 °C ramped to 0.5 °C increments with plateau times of 30 

seconds. As described in Chapter 2 section 2.9.7, melting temperatures (Tm) (mean ± SEM °C) were 

derived from calculating the first derivatives of the fluorescence emission as a function of temperature (–

dF/dT) where Tm is the lowest –dF/dT value (n=5-23).  
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5.3.4.2 Effect of Ligand on EPAC1ΔDEP 

In the next experiments, a dose-response (0 – 100 µM) of ligand was prepared in assay 

buffer and added to wells containing 2 µg/well of recombinant GST-tagged EPAC1ΔDEP 

protein and the ligand binding to protein was measured as described previously. In 

addition, a dose-response (0 – 0.2 %) of the ligand diluent, dimethyl sulfoxide (DMSO), 

was prepared to first determine if DMSO influenced EPAC1ΔDEP protein in this assay. 

In the thermal shift profile, DMSO had no effect on the protein (Figure 5.9A). Nor was 

there a shift in Tm as, for example, the Tm at 0.2 % of DMSO of approximately 49 °C 

was no different to that with 0 % DMSO (Table 5.2). Therefore, any effects observed 

with the ligands was not due to the presence of DMSO. 

Table 5.2: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP Protein at Different 

Concentrations (%) of DMSO. Tm (mean ± SEM) (°C) was obtained by calculating the first derivatives 

of the fluorescence emission as a function of temperature (–dF/d) where Tm is the lowest first derivative 

value (n=3-23) as described in Chapter 2 section 2.9.7.  

% DMSO Tm ± SEM (°C) 

0 48.63 ± 0.13 

0.00625 48.50 ± 0.22 

0.0125 48.70 ± 0.19  

0.025 48.95 ± 0.22  

0.05 48.39 ± 0.23 

0.1 48.60 ± 0.21 

0.2 48.64 ± 0.21 

 

The first ligand tested was the synthetic partial EPAC1-agonist I942 (Figure 5.9B). 

Although no obvious effect of I942 was observed in the thermal shift profile, a reduction 

in Tm could be seen with increasing concentration, suggesting a possible slight 

denaturing effect of this ligand (Table 5.3). Therefore, binding of the natural EPAC1-

agonist, cAMP, was next checked in this assay as it should be a better binder than I942 

without a denaturing effect. While increasing concentration of cAMP did shift the 

EPAC1ΔDEP thermal shift profile upwards, increasing fluorescence (Figure 5.9C), there 

was no significant effect on the Tm (Table 5.3). This was particularly clear by the fact 

that the Tm values at 3.125 µM and 100 µM of cAMP, for instance, were very similar 

(Table 5.3).  

To see an effect, the synthetic cyclic nucleotide EPAC1-agonist, 007, which was used in 

the Affimer screens as described in Chapter 4, was next used as it has a higher affinity 

for EPAC1 [141]. In the dose-response thermal shift of EPAC1ΔDEP in the presence of 

increasing [007], an effect of 007 could be observed (Figure 5.9D). As concentration 
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increased, the thermal shift profiles shifted rightwards (Figure 5.9D) as the Tm value 

increased up to approximately 5 °C in the presence of 100 µM of 007 (Table 5.3). In the 

case of 007, the Tm of EPAC1ΔDEP was significantly increased at both 50 (p<0.05) and 

100 (p<0.0001) µM of 007 (Table 5.3). This therefore suggests that 007 had a stabilising 

effect on EPAC1ΔDEP protein which was highly significant at 100 µM. Both agonists, 

007 and cAMP, produced sigmoidal thermal shift profiles of EPAC1ΔDEP denaturation 

as concentration increased, although this was most obvious in the case of 007 (Figures 

5.9C).  

Finally, to compare the effects of an agonist and antagonist on EPAC1ΔDEP protein, the 

EPAC1-antagonists ESI-09 and CE3F4 were both tested (Figure 5.9E-F). As seen in 

Figure 5.9E, ESI-09, at concentrations of 25 µM and above, showed high fluorescent 

intensity at lower temperatures which then began to reduce as temperature increased, 

indicating the presence of unfolded protein caused by a denaturing effect of ESI-09 on 

EPAC1ΔDEP protein. This was further confirmed by the significant reduction in Tm 

values already at 6.25 and 12.5 µM of ESI-09 with a difference of approximately 6 °C 

(Table 5.3). Furthermore, because ESI-09 was denaturing at 25-100 µM, Tm values could 

not be determined at these higher concentrations (Table 5.3). The binding effect of ESI-

09 could therefore be observed at 12.5 µM and below only. In this assay, CE3F4 had no 

detectable effect, denaturing or otherwise, on EPAC1ΔDEP in comparison, as well as no 

significant effect on melting temperature (Figure 5.9F; Table 5.3).  
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Figure 5.9: Thermal Shift Dose-Response Profile of Ligand Binding to Recombinant EPAC1ΔDEP 

Protein. Thermal shift stability assays were performed as described in Chapter 2 section 2.9.7 with 1-2 µg 

of EPAC1ΔDEP protein and 10x SYPRO Orange dye per well. Plates were incubated overnight at 4 °C. A 

serial dilution 0-0.2 % of A) ligand diluent DMSO, or 0-100 µM of B) EPAC1-partial agonist I942, EPAC1-

agonist C) cAMP,  D) D-007, and EPAC1-antagonists E) ESI-09 and F) CE3F4 were prepared in assay 

buffer and added to the wells containing protein in a 1:1 (v/v) ratio. The fluorescence readout of SYPRO 

Orange dye was measured using an Applied Biosystems StepOnePlus Real-time PCR Instrument set at 

excitation wavelength 470 nm and emission wavelength of 570 nm over a temperature range from 11 to 80 

°C ramped to 0.5 °C increments with plateau times of 30 seconds. Measurements were done in duplicates 

(n=3-23). 
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Table 5.3: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP Protein at Different 

Ligand Concentrations (µM). Tm (mean ± SEM) (°C) was obtained by calculating the first derivatives of 

the fluorescence emission as a function of temperature (–dF/d) where Tm is the lowest first derivative value 

(n=3-23) as described in Chapter 2 section 2.9.7. Significant increase in Tm (*, p<0.05; ***, p<0.0001) 

relative to EPAC1ΔDEP only (0 µM ligand) was determined by One-Way ANOVA (GraphPad Prism). 

                                      Tm ± SEM (°C) 

[Ligand] 

µM 

cAMP 007 I942  ESI-09 CE3F4 

0 48.63 ± 0.13 48.63 ± 0.13 48.63 ± 0.13 48.63 ± 

0.13 

48.63 ± 

0.13 

3.125 48.87 ± 0.24 47.66 ± 0.60 48.49 ± 0.54 47.83 ± 

0.67 

48.83 ± 

0.17 

6.25 48.62 ± 0.12 48.16 ± 0.44 48.62 ± 0.90   42.16 ± 

0.17*** 

 48.67 ± 

0.17 

12.5 48.25 ± 0.15 48.82 ± 0.44 48.12 ± 0.72   42.33 ± 

0.15*** 

 48.66 ± 

0.17 

25 48.37 ± 0.37 49.50 ± 0.29 47.99 ± 0.79 N/A 48.66 ± 

0.17 

50 48.64 ± 0.18 49.83 ± 0.47* 48.07 ± 0.40 N/A 48.50 ± 

0.29 

100 48.87 ± 0.12 52.66 ± 

0.60*** 

48.12 ± 0.38 N/A 47.99 ± 

0.29 

 

5.3.4.3 Effect of 780A on Ligand Binding to EPAC1ΔDEP 

The final step in the examination of Affimer binding was the analysis of the effect of 

780A on the binding of the five ligands (cAMP, I942, 007, ESI-09 and CE3F4) to 

recombinant EPAC1ΔDEP in the TSA. In this experiment, 10 µM of 780A and 50 µM of 

ligand, chosen as it showed a significant effect on protein Tm in the case of 007 (Table 

5.5), were prepared in assay buffer and added to 1-2 µg of EPAC1ΔDEP protein and 

SYPRO Orange dye (10x) in 1:1:1 (v/v) ratio and SYPRO Orange fluorescence was 

measured as described previously. In addition, 2.5 µM of 780A and 12.5 µM of ESI-09 

was tested. As negative controls, dye only, ligand only and 780A only wells were 

measured in the presence of 10x SYPRO Orange dye. In both experiments, Affimer 

concentration was 5x less than ligand concentration. 

In terms of the EPAC1-agonist, 007 and EPAC1-partial agonist I942, a shift in the thermal 

profile to the right at all temperatures could be observed, which was most distinct with 

the addition of 50 µM I942 (Figure 5.10A) and 007 (Figure 5.10C). 50 µM cAMP, in 

contrast, shifted the curve to the right below ~50°C only (Figure 5.10B). ESI-09, on the 

other hand, shifted the thermal profile of EPAC1ΔDEP protein downwards as 
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fluorescence was decreased at both concentrations (Figure 5.10D and 5.10F). 50 µM of 

CE3F4 did not produce a shift in the thermal curve, on the other hand (Figure 5.10E). 

The largest effect on the thermal shift profile of EPAC1ΔDEP observed was the addition 

of 10 µM 780A to the protein in the absence and presence of 50 µM ligand as seen by the 

decrease in fluorescence and downward shift of the thermal profiles (Figure 5.10). In the 

presence of the agonists and partial agonist, the fluorescence increased with the addition 

of 780A as seen by the upward shift of thermal profile (Figure 5.10A-C). The one 

exception was CE3F4 as the fluorescence was decreased further in the presence of 780A 

(Figure 5.10E). In the case of all three agonists/partial-agonist, the presence of the ligand 

shifted the curve leftwards, as fluorescence was reduced further in the presence of 780A, 

in comparison to 780A alone, until a temperature of roughly 50 °C was reached and the 

two EPAC1ΔDEP + 780A ± ligand curves met (Figure 5.10A-C).  
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Figure 5.10: Thermal Shift Profiles of Recombinant EPAC1ΔDEP Protein in the Presence and 

Absence of Affimer (780A) and/or Ligand. Thermal shift stability assays were performed as described in 

Chapter 2 section 2.9.7 with 1-2 ug of EPAC1ΔDEP protein and 10x SYPRO Orange dye per well. Plates 

were incubated overnight at 4 °C before adding 10 µM of 780A with or without 50 µM of EPAC1-partial 

agonist A) I942; EPAC1-agonists B) cAMP, or C) 007; or EPAC1-antagonists D) ESI-09, or E) CE3F4. F) 

2.5 µM of 780A and 12.5 µM of ESI-09 were also tested. Thermal shift profiles of wells containing protein 

only (no treatment), no protein, ligand only, and 780A only were also obtained. The fluorescence readout 

of SYPRO Orange dye was measured using an Applied Biosystems StepOnePlus Real-time PCR 

Instrument set at excitation wavelength 470 nm and emission wavelength of 570 nm over a temperature 

range from 11 – 80 °C ramped to 0.5 °C increments with plateau times of 30 seconds. Measurements were 

done in duplicates (n=3-23). 

          

While the addition of 10 µM 780A did appear to either increase or decrease the Tm values 

in the presence of cAMP or I942, respectively, these effects were not significant (Figure 

5.11). This was also the case for CE34F where the Tm in the presence of 780A was 

increased (Figure 5.11). In contrast, the increase in the Tm values in the presence of 50 

µM 007 with or without 780A were significant (p<0.05-0.005) (Figure 5.11). Although 
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Tm values for 50 µM of ESI-09 could not be determined, due its denaturing effect at this 

high concentration, in the presence of 12.5 µM of ESI-09 only, the Tm was significantly 

reduced (p<0.0001) both in the absence and presence of 2.5 µM of 780A (Figure 5.11). 

Thus, while cAMP and I942 at these concentrations had no effect on the thermal stability 

of recombinant EPAC1ΔDEP protein in the TSA, 007 and ESI-09 were stabilising and 

destabilising, respectively, and 780A did not appear to have a stabilising effect in the 

presence of ESI-09. Ultimately, ligand binding did not affect Affimer binding, suggesting 

that the Affimer does not discriminate between the active and inactive conformations of 

EPAC1.  

 

                       

Figure 5.11: The Relative Thermal Stabilities of Recombinant EPAC1ΔDEP in the Presence and 

Absence of 10 µM Affimer (780A) and 50 µM Ligand (cAMP, 007, I942 and CE3F4) or 12.5 µM of 

ESI-09. Melting temperatures (Tm  ± SEM ° C) of four separate conditions (No treatment; Protein + 

Ligand; Protein + 780A; Protein + Ligand + 780A) were obtained by calculating the first derivatives of the 

fluorescence emission as a function of temperature (–dF/dT). A significant increase (*, p<0.05; **, 

p<0.005) or decrease (###, p<0.0001)  in Tm relative to no treatment was determined by One-way ANOVA 

(Graphpad Prism) (n=3-23). 
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5.3.5 [1H-15N] HSQC NMR of 15N-EPAC1-CNBD in the Absence of Presence of 

Affimer 

To further establish that Affimer 780A causes a conformational change upon binding to 

EPAC1, [1H-15N] HSQC NMR was performed using recombinant EPAC1-CNBD protein 

which was labelled with the “heavy” 15N-isotope as described in Chapter 2 section 2.9.8. 

Recombinant GST-tagged EPAC1-CNBD protein was grown in E. coli and the protein 

was purified as previously described in Chapter 3, except that the recombinant protein 

was expressed in M9 minimal media enriched with 15NH4Cl as the sole source of nitrogen 

to incorporate the isotope into recombinant GST-EPAC1-CNBD and was also 

supplemented with ISOGRO-15N to provide a metabolic boost to the E. coli, to augment 

the bacterial growth and protein production. To reduce the number of backbone NMR 

peaks produced by the GST-tag, GST was cleaved off using PreScission protease and the 

protein was dialysed in NMR buffer (20 mM Na2PO4, 50 mM NaCl, 0.1 % NaN3, pH 

7.0). Each stage of 15N-EPAC-CNBD protein purification can be seen in Figure 5.12. To 

ensure good signal strengths, both 15N-EPAC1-CNBD and 780A, also buffer exchanged, 

were concentrated to final concentrations of 120 and 190 µM, respectively. 

                            

Figure 5.12: Protein Purification of Recombinant EPAC1-CNBD Labelled with 15N-Isotope for 

HSQC NMR. Recombinant GST-tagged EPAC1-CNBD protein was purified as described in Chapter 2 

section 2.9.8. Bacterial pellets containing protein were suspended in 15N-enriched M9 minimal media 

before 1:20 dilution in M9 media supplemented with 1 g/L (w/v) of ISOGRO-15N (1). Protein expression 

was induced with an O/N incubation at 19 °C with 100 µM of IPTG (2). The soluble fraction (SF) (3) was 

obtained by cell lysis and incubated overnight (4 °C) with glutathione sepharose beads. The beads were 

collected in a polypropylene column and underwent a series of washes before incubating in 120 units of 

PreScission Protease overnight (4 °C) to cleave off the GST-tag (4). The cleaved protein was then buffer 

exchanged via dialysis into NMR buffer (5). Lane M contains prestained protein standard markers. The 

arrows highlight purified GST-tagged (*) and cleaved EPAC1-CNBD protein (3 µg loaded per lane).  
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15N-EPAC1-CNBD, was diluted to a final concentration of 50 µM in NMR buffer with 5 

% (v/v) deuterium oxide (D2O), and then incubated with or without 100 µM of 780A and 

spectra were recorded. It was observed that both proteins were in the correct folded state 

as seen by well dispersed peaks along the 1H dimension (not shown). Comparison of 

EPAC1-CNBD spectra alone or with 780A indicated that the Affimer caused small 

chemical shift changes, as seen by positional changes in residues (Figure 5.13). While 

only a few residues changed their positions a little, changes were mainly observed in 

intensities both up and down (not shown). These changes were observed in four areas, in 

the midfield region, of the EPAC1-CNBD with 780A spectra (Figures 5.13B). Zoomed 

in spectra of these regions can be further observed in Figure 5.14 where EPAC1-CNBD 

with 780A residues are red. For example, in spectra A, only a small residue, of ~109.8 

ppm (1H) and ~8.3 ppm (15N) showed a shift in position (Figure 5.14A). In contrast, in 

spectra B, two adjacent residues (109-110.2 ppm (1H) and ~ 7 ppm (15N) showed a shift 

in position in the presence of 780A (Figure 5.13B). Two residues showed a change in 

position in spectra C and multiple residues in proximity in spectra D (Figure 5.14C-D). 

At this stage we were unable to identify the residues as we did not have access to residue 

assignments. Nevertheless, the [1H-15N] HSQC NMR spectra further confirmed that when 

780A binds to EPAC1-CNBD in vitro, the conformational change induced was subtle. 
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Figure 5.13: [1H-15N] HSQC NMR spectra of 15N-labelled EPAC1-CNBD in the Absence and 

Presence of Affimer 780A.  Recombinant EPAC1-CNBD protein was purified and labelled with 15N-

isotype as described in Chapter 2 section 2.9.8. 15N-EPAC1-CNBD and 780A were buffer exchanged 

dialysed into NMR buffer (20 mM Na2PO4, 50 mM NaCl, 0.1 % NaN3, pH 7.0) and concentrated using a 

Vivaspin 20 5 kDa spin column to obtain concentrations of 120 and 190 µM, respectively. To obtain a final 

concentration of 50 µM 15N-EPAC1-CNBD and 100 µM 780A, protein and Affimer stocks were diluted in 

NMR buffer and 5 % (v/v) deuterium oxide. [1H-15N] HSQC NMR spectra for A) 50 µM 15N-EPAC1-

CNBD alone, or B) in the presence 100 µM of 780A were recorded using a Bruker AVANCE 800 MHz 

spectrometer. Sections A-D (black) highlight areas of spectra that show chemical shifts.  

A 

B 
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Figure 5.14: Regions of the [1H-15N] HSQC NMR spectra of 15N-labelled EPAC1-CNBD in the 

presence of Affimer 780A Showing Chemical Shifts. Zoomed in spectra of four regions (A-D) where 

residues of 15N-EPAC1-CNBD  underwent a chemical shift in the presence of 50 µM 780A. Blue residues 

are 15N-EPAC1-CNBD alone and red residues are EPAC1-CNBD with 780A.  

 

 

5.4 Discussion 

In this chapter, five different in vitro assays were used to evaluate Affimer binding to 

recombinant EPAC1 proteins. These were two solid phase assays, dot blot and ELISA, 

and three solution phase assays, MST, fluorescence-based TSA and HSQC NMR. In 

several of these assays, Affimer binding was compared to either EPAC1- and EPAC2-

specific antibodies or to EPAC1-agonists, -partial agonist and -antagonists. 

5.4.1 Dot blots confirm antibody and Affimer binding to EPAC1 

Western blotting could not be used to assess Affimer binding to recombinant 

EPAC1ΔDEP and EPAC1-CNBD proteins due to several possible reasons. Most likely 

the Affimers are not able to identify the denatured form of the proteins but milk, which 

was used to block the membranes, can also lower the sensitivity of some anti-His 

monoclonal antibodies. In addition, the fact that no bands were detected could also 

suggest that the Affimers have a low affinity to both recombinant proteins and/or there 

A B 

C D 
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was insufficient protein used. Dot blots were therefore used as an alternative method and 

confirmed that the Affimers displayed relatively low affinities for recombinant 

EPAC1ΔDEP protein as they did not bind to less than 100 ng of protein (Figure 5.3B).  

Comparison of an EPAC1-specific antibody (5D3 Ab) binding with Affimer binding, 

demonstrated that the antibody has a higher affinity for both recombinant proteins as it 

could bind to all three concentrations at a 10-fold lower concentration of antibody (Figure 

5.4A). Furthermore, the protein signal seen at 10 ng with antibody was stronger than that 

of the strongest signal seen at 1 µg of protein with 780A (Figure 5.4). Thus, less protein 

was needed to see a higher signal with the 5D3 Ab as it is a 10x more potent binder. As 

a monoclonal immunoglobulin, 5D3, is made up of four polypeptide chains consisting of 

heavy and lights chains which are formed into a flexible Y-shape. At the tips of each arm 

there are two binding sites, which is one binding site more than the Affimer has. For this 

reason, higher avidity is expected between the protein and antibody since it has one extra 

binding site than the Affimers. Avidity is the measure of total binding strength of an 

antibody at every binding site and is determined by binding affinity, valency and the 

structural arrangement of the antigen and antibody. It is known, for instance, that an 

antibody with fewer binding sites likely has high affinity and low avidity while those with 

greater binding sites are the opposite. In addition, it is also possible that the antibody 

detection using anti-mouse IgG may be stronger than the anti-His IgG antibody in this 

instance. Thus, from the dot blots alone antibody and Affimer affinities cannot be directly 

compared. 

Five Affimers were tested at the same concentrations and while all were seen to bind to 

1 µg of recombinant EPAC1ΔDEP protein, protein signal was variable and could thus be 

used to identify the strongest and weakest binders (Figure 5.4B). For example, only three 

of the five bound to the protein at all three concentrations. These were 780A, 380A and 

414A,with 780A showing the strongest interaction and 414A being the weakest of the 

three. While this is not directly comparable with the functional assessment data of the 

iQue assay  (described in Chapter 4 section 4.2.4) where 380A, for example, was 

consistently the top binder of the five (Figures 4.11-4.12), it is possible that in that assay 

the presence of the biotin tag on recombinant EPAC1ΔDEP protein may have slightly 

altered binding by changing protein orientation and consequently there are slight 

differences in how well the Affimers bind to proteins between assays. In the dot blot by 

comparison, the target protein was not tagged. 
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5.4.2 MST could not be used to determine Affimer binding 

While MST was originally applied to determine Affimer and antibody binding efficacies 

and potencies, it could only be used to assess the binding of 5D3 Ab to recombinant 

EPAC1-CNBD (Figure 5.5A). MST is a useful tool to quantify biomolecular interactions 

by measuring equilibrium binding events using the physical principle of thermophoresis, 

that no other technique uses, while relying on measurable changes in a single parameter 

[226]. Furthermore, its measurement times are short and only requires small sample 

volumes. In MST, fluorescence intensity is measured by the focus of an infrared laser 

onto the sample while infrared radiation is absorbed by the sample buffer water 

molecules, creating a temperature gradient. To detect the thermophoretic movement, one 

of the binding partners is either fluorescently labelled or a protein’s intrinsic UV-

fluorescence is used. For example, the N-hydroxysuccinimide (NHS) esters are 

commonly used as a crosslinker coupled with the fluorescent dye. This crosslinker will 

react at the protein’s N-terminus or with primary amines of lysine side chains. While the 

NHS crosslinker was used here to successfully fluorescently label EPAC1-CNBD 

protein, a crosslinker was not used to label the Affimers, which were instead fluorescently 

labelled using its His-tag.  

Several issues arose while performing the MST experiments with Affimers. First, there 

was low signal to noise ratio from labelled EPAC1-CNBD versus Affimer MST 

experiments, despite good fluorescent intensities. Thus, binding of the Affimers to 

labelled recombinant EPAC1-CNBD could not be detected using MST. This could have 

been possibly due to an inadequate concentration of protein of 20 nM. While this was 

adequate for detecting 5D3 Ab binding, the antibody, as seen in the dot blots, has a higher 

affinity for recombinant EPAC1-CNBD protein, and thus a higher concentration of 

protein to detect Affimer binding may have been necessary. Second, when using 

recombinant EPAC1ΔDEP protein, sample aggregation was an issue when using both 

labelled protein or labelled Affimer. Aggregation of the fluorescent target can cause a 

high amounts of noise that interferes with MST analysis. While centrifugation of the 

samples is recommended to prevent this, this did not appear to improve the samples here. 

Although it was determined that EPAC1ΔDEP protein did not interfere with the His-tag 

labelling of the Affimers, Affimer binding could still not be determined using the 

alternative labelling system. Consequently, an alternative in vitro method was required to 

determine Affimer binding in comparison to antibody binding.  
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5.4.3 ELISA can be used in place of MST to determine comparative antibody and 

Affimer binding affinities 

Although MST could be used to detect 5D3 Ab binding to EPAC1-CNBD, giving a high 

pEC50 of approximately 9 (Figure 5.5), it could not detect Affimer binding to neither 

EPAC1ΔDEP nor EPAC1-CNBD protein. Thus, an indirect ELISA method was used 

instead (Figure 5.1A). From the results, it was seen that the binding of the 5D3 Ab could 

be determined using this alternative assay, giving a similar pEC50 to that obtained from 

MST experiments (Figure 5.5). ELISA is consequently a valid assay to replace MST 

(Figure 5.5B) and Affimer binding could be tested using ELISA. Following the 

optimisation of Affimer concentration required to observe binding (results not shown), it 

was first determined that both 780A and 380A bound to EPAC1-CNBD but not to 

EPAC2-CNBD protein. Second, 780A had a higher efficacy for EPAC1-CNBD over 

380A (Figure 5.6) since it had a roughly 1.2-fold higher pEC50 and a 25-fold higher EC50 

(Table 5.1). For further comparisons, 780A was therefore used. Since Affimer binding 

could  be determined using the ELISA assay, a comparison between the 5D3 Ab and an 

EPAC2-specific antibody (5B1 Ab), with 780A Affimer binding, could be achieved. As 

expected, both antibodies were more effective and more potent binders of EPAC1ΔDEP 

and EPAC2ΔDEP as seen by the significantly higher affinities (780A v 5D3 Ab: p<0.05) 

and efficacies (780A v 5D3 Ab: p<0.0005) achieved with the antibodies (Figure 5.7; 

Table 5.2). Furthermore, it was observed that 780A also showed selectivity for the 

EPAC1ΔDEP protein since binding to EPAC2ΔDEP could not be determined (Figure 

5.7). Finally, the binding of 780A showed a significantly reduced efficacy and potency, 

as seen by lower Emax and pEC50 values, respectively, in comparison to 5D3 Ab binding, 

which displayed a roughly 250-fold lower EC50 in the lower nanomolar range by 

comparison (Figure 5.7A; Table 5.1). The lower potency of 780A was further 

demonstrated by the fact that 5D3 Ab reached maximal efficacy at a lower concentrations 

(Figure 5.8).  

The 5D3 Ab is a monoclonal antibody generated by Professor Johannes Bos’ group [155]. 

In their research, it was shown that 5D3 Ab binds specifically to the active form of 

EPAC1ΔDEP, and through point mutation in vitro studies, the antibody binds to parts of 

the surface of the CNBD that is masked in the absence of cAMP by the catalytic region 

[155]. The binding of 5D3 Ab is thought to trap EPAC1 in an active conformation, due 

to its large size, while not interfering with the interaction between EPAC1 and Rap1 

[155]. Although the 5D3 Ab was studied in vitro using immunoprecipitation to determine 
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a possible binding site and a RapGEF assay to study EPAC1 activity, the actual binding 

affinity of 5D3 Ab was either never established or never provided and thus cannot be 

verified through the literature [155]. However, considering that the 5D3 Ab is an IgG 

immunoglobulin and thus bivalent, it is no surprise that it would be a more potent and 

effective binder of EPAC1 protein due to its increased valency over the Affimer. In 

addition, as previously mentioned, the Affimer will have lower avidity.  

5.4.4 The TSA is a simple method to study the effect of Affimer binding on the 

stability of recombinant EPAC1ΔDEP protein. 

The fluorescent TSA, also known as ThermoFluor, is a common method used in drug 

discovery to assess protein stability and identify ligand binding affinity across multiple 

test conditions in a high throughput manner. This assay can be used to study small-

molecule drug candidates, optimal storage buffer conditions, conditions for 

crystallography, and protein-ligand interactions, for example. Of the thermal shift assays 

available based on denaturation, including isothermal titration calorimetry (ITC) and 

differential scanning calorimetry (DSC), TSA is one of the simplest and most cost-

effective methods as it only requires cheap compounds, such as SYPRO Orange dye or 

1,8-ANS (1-anilinonaphthalene-8-sulfonate) (ANS) dye, that have low fluorescent 

signals in aqueous solution but high fluorescence when added to a protein solution [227] 

As the solution is slowly heated, the fluorescence is monitored. As previously described 

in section 5.1, the protein chains will begin to unfold as the temperature increases, 

exposing the hydrophobic core to which the dye will bind and fluorescence will increase 

until all proteins are completely denatured [227] (Figure 5.2). Melting temperature (Tm) 

is thus the temperature at which half the protein population is unfolded due to 

hydrophobic exposure. The TSA is also a very cheap method in comparison to other 

assays as commercially available Real-Time (RT) PCR machines are sensitive enough 

for thermal control and fluorescent detection. However, the ANS dye cannot be used with 

RT-PCR as its fluorescence is outside of the machine’s range and consequently SYPRO 

Orange dye can be used instead. An advantage of using an external probe is that it will 

likely behave similarly with many proteins and the fluorescence of the probe is less likely 

to be affected by ligand binding [228].  

In the TSA experiments using recombinant EPAC1ΔDEP protein and 780A, an effect of 

the Affimer could be seen (Figure 5.8). First, the fluorescence was decreased in the 

presence of 10 µM of 780A and second, the Tm increased (Figure 5.8). It is known that 
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ligand binding increases thermal stability, detected by increasing Tm, and this affect is 

proportional to the ligand’s concentration and affinity [228]–[230]. Furthermore, changes 

in protein thermal stability through ligand interaction can be acquired by changes in 

protein structure and conformation flexibility [231]. As a result, increased thermal 

stability of a protein-ligand complex is consistent with either a reduced conformational 

flexibility or stabilisation of the protein [231]. 

The effect of 780A on EPAC1ΔDEP protein suggests that, first, Affimer binding exerts a 

conformational effect, as seen by the lower fluorescence of the protein with 780A (Figure 

5.9). Second, the increase in Tm suggests that the Affimer might have a stabilising effect, 

although slight, and, at this concentration at least, was not significant (Figure 5.9).  

5.4.5 Ligand binding can affect stability of EPAC1ΔDEP protein.  

Once it was confirmed that TSA could be used to observe Affimer binding, the impact of 

altering the conformation of EPAC1 by ligand binding was investigated. Due to the 

coupling of binding with unfolding equilibrium, interactions of proteins with small 

ligands often occur with an increase in protein thermostability [232]. For example, it has 

been shown that the binding between biotin and streptavidin increases Tm from 75 °C to 

112 °C [233]. Having shown that the diluent, DMSO, had no effect on the stability of 

EPAC1ΔDEP protein (Figure 5.9A; Table 5.2), the synthetic ligand I942 was next tested. 

I942 is a partial agonist identified by Dr Stephen Yarwood’s group [144]. However, 

because binding of I942 could not be detected (Figure 5.9B), the natural, cyclic nucleotide 

EPAC1-agonist, cAMP, was then tested since cAMP has a 10-fold higher affinity than 

I942 towards EPAC1ΔDEP [144]. Some slight denaturation of protein was observed with 

higher concentrations of I942, as seen by a slight decrease in Tm (Table 5.3). However, 

because binding affinity was so low, this effect was not significant. While no denaturation 

was observed with cAMP (Table 5.3), the assay was still not sensitive enough to detect 

binding of this agonist either (results not shown).  

We therefore tested another synthetic, cyclic nucleotide ligand, 007, which is also an 

EPAC1-agonist but a more potent regulator of EPAC1 than cAMP, with a half-maximal 

activation of 2.2 µM versus 30 µM, for cAMP, and is thus considered to be a ‘super-

agonist [141], [234], [235]. In the TSA 007 dose-response experiment, a stabilising effect 

of this ligand on EPAC1ΔDEP protein was observed (Figure 5.9C). This was further 

elucidated by the significant increase in Tm of up to 5 °C observed at both 50 and 100 



156 

 

µM of 007 (Table 5.3). 007 is therefore a ligand that increases protein stability as it 

interacts preferentially with the native form of EPAC1ΔDEP.  

As mentioned previously in Chapter 3, the antagonist, CE3F4 did not appear to alter 

Affimer interaction in the iQue assay and therefore an alternative EPAC1-antagonist, 

ESI-09, was also used. CE3F4 did not have a strong effect on the EPAC1ΔDEP thermal 

shift profile nor did it significantly affect the melting temperature at any test 

concentrations (Table 5.3). This suggests that in in vitro assays, the binding of CE3F4 is 

too weak to observe an effect on protein conformation. ESI-09 is a non-cyclic nucleotide 

with a 4-fold increased potency over cAMP [149]. As previously seen at concentrations 

of 25 µM and above [150], ESI-09 increased fluorescence in the TSA at low temperatures, 

which is indicative of the presence of unfolded protein. ESI-09 appears to destabilise 

EPAC1ΔDEP protein in vitro by primarily binding to the unfolded state of the protein 

and, thereby, reduce protein melting temperatures [236]. In this assay, Tm values could 

thus only be established at concentrations of ESI-09 below 25 µM where 12.5 µM of ESI-

09 resulted in a significant decrease in Tm by roughly 6 °C (Table 5.3). This reduction in 

Tm at lower concentrations further confirms that ESI-09 is a destabilising ligand that, as 

seen at the higher concentrations, has denaturing properties as previously established 

[150]. Ultimately, it is not very well understood how ligands bind to the unfolded state of 

a protein as there are no crystal structures of unfolded proteins [236]. Furthermore, the 

TSA assumes that there is one unfolded state of protein while it is likely that a protein 

can exist in many semiflexible conformational states [236]. Therefore, in the case of ESI-

09, for example, it is possible that several ligand molecules bind to the unfolded state with 

variable potency [236].  

5.4.6 The stabilising effect of 780A is also observed in the presence of EPAC1-agonist 

007 

In the final TSA experiments, ligand binding at a concentration of 50 µM was tested in 

the presence of 10 µM of Affimer (Figures 5.10). While I942 and cAMP continued to 

have little effect on the melt curves, due to their relatively weak binding, 780A appeared 

to slightly enhance 007 binding as seen by a significant increase in melting temperature 

with or without the agonist (Figure 5.11). Although CE3F4 caused a decrease in 

fluorescence and an increase Tm in the presence of 780A, the effect of the antagonist was 

not significant (Figure 5.11). Because melting temperatures could not be determined at 

higher concentrations of ESI-09, due to its denaturing properties, the assay was also 
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performed with 12.5 µM ESI-09 ± 2.5 µM of 780A to see if this lower, non-denaturing 

concentration of the antagonist could be stabilised, possible reversed, by the Affimer 

(results not shown). However, this was not the case as melting temperature of 

EPAC1ΔDEP protein remained low when treated with both ESI-09 and 780A at their 

lower concentrations. While the addition of 780A did slightly reduce the Tm further by 

roughly 1-2 °C, the difference between the two treatments was not significant. Therefore, 

while the Affimer was able to maintain, if not slightly enhance the stabilising effect of 

007, it was unable to reverse the destabilising effect of ESI-09 possibly because the 

Affimer was unable to bind to the unfolded protein.  

Though it is clear that none of the ligands nor the Affimer on their own showed 

fluorescence at the test temperatures applied (Figures 5.10), there was an increase in 

fluorescence in the presence of Affimer at 10 µM as the temperature was increased to 

above 75 °C. This indicates that only at these higher temperatures, and higher 

concentrations, did the Affimer begin to melt. This is expected since Affimers have a 

known melting range between 42-100 °C [164].  Thus, any effect of Affimer and/or ligand 

on the fluorescence of EPAC1ΔDEP protein during TSA was due to Affimer/ligand 

binding and not due to the melting of the Affimer.  

5.4.7 HSQC NMR confirms that 780A binding causes a subtle conformational 

change in EPAC1-CNBD 

As HSQC NMR is highly sensitive and can be performed relatively quickly, it is a 

particularly good method to determine binding of ligands to a protein and can be used to 

observe where exactly in the protein conformational changes occur. While we are 

currently unable to assign residues, we were able to confirm that binding of 780A does 

cause a conformational change in EPAC1-CNBD as seen by greater changes in signal 

intensities with a few residues changing their position a little (Figure 5.15). While what 

we are seeing does not fit with tight binding previously seen with monomeric EPAC-

CNBD (Figure 5.15: Models A and B), a possible explanation involves model D (Fig 

5.15).  
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Figure 5.15: Different Binding Models to Explain HSQC NMR Spectra of 50 µM EPAC1-CNBD and 

100 µM 780A. Four possible binding models of 780A (orange) to EPAC1-CNBD (blue). In models A and 

B, monomeric EPAC1-CNBD forms a tight complex with 780A, resulting in chemical shifts, but a decrease 

in intensities. In model C, monomeric EPAC1-CNBD moves between two different conformations, but the 

addition of 780A would keep the protein in one conformation. While this would result in chemical shifts, 

its effect on intensity is uncertain. Finally, in model D, EPAC1-CNBD moves between different monomer 

or monomer/dimer conformations. Upon complex formation, chemical shifts would have decreasing and 

increasing intensities. Adapted from an image provided by Dr Brian Smith. 

 

The results suggest that EPAC1-CNBD might be in exchange between different forms, 

as seen in model D, causing it to tumble more slowly than a compact monomer would on 

average. Thus, the addition of 780A results in a complex that tumbles about the same or 

faster on average, resulting in greater intensity changes. Tumbling refers to the movement 

of a protein around the three main axes of the protein structure (x, y, and z). This 

influences intensities, such that larger molecules will tumble more slowly, resulting in the 

signal relaxing away faster so that the lines in the signal broaden out and make the signal 

less intense. Tumbling, however, does not affect binding itself. A possible reason for the 

greater intensity of some resides seen here could be that they undergo conformational 

exchange broadening due to either an exchange between different monomer 

conformations or monomer/dimer that then does not undergo conformational exchange 

in the complex. To improve our understanding of what is going on, a follow-up 

experiment would be to use Affimer labelled with heavy isotope nitrogen with unlabelled 

EPAC1-CNBD.  
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5.5 Conclusions 

To conclude, following the identification of five EPAC1-selective Affimers in Chapter 4, 

Affimer binding was further explored and characterised in this chapter. Of the five 

Affimers, 780A, 380A and 414A were identified as the top binders. Although unable to 

detect EPAC1 in western blots, both 780A and 380A were found to interact with EPAC1-

CNBD, but not EPAC2-CNBD, in the alternative solid phase ELISA. In addition, while 

a pEC50 for 780A could be measured when binding to the full length recombinant 

EPAC1ΔDEP, it could not be obtained with EPAC2ΔDEP. Thus, the 780A Affimer is an 

EPAC1-selective binder. Ultimately, in these two solid phase assays, the EPAC1-specific 

antibody, 5D3, showed a higher affinity for recombinant EPAC1ΔDEP protein as well as 

a higher potency but this is no surprise since, as an antibody, it has two binding sites for 

its target epitope. 

From the solution phase TSA, 780A displayed a potential stabilising effect on 

recombinant EPAC1ΔDEP protein. Although the assay was not sensitive enough to detect 

the binding effects of the natural ligand, cAMP, nor the synthetic ligands, I942 and 

CE3F4, the synthetic EPAC1-agonist 007, which was used originally to identify the 

Affimers in phage display, was a strong enough binder in this assay to detect interactions 

with EPAC1ΔDEP protein, and also demonstrated a stabilising effect. In contrast, the 

EPAC1-antagonist, ESI-09, had a denaturing effect on EPAC1ΔDEP protein with 

increased ligand dose. While 780A continued to stabilise EPAC1ΔDEP in the presence 

of 007, the Affimer was unable to reverse the destabilising effect of ESI-09. Finally, from 

HSQC NMR spectra, a conformational change following Affimer binding to EPAC1-

CNBD was observed. The fact that the changes observed were subtle is supported by the 

ELISA and TSA data presented in this chapter. 

Moreover, the TSA data supports the idea that interactions between 780A and 

EPAC1ΔDEP was not influenced by the activation state of EPAC1, brought about by 

interaction with the agonists and antagonists tested. Therefore, 780A appears not to 

discriminate between the active and inactive conformations of EPAC1. This is consistent 

with the original phage display data in Chapter 3, which failed to identify conformation-

selective Affimers, in the presence of 007 or CE3F4. However, Affimer binding to 

EPAC1 does appear to exert a subtle conformational change, as detected by TSA and 

NMR, but this is not sufficient to convert the transition of the enzyme from the inactive 

to the active form. Despite this, the interaction may exert a stabilising effect. With this 
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knowledge of the binding effects of Affimer in both solid and solution phase assays, the 

next stage in the project was to map the possible Affimer interaction sites on EPAC1. 
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Chapter 6 - Mapping of Affimer Interaction Sites on EPAC1 

6.1 Introduction 

In Chapter 5, the top EPAC1-specific Affimer, 780A, was identified and its binding 

characteristics to EPAC1 were evaluated in comparison to an EPAC1-specific antibody 

(5D3) and EPAC1-selective ligands through a variety of in vitro assays. Now that Affimer 

binding to recombinant EPAC1 protein has been established, the next step to 

understanding how the Affimer binds is to identify where it binds on EPAC1.  

This was done first using two assays previously described in Chapter 5: ELISA and TSA. 

However, these assays were performed using four point mutated EPAC1ΔDEP mutants: 

L273W, D276R, R279L and F300D (Figure 6.1), that had previously been identified as 

being important for 5D3 antibody binding to the CNBD of EPAC1 [155]. All four 

residues that have been mutated are found in the CNBD domain of EPAC1 (Figure 6.1). 

At residue 273, the nonpolar aliphatic leucine is replaced by the heavy aromatic nonpolar 

tryptophan (Figure 6.1). Residue 276 aspartic acid is replaced by basic arginine (Figure 

6.1). At residue 279, polar hydrophilic arginine is replaced with nonpolar hydrophobic 

leucine (Figure 6.1). Finally, the aromatic phenylalanine at residue 300 is replaced by 

another aromatic amino acid, tryptophan, and the residue remains hydrophobic (Figure 

6.1).  

The four EPAC1ΔDEP mutants, consisting of four residues not directly involved in 

cAMP binding, were originally used to identify the binding epitope of the 5D3 Ab in the 

original thesis work by Dr Jun Zhao in Professor Johannes L. Bos’ research group [155]. 

Epitope mapping was done using western blotting of the recombinant WT and mutant 

proteins and probing with 5D3 Ab [155]. Of the four point mutations, only L273W was 

not detected by 5D3 Ab, suggesting similar epitopes around L273 are thought to be 

recognised by the antibody [155]. Although D276R did not abolish 5D3 Ab binding, 

D276 instead was found to be involved in EPAC1 activity since the mutation caused 

enzyme inhibition [155]. Furthermore, invariant L273 (L408 in EPAC2) and highly 

conserved F300 (F435 in EPAC2), found in the PBC and hinge of EPAC1, respectively, 

mediate the cAMP-induced conformational change of both EPAC isoform’s hinge and 

lid [55].  
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Figure 6.1: EPAC1ΔDEP Structure and Sequence Alignment. Domain organisation of recombinant 

EPAC1ΔDEP. CNBD, cyclic nucleotide binding domain; REM, Ras exchange motif; RA, Ras association 

domain; CDC25-HD, CDC25-homology domain. A sequence alignment of the region in the CNBD (amino 

acids 260-300) from wild type (WT) EPAC1ΔDEP with the four mutant forms of the protein shown. 

Original and mutated residues are highlighted in bold in each sequence.  

 

In addition to ELISA and TSA, peptide arrays were used to not only identify the potential 

binding sites of 780A on EPAC1, but also to see if Affimer binding could be improved. 

This is a technique whereby small droplets of amino acid solutions are spotted onto a 

solid, porous support, such as a cellulose sheet, and peptides are synthesised 

simultaneously (SPOT synthesis). Through peptide arrays, protein-protein interactions 

can be studied by focusing and narrowing down large interaction surfaces to a specific 

binding site [237]. There are several advantages to peptide arrays, including the simplicity 

and inexpensiveness of making peptides by chemical synthesis, and the identification of 

binding peptides can be used to model protein-protein interactions [237]. 

There are two frequently used methods to synthesise a peptide array: i. covalently attach 

peptides that are already functionalised to a support; or ii. synthesise peptides sequentially 

directly onto the solid support, using SPOT synthesis [237]. The latter technique, which 

is used in this project, is also the most widely used [237]. When a droplet containing 

peptides is dispensed, it forms a raised spot on the cellulose sheet, which, acts as a reaction 

vessel and multiple, separate spots can be dispensed to form an organised array [237] as 

seen in Figure 6.2. The peptides on an array are made using Fmoc (fluoren-9-

ylmethoxycarbonyl) chemistry which is carried out automatically using an AutoSpot-

Robot. This results in smaller spots, but a higher concentration of peptide per spot [237].  
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Figure 6.2: Peptide Array on a Cellulose Sheet Membrane Developed from SPOT Synthesis. Each 

spot, beginning at the top of each column, contains 25 amino acids as visualised by UV light. UV light 

intensities is higher in peptides containing amino acids with aromatic rings, such as phenylalanine, 

tryptophan, and tyrosine. 

 

Thus, using these three different assays, we aim to address the following research 

questions to help map possible Affimer interaction sites on EPAC1: 

1. Do the EPAC1ΔDEP mutants interfere with EPAC1-antibody or Affimer 

binding? 

2. What effect do the EPAC1ΔDEP mutants have on protein conformation and 

stability and ligand binding?  

3. Does 780A affect the EPAC1ΔDEP mutant conformation and stability? 

4. Can peptide array technology be used to identify the potential binding sites of 

780A and does the Affimer bind to the same amino acids as the EPAC1-antibody? 

5. Can 780A binding be improved by amino acid substitution? 
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6.2 Results 

6.2.1 Recombinant EPAC1ΔDEP Mutant Protein Purification 

Plasmid constructs of four recombinant EPAC1ΔDEP mutant proteins (L273W, D276R, 

R279L and F300D), mutated by QuickChange mutagenesis [155], were generously 

provided by Professor Holger Rehmann (UMC Utrecht, Netherlands). The plasmids were 

transformed in DH5-α Competent E. coli as described in Chapter 2 section 2.9.1. 

Recombinant mutant proteins were then purified as described in Chapter 2, section 2.9.4. 

In summary, pre-inoculates of transformed recombinant mutant bacteria were grown 

overnight at 37 °C and then diluted 1:20 and incubated for four hours at 37 °C before 

inducing protein expression with 100 µM of IPTG. Cultures were then grown overnight 

at 19 °C. Bacterial pellets were then washed in 0.9 % (w/v) NaCl and collected by 

centrifugation. Next the pellets were resuspended in lysis buffer using a rotary incubator 

followed by sonication to obtain the soluble fraction (SF). The SF was then incubated 

overnight at 4 °C with 1 ml of glutathione sepharose 4B beads per 50 ml SF. The beads 

were then transferred directly to a polypropylene column and underwent a series of 

washes before eluting the protein with elution buffer. The eluted recombinant mutant 

proteins were then buffer exchanged by dialysis.  

As seen in Figure 6.3, samples were collected at each stage of the purification process 

and visualised by SDS-PAGE and PageBlue staining to assess the purification of each 

recombinant EPAC1ΔDEP mutant.  Each recombinant mutant protein was successfully 

purified as seen by a band at around 100 kDa in size (Figure 6.3: arrow). Protein 

concentrations obtained varied from 0.2 to 1.4 mg/ml, depending on protein. However, 

for the purposes of ELISA and TSA, even the lowest concentration was sufficient.  
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Figure 6.3: Protein Purification of Recombinant EPAC1ΔDEP Mutants. Bacterial cultures, expressing 

pGEX4T2-GST-EPAC1ΔDEP A) L273W, B) D276R, C) R279L or D) F300D (149-881) mutants, before 

(1) and after (2) protein induction with IPTG, and cell lysis of bacteria to obtain the soluble fraction (3), 

were performed as described in Chapter 2 section 2.9.4. Eluted GST-tagged protein (4) underwent buffer 

exchange dialysis to remove excess glutathione (5). Samples were collected at each stage of protein 

purification and visualised by SDS-PAGE and PageBlue stain. Lane M contains prestained protein standard 

markers. Arrows highlight ~3 µg of purified EPAC1ΔDEP mutant protein in lanes 5 and 6.  
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6.2.2 Affimer versus Antibody ELISA: EPAC1ΔDEP Wild Type versus Mutants 

As previously explained in Chapter 5 section 5.3.3, indirect ELISA can be successfully 

used to determine the binding affinities of both antibody and Affimer. Therefore, using 

ELISA (described in Chapter 2 section 2.9.6), the effects of EPAC1ΔDEP mutants, in 

comparison to wild type (WT), on 5D3 Ab and 780A binding were tested. 1 µg/well of 

GST-tagged recombinant EPAC1ΔDEP WT or mutant protein were added to glutathione-

coated plates and incubated overnight at 4 °C. Serial dilutions of 5D3 Ab (0.2 to 125 nM) 

or 780A (0.04 to 4 µM) were prepared in dilution buffer and were added to wells 

containing protein and incubated for one hour at RT. 1:10,000 anti-mouse or anti-His tag 

antibody (both HRP-conjugated) was added to 5D3 Ab or 780A wells, respectively, and 

incubated for one hour at RT before adding ELISA substrate. After 30 minutes at RT, the 

colour change was measured by spectrophotometer at 655 nm. All data was normalised 

as a fold-change where the lowest concentration of antibody or Affimer was set to 1 

(arbitrary units (A.U.)) and EC50 values were determined from nonlinear regression 

curve fit Log (agonist) vs response-variable slop (four parameters) (GraphPad Prism).    

From this ELISA data, there are two main points of comparison: 1. how does the binding 

of 5D3 Ab or 780A to the EPAC1ΔDEP mutants compare to WT; and 2. how does 5D3 

Ab and 780A binding compare? In Figure 6.4, graphs A-D show 5D3 Ab binding and E-

H show Affimer binding. A bar graph summary of EC50s (nM) is provided in Figure 6.5. 

The binding efficacy (Emax) of 5D3 Ab was significantly reduced (p<0.05) in the 

presence of L273W and R279L in comparison to WT where it dropped from roughly 7.8 

± 0.6 (A.U.) to roughly 5.8 ± 0.3 (A.U.) (Figure 6.4A; 6.4C). Although the Emax of 780A 

in the presence of L273W also showed a decrease from roughly 2.6 ± 0.4 (A.U.) to 

roughly 1.8 ± 0.2 (A.U.), this reduction was not found to be significant (Figure 6.4E). 

While the binding affinity of 5D3 Ab was also not significantly reduced or increased by 

the mutants, ranging between 1.4 ± 0.6 and 2.1 ± 0.2 nM, 780A binding affinity was 

significantly decreased by D276R and R279L (Figures 6.4-6.5).  

In comparison to WT, the EC50 of 780A was significantly increased (p≤0.005) when 

binding to D276R and R279L from approximately 0.5 ± 0.1 µM to roughly 1.3 ± 0.1 µM 

and 1.6 ± 0.1 µM, respectively (Figure 6.5B). It appeared that in the ELISA, the other 

two mutants, L273W and F300D, did not significantly alter 780A binding in comparison 

since increases in EC50 were not significant (Figures 6.4E; 6.4H; Figure 6.5B). Because 

the binding curves of D276R, R279L and F300D had not yet reached a plateau at 4 µM 
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of 780A, where the Emax of 780A actually increased in the case of R279L and F300D,  

it is possible that not all of 780A had bound to these mutant proteins at this concentration 

(Figure 6.4F-H). Although only the efficacy of 5D3 Ab was affected by two of the 

mutants, L273W and R279L, and not the affinity of 5D3 Ab, when comparing the 

antibody and the Affimer, 5D3 Ab continued to have a higher efficacy and affinity for 

recombinant EPAC1ΔDEP than 780A as seen by the almost three-fold higher Emax and 

roughly 200- to 1200-fold lower EC50s (Figures 6.4-6.5). Furthermore, the differences in 

Emax between 780A and 5D3 Ab was found to be highly significant, ranging from 

p<0.005 in the case of D276R and F300D, p<0.0005 in the case of WT, and p<0.0001 

with L273W and R279L (Figure 6.4).  
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Figure 6.4: ELISA Comparing the Relative Binding Affinities of Affimer 780A to the EPAC1 5D3 Ab 

to Recombinant EPAC1ΔDEP WT and Mutant Proteins. As described in Chapter 2 section 2.9.10, 1 

µg/well of GST-tagged recombinant protein (wild type (WT) or mutant) were added to glutathione-coated 

plates and incubated overnight at 4 °C. Serial dilutions of antibody A-D) 5D3 Ab (0.2-125 nM) and E-H) 

Affimer (780A) (0.004-4 µM) or were prepared in assay buffer and incubated for 1 hour at RT. Anti-His-

tag or anti-mouse antibodies (1:10,000) were then added to the Affimer or antibody-containing wells, 

respectively, and incubated for a further 1 hour at room temperature. The ELISA substrate was then finally 

added, and absorbance measurements (655 nm) were taken after 30 minutes incubation at room temperature 

using a FLUOstar Omega Microplate reader. The experiments were done in triplicates. Data was normalised 

as a fold-change with the relative fluorescence associated with the lowest concentration of antibody or 

Affimer set to 1 (arbitrary units (AU)). Error bars represent standard error of the mean (n=3-5). Log 

(agonist) vs response—variable slope (four parameters) nonlinear regression curve fitting was used to 

obtain pEC50 values (Graphpad Prism). A significant increase in EC50 (**p<0.005) or decrease (#p<0.05) 

relative to EPAC1ΔDEP WT was determined by unpaired t-test (GraphPad Prism).  
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Figure 6.5: Binding Affinities (EC50) of 5D3 Ab and 780A to Recombinant EPAC1ΔDEP WT Versus 

Mutant Proteins. The EC50 (nM) values of either A) 5D3 Ab or B) 780A Affimer when binding to 

different recombinant EPAC1ΔDEP proteins were determined by ELISA. A significant increase 

(**p≤0.005) in EC50 in comparison to WT was determined by unpaired t-test (GraphPad Prism).  
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6.2.3 TSA Analysis of mutant forms of EPAC1ΔDEP  

6.2.3.1 Effect of Mutation of EPAC1ΔDEP on Protein Stability 

The effect of the four EPAC1 point mutations (L273W, D276R, R279L and F300D) on 

EPAC1ΔDEP conformation and stability was next assessed using TSA in comparison to 

EPAC1ΔDEP WT (Figure 6.6). This was done to see if the mutations affected the overall 

conformation of the EPAC1 protein with a consequent affect on Affimer or Ab binding 

to recombinant proteins, as described above. For these experiments, 1-2 µg of 

recombinant GST-tagged protein per well were incubated overnight at 4 °C with 10x 

SYPRO Orange dye before measuring the fluorescence readout (please refer to Chapter 

2 section 2.9.7 for full method details). The first derivatives of fluorescence emission as 

a function of temperature (–dF/dT) were calculated to obtain the Tms (lowest first 

derivative value) of each treatment as described in Chapter 2 section 2.9.7.  

Firstly, results demonstrated that the F300D mutation resulted in a profound denaturing 

effect on protein conformation, as was obvious from its thermal shift profile (Figure 

6.6A). The fluorescence intensity of this mutant was observed to be already high at the 

lowest temperatures and, as temperature increased, the fluorescence decreased (Figure 

6.6A). Although there was a slight increase in fluorescence intensity between ~40 to ~60 

°C, the fluorescence continued to decrease after 60 °C (Figure 6.6A). Therefore, because 

F300D was denaturing, the Tm for this mutant could not be determined. The three other 

mutants also showed an increase in fluorescence at temperatures below 40 °C in 

comparison to WT (Figure 6.6A). However, from roughly 40 °C both L273W and R279L 

reached a similar fluorescence to WT (Figure 6.6A). Therefore, although the L273W 

mutant had no obvious effects on fluorescent intensity, in comparison to WT, it caused a 

highly significantly (p<0.0001) decrease in Tm, from 48.63 ± 0.13 °C to 46.83 ± 0.13 °C, 

as seen in Figure 6.6B. This suggests that the L273W point mutation was also 

destabilising, but not denaturing (Figure 6.6). The D276R mutant, on the other hand, 

showed an increase in fluorescence intensity at all temperatures but also a highly 

significant increase in Tm of 52.00 ± 0.53 °C (p<0.0001) also in comparison to WT 

(Figure 6.6). Therefore, despite appearing to cause some protein conformation 

destabilisation, the increased Tm suggests that D276R was a stabilising mutation and 

although L273W did not appear to influence protein conformation, its Tm suggests that 

it was a destabilising mutation by comparison.   
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Figure 6.6: Thermal Shift Profiles and the Relative Thermal Stabilities of Recombinant EPAC1ΔDEP 

Wild Type in Comparison to EPAC1ΔDEP Mutant Protein. Thermal shift assays were performed as 

described in Chapter 2 section Chapter 2 section 2.9.7 with 1-2 ug of recombinant EPAC1ΔDEP wildtype 

(WT) or mutant (L273W, D276R, R279L, F300D) proteins and 10x SYPRO Orange dye per well. Plates 

were incubated overnight at 4 °C. A) The fluorescence readout of SYPRO Orange dye was measured using 

an Applied Biosystems StepOnePlus Real-time PCR Instrument set at excitation wavelength 470 nm and 

emission wavelength of 570 nm over a temperature range from 11 to 80 °C ramped to 0.5 °C increments 

with plateau times of 30 seconds. Measurements were done in duplicates (n=16-23). B) Melting 

temperatures (Tm ± SEM °C) were obtained by calculating the first derivatives of the fluorescence emission 

as a function of temperature (–dF/dT). A significant decrease (###, p<0.0001) or increase (***, p<0.0001) 

in Tm relative to WT protein was determined by One-way ANOVA (Graphpad Prism) (n=16-23). 

 

 

 

 

A 

B

 



172 

 

6.2.3.2 Effect of EPAC1ΔDEP Mutants on Ligand Binding 

To evaluate the effect of the four EPAC1ΔDEP mutants on the binding of EPAC1 

agonists (007, I942, cAMP) and antagonists (CE3F4 and ESI-09), TSA was used once 

more. As activators and inhibitors of EPAC1, these ligands were used to investigate what 

affect they might have on the EPAC1ΔDEP mutant conformations in comparison to WT. 

Because the mutants effect the non-ligand bound conformation of EPAC1ΔDEP (Figure 

6.6), will this hold true for the inactive and active conformations of the protein? This 

would, consequently, indicate if the mutants might also have an effect on the 

inactive/active conformations. For these experiments, 10x SYPRO Orange dye was 

combined with 1-2 µg of recombinant GST-tagged mutant protein before adding in a 1:1 

(v/v) ratio a dose-response (0 – 100 µM) of ligand. Plates were then incubated and 

measured as previously described. Here only 007 data is shown to represent the effect of 

each mutant on the thermal shift ligand binding profile since 007 had the most visible 

effect (Figure 6.7) as also observed in the previous chapter, probably due to its high 

affinity binding to the EPAC1 CNBD [141]. In both the L273W and R279L mutants, the 

007 dose response profiles shifted to the left with increasing concentrations of 007 (Figure 

6.8A, 6.8C). Higher concentrations of 007 also shifted the D276R curves leftwards and, 

at higher temperatures, increased the fluorescence slightly (Figure 6.8B). The 

fluorescence intensity of F300D was found to decrease further as the concentration of 007 

was increased (Figure 6.8D).  To properly assess the effects of each ligand on the binding 

to each of the EPAC1ΔDEP mutants, the Tms at each concentration in comparison to WT 

are presented in Figure 6.7 as a summary bar graph of the Tms of EPAC1ΔDEP WT and 

mutant proteins, with or without 12.5 µM (ESI-09) or 100 µM (rest) of ligand. For the 

Tms of each recombinant protein at each concentration of ligand, please refer to Appendix 

B. 

In the case of the agonists, cAMP and 007, the Tm of L273W was significantly increased 

(p<0.05-0.0001) at 100 µM in comparison to L273W alone (Figure 6.9). 007 caused the 

most significant increase (p<0.0001) from 46.84 ± 0.13 °C to 48.66 ± 0.17 °C while 100 

µM of cAMP significantly raised (p<0.05) the Tm to 47.75 ± 0.14 °C (Figure 6.9). I942 

caused a nonsignificant increase (Figure 6.9). For mutant D276R, in contrast, all three 

agonists significantly decreased (p<0.005-0.0001) the Tm at 100 µM (Figure 6.9). In fact, 

the Tm of D276R was significantly reduced at all concentrations of ligand (Appendix B: 

Tables B1-B3).  In this case, 100 µM of cAMP caused a highly significant (p<0.0001) 

drop in Tm from 52.00 ± 0.53 °C, without ligand, to 46.12 ± 0.24 °C (Figure 6.9). 100 
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µM of I942 also highly significantly decreased the Tm to 45.83 ± 0.33 °C (Figure 6.9). 

Although 007 also significantly decreased the Tm of D276R at all concentrations, with 

increasing concentration of the agonist, the Tm began to increase slightly (Appendix B: 

Table B3). For example, 3.125 µM of 007 showed the most significant (p<0.0001) 

reduction of 44.50 ± 0.29 °C whereas at 100 µM, the Tm increased to 47.16 ± 0.60 °C. 

This was, nevertheless, still a significant reduction (p=0.0012) from the unbound state 

(Figure 6.9; Appendix B: Table B3).  

While antagonist CE3F4 had no significant effect on the Tm of any protein in this assay 

(Appendix B: Table B4), the Tms of WT and mutant proteins could only be determined 

for concentrations of 12.5 µM or less of antagonist ESI-09  (Appendix B: Table B5) due 

to the antagonist’s denaturing properties at higher concentrations as previously seen in 

chapter 5. Although a highly significant decrease in Tm of 42.66 ± 0.72 °C was observed 

with WT protein at 12.5 µM of ESI-09, none of the mutants showed the same decrease, 

but instead ESI-09 caused non-significant increases in the mutant protein Tms, such as 

seen with D276R to 52.33 ± 0.73 °C (Table 6.7).  
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Figure 6.7: Thermal Shift Dose-Response Profile of 007 Binding to Recombinant EPAC1ΔDEP 

Mutant Protein. Thermal shift stability assays were performed as described in Chapter 2 section 2.9.7 with 

2 µg of EPAC1ΔDEP mutant protein: A) L273W, B) D276R, C) R279L and D) F300D, and 10x SYPRO 

Orange dye per well. Plates were incubated overnight at 4 °C. A serial dilution of EPAC1-agonist, 007, 

from 0-100 µM was prepared in assay buffer and added to the wells containing protein in a 1:1 (v/v) ratio. 

The fluorescence readout of SYPRO Orange dye was measured using an Applied Biosystems StepOnePlus 

Real-time PCR Instrument set at excitation wavelength 470 nm and emission wavelength of 570 nm over 

a temperature range from 11 to 80 °C ramped to 0.5 °C increments with plateau times of 30 seconds. 

Measurements were done in duplicates (n=3-19).  

 

From these results, it appeared that the EPAC1ΔDEP L273W mutant adopted the active 

conformation of EPAC1 since, as seen by a significantly increased Tm at 100 µM, cAMP 

and 007 both interacted more readily with this protein and had a stabilising effect (Figure 

6.7). In contrast, the EPAC1ΔDEP D276R mutant appeared to favour the inactive 

conformation, since agonist treatment led to a significant decrease in Tm, whereas the 

antagonist, ESI-09, promoted an increase in Tm, demonstrating enhanced interaction with 

the mutant (Figure 6.7). The EPAC1ΔDEP R279L mutant, however, appeared to favour 

neither conformation since its Tm at 100 µM was unaffected by addition of any ligand 

(Figure 6.9).  
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Figure 6.8: Summary of the Relative Thermal Stabilities of Recombinant EPAC1ΔDEP Wild Type 

in Comparison to EPAC1ΔDEP Mutant Protein with or without 12.5 or 100 µM Ligand. Melting 

temperatures (Tm ± SEM °C) of recombinant EPAC1ΔDEP WT or mutant (L273W, D276R, R279L, 

F300D) protein A) alone and/or B) in the presence of 12.5 (ESI-09) or 100 µM of ligand (cAMP, 007, I942, 

CE3F4) were obtained by calculating the first derivatives of the fluorescence emission as a function of 

temperature (–dF/dT) as described in Chapter 2 section 2.9.7. A significant decrease (##, p<0.005; ###, 

p<0.0001) or increase (*, p<0.05;  ***, p<0.0001)  in Tm relative to protein alone was determined by One-

way ANOVA (GraphPad Prism) (n=3-23). 

 

6.2.3.3 Effect of Affimer on EPAC1ΔDEP Mutant Proteins 

TSA was next applied to determine the interaction of Affimer 780A on the recombinant 

EPAC1ΔDEP point mutations to determine whether 780A might prefer interacting with 

a particular conformation of an EPAC1ΔDEP mutant over WT; bearing in mind that 

EPAC1ΔDEP L723W appeared to favour the active conformation of EPAC1, whereas 

D276R appeared to adopt an inactive conformation. For these experiments, 1-2 µg of 

recombinant GST-tagged mutant EPAC1ΔDEP protein and 10x SYPRO Orange dye, 10 

µM of 780A, were prepared in assay buffer and then added in a 1:1 (v/v) ratio to microtiter 

plates and incubated overnight at 4 °C; the fluorescence readout was then measured as 

described in Chapter 2 section 2.9.7. In the case of three mutants (L273W, D276R and 

R279L), the fluorescence of the thermal shift profiles in the presence of 780A all shifted 

upwards (Figure 6.9A to 6.9C). This is different to what was seen with WT where a 

decrease in fluorescence in the presence of 780A was observed (Figure 5.8). With the 
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mutants, the largest increase in fluorescence was observed with R279L where maximal 

fluorescence, reaching the top of the curve, was close to 400,000 A.U. at around 60 °C 

(Figure 6.9C). This rise in fluorescence with 780A, suggests that there was some 

destabilisation of the mutant protein conformations in the presence of Affimer. In 

contrast, the fluorescence of F300D, with or without 780A, at low temperature started 

high at around 250,000 (A.U.) but decreased as temperature rose, as seen previously in 

Figure 6.6A (Figure 6.9D). This suggests that the denaturing effect of F300D was not 

stabilised by 780A.  

In terms of the melting temperatures, the Tm of EPAC1ΔDEP WT ± 10 µM 780A was 

compared to the Tms of the EPAC1ΔDEP mutants ± 780A at the same concentration, as 

summarised in a bar graph in Figure 6.10. While the Tm of L273W was only significantly 

reduced (p<0.05) without 780A in comparison to WT, the Tm of L273W in the presence 

of 780A (46.66 ± 0.17°C) no longer showed a significant reduction in comparison to WT 

in the presence of 780A (48.87 ± 0.10 °C) (Figure 6.10). The Tm of D276R, on the other 

hand, was also significantly increased (p<0.0005) to 53.83 ± 0.16 °C in the presence of 

780A in comparison to WT with 780A (Figure 6.10). However, the difference between 

the Tm of D276R alone and with 780A was not significant (Figure 6.10). The R279L 

point mutation had no significant effect on Tm, with or without 780A, and the F300D 

mutant was too denaturing to obtain a Tm (Figure 6.10). The Tm results, therefore, 

suggest that while L273W had a destabilising effect on EPAC1, with or without 780A, 

D276R continued to have a stabilising effect in the presence of 780A despite the increase 

in fluorescence observed in the thermal shift profile (Figures 6.7-6.8). Thus, of the four 

mutants, 780A was stabilising but only in the presence of a stabilising mutant protein, 

such as D276R. It appeared, however, that 780A was unable to discriminate between the 

mutant forms since, as described in the previous chapter, it did not favour interaction with 

the active or inactive conformation of EPAC1. 
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Figure 6.9: Thermal Shift Profiles of Recombinant EPAC1ΔDEP Mutant Protein in the Presence and 

Absence of Affimer 780A. Thermal shift stability assays were performed as described in Chapter 2 section 

2.9.7 with 1-2 ug of EPAC1ΔDEP mutant protein A) L273W, B) D276R, C) R279L and D) F300D, and 

10x SYPRO Orange dye per well. Plates were incubated overnight at 4 °C before adding 10 µM of 780A. 

Thermal shift profiles of wells containing protein only (no treatment) and 780A only were also obtained. 

The fluorescence readout of SYPRO Orange dye was measured using an Applied Biosystems StepOnePlus 

Real-time PCR Instrument set at excitation wavelength 470 nm and emission wavelength of 570 nm over 

a temperature range from 11 to 80 °C ramped to 0.5 °C increments with plateau times of 30 seconds. 

Measurements were done in duplicates (n=3-19). 
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Figure 6.10: The Relative Thermal Stabilities of Recombinant EPAC1ΔDEP Wild Type and Mutant 

Protein in Presence and Absence of 10 µM Affimer 780A. Melting temperatures (Tm  ± SEM ° C) of 

recombinant wild type (WT) and mutant (L273W, D276R, R279L and F300D) EPAC1ΔDEP protein with 

or without 10 µM of 780A were obtained by calculating the first derivatives of the fluorescence emission 

as a function of temperature (–dF/dT) as described in Chapter 2 section 2.9.7. A significant decrease (#, 

p<0.05) and a significant increase ( ***, p<0.0001) in Tm relative to WT alone, or a significant increase 

(**, p<0.0005) in comparison to WT in the presence of 780A, was determined by One-way ANOVA 

(GraphPad Prism) (n=3-23). 

 

6.2.4 Peptide Array Experiments to Isolate the Affimer binding site on EPAC1 

The effects of the mutations of EPAC1 on Affimer binding presented in Figure 6.4 were 

subtle and might be a result of individual point mutations affecting the overall 

conformation and/or stability of recombinant EPAC1ΔDEP. Therefore, to try and 

discover whether these amino acids truly represent part of the Affimer binding site on 

EPAC1, peptide array experiments were carried out. Two different peptide arrays were 

provided by Professor George Baillie’s group at the University of Glasgow. As described 

in section 6.1, peptide arrays can be used to map protein-protein interactions, such as the 

interactions between EPAC1 and 5D3 Ab or Affimer. Peptide arrays are synthesised 

using a robot that makes peptides directly on a cellulose matrix by covalently linking 

them to the cellulose fibres. The peptides are, thus, anchored allowing for the synthesis 

of peptide libraries of any protein sequence. Using this method, an EPAC1 and two 

Affimer sequence peptide arrays were made. A dark spot indicates a positive interaction. 
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6.2.4.1 EPAC1 Peptide Array: Affimer versus Antibody Binding 

In the EPAC1 array, the full-length sequence of EPAC1 was synthesised as 25-mers 

peptides shifted by five amino acids. As described in Chapter 2 section 2.9.9, the EPAC1 

array was then activated using absolute ethanol before blocking in 5 % (w/v) milk in 1x 

TBST for one hour at RT before incubating overnight at 4 °C in 45 nM of 780A diluted 

in 1 % (w/v) BSA in 1xTBST. The array was then incubated for one hour at room 

temperature in anti-His tag antibody (HRP-conjugated), to detected bound His-tagged 

Affimer, and any resulting signals were visualised using ECL and Fusion FX imaging 

software (Figure 6.9B). After visualisation, the EPAC1 array was stripped using mild 

stripping buffer and the above steps were repeated for detection of 4.5 nM of 5D3 Ab 

binding, or 45 nM of  the GST A2 Affimer, or His-tag antibody alone, for any non-specific 

Affimer binding or as a negative control, respectively (Figure 6.11).  

As seen in Figure 6.11A, the 5D3 Ab only bound to two spots on column 2 peptides (S 

and T) on the EPAC1 array, although one spot (S-2) showed a very weak interaction. In 

contrast, there were several dark spots in the EPAC1 array overlayed with 780A (Figure 

6.11B). To confirm if any of the interactions may have been due to non-specific binding, 

the array was also overlayed with a control Affimer, GST A2 (Figure 6.11C). This 

control, along with His-tag antibody only, as a negative control (Figure 6.11D) revealed 

several peptide spots that were likely to be due to non-specific binding. These included 

several spots on column 2 from rows D to H, a few of which were the darkest spots seen 

in the presence of 780A, which are sequences found in the DEP domain of EPAC1 (Figure 

6.11B-D).  
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From these two controls, it could be determined that six peptides on the EPAC1 array 

showing positive interactions were specific to 780A (Figure 6.11B). In addition, these 

peptides (E-1; O-2 to P-2) were different to the 5D3 Ab interaction site. From the 

sequence alignments of 780A and 5D3 Ab interaction sites on the EPAC1 array against 

full length EPAC1 and EPAC1-CNBD, it could be observed that both bind to areas within 

Figure 6.11: Probing an EPAC1 Peptide Array with 5D3 antibody and Affimer 780A. An EPAC1 

peptide array (25-mer peptides, each shifted by 5 amino acids) was synthesised with amino acids rationally 

substituted with every other amino acid, starting with alanine. The array was immunoblotted with either A) 

4.5 nM of 5D3 antibody, B) 45 nM 780A, C) 45 nM GST A2 Affimer, or D) His-tag antibody alone, as 

described in Chapter 2 section 2.9.18. Letters A to T and columns 1 to 9 are used to identify which peptides 

belong to which sequence.  

A C 

B D 
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the CNBD of EPAC1, although 780A also has a binding site potentially out with the 

CNBD, in the DEP domain (Figure 6.12). The consensus (100 %) of the sequences 

suggest that 780A bound to the sequence TVALR (amino acids 176-180) whereas the 

5D3 Ab’s potential binding sequence was DKQD FNRI IKDV EAKT MRLE (amino 

acids 296-315), which is a novel interaction site distinct from that proposed in the original 

research on the antibody [155].  

 

 

6.2.4.2 Affimer Arrays to Improve 780A Binding to EPAC1 

Two Affimer peptide arrays were synthesised based on two regions of the 780A sequence 

identified from a sequence alignment of the three top EPAC1-specific Affimers (Figure 

6.13). The two unique sequences, nine amino acids each, are YGDGADAGF (Affimer 

array 1) and EWYTKLLHF (Affimer array 2) between amino acids 48-56 and 62-70, 

respectively (Figure 6.13). Thus, two Affimer arrays were synthesised, as described 

above and in Chapter 2 section 2.9.9, and were used to determine if they could be 

Figure 6.12: Sequence Alignments of 780A and 5D3 Ab Potential Binding Sites on Full Length 

EPAC1 and EPAC1-CNBD as Identified from Peptide Array. From the EPAC1 peptide array, potential 

binding sites of Affimer (780A) and antibody (5D3) were identified and the peptides sequences were 

aligned with the sequences of full length (FL) EPAC1 and EPAC1-CNBD using CLC Sequence Viewer 

8.0. Residues 71-140 and 211-280 are not shown. Sequence conservation (0-100 %) can be seen below each 

sequence alignment below consensus. Amino acids are labelled by colour. 
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employed to identify a sequence or sequences of 780A that showed better binding to 

EPAC1. In each peptide, from columns 1 to 10, one amino acid was rationally substituted 

beginning with amino acid alanine (A). The Affimer arrays were activated in absolute 

ethanol and, as a negative control, were first incubated overnight at 4 °C in 5D3 Ab 

(1:1000) in 1 % (w/v) milk in 1xTBST. The arrays were then incubated for one hour at 

RT in anti-mouse (HRP-conjugated) secondary antibody and signal was detected using 

ECL. No positive interactions of 5D3 Ab were observed in either array (results not 

shown). 

 

 

The Affimer arrays were then overlayed with 0.5 µM of recombinant EPAC1ΔDEP (with 

GST-tag) with an overnight incubation at 4 °C. To see any positive interactions between 

the protein and the peptides in the Affimer arrays, the arrays were then incubated 

overnight at 4 °C in 1:1000 5D3 Ab followed by a one hour incubation at room 

temperature in anti-mouse secondary antibody. Signal was then detected and visualised 

using ECL. As seen in Figure 6.13, multiple spots of varying degrees of darkness could 

be observed in both arrays. The original sequences from the initial peptide arrays are 

present as nine peptides on the arrays and are highlighted by circles (Figure 6.14).  

When comparing the two original sequences in the arrays, it could be seen that the 

interaction of Affimer array 2 with EPAC1ΔDEP appeared to be stronger than in Affimer 

array 1 since the spots were much lighter in the latter array (Figure 6.14). In Affimer array 

1, however, the darkest spots were present (Figure 6.14A). For example, sequence 

YGYGADAGF in column 5, row Y was visually the darkest spot in the entire array 

(Figure 6.13A). There were 15 spots that showed a range of very dark grey to black 

colouring mainly in sequences where an amino acid had been rationally substituted with 

Figure 6.13: Affimer Sequence Alignments. The sequences of Affimers 380A, 414A and 780A were 

sequenced aligned using CLC Sequence Viewer 8.0 to identify unique binding sequences in 780A that do 

not show 100 % conservation. Sequence conservation (0 to 100 %) can be seen below each sequence 

alignment below consensus. Amino acids are labelled by colour. 
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phenylalanine (F), tryptophan (W) or tyrosine (Y) (Figure 6.14A). There were a few 

peptides that also showed better binding than the original sequence of Affimer in array 2 

as seen by darker spots, although these spots were more spread-out on the array (Figure 

6.14B). These included sequence PWYTKLLHF in column 2, row P, where positively 

charged glutamic acid had been substituted for aliphatic proline, and EWYDKLLHF in 

column 5, row D (Figure 6.14B). In this latter sequence, uncharged threonine had been 

substituted for positively charged aspartic acid. A summary of sequences showing 

improved binding with recombinant EPAC1ΔDEP-GST is given in Table 6.1.  

While the sequence EWYTKLLHF appeared to bind to EPAC1ΔDEP more strongly than 

the YGDGADAGF sequence, there were an increased number of darker spots in the latter 

Affimer array (Figure 6.14). Nevertheless, the darker spots observed in both Affimer 

arrays suggest that peptide array technology can be used to identify sequences, changed 

by even just one amino acid, and could potentially improve the binding of 780A to 

EPAC1. 

Table 6.1: Summary of Sequences from Affimer Arrays 1 and 2 Showing Better Binding to EPAC1. 

Two Affimer Arrays were synthesised based on two unique sequences found in Affimer 780A where in 

each peptide spot one amino acid had been rationally substituted. The arrays were then probed in 0.5 µM 

of recombinant GST-EPAC1ΔDEP and visualised using ECL. Sequences from peptide spots of the original 

sequence (in bold) and spots showing darker (stronger) interactions are provided (substituted amino acid is 

underlined).   

Sequence Spot(s) on Affimer Array 1 or 2 

YGDGADAGF 1: Y2, G2, D3, G4, A5, D6, A7, G8, F9 

YFDGADAGF 1: F3 

YGYGADAGF 1: Y4 

YGDGAWDAGF 1: W5 

EWYTKLLHF 2: E1, W2, Y3, T4, K5, 6L, 7L, H8, F10 

PWYTKLLHF 2: P2 

EWYEKLLHF 2: E5 

EWYTDLLHF 2:D5 
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Figure 6.14: Peptide Arrays of Two Short Regions in the 780A Affimer Sequence Probed with 

Recombinant EPAC1ΔDEP Protein. Two short regions of interest in the 780A sequence A) 

YGDGADAGF (Affimer array 1) and B) EWYTKLLHF (Affimer array 2) were synthesised into peptide 

arrays with amino acids rationally substituted with every other amino acid, beginning with alanine. Affimer 

arrays were overlayed with 0.5 µM of recombinant EPAC1ΔDEP protein and probed with 5D3 Ab as 

described in Chapter 2 section 2.9.18. Amino acid substitutions (AA*) are indicated on the left by the letter 

of the amino acid and columns 1 to 10 are used to identify which sequence belongs to which peptide. The 

circle indicates the original sequence.  

 

6.3 Discussion 

In this chapter, four EPAC1ΔDEP mutants were purified and used in in vitro ELISA and 

TSA assays to assess how these point mutations might affect Affimer binding. This was 

first done in comparison to the EPAC1-specific antibody, 5D3. The effects of 780A and 

ligand binding on mutant conformation and stability were also investigated. Finally, an 

EPAC1 peptide array was utilised to identify potential interaction sites of 780A on 

EPAC1, and Affimer arrays were developed to establish if peptide array technology could 

be used to improve EPAC1-Affimer interactions.   

A B 
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6.3.1 Two EPAC1ΔDEP mutants interfere with 780A binding affinity 

First using an indirect ELISA, 780A and 5D3 Ab binding were tested against the 

EPAC1ΔDEP mutants L273W, D276R, R279L and F300D in comparison to WT 

EPAC1ΔDEP (Figure 6.4). The 5D3 Ab continued to show high affinity binding to 

EPAC1ΔDEP, regardless of individual mutations, as the EC50 is between 200 to 1200-

fold higher than that for 780A, depending on the mutant (Figure 6.5). While D276R and 

F300D do not affect the binding efficacies of either Affimer or antibody, the Emax of 

5D3 Ab are significantly reduced (p<0.05) by the L273W and R279L mutants by roughly 

1.3-fold (Figure 6.4A; 6.4C). This agrees with the original work on 5D3 Ab where it was 

deduced that residues around L273 are present in the 5D3 Ab epitope [155]. 

Although, these two mutants reduce 5D3 Ab efficacy, the antibody continues to be a more 

effective and potent binder since the Emax is always significantly higher with p-value 

ranging between 0.005 to 0.0001, depending on the protein, and the EC50 is also always 

lower than that of 780A irrespective of the mutation (Figures 6.4-6.5). The binding 

affinity of 5D3 Ab, however, has not been significantly affected by the mutants as the 

EC50 remains between roughly 1.4 and 2 nM (Figure 6.5A). In contrast, 780A binding is 

significantly (p≤0.005) reduced by D276R and R279L in comparison to WT as seen by 

the significant increases in EC50 by approximately 3 to 3.5-fold, respectively (Figures 

6.4 and 6.5B). 

Although unable to directly compare the 5D3 Ab ELISA results with any of the original 

work on this EPAC1-specific antibody, it can be confirmed that the 5D3 Ab affinity is 

not significantly affected by any of the mutants, suggesting that the antibody may either 

not require these residues to bind to EPAC1 and/or that they do not reduce 5D3 Ab 

sensitivity (Figure 6.5A). In contrast, 780A binding is affected by two of the mutants. It 

appears that the point mutations of residues D276 and R279 reduces the binding affinity 

of 780A to recombinant EPAC1ΔDEP as seen by the highly significant increases in EC50 

with a p≤0.005 in comparison to WT (Figure 6.5B). Here, the bulky, aromatic side chain 

of L273W and the polarity and acidity of F300D does not significantly alter 780A 

binding. D276R, on the other hand, although remains polar and hydrophilic, has a change 

in charge from negative to positive, becoming basic and these changes in residues appear 

to reduce binding of 780A. 

The R279L point mutation causes the biggest change in residue as it goes from polar to 

nonpolar, thereby losing its positive charge and gaining an aliphatic side chain functional 
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group, as well as becoming hydrophobic. Furthermore, while R279 would usually be 

found on the surface of the protein, R279L now contains an amino acid normally 

occurring inside a protein. Although we cannot conclude from ELISA whether a decrease 

in 780A binding affinity to the EPAC1ΔDEP D276R and R279L mutants is because the 

Affimer requires these residues for binding, the data suggests that the point mutations do 

result in a loss of sensitivity. The mutations could be exposing or hiding the 780A epitope 

in a manner that reduces its binding. Nevertheless, as the ELISA has shown that in 

comparison to 5D3 Ab, the binding affinity of 780A is affected by two of the point 

mutations, the next step is to see how the EPAC1ΔDEP mutants might effect protein 

conformation and stability.  

6.3.2 EPAC1ΔDEP D276R is stabilised whereas L273W and F300D mutants are 

destabilising 

TSA, first described in Chapter 5, was this time used to study the effects of the four 

EPAC1ΔDEP mutants on protein conformation and stability. From the thermal shift 

profiles it is clear that F300D, although appears to have no significant effect on 780A 

binding in ELISA (Figures 6.4-6.5), is in fact a highly denaturing point mutation (Figure 

6.6A). As seen with higher concentrations of EPAC1 antagonist, ESI-09 in Chapter 5 

(Figure 5.9E), the thermal shift curve of F300D began with high fluorescence at lower 

temperatures, which indicates that this point mutation is highly destabilising through the 

denaturation of the EPAC1ΔDEP conformation (Figure 6.6A). Consequently, the Tm of 

this mutant could not be determined. While all mutants show destabilisation of the 

EPAC1ΔDEP conformation at lower temperatures, only D276R continues to have an 

increased fluorescence at all temperatures (Figure 6.6A). It appears, however, that despite 

the appearance of conformational destabilisation, D276R is in fact stabilising as it causes 

a highly significant increase in Tm by roughly 4 °C with p<0.0001 (Figure 6.6B).  

Unfortunately, there is no comparative literature on the effects of D276R and R279L 

mutants on EPAC1ΔDEP protein conformation and stability. 

The effect of the bulky tryptophan point mutation on L273 residue, on the other hand, on 

cAMP-mediated conformational change and induction of GEF activity has been studied 

[55]. Originally hypothesised that tryptophan would stabilise the open conformation of 

EPAC1 and prevent residue F300, located on the lid, from swinging inward, it was 

observed that L273W did prevent activation even with 500 µM of cAMP with a five-fold 

decreased Kd  [55]. Essentially, L273W prevents the hinge region from an active 
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conformation even in the presence of bound cAMP. While the F300D point mutation has 

not been explicitly mentioned previously, F300A and F300T mutations have been 

investigated [55]. Like F300D in this study, alanine and tyrosine were seen to destabilise 

the ligand-free conformation of EPAC1 since the concentration of cAMP to produce half-

maximal activity was reduced from 50 µM in WT to 20 µM (F300A) and 6 µM (F300T) 

[55]. Thus, for cAMP-induced conformational changes, L273 and F300 are important 

[55]. In addition, the fact that L273W destabilises the protein conformation of EPAC1 

could explain why this mutant may contribute to a loss in binding of the 5D3 Ab as seen 

in ELISA (Figure 6.4A).  

Thus, in the TSA without ligand, the fact that the Tm of L273W is highly significantly 

reduced by 1.8 °C confirms that the mutation is destabilising as it disturbs communication 

between L273 and F300 even though L273W does not grossly effect protein conformation 

[55]. In contrast, the change from a negative to positive charge on residue D276R appears 

to stabilise the unbound conformation of EPAC1ΔDEP. Ultimately, however, besides 

F300D, the other EPAC1ΔDEP mutants do not have a catastrophic effect on EPAC1 

protein structure. 

6.3.3 EPAC1ΔDEP L273W mutant favours the active conformation versus D276R 

mutant 

As discussed in Chapter 5, TSA is useful method to study protein-ligand interactions since 

ligand binding is known to increase thermal stability of a protein proportional to the 

ligand’s concentration and affinity [228]–[230]. Furthermore, while ligands showing 

preferential binding for a native protein will increase protein stability, and, thus, Tm, 

protein stability is decreased by ligands that prefer to bind to non-native forms (i.e. the 

denatured form) [229]. Thus, with TSA, the effect of ligand binding on the four 

recombinant EPAC1ΔDEP mutants was investigated. Specifically, EPAC1 agonists, 007 

and cAMP and I942 (with partial-agonist properties), and the EPAC1-antagonists CE3F4 

and ESI-09. 

Although the thermal shift profiles do not reveal a lot of information about the effects of 

ligand binding on the mutant protein conformations, the Tms provide a wealth of 

information (Figure 6.8; Appendix B). First, the Tm of L273W is significantly increased 

by both agonists, but not the partial-agonist, at maximum concentration, with a p-value 

ranging between 0.05 to 0.0001 (Figure 6.8). For example, 100 µM of 007, the more 

effective EPAC1-agonist, shows the most significant increase of roughly 1.8 °C with 
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p<0.0001 (Figure 6.8). Second, the stability of R279L is unaffected by any of the agonists 

as seen by nonsignificant changes of the Tm at any concentration of ligand (Appendix 

B). Third, the Tms of D276R is decreased by all three agonists. In fact, the decreases 

observed with these ligands are highly significant with the p-value ranging between 0.005 

to 0.0001 (Figure 6.8) For example, 100 µM of cAMP significantly decreases (p<0.005) 

the Tm by approximately 5.9 °C (Figure 6.8). At this concentration, the Tm of D276R is 

further decreased, significantly, by approximately 6.2 °C in the presence of I942 (Figure 

6.8). Fourth, the F300D mutant is too denaturing to obtain a Tm with any ligand 

(Appendix B). Finally, as seen with WT, CE3F4 does not appear to affect mutant protein 

conformation or stability in this assay (Figure 6.8; Appendix B: Table B4). However, 

ESI-09 continues to have a denaturing effect on all mutants at concentrations 25 µM and 

above (Appendix B: Table B5).  

The agonists appear to have a stabilising effect on L273W, which is normally 

destabilising in the unbound conformation of EPAC1ΔDEP WT. While this is the case 

for all three agonists, I942 does not have a significant effect on the Tm of L273W (Figure 

6.8). According to recent research on I942’s mechanism of action, the Kd of I942 with 

EPAC1-CNBD WT is 6.6 ± 0.5 µM (cAMP: 4.5 ± 0.1 µM) and with EPAC1-CNBD 

L273W it is 4.9 ± 1.5 µM [220]. This suggests that the mutation with bulky side chain of 

L273W, which, as mentioned earlier, prevents the hinge region containing the highly 

conserved F300 from taking on an active conformation, only has a slight effect on I942 

affinity [220]. This also provides a preliminary reason for why I942 cannot activate EPAC 

as well as cAMP [238]. Thus, it is unsurprising that both cAMP and 007 significantly 

increase the Tm of L273W, while I942 does not. Furthermore, as a partial-agonist, I942 

recognises an intermediate conformation between active and inactive. In contrast, it 

appears that arginine at residue R279 does not confer any significant effect on ligand 

binding to this mutant.  

Arginine, in D276R, on the other hand, has the largest effects observed in Tm with all 

three agonists. In the unbound state, D276R, as previously mentioned, significantly 

stabilises the EPAC1ΔDEP conformation. At higher concentrations of I942 and all 

concentrations of cAMP and 007, in comparison, the agonists destabilise the protein as 

seen by the highly significant reductions in Tm of roughly 6 °C in the presence of 100 

µM I942 and cAMP (Figure 6.8). Since both cAMP and 007 have a significantly 

stabilising effect on the WT conformation but a destabilising effect on the D276R mutant 
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conformation, these ligands thus potentially show preferential binding for the active 

conformation of EPAC1ΔDEP. As the agonist with the highest affinity for EPAC1 [141], 

007 appears to be able to stabilise D276R at a saturating concentration. As a catastrophic 

mutation, the binding of ligands to F300D cannot be commented on since Tms at any 

concentration could not be determined (Appendix B).  

Using TSA, the effects of two EPAC1 antagonists, CE3F4 and ESI-09, show two 

extremes. Either it has no effect, as in the case of CE3F4, or its effect is so catastrophic 

that Tms cannot be determined for any of the recombinant proteins at higher 

concentrations (Figure 6.8). While at the three lowest concentrations, ESI-09 significantly 

lowers the Tm of EPAC1ΔDEP WT by around 6 °C, binding of ESI-09 at these same 

concentrations to the mutants has no significant effect (Appendix B: Table B5). Instead, 

as seen with D276R, ESI-09 increases the Tm, suggesting that this mutant may prefer the 

inactive conformation of EPAC1 (Figure 6.8). Therefore, while the stabilising effect of 

EPAC1 agonist binding reveals when a mutant, such as L273W, shows preference for the 

active conformation of the protein, the destabilising effect of the same agonists reveal 

when a mutant induces an inactive conformation.  

6.3.4 780A continues to have a stabilising effect on EPAC1ΔDEP D276R mutant 

In the ELISA, two of the four EPAC1ΔDEP mutants, D276R and R279L, significantly 

reduces the binding affinity of 780A whereas L273W and F300D have no significant 

effect on Affimer binding (Figures 6.4-6.5). When testing the effect of 780A on mutant 

protein conformation and stability using TSA, however, an aspartic acid (D) at residue 

300 continues to be highly denaturing, whereas arginine (R) at residue 276 continues to 

have a stabilising effect on EPAC1ΔDEP also in the presence of Affimer (Figures 6.9 and 

6.10). In ELISA, the maximum concentration of 780A tested was 4 µM while in the TSA, 

10 µM was used. This difference in concentration could be why the effects of arginine in 

the TSA do not agree with those observed in ELISA. At the higher concentration, the 

interaction between 780A and D276R is not blocked, but is instead heightened as binding 

sites are saturated. In Figure 6.4F, on the other hand, it can be observed that the D276R 

780A binding curve has not yet reached plateau at 4 µM. This is also the case for R279L 

and F300D (Figure 6.4G-H). Thus, the binding sites for these mutants are not saturated 

under the conditions of the ELISA. Nor does the ELISA provide a full picture of 780A 

binding since the denaturing effects of F300D are not observed, although the Affimer 

could be interacting non-specifically with the denatured protein in ELISA.  
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As seen in Figure 6.10, the Tm of D276R in the presence of 10 µM of D276R continues 

to show a highly significant increase in comparison to WT with 780A with a p<0.0005. 

This was the largest mean difference of all the mutants with Affimer with an increase in 

Tm by approximately 5 °C, which is roughly 1 °C higher than the difference in mean Tm 

between WT and D276R alone (Figure 6.10). Thus, from this data, 780A binding 

continues to have a stabilising effect on the conformation of EPAC1ΔDEP when residue 

276 contains arginine and not aspartic acid (D). In contrast, neither L273W nor R279L 

shows a significant difference in Tm in comparison to WT in the presence or absence of 

Affimer (Figure 6.10). Therefore, while the stabilising effect of D276R continues to be 

significant in the presence of 780A, the destabilising effect of L273W is not. Furthermore, 

although when bound to ESI-09, D276R shows a preference for adopting the inactive 

conformation of EPAC1, the fact that there is no significant difference between the Tm 

of D276R with or without 780A, suggests that, regardless of the effect of a mutant on 

protein conformation, 780A continues to be unable to discriminate between active and 

inactive conformations of EPAC1ΔDEP (Figures 6.8; 6.10).  

6.3.5 780A and 5D3 Ab bind to distinct sequences in the CNBD of EPAC1 

Peptide array technology is a recently developed method to study protein-protein 

interactions. By using the SPOT synthesis method of synthesising peptides directly onto 

a cellulose membrane, peptide arrays can be made relatively cheaply and quickly. 

Previously, peptide arrays have been used to identify and map the binding sites of a 

number of proteins, including cAMP-specific phosphodiesterase PDE4D5, and mitogen-

activated protein kinases (MAPKs) [239]–[241]. For example, the entire sequence of β-

arrestin 2, known to interact with PDE4D5, was synthesised into a library of overlapping 

peptides (25-mers) [239]. Probing this array with PDE4D5-GST revealed two binding 

sites in the β-arrestin 2 N- and C-domains [239]. A further study identified two novel 

apoptosis signal-regulating kinase 1 (ASK1) binding sites both C- and N-domains in β-

arrestin 1 and 2 [241]. In another study, a peptide array library was screened to identify 

the docking site of ERK FXF (DEF) recognised by mitogen-activated protein kinase 

(MAPK) isoforms, including the identification of two distinct motifs on MAPK that 

dictate sequence specificity [240].  

Therefore, using this same technology, the entire sequence of EPAC1 was sequenced into 

a library of 25-mers with peptides shifted by five amino acids. In order to define where 

780A and 5D3 Ab binds in the 188 amino acid sequence of EPAC1, the EPAC1 array 
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was probed with either Affimer or 5D3 Ab. While both showed clear interactions with 

the peptides on the array, it was revealed that they bound to unique sequences (Figure 

6.11A and 6.11B). By probing the array with a non-EPAC1 specific Affimer, GST 2,  as 

well as probing with His-tag antibody alone as a negative control, spots showing non-

specific binding could be excluded as potential interaction sites on EPAC1 (Figure 6.11C 

and 6.11D). Interestingly, these peptides are found in the DEP domain of EPAC1, which 

is not present in the recombinant EPAC1ΔDEP protein used to make the Affimers. It is 

likely that there are residues binding to this area of EPAC1 shared by both 780A and 

GST-A2. As seen in Figure 6.12, only two small sequences confer specificity to the 

Affimer.  

Nevertheless, while 5D3 Ab recognises two spots on the array, 780A recognises six spots 

(Figure 6.11A and 6.11B). Sequence alignment further reveals that they are recognising 

distinct regions of EPAC1, specifically in the CNBD (Figure 6.10). Although 780A does 

also interact with a spot containing a sequence found in the DEP domain (Figure 6.11). 

In the CNBD, the potential interaction site of 780A contains only five residues from 

amino acids 176 to 180 (Figure 6.12). The 5D3 Ab potentially binds to five times more 

residues further down in the CNBD starting from amino acids 296 (Figure 6.12). This is 

the first time, to our knowledge, that peptide array technology has been used to identify 

the interaction sites of the 5D3 Ab on EPAC1, which is revealed to be distinct from what 

was originally proposed [155] as here it is seen that L273 is not within the antibody’s 

potential binding sequence identified here. This is also consistent with the ELISA binding 

results since L273W did not significantly effect 5D3 Ab (Figures 6.4 and 6.5A). To 

confirm this, the experiment could be repeated at least twice more with new EPAC1 

arrays. In addition, point mutations of residues in both the 780A and 5D3 Ab potential 

interaction sites could be mutated using peptide array technology. This would save on 

time since recombinant proteins would not be needed. 

6.3.6 780A array reveals potential areas for improvement of Affimer sequences 

Peptide array technology can also be used to improve binding interactions between 

proteins. Here, two unique sequences of 780A, identified by sequence alignment (Figure 

6.13), were used to synthesise two peptide arrays where in each spot, one amino acid has 

been substituted beginning with alanine. The Affimer arrays were then probed with 

recombinant GST-EPAC1ΔDEP protein. It was first revealed that the second sequence in 

780A, of Affimer array 2, shows better binding to EPAC1 (Figure 6.14). When comparing 
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spots within one array, there are several spots on both that show better interaction with 

the protein than the original sequence (Figure 6.14; Table 6.1). For the Affimer array 1, 

these were peptides containing substitutions with aromatic amino acids, such as 

phenylalanine and tryptophan, which also showed the most positive interactions with 

EPAC1 as seen by black spots (Figure 6.14A; Table 6.1). In Affimer array 2, the darker 

spots showing stronger interactions are more spread-out and are substitutions with proline 

or aspartic acid (Figure 6.14B; Table 6.1). Therefore, peptide array technology shows that 

the 780A sequences that show specificity for this EPAC1-specific Affimer can be used 

to improve Affimer binding to its target protein. These results would need to be confirmed 

by repeating the experiments with new Affimer arrays. However, using these results 

going forward, 780A sequence could be mutated at, for example, two residues (one in 

each unique sequence) to obtain an improved EPAC1-specific binder.  

6.4 Conclusions 

In this chapter, the interaction of Affimer 780A with EPAC1 was mapped using three in 

vitro assays. These assays were used to study the effect of four purified recombinant 

EPAC1ΔDEP mutants (L273W, D276R, R279L and F300D) on Affimer and antibody 

binding to EPAC1ΔDEP and their effects on protein conformation and ligand binding. 

From these results, it can first be concluded, as seen from the ELISA data, that only the 

binding efficacy, not affinity, was significantly reduced by mutants L273W and D276R 

while the binding affinity of 780A was significantly affected by mutants D276R and 

R29L as they both increased the EC50s. This effect, however, does not suggest that the 

Affimer binds to the epitope containing these residues of the mutant proteins. Instead, the 

point mutations may be altering the protein in such way that binding is affected as in the 

case of 780A. Because the mutants do not significantly alter 5D3 Ab binding, it is also 

likely that these residues are not required for antibody binding to EPAC1.  

Second, the TSA results revealed that F300D was a catastrophic mutation on the protein 

conformation while L273W and D276R either destabilised or stabilised the conformation 

of EPAC1ΔDEP, respectively. While EPAC1-antagonist, ESI-09 continued to denature 

all mutant proteins at high concentrations, lower concentrations of this antagonist 

revealed that it preferentially interacted with D276R. Moreover, the decreased Tms 

observed in D276R in the presence of the EPAC1-agonists, 007, I942 and cAMP, further 

revealed that this mutant appears to prefer the inactive conformation of this protein. The 

binding of these agonists to L273W, in contrast, showed that these ligands displayed 
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preferential binding to  the active conformations of EPAC1 as was seen by increased Tms. 

R279L does not appear to affect ligand binding in this assay.   

From the TSA data it was also observed that 780A binding to the mutants did not favour 

either conformation of EPAC1. Nevertheless, although two of the residues decreased 

780A sensitivity for EPAC1, it could not be determined if the residues are needed for 

binding. Instead, the mutants could be potentially changing the protein in such a way that 

the Affimer’s epitope on the protein cannot be accessed. Therefore, using peptide array 

technology, unique and distinct potential interaction sites on full length EPAC1 of 780A 

and 5D3 Ab were identified, showing that while both Affimer and antibody bound to 

sequences within the CNBD of EPAC1, the four residues used in this study were not 

present in these potential interaction sites. Finally, from Affimer peptide arrays, 

sequences that may improve 780A binding to EPAC1 were identified. With an 

understanding of where on EPAC1 780A may bind, the in-cell properties of this EPAC1-

selective Affimer can finally be investigated.  
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Chapter 7 - In Cell Studies of Affimer Binding 

7.1 Introduction 

In the previous chapter, the possible binding epitope of the EPAC1-selective Affimer, 

780A, was investigated using both EPAC1ΔDEP mutants originally used to identify the 

5D3 Ab epitope [155] as well as, for the first-time, peptide array technology. While key 

mutants affected EPAC1 stability and reduced the binding sensitivity of 780A, peptide 

array identified that the potential interaction site of the Affimer was in the CNBD of 

EPAC1. In this results chapter, the ability of 780A to interact with EPAC1 will be 

investigated in cells using three different techniques.  

First, immunoprecipitation (IP) studies were performed to test whether several of the 

EPAC1-selective Affimers, in comparison to the 5D3 Ab and the EPAC2-specific 

antibody (5B1 Ab), were able to interact with and pull-down EPAC1 from cells. IP is a 

commonly used method to isolate proteins and other biomolecules from cells or tissue 

lysates, which can then be detected by western blotting. Two different approaches can be 

utilised: one approach uses an antibody against the protein of interest, which is pre-

immobilised onto Agarose or magnetic beads, acting as an insoluble support. The cell 

lysate containing the protein of interest is incubated with the immobilised antibody, 

allowing the protein to bind to the antibody. In the second approach, free antibody forms 

a complex directly in the lysate and is then collected by affinity beads. In both approaches, 

the beads are collected, and antibody-protein complexes are eluted from the beads for 

analysis. It is this second approach that has been applied here using osteosarcoma (U2OS) 

cells stably transfected with either EPAC1 or EPAC2. 

Next, confocal microscopy was employed to examine the localisation of chimeric Affimer 

780A, labelled with an mCherry fluorescent tag (780A-mCherry), in comparison to both 

endogenous and transfected levels of EPAC1 WT in an African green monkey fibroblast-

like (COS1) cell line. mCherry is a monomeric protein derived from the coral Discosoma 

sp. derived from the “DSRed” fluorescent protein, which is commonly used as an 

intracellular fluorescent probe, and is 26.7 kDa in size with a maximum excitation of 587 

nm and excellent photostability [242]. Like green fluorescent protein, GFP, probes, 

mCherry can be successfully transfected into cells. For example, when fusing mCherry 

to the N-terminus of α-tubulin, mCherry-α-tubulin fusions were incorporated in the 

microtubules of most cells, like GFP-α-tubulin, without causing a diffuse cytoplasmic 

fluorescence [243]. In addition, 780A localisation in COS1 cells was compared to a small 
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ubiquitin-like modifier (SUMO) mutant form of EPAC1. As a protein family, SUMO 

proteins covalently attach and detach from target proteins in cells to modify their function, 

in a form of post-translational modification known as SUMOylation. Possible 

SUMOylation sites in the EPAC1 primary sequence with different degrees of probability 

were previously identified in silico (Figure 7.1) From degrees of fit with consensus, the 

residue K212 appeared to be the most obvious site for SUMOylation with a probability 

of 0.93, and the K212R EPAC1 SUMO mutant was found to cause mis-localisation of 

EPAC1 in transfected cells.  

             

Figure 7.1: The Human EPAC1 Sequence Showing Possible SUMOlyation Motifs. Red motifs are 

those with high probability and blue motifs are low probability for sites of SUMOlyation. Figure adapted 

from image provided by Professor George Baillie. 

 

Table 7.1: SUMO Site Motifs in the Human EPAC1 Sequence. The five motifs (numbers 1 to 5) and 

their positions in the sequence. In each group, the amino acid of interest (K) is underlined and a score for 

the probability of being a SUMOlyation site, as a degree of fit with consensus, is provided. Information 

provided by Professor George Baillie. 

 

 

 

 

 

 

 

Number Position Group Score 

1 K127 GALCH VKHD WAFQD 0.93 

2 K212 HLSNS VKRE LAAVL 0.93 

3 K297 FLLRV DKQD FNR I I 0.50 

4 K517 AIQVG DKVP YD I CR 0.39 

5 K181 LTVAL RKPP GQRTD 0.34 
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Finally, the downstream effects of Affimer binding to EPAC1 were investigated using a 

Rap1 activation assay. This is a pull-down method based on the affinity of the 

Rap1protein-binding domain of the downstream effector protein, RalGDS, for active 

Rap1.GTP. Rap1 has a higher binding affinity for the GEF, RalGDS, over Ras, and is 

formed of a Rap1 binding domain (RBD) fused to GST. Glutathione resin was used to 

capture the GST-RalGDS from cell extracts, allowing isolation of the active, GTP-bound, 

Rap1 from cell lysates. COS1 cells were used for these experiments. These three separate 

techniques were therefore used to answer the following questions: 

1. Can Affimers specifically precipitate EPAC1 from cells and does EPAC1 

activation affect Affimer binding? 

2. Where in cells does Affimer 780A localise to and does EPAC1-activation change 

780A localisation? 

3. Is there co-localisation of 780A with endogenous and exogenous EPAC1 in cells? 

4. Does the EPAC1-SUMOmutant effect 780A localisation? 

5. What effect does 780A have on active Rap1 levels in cells? 

7.2 Results 

7.2.1 Immunoprecipitation (IP) of EPAC proteins using Affimers and Antibodies 

To test the ability of EPAC1-selective Affimers to precipitate EPAC1 protein from cells, 

in comparison to the 5D3 Ab, U2OS cells stably transfected with EPAC1 (EPAC1 U2OS) 

were used. In addition, Affimer pull-down of EPAC2 protein was also tested in EPAC2-

expressing U2OS cells, in comparison with the 5B1 Ab. These cells were used as they 

provide greater levels of EPAC1 or EPAC2 in comparison to endogenous levels in control 

U2OS cells that had been stably transfected with vector alone. All primary (5D3 and 5B1 

Abs) and secondary antibody (α-mouse) probing were performed as described in Chapter 

2 section 2.9.5.3. 

In initial IP studies, the top three EPAC1-selective Affimers, 780A, 380A and 414A, were 

tested to determine if they could precipitate EPAC1 protein from EPAC1 U2OS cells. In 

addition, EPAC2 U2OS cells were used to check for specificity. Affimer pull-down was 

compared to 5D3 Ab, 5B1 Ab, which specifically recognise EPAC1 and EPAC2, 

respectively, and rabbit IgG antibody (IgG Ab), as a negative control.  
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IPs of Affimer versus antibodies were also performed using control U2OS cells, but no 

EPAC1 or EPAC2 protein was precipitated from these cells (results not shown). In Figure 

7.2, EPAC1 or EPAC2 proteins are indicated by an asterisk (*) at an approximately 100 

kDa size and total EPAC1 or EPAC2 protein levels can be seen in lane one. The heavy 

(H) and/or light (L) chains of Protein G Agarose and α-His-Tag Sepharose at around 46 

and 25 kDa, respectively, could also be observed (Figure 7.2). In the EPAC1 U2OS cells, 

it appeared that there were higher levels of EPAC1 protein in comparison to EPAC2 

protein in EPAC2 U2OS cells since the band was much darker and thicker in lane one 

(Figure 7.2A versus 7.2B). As the negative control, IgG Ab did not precipitate any 

EPAC1 or EPAC2 protein, but the light chain could be seen in lane two, demonstrating 

that samples were loaded in these lanes (Figure 7.2).  

From these IP results it could clearly be determined that the 5D3 Ab successfully 

precipitated EPAC1 protein as shown in lane three of Figure 7.2A. In comparison, the 

5B1 Ab was unable to precipitate any EPAC2 protein as only H and L chain bands could 

be seen in lane three of Figure 7.2B. All three Affimers successfully precipitated EPAC1 

protein only, as seen in lanes four to six, but did not precipitate EPAC2 protein (Figure 

7.2). The lack of EPAC2 protein in these wells was not due to sample loading error as H 

and L chains of the α-His-Tag Sepharose could be seen (Figure 7.2B). In this IP, no 

differences in EPAC1 protein levels were observed between the Affimers, but the 

Affimers did precipitate less EPAC1 protein than the 5D3 Ab despite half the amount of 

antibody added to the cell lysates (Figure 7.2A). Therefore, although 780A, 380A and 

414A continued to show selectivity for EPAC1 in the U2OS cells, the 5D3 Ab was still a 

more potent binder. Nevertheless, all three Affimers showed a selective interaction with 

EPAC1 over EPAC2.  
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Figure 7.2: Comparison of Immunoprecipitation of EPAC1 and EPAC2 U20S Cells using Antibodies 

and Affimers. Immunoprecipitations were carried out as described in Chapter 2 section 2.9.15. A) EPAC1 

and B) EPAC2 U20S cells were harvested in 0.5 ml of RIPA buffer, containing protease inhibitor cocktail, 

and lysed for 30 minutes by rotation at 4 °C. Extracts were centrifuged and cell lysates were collected, 

including inputs (total EPAC protein) (lane 1). To each cell lysate, 4 µg of rabbit IgG antibody (lane 2), 1.4 

µg of 5D3 (A: lane 3) or 2.5 µg of 5B1 antibody (B: lane 3), or 2.6 µg of Affimer: 780A (lane 4), 380A 

(lane 5) and 414A (lane 6) were added and incubated with rotation for one hour (4°C) before adding 40 µl 

of Protein G Agarose (lanes 2-4) or α-His-Tag Sepharose® beads (lanes 5-6). After a one hour incubation 

at 4 °C, with rotation, antibody-bead complexes were collected while Affimer-bead complexes were 

collected after an overnight incubation at 4 °C. Beads were then washed five times with 0.5 ml RIPA buffer 

using centrifugation for the collection of beads. Samples were heated in electrophoresis sample buffer for 

five minutes at 95 °C and analysed by western blotting where 15 and 30 µl of input and isolated 

immunoprecipitated proteins, respectively, per well from EPAC1 or EPAC2 U20S cells were separated by 

SDS-PAGE and probed with A) 5D3 antibody or B) 5B1 and α-mouse primary and secondary antibodies, 

respectively, as described in section 2.9.5.3. Total EPAC Protein (*), and heavy (H) and light (L) chain 

bands are indicated. Protein markers (kDa) are also indicated. 
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7.2.1.1 Effect of Elevations in Intracellular Cyclic AMP on Immunoprecipitation of 

EPAC1 

With the knowledge that the Affimers were able to selectively interact with and pull-

down EPAC1, the effect of cAMP stimulation, and hence EPAC activation, was next 

investigated. IPs were performed again using EPAC1 and EPAC2 U2OS cells, which 

were seeded onto 6-well plates and once reaching at least 80 % confluence, the cells were 

stimulated with or without a combination 10 µM forskolin/rolipram (F/R), for 30 minutes 

at 37 °C, 5 % (v/v) CO2 as described in Chapter 2 section 2.9.11. As forskolin is an 

adenylate activator and rolipram is a type 4 PDE inhibitor, the two work best in 

combination to activate cAMP. EPAC1 and EPAC2 total protein levels are indicated in 

lane one by an * while precipitated proteins are indicated by the letter P and an arrow 

(Figure 7.3). H and L chain bands of beads are also indicated (Figure 7.3). Lanes ones to 

four and five to six show Antibody and Affimer precipitate samples, respectively, without 

F/R stimulation while lanes seven to 10 and 11 to 12 show Antibody and Affimer 

precipitate samples, respectively, with F/R stimulation (Figure 7.3).  

First, it appeared again that EPAC1 protein levels were higher in EPAC1 U2OS cells in 

comparison to EPAC2 levels in EPAC2 U2OS cells since the band of EPAC1 protein at 

about 100 kDa was much thicker than that of EPAC2 despite equal volumes of sample 

being loaded in the SDS-PAGE gels (Figure 7.3: lane one). In addition, in the case of both 

protein, F/R-stimulation resulted in an increased level of protein as seen in lane seven 

(Figure 7.3). Once again, neither protein was precipitated by the IgG Ab in lane two 

(Figure 7.3). Secondly, of the two EPAC-specific antibodies, 5D3 Ab was once again the 

only antibody to precipitate EPAC1 protein in the EPAC1 U2OS cells, as seen by very 

thick, black band in lane three (Figure 7.3). This was also observed in F/R-stimulated 

cells by a slightly higher level of EPAC1 protein in lane 7, suggesting that the 5D3 Ab 

showed an increased selectivity for active EPAC1 protein in these cells (Figure 7.3A), as 

previously reported [64], [155]. In contrast, in lanes three and seven of the 5B1 Ab 

precipitates, only H and L chain bands were observed, suggesting that in an IP the 5B1 

Ab was also a good negative control (Figure 7.3B). Thirdly, 380A and 414A Affimers 

continued to show selectivity for EPAC1 over EPAC2 both in non-stimulated (lanes four 

to five) and stimulated (lanes 11 to 12) EPAC1 U2OS cells (Figure 7.3A). However, the 

EPAC1 protein levels in these lanes were observed to be at much lower levels than the 

5D3 Ab as previously seen in Figure 7.2. Although equal amounts of 380A and 414A (2.6 

µg) were added to the unstimulated cell lysates, in this IP the combination of 2.6 µg of 
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380A and 2.6 µg of 414A, with a total of 5.2 µg of Affimer. were added to the stimulated 

cell lysates to observe whether this combination might improve Affimer precipitation. 

Thus, as seen in lane 11 of Figure 7.3A, the combination of the two Affimers precipitated 

an increased amount of EPAC1 protein in comparison to protein levels precipitated by a 

single addition of 2.6 µg of 414A in lane 12. 

Nevertheless, when comparing the protein levels in the non-stimulated cells, the increased 

protein precipitation by 380A observed in lane four was likely because this Affimer 

showed a slightly higher affinity for recombinant EPAC1ΔDEP over 414A, as observed 

by dot blot in Chapter 5, Figure 5.4. Therefore, although the 5D3 Ab continued to 

precipitate more EPAC1 protein following activation with F/R, the EPAC1-selective 

Affimers did not selectively interact with active EPAC1, which agrees with previous 

findings from the thermal shift assay experiments in Chapter 5, Figures 5.10-5.11. 
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Figure 7.3: Effect of Elevations in Intracellular Cyclic AMP on Immunoprecipitation of EPAC1 with 

either Affimers or Antibodies. Immunoprecipitations were carried out as described in Chapter 2 section 

2.9.15. A) EPAC1 and B) EPAC2 U20S cells were treated with (+) or without (-) 10 µM of 

forskolin/rolipram (F/R) for 30 minutes before harvesting cells into 0.5 ml RIPA buffer, containing 1x 

protease inhibitor cocktail, and further lysis for 30 minutes by rotation at 4 °C. Extracts were centrifuged 

and cell lysates were collected, including inputs (total EPAC protein) without (lane 1) and with (lane 7) 

F/R stimulation. To each cell lysate, 4 µg of rabbit IgG antibody (lanes 2/8), 2.7 µg of 5D3 antibody (lane 

3/9), 2.5 µg of 5B1 antibody (lane 4/10), or 2.6 µg of Affimer 380A (lane 5) or 414A (lane 6/12), or 5.2 µg 

of both 380A and 414A (lane 11) were added and incubated with rotation for 30 minutes (4°C) before 

adding 40 µl of Protein G Agarose (lanes 2-4; 8-10) or α-His-tag Sepharose® beads (lanes 5-6; 11-12). 

After a one-hour incubation (4 °C) with rotation, beads were washed three times with 1x RIPA buffer using 

centrifugation for the collection of beads. Samples were then heated in electrophoresis sample buffer for 

five minutes at 95°C and analysed by western blotting where A) was probed with 5D3 and B) 5B1 primary 

antibodies and α-mouse secondary antibody as described in Chapter 2 section 2.9.5.3. 20 µl of inputs and 

isolated immunoprecipitated proteins were separated on gels as described in section 2.9.5.3. Total EPAC 

Protein (*), and heavy (H) and light (L) chain bands are indicated. Protein markers (kDa) are also indicated. 

A 

B 

* * 

* * 
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7.2.2 Confocal Microscopy Experiments 

From the IP results, it could be confirmed that the Affimers interact with and pull-down 

EPAC1 protein from EPAC1 U2OS cell extracts (Figures 7.2-7.3). The next step was 

therefore to test whether the top EPAC1-selective Affimer, 780A, could be used to 

observe EPAC1 localisation in cells. This was done using confocal microscopy where 

COS1 cells were transfected with a 780A-mCherry chimera alone, or co-transfected with 

other proteins that had previously been FLAG tagged. 780A localisation was compared 

primarily to the localisation of wild type EPAC1 in the same cells. For these experiments, 

COS1 cells were seeded onto poly-d-lysine (PDL)-coated 25 mm diameter No 1.5 high 

precision glass coverslips, which were prepared as described in Chapter section 2.9.16 

and cells were transiently transfected as described in Chapter 2 section 2.9.17. 

7.2.2.1 Localisation of 780A-mCherry and EPAC1-mCherry in COS1 Cells 

In the first confocal microscopy experiment, described in Chapter 2 section 2.9.18, the 

localisation of 780A-mCherry was compared to that of EPAC1-mCherry in comparison 

with empty vector mCherry (empty-mCherry), as a control. The transfection efficiency 

with the three different mCherry-tagged plasmid DNA was not 100 % but could be used 

as an internal control since there were areas on the coverslips where Hoechst-nuclear 

staining was observed but no mCherry fluorescence. Thus, it could be confidently 

assumed that no cells were present in the areas of coverslip where neither staining nor 

fluorescence was viewed. Areas that showed co-localisation with the Hoechst were white. 

A plasma membrane stain (CellMask™ Green) was also used but was internalised by the 

cells (not shown).  

Following transfection, some differences in localisation of 780A and EPAC1 could be 

observed, compared with the empty-mCherry control (Figure 7.4). First, empty-mCherry 

showed a diffuse cytoplasmic and nuclear fluorescence as observed in Figure 7.4A, where 

merged images showed a white nucleus. No real differences in empty-mCherry 

fluorescent intensity throughout the cell were observed, although it did appear that 

fluorescence was higher in the nucleus (Figure 7.4A). Furthermore, empty-mCherry-

transfected COS1 cells looked unhealthier than the other cells transfected with 780A-

/EPAC1-mCherry and thus fewer cells were available to image. Moreover, empty-

mCherry-transfected cells displayed a rounder appearance. Second, although EPAC1-

mCherry showed a diffuse cytoplasmic localisation as well it was also revealed that higher 

EPAC1 signalling was observed in the nucleus as highlighted by a white arrow (Figures 
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7.3B). From the z-stack, EPAC1 localisation was also apparent in the perinuclear region, 

which is indicated by a yellow arrow in Figure 7.5A. The z-stack of this cell further 

confirmed that EPAC1 was localised in the nucleus in all slices, which is indicated in one 

slice with a white arrow as a point of reference (Figure 7.5A:).  

In 780A-mCherry-transfected COS1 cells, the 780A signal also displayed a disperse 

fluorescence throughout the cytosol (Figure 7.4C). However, the Affimer also appeared 

to associate in the nucleus as highlighted by a white arrow in Figure 7.4C. This was also 

observed in the z-stack of this cell (Figure 7.5B). In this experiment, it was difficult to 

ascertain if there were any were any differences between C- and N-terminus fused 

plasmids as the images of cells transfected with the C-terminal fusion plasmid were not 

presentable and many cells appeared to be dividing. In comparison to the empty-mCherry-

transfected cells, both EPAC1 and 780A transfected cells showed a more structured 

localisation, particularly in the nuclear and/or perinuclear regions of the COS1 cells 

(Figure 7.4). Thus, with 780A- and EPAC1-mCherry, structures, in particular the nucleus, 

could be distinguished without the Hoechst nuclear stain (Figure 7.4).  
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Figure 7.4: Representative Images of Transfected COS1 Cells with Affimer 780A-, EPAC1-, or 

empty-mCherry and Hoechst Nuclear Staining. COS1 cells, plated on PDL-coated coverslips, were 

grown to minimum 80 % confluency before cells were transiently transfected with 2 µg of A) empty vector-

mCherry (empty-mCherry), B) EPAC1-mCherry, or C) 780A-mCherry DNA (N-terminal) using 

Lipofectamine 3000 as described in Chapter 2 section 2.9.17. Cells were incubated for 48 hours (37 °C, 5 

% (v/v) CO2) before fixing them with 4 % (v/v) paraformaldehyde as described in Chapter 2 section 2.9.18. 

Following fixation, nuclei were stained with 1x Hoechst working solution and coverslips were imaged same 

day in an Attofluor™ Cell Chamber with a Leica TCS SP8 STED 3X confocal microscope using a Leica 

HC PL APO C52 63x water objective. Samples were excited using a Supercontinuum White laser to excite 

the mCherry proteins at 580 nm and a Leica SP8 405 nm laser was used to excite Hoechst. Sample detection 

was performed using a Leica HyD hybrid detector with detection windows of 560-650 nm for mCherry and 

415-490 nm for Hoechst. White arrows indicate nuclear staining. 5 µm scale bar indicated. 
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Figure 7.5: Z-Stacks of COS1 Cells Transfected with A) EPAC1-mCherry or B) 780A-mCherry (N-

terminal). Hoechst staining is in yellow. White and yellow arrows indicate the nuclear and perinuclear 

regions of the cell, respectively. 
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7.2.2.2 Effects of EPAC1 Activation on the Intracellular Distribution of EPAC1 and 

Affimer 780A in COS1 Cells 

Next, the effect of EPAC1 activation on 780A localisation in COS1 cells was compared 

to that of EPAC1 WT, the EPAC1-SUMOmutant (EPAC1-mutant) and POPDC as a 

negative control to determine if the Affimer might interact with them as well. As a more 

recently identified cAMP effector, POPDC is a transmembrane protein found most 

abundantly in smooth and striated muscle cells [244]. In this experiment, the effects of 

EPAC1 stimulation by the EPAC1-agonist, 007, on protein localisation was also 

explored. Transiently transfected COS1 cells were prepared for confocal microscopy as 

described in Chapter 2 section 2.9.18.  

Here confocal images are shown in grey only as no nuclear staining was used and areas 

showing white fluorescence are areas with highest signal intensities (Figures 7.6-7.7). In 

Figure 7.6, the localisation (± 007) of exogenous EPAC1 WT and 780A are shown while 

Figure 7.6 shows the localisations (± 007) of the EPAC1-mutant and POPDC. As shown 

in Figure 7.6A, the diffuse EPAC1-mCherry localisation in non-stimulated cells could no 

longer be observed in the stimulated cells. Although EPAC1 showed a distinct association 

with the nuclear and perinuclear regions of COS1 cells, as indicated by the black arrows 

in non-stimulated and stimulated cells, in 007-treated cells, EPAC1 was also observed to 

localise with the plasma membrane (PM) in around 60% of transfected cells (Figure 7.6A: 

white arrow).  

Both C- and N-terminal tagged 780A-mCherry plasmid DNA were transfected into COS1 

cells, and here, it was more clearly observed that no differences in localisation were 

observed between the two chimeras with or without stimulation. In Figure 7.6B, images 

of 780A-mCherry (C-terminal tag) are shown. In COS1 cells, EPAC1 activation with 007 

did not appear to greatly affect the localisation of 780A as the Affimer continued to 

associate predominantly with cell nuclei, as indicated by black arrows, with some 

dispersion of a weaker signal throughout the cells (Figure 7.6B). However, following 007 

treatment, some translocation of 780A was also observed at the PM, in approximately 40 

% of transfected cells imaged (Figure 7.6B: white arrow).  

In EPAC1-mutant-transfected cells, EPAC1 localisation was observed to be completely 

different to that observed with EPAC1 WT and 780A, showing strong punctate cluster 

formations, throughout the cell cytoplasm, as highlighted by white arrows (Figure 7.7A). 

This was observed in both non-stimulated and stimulated cells, although the fluorescent 
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intensity appeared to be brighter in 007-treated cells (Figure 7.7A). This was observed in 

50 % of COS1 non-stimulated transfected cells and 100 % in healthier-looking stimulated 

transfected cells. Furthermore, the EPAC1-mutant was never observed to associate with 

the nucleus of transfected cells, with or without 007 stimulation (Figure 7.7A). Thus, the 

EPAC1-SUMOmutant appears to be a non-targeting mutant and, as observed using the 

thermo shift assay, it is not a denaturing mutation, since the melt curve of the mutant 

protein showed no difference to EPAC1 WT protein.(Figure 7.8).  

As a negative control, the localisation of POPDC-GFP was also very different to all three 

of the previously mentioned proteins (Figure 7.7B). POPDC showed a more punctate 

localisation and appeared to accumulate at the Golgi Apparatus and endoplasmic 

reticulum, as highlighted by black arrows (Figure 7.7B). No differences between 

stimulated and non-stimulated COS1 transfected cells were observed (Figure 7.7B), 

which is not surprising since 007 is not a natural ligand towards these proteins. It should 

be noted that in the EPAC1-mutant and POPDC-transfected COS1 cells, the laser power 

used to see the fluorescent signals had to be raised to a much higher power due to weaker 

expression of the EPAC1-mutant and POPDC. Thus, in some of these cells, particularly 

with the mutant, there was some saturation of signal and, importantly, signal intensities 

between EPAC1-/780A-mCherry-transfected cells and EPAC1-mutant-mCherry and 

POPDC-GFP-transfected cells could not be directly compared. For example, the laser 

power of EPAC1 WT and 780A was between 0.3-0.75 but that of EPAC1-mutant and 

POPDC had to be raised to a power of 30 and 5, respectively. Consequently, in some of 

the EPAC1-mutant and POPDC-transfected cells, the signal was too saturated and any 

clusters of signals, such as those in Figure 7.7, could not be as clearly distinguished.  

The results from these experiments demonstrated that Affimer 780A localised 

predominantly within the nuclei of COS1 cells and 007 stimulation appeared to cause 

some translocation of 780A to the PM (Figure 7.6B). This translocation to the PM 

following stimulation was more clearly observed in EPAC1 WT-transfected COS1 cells 

(Figure 7.6A). As expected, the EPAC1-mutant showed a completely distinct distribution 

when compared with EPAC1 WT where no translocation was observed in stimulated cells 

(Figure 7.6A). POPDC also showed a very different distribution in COS1 cells and thus 

acted as a good negative control (Figure 7.7B).  
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Figure 7.6: Representative Images of Stimulated and non-stimulated COS1 Cells Transfected with 

A) EPAC1-mCherry or B) Affimer 780A-mCherry. COS1 cells were plated on PDL-coated coverslips 

and then grown to a minimum 80 % confluency before being transiently transfected with 2 µg of A) EPAC1-

mCherry or B) 780A-mCherry DNA using XTG360 as described in Chapter 2 section 2.9.17. Cells were 

incubated for 48 hours (37 °C, 5 % (v/v) CO2) and were then cells stimulated ± 100 µM of 007 for 15 

minutes (37 °C, 5 % (v/v) CO2) and fixed with 4 % (v/v) paraformaldehyde as described in Chapter 2 

section 2.9.18. Coverslips were stored in PBS at 4 °C and imaged in an Attofluor™ Cell Chamber with a 

Leica TCS SP8 STED 3X confocal microscope using a Leica HC PL APO C52 63x water objective. 

Samples were excited using a Supercontinuum White laser at 580 nm and were detected using a Leica HyD 

hybrid detector with a detection window of 590-560 nm. Black arrows are indicating the nuclear localisation 

and white arrows are indicating plasma membrane localisation. 5 µm scale bars indicated.  
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Figure 7.7: Representative Images of Unstimulated and Stimulated COS1 Cells Transfected with A) 

EPAC1-SUMOmutant mCherry or B) POPDC-GFP. COS1 cells, plated on PDL-coated coverslips, 

were grown to minimum 80 % confluency before cells were transiently transfected with 2 µg of A) EPAC1-

SUMOmutant (EPAC1-mutant)-mCherry or B) POPDC-GFP DNA using XTG360 as described in Chapter 

2 section 2.9.17. Cells were incubated for 48 hours (37 °C, 5 % (v/v) CO2) and were then cells stimulated 

± 100 µM of 007 for 15 minutes (37 °C, 5 % (v/v) CO2) and fixed with 4 % (v/v) paraformaldehyde as 

described in Chapter 2 section 2.9.18. Coverslips were stored in PBS at 4 °C and imaged in an Attofluor™ 

Cell Chamber with a Leica TCS SP8 STED 3X confocal microscope using a Leica HC PL APO C52 63x 

water objective. Samples were excited using a Supercontinuum White laser at 580 nm (mCherry) or 438 

nm (GFP) and were detected using a Leica HyD hybrid detector with a detection window of 590-560 nm 

or 500-550 nm for mCherry and GFP protein, respectively. Black and white arrows are indicating 

concentrated areas of fluorescence. 5 µm scale bars indicated. 
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Figure 7.8: Thermal Shift Profiles of Recombinant EPAC1ΔDEP WT Versus EPAC1ΔDEP SUMO 

Mutant (K212R) Proteins. Thermal shift stability assays were performed as described in Chapter 2 section 

2.9.11. with 2 µM of recombinant EPAC1ΔDEP WT or SUMO mutant (K212R) protein and 10x SYPRO 

Orange dye per well. Plates were incubated overnight at 4 °C. Experiments were done in duplicates. The 

fluorescence readout of SYPRO Orange dye was measured using an Applied Biosystems StepOnePlus 

Real-time PCR Instrument set at excitation wavelength 470 nm and emission wavelength of 570 nm over 

a temperature range from 11 to 80 °C ramped to 0.5 °C increments with plateau times of 30 seconds. As 

described in Chapter 2 section 2.9.11, melting temperatures (Tm) (mean ± SEM °C) were derived from 

calculating the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where 

Tm is the lowest –dF/dT value (n=3-23). Significant difference (***p<0.0001) in Tm in comparison to WT 

was determined by unpaired t-test (GraphPad Prism).  

 

 

7.2.2.3 Co-Localisation of EPAC1 and Affimer  in Co-Transfected COS1 Cells 

As the previous experiment suggested that the Affimer might interact with endogenous 

EPAC1 in comparison to transfected EPAC1, a co-transfection was applied to further 

determine the co-localisation of EPAC1 and Affimer. Thus, in the final microscopy 

experiment, the co-localisation of 780A with EPAC1 WT and SUMOmutant, and POPDC 

in non-stimulated (-007) and stimulated (+007) COS1 cells was investigated. 

Overexpression of EPAC1 in the COS1 cells was required as it was noticed that only 

EPAC1-mCherry-transfected cells showed EPAC1 protein, indicating that endogenous 

levels of EPAC1 are low in this cell line (Figure 7.11). COS1 cells were, therefore, 

transfected with exogenous FLAG-tagged EPAC1 WT to observe any possible co-

localisation more clearly with the EPAC1-selective Affimer 780A. Transiently 

transfected COS1 cells were prepared for confocal microscopy as described in Chapter 2 

section 2.9.19. Results from this experiment are shown in Figures 7.9 to 7.11. The FLAG-

tagged proteins (EPAC1 WT, EPAC1-mutant and POPDC) can be observed in yellow in 

the top images, 780A-mCherry in the middle in magenta and merged images on the 

bottom of each figure. Deconvolution was performed on z-stacks for post-processing 

using Huygens Professional software.  
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Transfection efficiencies were not 100 % since there were many cells that expressed 

780A-mCherry but not FLAG-tagged proteins and vice versa. Cells that showed co-

expression, as well as demonstrating good cell spreading, were considered to be the “gold 

standard” for z-stacks, although transfection levels of both proteins were not consistent 

between cells. From these results, it was observed that although EPAC1 continued to 

show a diffuse cytoplasmic fluorescence, EPAC1-FLAG was partially excluded from the 

nuclei in 80 % of transfected cells imaged (Figure 7.9). Instead, areas that showed more 

EPAC1 localisation, as shown by the brighter yellow fluorescence in non-stimulated 

cells, were in the perinuclear regions, as indicated by a vermillion arrow (Figure 7.9). In 

007-stimulated cells, EPAC1 localisation in this area appeared to increase, but also 

appeared to translocate to the PM, as previously observed (Figure 7.5A) (Figure 7.9: 

white arrows). This was observed in about 70 % of cells imaged. More EPAC1 was also 

associated in the nuclei of stimulated cells as can be seen in Figure 7.9.  

In both stimulated and non-stimulated COS1-transfected cells, 780A localisation was 

continued to be observed mostly in the nuclei, as seen by a very bright fluorescence, 

pointed out by yellow arrows (Figure 7.9). While 780A localisation was more dispersed 

in non-stimulated cells, 007 stimulation appeared to cause a translocation of the Affimer 

to the PM (Figure 7.9: yellow arrow). This was observed in about 80 % of cells imaged. 

Furthermore, co-localisation of EPAC1 WT and 780A could be observed in the merged 

images as seen in areas of white fluorescence (Figure 7.9). This was seen mainly in some 

of the perinuclear region in non-stimulated cells (Figure 7.9). A blue arrow has been used 

to highlight one such area (Figure 7.9). In contrast, this region showed a much higher 

degree of co-localisation in the stimulated cells, also indicated by a blue arrow in the 

merged imaged of Figure 7.7 + 007. This was observed in about 50 % of cells. This was 

also observed, to a lesser extent, in part of the PM as pointed out by a white arrow (Figure 

7.9). These results suggest that 780A does co-localise in areas of the cells with an 

increased presence of EPAC1, indicating endogenous interactions of the two proteins 

 

The EPAC1-mutant was excluded from the nuclei of both non-stimulated and stimulated 

COS1 cells as seen in Figure 7.9, particularly in the merged images. The localisation of 

this mutant was speckled and granular in appearance, but also showed a slightly more 

disperse localisation than in the single transfection experiment (Figure 7.7A), particularly 

in the non-stimulated cells (Figure 7.10). Areas showing higher localisation of the mutant 

are indicated by vermillion arrows (Figure 7.10). 780A continued to show a 
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predominantly nuclear localisation, indicated by white arrows in both non-stimulated and 

stimulated cells (Figure 7.10). In the merged image of a non-stimulated cell, some co-

localisation of 780A and the EPAC1-mutant was observed in areas out with the nucleus, 

as highlighted by blue arrows (Figure 7.10). Co-localisation, however, could be seen more 

clearly in the stimulated cells in areas of the cytosol, but particularly in perinuclear 

regions, which showed brighter mCherry and FLAG signals in punctate structures, such 

as those highlighted by blue arrows in the merged image of Figure 7.10 + 007. This 

suggests that 780A was also able to interact with and co-localise with the mistargeted 

EPAC1-SUMOmutant. As a negative control, POPDC continued to associate outside the 

nuclei of both non-stimulated and stimulated COS1 cells in were likely the Golgi 

Apparatus and endoplasmic reticulum as well as, to a much lesser extent, along the PM 

(Figure 7.11). Although there appears to be some co-localisation in areas of the highest 

POPDC levels, this was not observed in green-red images where the areas of POPDC 

signal continued to look green in the merged images (not shown). Still, magenta-yellow 

images were used as they are more colour-blind friendly. In 100 % of cells imaged, 

however, no co-localisation was observed, especially in comparison to EPAC1 WT.  
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Figure 7.9: Representative Images of Unstimulated and Stimulated COS1 Cells Co-Transfected with 

EPAC1-FLAG and Affimer 780A-mCherry. COS1 cells, plated on PDL-coated coverslips, were grown 

to minimum 80 % confluency before cells were transiently transfected with 2 µg each of EPAC1-FLAG 

and 780A-mCherry DNA using XTG360 as described in Chapter 2 section 2.9.17. Cells were incubated for 

48 hours (37 °C, 5 % (v/v) CO2) and were then cells stimulated ± 100 µM of 007 for 15 minutes (37 °C, 5 

% (v/v) CO2) and fixed with 4 % (v/v) paraformaldehyde as described in Chapter 2 section 2.9.19. 

Following fixation and permeabilization, cells were blocked for one hour at RT in blocking buffer (1 % 

(w/v) BSA, 0.3 % (v/v) Triton-X 100 in PBS). Cells were then incubated for one hour each at RT in α-

FLAG and goat α-mouse IgG (Alexa Fluor 488 conjugated) primary and secondary antibodies, respectively. 

Coverslips were then mounted onto glass slides using Prolong™ Glass Antifade Mountant and analysed on 

a Leica TCS SP8 STED 3X confocal microscope with a Leica HC PL APO C52 63x water objective. 

Samples were excited using a Supercontinuum White laser at 488 and 580 nm for Alexa Fluor 488 and 

mCherry proteins, respectively, and were detected using a Leica HyD hybrid detector with detection 

windows of 500-550 nm (Alexa Fluor 488) and 590-650 nm (mCherry). White arrows indicate areas of 

high EPAC1-FLAG fluorescence; yellow arrows indicate areas of high 780A-mCherry fluorescence; blue 

arrows indicate areas of co-localisation. 5 µm scale bar indicated. 
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Figure 7.10: Representative Images of Unstimulated and Stimulated COS1 Cells Co-Transfected 

with EPAC1-SUMOmutant-FLAG and Affimer 780A-mCherry. COS1 cells, plated on PDL-coated 

coverslips, were grown to minimum 80 % confluency before cells were transiently transfected with 2 µg 

each of EPAC1-SUMOmutant (EPAC1-mutant)-mCherry and 780A-mCherry DNA using XTG360 as 

described in Chapter 2 section 2.9.17. Cells were incubated for 48 hours (37 °C, 5 % (v/v) CO2) and were 

then cells stimulated ± 100 µM of 007 for 15 minutes (37 °C, 5 % (v/v) CO2) and fixed with 4 % (v/v) 

paraformaldehyde as described in Chapter 2 section 2.9.19. Following fixation and permeabilization, cells 

were blocked for one hour at RT in blocking buffer (1 % (w/v) BSA, 0.3 % (v/v) Triton-X 100 in PBS). 

Cells were then incubated for one hour each at RT in α-FLAG and goat α-mouse IgG (Alexa Fluor 488 

conjugated) primary and secondary antibodies, respectively. Coverslips were then mounted onto glass 

slides using Prolong™ Glass Antifade Mountant and analysed on a Leica TCS SP8 STED 3X confocal 

microscope with a Leica HC PL APO C52 63x water objective. Samples were excited using a 

Supercontinuum White laser at 488 and 580 nm for Alexa Fluor 488 and mCherry proteins, respectively, 

and were detected using a Leica HyD hybrid detector with detection windows of 500-550 nm (Alexa Fluor 

488) and 590-650 nm (mCherry). Vermillion arrows indicate areas of high EPAC1-mutant-FLAG 

fluorescence; white arrows indicate areas of 780A-mCherry fluorescence in the nucleus; blue arrows 

indicate areas of co-localisation. 5 µm scale bar indicated. 
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Figure 7.11: Representative Images of Unstimulated and Stimulated COS1 Cells Co-Transfected 

with POPDC-FLAG and Affimer 780A-mCherry. COS1 cells, plated on PDL-coated coverslips, were 

grown to minimum 80 % confluency before cells were transiently transfected with 2 µg each of POPDC-

GFP and 780A-mCherry DNA using XTG360 as described in Chapter 2 section 2.9.17. Cells were 

incubated for 48 hours (37 °C, 5 % (v/v) CO2) and were then cells stimulated ± 100 µM of 007 for 15 

minutes (37 °C, 5 % (v/v) CO2) and fixed with 4 % (v/v) paraformaldehyde as described in Chapter 2 

section 2.9.19. Following fixation and permeabilization, cells were blocked for one hour at RT in blocking 

buffer (1 % (w/v) BSA, 0.3 % (v/v) Triton-X 100 in PBS). Cells were then incubated for one hour each at 

RT in α-FLAG and goat α-mouse IgG (Alexa Fluor 488 conjugated) primary and secondary antibodies, 

respectively. Coverslips were then mounted onto glass slides using Prolong™ Glass Antifade Mountant 

and analysed on a Leica TCS SP8 STED 3X confocal microscope with a Leica HC PL APO C52 63x water 

objective. Samples were excited using a Supercontinuum White laser at 488 and 580 nm for Alexa Fluor 

488 and mCherry proteins, respectively, and were detected using a Leica HyD hybrid detector with 

detection windows of 500-550 nm (Alexa Fluor 488) and 590-650 nm (mCherry). 5 µm scale bar indicated. 
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7.2.3 Rap1 Activation Assays 

To study downstream effects of Affimer binding to EPAC1 in COS1 cells, Rap1 

activation assays were performed. This is an assay whereby GST-RalGDS is bound to 

GSH Agarose beads to selectively isolate and pull-down the active form of endogenous 

Rap1 from cell lysates.  

7.2.3.1 Single Transfections of COS1 Cells with Affimer 780A and EPAC1 

Initially, cells were transiently transfected with empty-mCherry (M), EPAC1-mCherry 

(E1) or 780A-mCherry (C- or N-terminus) (AC and AN) as described in Chapter 2 section 

2.9.17. Transfected COS1 cells were stimulated with or without 100 µM of 007 and cells 

were lysed and collected for the Rap1 activation assay, all of which was performed as 

described in Chapter 2 section 2.9.20. 

As seen in Figure 7.12, the inputs were used to determine total Rap1 and EPAC1 levels 

and GST-RalGDS isolated from cell extracts show the active Rap1. In general, most of 

the inputs from the different transfected cells showed similar levels of total Rap1 as 

expected (Figure 7.12). However, it was difficult to determine endogenous levels of 

EPAC1 in these samples as only the E1-transfected COS1 cells showed EPAC1-mCherry 

protein levels (Figure 7.12). As expected, stimulated cells transfected with E1 showed the 

largest increase in active Rap1 while no differences in non-transfected stimulated cells 

were observed (Figure 7.12). Thus, the transfection with EPAC1 was required to observe 

the activation of Rap1 by 007 as the Affimer had no observable effect (Figure 7.12). 
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Figure 7.12: Rap1 Activation Assay in Transfected COS1 Cells. COS1 cells were transfected as 

described in Chapter 2 section 2.9.17 using Lipofectamine 3000. 10 µg of empty-mCherry (M), EPAC1-

mCherry (N-terminus) (E1), 780A-mCherry (C-terminus) (AC), or 780A-mCherry (N-terminus) (AN) 

DNA was transfected into 100 mm dishes containing cells. Non-transfected cells (-) were used as controls. 

After 48 hours, cells were treated with (+) or without (-) 100 µM of EPAC1-agonist 007 for 15 minutes in 

fresh media at 37 °C, 5 % (v/v) CO2. Cells were then washed with ice-cold PBS and cell lysates were 

collected for a Rap1 pull down assay as described in Chapter 2 section 2.9.20. Inputs were collected and 

then added to equilibrated glutathione Sepharose 4B beads containing 40 µg of GST-RalGDS and incubated 

for 1 hour at 4 °C with rotation. Beads were subsequently washed three times and collected by 

centrifugation for 5 minutes at 500 x g (4 °C). Cell lysates and inputs were heated for 5 minutes at 95 °C 

in 2x sample buffer and 25 µl of each sample was loaded per well onto 12.5 % SDS-PAGE gels and analysed 

by western blot as described in Chapter 2 section 2.9.5.3. Inputs and beads containing total and active Rap1, 

respectively, were incubated with α-Rap1A/1B primary antibody and HRP-conjugated α-Rabbit secondary 

antibody. Nitrocellulose membrane containing inputs were stripped with mild stripping buffer before 

incubation with α-EPAC1 and HRP-conjugated α-mouse primary and secondary antibodies, respectively. 

Protein signals were detected using ECL and visualised via Fusion FX Imaging Software. 

 

 

7.2.3.2 Co-transfections of Affimer 780A and EPAC1 in COS Cells 

To observe more clearly the downstream effects of 780A on Rap1 activation, COS1 cells 

were co-transfected with both EPAC1 and Affimers. COS1 cells were seeded, grown and 

transfected as described in Chapter 2 section 2.9.17. However, EPA1-FLAG (E1) was co-

transfected with empty-mCherry (M), 780A-mCherry (C) (AC) or 780A-mCherry (N) 

(AN). In addition, empty-mCherry-transfected cells (M only) were used as controls. Cells 

were stimulated and lysed and the Rap1 activation assay was carried out as described in 

Chapter 2 section 2.9.20. Results from this experiment can be observed in Figure 7.13 

where cell lysates incubated with GST-RalGDS and Glutathione sepharose beads show 

active Rap1 levels and collected inputs show total EPAC1 and Rap1 levels (Figure 

7.13A). The inputs were also used to show levels of mCherry to confirm that the COS1 

cells had been successfully transfected with the different mCherry DNA plasmids (Figure 

7.13B). mCherry has a size of approximately 27 kDa. As seen in Figure 7.13, the co-

transfection of the Affimer with EPAC1 did not alter the active levels of Rap1 protein in 
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the COS1 cells. Thus, only the activation of Rap1 could be seen with the EPAC1 

transfection and any effect of 780A could not be determined. 

      
 

                       
Figure 7.13: Rap1 Activation Assay of Co-transfected COS1 cells. COS1 cells were transfected as 

described in Chapter 2 section 2.9.17 using XTG360 transfection reagent. 10 µg of empty-mCherry (M) 

alone, or 5 µg of empty-mCherry with 5 µg of EPAC1-FLAG (E1), 780A-mCherry (C-terminus) (AC), or 

780A-mCherry (N-terminus) (AN) DNA were transfected into 10 cm dishes containing cells. After 48 

hours, cells were treated with (+) or without (-) 100 µM of EPAC1-agonist 007 for 15 minutes in fresh 

media at 37 °C, 5 % CO2. Cells were then washed with ice-cold PBS and cell lysates were collected for a 

Rap1 pull down assay as described in Chapter 2 section 2.9.20. Inputs were collected and then added to 

equilibrated glutathione Sepharose 4B beads containing 40 µg of GST-RalGDS and incubated for 1 hour 

at 4 °C with rotation. Beads were subsequently washed three times and collected by centrifugation for 5 

minutes at 500 x g (4 °C). Cell lysates and inputs were heated for 5 minutes at 95 °C in 2x sample buffer 

and 25 µl of each sample was loaded per well onto 12.5 % SDS-PAGE gels and analysed by western blot 

as described in Chapter 2 section 2.9.5.3. A) Inputs and beads containing total and active Rap1, respectively, 

were incubated with α-Rap1A/1B primary antibody and HRP-conjugated α-Rabbit secondary antibody. 

Nitrocellulose membrane containing inputs were stripped with mild stripping buffer before incubation with 

α-EPAC1 and HRP-conjugated α-mouse primary and secondary antibodies, respectively. B) Alternatively, 

a nitrocellulose membrane containing input samples was incubated with α-mCherry and α-rabbit primary 

and secondary antibodies, respectively to confirm transfections of mCherry DNA (arrow or *). Protein 

signals were detected using ECL and visualised via Fusion FX Imaging Software. 

 

A 
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7.3 Discussion 

The ability of EPAC1 Affimer binders to interact with cellular EPAC1 was determined 

using independent techniques. Firstly, immunoprecipitation was used to determine the 

ability of EPAC1-selective Affimers to pull-down EPAC1 protein from cell extracts. 

Second, confocal microscopy was used to determine the subcellular localisation of the 

Affimer whether the Affimer, 780A, and whether or not it co-localised with exogenous 

EPAC1. Finally, Rap1 activation assays were performed to determine whether interaction 

of 780A with cellular EPAC1, affected down-stream signalling.  

7.3.1 EPAC1-selective Affimers precipitate EPAC1 proteins from EPAC1 U2OS cells 

In many studies, EPAC overexpression is required due to low endogenous levels of 

EPAC1 or EPAC2 in cells lines, such as COS7, HEK293 and MCF-7, for example [58], 

[63], [64], [245]. Thus, EPAC1- or EPAC2-stably transfected U2OS cell lines were used 

to study the effects of the EPAC1-selective Affimers in IP studies. The IP assay is an 

appropriate first approach to determine any intracellular abilities of the Affimers, because 

it is known that the 5D3 Ab can precipitate EPAC1 in cells as seen in the original thesis 

work by Dr Jun Zhao and in a study by Parnell et al. where 5D3 Ab also specifically 

detected active, cAMP-bound EPAC1 protein in HEK293T cells transfected with 

EPAC1-FLAG [64], [155]. Neither 5D3 Ab or test Affimers were able to precipitate 

endogenous EPAC1 from non-transfected U2OS cells, confirming that endogenous levels 

are too low or non-existent in this cell line (results not shown).  

In the IP experiments performed in this study, all three top Affimers (780A, 380A and 

414A) selectively precipitated EPAC1 protein from transfected U2OS cells (Figures 7.2-

7.3). Although twice more Affimer was added to cell lysates than the 5D3 Ab, with equal 

bead volume, they precipitated much less EPAC1 protein than the antibody (Figure 7.2). 

This is not surprising considering the dot blot and ELISA results presented in Chapter 5 

showed that the 5D3 Ab has a higher affinity and is a more potent binder towards EPAC1 

than test Affimers. As also discussed in Chapter 5 (section 5.4.1), the antibody will have 

a higher avidity towards EPAC1, since it is a monoclonal antibody with two binding sites, 

and thus can bind to multiple antigen-binding sites versus just one binding site on the 

Affimer. Furthermore, only the 5D3 Ab precipitated more EPAC1 protein following the 

activation by F/R thus confirming results observed in previous studies of the antibody 

where it was shown to bind preferentially to the active form of EPAC1 [64], [155]. This 

effect was more pronounced in EPAC1-FLAG-transfected HEK293T cells perhaps 
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because those cells also have a higher endogenous level of EPAC1 than the U2OS cells 

and, thus, there is more cAMP-bound EPAC1 protein to precipitate in the HEK293T cells 

[64]. To see a definite effect of EPAC1-activation, 007 could be used in place of F/R 

since it can provide a stronger EPAC1 signal as it activates EPAC1 more strongly than 

cAMP [141]. 

The Affimers did not show this selectivity towards cAMP-bound EPAC1, since no 

difference in EPAC1 protein levels were observed between non-stimulated and F/R-

stimulated EPAC1 U2OS cells (Figure 7.2A). When combining two Affimers (380A and 

414A), there appeared to be a synergy as more EPAC1 protein was precipitated in 

comparison with 414A on its (Figure 7.2A). This suggests that in future experiments, 

more Affimer, or in combination, is required to observe a more pronounced interaction 

with EPAC1 in these cells. In contrast, 1.4 µg of 5D3 Ab, as used in the first experiment 

(Figure 7.2) is sufficient to precipitate 5D3 Ab as 2.6 µg was an unnecessary excess since 

the bands were close to be being overexposed during ECL detection (Figure 7.2A). The 

5B1 antibody, on the other hand, was unable to precipitate EPAC2 protein in EPAC2 

U2OS cells, which confirms results from the original thesis work where the 5B1 and 5D3 

Abs were first identified as EPAC2- and EPAC1-specific, showing that only the 5D3 Ab 

could be used in IP studies [155]. Therefore, while the 5B1 Ab acts as a good negative 

control, an alternative EPAC2-antibody needs to be found for future IP experiments.  

7.3.1.1 Limitations of Immunoprecipitation Experiments 

To improve the IP results, magnetic beads were also used for some experiments as an 

insoluble support in place of Agarose/Sepharose beads. Magnetic beads were a means to 

increase the efficiency of Affimer-protein binding as they are significantly smaller in 

diameter (between 1 to 4 µm in diameter versus 50 to 150 µm), providing a collectively 

increased surface area for high-capacity binding. In addition, they are a lot easier to 

collect since only a high-powered magnetic is required. This is a definite advantage over 

Agarose beads first because centrifuging immunocomplexes at high speed can disrupt the 

antigen-antibody/Affimer interactions, but also because during the wash steps it is hard 

to see the beads and thus some could be lost when removing the wash buffer. In contrast, 

the magnetic beads are often coloured, also making it easier to recover all the beads. 

However, because magnetic beads do lack a porous centre, they can have a decreased 

binding capacity. This did not appear to be an issue in the IPs performed here. Instead, it 

was noticed that there was non-specific binding of the magnetic α-His-tag beads (results 
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not shown). In these experiments, an antibody negative control, such as rabbit IgG Ab, 

was not used and thus non-specific binding of the Protein G magnetic beads cannot be 

commented on (results not shown). Nevertheless, despite it being easier to recover 

magnetic beads, they were not appropriate for the Affimer IPs. 

In all IP experiments performed, different combinations of capture and precipitation 

antibodies were used, resulting in different size distributions of the heavy (H) and light 

(L) chains in the immunoblots although the band at approximately 100 kDa is the target 

antigen (Figures 7.2-7.3). This could be why less EPAC1 appears to have been 

precipitated by the Affimers, which show a much weaker interaction than the 5D3 Ab 

since the concentration of Affimer used in the IPs was between 10 to 30-fold less than 

that of the antibody (180/300 nM vs 9/18 nM, depending on the experiment). This could 

also have been due to a combination effect where input levels of the Affimer cell lysates 

could have been lower plus the effect of a lower Affimer-pull-down IgG. In future 

experiments, input levels from all cell lysates should be taken to confirm this. 

Furthermore, as the Affimers are both His6-tagged and HA-tagged, an α-HA-Tag 

Sepharose bead conjugate could be used instead to determine if it might be a better 

antibody to pull-down the Affimer-protein complexes.  

In addition, the protocol recommended by the α-His-Tag Sepharose bead manufacturer 

(CST) states that the Affimer cell lysates should be incubated overnight at 4 °C with the 

beads in contrast to only 30 to 60 minutes with Protein G Agarose, indicating that the 

latter beads are more effective since a much faster incubation time is required. While an 

hour at 4 °C did appear to be sufficient to see some EPAC1 precipitation by the Affimers 

(Figure 7.2A), the overnight incubation did result in slightly clearer EPAC1 precipitation, 

especially in the case of 414A, which was difficult to see in the F/R-stimulation IP 

experiment (Figure 7.3). Despite the above-mentioned limitations, the IPs did reveal that 

the Affimers can selectively precipitate EPAC1 and are not conformation selective.  

7.3.2 Fluorescent-tagged Affimer 780A is expressed throughout COS1 cells 

COS1 cells were used for confocal microscopy experiments as they have higher 

endogenous levels of EPAC1 and, more importantly, can be transiently transfected more 

easily than U2OS EPAC1 cells. Thus, in preliminary experiments to examine 780A-

mCherry localisation in cells, COS1 cells were transiently transfected with the mCherry-

tagged Affimer. Cells were also transfected with EPAC1-mCherry for localisation 

comparison and empty-mCherry as a negative control. As a general-purpose red 
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monomer, part of the monomeric red fluorescent proteins (mRFPs), mCherry is 

considered the best one due to its excellent photostability [242]. Furthermore, of the 

mRFPs, mCherry also has the longest wavelengths and the fastest maturation (15 

minutes) and is tolerant of N-terminal fusions [243]. However, C-terminal mCherry 

fusion proteins are also possible since mCherry-C1 vectors are also available. Thus, both 

780A-mCherry C- and N-terminal fusion proteins were tested. 

From these results, it could be determined that the empty-mCherry vector is not the best 

negative control since it showed a disperse signal throughout the cell (Figure 7.4A). But 

as a negative control, no distinguishable features could be observed in the cell as expected 

(Figure 7.4A). Expression of empty-mCherry vector also appeared to change the shape 

of the cells, which also appeared less healthy, making it difficult to find good cells to 

image. While 780A-mCherry and EPAC1-mCherry also showed a diffuse signal in the 

COS1 cells, differences in fluorescence intensities are more obvious in these cells (Figure 

7.4B-C). This was especially the case with EPAC1, which is observed more in the nucleus 

and perinuclear regions (Figures 7.4B; 7.9). This is consistent with results in other cell 

lines, including COS7, HEK293, and human A431 [59], [63], [64], [66]. 780A, on the 

other hand, shows a relatively diffuse signal but also appears to be in the nuclei of the 

COS1 cells as this area of the cell showed slightly higher mCherry fluorescence (Figure 

7.4C). While the Hoechst nuclear stain worked well and revealed that there were cells 

that had not been transfected, 780A-mCherry on its own was sufficient to distinguish the 

nuclei of these cells (Figure 7.4C).  

The CellMask™ green plasma membrane stain was supposed to help determine any 

localisation at the PM of the cells but was internalised by the cells and thus proved 

unsuitable (results not shown). In future experiments, MemBrite® Fix Cell Surface stain 

is a viable alternative option to stain the PM. It can be used in both live and fixed cells. 

In addition, it provides covalent labelling in fixed and permeabilised cells for 

immunofluorescence staining, which is not the case for CellMask™. It is also water 

soluble, providing a more even staining that lipophilic membrane dyes such as 

CellMask™. Nevertheless, from these results the association of 780A in the nuclei of 

unstimulated COS1 cells could be determined, showing a similar localisation with 

exogenous EPAC1.  
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7.3.3 Stimulation of COS1 with 007 promoted translocation of Affimer 780A to the 

plasma membrane (PM) 

In the next confocal microscopy experiment, COS1 cells were again transfected with 

780A-mCherry (C- and N-terminal) and EPAC1-mCherry. Additionally, an EPAC1-

SUMOmutant protein (K212R) (EPAC1-mutant-mCherry) and POPDC-GFP were also 

transiently transfected into the cells, where the latter was used as a negative control. Here, 

differences in localisation between unstimulated and stimulated COS1 cells were 

compared using 100 µM of 007 to activate EPAC1 (Figures 7.6-7.7). Differences in the 

brightness of the mCherry signal was observed between cells transfected with the same 

vector. This was most likely due to differences in transfection efficiency, which was not 

100 %, rather than differences in distribution since cells transfected with the same vector 

showed similar distributions. In this experiment, the Sigma-Aldrich XtremeGENE™ 360 

(XTG360) lipofection transfection reagent was used in place of the more commonly used 

Lipofectamine 3000 from Thermo Fisher Scientific. XTG360 is cheaper and less toxic 

than Lipofectamine 3000 and does not require as much optimisation. The lower toxicity 

was noticed in this cell line as more cells were still present on the coverslips following 

transfection in comparison to previous transfections performed with Lipofectamine 3000 

as observed with the FLoid™ Cell Imaging station (results not shown). In addition, when 

imaging the cells transfected using XTG360, there were more cells available to image 

and less cells dividing in contrast to cells transfected using Lipofectamine 3000. To 

improve transfection efficiency the 1:1 DNA to reagent ratio could be increased to 1:2, 

although this may result in an increased cytotoxicity.  

Upon stimulation, the localisation of EPAC1 in the cytosol of COS1 cells became less 

disperse while in the nuclear region, localisation increased, and the nuclei could be more 

clearly observed (Figure 7.6A). In addition, EPAC1 also appeared to associate with the 

PM in the majority of transfected cells imaged, suggesting that as EPAC1 is activated it 

begins to localise in this area of the cell. This is consistent with results previously seen in 

another confocal microscopy study which showed that activating cAMP caused a small 

subpopulation of EPAC1 to translocate to the PM of live HEK293 cells expressing 

EPAC1-GFP [63]. In the same study, the PM association was also confirmed by TIRF 

and FRET analysis [63]. In contrast, the localisation of 780A in the nuclei did not appear 

to be affected by 007 stimulation (Figure 7.6B). However, there did appear to be some 

translocation of 780A to the PM in a minority of the transfected cells following 

stimulation (Figure 7.6B). This was to a much weaker extent than EPAC1-mCherry, but 
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that is to be expected since 780A is likely interacting with endogenous EPAC1 in the 

COS1 cells, where levels of EPAC1 would be a lot less than in the transfected EPAC1 

cells. No differences between C- and N-terminal mCherry Affimer fusion proteins were 

observed with or without stimulation (not shown).  

For the first time, the effect of the EPAC1-SUMOmutant on EPAC1 localisation in COS1 

cells was tested. As expected with a mis-targeting mutant, the localisation was completely 

different to that of EPAC1 WT with a much more punctate appearance that was excluded 

from nuclei (Figure 7.7A). As shown in TSA experiments, the K212R mutation does not 

denature the protein although it does cause a highly significant (p<0.0001) decrease in 

Tm of roughly 2.5 °C, suggesting that it is destabilising (Figure 7.8). As seen here using 

confocal microscopy, it instead appears to cause a mis-localisation of EPAC1 in these 

cells possibly because EPAC1 is unable to undergo SUMOylation. Because of saturation 

caused by the 30-fold increase in laser power required to observe the mutant signal in 

COS1 cells, the punctate localisation could not be observed in all cells. Despite this, the 

distribution of the mutant was unchanged by stimulation, although there did appear to be 

an increase in signal brightness following stimulation (Figure 7.7A). This increased 

expression could represent an increase in aggregation despite there not being a change in 

location of the aggregates. 

As expected, the negative control POPDC-GFP showed a distinct localisation to 780A 

and WT and mutant EPAC1 out with nuclei (Figure 7.7B). Since POPDC is found 

predominantly in smooth and skeletal muscle cells, such as in the caveolae of 

cardiomyocytes [246], it is not expected to localise normally in COS1 cells. Therefore, it 

makes sense that it should be seen in what the endoplasmic reticulum and Golgi apparatus 

since these two organelles may be working together to secrete proteins from cells. 

Stimulation by 007 did not appear to affect POPDC localisation either as expected since 

it is EPAC1-specific (Figure 7.7B). To confirm the localisation of POPDC in these 

organelles, there are probes available such as CellLight Fluorescent Protein-based 

markers for live cell imaging or for fixed cells, the SelectFX® Alexa Fluor 488 

Endoplasmic Reticulum Labelling Kit could be used, for example. Both are available 

from Thermo Fisher Scientific. 

 An issue that arose during this experiment was the requirement of a roughly five- to 30-

fold increase in laser power to view the EPAC1-mutant and POPDC signal in these cells. 

As the purpose of this experiment was to compare the localisation and not intensity of the 
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signal, this was ultimately not detrimental to the experiment. However, without increasing 

the intensity, neither the mutant nor negative control signals could have been seen and 

although the mutant appears to have a brighter signal, this cannot be compared to COS1 

cells transfected with EPAC1 WT or 780A (Figures 7.6-7.7). This very weak signal may 

have been due to transfection efficiency, or more likely, because the cells do not express 

either protein endogenously unlike EPAC WT and 780A is expected to bind to 

endogenous EPAC1. From this experiment, it could be confirmed that while the 780A 

nuclear localisation does not appear to be affected by EPAC1 activation, there does 

appear to be some translocation to the PM, which was also observed more strongly with 

exogenous levels of EPAC1 WT. Conversely, the SUMOmutant EPAC1 protein and 

POPDC both displayed distinct localisations outside of the nuclear region that was not 

influenced by the activation of EPAC1 by 007.  

7.3.4 780A co-localises with EPAC1 mainly in the perinuclear region of 007-

stimulated COS1 cells 

Having determined the sub-cellular localisation of 780A and EPAC1 in non-stimulated 

COS1 cells, the final confocal microscopy experiment aimed to address whether they co-

localised under stimulation. As endogenous levels of EPAC1 are quite low in COS1 cells, 

it was necessary to co-transfect 780A together with EPAC1. COS1 cells were thus co-

transfected, using the XTG360 transfection reagent, with 780A-mCherry and EPAC1 

WT, EPAC1-mutant or POPDC vectors, all three of which were tagged with FLAG, 

requiring immunocytochemistry to label the FLAG tag. An Alexa Fluor 488 conjugated 

secondary antibody was used to see the FLAG signal.  

Localisation of 780A and EPAC1 WT continued to be observed mainly in the nuclear and 

perinuclear regions of the non-stimulated stimulated COS1 cells, respectively (Figure 

7.8). PM translocation was also observed with both proteins (Figure 7.9). Furthermore, 

780A was observed to co-localise with EPAC1 WT particularly in the perinuclear and 

PM regions as seen in the merged images of Figure 7. This perinuclear co-localisation of 

EPAC1 WT and Affimer was observed in about half the cells transfected most likely as 

transfection efficiency of either vector was not 100 %. This means that although images 

were only taken of cells expressing both proteins, there were some differences in 

expression levels between cells (not shown). As a result, co-localisation was not as clearly 

observed as the cells in Figure 7.9. Nevertheless, the co-localisation of 780A with EPAC1 

WT at both nuclear region and PM, where a subpopulation of active EPAC1 has been 
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shown to translocate [63], suggests that the Affimer is able to bind to EPAC1 in cells 

regardless of whether EPAC1 is in its active or inactive conformation (Figure 7.9). This 

is consistent with the IP results discussed in section 7.3.1 and TSA results as previously 

discussed in Chapter 6. This contrasts with the 5D3 Ab, which, as shown by IP and ICC 

confocal microscopy in a study by Parnell et al. revealed that the antibody specifically 

recognised the active form of EPAC1 in the nuclei of F/R-stimulated HEKT29T cells 

transfected with EPAC1 WT in comparison to EPAC1-R279E-transfected cells, which is 

a cAMP-binding deficient mutant of EPAC1 [64]. Thus, in contrast to 780A, the 5D3 Ab 

cannot be used to observe EPAC1 localisation in stimulated cells. Although live cells 

were not used in of these experiments, 780A also has the potential to be used in live cells 

in contrast to the 5D3 Ab, which, as an antibody, can only be used to stain fixed cells.  

There are two possible reasons that nuclear localisation of 780A is observed. It might, 

first, be due to untargeted localisation or, second, it could be because the Affimer, even 

tagged with mCherry is still small enough (~42 kDa) to enter the nucleus versus the much 

larger EPAC1-mCherry (~127 kDa). The fact the 780A-mCherry signal is always much 

more intense in the nucleus of COS1 cells with or without stimulation, however, suggests 

that it is not untargeted localisation (Figures 7.6A and 7.9). In addition, EPAC1-mCherry, 

despite being roughly 3x larger than 780A-mCherry is also observed in the nuclei of 

COS1 cells although EPAC1-FLAG is observed to associate at higher levels in the 

perinuclear region (Figures 7.6A and 7.9). To confirm if this co-localisation may be non-

specific or random, the EPAC1-SUMOmutant was used since this mutant causes a mis-

localisation of EPAC1 in COS1 cells (Figure 7.7A). In the co-transfection experiment 

with the EPAC1 mutant, 780A appears to co-localise with the mutant out with the nucleus 

(Figure 7.10). Increased levels of co-localisation were observed in the cytosol of non-

stimulated cells and in the perinuclear region of stimulated cells as shown in Figure 7.10. 

This is not due to aggregation of the mutant, causing non-specific localisation of 780A 

since TSA experiments showed that this mutation does not cause denaturation by 

aggregation. In stark contrast, 780A did not show any strong co-localisation with POPDC 

in both non-stimulated and stimulated cells where POPDC continued to associate outside 

the nuclei in discrete clusters (Figure 7.11). This, therefore, indicates that the co-

localisation of 780A with EPAC1 in stimulated cells is not due to non-specific or random 

localisation since the Affimer also co-localises with the EPAC1-SUMOmutant but does 

not co-localise with the negative control (Figure 7.9-7.11). Although areas of the merged 

images with POPDC appear to show some co-localisation (± 007), this is down to the 
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yellow colour as in the green-red images (green for FLAG), the same areas look more 

green than yellow (indicative of co-localisation of green-red), which suggests that the 

Affimer does not in fact co-localise with POPDC as expected with this negative control. 

Furthermore, in none of the co-transfected cells imaged was co-localisation observed with 

POPDC. Any co-localisation observed in Figure 7.11 is most likely non-specific due to 

the disperse cytosolic localisation of 780A. 

7.3.5 Active Rap1 is increased in EPAC1-transfected 007-stimulated COS1 cells  

To determine if the EPAC1-selective Affimer, 780A, might have downstream effects in 

cells, Rap1 activation assays were performed using COS1 cells. This assay is a simple 

way to determine the levels of active Rap1 using GST-RalGDS and glutathione Sepharose 

beads to RalGDS bound to active Rap1. In the first experiment, where COS1 cells were 

transiently transfected with empty-mCherry, EPAC1-mCherry or 780A-mCherry (both 

C- and N-terminal: AC and AN, respectively), it was observed that only in the EPAC1-

transfected cells stimulated with 007 is there an obvious increase in active Rap1 (Figure 

7.12). From the total EPAC1 levels, endogenous levels of EPAC1 were found to be quite 

low in COS1 cells (Figure 7.11). Therefore, to confirm the effects of the 780A-mCherry 

fusion proteins (AC and AN) in stimulated cells, a co-transfection of both 780-mCherry 

proteins with EPAC1-FLAG was done (Figure 7.13). Both EPAC1 total levels and 

mCherry levels confirmed that the cells were successfully co-transfected with EPAC1-

FLAG and empty-mCherry or 780A-mCherry (C- and N-terminal) vectors since the 

empty-mCherry samples show no EPAC1 protein levels (Figure 7.13).  

As expected, 007 stimulation of COS1 cells co-transfected with EPAC1 showed an 

increase in active Rap1 levels (Figure 7.13). Any effects of the Affimer, however, were 

too weak to see (Figure 7.13). It would also be interesting to see what effect the EPAC1-

SUMOmutant might have on active Rap1 both alone and in conjunction with the Affimer 

to see if it might influence the downstream effects of 780A in comparison to EPAC1 WT, 

as well as testing any effects following EPAC1 inhibition using EPAC1 antagonists, such 

as ESI-09 for instance. Furthermore, other cells lines could also be used to confirm if the 

effect of 780A might not be cell specific. For example, HUVECs could be used, although 

they are difficult to transfect so optimisation would be required. Besides Rap1 levels, 

SOCS3 levels could also be looked at since they have been previously shown to increase 

following I942 and F/R-stimulation in HUVECs, for example [146], [247].  
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7.4 Conclusions 

In conclusion, the interaction of the top EPAC1-selective Affimers identified in Chapter 

5 with EPAC1 in cells was investigated. First, IP studies revealed that while the Affimers 

selectively precipitated EPAC1 protein from EPAC1-transfected U2OS cells, they did 

now show selectivity for active EPAC1. This was in comparison to the EPAC1-specific 

monoclonal antibody, 5D3 Ab, which showed an increase in the precipitation of active 

EPAC1, as well as showing a higher affinity for EPAC1 in the IPs. Second, confocal 

microscopy experiments using transiently transfected COS1 cells revealed that the top 

Affimer, 780A, fused with the fluorescent probe mCherry, localised predominantly to the 

nuclei of both non-stimulated and 007-stimulated cells. In stimulated cells, however, a 

small subpopulation of the Affimer appeared to translocate to the PM, similar to 007-

stimulated COS1 cells transfected with EPAC1 WT. A co-localisation study confirmed 

that 780A co-localises with EPAC1 WT at the perinuclear and PM regions of stimulated 

COS1 cells. This co-localisation was shown to be specific since the Affimer also co-

localised with a mis-targeted EPAC1-SUMOmutant, previously identified in silico, 

which, as seen with TSA, does not cause denaturation of EPAC1. Finally, Rap1 activation 

studies did not reveal any effects of 780A on downstream of EPAC1 activation. 
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Chapter 8 - Final Discussion 

8.1 Project Summary 

As outlined in Chapter 1, this project aimed to use the non-antibody high affinity reagent 

protein Affimer scaffold to develop novel EPAC1-selective Affimers, specifically as 

affinity probes for use in microscopy, including confocal and, ultimately, super resolution 

microscopy (SRM). While the EPAC1-specific antibody, 5D3 Ab, can be used in imaging 

techniques, such as immunocytochemistry (ICC), to observe the localisation of EPAC1 

in cells, it can only be applied to fixed cells and, importantly, favours the active form of 

EPAC1 [64]. Thus, the alternative of non-conformation selective EPAC1 Affimers 

binders, identified and characterised in this project, have the potential to overcome the 

limitations of existing EPAC1 antibodies as a probe to study EPAC1 in vitro and in vivo 

in both fixed and live cells.  

8.2 Summary of Findings  

To generate Affimers selective for EPAC1, the purification protocol for recombinant 

EPAC1ΔDEP protein was successfully optimised to obtain protein that was at least 90 % 

pure, had a concentration of no less than 10 % of stated value and was GST-tag free. 

Through the process of optimisation, a co-purifying contaminant was also identified for 

the first time to be degraded CNBD of EPAC1ΔDEP.  

Following the biotinylation of EPAC1ΔDEP, the partner company Avacta, proceeded 

with the isolation and generation of EPAC1-selective Affimer candidate binders through 

the company’s five main phases of Affimer development from phage display screening, 

with the type II Affimer scaffold library, to a final functional assessment using a 

fluorescent-based screen. EPAC1-positive Affimer binders were isolated from phage 

display, in the presence of EPAC1-agonist 007 or antagonist CE3F4, and sequencing 

revealed nine unique Affimers that did not show any cross-reactivity in the orthogonal 

evaluation screenings. With the final functional assessment screenings, five unique 

Affimers were established as EPAC1-positive binders, which did not, however, appear to 

discriminate between the ligand bound and unliganded conditions tested. 

The binding characteristics of these five Affimers, named 380A, 414A, 604A, 748A and 

780A, were then characterised using five different solid and solution phase in vitro assays. 

780A, 380A and 414A were first identified, in dot blots, as the top three Affimers that, 

furthermore, showed a selectivity for recombinant EPAC1ΔDEP and EPAC1-CNBD 
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protein in ELISAs. While, of the two top Affimers, 780A showed a higher efficacy for 

EPAC1, the 5D3 Ab was confirmed to be a more potent and effective EPAC1 binder. It 

was next determined, through TSA, that 780A binding to recombinant EPAC1ΔDEP 

protein had a stabilising effect without exerting a conformational effect. From the testing 

of different EPAC1 ligands, it was clear that 007 and the EPAC1-antagonist ESI-09 had 

stabilising and destabilising effects on EPAC1ΔDEP, respectively. While in the presence 

of 007, 780A continued to maintain the agonist’s protein stabilisation, the Affimer was 

unable to reverse the antagonist’s destabilising effect. It was further corroborated that 

780A did not discriminate between the active and inactive conformations of EPAC1. 

Through the application of HSQC NMR, a subtle conformational change upon binding to 

of 780A to the EPAC1-CNBD was observed. 

The potential interaction sites of 780A on EPAC1 were first investigated using ELISA 

and TSA assays using four recombinant EPAC1ΔDEP mutants (L273W, D276R, R279L 

and F300D) originally used to identify the 5D3 Ab binding epitope [155]. In comparison 

to WT, ELISA revealed that 780A binding was significantly reduced by D276R and 

R279L mutants while 5D3 Ab efficacy was significantly weakened only by L273W and 

D276R mutants. While L273W was observed, in TSA assays, to destabilise protein 

conformation, preferentially adopting the active conformation of EPAC1, D276R had the 

opposite effect. Although F300D was revealed to be a catastrophic mutation for protein 

conformation and stability, 780A, in the presence of the other three mutants, continued to 

show no preferential binding to the active or inactive conformations of EPAC1. Because 

the mutant studies could not reveal whether the four residues were required for Affimer 

and antibody binding to EPAC1, a full-length EPAC1 peptide array was used for the first 

time to show that 780A and 5D3 Ab binding both have distinct interaction sites in the 

CNBD of EPAC1 that did not include the four residues. Peptide arrays of the two unique 

sequences of 780A further revealed that the binding of this Affimer to EPAC1 could be 

further improved. 

Finally, in-cell interactions of Affimers were explored through immunoprecipitation and 

confocal microscopy studies. The top three Affimers all selectively precipitated EPAC1 

protein from EPAC1 U2OS cells, but did not show a preferential interaction with the 

active form of EPAC1 in comparison to the 5D3 Ab. Using a 780A-mCherry chimera, 

confocal microscopy experiments showed that the Affimer localised to the nuclei of 

COS1 cells regardless of whether or not endogenous EPAC1 was pharmacologically 
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activated. However, some translocation of 780A to the plasma membrane (PM) was also 

observed following EPAC1 activation, consistent with the activation-dependent of 

translocation of endogenous EPAC1. Furthermore, 780A co-localised with overexpressed 

EPAC1 and a targeting SUMOylation mutant of  EPAC1, predominantly in the 

perinuclear and cytosolic regions of COS1 cells, respectively.  

8.3 The Potential of 780A as a Probe for Microscopy 

Although FRET sensors are now routinely used to study principally the activation, but 

also the localisation of EPAC1 in live cells, to within a range of several nano-meters, they 

do come with their own limitations. These include a low signal-to-noise ratio connected 

to FRET imaging because two different fluorophores contribute to the measurement of 

the FRET signal, rather than the imaging of just one fluorescent label [248]. In addition, 

it is common for fluorescent labels to be sensitive to changes in the cellular environment 

(pH, oxidation, temperature, etc.) and thus the use of at least two fluorescent labels, or 

proteins, means that they may have different sensitivities [248]. Consequently, FRET 

measurements, the calculations of which can also be complex, can be distorted by changes 

in the cellular environment caused by, for instance, agonist stimulation [248]. Ultimately, 

however, a major limitation of FRET is that it is an indirect measurement of protein-

protein interactions. In the case of EPAC1, FRET measurements are further limited by 

the fact that they only measure protein activation and, consequently, cannot be used to 

localise inactive EPAC1. 

Recombinant protein scaffolds, such as Affimers, can and have been used to observed 

direct target binding as previously described in Chapter 1 section 1.5.1. Affimers are not 

only small proteins (12-14 kDa), allowing for good penetration of cells, but can also be 

easily labelled with fluorescent molecules at specific sites [188], [189]. This offers 

improved resolution, providing a more confident assessment of the localisation of an 

Affimer with its specific target, such as EPAC1 in the case of 780A. Through confocal 

microscopy studies, 780A was shown to bind to both endogenous and overexpressed 

EPAC1, with or without 007 stimulation, further demonstrating that the Affimer does not 

favour the active or inactive conformations of EPAC1, unliked the 5D3 Ab which binds 

to active EPAC1 [64]. In addition, the co-localisation of 780A with the mis-targeting 

EPAC1 K212R SUMOmutant confirms that the Affimer binds to EPAC1 in cells 

regardless of mutation. Since this mutation was shown, through TSA, to not adversely the 
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conformation of EPAC1, 780A was thus still able to bind to the protein and co-localise 

in a specific manner.  

Furthermore, the subcellular co-localisation of the Affimer with EPAC1 predominantly 

in the nuclear and perinuclear regions observed in this project (Figure 7.9) are in 

accordance with what has been observed in previous studies using several different cell 

lines. For example, in COS-7 cells transfected with GFP-tagged EPAC1 protein, 

fluorescent confocal microscopy showed an association of EPAC1 both inside and 

outside of the nucleus and along the nuclear membrane [58]. Using an EPAC1 FRET 

sensor where EPAC1 was sandwiched between two different fluorescent proteins, active 

EPAC1 was observed to co-localise to membranes and the cytosol, but particularly at the 

nuclear envelope and perinuclear region in four different cell lines tested, including 

HEK293 and a neuroblastoma cell line (NIE-115) [245]. In an ICC study using FLAG-

tagged EPAC1 in COS1 cells, the immunoreactivity of EPAC1, as also observed in this 

study with EPAC1-FLAG (Figure 7.9), was throughout the cell, but was also seen to 

associate distinctly with the perinuclear region of COS1 cells [59]. Using both live cell 

fluorescent confocal experiments and FRET imaging with HEK293 cells, active EPAC1 

continued to be observed in the nuclear envelope, nucleus, PM, endomembranes and 

cytosol [63]. However, when cells were stimulated with 007 or, the more cell permeable, 

007-AM, a redistribution of a small subfraction of EPAC1 was translocated to the PM 

[63] as also observed in this study in both fluorescent confocal microscopy and ICC 

experiments (Figures 7.6 and 7.9). Lastly, HEK293T cells overexpressing EPAC1-FLAG 

and immunostained with the 5D3 Ab also showed the localisation of active EPAC1 in the 

nucleus [64]. The fact that the 780A-mCherry localisation in COS1 cells in this project 

are in agreement with results from the studies described above, suggests that 780A has 

the potential to be used as a probe for microscopy studies.  

Although confocal microscopy was used in this project, this optical imaging technique 

will help to pave the way towards the principal aim of this study, which is to develop a 

selective Affimer probe that can bind to EPAC1 in cells for the purpose of SRM. SRM 

encompasses several different techniques that offer the ability to localise proteins, and 

other molecules, within a cell at as little as 20 nm resolution. Thus, as the name suggests, 

SRM can provide images with a much higher resolution than standard light microscopy, 

which has a resolution of typically 200 nm. SRM techniques include stimulated emission 

depletion (STED) and total internal reflection fluorescence (TIRF). STED, with a 
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resolution of ~30 nm, and is a confocal scanning-based technique with two laser pulses: 

an excitation pulse to excite fluorophores and a STED pulse, or depletion beam, to turn 

off fluorescent molecules in the outer region via stimulated emission. TIRF, with a 

resolution of ~70 nm, is a widefield-based technique where the laser light is completely 

reflected off the coverslip and within ~100 nm of the coverslip, fluorophores can be 

selectively turned on. In addition, there is also single molecule localisation microscopy 

(SMLM), which is a collective term for a group of techniques, such as photo-activated 

localisation (PALM) and stochastic optical reconstruction microscopy (STORM). SMLM 

techniques can all be used to differentiate single points in time so that only a subset of 

fluorophores that are lit up in each frame taken. These can be used to distinguish 

individual subsets in comparison to confocal, which can be used to discern individual 

pores, but no morphological features. The 780A Affimer could be fused, for example, 

with the photoactivable mCherry fusion protein (PAmCherry) for PALM to study the 

more refined features of 780A localisation.  

8.4 Comparison to Other Affimers as Research Affinity Agents 

As already mentioned in Chapter 1, at least 350 Affimers against different targets have 

been developed [189] and their application as reagents for the research of protein-protein 

interactions have been studied. Binding affinities of other Affimers have a low- to mid-

nanomolar range as measured by techniques such as surface plasmon resonance (SPR) 

and isothermal titration calorimetry (ITC) [189], [194], [202], [203], [249]. Although a 

limitation of the present study was that the dissociation constant (Kd) of the EPAC1-

selective Affimers could not be obtained by MST, due to issues principally with protein 

aggregation, it was still possible to assess the affinity of interactions, by indirect ELISA, 

between the Affimers and recombinant EPAC1ΔDEP and EPAC1-CNBD protein and, 

most importantly, it provided a means to compare quantitatively differences in binding 

between the Affimers and the 5D3 Ab (Figure 5.7; Table 5.1). By comparing the EC50s 

of 5D3 Ab obtained from MST and ELISA, both approximately 2 nM, it could be 

determined that the ELISA was a suitable alternative method for studying Affimer-

protein interactions. Furthermore, with an EC50 of 416 ± 127 nM, 780A, when binding 

to its target EPAC1ΔDEP, has roughly a 2- to 10-fold lower EC50 than two Affimers 

developed against a foldamer, with EC50s, also measured by indirect ELISA, to be 

approximately 1 and 5 µM [249]. Thus, we were able to obtain an EPAC1-selective 

Affimer that could bind to its target also in the nanomolar range. 
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The Affimer scaffold can be used to develop binders capable of discriminating between 

protein target isoforms or between closely related protein family members. These 

Affimers could be used, for example, to specifically block very similar protein isoforms 

as was done by Hughes and colleagues using SUMO proteins [202]. In mammals, two of 

the four isoforms (SUMO2 and SUMO3) only differ by three amino acids and are almost 

50 % identical to the SUMO1 isoform [202]. As shown in both in vitro and in vivo studies, 

they were able to develop SUMO1- and SUMO2-specific Affimers that worked as 

inhibitors of SUMO-dependent protein-protein interactions with IC50s between 1 and 5 

µM [202]. As EPAC has two isoforms that share highly conserved structural motifs in 

their regulatory and catalytic domains, isoform-specific ligands and probes are essential 

to study their distinct localisations and functions in cells. This was achieved using the 

Affimer scaffold as shown through both in vitro (ELISA) and in vivo 

(immunoprecipitation) that the top Affimers identified from the original functional 

assessments, performed by Avacta, are EPAC1-selective as they failed to interact with 

and/or precipitate recombinant EPAC2ΔDEP protein and EPAC2 protein in cells. As the 

best Affimer identified in this study, 780A can thus be used to study the localisation and 

functions of the EPAC1 isoform.  

The use of non-antibody protein scaffolds offers huge benefits as target-specific probes 

for microscopy techniques, including SRM. Like other protein scaffolds, Affimers can be 

engineered and labelled at specific sites for site-directed modifications, such as the 

addition of fluorophores and alternative labels [188], [189]. The antibody approach is 

limited as the dyes conjugated to them will be placed at a large enough distance from the 

target protein so that localisation cannot be accurately determined [188]. This is known 

as “linkage error” where the fluorescent dye or label can be up to 30 nm away from the 

target, limiting achievable resolution [188], [189]. In addition, there can be multiple 

fluorophores on an antibody, which will reduce the potential resolving power a great deal 

while the small size of Affimers will automatically reduce linkage errors since they allow 

for the placement of fluorophores much closer to the target [188], [189]. In the study by 

Tiede and colleagues, several different Affimers were tested as detection reagents in both 

traditional affinity-fluorescence (ICC and IHC) and SRM experiments [189]. For 

example, an anti-VEGFR Affimer labelled at the C-terminal cysteine with one biotin 

moiety showed the same staining pattern as commercially available anti-VEGFR 

polyclonal antibodies as probes for IHC tissue analysis [189].  
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In another example, an anti-HER4 Affimer with a C-terminal cysteine for CF640R 

maleimide fluorophore labelling was shown to bind to overexpressed and endogenous 

levels of HER4 in Chinese Hamster Ovary (CHO) cells and MCF7 breast cancer cells, 

respectively [189]. Furthermore, the anti-HER4 Affimer, fused at the C-terminal with 

green fluorescent protein GFP, was transfected into CHO cells and labelled 

extracellularly with the anti-HER4 Affimer labelled at the C-terminal cysteine with Alexa 

Fluor 647 [189]. Co-localisation of GFP- and Alexa-fluor 488-conjugated Affimer 

fluorescence proved that the Affimer could be used to specifically label HER4 associated 

with the cell membrane in live cells [189]. Through dSTORM it was also possible to 

obtain a precise localisation of around 25 nm, and TIRF could be used to track HER4 

particles using the Affimer [189]. For a direct comparison between an Affimer and an 

antibody, an anti-tubulin Affimer was shown to label interphase microtubules similar to 

a commercially available antibody [189]. Moreover, images of the antibody and Affimer 

using 3D dSTORM also looked similar although the Affimer demonstrated increase 

accuracy in localisation in the microtubules of HeLa cells [189]. Although a direct 

comparison of 780A-mCherry with the 5D3 Ab was not performed, it was clear from the 

fluorescence confocal experiments that the Affimer showed a similar localisation in the 

nuclei of COS1 cells following EPAC1-activation (Figure 7.6B), thus, confirming that it 

can be used as an alternative probe as also demonstrated with the Affimers described 

above. More importantly, it can also be used to visualise EPAC1 in non-stimulated cells 

(Figure 7.6B) unlike the 5D3 Ab, which shows active-specific labelling of EPAC1 [64]. 

Although live cell experiments were not performed here, 780A-mCherry, like other 

Affimers, can be used in both fixed and live cell imaging.  

8.5 Improvements and Future Directions 

Although it has been shown here that the best EPAC1-selective Affimer, 780A, 

conjugated with the fluorescent red protein mCherry, can be used as a probe for EPAC1 

localisation in cells, there is still room for improvement.  

First, 780A does have a much lower potency and efficacy of binding for EPAC1 with a 

roughly 250-fold higher EC50 than the 5D3 Ab (Table 5.1). This lower affinity was 

further demonstrated in the IP studies as all three EPAC1-selective Affimers tested failed 

to precipitate as much EPAC1 protein as the antibody even when using two Affimers 

together with roughly 2x the amount of antibody (Figure 7.3A). Moreover, the two 

Affimer binding sequence peptide arrays (Figure 6.14) revealed that binding of 780A to 
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recombinant EPAC1ΔDEP protein could be greatly improved and potentially enhance 

Affimer-EPAC1 binding in cells. While EPAC1ΔDEP protein was observed to bind more 

strongly to the second sequence (EWYTKLLHF) (Figure 6.14B), both sequences could 

be changed to improve binding. For example, by amino acid substitutions of the second 

amino acid residue of the first sequence to aromatic acid phenylalanine (F), and the first 

amino acid residue of the second sequence to nonpolar proline (P) (Table 6.1). The 

binding of a single, or perhaps even several, different 780A Affimers mutated at different 

sites in the two interaction sequences could then be quickly assessed using the same 

workflow developed in this project: dot blots, ELISA and in cell experiments, such as an 

IP, to determine the best EPAC1-binder. 

To obtain a more accurate binding affinity measurement, SPR, ITC or Biolayer 

Interferometry could be used in place of MST to determine the Kd. These three alternative 

techniques were commonly used in other Affimer studies to determine their binding 

affinities [189], [194], [200], [202], [203]. As with any technique, they all come with their 

own set of advantages and disadvantages. For instance, while SPR is label-free and only 

requires a small amount of sample, it does require expensive equipment and specialised 

training to run it. ITC is considered to be the most accurate method for measuring binding 

constants [227], but does require a large sample amount and is not suitable for high 

throughput screening as it is a slower method. MST is one of the simplest methods as it 

requires very little sample and no immobilisation. However, because of issues with 

protein aggregation of both labelled and unlabelled recombinant EPAC1ΔDEP protein, it 

could not be used here. Thus, it would be worth using one of the techniques mentioned 

above. In addition, recombinant EPAC1ΔDEP protein used for these experiments would 

be purified according to further improvements discussed in Chapter 3.  

In other Affimer studies, the Affimers tested were sometimes reformatted to include a C- 

or N-terminal cysteine residue using maleimide chemistry. For example, Michel and 

colleagues introduced a single cysteine to the N-terminus, allowing Maleimide-PEG2-

Biotin site-specific labelling for western blotting [204]. This reformatting with a cysteine 

residue has also been used for Affimer probing in IHC using biotin or in 

immunofluorescence microscopy by labelling the C-terminus cysteine with a fluorescent 

dye such as Alexa Fluor 674 [189]. Whether 780A, for example, or a potentially improved 

EPAC1-selective Affimer, could therefore be labelled with a fluorescent dye or 

fluorescent protein, through the use of a single cysteine allows for simpler method of site-
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specific chemical modification rather than subcloning, for instance, mCherry, into the 

Affimer as done here. 

Whether we use the current 780A chimera or an improved EPAC1-selective Affimer 

probe, there are number of different microscopy experiments that could be performed. 

We would first want to test the Affimer in live cells to confirm that the Affimer 

fluorescent signal localises in the same areas before and after EPAC1-activation as 

observed in the fixed cells. In this experiment, we could also observe the temporal aspect 

of EPAC1 activation and localisation using the Affimer probe. We would expect to see 

the translocation of EPAC1 to the PM following 15 minutes incubation with 007. This 

would be done preliminarily again in COS1 cells transfected with 780A-mCherry, but 

ideally, we would want to study the Affimer as a probe for EPAC1 localisation in the 

primary HUVECs cells, which are difficult to transfect. To overcome this, it would be 

possible to codon optimise the best Affimer into HUVECs via the Affimer’s coding 

sequence into a mammalian expression vector, such as the pMT2-CMV-mCherry-

Neomycin mammalian expression vector with a CMV promoter and an mCherry tag 

(Synbio Technologies). Ultimately, the ability to localise EPAC1 in disease in relevant 

cell lines or even, in vivo, in transgenic mice would be ideal. 

As the downstream effects of 780A on Rap1 activation following 007-stimulation could 

not be determined from the Rap1 activation assay, an alternative way to observe any 

downstream effects is required. A cell spreading assay is one such method as it is an 

outcome of cAMP-EPAC1-Rap1-dependent cell signalling in the cytoskeleton and thus a 

read-out of EPAC1 activation [250]. As a regulator of cell adhesion and subsequent cell 

spreading [250], it has been shown that membrane-bound cytoskeleton linker proteins, 

ezrin-radixin-moesin (ERM) proteins works together with the EPAC1 DEP domain to 

recruit EPAC1 protein to the PM, coupling EPAC1-activity to integrin-mediated cell 

adhesion [69]. From siRNA-mediated knockdown studies, it was determined that only 

ezrin is necessary for Rap1-induced cell spreading in different cells lines, including 

HUVECs [251]. It was further determined, in a stably transfected HEK293T-EPAC1 cell 

line, that the association of ezrin with the actin cytoskeleton and phosphorylation of the 

PKA site Thr576 were both necessary for the synergistic promotion of cell spreading by 

PKA and EPAC1 proceeding cAMP elevation in the cells tested [252]. It would, 

therefore, be interesting to observe any effects on cell spreading following the transfection 

of the EPAC1-selective Affimer into cells, including COS1 and HUVECs. 
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The ultimate goal for the EPAC1-selective Affimer is to use it as a probe for SRM studies 

in order to observe EPAC1 localisation at a much higher resolution. For example, using 

TIRF and SMLM techniques such as PALM and STORM. TIRF is useful method for the 

analysis of the localisation and dynamics of molecules and events near the PM [253]. 

With TIRF, fluorophores can be selectively illuminated close to the coverslip to focus on 

events occurring within this region [253].   It is a particularly useful method of visualising 

spatial-temporal dynamics near the cell surface that is normally concealed by cytosolic 

fluorescence, and also minimises out-of-focus intracellular fluorescence to increase the 

signal-to-noise ratio [253]. TIRF can, therefore, be used to not only study the 

cytoskeleton, but also endo- and exocytosis, as well as intracellular signalling [253]. TIRF 

has been used to observe the distribution of single EPAC1 molecules in EPAC1 U2OS 

cells using 8-NBD-cAMP where EPAC1 was observed to recruit in the cell periphery, 

including the filopodia (unpublished data). As 8-NBD-cAMP does not differentiate 

between PKA and EPAC1, the EPAC1-selective Affimer could be used instead following 

007-stimulation. An anti-HER4 Affimer has already been used in TIRF experiments 

[189], confirming that Affimers, such as 780A, can be used for SRM.  

For SMLM techniques, photoactivatable fluorescent proteins (PAFPs) are needed as they 

can be used for spatial labelling of subpopulations of intracellular molecules in a pulse-

like manner [254]. They can be used to complement photobleaching applications and 

provide high contrast over background in the photoactivated region, for example [254]. 

The PAFPs PAmCherry, mentioned earlier in section 8.3, has a number of advantages 

over other monomeric red PAFPs, including faster maturation and photoactivation, and 

better photostability [254]. It can also be used in two-colour photoactivation experiments 

since it lacks green fluorescence and has single-molecule behaviour [254]. Therefore, 

using a 780A-PAmCherry chimera could be useful for PALM and STORM experiments, 

requiring the differentiation of single fluorophores, to study EPAC1 localisation. Because 

of a lack of probes necessary to study EPAC1 in cells at such high resolutions, these type 

of microscopy experiments have not yet been, to our knowledge, performed. The EPAC1-

selective Affimers developed in this project with the potential to further improve their 

binding affinities and provide the opportunity to perform SRM experiments. As the 

cAMP signalling pathway is compartmentalised into discrete nanodomains, the EPAC1-

selective Affimer could be used to visualise EPAC1-specific nanodomains to further our 

understanding of EPAC1-dependent cellular functions.  
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Successive phage display screens identified nine potential EPAC1-selective Affimer 

candidates, three of which were confirmed through a range of in vitro assays. From the 

top three EPAC1-selective Affimers, 780A was identified as the best EPAC1-binder by 

dot bot and protein-interaction ELISA. 780A has a stabilising effect on the EPAC1 

protein conformation in vitro and was found to not discriminate from interaction with 

either the active or inactive conformation of EPAC1. Peptide array technology and 

mutagenesis studies revealed a potential interaction site for 780A in the cyclic nucleotide 

binding domain (CNBD) of EPAC1. In cells, 780A was able to interact with and co-

precipitate EPAC1 protein and, when tagged with fluorescent mCherry protein, 780A, 

was found to co-localise with both EPAC1 WT and on non-targeting EPAC1-

SUMOmutant predominantly in the perinuclear and cytosolic regions, 

respectively. Overall, 780A represents the first-in-class selective binder for EPAC1 for 

use in biochemical and cell biology studies of cyclic AMP signalling. 
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APPENDIX A: Orthogonal Screen Data of S01 and S02 Phage 

Display Screen EPAC1-Positive Candidate Binders 

                      

 

                      

Figure A1: Original Orthogonal Screen Data from First Phage Display Selection (S01) against 

EPAC1ΔDEP. 180 picks from the first cohort of Affimers from S01 were sequenced and sub-cloned into 

the pEtLECTRA cHAH6 vector for small-scale protein purification for use in primary screening. Using a 

flow cytometer Intellicyt iQUE, two different assays were used, as described in Chapter 2 section 2.9.7.4. 

In the forward, or standard, screen, biotinylated recombinant EPAC1ΔDEP protein was immobilised to 

streptavidin-functionalised beads with the different purified Affimers in solution A) alone or B) in the 

presence of 10 µM 007 or 10 µM CE3F4. The Affimers were detected by an anti-HA antibody conjugated 

to Alexa-fluor 488. The screening was also done in the presence of  non-EPAC1ΔDEP targets, human and 

dog C-reactive protein (CRP) or no-target alone. An unrelated Affimer was used as a negative control and 

mIgG2B as a positive control. The signal intensity from binding is observed by coloured boxes. Data 

provided by Avacta. 

 

A 

B 
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Figure A2: Original Orthogonal Screen Data from Second Phage Display Selection (S02) against 

EPAC1ΔDEP. 180 picks from the first cohort of Affimers from S02 were sequenced and sub-cloned into 

the pEtLECTRA cHAH6 vector for small-scale protein purification for use in primary screening. Using a 

flow cytometer Intellicyt iQUE, two different assays were used, as described in Chapter 2 section 2.9.7.4. 

In the forward, or standard, screen, biotinylated recombinant EPAC1ΔDEP protein was immobilised to 

streptavidin-functionalised beads with  the different purified Affimers in solution A) alone or B) in the 

presence of 10 µM 007 or 10 µM CE3F4. The Affimers were detected by an anti-HA antibody conjugated 

to Alexa-fluor 488. The screening was also done in the presence of  the non-EPAC1ΔDEP targets, human 

and dog C-reactive protein (CRP) or no-target alone. An unrelated Affimer was used as a negative control 

and mIgG2B as a positive control. The signal intensity from binding is observed by coloured boxes. Data 

provided by Avacta. 

 

B 
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APPENDIX B: EPAC1 Ligand Melting Temperature Data 

 

Table B1: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP wild type (WT) and 

Mutant Proteins at Different Concentrations of I942. Tm (mean ± SEM) (°C) was obtained by 

calculating the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where 

Tm is the lowest first derivative value (n=3-23) as described in Chapter 2 section 2.9.7. Significant decrease 

or increase in Tm (**, p<0.005; ***, p<0.0001) in comparison to protein alone (0 µM) was determined by 

One-Way ANOVA (Graphpad Prism). 

[I942] (µM) WT 

Tm ± SEM 

(°C) 

L273W 

Tm ± SEM 

(°C) 

D276R 

Tm ± SEM 

(°C) 

R279L 

Tm ± SEM 

(°C) 

F300D 

Tm ± SEM 

(°C) 

0 48.63 ± 0.13 46.84 ± 0.13 52.00 ± 0.53 47.70 ± 0.19 N/A 

3.125 48.49 ± 0.54 47.00 ± 0.00 52.83 ± 0.17 47.83 ± 0.17 N/A 

6.25 48.62 ± 0.90 46.83 ± 0.33 52.83 ± 0.17 47.50 ± 0.58 N/A 

12.5 48.12 ± 0.72 47.00 ± 0.29 53.33 ± 0.33 47.50 ± 0.50 N/A 

25 47.99 ± 0.79 47.33 ± 0.17 46.83 ± 0.33 

** 

47.66 ± 0.33 N/A 

50 47.83 ± 0.33 47.33 ± 0.17 47.66 ± 0.17 

** 

47.17 ± 0.44 N/A 

100 48.12 ± 0.38 47.66 ± 0.17 45.83 ± 0.33 

*** 

47.16 ± 0.33 N/A 

 

 

Table B2 Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP wild type (WT) and 

Mutant Proteins at Different Concentrations of cAMP. Tm (mean ± SEM) (°C) was obtained by 

calculating the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where 

Tm is the lowest first derivative value (n=4-23) as described in Chapter 2 section 2.9.7. Significant decrease 

or increase in Tm (*, p<0.05; ***, p≤0.0001) in comparison to protein alone (0 µM) was determined by 

One-Way ANOVA (Graphpad Prism). 

[cAMP] 

(µM) 

WT 

Tm ± SEM 

(°C) 

L273W 

Tm ± SEM 

(°C) 

D276R 

Tm ± SEM 

(°C) 

R279L 

Tm ± SEM 

(°C) 

F300D 

Tm ± SEM 

(°C) 

0 48.63 ± 0.13 46.84 ± 0.13 52.00 ± 0.53 47.70 ± 0.19 N/A 

3.125 48.87 ± 0.24 47.00 ± 0.54 47.50 ± 0.41 

*** 

48.12 ± 0.24 

 

N/A 

6.25 48.62 ± 0.12 47.00 ± 0.35 45.50 ± 0.20 

*** 

47.75 ± 0.32 

 

N/A 

12.5 48.25 ± 0.15 48.00 ± 0.24 

* 

46.00 ± 0.35 

*** 

48.00 ± 0.20 

 

N/A 

25 48.37 ± 0.37 47.62 ± 0.13 46.62 ± 0.13 

*** 

48.12 ± 0.24 

 

N/A 

50 48.64 ± 0.18  47.75 ± 0.14 

* 

46.50 ± 0.21 

*** 

48.12 ± 0.24 N/A 

100 48.87 ± 0.12 47.75 ± 0.14 

* 

46.12 ± 0.24 

*** 

48.12 ± 0.24 

 

N/A 
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Table B3: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP wild type (WT) and 

Mutant Proteins at Different Concentrations of 007. Tm (mean ± SEM) (°C) was obtained by calculating 

the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where Tm is the 

lowest first derivative value (n=3-23) as described in Chapter 2 section 2.9.7. Significant decrease or 

increase in Tm (**, p<0.005; ***, p<0.0001) in comparison to protein alone (0 µM) was determined by 

One-Way ANOVA (Graphpad Prism). 

[007] (µM) WT 

Tm ± SEM 

(°C) 

L273W 

Tm ± SEM 

(°C) 

D276R 

Tm ± SEM 

(°C) 

R279L 

Tm ± SEM 

(°C) 

F300D 

Tm ± SEM 

(°C) 

0 48.63 ± 0.13 46.84 ± 0.13 52.00 ± 0.53 47.70 ± 0.19 N/A 

3.125 47.66 ± 0.60 46.67 ± 0.16 44.50 ± 0.29 

*** 

46.50 ± 0.29 

 

N/A 

6.25 48.16 ± 0.44 47.33 ± 0.33 45.16 ± 0.44 

*** 

46.33 ± 0.44 

* 

N/A 

12.5 48.82 ± 0.44 47.66 ± 0.33 45.33 ± 0.17 

*** 

46.50 ± 0.58 

 

N/A 

25 49.50 ± 0.29 47.33 ± 0.33 45.83 ± 0.17 

*** 

46.83 ± 0.17 

 

N/A 

50 49.83 ± 0.51 

* 

48.16 ± 0.17 

** 

47.00 ± 0.50 

** 

(p=0.0008) 

46.83 ± 0.17 N/A 

100 52.66 ± 0.60 

*** 

48.66 ± 0.17 

*** 

47.16 ± 0.60 

** 

(p=0.0012) 

47.00 ± 0.50 

 

N/A 

 

 

Table B4: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP wild type (WT) and 

Mutant Proteins at Different Concentrations of CE3F4. Tm (mean ± SEM) (°C) was obtained by 

calculating the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where 

Tm is the lowest first derivative value (n=1-23) as described in Chapter 2 section 2.9.7. 

 

 

 

 

 

[CE3F4] 

(µM) 

WT 

Tm ± SEM 

(°C) 

L273W 

Tm ± SEM 

(°C) 

D276R 

Tm ± SEM 

(°C) 

R279L 

Tm ± SEM 

(°C) 

F300D 

Tm ± SEM 

(°C) 

0 48.63 ± 0.13 46.84 ± 0.13 52.00 ± 0.53 47.70 ± 0.19 N/A 

3.125 48.83 ± 0.17 47.50 ± 0.00 53.50 ± 0.00 48.50 N/A 

6.25 48.67 ± 0.17 47.32 ± 0.17 52.99 ± 0.29 48.50 N/A 

12.5 48.66 ± 0.17 47.33 ± 0.16 52.99 ± 0.29 48.50 N/A 

25 48.66 ± 0.00 47.50 ± 0.00 53.33 ± 0.17 48.50 N/A 

50 48.50 ± 0.29 47.33 ± 0.17 53.00 ± 0.17 48.50 N/A 

100 47.99 ± 0.29 47.16 ± 0.17 52.50 ± 0.29 47.00 N/A 
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Table B5: Average Melting Temperatures (Tm) of Recombinant EPAC1ΔDEP wild type (WT) and 

Mutant Proteins at Different Concentrations of ESI-09. Tm (mean ± SEM) (°C) was obtained by 

calculating the first derivatives of the fluorescence emission as a function of temperature (–dF/dT) where 

Tm is the lowest first derivative value (n=3-23) as described in Chapter 2 section 2.9.7. Significant decrease 

or increase in Tm (***, p<0.0001) in comparison to protein alone (0 µM) was determined by One-Way 

ANOVA (Graphpad Prism). 

 

 

 

 

[ESI-09] 

(µM) 

WT 

Tm ± SEM 

(°C) 

L273W 

Tm ± SEM 

(°C) 

D276R 

Tm ± SEM 

(°C) 

R279L 

Tm ± SEM 

(°C) 

F300D 

Tm ± SEM 

(°C) 

0 48.63 ± 0.13 46.84 ± 0.13 52.00 ± 0.53 47.70 ± 0.19 N/A 

3.125 47.83 ± 0.67 47.50 ± 0.29 53.50 ± 0.58 48.50 ± 0.50 N/A 

6.25 42.16 ± 0.17 

*** 

48.83 ± 2.33 53.33 ± 0.88 

 

47.16 ± 0.17 N/A 

12.5 42.66 ± 0.72 

*** 

47.33 ± 0.33 52.33 ± 0.73 46.50 ± 0.76 

 

N/A 

25 N/A N/A N/A N/A N/A 

50 N/A N/A N/A N/A N/A 

100 N/A N/A N/A N/A N/A 
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