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Abstract 

G protein-coupled receptors (GPCRs) are a big family of membrane receptors encoded by more than 

800 genes in humans. The vast number and diversity of GPCRs enables them to interact with an equally 

great number of ligands enabling them to regulate many physiological functions such as senses, 

metabolism, neurotransmission or cell growth. Given GPCRs’ involvement in the regulation of many 

physiological functions, it then comes as no surprise that their malfunction often leads to pathological 

states such as cancer, diabetes mellitus, inflammation or central nervous system disorders. This makes 

GPCRs the focus of drug discovery with roughly 34% of all FDA (Food and drug administration) 

approved drugs targeting them. This thesis presents the drug discovery at adenosine receptors, class 

A GPCRs, and gastric inhibitory polypeptide receptor (GIPR), a class B GPCR. 

Given the possible therapeutic effects of modulating GIPR signalling pathway in diabetes and obesity, 

the primary objective of this thesis was to discover and improve GIPR allosteric modulators using both 

in silico and in vitro techniques. This resulted in successful identification of potent and selective GIPR 

negative allosteric modulators like compound C25, while also investigating the bias of the compounds 

at different pathways and their selectivity. Combinational approach of in silico blind docking and in 

vitro mutagenesis was then used to successfully identify the GIPR allosteric binding site of the 

compounds located around at the top of transmembrane domain 2/3 and extracellular loop 1. 

The second part of this thesis is then focused on drug discovery at adenosine receptors with the aim 

of developing more selective and more potent compounds. Firstly, compounds were screened for 

more potent adenosine 1 agonists that would retain or improve upon BnOCPA compound, which is a 

powerful analgesic lacking the common side effects. This was successfully achieved and some really 

potent and selective adenosine 1 agonists like compound 27 were identified. Secondly, potent 

adenosine 1 and adenosine 3 antagonists were discovered, and their potency, selectivity and binding 

were measured. This led to the identification of several potent dual adenosine 1 and 3 antagonists like 

compounds A17 and A47, which hold potential in the treatment of asthma, lowering intraocular 

pressure or in several central nervous system disorders. 

Ultimately, these findings show how a combinational approach of in silico and in vitro pharmacology 

can be successfully used to identify new small molecule GPCR allosteric modulators and identify new 

potent adenosine receptor agonists and antagonists with potential therapeutic benefits. 
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Chapter 1. Introduction 

 

1.1 Cellular signalling 

All life around us from bacteria to animals is made up of cells, also known as building blocks of 

life. But compared to the static and unconscious common building blocks bricks, cells are constantly 

sending and receiving numerous of messages enabling them to respond to a range of stimuli including 

physical stimuli like light or temperature or chemical stimuli like neurotransmitters, peptides or 

nucleotides. It is cellular signalling that enables cells to respond to outside stimuli in real time as well 

as manage essential communication between different cells in multicellular organisms like humans. 

All cells have an outer layer surrounding them and separating it from the external environment, 

which is called a plasma membrane (PM) (Lodish et al., 2008). PM is a lipid bilayer composed mostly 

of proteins and lipids, especially phospholipids. Lipophilic (or hydrophobic) messengers like steroid 

hormones or various vitamins can cross the PM and exert their effects inside the cell. Lipophobic (or 

hydrophilic) messengers, on the other hand, are most often detected by so-called cell-surface 

receptors, which are proteins embedded into PM. Signal transduction is then the process, where the 

binding of the extracellular messenger molecule or atom to the cell-surface receptor results in the 

receptor recruiting and binding further intracellular proteins or other affecters including enzymes and 

transcription factors. This then often starts a signalling cascade, which results in changes in 

biochemistry, cell biology, and/or gene transcription of the cell. 

The cell surface receptors can be classified into intrinsic, fully embedded in the lipid bilayer, or 

extrinsic, anchored to the PM by a lipid head group or another intrinsic protein (Lodish et al., 2008).The 

largest family of these intrinsic cell-surface receptors are the 7 transmembrane spanning G protein-

coupled receptors (GPCRs), which are responsible for many cellular and physiological processes in our 

body and capable or binding and responding to a plethora of both natural and artificial messengers. 

 

1.2 The G protein-coupled receptors superfamily 

GPCRs compromise approximately 1.6 % of the human genome (Fredriksson and Schiöth, 2005). 

There are more than 800 genes coding for GPCRs according to the phylogenetic analysis done by 

Fredriksson et al. (2003), with splice variants (isoforms)and single nucleotide polymorphisms (SNPs) 

further increasing this number (Marti-Solano et al., 2020). More than half of these are believed to be 

odorant receptors involved in smell and taste sensations with the remainder responding to 

endogenous mediators. GPCRs consist of a single polypeptide chain, which is usually of 350–400 amino 
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acid residues long, but in some cases can be up to 1100 residues. GPCRs are defined, as their name 

suggests, by their ability to couple and interact with G proteins, though there are some GPCRs which 

do not do this. 

The vast number and diversity of GPCRs enables them to interact with an equally great number 

of ligands, including but not limited to hormones, ions, photons, odours and lipids enabling them to 

regulate many physiological functions such as senses, metabolism, neurotransmission or cell growth 

(Bjarnadóttir et al., 2007, 2006; Hauser et al., 2017; Hu et al.). There are also many GPCRs for which a 

ligand has yet to be identified– termed orphan receptors (Tang et al., 2012). Given GPCRs involvement 

in the regulation of many physiological functions, it comes as no surprise that their malfunction often 

leads to pathological states such as cancer, diabetes mellitus, inflammation or central nervous system 

disorders (Bortolato et al., 2014; Hauser et al., 2017; Heilker et al., 2009; Hu et al., 2017). GPCRs form 

a target for approximately 34% of all FDA (Food and drug administration) approved drugs with many 

more currently in clinical trials (Hauser et al., 2017). However, all these drugs target only a small 

number (about 10%) of the GPCRs encoded in the human genome, leaving many more as potential 

drug targets (Hu et al., 2017). 

 

1.2.1 Classification of GPCRs in sub-families 

All GPCRs share the same basic architecture consisting of an N-terminal extracellular domain 

(ECD), 7 transmembrane domains (TMDs) as mentioned above linked by 3 extracellular loops (ECLs) 

and 3 intracellular loops (ICLs) and an intracellular C-terminal domain. However, despite the 

characteristic 3D structure, attempts to classify GPCRs into classes or clans have been greatly hindered 

by the lack of homology and/or protein sequence similarity between GPCRs of different species 

(Fredriksson et al., 2003). Initially GPCRs were classified into 6 families - the rhodopsin-like class A, 

secretin-like class B, metabotropic-glutamate class C, fungal mating pheromone class D, cyclic 

adenosine monophosphate (cAMP) class E, and frizzled/smoothened class F - with classes D and E 

existing only in invertebrate species or fungi (Kolakowski, 1994). Fredriksson et al. (2003) then later 

employed phylogenetic analysis to assess the similarities between the human GPCR gene sequences 

coding for the 7TMDs omitting the N- and C-termini parts of the receptors from the analysis. This 

approach yielded 5 families of vertebrate GPCRs called glutamate, rhodopsin, adhesion, 

frizzled/taste2, and adhesion, also known as the GRAFS system. 

Class A, also called rhodopsin-like family, is by far the largest and most diverse of these families 

with over 700 members, accounting for around 80% of all GPCRs. About half of this class consists of 

olfactory receptors and the other half is a mix of mostly monoamine, neuropeptide, cannabinoid, 
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chemokine, light and odorant receptors as well as some orphan receptors. The class members are 

characterized by conserved sequence motifs that imply shared structural features and activation 

mechanisms. One of these is the Asp-Arg-Tyr (DRY) motif that sits at the bottom of TMD3 and provides 

a salt-bridge holding the TMD3 and TMD6 together, which was nicely demonstrated in rhodopsin, the 

prototypical class A receptor, where an ionic lock between Arg135 and Glu247 holds the receptor in 

its inactive state (Kristiansen, 2004). Second common motif is the Asn-Ser-x-x-Asn-Pro-x-x-Tyr 

(NSxxNPxxY) motif in TMD7 (Fredriksson et al., 2003). Class A GPCRs are also mostly characterised by 

a very short ECD, which makes senses from an evolutionary standpoint as these GPCRs are mainly 

targeted by small molecules binding typically to TMDs or ECLs (Basith et al., 2018). Class A GPCRs play 

a key role in many disease areas and of the 107 established GPCR drug targets, majority are aminergic 

and opioid receptors falling into class A (Hauser et al., 2017). 

Class B1, also called the secretin receptor family, is a small GPCR class that contains only 16 

members, all of which are de-orphaned. These are structurally similar to class A GPCRs. Compared to 

class A, their 7TMDs are also more open towards the extracellular side forming more of a V-shape and 

thought to help facilitate ligand binding by increasing extracellular contact surface (Hollenstein et al., 

2014). An important motif for the stabilisation of class B1 GPCRs’ TMDs is a Gly-Trp-Gly-x-Pro (GWGxP) 

motif in TMD4 (Hollenstein et al., 2014). This class has a much larger ECD approximately 120 residues 

long, stabilised by a number of conserved cysteine crosslinks, forming a large surface required for the 

binding of larger peptide hormones approximately 30-40 amino acids long (Hu et al., 2017). Secretin 

family receptors are important drug targets in diseases like diabetes mellitus, obesity, cancer, 

cardiovascular disease or psychiatric disorders (Pal et al., 2012). 

Class B2, also called the adhesion receptor family, consists of 33 receptors, 24 of which occur in 

humans (Stacey et al., 2000). Currently, many of the adhesion receptors are orphaned. The ones that 

are deorphaned bind extracellular matrix proteins and facilitate cell-to-cell adhesion, which gave the 

name to this class (Langenhan et al., 2013). This is enabled by the large ECD containing many functional 

domains like epidermal growth factor-like domains and high portion of serine and threonine residues 

(Safaee et al., 2014). The N-termini also contains the GPCR proteolytic site (GPS) motif, which is part 

of the bigger GAIN (GPCR Autoproteolytic Inducing) domain (Araç et al., 2012; Lagerström and Schiöth, 

2008; Rosa et al., 2021). Within the transmembrane domains there are also some conserved motifs 

such as the histidine and tryptophan residues in TMD3 (Bjarnadóttir et al., 2007). 

Class C, also known as the metabotropic glutamate family, is a small class of 22 GPCRs. It is 

characterised by large ECD of approximately 600 residues that includes a clam-shaped fly trap domain 

connected to TMD1 by cysteine-rich loop, where ligand-binding occurs (Hu et al., 2017; Rondard et al., 

2006). Despite sharing only 12 % sequence homology with class A GPCRs, the overall transmembrane 
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topology is similar. The short ICL3 is highly conserved in class C and receptors in this class either homo- 

or hetero-dimerise (Chun et al., 2012).  

Class F, also known as frizzled/smoothened receptor family, consists of 10 frizzled receptors and 

the smoothened receptor and play an important role in developmental processes, cellular 

differentiation and proliferation which predisposes them as interesting cancer targets (Zhang et al., 

2018). Class F GPCRs have a distinctively helical N-terminal ECD containing a Cysteine-Rich Domain 

(CRD) and in the case of frizzled receptors also 3 ligand binding sites (Zhang et al., 2018). Moreover, 

the receptors in this class seems to have highly conserved sequence and structure TMD7 (Zhang et al., 

2018), but lack most of the motifs other GPCRs possess, like the DRY-motif, suggesting a possibility of 

different activation mechanism (Velazhahan et al, 2022). 

 

1.3 GPCR signal transduction 

1.3.1 Ligand binding and GPCR activation 

The great increase in the number of solved both active and inactive GPCR crystal and cryogenic 

electron microscopy (Cryo-EM) structures in the past decade has provided an insight into the 

mechanisms of ligand binding and GPCR activation. Class A GPCRs bind mostly small ligands that dock 

deep into the transmembrane helix bundle (Zhang et al., 2015). Class B1 GPCRs, on the other hand, 

employ a two-step binding model, where in the first step the C-terminal region of the peptide ligand 

interacts with the ECD of the GPCR. This orients the N-terminal part of the peptide correctly to dock 

into the middle of the GPCR transmembrane helixes bundle (Karageorgos et al., 2018). The peptide 

agonists all have a amphipathic α-helix extending from the core of the GPCR until the exit of the TMD 

bundle and they all penetrate into the receptor core to a similar extent sitting above a well-described 

central polar network (Liang et al., 2020; Wootten et al., 2013b). Where the ligand binding differs 

among class B1 GPCRs is the distinct angle at which the peptides enter the receptor core (Liang et al., 

2020). This is enabled by the dynamicity of the ECD of the class B GPCRs, which is reflected by the 

lower resolution of the ECD in cryo-EM structures compared to the TMDs bundle (Dal Maso et al., 

2019; Liang et al., 2017, 2018b), and by the variances in the metastable positions of the ECD among 

the receptors (Liang et al., 2020). 

GPCRs have several micro-switches that have substantially different conformations in active and 

inactive states of the receptors. One of these microswitches in class A is the before-mentioned DR3.50Y 

(3.50 refers to the residue position within the GPCR according to the generic GPCR residue numbering 

system described by Ballesteros et al (2007) motif in TMD3 that makes a salt bridge to D/E6.30 in TMD6 

to form the ionic lock holding receptor in an inactive conformation and needing to be disrupted for full 
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receptor activation (Schneider et al., 2010; Zhang et al., 2015). This is nicely demonstrated in the 

rhodopsin X-ray crystal structures, where in the inactive one R3.50 forms an ionic interaction with both 

D3.49 (of the DRY motif) and E6.50 in TMD6 (Palczewski et al., 2000). However, in the active rhodopsin 

structure this interaction is absent and the R3.50 interacts instead with the C-terminal peptide of the G 

protein (Taddese et al., 2013). Another microswitches would be the W6.48xP motif in TMD6, NP7.50xxY 

motif in TMD7 or conserved cysteine bond between C3.25 in the top of the TMD3 and cysteine in ECL2 

(Zhang et al., 2015, 2014).  

Multiple biochemical and biophysical studies indicate large structural rearrangements of the 

TMD helices upon receptor activation, including but not limited to the outward movement of TMD5 

and TMD6, leading to distinct active state conformation (Kobilka, 2007). For example electron 

paramagnetic resonance spectroscopy (EPR), supported by chemical reactivity measurements and 

fluorescence spectroscopy, show evidence of rotation and tilting of TMD6 relative to TMD3 upon 

photoactivation of rhodopsin (Dunham and Farrens, 1999; Farrens et al., 1996). On the other hand, in 

an inactive ligand-free state of the opsin receptor the Y7.53 residue, part of the aforementioned 

NP7.50xxY motif, rotates to face into the helical bundle and blocks TMD6 from moving back towards 

TMD3 to adopt the inactive conformation (Park et al., 2008). The outward movement of TMD6 then 

results in the opening of a crevice within the intracellular surface of the receptor (Oldham and Hamm, 

2008). Similar structural rearrangements involving the outward movement of TMD6 have also been 

reported for class B1 GPCRs like for example the glucagon-like peptide-1( GLP-1) receptor or calcitonin 

gene-related peptide (CGRP) receptor (Liang et al., 2018a, 2018b). 

 

1.3.2 Activation and signalling of heterotrimeric G proteins by GPCRs 

The classical signal transduction through GPCRs is dependent on receptor-mediated activation 

of heterotrimeric G proteins, which are molecular guanine nucleotide binding proteins that bind and 

hydrolyse guanine triphosphate (GTP). They are composed of three subunits, α, β and γ, and are the 

molecular switches that turn on intracellular signalling cascades in response to GPCR activation. They 

also play a crucial role in defining the specificity and temporal resolution of GPCR signal transduction. 

As described above, activation of a GPCR results in structural rearrangement which exposes a G 

protein binding pocket, which binds an inactive GDP-bound G protein (Figure 1.1). In this inactive form 

Gα subunit is bound to the Gβγ subunit. Binding to the active GPCR promotes GDP dissociation from 

Gα and results in a nucleotide-free receptor-G protein complex, which has a very short lifetime as GTP 

quickly binds the Gα subunit due to being present in the cytosol in 10-fold higher concentration 

compared to GDP (Bos et al., 2007; Higashijima et al., 1987). This causes a conformational change in 
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the Gα subunit and subsequent dissociation of Gα subunit from Gβγ subunit. Both subunits have then 

been shown to modulate downstream signalling in the cell, which will be discussed in more detail later. 

Cellular response is then terminated when Gα subunit hydrolyses GTP to GDP, owing to its intrinsic 

GTPase activity, and reassociates with Gβγ subunit finishing the G protein cycle (Hilger et al., 2018; 

McCudden et al., 2005; Oldham and Hamm, 2008). The G protein cycle can be further regulated by 

regulatory proteins like guanine-nucleotide exchange factors (GEFs), which facilitate the release of 

GDP from small G proteins, which is how GPCRs themselves act in this case. GTPase-activating proteins 

(GAPs), including regulators of G protein signalling (RGS) proteins, can then accelerate GTP hydrolysis 

at the Gα subunit more than 2,000-fold and thus regulate the intensity and duration of G protein 

signalling (Kimple et al., 2011; Ross and Wilkie, 2000). 
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Figure 1.1. Schematic mechanism of heterotrimeric G protein activation cycle. Inactive GDP-bound 

Gα subunit is complexed together with the Gβγ subunit and resides at the inactive GPCR (1). When 

ligand binds the receptor (2), the GPCR gets activated and subsequently activated the heterotrimeric 

G protein resulting in exchange of GDP for GTP (3). The active Gα subunit dissociates from Gβγ subunit 

and both subunits can bind their own effectors and promote intracellular effects (4). G protein 

signalling is terminated by RGS binding the Gα subunit (5) and hydrolysis of GTP to GDP, which 

promotes reassociation of Gα subunit with Gβγ subunit. 

 

1.3.2.1 Gα subunit signalling following GPCR activation 

In contrast to over 800 GPCR genes, there are only 4 major Gα-protein families, called Gαs, Gαi/o, 

Gq/11 and Gα12/13, which have been classified based on sequence homology between 23 identified 

human Gα isotypes encoded by 16 individual genes (Table 1.1) (Downes and Gautam, 1999; Simon et 

al., 1991). Gαs family consists of widely expressed Gαs and Gαolf, which is only present in the olfactory 

sensory neurons (Jones and Reed, 1989). Gαi/o family is the largest and most diverse of all Gα families 

and consists of Gαi1, Gαi2, Gαi3, Gαo, Gαt1, Gαt2, Gαg and Gαz. Gαo is highly expressed in neurons, Gαt1 

and Gαt2 in the rod and cone cells of the eye, Gαg in the taste receptor cells and Gαz in neurons and 
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platelets (Kuszak et al., 2010). The Gq/11 family consists of Gq, G11, G14 and G15/16. The Gα12/13 family 

consists of Gα12 and Gα13 ubiquitously expressed in humans. All Gα subunits except the 

photoreception-specific transducin (or Gαt) contain a 16-carbon palmitate reversibly attached through 

a thioester bond to a cysteine near the N-terminus, which keeps the Gα subunit anchored into the PM 

(Wedegaertner et al., 1995). 

 

Table 1.1. Activity and members of Gα-protein families. 

Family Members Activity 

Gαs Gαs and Gαolf Activate AC →↑cAMP 

Gαi/o 
Gαi1, Gαi2, Gαi3, Gαo, Gαt1, 

Gαt2, Gαg and Gαz 
Activate PDE, inhibit AC 

→↓cAMP and cGMP 

Gαq Gq, G11, G14 and G15/16 Activate PLCβ 

Gα12 Gα12 and Gα13 Activate Rho GTPases 

 

 

1.3.2.1.1 GPCR modulation of cAMP signalling 

Active Gαs subunit can catalyse all 9 isoforms of adenylyl cyclase (AC), which in turns promotes 

cAMP synthesis from adenosine triphosphate (ATP)( Hurley, 1999; Ross and Gilman, 1977). cAMP is an 

important second messenger that can then activate several other intracellular effectors – namely 

protein kinase A (PKA), exchange factor-directly activated by cAMP1 and 2 (EPAC1 and EPAC2) and 

cyclic nucleotide-gated ion channels (CNGC). PKA is a serine/threonine kinase composed of two 

regulatory and two catalytic subunits. Binding of cAMP to the two cAMP binding sites on each 

regulatory subunit activates the PKA and results in the release of an active catalytic subunit 

(McClendon et al., 2014; Murray, 2008). The active catalytic subunit can then phosphorylate a plethora 

of other intracellular targets including but not limited to cAMP response element binding protein 

(CREB), ion channels and other protein kinases. It can also activate Rap1-GTPase, which activates the 

protein kinase Raf. Raf then activates mitogen-activated protein kinase (MAPK) kinase (MEK), which 

then phosphorylates, and thus activates, known GPCR downstream effector extracellular signal-

regulated kinases (ERK) 1/2, which is a member of the MAPK family implicated in the cellular growth 

and differentiation (Goldsmith and Dhanasekaran, 2007; Werry et al., 2005). cAMP can also 

alternatively, although with lower affinity, bind to EPAC1 and EPAC2. Similarly to PKA, binding of cAMP 
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induces a conformation change and activation of the EPAC1/2, which can then in turn activate small 

GTPases Rap1 and Rap2 (de Rooij et al., 2000, 1998). 

The termination of cAMP signalling is regulated by 3’,5’-cyclic nucleotide phosphodiesterases 

(PDEs), which degrade cAMP (or cyclic guanosine monophosphate (cGMP)) to non-cyclic nucleotide 

adenosine monophosphate (AMP) or guanosine monophosphate (GMP)) (Omori and Kotera, 2007). 

There are 11 PDE isoforms, with PDE4, 7 and 8 being specific for cAMP, while PDE5, 6 and 9 are specific 

for cGMP. The other isoforms are capable of breaking down both cAMP and cGMP but with differing 

affinities (Omori and Kotera, 2007). G protein subunits Gαt1 and Gαt2 activate PDEs, helping promote 

cyclic mononucleotides breakdown (Burns and Arshavsky, 2005; Margolskee, 2002). Gαi1, Gαi2 and Gαi3 

can then also regulate cAMP signalling by opposing Gαs and directly inhibiting AC by preventing the 

interaction AC catalytic domains (Hurley, 1999; Watts and Neve, 2005). The action of Gαo is less well 

understood, but weak inhibition of AC subtype 1 (of which there are 9) has been previously 

demonstrated (Taussig et al., 1994). 

As one of the options, G protein regulation of cAMP signalling can be studied with the use of 

cholera toxin (CTX), which constitutively activates Gαs by decreasing the intrinsic GTPase activity of 

Gαs, or pertussis toxin (PTX), which prevents Gαi/o interaction with a GPCR, leaving it inactive (Hesketh 

and Campbell, 1987; West et al., 1985). Another helpful compound for studying cAMP signalling is 

forskolin, which is a potent AC activator (Seamon et al., 1981). It is particularly useful for increasing 

cAMP levels prior to measuring Gαi activation and subsequent decrease in cAMP levels. PDE inhibitors 

like rolipram or 3-isobutyl-1-methylxanthine (IBMX) can then be used to prevent cAMP breakdown 

overtime to aid the study of Gα signalling, but their use has the disadvantage of masking the temporal 

component of cAMP signalling (Jin et al., 1998; Schmidt et al., 2020). 

 

1.3.2.1.2 GPCR-mediated calcium ion signalling 

All members of the Gq/11 family, upon their activation stimulate phospholipase C β1 (PLCβ) 

activity. PLCβ cleaves the membrane lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to generate 

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), which are both important second 

messengers (Cabrera-Vera et al., 2003; Rhee, 2001). IP3 is a cytosol soluble molecule that binds the IP3 

receptor (IP3R) embedded into the endoplasmic reticulum, resulting in release of intracellular calcium 

(Ca2+)i to stimulate muscle contraction, neurotransmitter release and activation of transcription factors 

(Taylor et al., 2007; Thillaiappan et al., 2019). DAG, on the other hand, is a membrane bound molecule 

that can activate protein kinase C (PKC), which can among other targets activate Raf and start the 

activation cascade described above resulting in the phosphorylation of ERK1/2 (Corbit et al., 2003). 
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1.3.2.1.3 Rho signalling initiated from GPCR activation 

Gα12 and Gα13 can activate p115RhoGTPase proteins PDZ-RhoGEF and leukemia-associated 

RhoGEF (LARG) (Fukuhara et al., 1999; Longenecker et al., 2001), while Gq/11 family subunits can 

activate p63RhoGEF (Booden et al., 2002; Campbell and Smrcka, 2018; Vogt et al., 2003). These 

proteins can then activate the small monomeric G protein Rho by promoting the exchange of GDP for 

GTP via stimulation of the GTPase activity. Constitutive over-activation has been shown to result in cell 

transformation (Fukuhara et al., 2001; Martin et al., 2001; Whitehead et al., 2001). 

 

1.3.2.2 GPCR-mediated Gβγ signalling 

There are 5 known human Gβ and 12 human Gγ subunit genes resulting in a large number of 

possible Gβγ dimer combinations (Clapham and Neer, 1997; Fletcher et al., 1998; Huang et al., 1999; 

Ray et al., 1995). However, it is the Gβ subunit that is thought to be the major determinator of cellular 

function, while Gγ is post-synthetically prenylated at the C-terminus localising the Gβγ dimer at the 

membrane (Wedegaertner et al., 1995). Originally the main Gβγ subunit function was thought to be 

facilitation of Gαβγ binding at a GPCR and Gα inhibitory action through its guanine nucleotide 

dissociation inhibitor (GDI) activity (Lodowski et al., 2003). However, Gβγ subunits, acting as a dimer 

have been shown to activate their own effectors like G protein-regulated inward-rectifier K+ channels 

(GIRK or Kir3 channels) or neuronal N- and P/Q-type Ca2+ channels (Delmas et al., 2000; Kammermeier 

et al., 2000; Logothetis et al., 1987; Lü et al., 2001). 

 

1.3.3 GPCR signalling regulation 

There are multiple cellular proteins other than G proteins that can interact closely with GPCRs 

either through their C terminus (Calmodulin, endothelial nitric oxide synthase), third ICL (GPCR kinase 

(GRK), growth factor receptor-bound protein 2 (GRB2)) or through various motifs (e.g. janus kinase 2 

(JAK2) through YIPP motif) and effect their signalling (Heuss and Gerber, 2000). For example, GPCR 

signalling via G proteins is terminated by the phosphorylation of active GPCRs by specific GRKs, 

followed by selective recognition and binding of β-arrestins and subsequent internalisation. 

Furthermore, β-arrestins are also capable of activating their own intracellular effectors and thus 

activating signalling cascades independently of G proteins. 
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1.3.3.1 The role of GPCR kinases 

In 1989, Benovic et al. al identified a family of GRKs (named GRK-1 to GRK-7) targeting different 

GPCRs. GRKs are soluble proteins and thus need to be recruited to the membrane in order to be able 

to interact with GPCRs, which is ensured by different mechanisms for different GRKs. Visual GRK-1 and 

-7 are prenylated at C-termini, which ensures their permanent localisation to the membrane. On the 

other hand, GRK-2 and -3 have a pleckstrin homology (PH) domain, which binds Gβγ subunit (Koch et 

al., 1993; Lodowski et al., 2003). Activation of a GPCR results in the release of Gβγ subunit, which then 

recruits GRK-2/3 to the receptor (Li et al., 2003). GRK-4/5/6 lack either of these two mechanisms, but 

palmitoylation of their C-terminal cysteines and/or an amphipathic helix interacting with the 

membrane phospholipids keeps them localised to the membrane (Gurevich et al., 2012). 

The difference between GRKs and other kinases is that most kinases recognise specific protein 

sequences in the target protein regardless on its activation state, but GRKs specifically phosphorylate 

active GPCRs (Gurevich and Gurevich, 2019). This is because GRKs are activated by the active GPCRs 

themselves, which they then in turn phosphorylate. This was nicely demonstrated for the rhodopsin 

receptor, where GRK-1 (previously called rhodopsin kinase) is recruited to light-activated rhodopsin 

receptor, even when the rhodopsin C-terminus including all the phosphorylation sites is cleaved off by 

proteolysis, and becomes active to phosphorylate anything in its vicinity, which normally would be the 

phosphorylation sites on the GPCR C-terminus (Gurevich et al., 2012; Palczewski et al., 1991). To be 

more precise the activation exclusively by binding to GPCRs is true for GRK-1/2/3/7, but GRK-4/5/6 can 

be active constitutively. Rankin et al., 2006 showed that GRK-4 constitutively phosphorylates the 

dopamine 1 receptor (D1R), while others have shown that GRK-5/6 can phosphorylate even inactive 

GPCRs both in vitro and in live cells (Baameur et al., 2010; Li et al., 2015, p. 4; Tran et al., 2004). 

 

1.3.3.2 Arrestins uncouples G protein signalling from GPCRs 

Arrestins are cytosolic adaptor proteins that were originally discovered for their inhibitory role 

in GPCR signalling via heterotrimeric G proteins (Wilden et al., 1986). There are 4 arrestin subtypes, 

two of which are visual arrestin-1 and -4 localised to photoreceptor cells to the retina and bind 

photopigments, while nonvisual arrestin-2 and -3 (commonly called β-arrestin-1 and β-arrestin-2) are 

ubiquitously expressed (Gurevich and Gurevich, 2019; Magalhaes et al., 2012).  

The first role of arrestins is GPCR desensitisation. When an active GPCR is phosphorylated by a 

GRK, and binds an arrestin with high affinity, the G protein becomes decoupled from the receptor 

(Gurevich and Gurevich, 2004; Lefkowitz and Shenoy, 2005). As recent structural studies show, G 

proteins and arrestins both compete for the same binding place to the inter-helical cavity on the 
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cytoplasmic side of the GPCR with arrestins additionally binding also tightly to the receptor-attached 

phosphates that fit into positive patches on the arrestin surface (Carpenter et al., 2016; Liang et al., 

2018b; Zhang et al., 2017; Zhou et al., 2017). The same binding place means that binding of one to the 

GPCR prevents the binding of the other. There is also the difference that G proteins readily dissociate 

from GPCRs in the presence of GTP, while arrestins do not and therefore arrestins outcompete G 

proteins, thus terminating G protein signalling (Gurevich and Gurevich, 2004). 

The second important role is that β-arrestins are important adaptors for agonist-induced 

internalisation (Ferguson et al., 1996; Goodman et al., 1996) and ubiquitination of GPCRs (Han et al., 

2013; Jean-Charles et al., 2016; Shenoy et al., 2001), thus governing the trafficking of internalized 

GPCRs and further reducing cell responsiveness. The classical mechanism of agonist-stimulated 

internalisation is via clathrin-mediated endocytosis. After β-arrestins binding to the GPCR, β-arrestins 

bind clathrin and its adaptor heterotetrameric adaptor protein AP2 via specific sites in their C-termini, 

which are made more accessible by the release of the C-terminus upon GPCR binding (Goodman et al., 

1996; Kim and Benovic, 2002; Laporte et al., 1999; Zhuo et al., 2014). This recruitment of clathrin then 

results in the formation of clathrin-coated pits (CCPs) and subsequent endocytosis (Gurevich and 

Gurevich, 2019). 

Thirdly, arrestins have been suggested to be able to serve as signal transducers in their own right 

(Gurevich and Gurevich, 2006; Hanson et al., 2006; Peterson and Luttrell, 2017). In 1999, Luttrell et al. 

showed that receptor-bound arrestins could promote Src-dependent activation of pro-proliferative 

MAP kinases ERK1/2. Another example would be the recruitment and scaffolding of the ASK1-MKK4/7-

JNK3 cascade (the abbreviations stand for apoptosis signal-regulating kinase 1 (ASK1), mitogen-

activated protein kinase kinases 4 and 7 (MKK4/7) and mitogen-activated protein (MAP) kinases 

extracellular signal-regulated kinases1/2 (ERK1/2)) resulting in an active and c-Jun N-terminal kinase 3 

(JNK3) on endosomes with internalized GPCRs (Luttrell and Miller, 2013; McDonald et al., 2000). This 

GPCR signalling from endosomes is in contrast to the classical signalling from the plasma membrane 

adds another layer of complexity to GPCR signalling and this phenomenon is also called the 

compartmentalisation of GPCR signalling (Ellisdon and Halls, 2016). It was, however, shown that 

arrestins can promote these pathways also on their own without preceding GPCR activation (Han et 

al., 2012; Whalen et al., 2011). 

 

1.4 GPCR pharmacology 

In the traditional two-state model of GPCR activation, GPCRs are considered to exist in 

equilibrium between an inactive state and an active state (Del Castillo and Katz, 1957; Gether, 2000; 
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Makita and Iiri, 2014). As described above, a ligand binding to the receptors’ orthosteric site can cause 

a conformational change and subsequent receptor activation which leads to a response; such a ligand 

is called an agonist. Response to an agonist, at varying concentrations, can be measured 

experimentally and plotted as a concentration–effect curve (in vitro) or dose–response curve (in vivo) 

(Figure 1.2) with concentration referring to compound concentration, while dose refers to compound 

amount administered. 

 

 

Figure 1.2. Representative concentration-response curve. Parameters that can be derived from a 

concentration-response curve are maximal response (Emax) and concentration required to produce 

half-maximal response (EC50). 

 

The experimentally derived concentration-response curve can then be fitted with the Hill–Langmuir 

equation (three-parameter logistic equation) (equation 1). 

 𝑦 = 𝐵𝑎𝑠𝑎𝑙 +
(𝐸𝑚𝑎𝑥−𝐵𝑎𝑠𝑎𝑙)

1+10(𝑙𝑜𝑔𝐸𝐶50−𝑥)𝑛 (1) 

where y is the response, x is the agonist concentration, basal is minimal response of the system 

(sometimes also called Emin) and n is the Hill slope coefficient, which for many situations is equal to 1. 

This then allows for the estimation of the maximal response that the drug can produce (Emax), and the 

concentration or dose needed to produce a 50% of the maximal response (EC50). These parameters 

describe a potency (EC50) of a ligand and are useful for comparing different drugs among themselves, 

but it is important to keep in mind that dose-response curves cannot be used for measuring and 
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agonists affinity (ki) of a drug. This is because of the existence of the so-called ‘spare receptors’ and 

the fact that maximum response of a tissue can be produced by agonists occupying less than 100% of 

the receptor (Stephenson, 1956). Therefore, to measure agonist affinity, it is best to measure the 

ligand binding to the receptor directly using techniques like radioligand binding assay. 

 

1.4.1 Different types of GPCR ligands 

There are different types of ligands that can exert their effects on GPCRs. Agonists was discussed 

above, which stimulate receptor response leading to changes in cell functions or other various effects. 

Agonist effect depends on two parameters – affinity and potency. Agonists can be further divided into 

full agonists that have high efficacy and can produce maximal results and partial agonists that have 

lower efficacy and can only produce submaximal effects (Figure 1.3) (Rang, 2019). 

 

 

Figure 1.3. Representative dose-response curves for different types of GPCR ligands. Full agonists 

induce maximal response, while partial agonists induce submaximal (< 100%) response and their 

potency is also often reduced though it is not a rule. Inverse agonists than block constitutive receptor 

activity of GPCRs, resulting in reduced response overall. Neutral antagonists bind the GPCR blocking 

the binding site for other ligands, but on their own they elicit no response. 

 

There is a different type of ligand that binds the receptor orthosteric site but does not activate 

it or cause any response. This type of ligand is called an antagonist and it has affinity for the receptor, 
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but no efficacy (Figure1.3). The most common type of antagonism is reversible competitive 

antagonism, where the antagonist competes with the agonist for the same orthosteric binding same 

thus reducing the receptor occupancy, i.e. proportion of receptors to which the agonist is bound. This 

antagonism is however surmountable as a high enough concentration of an agonist can overcome the 

blocking effect. This produces a characteristic reduction in agonist potency without a change in 

maximal response, when an antagonist is added to the experiment (Figure 1.4) (Rang, 2019). The 

second type of antagonism is irreversible competitive antagonism, where the antagonists also binds 

the orthosteric site, but because of a very slow dissociation rate from the receptor, the blocking effect 

cannot be overcome by increasing agonist concentration and the antagonist occupancy remains 

(Figure 1.4) (Rang, 2019). This also results in removing/reducing the spare receptor pool. 

 

 

Figure 1.4. Representative dose-response curves of reversible and irreversible competitive 

antagonists. Addition of reversible competitive antagonist produces characteristic reduction in agonist 

potency without a change in maximal response as higher agonist concentration is required to 

outcompete the reversible competitive antagonist for its binding site. On the other hand, addition of 

irreversible competitive antagonists lowers the maximal response the agonist can produce by restring 

the number of free binding sites for the agonist. 

 

Initially, it was postulated that a receptor could only be activated by an agonist binding. 

However, it was later shown that some GPCRs have appreciable levels of constitutive (agonist-

independent) activity (de Ligt et al., 2000; Seifert and Wenzel-Seifert, 2002). Ligands that further 

diminish this inherent constitutive activity were then termed inverse agonists (Figure 1.4) (Costa and 

Herz, 1989; de Ligt et al., 2000; Sato et al., 2016). Both partial agonist and inverse agonists can reduce 
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the effects of a full agonist, which suggests that, in reality, a true neutral antagonist that has no 

agonistic or inverse agonistic activity is very likely to be rare. 

All these different types of ligands can be inputted back into the two-state receptor model 

(Figure 1.5). As mentioned previously, GPCRs on their own are thought to be in an equilibrium between 

an inactive and active receptor state. Agonists shift this equilibrium towards the active receptor state, 

while inverse agonists shift it toward the inactive receptor state. Neutral antagonists do not affect the 

equilibrium it reduces the binding sites for other ligands by occupying the orthosteric binding pocket 

(Rang, 2019; Sato et al., 2016). 

 

 

Figure 1.5. Two-state model of receptor activation. According to the two-state model, a receptor can 

exist in two conformations, resting (R) and activated (R*), which are in an equilibrium. Without any 

receptor present the receptor exist mainly in R conformation, but for constitutively active receptors, 

there is significant portion of the receptors in R* state. Agonists have higher affinity for the R* 

conformation shifting the equilibrium rightward and promoting functional response. Inverse agonists 

have preference for the R state shifting equilibrium leftward and inhibiting receptor constitutive 

activity. A neutral antagonist has same affinity for both states, so it does not shift the equilibrium on 

its own, but it reduces binding sites available for other ligands to bind. This figure was adapted from 

(Rang, 2019). 
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1.4.2 The operational model of pharmacological agonism 

The problem with fitting dose-response curves with Hill–Langmuir equation is that it does not 

quantify efficacy and cannot differentiate between partial agonism and receptor depletion (Wacker et 

al., 2017). To overcome this, Black and Leff (1983) introduced the ‘operational model of 

pharmacological agonism’ that separates receptor occupation from agonist-mediated response 

(equation 2). 

 𝐸 =
𝐸𝑚𝑎𝑥𝜏[𝐴]

𝐾𝐴+(𝜏+1)[𝐴]
 (2) 

where E is a response, Emax is the maximal response, [A] is the ligand concentration, τ is intrinsic efficacy 

of the agonist and KA is intrinsic affinity. The intrinsic efficacy of the agonists can be further broken 

down to the total receptor concentration (R0), and the transduction coefficient of the agonist-receptor 

complex (KE) (equation 3). 

 τ =
𝑅0

𝐾𝐸
 (3) 

It is also possible to obtain the EC50 parameter using the equation below (equation 4). 

 𝐸𝐶50 =
𝐾𝐴

(𝜏+1)
 (4) 

The model therefore provides a standardised method for the estimation of ligand affinity and 

operational efficacy from experimentally derived hyperbolic dose-response curves and measured EC50 

and Emax parameters as well as known agonist concentration. 

 

1.4.3 The concept of biased agonism and how this relates to GPCR signal transduction 

During the last few years, several important studies have revealed GPCR signalling to be much 

more complex and multidimensional than it was originally thought due to the concepts of biased 

signalling, oligomeric formation, and compartmentalized signalling (Shchepinova et al., 2020). Biased 

agonism (also referred to as signalling bias or functional selectivity) refers to the ability of different 

ligands to induce different receptor conformations which can interact with different intracellular 

binding partners to varying extents (Wootten and Miller, 2019). Activated GPCRs can interact with 

different intracellular proteins – namely heterotrimeric G proteins and β-arrestins – which then 

promote different signalling cascades and effects in the cells. Most ligands targeting GPCRs are thought 

to equally target distinct signalling pathways similarly to the endogenous reference agonist (also called 

the balanced agonist) and the same is thought to be true for most antagonists equally inhibiting all 

second messenger systems activated by the agonists (Smith et al., 2018). However, over the last two 

decades, it became appreciably evident that some ligands activate or block certain signalling pathways 
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to more than other (Jarpe et al., 1998; Luttrell, 2014). An example would be GLP-1 receptor (GLP-1R) 

ligand oxyntomodulin that activates the β-arrestin mediated ERK1/2 phosphorylation more that the G 

protein-mediated signalling compared to the endogenous reference ligand GLP-1 (Figure 1.6) 

(Wootten et al., 2016). Based on their effect on G proteins and β-arrestin1/2 signalling, agonists can 

either be balanced (affecting all signalling cascades equally), G protein biased (promoting general G 

protein signalling over β-arrestin1/2 signalling), β-arrestin biased (promoting β-arrestin1/2 signalling 

over G protein signalling) or G protein subtype biased (promoting signalling of a specific G protein over 

the rest of G proteins and βarrestin1/2 signalling) (Wall et al., 2022). 

 

 

Figure 1.6. Biased signalling at GLP-1R. Oxyntomodulin is a β-arrestin1/2 biased ligand at the GLP-1R 

compared to the endogenous reference ligand GLP-1. The biased signalling can be measured using the 

functional essay measuring intracellular cAMP and calcium levels (G protein signalling) or ERK1/2 

phosphorylation (β-arrestin1/2 signalling). Figure adapted from Wootten et al. (2016). 

 

To quantify levels of bias can be tricky as bias is also relative among two or more ligands or in 

reference to the endogenous reference ligand. Different transducer expression profiles of different 

cells can also mean that a ligand that looks to be G protein subtype biased in one cell might look like a 

balanced agonist in another one with different G protein subtype expression. When quantifying bias, 

how sensitive and how much amplification there is in the methods chosen to measure each signalling 

pathway must also be considered. For example, a common way of measuring Gαs or Gαi activity is by 

measuring the accumulation of the downstream effector cAMP. By this point, however, the signalling 
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cascade has generated a large amount of amplification compared to, for example measuring β-arrestin 

recruitment assay, where the ratio of GPCR to β-arrestin is 1:1. Another important aspect is the 

temporal dynamics of signalling (Grundmann and Kostenis, 2017). Different signalling cascades take 

different times to generate their response (e.g. ERK1/2 phosphorylation vs (Ca2+)i mobilisation), so 

GPCR signalling can appear biased towards one pathway if we only look at one snapshot of the time 

(Klein Herenbrink et al., 2016). Typical techniques for measuring and quantifying bias at GPCRs are 

second messenger assays like cAMP accumulation, (Ca2+)i mobilisation and ERK1/2 phosphorylation. 

But because of the issues raised above like amplification, it is become increasingly popular to look 

more directly at G protein and β-arrestin recruitment using techniques like the bioluminescence 

resonance energy transfer (BRET) based TRUPATH system (Olsen et al., 2020). 

Biased agonism can be detected with at minimum two measures of cellular function like EC50 

and Emax, since EC50 alone will differ with different maximal response. This is where the operational 

model of agonism comes in handy again as it separates receptor activity into affinity, stimulus and 

efficacy as described above (Black and Leff, 1983). Biased agonism can than be quantified by calculating 

a transduction ratio (also called transduction coefficient) Log(τ/KA), where τ is the intrinsic efficacy of 

the agonist and KA is the intrinsic affinity of the agonist. This transduction ratio can then be normalised 

to a reference agonist and reference pathway for each agonist at each pathway allowing comparison 

of signalling bias among different agonists and pathways (Kenakin et al., 2011). Another measure that 

can be used for comparing biased agonism is relative activity (RA) (equation 5) 

 𝑅𝐴 =
𝐸𝑚𝑎𝑥∗𝐸𝐶50(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)

𝐸𝐶50∗𝐸𝑚𝑎𝑥(𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)
 (5) 

where Emax is the maximal response and EC50 is the negative logarithm of the agonist 

concentration required to produce a half-maximal response. The Operational model of agonism and 

the relative activity method are mathematically identical when the Hillslope is 1. It is also common to 

show signalling bias graphically using either bias plots or ‘web of bias’. Bias plot have the advantage of 

not introducing errors due to different fitting approaches, but they can not account for system bias 

and only compares two effector responses. Web’s of bias, on the other hand, are more complex and 

graphically shows bias towards or away from multiple effectors. 

As each ligand is chemically distinct from another, it can form distinct interactions with the 

receptor amino acids. These unique interactions can be propagated through the receptor and give rise 

to different functional effects (Kenakin, 2012; Klein Herenbrink et al., 2016; Shonberg et al., 2014). This 

can then result in differential recruitment of G proteins or β-arrestins or they can alter GPCRs 

interactions with their regulatory proteins like GRKs. A big step towards understanding the way these 

changes are propagated through the receptor in response to biased agonist was the first GPCR 
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structure bound to a biased agonist - GLP-1R bound to G protein biased exendin-P5 solved by cryo-EM 

(Liang et al., 2018b). Binding of exendin-P5 promotes different organization of extracellular loop 3 and 

proximal transmembrane segments at the extracellular surface compared to the endogenous 

reference ligand GLP-1. There is also slight differences in the angle of the Gαs–α5 helix engagement 

between structures, which was propagated across the G protein heterotrimer and results in a different 

rate and extent of conformational reorganisation of Gαs. The broad and diffuse pharmacophores of 

class B GPCRs like GLP-1R normally occupied by peptide ligands are not readily mimicked by small 

molecule ligands, gives great propensity for biased signalling at these receptors in particular (Wootten 

et al., 2017, 2016). 

Biased signalling can be due to other reasons than simply differential recruitment of intracellular 

effectors. It was shown, for example that reference and biased ligands engaging a GPCR differently can 

be propagated down to β-arrestins and result in multiple active conformations of β-arrestin, which can 

then result in different trafficking and signalling functions of those β-arrestins (Lee et al., 2020; Shukla 

et al., 2008). For G proteins, the rate of GTP binding and G protein residence time can be affected. 

Following activation by biased ligands, GPCRs can also change their interactions with regulatory or 

scaffolding proteins resulting in a change in receptor trafficking and compartmentalization that may in 

turn alter the nature of cellular signalling (Wootten et al., 2017). For example, GRKs recruited by 

reference agonist isoproterenol andβ-arrestin biased ligand carvedilol phosphorylate the serine and 

threonine residues in the carboxyl-terminal tail and the intracellular loops of β2-adrenoreceptor 

differentially resulting in a phosphorylation barcode that imparts a specific conformation onto the 

recruited β-arrestin (Nobles et al., 2011). 

If the signalling bias is relative and dependent on a specific system, the question remains, “is 

signalling bias physiologically relevant and can it be exploited in drug discovery?”. Biased agonism 

holds promise for improving drug efficacy, which is a major cause of drug failure, and most importantly 

for lowering side effects by selectively targeting specific transducers. An example would be GLP-1R 

agonist P5, which is a G protein biased agonist compared to GLP-1 or Exendin-4 already in the clinic 

and that has been shown to be more effective at reducing hyperglycaemia and haemoglobin A1c levels 

in diabetic mice, suggesting it might provide better treatment for diabetes mellitues type 2 than 

balanced agonists (Zhang, 2015). 
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1.4.4 The role of allosteric modulation in GPCR pharmacology 

Due to commonly using radioligand binding assay for drug discovery in the past, the majority of 

know compounds and approved drugs targeting the GPCRs are orthosteric ligands. However, the past 

two decades have witnessed substantial efforts into identifying alternative methods of modulating 

GPCR activity, specifically by targeting topographically distinct allosteric sites. An allosteric modulator 

is defined as “a ligand which modifies the action of an orthosteric agonist, endogenous activator or 

antagonist by combining with an allosteric site on the receptor macromolecule” (Christopoulos et al., 

2014). Allosteric sites being spatially distinct from orthosteric sites means that it is possible for 

allosteric modulators to bind simultaneously with orthosteric ligands. Well known examples of 

allosteric modulators approved by FDA include maraviroc, which is an antiviral drug negatively 

modulating class A GPCR chemokine receptor type 5 (CCR5), cinacalcet, which positively modulates 

calcium-sensing receptor (CaSR) in hyperparathyroidism, and ticagrelor, which targets P2Y receptor in 

order to prevent stroke or heart attack (Conn et al., 2009; Karlshøj et al., 2016; Wold et al., 2019). 

The fact that the allosteric modulator and orthosteric ligand can potentially bind the receptor 

simultaneously means that they can influence the behaviour of each other, which is termed 

cooperativity (Christopoulos et al., 2014; Gentry et al., 2015; Wootten et al., 2013a). This cooperativity 

can then affect both the affinity and the efficacy of the ligand (Wootten et al., 2017). Allosteric 

modulators can be divided into positive allosteric modulators (PAMs), which produce a net enhanced 

effect on the receptor function, negative allosteric modulators (NAMs), which diminish receptor 

signalling or neutral allosteric ligands (NALs), which bind the allosteric site on the receptor without 

altering the function of the receptor (Figure 1.7) (Christopoulos et al., 2014). It is also possible to have 

PAMs with intrinsic activity, which are termed ago-PAMs (Foster and Conn, 2017). 
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Figure 1.7. Representative dose-response curves for different types of allosteric modulators. 

Addition of PAM or NAM affecting efficacy results in the increase or decrease of maximal response 

produced by the orthosteric ligand, respectively, while addition of PAM or NAM affecting affinity will 

result in the leftward or rightward shift of the orthosteric ligand dose-response curve, respectively. 

 

To be able to quantify allosteric modulators, operational model of agonism was built upon to 

create the operational model of allosterism, which includes an allosteric ligand (equation 6) (Leach et 

al., 2007). 

 𝐸 =
𝐸𝑚𝑎𝑥(𝜏𝐴[𝐴](𝐾𝐵 + 𝛼𝛽[𝐵])+ 𝜏𝐵[𝐵]𝐾𝐴)𝑛

([𝐴]𝐾𝐵 + 𝐾𝐴𝐾𝐵 + 𝐾𝐴[𝐵]+ 𝛼[𝐴][𝐵])𝑛 + (𝜏𝐴[𝐴](𝐾𝐵 + 𝛼𝛽[𝐵])+ 𝜏𝐵[𝐵]𝐾𝐴)𝑛 (6) 

where E is the response, Emax is the maximal response, EC50 is the concentration of the ligand required 

to achieve half maximal response, [A] is the concentration of the orthosteric ligand, [B] is the 

concentration of the allosteric ligand, n is the Hill slope, KA is the intrinsic affinity of the orthosteric 

ligand, KB is the intrinsic affinity of the allosteric ligand, τA is the capacity of agonism exhibited by the 

orthosteric ligand and τB is the capacity of agonism exhibited by the allosteric ligand. The τA and τB 

values incorporate in themselves the intrinsic efficacy of each ligand, the total density of receptors and 

the efficiency of stimulus-response coupling. The key factors are the cooperativity factor (α), which 

measures the strength and direction of allosteric effect on affinity for one binding site when the other 

is occupied, and β, which quantifies allosteric effect on efficacy. These two can then be combined into 

a cooperativity factor (Logαβ), which therefore takes into account the allosteric effect on both affinity 

and efficacy. When this cooperativity factor is bigger than 1, the allosteric modulator is considered as 

a PAM. When it is less than 0, the allosteric modulator is considered as a NAM. Otherwise, the allosteric 

modulator is considered NAL (Jakubík et al., 2020; Leach et al., 2007). 
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Allosteric modulators can be very useful, which is evidenced by their natural occurrence in the 

cells. GPCRs can for example be modulated by ions or lipids. Sodium ions are suggested to have their 

own allosteric pocket on many GPCRs, including dopaminergic ones, located in close proximity to the 

conserved Asp2.50 residue (Selent et al., 2010; Yuan et al., 2013) and lipophilic 2-arachidonylglycerol 

negatively modulates the adenosine 3 receptor (A3R) (Lane et al., 2010). Regarding protein allosteric 

modulators, receptor activity-modifying proteins (RAMPs) are important. RAMPs are single 

transmembrane spanning proteins about 150 amino acids long and there are 3 subtypes RAMP1, 

RAMP2 and RAMP3(Hay and Pioszak, 2016). RAMPs are most studied in complex with calcitonin 

receptor-like receptor (CLR), where they chaperone CLR to the membrane and effect its signalling. CLR 

complexing with RAMP1 results in affinity for calcitonin gene-related peptide (CGRP), while complexing 

with RAMP2 results in affinity for adrenomedulin, and with RAMP3 to both adrenomedulin and CGRP 

(McLatchie et al., 1998). RAMPs interaction are, however, not limited just to CLR, but have been now 

shown for most class B GPCRs and even few class A and C GPCRs (Mackie et al, 2017). 

 

1.4.4.1 Therapeutic potential of allosteric modulators of GPCRs 

Allosteric modulation also has a great potential for drug discovery due to several key 

characteristics dissimilar to orthosteric ligands. The hallmark of allosteric modulators is their probe 

dependency, which means that the effect of an allosteric drug is specific to the orthosteric ligand 

present (May et al., 2007). This is particularly true for the example for class B1 GPCRs which typically 

respond to some degree to more than one peptide ligand. GLP-1R, for example, responds to GLP-1, 

oxytomodulin and glucagon and GLP-1 allosteric modulator can have a different level of effect on GLP-

1R response induced by each of these agonists due to different levels of cooperativity between the 

allosteric and orthosteric ligands (Wootten et al., 2017). Allosteric modulators lack intrinsic efficacy, 

which means their effects can only be seen when orthosteric agonist is present. This can be useful in 

diseases like type 2 diabetes mellitus, where PAMs of incretin receptors can promote insulin secretion 

only when incretin hormones are already present leading to more physiological insulin release 

compared to sustained insulin release following long-acting GLP-1 mimetic drugs (this will be discussed 

in greater detail later) (Bueno et al., 2016; Koole et al., 2013; Wootten et al., 2017). 

The saturable effect of allosteric drugs can also make them safer as the maximal effect can be 

controlled by the endogenous ligand. This is also called the ceiling effect, where increasing doses of a 

drug have progressively smaller incremental effects, which is likely to prevent overdosing and related 

safety concerns. It was mentioned before that µ-opioid receptor is an important target in analgesia, 

but long-term administration of high doses of µ-opioid agonists leads to respiratory depression, nausea 
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and development of addiction and tolerance. Livingston and Traynor (2016) have shown that µ-opioid 

PAM called BMS-986122 enhance µ-opioid signalling resulting in less agonist needed and less side 

effects. They have also shown BMS-986122 to be G protein biased, in line with above discussed 

hypothesis that µ-opioid G protein biased signalling is the way forward. This is a nice example showing 

that allosteric ligands can also be biased and have response selectivity (Wootten et al., 2017). Another 

example here would be thegadolinium ion (Gd3+), which is a PAM at metabotropic glutamate receptor 

1 (mGluR1) promoting Gαq-mediated calcium mobilisation while having no effect on Gαs-mediated 

cAMP accumulation (Abe et al., 2003). 

Moreover, allosteric modulators have great potential for subtype selectivity, as there is often 

much higher sequence divergence among allosteric sites of receptor subtypes relative to their 

orthosteric site (Gentry et al., 2015; Wootten et al., 2013a). A proof of concept of this can be seen for 

example at muscarinic acetylcholine (Ach) receptors (mAChRs), which have five different subtypes M1-

5 that share a conserved ACh binding site. Lazareno et al. (2004) shows that PAM thiachrome increases 

ACh binding at M4, while having no effect at the other subtypes. For class B1 GPCRs another advantage 

could be the better likelihood of developing small molecule drugs that are allosteric modulators rather 

than orthosteric agonists. The large and diffuse pharmacophores of class B GPCRs naturally bind 

peptide ligands and mimicking these many interactions with small molecule drugs that are orally 

available and cheaper has been challenging. A smaller and narrower allosteric site might therefore be 

more druggable (Wootten et al., 2017). 

Despite the apparent benefits of allosteric modulators, there is only a handful that has yet 

reached the clinic. This may be partly due to the difficulties of identifying a good allosteric site. Just 

because a compound is binding the receptor outside of the allosteric site does not mean it will 

influence the orthosteric ligand affinity or efficacy. It is often this lack of understanding of the 

connection between binding the receptor and affecting the orthosteric ligands that is hindering the 

development of potent allosteric modulators (Congreve and Marshall, 2010). Secondly, allosteric sites 

show plasticity and many allosteric modulators bind in an induced-fit way (Chatzigoulas and Cournia, 

2021; Christopher et al., 2017; Leander et al., 2020). The main technique for allosteric modulator drug 

discovery is combination of in silico screening and docking approaches with subsequent in vitro testing 

but various competition binding assays (including radioligand binding assay) used for orthosteric 

ligands are mostly unsuitable because there is often no compound with which to compete for binding. 

Furthermore, most in silico techniques work with a rigid snapshot of the receptor and may therefore 

miss some allosteric sites and compounds binding there (Chatzigoulas and Cournia, 2021; Christopher 

et al., 2017). 
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Taken all together, allosteric modulators hold great promise for therapeutical use due to their 

probe dependency and their potential for increasing selectivity and reduced side effects, which has 

been mirrored in many promising studies. However, low potency, lack of understanding or receptor 

function and challenging drug discovery of allosteric modulators means that not many have yet been 

approved and reached the clinic. 

 

1.5 Overview of GPCRs explored in this thesis 

GPCRs are important drug target for many diseases and receptors explored in this study as 

targets are described in more detail below. This thesis explores drug discovery namely at adenosine 

receptors (ARs), members of Class A GPCRs, and GIP receptor (GIPR), member of class B1 GPCRs. The 

in silico and in vitro pharmacological validation of GIPR allosteric modulators will be in discussed in 

chapters 3 and 4, while the development of ARs agonists and antagonists, targeting A1R and A3R in 

particular, will form chapters 5 and 6. 

 

1.5.1 The adenosine receptor subfamily 

Adenosine receptors family consists of 4 different receptor subtypes – A1R, A2AR, A2BR and A3R, 

each with its own unique tissue distribution, pharmacological profile and effector coupling (Figure 1.8) 

(Chen et al., 2013). All four of the receptor subtypes are widely distributed in human tissue, however 

differential expression patterns varying among different cell types and in response to pathological 

stresses mean that each subtype is associated with unique functions and presents opportunity for 

medical intervention in various set of diseases. Importantly, A2AR and A2BR couple predominantly to 

Gαs leading to increase in intracellular cAMP, while A1R and A3R are predominantly Gαi coupled leading 

to decrease of cAMP levels in the cell (Chen et al., 2013). 
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Figure 1.8. An overview adenosine receptor-mediated intracellular signalling. A1R and A3R couple to 

Gαi subunit resulting in inhibition of AC and decrease in intracellular cAMP levels, while A2AR and A2BR 

couple to Gαs resulting in activation of AC and increase in intracellular cAMP levels. A2AR can also 

couple to Gαolf in olfactory neurons, while A1R can couple to Gαq resulting in activation of PLCβ and 

signalling cascade resulting in increased calcium levels in the cell. 

 

Adenosine receptors have been implicated in many diseases including, but not limited to, cardiac 

disfunctions, angiogenesis, inflammatory diseases or neurodegenerative disorders (Eltzschig, 2009; 

Fredholm, 2007; Haskó et al., 2008; Lazarus et al., 2011) and the development of potent and selective 

synthetic agonists and antagonists targeting these receptors have been going for more than three 

decades (Jacobson and Gao, 2006). However, so far only one drug targeting the ARs have been 

approved by the FDA. It is Lexiscan (also known as regadenoson) that has been approved for injection 

as a pharmacologic stress agent in radionuclide myocardial perfusion imaging (MPI) (Al Jaroudi and 

Iskandrian, 2009; Buhr et al., 2008). However, despite large efforts and several big phase III clinical 

trials most other drugs targeting the ARs have failed owing to insufficient efficacy and/or bad side 

effects (Chen et al., 2013). This leaves a big untapped potential for ARs as drug targets with the need 

for more tissue and/or subtype selective drugs to limit the site effects. 

A great promise for drug discovery in general, and for ARs in particular, is the number of crystal 

and cryo-EM structures solved in the past decade, which enables better understanding of compound 

binding and effect at the receptor and combination of in silico and in vitro approaches for drug 

discovery. A2AR receptor is one of the best structurally characterise GPCRs; there are multiple 



27 
 

structures available both agonist- and antagonist-bound (Cheng et al., 2017; Rucktooa et al., 2018; 

Segala et al., 2016). For the A1R there are (at the time of writing) five structures available including 

those bound to native agonist adenosine (Draper-Joyce et al., 2021, 2018) or antagonist (Cheng et al., 

2017; Glukhova et al., 2017) or even with allosteric modulator (Draper-Joyce et al., 2021). For A2BR and 

A3R we are still waiting on the first structures to be solved, but this can be partly overcome by 

homology modelling, where the in silico structure of a receptor is model based on closely related 

receptor – A2AR or A1R in this case (Barkan et al., 2020; Lagarias et al., 2020, 2019; Suchankova et al., 

2022). 

 

1.5.1.1 Adenosine 1 receptor 

The A1R is widely expressed in human body with highest expression levels found in the brain, 

especially at the excitatory nerve endings (Daly and Padgett, 1992). It is also the most conserved 

adenosine receptor subtype among species, which might make drug discovery and confirming in vitro 

results in animal tissues slightly easier (Fredholm et al., 2000). The A1R predominantly couples to Gαi/o 

subunits leading to inhibition of AC and decrease in intracellular cAMP levels, but it can also couple to 

Gαq leading to PLC-β activation and increase of (Ca2+)i (Chen et al., 2013). In the nerve endings A1R 

activation leads to blocking of neurotransmitter release and reducing the firing rate. 

A1R plays an important role in many conditions including the treatment of glaucoma, type 2 

diabetes mellitus, cardiac disorders, pain and cerebral ischemia and agonists are of particular interest 

(Deganutti et al., 2020; Glukhova et al., 2017; Wall et al., 2022, 2020). Johansson et al. (2001) has 

shown that the A1R gene in mice results in more anxious mice with decreased hypoxic neuroprotection 

and abolishment of analgesic effect of intrathecal adenosine, establishing the importance of A1R under 

pathophysiological conditions including painful stimulation and hypoxia. A1R agonists have been 

shown to inhibit pain in the spine (Borghi et al., 2002). The problem with using A1R agonists for pain 

treatment is, however, the often-accompanying sedation. Sevoflurane has been shown to activate A1R 

in primary rat hippocampus and has been advocated for use in routine anaesthesia in ambulatory 

surgery patients (Fredholm et al., 2011). Biased agonism or modulation could be one of the ways how 

to differentiate between the various promising and adverse effects of A1R activation. Draper-Joyce et 

al. (2021) have introduced an A1R PAM MIPS521 and showed it has analgesic efficacy in rats in vivo 

without affecting motor functions (like opioid analgesics) or inducing off-tissue bradycardia that is a 

major concern for A1R agonist use as analgesics. A1R partial agonists are also investigated for treatment 

for hypertriglyceridemia associated with diabetes (compound GS9667 by Gilead Sciences) or treatment 

of atrial fibrillation (compound Capadenoson by Bayer Schering Pharma) (Fredholm et al., 2011). 
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There has also been some investigation into antagonising the A1R receptor and several 

companies are investigating selective A1R antagonists as diuretics due to preglomerular arterioles in 

the kidney uncommonly constricting in response to A1R activation. The PROTECT pilot study 

demonstrated that A1R antagonist rolofylline can improve acute symptoms in patients with acute heart 

failure and renal impairment, although PROTECT-2 study failed to demonstrate clinical efficacy (Cotter 

et al., 2008; Fredholm et al., 2011). 

Preceding the work in this thesis, a BnOCPA compound based on an adenosine structure has 

been identified from a structure-activity relationship (SAR) study (Knight et al., 2016) and was 

subsequently shown to selectively activate Gαob subunit resulting in potent in vivo analgesia without 

causing sedation, bradycardia, hypotension or respiratory depression (Wall et al., 2022). This follows 

on the above discussed point that biased agonism could provide a mean to differentiate between 

wanted and unwanted effects following A1R activation, but there is still a need to further improve upon 

BnOCPA for even more potent but still A1R selective compounds. 

The endogenous agonist adenosine is nonselective among the AR subtypes, but several A1R-

selective compounds based on adenosine scaffold have been introduced in the past few years. It has 

been shown that substitutions at the purine C-2 position of adenosine with for example chlorides and 

at the N6 position with cycloalkyl- and bicycloalkyl groups leads to potent A1R-selective compounds 

(Chen et al., 2013; Jacobson et al., 2019; Knight et al., 2016; Petrelli et al., 2018; Tosh et al., 2019). Of 

interest is also the C-5 position, where 5’-carboxamido group substitution yields a well-known very 

potent but non-selective agonist NECA, while 16 has shown that bulkier pyrazole group yields selective 

A1R agonist with analgesic effects in mice. 

 

1.5.1.2 Adenosine 2A and 2B receptor 

A2AR is most highly expressed in the brain, immune cells of the spleen, thymus, leukocytes and 

blood platelets, while A2BR is widely expressed across the whole human body but in low quantities 

(Fredholm et al., 2011, 2001). A2AR and A2BR are predominantly Gαs-coupled receptors leading to 

activation of PKA and increase in intracellular cAMP, but A2AR has also been shown to couple to Gαolf 

in the brain (Corvol et al., 2001; Fredholm et al., 2000; Kull et al., 2000). The endogenous agonist for 

both receptors is the adenosine, but A2BR has the lowest affinity for adenosine among all the AR 

subtypes requiring micromolar adenosine concentrations, which is rare under physiological conditions, 

but can happen in hypoxia, ischaemia or inflammation making A2BR a target in these conditions (Chen 

et al., 2013; Eckle et al., 2012, 2008). Due to its high expression in the brain, it is unsurprising to find 
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A2AR is a target in psychiatric disorders or in regulation of sleep-wake cycle, but it has also been 

implicated in coronary disfunctions, angiogenesis and cancer (Chen et al., 2013; Eltzschig et al., 2012) 

 

1.5.1.3 Adenosine 3 receptor 

A3R has originally been isolated from rat testis and sequence homology of the TMD was used to 

identify it as part of the adenosine receptor family (Meyerhof et al., 1991). A3R is Gαi-coupled receptor 

resulting in inhibition of intracellular cAMP levels and is widely expressed in the human body with 

especially hight amounts in lung and liver (Salvatore et al., 1993). Somewhat limiting for drug discovery 

is the fact that A3R has considerable variation in the pharmacology and distribution among species, 

meaning its more challenging to translate studies from human receptor to animal tissues and then to 

humans once more (Chen et al., 2013). A3R signalling has been linked to, for example, rheumatoid 

arthritis, Crohn's disease and mast cell deregulation (Ochaion et al., 2009; Zhong et al., 2003). Salvatore 

et al. (2000) showed that targeted disruption of A3R led to failure of Cl-IB-MECA (A3R agonist) to 

enhance antigen-stimulated mast cell degranulation. It was also suggested that A3R deletion has 

cardioprotective effect from ischemic injury by reducing myocardial mast cell degranulation (Guo et 

al., 2001; Rork et al., 2008), but this was negated by Ge et al. (2006) showing cardioprotective effect 

of A3R activation. A3R was also found highly upregulated in various cancer cells, particularly colon 

cancer, making it a possible biological tumour marker (Gessi et al., 2004). 

Typical A3R-selective agonists are IB-MECA and Cl-IB-MECA that have been widely used for 

pharmacological studies of A3R. IB-MECA has about 30-fold selectivity for rat A3R over the other 

subtypes (Jacobson, 1998) and is in clinical trials for treatment of autoimmune anti-inflammatory 

diseases, including rheumatoid arthritis (RA) and psoriasis (Fishman et al., 2012). IB-MECA was also in 

clinical trials for dry eye disease and glaucoma, but failed to demonstrate sufficient efficacy (Avni et 

al., 2010; Jacobson and Gao, 2006). A3R agonism was also closely investigated in relation to cardio 

protection, primarily in the context of ischaemia-reperfusion injury. Germack and Dickenson (2006 

)showed that Cl-IB-MECA pre-treatment induced ischaemic preconditioning in neonatal rat 

cardiomyocytes. 

A3R antagonists have seen less clinical progress than agonists, but hold a great therapeutic 

potential in multiple pathological dysfunctions including glaucoma, respiratory disorders or 

inflammation (Chen et al., 2013). Avila et al. (2002) shows that A3R-knockout mice have lower 

intraocular pressure, suggesting A3R antagonists might be a nice alternative for glaucoma treatment. 

Adenosine-induced bronchoconstriction is a well-recognised feature of atopic asthma and it is thought 

that A3R-induced mast cell degranulation and subsequent release of inflammatory mediators is partly 
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to blame (Leung et al., 2014; Tilley et al., 2003). This is supported by the fact that A3R-knockout mice 

have reduced airway responsiveness to aerosolised adenosine, compared to wild-type mice (Tilley et 

al., 2003). Furthermore, this anti-inflammatory characteristic of A3R antagonists could prove beneficial 

not only in asthma but also in chronic obstructive pulmonary disease (COPD). To this end, Young et al. 

(2004) showed that treatment of adenosine deaminase (enzyme involved in adenosine breakdown) 

deficient mice with A3R-selective antagonist MRS1523 prevented airway eosinophilia and mucus 

production.  

A3R signalling has also been implicated in neurological disorders. A3R has proconvulsant effect 

in immature brain and A3R activation decreases stability of inhibitory GABAA signalling currents in 

epileptic human mesial temporal lobe (Boison, 2008; Roseti et al., 2009). This suggests that A3R 

antagonists could be a useful treatment in refractory epilepsy. Furthermore, Zhu et al. (2007) shows 

that A3R agonist IB-MECA stimulates serotonin (5-HT) reuptake in mouse midbrain, hippocampal, and 

cortical synaptosomes and this is absent in A3R knockout mice and blocked by A3R antagonist 

MRS1191. A3R antagonist could therefore be useful for elevating extracellular 5-HT levels in 

hyposerotonergic disorders like major depressive disorder. Ultimately, there is a large untapped 

potential for novel A3R antagonists. 

 

1.5.2 Glucose-dependent insulinotropic polypeptide receptor 

GIPR is a ubiquitous G protein-coupled receptor with the highest expression levels in pancreatic 

β cells, adipose tissue and in certain parts of the brain (Adriaenssens et al., 2019; Beaudry et al., 2019; 

Naylor et al., 2016; Nitz et al., 2007). Multiple single nucleotide polymorphisms of GIPR were also 

identified and associated with cardiovascular disease, increase low-density lipoprotein (LDL) 

cholesterol and type 2 diabetes mellitus (T2DM) (Nitz et al., 2007; Shalaby et al., 2017; Sugunan et al., 

2010). GIPR expression profile and its physiological signalling, which will be explored in detail later, 

make it a target in T2DM, obesity, neurological disorders like Alzheimer’s or Parkinson’s disease and 

even in maintenance of bone health (Schiellerup et al., 2019; Verma et al., 2018). 

 

1.5.2.1 Type 2 diabetes mellitus and obesity 

Diabetes and obesity are huge globe health issues. The number of adult people with diabetes 

has increased from 108 million in 1980 to 422 million in 2014, which is almost a doubling in global 

prevalence from 4.7% to 8.5% (Roglic, 2016). In obesity, 108 million children and 604 million adults 

estimated to be clinically obese in 2015, which is more than double of what it was in 70 countries in 

1980 (GBD 2015 Obesity Collaborators et al., 2017). The serious health risks associated with these 



31 
 

diseases are a major burden on the healthcare system. Every week diabetes leads to 169 amputations, 

680 strokes and almost 2000 cases of heart failure in UK alone the and NHS spends about £10 billion a 

year on diabetes, which is worth ~10% of their entire budget (Diabetes UK, 2019). The global economic 

burden of associated healthcare risks and loss of productivity is them estimated to be approximately 

US $1.3 trillion for diabetes in 2015 and US $2 trillion for obesity in 2014 (Bommer et al., 2018). Out of 

all people diagnosed with diabetes, 90% have type 2. T2DM is a chronic metabolic disorder 

characterised by decreased glucose tolerance, decreased insulin production, and decreased insulin 

sensitivity, leading to chronic hyperglycaemia. T2DM and obesity are not the same disease but being 

obese is a strong predeterminant for the development of T2DM. The high incidence of both of these 

conditions and the astronomical healthcare costs calls for a new improved and lower costs treatment 

that target both T2DM and obesity. 

 

1.5.2.2 Current T2DM treatments 

Current first-line treatments for T2DM are glucose-independent anti-hyperglycaemic drugs like 

sulphonylureas. Sulphonylureas work by binding and inhibiting the ATP-dependent potassium 

channels on the membrane of pancreaticβ cells. This stops the efflux of K+ ions outside the cell, causes 

depolarisation of the β cell and subsequent activation of voltage-gated calcium channels (VGCCs) 

resulting in exocytosis of insulin-containing vesicles (Briscoe et al., 2010). Thiazolidinediones (also 

known as glitazones) are another classical treatment choice and they target the peroxisome 

proliferator activated receptor gamma (PPARγ), which activates many genes involved in glucose and 

fatty acid metabolism and results in promotion of insulin sensitivity (Tyagi et al., 2011). Such 

treatments come with many drawbacks despite their beneficial anti-hyperglycaemic effects like the 

increase in insulin release and insulin sensitivity. Firstly, they do not correct all the symptoms and 

frequently lose efficacy as the disease progresses. Secondly, they are not glucose-dependent, instead 

relaying on continuous elevation of insulin levels and/or sensitivity, which carries with it the associated 

risk of hypoglycaemia. Thirdly, they also fail to address the fact that almost 80% of T2DM patients are 

clinically obese by instead promoting weight gain (Bailey, 2007; Harris et al., 1987). This means that 

the development of glucose-dependent drugs that do not promote weight gain is essential. 

 

1.5.2.3 Incretin effect 

Mcintyre et al. (1964) found that oral administration of glucose promotes higher insulin 

secretion than glucose infusion and that this is due to incretins potentiating insulin release. Oral 

administration of glucose promotes higher insulin secretion than glucose infusion due to incretins 
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potentiating insulin release and this is called the incretin effect (Mcintyre et al., 1964). Incretins are 

metabolic hormones released by the gut in response to nutrients that facilitates the uptake of glucose 

by peripheral tissues by stimulating secretion of insulin. Peptide hormones GIP and GLP-1 belong here. 

Incretins are secreted from enteroendocrine cells of the jejunum and ileum in response to food high 

in fats and carbohydrates. The incretin secretion is coupled to food ingestion by a mechanism where 

glucose entering the endocrine cell is co-transported with Na+ ions, which leads to depolarisation, 

activation of VGCCs and influx of (Ca2+)i into the enteroendocrine cell. (Ca2+)i accumulation in the cell 

then promotes exocytosis of GIP and GLP-1 (Figure 1.9) (Nauck and Meier, 2018). 

 

 

Figure 1.9. Schematic mechanism of incretin hormone secretion from endocrine cells. Glucose and 

sodium ions are co-transported by the sodium glucose transport protein (SGLT) into the endocrine cell. 

Increase of Na+ ions in the cell results in depolarisation, opening of VGCCs and subsequent 

accumulation of Ca2+ ions inside the cell, which then triggers calcium-induced exocytosis of incretin 

hormones GIP and GLP-1 into the blood. 

 

They are than carried by/through the blood to the pancreas, where they act on their receptors 

GIPR and GLP-1R embedded into the PM of pancreatic βcells to potentiate insulin secretion (Figure 

1.10). Binding of incretin to its hormone receptor stimulates Gαs subunit, which activates AC resulting 

in the increase of intracellular cAMP. This then activates PKA, which similarly to sulphonylureas drugs 

mentioned above inhibits K+ channels KvATP and Kv2.1 leading to build up of K+ in the cell, 

depolarisation and subsequent opening of VGCCs. Calcium enters the cytosol and triggers Ca2+-

mediated exocytosis of vesicles containing insulin. Incretin hormones receptors coupling to Gαq 
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subunit then provides a second alternative way to increasing intracellular calcium, also promoting 

insulin release. In addition, GIP is found to promote glucagon secretion at low glucose concentrations, 

whereas GLP-1 suppresses its secretion (Nauck and Meier, 2018). 

 

 

Figure 1.10. A schematic representation of incretin hormone-stimulated insulin secretion from 

pancreatic β cells. Incretin hormones binding at GIPR/GLP-1R causes receptor activation, which in turn 

activates coupled G proteins. Incretin hormone receptors can couple either to Gαs or Gαq. Activated 

Gαs stimulates AC leading to cAMP accumulation in the cell, which in turn promotes PKA activity. PKA 

inhibits potassium channels Kv2.1 and KvATP by phosphorylating them, which leads to cell 

depolarisation, opening of VGCC and subsequent calcium influx into the cytosol. PKA can also through 

a signalling cascade promote opening of IP3R on the endoplasmic reticulum, again promoting calcium 

influx into the cytosol. Activated Gαq leads to activation of PLCβ and increase in IP3, which then 

activates IP3R resulting in Ca2+ influx in cytosol. This triggers Ca2+-mediated exocytosis of vesicles 

containing insulin. 
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For healthy people the insulinotropic actions of incretin hormones account for 50-70% of all 

insulin secretion whereas it is only about 20% for T2DM patients (Nauck et al., 1986). The incretin 

effect impairment in T2DM patients is mostly attributed to the loss of GIP and GLP-1 insulinotropic 

activity (Nauck et al., 1993), but not necessarily to incretin hormone secretion decrease as the 

secretion of GLP-1 and GIP remains relatively unchanged, suggesting dysfunction arises at the level of 

the pancreatic β cells (Meier and Nauck, 2010). It is also interesting to note that although the maximum 

effect of GIP is reduced by around 54% in T2DM patients compared to normal, it is only reduced by 

29% for GLP-1 (Nauck et al., 1993). This could be due to differences in GIPR and GLP-1R signalling and 

suggests GIPR as an important target in T2DM. Overall these findings stress the importance of 

developing therapies based upon incretins to elevate insulin release. 

 

1.5.2.4 Therapeutic potential of GIPR agonists in T2DM 

The markedly decreased (by 50%) insulinotropic action of exogenous GIP in T2DM clearly 

suggests that increasing GIPR signalling might benefit T2DM patients (Nauck et al., 1993). In one of the 

initial studies looking at this problem, Jones et al. (1987) showed that GIP infusion reduced plasma 

levels and increased insulin secretion by 120% in healthy people and by 27% in T2DM patients, which 

was still an improvement. Renner et al. (2010) then studied long-term effects of disruption of GIPR 

signalling. They showed that dominant negative GIPRdn expressing pigs had significantly decreased oral 

glucose tolerance and GIP-induced insulin secretion, but interestingly had enhanced response to GLP-

1R agonists suggesting a compensatory effect between the signalling of the two incretin hormones. 

The deterioration of the glucose control and decrease in β-cell proliferation in GIPRdn expressing pigs 

without any associated weight change then suggests that GIPR agonists might be beneficial for T2DM 

treatment. However, GIP itself is a peptide rapidly degraded by dipeptidyl-peptidase 4 (DPP-4) enzyme 

and so is unsuitable for use in patients, which led to the development and use of DPP-4 inhibitors 

and/or DPP-4 degradation resistant incretin hormones analogues. For example, administration of DPP-

4 degradation resistant GIP analog D-Ala-GIP(1-30) improved glucose tolerance and insulin secretion 

in obese Vancouver diabetic fatty (VDF) Zucker rats, which is an experimental model used for study of 

diabetes, and long-term treatment reduced degradation of βcells by reducing the levels of pro-

apoptotic protein in pancreatic islets (Widenmaier et al., 2010). Another long-acting agonist 

AcGIP(LysPAL37) improved glucose homeostasis and insulin secretion in mice with no change in body 

weight (Irwin et al., 2006). Furthermore, there was interest in GLP-1R/GIPR co-agonists as they showed 

better control of blood glucose through actions on both incretin receptors, as well as more weight loss 

compared to clinically available GLP-1R agonist alone, suggesting a contribution of GIPR agonism for 

this weight loss (Frias et al., 2018). Yet, despite all this promising evidence it was hypothesised that 
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chronic GIPR agonist treatment could promote GIPR internalisation, rendering the target tissues 

unresponsive and hence explain why similar effects can be seen for both GIPR agonists and antagonists 

with respect to weight loss (Holst and Rosenkilde, 2020). 

GIPR agonists have been explored for other indications apart from T2DM. Long-acting GIP 

analogues enhance bone strength in prediabetes via activation of skeletal GIPR and influence bone 

turnover, suggesting their usefulness in bone disease treatment (Holst and Rosenkilde, 2020; 

Vyavahare et al., 2020). Bollag et al. (2000) reported that GIP stimulates expression of collagen type I, 

alkaline phosphatase and other bone formation markers in osteoblasts thus promoting their anabolic 

function, while Zhong et al. (2007) shows that GIP inhibits the bone resorptive function of osteoclasts. 

This indicates that the GIPR signalling plays a role in coordinating nutrient ingestion with bone turnover 

to allow optimisation of nutrients available for bone formation. Furthermore, preclinical studies have 

associated GIPR activation with reduced progression of atherosclerotic lesions. For example, 

subcutaneous infusion of human GIP(1-42) in 17-week-old apolipoprotein E deficient (ApoE-/-) mice for 

4 weeks reduced aortic root atherosclerotic lesion size and macrophage infiltration (Nagashima et al., 

2011). 

 

1.5.2.5 Therapeutic potential of GIPR antagonists in obesity 

Although there is a clear potential in developing GIPR agonists as viable candidates for T2DM 

treatment, there is also a lot of opposing evidence about GIPR signalling in adipose tissue and use of 

GIPR antagonists in obesity. Hauner et al. (1988) showed that GIP promotes the uptake of glucose into 

rat adipocytes and its conversion into lipids. In adipose tissue GIP is known to stimulate lipogenesis, 

increase fatty acid uptake and induce insulin resistance in adipocytes (Asmar et al., 2019, 2017, 2016; 

Nigel Irwin and Flatt, 2009; N. Irwin and Flatt, 2009). Lipogenesis is a process, where lipids are 

hydrolysed into non-esterified fatty acids (NEFA) by the enzyme lipoprotein lipase and reesterified into 

triacylglycerol (TAG) to be stored in adipocytes as lipid droplets (Thondam et al., 2020). GIP stimulates 

lipogenesis by increasing lipoprotein lipase activity via a signalling pathway involving protein kinase B 

(PKB), liver kinase B1(LKB1) and AMP-activated protein kinase (Kim et al., 2007). In agreement with 

this data, fat is a potent initiator for GIP secretion in the gut and GIP levels have been found elevated 

in obesity (Gasbjerg et al., 2019, Yip et al., 1998). 

The elevated GIP levels in obesity are believed to be partially linked to excessive deposition of 

visceral and subcutaneous fat and thus supposedly increased GIP levels can predispose individuals to 

obesity (McClean et al., 2008; Yip et al., 1998). Further corroborating this hypothesis is the fact that 

bariatric surgeries such as Roux-en-Y gastric bypass (RYGB), which are the only really proven 
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techniques to result in sustained weight loss in humans, are often linked to decreased GIP secretion 

and signaling pointing to decreased GIP secretion as a primary beneficial metabolic effect of the 

surgical process (Flatt, 2007; Rubino et al., 2004; Salinari et al., 2009). Experiments on mice show 

promising results when GIPR knockout (GIPR-/-) mice on high-fat diet are protected from developing 

both obesity and insulin resistance (Miyawaki et al., 2002). Furthermore, when these mice are crossed 

with the genetically obese leptin deficient ob/ob mice, the lack of GIPR signaling leads to significant 

reduction in weight gain and adiposity. In another more recent promising piece of work, Killion et al. 

(2018) shows that prolonged administration of a GIPR neutralizing antibody enhances the weight loss 

induced by GLP-1 in mice. 

As was mentioned above, obesity is a predisposing factor for diabetes. So, the question remains, 

whether it is feasible to use GIPR antagonists in obese T2DM patients when GIP promotes insulin 

secretion? Arguing for antagonists use is the fact that GIP-induced lipid deposition activity in 

adipocytes is preserved in obese T2DM patients, while the GIP insulinotropic effect is not, suggesting 

GIPR antagonism should not have much effect in pancreatic β-cells but should have full effect in the 

adipose tissue (Irwin et al., 2020; Nauck et al., 1993; Thondam et al., 2017). Additionally, both fasting 

and post prandial levels of peptide hormone glucagon are elevated in people with T2DM and glucagon 

receptor (GCGR) antagonists have been shown to lower glycaemia in T2DM patients, suggesting 

glucagon as a hyperglycemic agent that contributes to the pathogenesis of T2DM (Campbell and 

Drucker, 2015; El and Campbell, 2020). And one of the GIP known functions is a stimulation of glucagon 

secretion in the pancreatic α cells, on which GIPR is also expressed (DiGruccio et al., 2016; Ding et al., 

1997). GIPR antagonists could therefore help lower glucagon levels. 

To summarize, there is a clear potential for GIPR antagonists in obesity treatment that should 

not be hindered by the role of GIPR signaling in insulin secretion in T2DM patients. GIPR antagonists 

can be a powerful tool in preventing excessive lipogenesis in adipose tissue and excessive glucagon 

secretion in pancreatic α cells. 

 

1.5.2.6 Benefits and challenges of GIPR allosteric modulators 

Both GIPR agonist and antagonists target the orthosteric binding site of the GIP receptor, which 

has evolved for peptide hormone GIP. GIP has a short half-life of less than 2 minutes and is rapidly 

degraded by DPP-4, which is likely to be similar for many peptide drugs targeting the orthosteric site 

limiting their use in clinic (Baggio and Drucker, 2007). Current drugs licensed for treatment of diabetes, 

DPP-4 inhibitors or long-acting degradation resistant GLP-1 mimetics, get around the rapid degradation 

problem, but come with other side effects like gastrointestinal discomfort or flu-like symptoms. 
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Additionally, they also require subcutaneous injection and because of being peptides are very 

expensive costing around £956 per year per patient (Johansen et al., 2020). Therefore, there is an 

outstanding need for orally available, cheaper small molecule drugs in diabetes as well as in obesity. 

It is very hard to design small molecules that could successfully engage all necessary amino acids 

in the large diffuse orthosteric binding site of class B1 GPCRs, but it might be easier to do so for a 

smaller allosteric binding site making it possible to develop cheaper orally available drugs. (Wootten 

and Miller, 2020), for example, note that the open nature of transmembrane helices of the GIPR 

provides many access points for small molecules which will not necessarily overlap with the region at 

which the orthosteric ligand binds. Furthermore, in T2DM, GIPR PAM would promote insulin secretion 

only when GIP is endogenously secreted making insulin secretion more physiological and lessening the 

probability of dangerous hypoglycaemia occurring as is the case for long-acting GLP-1 analogues 

(Wootten et al., 2013a). Same would be true for GIPR NAMs regulating glucagon secretion in a more 

natural way.  

GIPR allosteric modulators may also provide an opportunity for greater subtype selectivity than 

orthosteric ligands (Gentry et al., 2015). GIPR, GLP-1 and GCGR are closely related class B1 GPCRs and 

their ligands GIP, GLP-1 and glucagon do show some cross-reactivity on all three of the receptor s 

(Yuliantie et al., 2020; Zhao et al., 2022, 2021). Development of selective drugs targeting the 

orthosteric site of these receptors might thus be hindered by the similarity between the orthosteric 

sites, while allosteric modulators can target less conserved parts of these receptors leading potentially 

to more selective drugs. This might be particularly useful for GIPR NAMs use in obese patients, where 

downregulation of GLP-1 signalling, which is important for insulin release, would be unwanted and 

could be prevented by GIPR selective NAMs. 

Furthermore, GLP-1R allosteric modulator Compound 2 proves that allosterism of class B1 

GPCRs is possible and also shows that allosteric modulators can be biased, when Koole et al. (2010) 

showed that Compound 2 inhibits GLP-1-induced cAMP accumulation but not (Ca2+)i mobilisation or 

ERK1/2 phosphorylation. GIPR biased allosteric modulators could therefore also be used to elucidate 

differences between GIPR signalling in pancreas and in adipose tissue.  

Taken together, GIPR allosteric modulators would be useful compounds for studying GIPR 

signalling and because of more physiological effects and potential for development of cheaper orally 

available small molecule drugs show also great promise for use in clinic. In particular, GIPR PAMs could 

be used in T2DM treatment, while GIPR NAMs could be useful for treatment of obesity. 
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1.6 The process of drug discovery 

Drug discovery and development is very long and very expensive process with traditional 

approaches relaying on stepwise synthesis and in vitro screening of huge compound libraries to identify 

potential hits/leads which are then subjected to iterative chemical optimisation followed by 

experimental evaluation to obtain pre-clinical candidate(s). However, over the past two decades there 

has been a steady increase in the application of in silico methods together with biological and 

chemistry ones in order to streamline drug discovery, design, development and optimization 

(Kapetanovic, 2008). In silico or Computational Drug Discovery/Design (CADD) can be divided into 

ligand-based drug discovery (LBDD) and structure-based drug discovery (SBDD), although many 

successful drug discovery campaigns have benefited a combined use of both (Frye et al., 2021; Lin et 

al., 2020; Wilson and Lill, 2011). LBDD is an approach that disregards the 3D information of the target 

structure (which may or may not be available) and it mainly relies on knowledge (cheminformatics and 

often aided by machine learning in recent time) of molecules with experimentally proven profile 

(potency, efficacy, affinity if known) against a desired target-related or cellular response (Bacilieri and 

Moro, 2006). We have also applied it here to ARs because there are a lot of known compounds 

targeting the ARs, which can guide design of other new compounds targeting these receptors for SAR 

studies. SBDD, on the other hand is an approach, where structural information of the drug target is 

exploited for the initial identification of hits as well as subsequent hit-to-lead transition and further 

lead optimisation (Wang et al., 2018). The recent rise in the number of solved crystal and cryo-EM 

structures means also rise in use of SBDD approach. Furthermore, in the absence of experimentally 

derived 3D structure of the target protein, a plausible 3D structural model can be obtained either 

through homology modelling (given availability of suitable templates) or ab initio folding based on A.I. 

methods such as AlphaFold and RosettaFold introduced in recent time (Baek et al., 2021; Jumper et 

al., 2021).  

 

1.6.1 Discovery and development of ARs agonists and antagonists 

LBDD effectively 'learns' from previously identified ligands, especially their structure-activity 

relationship (SAR) and use them as a starting point for designing new ligands. Typical ARs non-selective 

ligands are adenosine and NECA, while work preceding this thesis has identified a potent A1R selective 

NECA derivative compound BnOCPA as discussed above (Knight et al., 2016). To identify new and 

improved A1R agonists, a series of new compounds based on adenosine and NECA with extended N6-

benzyloxy- and N6-phenoxycyclopentyl substituents was designed in collaboration with Dr Lochner’s 

lab (University of Bern). Although to find novel scaffolds, a ligand-based approach was chosen initially 
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instead of virtual screening compounds libraries against AR structures, there was retrospective use of 

the AR structures to advise the design of the new compounds. In particular, information from the 

molecular dynamics (MD) simulations using the active cryo-EM A1R structure (PDB code 6D9H20) was 

used, which uncovered three binding modes of BnOCPA, was used to guide the design of the adenosine 

and NECA derivatives (Deganutti et al., 2020). The new compounds are then characterised in chapter 

5 using in vitro pharmacological assays such as, cAMP accumulation assay and BRET competition 

binding techniques. 

To identify new potent A3R antagonists in collaboration with Prof Kolocouris’ group (University 

of Athens), a similar approach of designing a series of new compounds based on currently known A1R 

and A3R ligands (Figure 1.11) was used. There has been an emerging realization that selecting ligands 

based on only their affinity, which is an equilibrium parameter, does not necessarily predict in vivo 

efficacy (Suchankova et al., 2021). Thus, the A1R and A3R ligands chosen as chemical probes for 

selecting compounds for testing were selected based on their kinetic parameters like association 

constant (Kon), dissociation constant (Koff) and the residence time (RT= 1/Koff). The compounds are then 

characterised in chapter 6 using a combination of in vitro techniques like cAMP accumulation assay 

and NanoBRET competition binding assay. This was also complimented by Prof Kolocouris’ work on 

characterising the new compounds’ binding at ARs computational techniques like MD simulations. 

  



40 
 

 

Figure 1.11. Kinetic parameters of selected A1R and A3R ligands. Residence time (RT), dissociation 

constant (Kd), association (Kon) and dissociation (Koff) rate constants of selected A1R (DPCPX, LUF5834, 

LUF6941) and A3R ligands (PSB-11, MRE3008-F20, LUF7565). Figure was adapted from Stampelou et 

al. (2022). 

 

1.6.2 Discovery and development of GIPR allosteric modulators 

Prior to starting this PhD, Prof Ladds’ lab together with Dr Rahman’s lab had identified a few 

unique small molecule GIPR-specific allosteric modulators. The latter were initially found through 

virtual screening of some commercially available, lead-like libraries against the GIPR homology model 

(based on active GLP-1R structure (PDB 5nx2) as template) followed by a full in vitro characterisation 

using multiple pharmacological essays. As potential allosteric sites, few regions within 5Å of the lower 

end of the canonical orthosteric site were used for that screening, although the binding site(s) for the 

positive hits remained to be experimentally determined. The identified compounds are mostly PAMs, 

which are able to significantly potentiate (>10-fold) GIP-enhanced glucose-stimulated insulin release 

from primary human islets, and few NAMs; in particular compounds C3 and C25 that selectively inhibit 

(Ca2+)i mobilisation (Figure 1.12). These compounds are the ‘first-in-class’ at the GIPR and they are 

chemically tractable, “drug-like” small molecules that contain no reactive functional groups and satisfy 

Lipinski’s rule of 5, with high potential for oral delivery. C3 and C25 can then be used as chemical 

probes to search compound libraries for new compounds with similar scaffolds that will be tested for 
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their activity at GIPR in chapter 3 and their binding at the receptor will be explored using in silico 

docking in chapter 4. 

 

 

Figure 1.12. C3 and C25 are NAMs for (Ca2+)i mobilisation at GIPR. GIP(1-42)-induced (Ca2+)i 

mobilisation in HEK-293S cells stably expressing GIPR in the presence of either DMSO or 100 µM tested 

compound. Data is plotted as mean ± SEM and normalised to 10 µM ionomycin response. 

 

A second possible approach is to first systematically and exhaustively identify suitable allosteric 

site(s) at the GIPR using various computational algorithms as well as comparative analyses with other 

GPCRs, especially those belonging to the class B1 family (Sheik Amamuddy et al., 2020; Wagner et al., 

2016). Then the chosen potential allosteric site(s) can be subjected to virtual screening using various 

vendor libraries with scaffold diversity and lead-like properties. There are several ways how to identify 

suitable allosteric sites. Firstly, if there already is an identified allosteric modulator and its binding site 

at the receptor has been elucidated, then that allosteric site can be used for further (and possibly larger 

scale) screening for other potential allosteric ligands. Secondly, there is a plethora of in silico 

techniques for identification of allosteric sites on proteins, most common of which will be described in 

the next section and then applied to GIPR in chapter 4. 

 

1.6.3 In silico methods for allosteric site identification 

There are different in silico techniques enabling identification of good allosteric site on proteins 

that take into various information like evolutionary sequence conservancy, 3D information of the 
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protein surface or biding site of known allosteric modulators. Generally, these methods identify any 

binding sites on the protein including both orthosteric and allosteric sites. However, since an 

orthosteric site is known for a lot of receptors (and it is true also for GIPR), it is not a problem to simply 

exclude it from results in order to identify allosteric binding sites. The methods can be approximately 

divided into knowledge-, sequence-, geometry/energy- or dynamics-based approaches. 

 

1.6.3.1 Knowledge-based prediction approaches 

Knowledge based approaches like Pocketome or 3DLigandSite identify ligand binding sites by 

querying existing databases of already determined ligand-binding sites. Pocketome automatically 

gathers data from solved crystal structures in Protein Data Bank (PDB) and then superimposes the 

proteins in its database against the 3D structure of the queried protein to identify potential binding 

sites (Kufareva et al., 2012). However, since at the time of the writing Pocketome lacked class B1 

GPCRs, it was not feasible for GIPR. 3DLigandSite works very similarly but offers added features of 3D 

structure prediction for proteins without solved structure and mapping of residue conservancy onto 

the protein, although this information is not factored into the ligand binding site identification 

automatically (http://www.sbg.bio.ic.ac.uk/3dligandsite) (Wass et al., 2010; Wass and Sternberg, 

2009). 

3DLigandSite was successfully used by Naushad et al. (2019) to identify loss of non-metallic-

ligand-binding sites of mutant solute carrier family 19 member 1 (SLC19A1) protein that occurs in 

different types of cancers and systemic lupus erythematosus compared to WT protein. However, since 

the known ligand binding sites for GPCRS (and especially for those belonging to the class B1 family) are 

overwhelming represented by the orthosteric binding sites, it is unlikely for 3DLigandSite to be 

particularly helpful for identification of allosteric binding sites at GIPR. 

 

1.6.3.2 Sequence-based prediction approaches 

The rapid increase in availability of sequence data from many organisms allows the use of 

statistical sequence analysis to study relations between AA sequence and protein 3D structure or 

function. Multiple sequence alignment (MSA) mostly refers to the alignment of three or more 

biological sequences (protein or nucleic acid) of similar length, which allows insights into the 

evolutionary relationships between the sequences studied and how well is which part of the protein 

conserved. This is important, because it is expected that conservation is low in the absence of selective 

pressures. Hence, when a selective pressure like binding of ligands/ions to certain part of the protein 

is present, that part should have higher conservancy (Ng and Henikoff, 2003; Schneider et al., 1986; 

http://www.sbg.bio.ic.ac.uk/3dligandsite
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Zvelebil et al., 1987). The disadvantage of this approach is that the binding of ligands is not the only 

selective pressure and many other parts of the protein that have structural or functional roles will be 

fairly well conserved as well. This makes it hard to distinguish between these and the allosteric binding 

site in any other way than that the binding sites are more likely to be on the protein surface while the 

functionally and structurally important amino acids might be a bit more buried. 

The GPCR—sequence analysis and statistics (GPCR-SAS) is one of the in silico techniques using 

MSA and conservancy analysis (http://lmc.uab.cat/gpcrsas/gpcrsas/). This web application enables 

conservation analysis, covariance analysis and correlation analysis of the GPCRs TMD segments 

charting the result as a snake-plot (Gómez Tamayo et al., 2018). However, concentrating just on the 

TMDs means that allosteric sites particularly in the N-termini and the extracellular loops readily 

accessible by ligand can be missed. Another technique is ConSurf, which is an algorithmic web 

application for the identification of functional regions in proteins by surface mapping of phylogenetic 

information that maps the results onto a pdb (protein data bank format) structure and additionally 

constructs a phylogenetic tree (Armon et al., 2001) (https://consurf.tau.ac.il/overview.php). One of 

the advantages of ConSurf in comparison to other methods like GPCR-SAS is the accurate computation 

of the evolutionary rate by using either an empirical Bayesian method or a maximum likelihood 

method, which are both statistical methods (Glaser et al., 2003). Empirical Bayesian method refers to 

the fact that prior probability distribution is estimated from the data instead of being fixed and 

maximum likelihood method determines parameter values that are most likely to be the same as actual 

observed values. 

MSA is also used by statistical coupling analysis (SCA), which identifies networks of coevolving 

residues (termed ‘sectors’) in a protein family (Lockless and Ranganathan, 1999). The sectors are 

thought to be functionally important and provide a molecular basis for allosteric communications 

between functional and allosteric sites (Lichtarge et al., 1996; Marcotte et al., 1999; Pellegrini et al., 

1999). SCA was used for example by  Novinec et al. (2014) and applied to a collagenolytic cysteine 

peptidase cathepsin K, which is a major target for the treatment of osteoporosis, leading to the 

identification of 14 residues and 8 allosteric sites involved in the allosteric communications of 

cathepsin K, which he also experimentally validated. Furthermore, by conducting a high throughput in 

silico docking of compounds against these protein sectors, he managed to identify the first small-

molecule allosteric inhibitor of cathepsin K, compound NSC13345. This work shows that together with 

other in silico techniques and in vitro validation, SCA can be used for the discovery of druggable 

allosteric sites. SCA has previously been applied to class A GPCRs, but not yet to class B1 GPCRs 

including GIPR (Suel, 2003; dima 2005). pySCA, used in this thesis, is a prewritten python script for linux 

http://lmc.uab.cat/gpcrsas/gpcrsas/
https://consurf.tau.ac.il/overview.php
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that enables automated SCA analysis and can also be applied to class B1 GPCRs 

(https://github.com/ranganathanlab/pySCA) (Rivoire et al., 2016). 

 

1.6.3.3 Geometry- and/or energy-based prediction methods 

Geometry-based methods identify ligand-binding sites based on metrics like volume and shape 

and they view 3D structure of the target protein simply as a set of atomic coordinates (Cheng and Jiang, 

2019). Too shallow binding sites are usually dropped from the analysis. There are generally three 

different techniques that geometry-based methods can employ: grid system scanning, probe sphere 

filling and alpha-shape techniques. The grid system scanning technique shows protein atoms as 

spheres of van der Waals radii and it sorts all the grid points into those occupied by the protein and 

those empty. Afterward it ranks the empty spaces as pockets by geometric metrics such as the width 

and depth of the pocket. Example of such method is the Fpocket (Le Guilloux et al., 2009). The probe 

sphere-based technique works by filling the protein pockets or cavities with a set of round probe 

spheres that have a set radius, which can be chosen as smaller or larger based on how the compounds 

we want to dock against the newly identified site look. SURFNET method uses this technique 

(Laskowski, 1995). Lastly, CAST method, for example, uses alpha shape and discrete-flow theory, which 

is a bit more mathematically and computationally complicated and more detail for those interested 

can be found in the references (Edelsbrunner and Mucke, 1994; Liang et al., 1998, Weiqiang et al., 

2012). Then there are some methods, which employ a combination of techniques like POcket-Cavity 

Search Application (POCASA), which uses both the grid system and probe sphere 

(http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/) (Yu et al., 2010). Classifying binding sites based 

on geometry is also often only one part of a more complex technique and is quite commonly used since 

it is easy to do and doesn’t require much computational power while giving a lot of information about 

the possible binding sites. 

Energy-based approaches like FTmaps blindly dock small probes onto the target protein and 

then evaluate the interactions (https://ftmap.bu.edu). FTmaps samples billions of positions of small 

organic molecules like acetone, ethanol or urea used as probes and scores the resulting poses using a 

detailed energy expression (Kozakov et al., 2015). However, compared to geometry-based methods, 

these are much more computationally demanding. This limits their applicability to large-scale 

structural data sets but is still very doable for just one or a few receptor models like in this thesis. 

https://github.com/ranganathanlab/pySCA
http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/
https://ftmap.bu.edu/
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1.6.3.4 Dynamics-based prediction approaches 

The disadvantage of geometry and energy-based approaches described above is that they look 

on the protein as a rigid 3D structure, when in reality proteins constantly move between multiple 

conformations. Moreover, some allosteric sites might be open and approachable to ligands only in 

some of those conformations, meaning a study looking at one rigid conformation might not find them 

at all. Dynamics-based prediction approaches overcome this by looking at moving proteins in multiple 

conformations. Methods that belong here are MD simulations, Markov state models, coarse-grained 

and lattice modelling and normal mode analysis (NMA). 

MD simulations is the most used computational method for studying protein dynamics (Karplus 

and McCammon, 2002). MD simulations are mostly used to investigate allosteric mechanisms of 

proteins, but can also be used for allosteric site identification. Laine et al. (2010, 2009) used MD 

simulations to study the transition of bacillus anthracis adenylyl cyclase toxin edema factor (EF) from 

its inactive to active conformation and found allosteric site present only in the intermediate structure, 

against which they also then found an allosteric inhibitor compound. Moreover, MD simulations can 

be used to generate multiple receptor models representing the snapshots of the different receptor 

conformations over time from one original rigid model. These receptor snapshots can then be used by 

other techniques to probe for allosteric sites, which might only be present in some of these models 

but not in all. Markov state model then further builds onto the MD simulations to calculate the 

probabilities of different intermediate states of the receptor (Chodera and Noé, 2014; Malmstrom et 

al., 2014; Pande et al., 2010). 

Coarse-grained and lattice modelling has the advantage of requiring less computational power 

than the previous two methods. This is possible thanks to the use of ”pseudo-atoms”, which means 

that the method approximates and models a whole amino acid as one ball instead of modelling every 

single atom separately (Qi et al., 2012). The method than introduces perturbations into different sites 

and looks whether this has an effect on the rest of the protein structure. If it does have an effect, the 

perturbed site is predicted as an allosteric site. Qi et al. (2012) used this approach to successful identify 

new allosteric sites of Escherichia coli phosphoglycerate dehydrogenase and NAMs binding there. 

Finally, normal mode analysis of an elastic network model (ENM) hypothesises that the largest 

movements in a protein are functional and studies the functional motions of a protein (Bahar et al., 

2010). Compared to MD simulations it is more suited for the study of large structural rearrangements 

of proteins. 
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SPACER is a web server application that integrates NMA with Monte Carlo simulations to predict 

allosteric binding sites (http://allostery.bii.a-star.edu.sg/) (Goncearenco et al., 2013). The binding sites 

are predicted based on local closeness, which calculates closeness between neighbouring atoms, 

binding leverage, which measures ability of a binding site to couple to intrinsic motions of a protein, 

and leverage coupling between two sites, which is a quantitative characteristic of allosteric 

communication. PARS is another web application that uses NMA and coarse-grained modelling to 

predict allosteric sites based on the alteration of protein flexibility upon ligand binding 

(http://bioinf.uab.cat/pars) (Panjkovich and Daura, 2014). When applied to benchmark data, PARS 

successfully predicted 44% of known allosteric sites (Panjkovich and Daura, 2014). Additionally, if 

enough structural data is available, it also measures the structural conservation of each predicted 

binding site. 

 

1.7 Aims 

The focus of this thesis is on the drug discovery at class A and class B GPCRs. Given the possible 

therapeutic effects of modulating GIPR signalling pathway in diabetes and obesity, the primary 

objective of this thesis was to discover and improve GIPR allosteric modulators using both in silico and 

in vitro techniques and also to find the allosteric binding site at GIPR. The specific aims were as follows: 

• Screen potential GIPR allosteric modulators and explore their selectivity and effects on 

different GIPR signalling pathways. 

• Use in silico docking to predict the GIPR binding site of the allosteric modulators and 

confirm these predictions using in vitro pharmacological techniques. 

• Investigate potential allosteric binding sites at GIPR using in silico techniques for 

allosteric site identification. 

The second part of this thesis is then focused on drug discovery at adenosine receptors with the aim 

of developing more selective and more potent compounds. The specific aims were as follows: 

• Screen compounds for more potent A1R agonists that retain or improve upon the 

selectivity of previously discovered compounds. 

• Discover high affinity, potent A1 and A3 receptor antagonists. 

  

http://allostery.bii.a-star.edu.sg/
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Chapter 2. Materials and methods  

 

2.1 Materials 

2.1.1 General laboratory reagents 

All general laboratory reagents were of analytical grade and purchased from Sigma-Aldrich, 

unless otherwise stated. 

 

2.1.2 Ligands 

Human GIP(1-42) and GIP(Pro3) were purchased from Abcam (Cambridge, U.K.) and made to 1 

mM stocks in water containing 0.1% bovine serum albumin (BSA). Human GLP-1 (7–36)NH2 and 

glucagon were purchased from Generon (Slough, UK) and all were made up to 1mM stocks in water 

containing 0.1% BSA. NECA (5′-(N-Ethylcarboxamido) adenosine), CPA (cyproterone acetate) and 

DPCPX (8-cyclopentyl-1,3-dipropylxanthine) were purchased from Sigma-Aldrich and made to 10 mM 

stocks in dimethyl-sulphoxide (DMSO). Ionomycin was bought from Cayman Biosciences (Michigan, 

USA) and prepared as 10 mM stock in absolute ethanol. CA200645 was purchased from Hello Bio and 

made up to 100 mM stocks in DMSO. All above compounds were stored at -20°C prior to use. Forskolin 

was purchased from Tocris Bioscience (Wiltshire, UK), made up to 10 mM stocks in DMSO and stored 

at room temperature (RT). 

 

2.1.3 Compounds 

All compounds tested for activity at the GIPR were purchased from either Enamine or Vitas-M 

Laboratories and made to 10 mM stocks in DMSO. Compounds were arbitrarily named Cx and Tx (x = 

number) (structures detailed in Table 2.1). 
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Table 2.1. 2D structures and molecular weight of potential GIPR allosteric modulators. 

Compound Structure 
Molecular 

weight (g/mol) 

C3 

 

459.90 

C22 

 

482.00 

C25 

 

378.50 

C42 

 

349.40 

C58 

 

363.40 

C73 

 

401.50 

C82 

 

370.40 

C91 

 

433.30 

C95 

 

429.50 

T1 

 

350.42 
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T2 

 

379.50 

T3 

 

366.39 

T4 

 

386.47 

T5 

 

373.43 

T6 

 

279.34 

T7 

 

350.42 

T8 

 

403.44 

T9 

 

357.41 

T10 

 

438.50 

T11 

 

323.33 
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T12 

 

415.43 

T13 

 

348.36 

T14 

 

417.51 

T15 

 

430.48 

T16 

 

354.40 

T17 

 

390.85 

T18 

 

432.78 

T19 

 

438.49 

T20 

 

436.50 

T21 

 

362.80 

T22 
 

324.40 
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T23 

 

328.40 

T24 

 

402.50 

T25 

 

384.40 

T26 

 

421.90 

T27 

 

353.40 

 

NECA and CPA derivative compounds tested for activity at ARs were synthesised by Dr Lochner’s 

group (University of Bern) and made up to 10 mM stocks in DMSO. Compounds were arbitrarily 

numbered 19-30 and 44-55 (structures detailed in Table 2.2). 
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Table 2.2. List of synthetic adenosine and NECA derivatives. List of all tested compounds, their 2D 

structure and molecular weight. 

Cmpd Structure 
Molecular 

weight 
(g/mol) 

Type of derivate 

Adenosine 

 

267.24 - 

BnOCPA 

 

441.49 Benzyloxycyclopentyl 

19 

 

471.51 Benzyloxycyclopentyl 

20 

 

520.38 Benzyloxycyclopentyl 

21 

 

520.38 Benzyloxycyclopentyl 

22 

 

475.93 Benzyloxycyclopentyl 

23 

 

475.93 Benzyloxycyclopentyl 

24 

 

427.46 Phenoxycyclopentyl 

25 

 

483.57 Phenoxycyclopentyl 

26 

 

457.49 Phenoxycyclopentyl 

27 

 

506.36 Phenoxycyclopentyl 
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28 

 

461.90 Phenoxycyclopentyl 

29 

 

461.90 Phenoxycyclopentyl 

30 

 

461.90 Phenoxycyclopentyl 

NECA 

 

308.29 - 

44 

 

512.57 Benzyloxycyclopentyl 

45 

 

561.44 Benzyloxycyclopentyl 

46 

 

561.44 Benzyloxycyclopentyl 

47 

 

516.98 Benzyloxycyclopentyl 

48 

 

516.98 Benzyloxycyclopentyl 

49 

 

468.51 Phenoxycyclopentyl 
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50 

 

524.62 Phenoxycyclopentyl 

51 

 

498.54 Phenoxycyclopentyl 

52 

 

547.41 Phenoxycyclopentyl 

53 

 

502.96 Phenoxycyclopentyl 

54 

 

502.96 Phenoxycyclopentyl 

55 

 

502.96 phenoxycyclopentyl 
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Derivative compounds based on A17, A26 and A47 (my partII undergraduate project) tested for 

activity at ARs were synthesised by Prof Marako’s group (University of Athens) and made up to 100 

mM stocks dissolved in DMSO. Compounds were arbitrarily named Ax or Lx (x = number) (structures 

detailed in Table 2.3). 
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Table 2.3. A17, A26 and A47 derivative compounds structures and their molecular weight. 

Name Structure MW Name Structure MW    

A15 

 

325.33 A26 

 

372.43    

A17 

 

401.43 

L12 
N

N

N

N

HN

O

NHH

H

 

358.40    

L2 
N

N

N

NH

Cl

OCH3

H3CO

H3CO
H

 

376.84 

L15 

N
N

N

N

HN

O

H

 

343.39    

L3 
N

N

N

NH

NC

OCH3

H3CO

H3CO
H

 

367.41 L21 N

NH

N

N

NHCNH

CH3

O  

364.45    

L4 N
N

N

NH

NC

H

 

311.35 A47 

 

315.38    

L5 N
N

N

NH

Cl

OCH3

H3CO

H3CO
H

 

410.86 L23 

 

315.37    

L6 N
N

N

NH

OCH3

H3CO

H3CO
H

 

376.41 L25 

 

295.34    

L7 N
N

N

NH

OCH3

H3CO

H3CO

H2N

H

 

405.46 L26 

 

295.34    
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L8 
H

N
N

N

NH

OCH3

H3CO

H3CO

N
H

 

495.58 L29 

 

281.36    

L9 
H

N
N

N

NH

OCH3

H3CO

H3CO

N

N

H

 

496.57 L32 

 

281.36    

L10 N
N

N

NH

OCH3

H3CO

H3CO

N

N

H

H

 

502.62       

 

As all the compounds were dissolved in DMSO, an equivalent amount of DMSO was used as a 

negative control in all experiments. 

 

2.1.4 Growth media 

The growth media used for culturing mammalian cells were Dulbecco’s modified Eagle’s medium 

(DMEM), DMEM/F-12, Ham’s F12 nutrient mix and RPMI1640 media. These were all purchased from 

Life Technologies and supplemented with 10% v/v fetal bovine serum (FBS, Sigma-Aldrich, UK) and 1% 

v/v antibiotic/antimycotic (Sigma, UK). 

Sterile Luria-Bertani (LB) medium, made up by adding 8 g LB powder (Sigma-Aldrich) to 400 mL 

distilled H20 and autoclaving it, was used to grow Escheriscia coli either in solution or on an agar plate. 

 

2.1.5 Laboratory buffer and media 

Phosphate buffered saline (PBS) was made by adding one PBS tablets (Sigma-Aldrich) in 200 mL 

distilled H2O and autoclaving it to produce a solution consisting of 2.7 mM KCl, 0.137 M NaCl and 0.1 

M phosphate buffer at a pH of 7.4. Hank’s balanced salt solution (HBSS), both with and without 

calcium, was purchased from Lonza. 
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2.1.6 DNA expression constructs 

All constructs used in this study were either gifts from collaborators, purchased from 

commercial vendors, or generated in the laboratory by cloning or site-directed mutagenesis. The 

constructs and their source are detailed in Table 2.4. 
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Table 2.4. List of expression constructs used in this study 

Construct Source 

pcDNA3.1-zeo  Invitrogen 
pcDNA3.2-GIPR Simon Dowell (GSK) 

pcDNA3.2-GIPR Y1411.43A Site-directed mutagenesis 
pcDNA3.2-GIPR L1932.70A Site-directed mutagenesis 
pcDNA3.2-GIPR L1942.71A Site-directed mutagenesis 

pcDNA3.2-GIPR R196A Site-directed mutagenesis 
pcDNA3.2-GIPR P197A Site-directed mutagenesis 
pcDNA3.2-GIPR G198A Site-directed mutagenesis 
pcDNA3.2-GIPR Q204A Site-directed mutagenesis 
pcDNA3.2-GIPR N210A Site-directed mutagenesis 

pcDNA3.2-GIPR Q2113.24A Site-directed mutagenesis 
pcDNA3.2-GIPR Q2203.33A Site-directed mutagenesis 

pcDNA3.2-GIPR Y231A Site-directed mutagenesis 
pcDNA3.2-GIPR Q28645.50A Site-directed mutagenesis 
pcDNA3.2-GIPR W28745.51A Site-directed mutagenesis 
pcDNA3.2-GIPR E28845.52A Site-directed mutagenesis 

pcDNA3.2-GIPR R289A Site-directed mutagenesis 
pcDNA3.2-GIPR W2965.36A Site-directed mutagenesis 
pcDNA3.1-myc-GIPR-RLuc Kathleen Caron 

pcDNA3.1-GIPR-Nluc Dr Matthew Harris (Cambridge) 
pEYFPN1-β-arrestin-1 Prof Kathleen Caron (UNC) 
EYFPN1-β-arrestin-2 Prof Kathleen Caron (UNC) 

BK(A)mGRK5 Prof Kathleen Caron (UNC) 
pcDNA5/FRT Fisher Scientific UK LTD 

pOG44 Fisher Scientific UK LTD 
pcDNA3.1-A1R Dr Steve Briddon (Nottingham) 

pcDNA3.1-A1R K2917.56A Site-directed mutagenesis 
pcDNA3.1-A1R I2928.47A Site-directed mutagenesis 
pcDNA3.1-A1R Q2938.48A Site-directed mutagenesis 
pcDNA3.1-A1R K2948.49A Site-directed mutagenesis 

pcDNA3.1-Nluc- A1R Dr Steve Briddon (Nottingham) 
pcDNA3.1-Nluc- A1R T913.36A Site-directed mutagenesis 

pcDNA3.1-Nluc- A1R F1715.29A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R E1725.30A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R L2506.51A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R H2516.52A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R N2546.55A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R S2677.32A Site-directed mutagenesis 
pcDNA3.1-Nluc- A1R Y2717.36A Site-directed mutagenesis 
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2.2 Methods 

2.2.1 Mammalian cell culture 

2.2.1.1 Cell culture 

Cell culture procedures were conducted using proper aseptic technique in a flow laminar tissue 

culture hood in accordance with safe laboratory practices and standard microbiological procedures. 

All solutions and equipment that come into contact with cells were sterile and growth media were 

prewarmed in a water bath 37°C prior use. Unless otherwise stated, all cell lines were incubated in 

growth complete medium at 37°C in humidified 95% air and 5% CO2. 

Human embryonic kidney (HEK) 293T, HEK-293S and HEK293-calcitonin receptor knock-out 

(ΔCTR) cells were gifted by AstraZeneca (AZ) (Cambridge, UK). HEK-293S cells stably expressing GIPR 

were made by Dr Harris (University of Cambridge), while HEK-293S stably expressing GLP-1R and HEK-

293ΔCTR stably expressing GCGR were made by Dr Yeung (University of Cambridge). HEK-293 cells 

stably expressing rat Nluc-A1R, human Nluc-A1R or human Nluc-A3R were made by Dr Barkan 

(University of Cambridge). Selection was maintained by culturing the cells with 800ng/uL G418 

antibiotic (TOKU-E, Ghent, Belgium). All HEK-293 cell lines were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM)/Nutrient mixture F12 supplemented with Glutamax (ThermoFisher, UK), with 10% 

Heat inactivated Foetal Bovine Serum (FBS) (Sigma-Aldrich, Poole, Dorset, UK) and 1% antibiotic 

antimycotic solution (Sigma-Aldrich, Poole, Dorset, UK) (v/v). 

CHO-KI cells stably expressing A1R, A2AR or A2BR and Flp-InTM CHO cells stably expressing A3R were 

made by Dr Barkan (University of Cambridge). Selection was maintained by culturing the CHO-A2AR or 

CHO-A2BR cells with 800ng/uL G418 antibiotic or by culturing the Flp-InTM CHO-A3R cells with 600 μg/mL 

hygromycin B (Thermo Fisher Scientific). Flp-InTM CHO cells were purchased from Thermo Fisher 

Scientific (R75807) and selection was maintained by culturing the cells with 100 μg/mL Zeocin Selection 

Antibiotic (Thermo Fisher Scientific). All CHO cell lines were cultured in Hams F-12 nutrient mix 

(21765029, Thermo Fisher Scientific) supplemented with 10% Heat inactivated Foetal Bovine Serum 

(FBS) (Sigma-Aldrich, Poole, Dorset, UK) and 1% antibiotic antimycotic solution (Sigma-Aldrich, Poole, 

Dorset, UK) (v/v). 

For β-arrestin recruitment assays, cells were grown in minimum essential media (MEM) with 2% 

heat inactivated FBS, 1% antibiotic antimycotic solution, and 1% L-Glutaine (v/v) for 24 hours before 

assaying. 
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Rat INS-1 WT cells were gifted by AZ and cultured in RPMI 1640 medium supplemented with 

10% heat-inactivated FBS, 10mM HEPES, 1mM sodium pyruvate and 50𝜇M 𝛽-mercaptoethanol. 

 

2.2.1.2 Generation of stable cell lines 

To reduce the need for transient transfections, a HEK-293 cell lines stably expressing Nluc-A1R 

mutants T913.36A, F1715.29A, E1725.30A, L2506.51A, H2516.52A, N2546.55A, S2677.32A and Y2717.36A were 

generated. HEK-293 cells were transfected with mutant pcDNA3.1-Nluc-A1R and grown in 6 well plate 

in complete DMEM/F12 containing 800 ng/μL G418 (Sigma Aldrich), to select for transfected cells using 

the neomycin resistance gene contained within pcDNA3.1-Nluc-A1R. G418-containing media was 

replaced every 48 hours until a well reached 100% confluency. Cells were then harvested and 

transferred to T25 flask for culturing. Once confluent, the cells were tested for their ability to bind 

CA200645 in NanoBRET binding assay. Cells were then maintained in complete DMEM/F12 containing 

800 ng/μL G418 and stocks were frozen down for long-term cryo-storage as described below. 

Stable Flp-In-CHO cell lines were generated through co-transfection of the Flp-In-CHO cells with 

pcDNA5/FRT expression vector (Thermo Fisher Scientific) containing the WT or mutant A1R and the Flp 

recombinase expressing plasmid, pOG44 (Thermo Fisher Scientific). Transfection of cells seeded in a 6-

well plate at a confluency of  ≥80% was performed using Fugene HD transfection reagent (Promega) 

in accordance with the manufacturer’s instructions. A total of 2 μg of DNA (receptor to pOG44 ratio of 

1:1) was transfected per well at a DNA:Fugene HD reagent ratio of 1:3 (w/v). 24 h post-transfection, 

selection using 600 μg/mL hygromycin B (Thermo Fisher Scientific) (concentration determined through 

preforming a kill curve) was performed and hygromycin B-containing media was replaced every 48 

hours until a well reached 100% confluency and cells were transferred into a T25 flask. Stable Flp-In-

CHO cell lines expressing the receptor of interest were selected using 600 μg/mL hygromycin B 

whereby the media was changed every two days.  

 

2.2.1.3 Long-term cryo-storage and recovery 

To freeze down cell aliquots for long-term cryo-storage, the cells were first grown to roughly 

90% confluency in an appropriate complete media in a culture vessel (T25 or T75 flask). Cells were then 

detached from the culture vessel using trypsin/EDTA, harvested and centrifuged. Cells were 

resuspended in freezing medium containing 90% of complete medium and 10% DMSO (v/v). Cells were 

frozen gradually in an insulated box in -70 to -80°C freezer before transferring to liquid nitrogen storage 

or -140°C cryo-freezer. 
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To recover cells from long-term cryo-storage, the cells were thawed as quickly as possible by 

gently swirling the vial in 37°C water bath to minimize intracellular ice crystal growth during the 

warming process. The cells were then diluted carefully using prewarmed complete media and the 

whole cell suspension was centrifuged at 1400 rpm for 4 minutes. Following centrifugation, the 

supernatant was decanted without disturbing the cell pellet and cells were resuspended in complete 

growth medium and transferred into appropriate culture vessel. 

 

2.2.2 Molecular biology techniques 

2.2.2.1 Escherichia coli transformation 

DNA plasmids in this study were amplified using competent E. coli DH5α cells (Stratagene, San 

Diego, California, US), which were propagated using standard methods as described in (Glover and 

Hames, 1985). After slowly thawing 100 μL of competent cells’ suspension on ice, approximately 100 

ng plasmid DNA was added to the cells. The cell suspension was incubated on ice for 5 minutes, heat 

shocked at 42 °C for 1 to 2 minutes in a water bath and rested on ice for further 5 minutes. The cell 

suspension was then added to LB containing either ampicillin (100 mg/mL) or kanamycin (50 mg/mL), 

where appropriate, and cultured at 37 °C with constant shaking at 180 rpm. For cells with kanamycin 

resistance, the cells were cultured only in LB for 1 hour before the addition of kanamycin. Alternatively, 

the transformed cells could be plated on LB agar plates containing either ampicillin (100 mg/mL) or 

kanamycin (50 mg/mL), where appropriate, and cultured overnight at 37 °C . 

 

2.2.2.2 Plasmid DNA purification 

All plasmids used in this study were prepared by transformation and culture of competent DH5a 

cells described above and subsequent purification using QIAprep Spin Miniprep Kit (Qiagen, UK) 

following the manufacturer’s instruction. First, overnight bacterial culture was centrifuged at 3200 rpm 

for 5 minutes and the supernatant was discarded. Bacterial pellet was then lysed under alkaline 

conditions using buffer P1, neutralized using buffer P2, and adjusted to high-salt binding solution using 

buffer N3. Cell suspension was centrifuged at 13,000 rpm for 10 minutes and the supernatant was 

purified on QIAprep silica membrane (QIAprep minispin column), washed with ethanol-based buffer 

PE, and eluted in 30 or 50 μl of warm distilled H2O. The quality and concentration of DNA was measured 

using a NanoDropTM Lite spectrophotometer (ThermoFisher Scientific), with a 260nm/280 nm 

absorbance ratio of 1.8 accepted as pure DNA. 
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2.2.2.3 Site-directed mutagenesis 

pcDNA3.2-GIPR mutants Y1411.43A, L1932.70A, L1942.71A, R196A, P197A, G198A, Q204A, N210A, 

Q2113.24A, Q2203.33A, Y231A, Q28645.50A, W28745.51A, E28845.52A, R289A and W2965.36A, pcDNA3.1-A1R 

mutants K2917.56A, I2928.47A, Q2938.48A and K2948.49A and pcDNA3.1-Nluc-A1R mutants T913.36A, 

F1715.29A, E1725.30A, L2506.51A, H2516.52A and N2546.55A were made using site-directed mutagenesis 

using Lightning QuikChange Kit (Agilent Technologies), following the manufacturer’s instructions. 

Forward and reverse oligonucleotides were designed using the online primer design tool for the 

Lightning QuikChange Kit and are detailed in Table 2.5. Reaction components and cycle parameters are 

stated in Table 2.6 and Table 2.7. 
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Table 2.5. Forward and reverse primers used for QuikChange Lightning site-directed mutagenesis. Bold 

letters indicate changed bases relative to WT protein. 

Mutant Primer Primer sequence 

pcDNA3.2-GIPR Y1411.43A 
Reverse ggagtagccgacagtggccatgacctgcaaccgc 
Forward gcggttgcaggtcatggccactgtcggctactcc 

pcDNA3.2-GIPR L1932.70A 
Reverse ggtcgaggtagcgcacggtctcggctgaga 
Forward tctcagccgagaccgtgcgctacctcgacc 

pcDNA3.2-GIPR L1942.71A 
Reverse gccaggtcgaggtgccagacggtctcgg 
Forward ccgagaccgtctggcacctcgacctggc 

pcDNA3.2-GIPR R196A 
Reverse gggccaggtgcaggtagcagacggtctc 
Forward gagaccgtctgctacctgcacctggccc 

pcDNA3.2-GIPR P197A 
Reverse ggtaggggccagctcgaggtagcag 
Forward ctgctacctcgagctggcccctacc 

pcDNA3.2-GIPR G198A 
Reverse cccaaggtagggggcaggtcgaggtag 
Forward ctacctcgacctgccccctaccttggg 

pcDNA3.2-GIPR Q204A 
Reverse cagcgcaagggccgcgtccccaaggtag 
Forward ctaccttggggacgcggcccttgcgctg 

pcDNA3.2-GIPR N210A 
Reverse agcgagggcctgggcccacagcgcaagg 
Forward ccttgcgctgtgggcccaggccctcgct 

pcDNA3.2-GIPR Q2113.24A 
Reverse ggcagcgagggccgcgttccacagcgca 
Forward tgcgctgtggaacgcggccctcgctgcc 

pcDNA3.2-GIPR Q2203.33A 
Reverse ctgggtcacgatcgcggccgtgcggcag 
Forward ctgccgcacggccgcgatcgtgacccag 

pcDNA3.2-GIPR Y231A 
Reverse ccagcagccacgtggcgttggcacccacgc 
Forward gcgtgggtgccaacgccacgtggctgctg 

pcDNA3.2-GIPR Q28645.50A 
Reverse cgttgcgctcccaggcctgcgtgttctcgt 
Forward acgagaacacgcaggcctgggagcgcaacg 

pcDNA3.2-GIPR W28745.51A 
Reverse acttcgttgcgctccgcgcactgcgtgttctc 
Forward gagaacacgcagtgcgcggagcgcaacgaagt 

pcDNA3.2-GIPR E28845.52A 
Reverse gacttcgttgcgcgcccagcactgcgt 
Forward acgcagtgctgggcgcgcaacgaagtc 

pcDNA3.2-GIPR R289A 
Reverse ccttgacttcgttggcctcccagcactgcg 
Forward cgcagtgctgggaggccaacgaagtcaagg 

pcDNA3.2-GIPR W2965.36A 
Reverse gggtccgtataatccacgcaatggccttgacttcgttg 
Forward caacgaagtcaaggccattgcgtggattatacggaccc 

pcDNA3.1-A1R K2917.56A 
Reverse cgcggaacttctggatggcgaaggcatagacaatgg 
Forward ccattgtctatgccttcgccatccagaagttccgcg 

pcDNA3.1-A1R I2928.47A 
Reverse gacgcggaacttctgggcgcggaaggcatagaca 
Forward tgtctatgccttccgcgcccagaagttccgcgtc 

pcDNA3.1-A1R Q2938.48A 
Reverse ggtgacgcggaacttcgcgatgcggaaggcatag 
Forward ctatgccttccgcatcgcgaagttccgcgtcacc 

pcDNA3.1-A1R K2948.49A 
Reverse ggtgacgcggaacgcctggatgcggaaggcatag 
Forward ctatgccttccgcatccaggcgttccgcgtcacc 

pcDNA3.1-Nluc- A1R T913.36A 
Reverse gatggagctctgggcgaggatgaggaccg 
Forward cggtcctcatcctcgcccagagctccatc 

pcDNA3.1-Nluc- A1R F1715.29A 
Reverse tgctgatgaccttctcggcctcgcacttgatcacgg 
Forward ccgtgatcaagtgcgaggccgagaaggtcatcagca 

pcDNA3.1-Nluc- A1R E1725.30A 
Reverse ccatgctgatgaccttcgcgaactcgcacttgatc 
Forward gatcaagtgcgagttcgcgaaggtcatcagcatgg 

pcDNA3.1-Nluc- A1R L2506.51A Reverse cagttgaggatgtgcgcaggcagccagctgaggg 



65 
 

Forward Ccctcagctggctgcctgcgcacatcctcaactg 

pcDNA3.1-Nluc- A1R H2516.52A 
Reverse gatgcagttgaggatggccaaaggcagccagctg 
Forward cagctggctgcctttggccatcctcaactgcatc 

pcDNA3.1-Nluc- A1R N2546.55A 
Reverse cagaagagggtgatgcaggcgaggatgtgcaaaggcag 
Forward ctgcctttgcacatcctcgcctgcatcaccctcttctg 

 

Table 2.6. Reaction components and amounts used for QuikChange Lightning site-directed 

mutagenesis 

Component Amount 

10x reaction buffer 5 μL 
dsDNA template 10-100 ng 
Forward primer 125 ng 
Reverse primer 125 ng 

dNTP mix 1 μL 
QuickSolution reagent 1.5 μL 

ddH2O Up to 50 μL 
QuikChange Lightning Enzyme 1 μL 

 

Table 2.7. Cycle parameters used for QuikChange Lightning site-directed mutagenesis 

Step Number of cycles Temperature (°C) Time (s) 

1 1 95 120 
2 18 95 20 
  60 10 

  68 
30 (per kb of 

plasmid length) 
3 1 68 300 
4 1 4 Paused 

 

2.2.2.4 DNA sequencing 

To ensure no mutation has been introduced in amplified plasmids and that all plasmids have 

been correctly mutated using site-directed mutagenesis, all DNA constructs were verified prior first 

use by double-stranded DNA sequencing using vector-specific oligonucleotides. DNA was sequenced 

using Sanger Sequencing by the Department of Biochemistry (University of Cambridge). 

 

2.2.2.5 Transfections 

All transient transfections of HEK-293S or HEK-293T cells in this study was performed unless 

otherwise stated 48 hours before assaying using polyethylenimine (PEI, with MW 25kDa, Polyscience 

Inc, UK), which is a stable cationic polymer that condenses DNA and generates a positive charge around 
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the particle allowing DNA-PEI complexes to be endocytosed by cells. PEI was made up to 1mg/ml stocks 

in H2O following manufacturer’s instruction. Briefly, cells were seeded 24 hours prior to transfection 

to allow them to reach roughly 70% confluency. PEI and DNA in 6:1 ratio (v/w) were incubated 

separately in 150mM NaCl for 5 minutes, before being combined and incubated for another 10 minutes 

at RT. The overnight culture medium was replenished with fresh complete medium before adding DNA-

PEI complexes slowly to the cells 

Reverse transient transfections of HEK-293S cells with WT or mutant pcDNA3.2-GIPR for (Ca2+)i 

mobilisation assays was performed 48 hours before assaying using FuGENE®HD (Promega, UK). DNA 

and FuGENE®HD were incubated separately in serum free DMEM/F12 at a 1:3 ratio (w/v) for 5 minutes, 

before being combined and incubated for another 10 minutes at RT. Meanwhile, confluent cells were 

harvested and resuspended in fresh complete medium and diluted 1 in 4 before adding FuGENE-DNA 

complexes and plating cells into 96-well plates for assaying. 

 

2.2.3 Pharmacological investigation and signalling assays 

2.2.3.1 cAMP accumulation assay 

Flp-In CHO-A3R, CHO-K1-A1R, CHO-K1-A2AR, CHO-K1-A2BR, HEK-293S-GIPR, HEK-293S-GLP-1R, 

HEK-293ΔCTR-GCGR or HEK-293S cells transiently transfected with WT or mutant pcDNA3.2-GIPR (250 

ng per 1 well of 6 well plate) were harvested using 0.05% trypsin and resuspended in stimulation buffer 

(SB). The SB was made up of PBS containing 0.1% BSA and either 25 μM rolipram (Sigma Aldrich) for 

ARs expressing cells or 0.5 mM 3-isobutyl-1-methylxanthine (IBMX, Sigma Aldrich) for other cells. Cells 

were then seeded in 384-well white Optiplate at a cell density of either 2,000 cells per well for ARs 

expressing cells or 750 cells per well for other cell lines. Cell density was counted using 

haemocytometer. Cells were then stimulated with an agonist and either DMSO or compound, where 

appropriate, for either 30 minutes for ARs expressing cells or 8 minutes per well for other cell lines. 

For each experiment, stimulation by forskolin in a range of concentrations (0.1 pM to 0.1 mM) was 

also included. 

For Gi/o-coupled receptors A1R and A3R the cells were co-stimulated with 10 or 1 μM forskolin, 

respectively. Forskolin is an adenylyl cyclase activator that enables measurement of cAMP inhibition 

curves of Gi/o-coupled receptors. 

cAMP accumulation for Gs-coupled receptors or inhibition for Gi/o-coupled receptors was 

measured using a Europium Lance© cAMP detection kit (Perkin Elmer), following the protocol given 

by the manufacturer (Figure 2.1). Briefly, after stimulation for indicated times, 10 μl of detection 
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reagent was applied to each cell and plate was incubated for 1-24 hours at RT. To avoid evaporation, 

the Optiplate was sealed with a ThermalSeal® film (EXCEL Scientific).  

Plates were read using a Mithras LB 940 multimode microplate reader (Berthold Technologies) 

with laser excitation set at 340 nm and fluorescence from homogeneous time-resolved fluorescence 

resonance energy transfer (FRET) detected at 665 nm. All data were normalized to the maximal level 

of cAMP accumulation from cells in response to 100 µM forskolin stimulation. 

 

 

Figure 2.1. Principle of Europium Lance© cAMP detection kit. When there is no cAMP produced 

naturally by the cell, the supplied biotin-cAMP, which is strongly bonded to Europium-streptavidin 

chelate, binds the AlexaFluor®647 conjugated-anti cAMP antibody. Excitation of Europium at 340 nm 

then leads to homogenous time-resolved fluorescence resonance energy transfer (TR-FRET) to the 

Alexa Fluor® 647 antibody resulting in emission at 665 nm. When cAMP is produced by the cell, it 

displaces the biotin-cAMP from its binding place on the antibody resulting in the loss of TR-FRET and 

reduction of 665 nm emission.  

 

2.2.3.2 Schild analysis 

NECA dose-response curves were constructed in the presence of either DMSO or 1 μΜ tested 

compound using cAMP accumulation data with NECA in a range of concentrations (1 pM to 1 µM). For 

tested compounds A26, L5 and L21 10 μΜ concentration was used instead due to low efficacy of the 

compounds at 1 μΜ. Using three-parameter logistic equation built into GraphPad Prism 9.3, EC50 values 

were estimated and Schild analysis was performed manually. 
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2.2.3.3 Intracellular calcium mobilisation assay 

HEK-293S cells stably expressing GIPR or GLP-1R, HEK-293ΔCTR cells stably expressing GCGR or 

HEK-293S cells reverse transfected with WT or mutant pcDNA3.2-GIPR (100 μg DNA per 100 μL cells) 

were seeded on 0.01% poly-l-lysine (PLL) coated black 96-well clear bottomed plates (Corning) 48 

hours prior to assaying to grow to full confluency. On the assay day, cells were washed once with 

calcium-containing Hank’s Balanced Salt solution (HBSS) before addition of 40 μl 10 μM Fluo-4/AM 

containing 2.5 mM probenecid to each well. Cells were then incubated for 1h at room temperature 

(RT), washed twice with calcium-containing HBSS containing 0.1% BSA (w/v) before addition of 100μl 

calcium-free HBSS containing 0.1% BSA (w/v), with or without tested compounds or DMSO. Ligands 

were diluted in the range 1μM to 0.1nM in calcium-free HBSS containing 0.1% BSA (w/v) and DMSO or 

tested compounds, where appropriate. 10 μM ionomycin was included on each column of the ligand 

plate as a positive control and to normalise all data to it. Ligands were added robotically using a BD 

Pathway 855 high-content bioimager capturing images every second for 80 seconds with an excitation 

wavelength set to 494 nm and an emission wavelength set to 516 nm. The sum of the fluorescence 

intensity for each well was obtained and corrected for background fluorescence. Maximum 

fluorescence intensity at each agonist concentration was then used to generate dose response curves. 

 

2.2.3.4 NanoBRET binding assay 

HEK-293 cells stably expressing rat Nluc-A1R, human Nluc-A1R or human Nluc-A3R were 

harvested and 100 μl of cell suspension was seeded at 10,000 cells per well in into poly-L-lysine (PLL) 

coated white, 96-well plates (Perkin Elmer Life Sciences) and cultured overnight. After 24 hours, cells 

were washed with PBS and 100 μl of Nano-Glo Luciferase substrate furimazine diluted to final 

concentration of 0.1 μM in PBS containing 0.1% BSA was added before incubating cells for 5 minutes 

in dark at RT. Afterwards, 100 μl of ligands diluted in PBS containing 0.1% BSA and 20nM or 5 nM 

CA200645 for A1R or A3R expressing cells, respectively, was added and plates were immediately read 

using a Mithras LB 940 multimode microplate reader (Berthold Technologies). CA200645 is a high 

affinity AR xanthine amine congener (XAC) derivative containing a polyamide linker connected to the 

BY630 fluorophore that acts as a fluorescent antagonist at both A1R and A3R with a slow off-rate 

(Stoddart et al., 2012). Filtered light emission at 450 nm and > 610 nm (640-685 nm band pass filter) 

was measured and the raw BRET ratio calculated by dividing the 610 nm emission with the 450 nm 

emission (Figure 2.2). Nonspecific binding, determined by binding of a high concentration of unlabelled 

antagonist MRS 1220 (10 nM) for Nluc-A3R or DPCPX for Nluc-A1R, was subtracted from the raw 
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NanoBRET ration to get specific binding of compounds at A1R or A3R. BRET ratio at 10 minutes was 

then used to generate dose response curves. 

 

 

Figure 2.2. Schematic diagram of the NanoBRET binding assay. Addition of the fluorescent ligand 

CA200645 causes it to bind the luciferase-tagged adenosine receptor, which is called the association 

phase of receptor-ligand binding kinetics, and NanoBRET to occur. When an unlabelled AR ligand is 

added, it outcompetes the CA200645 from its binding place at the receptor, initiating the dissociation 

phase of the receptor-ligand binding kinetics. This figure was adapted from (Suchankova et al., 2021). 

 

To measure the Kd of CA200645 at WT or mutant Nluc-A1R, the experiment was conducted as 

described above except for the addition of 100 μl of CA200645 in a range of concentrations (1 nM to 

300 nM) diluted in PBS containing 0.1% BSA instead of the addition of ligands. 

 

2.2.3.5 β-arrestin 1/2 recruitment assay 

6,000,000 HEK-293T cells were seeded in a 10 cm dish and cultured overnight in complete 

DMEM/F-12 media. After 24h, the cells were transfected with a 5:4:1 ratio of YFP-β-arrestin:GRK:GIPR-

Nluc/Rluc . After further 24 hours, cells were resuspended in 2% MEM and seeded at 150,000 cells per 

well of a PLL coated white 96-well plate (Perkin Elmer). On the assay day, cells were washed once with 

PBS. 80 μl stimulation buffer (SB) (PBS containing 0.49 mM MgCl2.6H2O, 0.9 mM CaCl2.2H2O and 0.1% 

BSA), with or without the test compound was then added to each well, followed by 10 μL 

coelenterazine h (diluted in SB) with a final concentration of 5 μM in each well and the plates were 

incubated for 10 min at RT in the dark. Finally, varying range GIP(1-42) diluted in SB (10 pM to 1 μM) 

was added and emission was immediately measured at 460 or 485 nm (Nluc or Rluc donor respectively) 

and 530 nm (YFP acceptor) on a Berthold Mithras LB 940 multimode microplate reader (Figure 2.3). 
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Figure 2.3. Schematic diagram of the β-arrestin 1/2 recruitment assay. Addition of GIP(1-42) causes 

it to bind the GIPR C-terminally tagged with Nluc. This initiates the recruitment of β-arrestin 1/2 tagged 

with YFP to the GIPR, which enables BRET between the Nluc and the YFP, which results in the increase 

of the BRET ratio signal detected. 

 

The bioluminescence resonance energy transfer (BRET) ratio was calculated by dividing the 530 

nm emission by 460 nm emission. The value at 0 minutes was subtracted from each time point to 

account for background emission. The BRET ratio at 10-minute time point was used to produce dose-

response curves. 

 

2.2.3.6 Glucose-stimulated insulin secretion 

Rat INS-1 WT cells were harvested and resuspended in RPMI media containing 11mM glucose. 

The cells were then seeded at 150,000 cells per well of fibronectin coated clear 96 well plate (SLS) and 

cultured overnight. After 24 hours, cells were incubated in glucose-free RPMI media for 3h at 37°C. 

Cells were then washed once with Krebs-Ringer buffer (KRB) containing 0.2% BSA and 2.8mM glucose 

and incubated in 100 μl 2.8mM glucose KRB+BSA for 1h at 37°C before washing the cells twice more 

with 2.8mM glucose KRB+BSA. Agonists were made with or without compounds in KRB+BSA containing 

16.7mM glucose, 1 in 1000 aprotinin (v/v) and 100 nM sitagliptin and 100 μl was added to the cells, 

which were then left at 37°C for 1h before stopping the reactions by placing cells on ice for 5 min. The 

supernatant was diluted 1:25 and insulin was measured using the Cisbio Insulin Ultra-Sensitive Assay 

kit according to the manufacturer’s instructions (Figure 2.4). 
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Figure 2.4. Principle of Insulin High Range Assay kit. When there is no insulin produced by the cell, 

the supplied fluorophores tagged anti-insulin antibodies are too far from each other, no TR-FRET 

occurs and emission at 620 nm occurs following 340 nm excitation. However, when insulin is present, 

it gets bound by the two distinct anti insulin antibodies bringing the fluorophores closer together and 

enabling TR-FRET to occur resulting in emission at 665 nm. 

 

Plates were read using a Mithras LB 940 multimode microplate reader (Berthold Technologies), 

using excitation at 340nm and emission filters at 620nm and 665nm. The ratio of acceptor to donor 

was calculated (λ665/λ620) and the ΔF% calculated using equation 16 (in the data analysis section). 

The sample insulin content (ng/ml) was calculated by interpolating from a standard curve and then 

scaled as per the dilution used (Table 2.8). When whole cell measurements were taken, the response 

was expressed as a fraction of the whole cell insulin content. Data were expressed as a fraction of the 

response to 2.8mM glucose.  
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Table 2.8. Dilution range for insulin samples originating from different points in the assay 

Sample Origin Dilution Range 

Basal insulin secretion 10-20-fold 
Stimulation 20-50-fold 

Whole cell insulin content 400-500-fold 

 

2.2.4 In silico modelling techniques 

2.2.4.1 Docking 

10 hGIPR homology models made by Dr Rahman and his lab based on other GPCRs’ solved 

structures and 1 solved hGIPR model were used (Table 2.9). Before the docking, structures of all 

compounds and hGIPR models were prepared using the AutoDock Tools. 

 

Table 2.9. hGIPR homology models (1-10) and hGIPR model (11) used in this study 

Model Template GPCRa PDBb Modification 

1 GLP-1R 5VAI Attached GIP 
2 GLP-1R 5VAI Missing N-termini 
3 GLP-1R 5NX2 Missing N-termini 
4 GLP-1R 6B3J Missing N-termini 
5 GLP-1R 6ORV Missing N-termini 
6 PTHR1 6BNI Missing N-termini 
7 A2AR 5G53 Missing N-termini 
8 CALCR 5UZ7 Missing N-termini 
9 CALCR 6E3Y Missing N-termini 

10 CALCR 6NIY Missing N-termini 
11 GIPR 7DTY Attached GIP 

a The GPCR with a solved structure that the hGIPR homology model is based on 
b Unique PDB identifier of the template GPCR from the GPCR database (gpcrdb.org) 

 

For the blind docking, an unbiased (''blind'') docking approach (Iorga et al., 2006) was used, 

where the grid map in AutoGrid was generated from the hGIPR models without assuming a priori any 

putative binding site(s) for the ligands. Three independent docking runs for each compound were 

performed in AutoDock Vina with the exhaustiveness set to 24 (Trott and Olson, 2010). The relative 

importance of all sites identified have been assessed based on binding affinities (BA; ΔG, kcal/mol) of 

the compounds to that site, frequency of the compounds binding to that site in any given model 

(reproducibility) and the number of models the site appeared in. This information was compared to 

blind docking results from ICM-Pro 3.8 (Schapira et al., 2003) performed by Dr Rahman (University of 

Cambridge). 
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AutoDock Vina was then also used for focused docking around the proposed GIPR allosteric site 

at ECL1 using same protocol as above but restricting the docking area to the desired 3D space. Results 

were then supplemented by focused docking carried out by Dr Rahman using GlideXP (Friesner et al., 

2004). 

For the selected poses, the corresponding 2D ligand interaction diagrams were generated using 

PoseView™ implemented in the ProteinsPlus webserver (https://proteins.plus/). 

 

2.2.4.2 In silico techniques for allosteric site prediction 

To predict potential ligand-binding allosteric pockets, a variety of in silico tools and methods 

has been used on the GLP-1R-based hGIPR homology models made by Dr Rahman and his lab 

(models 1-5 in Table #). The methods utilised in this study were 3DLigandSite 

(http://www.sbg.bio.ic.ac.uk/3dligandsite), GPCR-SAS (http://lmc.uab.cat/gpcrsas/gpcrsas/), ConSurf 

(https://consurf.tau.ac.il/overview.php), PSI-BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) followed 

by pySCA (https://github.com/ranganathanlab/pySCA), POCASA 

(http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/), FTmap (https://ftmap.bu.edu), SPACER 

(http://allostery.bii.a-star.edu.sg/) and PARS (http://bioinf.uab.cat/pars). All methods have been 

performed using default settings following instructions on the websites. 

 

2.3 Data analysis 

Data analysis for in vitro experiments was performed using GraphPad Prism 9.3 (Graphpad 

software, San Diego, CA). For cAMP accumulation, (Ca2+)i mobilisation and β-arrestin recruitment 

assays, the data were fitted with log agonist vs response 3 parameter non-linear regression (equation 

1) to calculate the potency (EC50 or IC50 for antagonists), basal (Emin) and maximal (Emax) signalling.  

 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐸𝑚𝑖𝑛 +
(𝐸𝑚𝑖𝑛−𝐸𝑚𝑎𝑥)

(1+10(𝑙𝑜𝑔𝐸𝐶50−log[𝐴𝑔𝑜𝑛𝑖𝑠𝑡]))
 (1) 

To determine whether a compound was an allosteric modulator an operational model of 

allosterism (equation 2) was used to calculate the allosteric cooperativity factor (αβ) (Leach et al., 

2007). 

 𝐸 =
𝐸𝑚𝑎𝑥(𝜏𝐴[𝐴](𝐾𝐵 + 𝛼𝛽[𝐵])+ 𝜏𝐵[𝐵]𝐾𝐴)𝑛 

([𝐴]𝐾𝐵 + 𝐾𝐴𝐾𝐵 + 𝐾𝐴[𝐵]+ 𝛼[𝐴][𝐵])𝑛 + (𝜏𝐴[𝐴](𝐾𝐵 + 𝛼𝛽[𝐵])+ 𝜏𝐵[𝐵]𝐾𝐴)𝑛 (2) 

where E is the response, Emax is the maximum signalling response, [A] is the concentration of the 

agonist, [B] is the concentration of the compound, n is the cooperativity factor, KA and KB is the intrinsic 

https://proteins.plus/
http://www.sbg.bio.ic.ac.uk/3dligandsite
http://lmc.uab.cat/gpcrsas/gpcrsas/
https://consurf.tau.ac.il/overview.php
https://github.com/ranganathanlab/pySCA
http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/
https://ftmap.bu.edu/
http://allostery.bii.a-star.edu.sg/
http://bioinf.uab.cat/pars
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affinity of orthosteric agonist and compound, respectively, and τA and τB is the intrinsic efficacy of 

orthosteric agonist and compound, respectively. 

To calculate the relative activities (RA) of compounds using data derived from cAMP 

accumulation assay equation 3 was used, 

 𝑅𝐴 =
 𝐸𝐶50  𝐸𝑚𝑎𝑥 (𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)

 𝐸𝐶50  𝐸𝑚𝑎𝑥 (𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑)
  (3) 

where Emax is the maximal response and EC50/IC50 is the agonist concentration required to produce a 

half-maximal response, and web plot was plotted using Microsfoft Excel. Since the receptors are 

expressed in the same cell background and adenosine or NECA are full potent agonists across all the 

adenosine subtypes, we reasoned that changes in log (RA) for a given ligand, relative to NECA or 

adenosine at A1R, would provide a quantitative means of comparing receptor selectivity of individual 

adenosine receptor ligands. 

To calculate the dissociation constant (pKd) using Schild analysis, equation 4 was used. 

 
𝐷′

𝐷
= 1 + [𝐴]𝐾2 (4) 

where D’ and D are the IC50 values of NECA with and without an antagonist present, respectively, [A] 

is the antagonist concentration, and K2 is the affinity constant (KA) of the antagonist used (Tallarida, 

1986, Manual of Pharmacologic Calculations). 

To calculate CA200645 Kd at WT and mutant Nluc-A1R using NanoBRET binding assay, data were 

fitted with the “One site – Specific binding“ equation built in GraphPad Prism 9.3 (equation 5). 

 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 =
𝐵𝑚𝑎𝑥[𝐴]

𝐾𝑑+[𝐴]
 (5) 

where Bmax is the maximum specific binding, [A] is the concentration of the fluorescent ligand and Kd 

is the equilibrium dissociation constant. 

To calculate compound affinity (pki) at ARs using NanoBRET binding assay, data were fitted with 

the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built into GraphPad Prism 

9.3 (equations 6 and 7). 

 𝐿𝑜𝑔𝐸𝐶50 = 𝐿𝑜𝑔10
𝐿𝑜𝑔𝐾𝑖(1+

[𝐴]

𝐾𝐴
)
 (6) 

 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝−𝐵𝑜𝑡𝑡𝑜𝑚

1+10𝑋−𝐿𝑜𝑔𝐸𝐶50
 (7) 
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where [A] is the concentration of the fluorescent ligand, KA is the dissociation constant of the 

fluorescent ligand, top and bottom are plateaus in the units of Y axis and Ki is the equilibrium 

dissociation constant of the unlabelled ligand in Molar. 

For the extraction of kinetic parameters from NanoBRET binding assay, the data were fitted with 

the ‘kinetics of competitive binding’ model build into GraphPad Prism 9.3 (equations 8-15). 

 𝐾𝐴 = 𝑘1 × [𝐴] × 𝑒−9 + 𝑘2 (8) 

 𝐾𝐵 = 𝑘3 × [𝐵] × 𝑒−9 + 𝑘4 (9) 

 𝑆 = 𝑆𝑄𝑅𝑇((𝐾𝐴 − 𝐾𝐵)2 + 4 × 𝑘1 × 𝑘3 × [𝐴] × [𝐵] × 𝑒−18) (10) 

 𝐾𝐹 = 0.5 × (𝐾𝐴 + 𝐾𝐵 + 𝑆) (11) 

 𝐾𝑆 = 0.5 × (𝐾𝐴 + 𝐾𝐵 − 𝑆) (12) 

 𝐷𝐼𝐹𝐹 = 𝐾𝐹 − 𝐾𝑆 (13) 

 𝑄 =
𝐵𝑚𝑎𝑥×𝑘1×[𝐴]×𝑒−9

𝐷𝐼𝐹𝐹
) (14) 

 𝑌 = 𝑄 (𝑘4
𝐷𝐼𝐹𝐹

𝐾𝐹𝐾𝑆
+

𝑘4−𝑘𝑓

𝐾𝐹
) exp (−𝐾𝐹𝑋 −

𝑘4−𝐾𝑆

𝐾𝑆
) exp (−𝐾𝑆𝑋) (15) 

where k1 and k3 are the association rate constants of labelled and unlabelled ligands, respectively, in 

M-1 min-1, k2 and K4 are the dissociation rate constants of labelled and unlabelled ligands, respectively, 

in units of min-1, KA and KB are the dissociation constants of the labelled and unlabelled ligands, 

respectively, [A] and [B] are the concentrations of the labelled and unlabelled ligands, respectively, in 

nM, Bmax is the total number of receptors, X is the time in minutes and Y is the specific binding. 

To calculate the ΔF% in the glucose-stimulated insulin secretion assay, equation # was used. 

 𝛥𝐹% =  
𝑅𝑎𝑡𝑖𝑜𝑆𝑎𝑚𝑝𝑙𝑒−𝑅𝑎𝑡𝑖𝑜𝑉𝑒ℎ𝑖𝑐𝑙𝑒

𝑅𝑎𝑡𝑖𝑜𝑉𝑒ℎ𝑖𝑐𝑙𝑒
× 100 (16) 

where ratio (λ665/λ620) of acceptor to donor was calculated for the sample and the vehicle. 

The statistical analysis was performed using a one-way ANOVA with a Dunnett’s post-test for 

multiple comparisons or a Student’s t-test, as appropriate. Results with p<0.05 were deemed 

significant. All experiments were performed in a minimum of 3 repeats, unless otherwise stated, 

conducted in duplicates and data were reported as mean ± SEM.  
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Chapter 3. Pharmacological validation and characterisation of GIPR 

allosteric modulators 

3.1 Introduction 

GIPR is a ubiquitous GPCR predominantly expressed in the pancreatic beta cells, the adipose 

tissue, and certain regions of the brain (Irwin et al., 2020; El and Campbell, 2020). There is a large body 

of evidence implicating GIPR or its endogenous hormone ligand GIP in many pathological conditions 

including but not limited to T2DM, Alzheimer’s disease, Parkinson’s disease, neuroprotection in 

cerebral ischaemia and maintenance of bone health (Schiellerup et al., 2019; Verma et al., 2018). 

However, exploration of its physiological and pathological role has been impeded by the lack of 

clinically effective agents that target GIPR, which is primarily due to GIP being a peptide hormone and 

the unsuccessful development of small molecule agonists to the GIPR. 

One of the potential clinical strategies is to promote GIPR signalling, mostly in T2DM. In their 

1993 study, Nauck et al. have shown that even though T2DM patients have decreased incretin 

responsivity, GLP-1 potentiation of insulin secretion is relatively well preserved, while the effect of 

exogenous GIP is markedly decreased by about 50% even at supraphysiological doses. Furthermore, 

Jones et al. (1987) have shown that GIP infusion reduced plasma insulin levels and increased insulin 

secretion and in a rat model of diabetes and in a different study GIP analogues improved glucose 

tolerance and insulin secretion (Widenmaier et al., 2010). To study the long-term effects, Renner et al. 

(2010) generated dominant negative GIPR expressing pigs, in which the glucose tolerance deteriorated 

over time and β-cell proliferation was decreased with no change in weight, suggesting potentiating 

GIPR signalling might be beneficial. Apart from diabetes, potentiating GIP signalling might be beneficial 

for bone strength and heart disease – often associated with diabetes. 

However, promoting GIPR signalling in the treatment of T2DM is not without controversy, as a 

a great deal of research points towards the benefits of inhibiting GIPR signalling in adipose tissue to 

combat obesity, a condition often associated with diabetes. Bariatric surgery, which despite many 

associated risks (as any operation) remains the only proven method to sustain weight loss in humans, 

is often linked to decreased GIP secretion (Flatt, 2007). Moreover, GIP levels have been found elevated 

in obesity (Gasbjerg et al., 2019, Yip et al., 1998). In adipose tissue, GIP is known to increase lipoprotein 

lipase activity and fatty acid glucose uptake, augmenting insulin-induced fatty acid incorporation into 

adipocytes, inhibit lipolysis (Irwin and Flatt, 2009b; Irwin and Flatt, 2009a) and inducing insulin 

resistance in adipocytes (Asmar et al., 2016; Asmar et al., 2017; Asmar et al., 2019). There is also 

evidence that GIPR-/- mice are protected against developing both obesity and insulin resistance when 
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placed on a high-fat diet (Miyawaki et al., 2002). Killion et al. (2018) have shown that a prolonged 

administration of a GIPR neutralizing antibody enhanced GLP-1-induced weight loss in mice.  

GIP also stimulates secretion of glucagon, whose levels are increased in T2DM patients (Nigel 

Irwin and Flatt, 2009), from pancreatic α-cells. In rats fasted overnight, GIP infusion significantly 

reduced blood glucose and increased glucagon levels up to three-fold in a dose-dependent manner 

(Hinke et al., 2001). The increased glucagon secretion in T2DM patients even when hyperglycaemic 

might contribute to the pathogenesis of T2DM, suggesting antagonism of GIPR might be beneficial. 

Importantly, as the GIP insulinotropic action on β-cells is severely compromised, but the GIP-induced 

lipid deposition activity in adipocytes and potentiation of glucagon secretion from α-cells is well 

preserved in obese T2DM patients (Gasbjerg et al., 2018; Gabe et al., 2018; Perry et al., 2019), 

antagonising the GIPR receptor might not result in the negative effects on insulin secretion. 

However, developing a potent small molecule orthosteric ligand against class B1 GPCRs like GIPR 

is a challenge to the large diffuse orthosteric binding site tailored towards hormone ligands. This is, 

where allosteric modulators can provide an alternative strategy. Allostery is a biological phenomenon 

describing the ability of an agent to modulate interactions at a site spatially distinct from the 

orthosteric binding site and can be described using the operational model of allosterism (Leach et al., 

2007). Their main advantage lies in their probe dependency, lack of intrinsic selectivity, saturability 

and higher potential for receptor subtype selectivity among receptors with similar orthosteric binding 

sites (Cheng and Jiang, 2019; Wootten et al., 2017). Allosteric modulators can be either positive 

(PAMs), enhancing the receptor signalling, or negative (NAMs), decreasing or fully ablating the 

receptor response (Christopoulos, 2014; Milligan et al., 2017). PAMs represent tools to overcome 

reduced receptor expression, as endogenous agonist activity can be significantly amplified, thus 

overcoming the lack of GIPR on the surface of β-cells of T2DM patients. NAMs could be useful for the 

treatment of obesity. 

Prior to this PhD project, there were already a few GIPR allosteric modulators available in the 

Ladds laboratory, identified by Dr Harris during his PhD project, the majority of which were PAMs. 

Given the controversy regarding GIP agonism, the focus of this chapter and Chapter 4 was to identify 

and characterise GIPR NAMs with the aims to 1) identify additional chemical scaffolds for GIPR-specific 

allosteric modulators, 2) identify an allosteric binding site at GIPR and optimize compound affinity and 

potency using iterative computational, functional and ligand-binding assays and 3) determine the GIPR 

allosteric modulators’ efficacy in GIPR expressing and rat INS-1 cells. The in silico work described in 

chapter 4 was done in parallel to this chapter and especially the in silico docking aided the mutational 

analysis described in this chapter. 
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3.2 In silico screening of potential GIPR allosteric modulators 

Among the GIPR allosteric modulators already available in the laboratory. prior to this PhD were 

some PAMs like C9 and also two NAMs C3 and C25 (Figure 3.1), selective for the (Ca2+)i mobilization 

pathway over cAMP accumulation pathway at the GIPR. These compounds were used by Miss Bowman 

(University of Cambridge) as query molecules to search relevant libraries for new potential 

ligands/modulators with different chemical backbones while maintaining the same structural and 

electrophysical properties. 2D structure screens were carried out using the online tool SwissSimilarity 

to screen Enamine, ChemBridge and ChemDiv libraries (Rodríguez et al., 2015; Sela et al., 2010; 

Senderowitz and Marantz, 2009). This was then followed by a 3D conformer screen using using 

OpenEye ROCS and 100 top candidates in were blind docked in Autodock Vina (Trott and Olson, 2010). 

Finally, SwissADME screen testing for pharmaceutical viability of tested compounds was performed. 

 

 

Figure 3.1. Compounds C3 and C25 are NAMs for (Ca2+)i mobilization. (Ca2+)i mobilization in HEK-293S 

cells stably expressing GIPR in response to GIP(1-42) in the absence or presence of 100 μM compound. 

Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate and normalised 

to 10 μM ionomycin response. 

 

Out of this screen, 7 compounds - C22, C42, C58, C73, C82, C91, C95 (Table 3.1) - were selected 

for further testing. Miss Bowman ended her involvement with the project at this point. I then took the 

compounds forward to do more in depth in silico docking to uncover their binding site and to test them 

in in vitro pharmacological assays for their activity at GIPR. 
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Table 3.1. Structures of the C3- and C25-based compounds 

C3-based compounds C25-based compounds 

C3 

 

C25 

 
C22 

 

C58 

 
C42 

 

C73 

 
C91 

 

C82 

 
C95 
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3.3 Compounds C22, C58, C91 and C95 are new GIPR NAMs selective for (Ca2+)i mobilization 

C3 and C25, used as baits in the above in silico screening, are known GIPR NAMs for (Ca2+)i 

mobilization; therefore the new compounds were first tested for any activity at this pathway using . 

HEK-293S cells stably expressing GIPR. To date only C3, C25, C58 and C95 have been assayed for 

agonistic activity and none showed any (Ca2+)i mobilization over 80 seconds except C58 which had an 

GIPR-independent effect on basal (Ca2+)i mobilization over time (Figure 3.2).To test the ability of the 

compounds to modulate GIP-induced (Ca2+)i mobilization, the HEK-293S cells stably expressing GIPR 

were stimulated with increasing doses of GIP(1-42) in the presence or absence of 10 μM or 100 μM 

compound (Figure 3.3, Table 3.2). GIP(1-42) was chosen for the experiment as it is the native agonist 

of GIPR and so the results would be most physiologically relevant. None of the compounds interfered 

with the 10 μM ionomycin control (Figure 3.4, Table 3.3). 

 

 

Figure 3.2. Putative allosteric modulators at GIPR have no specific effect on (Ca2+)i mobilization 

alone. (Ca2+)i mobilization in HEK-293S cells and HEK-293S cells stably expressing GIPR in response to 

different concentrations compound or DMSO. Data is plotted as mean ± SEM of n≥3 individual 

experiments performed in duplicate and normalised to 10 μM ionomycin response. 
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Figure 3.3. Compounds C22, C58, C91 and C95 are newly identified NAMs for (Ca2+)i mobilization at 

GIPR. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to GIP(1-42) in the 

absence or presence of different concentrations of tested compounds. Data is plotted as mean ± SEM 

of n≥3 individual experiments performed in duplicate and normalised to 10 μM ionomycin response. 
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Table 3.2. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GIPR in response to GIP(1-42) in the absence or presence of different concentrations of tested 

compounds. 

Compound μM pEC50
a Emax

b Basal n 

DMSO - 8.77 ± 0.12 29.27 ± 0.93 5.70 ± 1.06 11 

C3 
10 9.26 ± 0.22 27.62 ± 1.64 4.35 ± 2.07 3 

100 7.58 ± 2.11 3.90 ± 1.25**** 2.51 ± 0.77 3 

C22 
10 8.66 ± 0.24 28.32 ± 1.78 4.90 ± 1.96 3 

100 8.06 ± 0.60** 9.25 ± 1.68**** 2.16 ± 1.33 3 

C25 
10 8.45 ± 0.20 28.85 ± 1.45 7.45 ± 1.33 4 

100 9.22 ± 0.20 28.85 ± 1.45**** 7.45 ± 1.33 3 

C42 
10 NA NA NA NA 

100 8.54 ± 0.31 27.46 ± 2.12 7.81 ± 1.97 4 

C58 
10 8.63 ± 0.19 31.47 ± 1.59 5.30 ± 1.71 3 

100 6.58 ± 0.98** 6.27 ± 2.47**** 2.53 ± 0.56 3 

C73 
10 NA NA NA NA 

100 9.42 ± 0.26 25.58 ± 1.47 3.72 ± 2.36 4 

C82 
10 NA NA NA NA 

100 8.60 ± 0.19 31.31 ± 1.59 5.48 ± 1.74 3 

C91 
10 8.70 ± 0.26 27.70 ± 2.03 4.23 ± 2.14 4 

100 7.43 ± 1.72* 8.24 ± 2.44**** 5.11 ± 1.30 3 

C95 
10 9.12 ± 0.40 13.68 ± 1.24* 3.23 ± 1.71 4 

100 6.92 ± 0.38** 5.35 ± 0.76**** 1.98 ± 0.28 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization as 

determined using 10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p < 0.0001) compared 

to no treatment using a one-way ANOVA and Dunnett’s post-hoc test. 
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Figure 3.4. Tested compounds do not affect ionomycin-stimulated (Ca2+)i mobilization at GIPR. A. A 

representative curve from 1 day of (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in 

response to 10 μM ionomycin in the absence or presence of 100 μM tested compound. B. Maximal 

response of (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to 10 μM 

ionomycin in the absence or presence of 100 μM tested compound. All data are normalised to 10 μM 

ionomycin response alone. 

 

Table 3.3. Maximal response (Emax) values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GIPR in response to 10 μM ionomycin in the absence or presence of 100 μM tested compound. 

Compound Emax
a n 

DMSO 100.00 ± 10.03 6 
C3 99.57 ± 20.40 4 

C22 92.34 ± 21.61 3 
C25 90.43 ± 17.38 4 
C42 97.40 ± 13.80 4 
C58 105.30 ± 6.46 3 
C73 93.63 ± 8.85 3 
C82 107.50 ± 7.90 3 
C91 86.31 ± 9.90 3 
C95 103.90 ± 13.14 4 

Data are the mean ± SEM of n individual data sets. 
a The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization as 
determined using 10 μM ionomycin alone. 
Data were determined as not statistically different compared to DMSO using a one-way ANOVA and 
Dunnett’s post-hoc test. 
 

C42, C73 and C82 had no significant effect on GIP(1-42) mediated (Ca2+)i mobilization and thus 

were not further pursued. C3, C22, C25, C58, C91 and C95 when tested at 100 μM all significantly 

decreased the maximal (Ca2+)i response and potency of GIP(1-42), although caution is needed due to 

the nature of the curve fitting using GraphPad Prism 9.3 for some of these estimates. Interestingly, 
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only C95 significantly reduced the Emax of (Ca2+)i mobilization when assayed using 10 μM 

concentration suggesting it is the most potent of the compounds. None of the tested compounds had 

any significant effect on the basal value of (Ca2+)i mobilization. Compounds C3, C22, C25, C58, C91 and 

C95 behaved as NAMs for (Ca2+)i mobilization at GIPR. 

As C95 was identified as the most potent NAM for (Ca2+)i mobilization among the tested 

compounds, its ability to modulate the (Ca2+)i mobilization at various concentrations was further 

explored. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to GIP(1-42) in the 

presence or absence of various concentrations of C95 was measured (Figure 3.5, Table 3.4). Treatment 

with 1 μM, 10 μM, 50 μM or 100 μM C95 had no effect on basal value of (Ca2+)i mobilization, but 

treatment with 10 μM, 50 μM or 100 μM C95 significantly reduced the maximal response in a 

concentration-dependent manner. C95 at 100 μM also significantly reduced potency. 
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Figure 3.5. The effect of C95 on (Ca2+)i mobilization is concentration dependent and saturable. A-C. 

Representative images of the peak (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in 

response to 1 μM GIP(1-42) in the absence (A) or presence of 100 μM C95 (B). C. (Ca2+)i mobilization in 

HEK-293S cells stably expressing GIPR in response to GIP(1-42) concentrations in the absence or 

presence of different concentrations of C95. D. Plotted Emax values from C. Data is plotted as mean ± 

SEM of n≥3 individual experiments performed in duplicate. All data is normalised to 10 μM ionomycin 

response. Data were determined as statistically different (****, p <0.0001) compared to DMSO using 

a one-way ANOVA and Dunnett’s post-hoc test. 
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Table 3.4. Potency (pEC50), Emax and basal values for (Ca2+)i mobilization in HEK-293S cells stably 

expressing GIPR in response to GIP(1-42) concentrations in the absence or presence of different 

concentrations of C95. 

C95 (μM) pEC50
a Emax

b Basal n 

0 8.77 ± 0.12 29.27 ± 0.93 5.70 ± 1.06 11 
1 9.00 ± 0.29 29.75 ± 2.19 5.41 ± 2.83 3 

10 8.50 ± 0.41 17.39 ± 1.80* 3.83 ± 1.80 4 
50 9.12 ± 0.40 13.68 ± 1.24**** 3.23 ± 1.71 3 

100 6.92 ± 0.38** 5.35 ± 0.76**** 1.98 ± 0.28 3 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p <0.0001) compared to 

DMSO using a one-way ANOVA and Dunnett’s post-hoc test. 

 

As GIPR is a pleiotropic receptor, the effects of compounds on cAMP accumulation and β-

arrestin signalling pathway were investigated next. First, the compounds were tested alone and none 

of them showed any agonistic activity for cAMP accumulation (Figure 3.6, Table 3.5). In Figure 3.6 

compound C3 seems to have a slightly lowered baseline compared to DMSO, but this decrease in 

baseline wasn’t statistically significant. To assess the ability of each compound to modulate GIP 

induced cAMP accumulation, HEK-293S cells stably expressing GIPR were treated with increasing doses 

of the partial agonist GIP(Pro3) in the presence or absence of 100 μM of each compound (Figure 3.7, 

Table 3.6). In Figure 3.7 compound C82 seems to have a slightly lowered baseline compared to DMSO, 

but this decrease in baseline wasn’t statistically significant. GIP(Pro3) was the agonist of choice for the 

screen instead of the natural agonist GIP(1-42), as previous experiments by Dr Harris showed that 

GIP(1-42) response in HEK-293S cells stably expressing GIPR is close to the system maximum (100 μM 

forskolin) and, thus, any increase in efficacy may manifest as an increase in potency. In contrast, the 

reduced potency, and Emax of GIP(Pro3) provides the greatest range to be able to observe any effects 

on either of those variables. None of the compounds had any significant effect on the potency (EC50) 

or Emax of GIP(Pro3) stimulated cAMP accumulation. The compounds are diluted in DMSO, so the slight 

rise in the concentration-response curves in Fig 3.6 is attributable to the higher DMSO concentration 

and is the same for the DMSO control. 
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Figure 3.6. Potential small allosteric modulators of GIPR are not agonists for cAMP accumulation. 

cAMP accumulation in HEK-293S cells stably expressing GIPR following 8 min stimulation with 100 μM 

compound or DMSO. Data is plotted as mean ± SEM of n≥3 individual experiments performed in 

duplicate and normalised to the 100 μM forskolin. 

 

Table 3.5. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells stably expressing 

GIPR in response to 100 μM compound or DMSO. 

Compound pEC50
a Emax

b n 

DMSO 5.85 ± 0.42 21.53 ± 2.46 3 
C3 5.57 ± 0.25 21.41 ± 2.03 3 

C22 6.17 ± 0.43 16.30 ± 1.70 3 
C25 5.83 ± 0.36 22.67 ± 2.3 3 
C42 5.86 ± 0.51 16.64 ± 2.12 3 
C58 5.85 ± 0.32 16.22 ± 1.41 3 
C73 5.94 ± 0.58 21.24 ± 4.14 3 
C82 5.75 ± 0.70 18.03 ± 0.71 3 
C91 5.82 ± 0.48 20.68 ± 0.48 3 
C95 5.82 ± 0.46 18.88 ± 2.20 3 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the maximal cAMP production as 
determined using 100 μM forskolin. 
Data were determined as not statistically different compared to DMSO using a one-way ANOVA and 
Dunnett’s post-hoc test. 
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Figure 3.7. Putative allosteric modulators of GIPR do not modulate cAMP pathway. A. cAMP 

accumulation in HEK-293S cells stably expressing GIPR following 8 min stimulation with varying 

GIP(Pro3) concentrations in the presence of 100 μM compound or DMSO. B. Plotted maximal 

responses from A. Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate 

and normalised to 100 μM forskolin. 

 

Table 3.6. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells stably expressing 

GIPR in response to GIP(Pro3) in the presence of 100 μM compound or DMSO. 

Compound pEC50
a Emax

b n 

DMSO 7.43 ± 0.09 58.44 ± 2.04 4 
C3 7.80 ± 0.16 68.95 ± 3.30 3 

C22 7.39 ± 0.08 64.77 ± 1.81 4 
C25 7.67 ± 0.09 64.26 ± 1.63 4 
C42 7.18 ± 0.11 66.88 ± 2.48 4 
C58 7.23 ± 0.12 51.16 ± 2.31 4 
C73 7.58 ± 0.15 47.91 ± 3.40 4 
C82 7.38 ± 0.10 46.42 ± 2.20 4 
C91 7.26 ± 0.17 60.11 ± 3.69 4 
C95 7.56 ± 0.10 59.03 ± 2.08 4 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the maximal cAMP production as 

determined using 100 μM forskolin. 

Data were determined as not statistically different compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

 

C25 and C95 were further tested for any effect on β-arrestin recruitment. However, as two 

versions of the GIPR construct suitable for β-arrestin recruitment assay were available in the laboratory 

at the time (GIPR-Rluc and GIPR-Nluc), the assay needed to be optimised first. To find the most suitable 

of them for the assay, β-arrestin 1/2 recruitment in response to GIP(1-42) was measured (Figure 3.8). 
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For β-arrestin 1 the span of the resulting dose-response curve was 0.00791 ± 0.00091 for GIPR-Nluc, 

while it was only 0.00118 ± 0.00243 for GIPR-Rluc. For β-arrestin 2 the difference was even bigger with 

the span of 0.031 ± 0.00137 for GIPR-Nluc and 0.00725 ± 0.00271 for GIPR-Rluc. GIPR-Nluc has been 

chosen as the construct for compound testing, as the compounds’ effects on β-arrestin recruitment 

will be easier to see given the bigger range of response. 

 

 β-arrestin 1  β-arrestin 2 

A 

 

B 

 
C 

 

D 

 

 
E 

 

F 

 

 

Figure 3.8. Selection of GIPR-Nluc for β-arrestin recruitment assay. A-D. HEK-293T cells were 

cotransfected with GIPR-Rluc (A, B)/GIPR-Nluc (C, D), GRK and YFP-β-arrestin-1/2 at a 1:4:5 ratio. β-

arrestin-1/2 recruitment was measured in response to GIP(1-42) over 30-minute time period. E-F. 

Concentration-response curves for β-arrestin 1/2 recruitment after 10 minutes stimulation with GIP(1-

42). Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate. 
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To test the compounds, the HEK-293T cells co-transfected with GIPR-Nluc, GRK5 and YFP-β-

arrestin 1/2 were stimulated with increasing doses of GIP(1-42) in the presence or absence of 100 μM 

C25 or C95 (Figure 3.9, Table 3.7). Neither of the compounds had any significant effect on the potency 

(EC50), Emax and basal values of GIP(1-42) stimulated β-arrestin 1/2 recruitment. As C25 and C95 are 

NAMs selective for (Ca2+)i mobilization, these finding suggest that short-term β-arrestin 1/2 

recruitment is independent of (Ca2+)i mobilization. If any allosteric modulators selective for cAMP 

accumulation were later identified, it would be interesting to test whether the Gs/cAMP pathway has 

any effect on β-arrestin recruitment. 

 

 

Figure 3.9. Putative allosteric modulators of GIPR do not modulate β-arrestin 1/2 recruitment. HEK-

293T cells co-transfected with GIPR-Nluc, GRK5 and YFP-β-arrestin-1/2 at a 1:4:5 ratio. β-arrestin-1/2 

recruitment was measured after 10 minutes stimulation with increasing doses of GIP(1-42) in the 

presence of 100 μM compound or DMSO. Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate. 
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Table 3.7. Potency (pEC50), Emax and basal values for β-arrestin 1/2 recruitment in response to GIP(1-

42) in the presence of 100 μM compound or DMSO. 

  DMSO C25 C95 

β-arrestin-1 

pEC50
a 8.55 ± 0.27 8.45 ± 0.24 8.09 ± 0.33 

Emax
b (*1000) 7.48 ± 0.75 9.56 ± 0.81 8.64 ± 1.09 

Basalc (*1000) -0.43 ± 0.60 -0.08 ± 0.65 0.44 ± 0.76 
n 3 3 3 

β-arrestin-2 

pEC50
a 8.38 ± 0.10 8.23 ± 0.09 8.28 ± 0.10 

Emax
b (*1000) 31.15 ± 1.15 35.12 ± 1.29 27.50 ± 1.04 

Basalc (*1000) -0.70 ± 0.88 -2.02 ± 0.92 -1.73 ± 0.73 
n 3 3 3 

Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to GIP(1-42) multiplied by 1000. 
c Basal value multiplied by 1000. 

Data were determined as not statistically different compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

 

Overall, three C3-based compounds (C22, C91 and C95) and one C25-based compound (C58) 

were identified as GIPR NAMs for (Ca2+)i mobilization pathway. Out of these compounds, C95 is the 

most potent with lower micromolar potencies, while the rest of the compounds were only active at 

100 μM. Selected compounds were also tested for their effect on cAMP accumulation and β-arrestin 

recruitment pathways, where they failed to have any significant effect, thus showing their selectivity 

for (Ca2+)i mobilization. 

 

3.4 C25 is selective for GIPR over GLP-1R and GCGR 

GIPR is closely related to some other class B1 GPCRs, mainly GLP-1R and GCGR. GLP-1R is another 

receptor playing a big role in insulin secretion and as mentioned previously both GIP and GLP-1 (an 

endogenous agonist of GLP-1R) regulate secretion of glucagon, an endogenous agonist of GCGR. Both 

receptors are also expressed in the pancreas and cells stably expressing them were already available 

in the laboratory. Moreover, dual and triple agonists of these receptors are known, hinting at the 

similarity between the orthosteric sites of these receptors (Knerr et al., 2022; Starling, 2022). 

Therefore, allosteric modulators binding outside the orthosteric binding site could provide a better 

opportunity for receptor selectivity, which is often an important characteristic to avoid too many side 

effects. 

To test the compound cross-reactivity, selected compounds were screen for cAMP accumulation 

and (Ca2+)i mobilization at GLP-1R and GCGR. For the screen, two C3-based compounds (C3, C95) and 
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two C25-based compounds (C25, C58) were selected. cAMP accumulation in HEK-293S cells stably 

expressing GLP-1R in response to increasing doses of GLP-1(7-36)NH2 and in HEK-293∆CTR cells stably 

expressing GCGR in response to increasing doses of glucagon in the presence or absence of 100 μM 

compound was measured (Figure 3.10, Table 3.8). There was no significant change in concentration 

dependent increase in cAMP accumulation, in terms of potency and Emax, at GLP-1R or GCGR for any 

of the compounds. 

 

Figure 3.10. Potential small allosteric modulators of GIPR do not modulate cAMP accumulation at 

GLP-1R and GCGR. A. cAMP accumulation in HEK-293S cells stably expressing GLP-1R following 8 min 

stimulation with varying GLP-1(7-36)NH2 concentrations in the presence of 100 μM compound or 

DMSO. B. cAMP accumulation in HEK-293∆CTR cells stably expressing GCGR following 8 min 

stimulation with varying glucagon concentrations in the presence of 100 μM compound or DMSO. Data 

is plotted as mean ± SEM and normalised to agonist plus DMSO. 
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Table 3.8. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells stably expressing 

GLP-1 in response to GLP-1(7-36)NH2 and in HEK-293∆CTR cells stably expressing GCGR in response to 

glucagon. 

 GLP-1R GCGR 

Compound pEC50
a Emax

b n pEC50
a Emax

b n 
DMSO 10.28 ± 0.08 100.00 ± 2.07 3 8.95 ± 0.07 100 ± 2.68 3 

C3 10.51 ± 0.10 100.80 ± 2.39 3 9.01 ± 0.07 98.46 ± 2.55 3 
C25 10.37 ± 0.12 98.93 ± 2.53 3 9.26 ± 0.06 100.5 ± 2.02 3 
C58 10.61 ± 0.10 99.51 ± 2.33 3 9.15 ± 0.07 99.85 ± 2.49 3 
C95 10.44 ± 0.09 98.41 ± 1.97 3 8.96 ± 0.07 97.19 ± 2.51 3 

 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the maximal cAMP production of 

agonist plus DMSO. 

Data were determined as not statistically different compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

 

For the (Ca2+)i mobilization pathway, the compounds alone had no specific effect on (Ca2+)i 

mobilization in HEK-293S cells stably expressing GLP-1R or HEK-293∆CTR cells stably expressing GCGR 

(Figure 3.11). To test the allosteric activity of the compounds, the HEK-293S cells stably expressing GLP-

1R were stimulated with increasing doses of GLP-1(7-36)NH2 in the presence or absence of 10 or 100 

μM compound (Figure 3.12, Table 3.9). C25 had no significant effect on GLP-1(7-36)NH2 mediated 

(Ca2+)i mobilization, however, C3, C95 and C58 at 100 μM all significantly decreased maximal response 

of (Ca2+)i mobilization, while retaining no significantly different potency, alluding to NAM activity of the 

compounds. C58 also slightly reduced the basal activity. C3 and C58 at 10 μM had no significant effect 

on (Ca2+)i mobilization. In the HEK-293∆CTR cells stably expressing GCGR, C3 and C95 at 100 μM 

significantly decreased maximal response of glucagon stimulated (Ca2+)i mobilization, while not 

significantly changing the potency, pointing to their activity as NAMs (Figure 3.13, Table 3.10). C25 and 

C58 at 100 μM and C3 at 10 μM had no significant effect on glucagon stimulated (Ca2+)i mobilization. 
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Figure 3.11. Compounds alone have no or unspecific effect on (Ca2+)i mobilization. (Ca2+)i mobilization 

in HEK-293S cells stably expressing GLP-1R and HEK-293∆CTR cells stably expressing GCGR in response 

to different concentrations compound or DMSO. Data is plotted as mean ± SEM of n≥3 individual 

experiments performed in duplicate and normalised to 10 μM ionomycin response. 
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Figure 3.12. Compounds C3, C95 and C58 inhibit GLP-1- and glucagon-stimulated (Ca2+)i mobilization. 

(Ca2+)i mobilization in HEK-293S cells stably expressing GLP-1R or HEK-293∆CTR cells stably expressing 

GCGR in response to GLP-1(7-36)NH2 or glucagon in the absence or presence of different 

concentrations of test compounds. Data is plotted as mean ± SEM and normalised to GLP-1(7-36)NH2 

or glucagon with DMSO. 
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Table 3.9. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GLP-1R or HEK-293∆CTR cells stably expressing GCGR in response to GLP-1(7-36)NH2 or glucagon in the 

absence or presence of different concentrations of tested compounds. 

Cmp 
 GLP-1R GCGR 

μM pEC50
a Emax

b Basal n pEC50
a Emax

b Basal n 

DMSO - 
8.42 ± 
0.10 

97.78 ± 2.96 
10.34 ± 

2.76 
8 

6.81 ± 
0.11 

103.00 ± 
4.90 

14.34 ± 
2.35 

9 

C3 
10 

8.51 ± 
0.23 

79.47 ± 5.39 
5.59 ± 
5.44 

4 
6.55 ± 
0.19 

94.09 ± 
7.25 

10.63 ± 
3.41 

5 

100 
6.74 ± 
0.98 

7.65 ± 
1.91**** 

4.55 ± 
0.59 

3 NA NA 
4.41 ± 
1.82 

3 

C95 
10 NA NA NA NA NA NA NA NA 

100 
8.29 ± 
0.45 

35.16 ± 
4.83**** 

5.13 ± 
4.29 

3 
7.27 ± 
0.33 

44.54 ± 
5.65*** 

9.51 ± 
2.66 

4 

C25 
10 NA NA NA NA NA NA NA NA 

100 
7.82 ± 
0.18 

108.7 ± 7.35 
15.45 ± 

4.13 
4 

7.02 ± 
0.33 

93.60 ± 
13.84 

23.07 ± 
5.75 

3 

C58 
10 

8.46 ± 
0.20 

115.30 ± 7.89 
13.78 ± 

6.07 
3 NA NA NA NA 

100 
6.37 ± 
0.60 

32.00 ± 
14.26**** 

2.26 ± 
1.86* 

3 
6.40 ± 
0.31 

81.58 ± 
19.01 

4.82 ± 
2.69 

3 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization, 

normalised to GLP-1(7-36)NH2 or glucagon with DMSO. 

Data were determined as statistically different (*, p < 0.05; ***, p < 0.001; ****, p < 0.0001) compared 

to no treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

 

It is interesting to note that C25 and C58 are structurally very similar compounds, but one is 

selective for GIPR over GLP-1R and GCGR, while the other is not. To look at this a bit more closely, 

these compounds were tested at all three receptors at more concentrations to find their real potencies 

and how they compare. To this end, the HEK-293S cells stably expressing GIPR or GLP-1R or HEK-

293∆CTR cells stably expressing GCGR were stimulated with increasing doses of GIP(1-42), GLP-1(7-

36)NH2 or glucagon in the presence or absence of 10, 31.6, 50 or 100 μM compound C25 or C58 (Figure 

3.13 and Table 3.10). These experiments showed that C25 is active at GIPR at 100 μM and inactive at 

GLP-1R or GCGR at 100 μM, while C58 is active at 100 μM at all three receptors with similar potency 

at GIPR and GLP-1R. 
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Figure 3.13. C25 selectively inhibits GIP-induced (Ca2+)i mobilization at GIPR while C58 does not. 

(Ca2+)i mobilization in HEK-293S cells stably expressing GIPR or GLP-1R or HEK-293∆CTR cells stably 

expressing GCGR in response to GIP(1-42), GLP-1(7-36)NH2 or glucagon in the absence or presence of 

different concentrations of test compounds. Data is plotted as mean ± SEM of n≥3 individual 

experiments performed in duplicate and normalised to GIP(1-42), GLP-1(7-36)NH2 or glucagon with 

DMSO. 
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Table 3.10. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GIPR or GLP-1R or HEK-293∆CTR cells stably expressing GCGR in response to GIP(1-42), GLP-1(7-36)NH2 

or glucagon in the absence or presence of different concentrations of tested compounds. 

Cmp μM 
GIPR GLP-1R GCGR 

pEC50
a Emax

b N pEC50
a Emax

b n pEC50
a Emax

b n 

DMSO - 
8.83 ± 
0.21 

99.66 ± 
5.55 

4 
8.45 ± 
0.24 

104.40 ± 
7.54 

7 
7.94 ± 
0.24 

81.69 ± 
6.97 

6 

C25 

10 
8.05 ± 
0.21 

103.60 ± 
5.81 

4 - - - - - - 

31.6 
8.58 ± 
0.55 

94.58 ± 
12.44 

3 - - - - - - 

50 
7.41 ± 
0.59 

68.84 ± 
14.44 

3 
8.10 ± 
0.24 

102.00 ± 
11.39 

3 - - - 

100 
8.61 ± 
0.73 

28.07 ± 
3.76*** 

3 
7.82 ± 
0.18 

108.70 ± 
7.35 

3 
7.02 ± 
0.33 

93.60 ± 
13.84 

3 

C58 

10 
8.71 ± 
0.19 

101.60 ± 
5.32 

3 
8.46 ± 
0.20 

115.30 ± 
7.88 

3 - - - 

31.6 
8.68 ± 
0.63 

87.77 ± 
12.55 

3 - - - - - - 

50 
9.44 ± 
0.69 

101.40 ± 
12.94 

3 
9.61 ± 
0.36 

87.63 ± 
8.40 

3 
8.65 ± 
0.25 

83.39 ± 
5.93 

3 

100 
6.64 ± 
0.88* 

20.99 ± 
7.37**** 

3 
6.37 ± 

0.60*** 
32.00 ± 

14.26*** 
3 

6.40 ± 
0.31** 

81.58 ± 
19.01 

3 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization as 

determined using GIP(1-42), GLP-1(7-36)NH2 or glucagon with DMSO. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001) compared to no treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

 

 

Together, these findings suggest that C25 is a NAM selective for GIPR over GCGR and GLP-1R, 

while C3, C58 and C95 are non-selective and inhibit the agonist-stimulated (Ca2+)i mobilization at 

multiple receptors. 

 

3.5 C25 binds at top of TMD2/3 and ECL1 of the GIPR 

So far, GIPR NAMs for (Ca2+)i mobilization have been identified. However, the majority of these 

compounds are not very potent and only compound C25 showed selectivity for GIPR. It is therefore 

important to develop more potent selective compounds targeting the GIPR. Identifying the allosteric 

binding site of the compounds and better understanding their mode of binding and effect at the 

receptor could then help guide the development of more potent and selective compounds.  
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The allosteric binding site of the compounds can be found directly through, for example, solving 

a Cryo-Em structure, but that takes a long time, is expensive and not always works due to the difficulty 

of the process. To date, there is only a single Cryo-Em structure of GIPR solved (PDB ID 7DTY) (Zhao et 

al., 2022). Another, a bit more indirect way is to use in silico docking in combinations with in vitro 

mutagenesis to find which amino acids are important for compound binding or having an effect. The 

mutants can then be tested in in vitro pharmacological assays to see whether they retain GIP-induced 

signalling but the NAMs loose effect at them. It was this option that was pursued in this thesis. 

The in silico docking of C25-related compounds to GIPR homology models, that will be discussed 

in detail in chapter 4, revealed several possible allosteric binding sites. Site 6 and Site 10 were ranked 

as the best candidate allosteric binding sites and the most likely place for the compounds to be binding 

(Figure 3.14). Site 6 lies in the top middle of transmembrane part of the receptor just below the 

orthosteric binding site, whereas Site 10 lies at the top of transmembrane domain 2/3 and extracellular 

loop 1. The in silico blind docking was also visualised using 2D diagrams for individual poses suggesting 

specific amino acids likely to interact with the compounds. Among the most likely amino acids across 

these 2 sites were GIPR amino acids Y1411.43, L1932.70, G198, Q204, N210, R289 and W2965.36 (using the 

standard residue numbering for class B GPCRs by Wootten et al. (2013). 
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Figure 3.14. GIPR allosteric binding sites 6 and 10 predicted through in silico docking. In silico blind 

docking of C25-related compounds was carried out in chapter 4 using GIPR homology models excluding 

N-termini and GIP and identified sites 6 and 10 as most likely GIPR allosteric binding sites of the 

compounds. On the right, compound C25 (blue) is shown as docked to each of the sites. On the left are 

snake plots of GIPR indicating amino acids belonging to each side in green. 

 

In vitro site-directed mutagenesis was then used to make alanine mutants of these amino acids 

resulting in GIPR mutants Y1411.43A, L1932.70A, G198A, Q204A, N210A, R289A and W2965.36A. The aim 

was to use the mutants in second messenger assays, like the cAMP accumulation and (Ca2+)i 

mobilization assays utilised above, to see whether the GIPR NAMs lose their effects at these mutants. 

However, to be able to do that, the mutants first need to be characterised in the assays to see whether 

they retain GIP-induced signalling itself and behave normally. 
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To this end, HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR were 

stimulated with increasing doses of either GIP(Pro3) or GIP(1-42) for 8’ minutes and cAMP 

accumulation was measured (Figure 3.15, Table 3.11). HEK-293S cells were selected for the 

transfection as the GIPR stable cell line used above was made from them as well and because a trial 

test run with HEK-293T cells resulted in very low and inconsistent transfection, proving HEK-293S cells 

better. Both GIP(Pro3) and GIP(1-42) were used in this experiment as the aim was to determine which 

ligand would give a better assay window and would be better for future testing of any GIPR NAM for 

cAMP accumulation. 

 

 

Figure 3.15. GIPR mutant G198A is unable to promote cAMP accumulation. cAMP accumulation was 

measured in HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR in response to 8’ 

stimulation with increasing doses of either GIP(Pro3) or GIP(1-42). Data is plotted as mean ± SEM of 

n≥3 individual experiments performed in duplicate and normalised to 100 μM forskolin response. Data 
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were determined as statistically different (**, p < 0.01; ****, p < 0.0001) compared to WT using a one-

way ANOVA and Dunnett’s post-hoc test. 

Table 3.11. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with either GIP(Pro3) or 

GIP(1-42). 

GIPR mut 
GIP(Pro3) GIP(1-42) 

pEC50
a Emax

b n pEC50
a Emax

b n 

WT 7.70 ± 0.28 28.41 ± 3.02 8 10.22 ± 0.20 63.01 ± 3.46 8 
Y1411.43A 7.67 ± 0.61 27.26 ± 5.29 3 9.09 ± 0.40 58.98 ± 7.26 3 
L1932.70A 7.90 ± 0.65 18.74 ± 3.48 5 9.23 ± 0.15 65.53 ± 3.31 6 

G198A 6.68 ± 0.47 8.35 ± 2.37** 5 9.94 ± 0.87 14.95 ± 3.78**** 5 
Q204A 7.77 ± 0.20 41.81 ± 3.00 7 10.55 ± 0.24 71.42 ± 4.39 6 
N210A 7.52 ± 0.23 49.24 ± 3.87 6 10.01 ± 0.17 81.19 ± 3.59 5 
R289A 7.67 ± 0.41 45.21 ± 6.09 4 9.76 ± 0.21 73.75 ± 4.05 3 

W2965.36A 7.01 ± 0.25 70.60 ± 7.13 4 9.41 ± 0.30 90.44 ± 7.15 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (**, p < 0.01; ****, p < 0.0001) compared to WT using 

a one-way ANOVA and Dunnett’s post-hoc test. 

 

Of the 7 tested mutants, only mutant G198A showed a significantly reduced GIP-induced 

maximal cAMP response, and the GIP potency was similar across all the mutants. It is also interesting 

to note that while GIP(Pro3) displayed lower potency and a slightly lower maximal response, which 

correlates with it being known as a partial agonist, the trend for all the mutants and the relative 

strength of the response was very similar for both GIP(Pro3) and GIP(1-42). 

The next step was then to characterize the mutants also in the intracellular (Ca2+)i mobilization 

assay. Therefore, HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR were 

stimulated with increasing doses of GIP(1-42) and (Ca2+)i mobilization was measured (Figure 3.16, Table 

3.12). 
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Figure 3.16. GIPR mutants Y1411.43A, L1932.70A and G198A have significantly reduced GIP-induced 

(Ca2+)i mobilization. (Ca2+)i mobilization in HEK-293S cells transiently transfected with WT or mutant 

pcDNA3.2-GIPR in response to GIP(1-42). Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate. All data is normalised to 10 μM ionomycin response. Data were determined 

as statistically different (**, p < 0.01; ****, p <0.0001) compared to DMSO using a one-way ANOVA 

and Dunnett’s post-hoc test. 

 

Table 3.12. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to GIP(1-42). 

GIPR mut pEC50
a Emax

b n 

WT 9.29 ± 0.38 10.66 ± 0.85 9 
Y1411.43A 8.01 ± 1.17 5.00 ± 1.05** 5 
L1932.70A 8.35 ± 0.90 5.16 ± 0.92** 4 

G198A 9.76 ± 1.28 2.37 ± 0.53**** 4 
Q204A 7.31 ± 0.89 13.47 ± 2.26 3 
N210A 8.66 ± 0.40 18.69 ± 1.73 4 
R289A 8.62 ± 0.41 17.43 ± 1.64 4 

W2965.36A 8.45 ± 0.43 11.87 ± 1.32 4 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (**, p < 0.01; ****, p <0.0001) compared to DMSO using 

a one-way ANOVA and Dunnett’s post-hoc test. 

 

First, looking at the GIP-induced (Ca2+)i mobilization at WT GIPR, it is slightly lower in the 

transfected cells (Emax = 10.66 ± 0.85) compared to the previous measurements in HEK 293S cells stably 

expressing GIPR, where the response was around 25-30% of the response induced by the 10 μM 
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ionomycin. This is not unexpected as not all the cells were probably perfectly transfected with the 

receptor and GIPR is not also so overexpressed. The potential drawback of the transient transfection 

approach is therefore that some of the less well expressed or worse signalling mutants have very little 

(Ca2+)i mobilization, but it was easier and less time-consuming to do the transfections than making 

stable cell lines of all the mutants. 

Regarding the mutants, GIPR mutants Y1411.43A, L1932.70A and G198A had significantly reduced 

GIP-induced (Ca2+)i mobilization. Of these G198A was the worst, producing little response, which is why 

this GIPR mutant was omitted from further calcium experiments. 

The next step was to test the key compounds against these GIPR mutants. Compounds C3 and 

C25 were selected as the main compounds because they are both GIPR NAMs selective for (Ca2+)i 

mobilization and all the other compounds are based on these. Moreover, C25 is the only GIPR selective 

compound so far. To measure (Ca2+)i mobilization, HEK-293S transiently transfected with WT or mutant 

pcDNA3.2-GIPR were stimulated with increasing doses of GIP(1-42) in the presence or absence of 100 

μM C3 (Figure 3.17, Table 3.13). 
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Figure 3.17. C3 inhibits GIP-induced (Ca2+)i mobilization at all GIPR mutants. (Ca2+)i mobilization was 

measured in HEK-293S cells stably transiently transfected with WT or mutant pcDNA3.2-GIPR in 

response GIP(1-42) in the presence or absence of 100 μM C3. The bottom plots then show Emax values 

plotted from the dose-response curves. Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate and normalised to 10 μM ionomycin response. Data were determined as 

statistically different (*, p < 0.05; **, p < 0.01; ****, p < 0.0001) compared to treatment with GIP(1-

42) and DMSO at each GIPR WT or mutant using Student’s t-test. 
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Table 3.13. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to with GIP(1-42) in the presence or 

absence of 100 μM C3. 

GIPR mut μM C3 pEC50
a Emax

b n 

WT 
0 9.33 ± 0.57 11.18 ± 1.07 8 

100 N.D. 1.72 ± 0.23**** 4 

Y1411.43A 
0 8.14 ± 0.96 4.80 ± 0.84 8 

100 N.D. 1.68 ± 0.70 3 

L1932.70A 
0 8.78 ± 0.73 4.00 ± 0.52 7 

100 N.D. 1.86 ± 0.31 3 

Q204A 
0 10.00 ± 0.60 12.64 ± 1.27 7 

100 N.D. 2.86 ± 0.42* 3 

N210A 
0 8.80 ± 0.37 13.84 ± 1.17 7 

100 N.D. 3.28 ± 0.54* 3 

R289A 
0 9.04 ± 0.32 15.46 ± 1.14 7 

100 N.D. 3.01 ± 0.73** 3 

W2965.36A 
0 8.77 ± 0.46 9.35 ± 1.04 7 

100 N.D. 2.88 ± 0.68** 4 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p <0.0001) compared to 

treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

At WT GIPR, C3 fully ablates GIP-induced (Ca2+)i mobilization, and the same effect was apparent 

on the dose-response curves of all the GIPR mutants. Furthermore, the statistical analysis showed that 

C3 significantly lowered the maximal response at all GIPR mutants except Y1411.43A and L1932.70A. 

However, from the curve fits of these mutants, this seems to be more because of the fact that the GIP-

induced (Ca2+)i mobilization was so low at these mutants (Emax = 4.80 ± 0.84 for Y1411.43A and Emax = 

4.00 ± 0.52 for L1932.70A) and because of the errors on these curves as the inhibition of the (Ca2+)i 

mobilization by C3 at these mutants was still clearly visible by eye. 

The same experiment was then repeated with C25 at 100 μM (Figure 3.18, Table 3.14). At WT 

GIPR, C25 fully ablates GIP-induced (Ca2+)i mobilization, and the same effect was apparent on the dose-

response curves of all the GIPR mutants except L1932.70A. At L1932.70A mutant, there was no significant 

difference between maximal GIP-induced (Ca2+)i mobilization with either DMSO or 100 μM C25 as is 

the case for WT GIPR or all the other mutants. Moreover, no inhibition of (Ca2+)i mobilization with C25 

was visible from the dose-response either with both curves perfectly overlaid, suggesting this is a real 

effect. Therefore, first round of screening revealed no amino acids important for the binding or 
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function of C3 but suggested that L1932.70 might be important for the negative allosteric function of 

C25. 

 

 

Figure 3.18. C25 has no or little effect at GIPR mutant L1932.70A. (Ca2+)i mobilization was measured in 

HEK-293S cells stably transiently transfected with WT or mutant pcDNA3.2-GIPR in response GIP(1-42) 

in the presence or absence of 100 μM C25. The bottom plots then show Emax values plotted from the 

dose-response curves. Data is plotted as mean ± SEM of n≥3 individual experiments performed in 

duplicate and normalised to 10 μM ionomycin response. Data were determined as statistically 

different (*, p < 0.05; **, p < 0.01; ****, p < 0.0001) compared to treatment with GIP(1-42) and DMSO 

at each GIPR WT or mutant using Student’s t-test. 
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Table 3.14. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to with GIP(1-42) in the presence or 

absence of 100 μM C25. 

GIPR mut μM C25 pEC50
a Emax

b n 

WT 
0 9.33 ± 0.57 11.18 ± 1.07 8 

100 N.D. 1.49 ± 0.25**** 4 

Y1411.43A 
0 8.14 ± 0.96 4.80 ± 0.84 8 

100 N.D. 1.28 ± 0.73* 3 

L1932.70A 
0 8.78 ± 0.73 4.00 ± 0.52 7 

100 8.74 ± 1.07 3.50 ± 0.61 3 

Q204A 
0 10.00 ± 0.60 12.64 ± 1.27 7 

100 N.D. 1.40 ± 0.88* 3 

N210A 
0 8.80 ± 0.37 13.84 ± 1.17 7 

100 N.D. 2.41 ± 0.41** 3 

R289A 
0 9.04 ± 0.32 15.46 ± 1.14 7 

100 N.D. 2.99 ± 0.68** 3 

W2965.36A 
0 8.77 ± 0.46 9.35 ± 1.04 7 

100 N.D. 2.45 ± 1.24** 4 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p <0.0001) compared to 

treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

Amino acid L1932.70, identified as possibly important for C25 binding or action, lies at the top of 

transmembrane 2 and is part of the predicted allosteric binding site 10. Therefore, following more in 

silico work detailed in chapter 4, a second batch of GIPR amino acids were selected, this time looking 

only at in silico poses at Site 10 (Chapter 4). These amino acids were L1942.71, R196, P197, Q2113.24, 

C2163.29, Q2203.33, C28645.50, W28745.51 and E28845.52A. 

In vitro site-directed mutagenesis was then again used to make alanine mutants of these amino 

acids. Of these, C2163.29A mutant was problematic. Despite using the same protocol as for the other 

mutants, the DNA plasmid multiplication failed to generate sufficient DNA to enable transfection into 

HEK 293S cells. The reason for this was not determined and only GIPR mutants L1942.71A, R196A, 

P197A, Q2113.24A, Q2203.33A, C28645.50A, W28745.51A and E28845.52A were therefore characterised. 

The characterisation of the mutants was again started with cAMP accumulation assay. The HEK-

293S transiently transfected with WT or mutant pcDNA3.2-GIPR were then stimulated with increasing 

doses of either GIP(Pro3) or GIP(1-42) for 8’ minutes and cAMP accumulation was measured (Figure 

3.19, Table 3.15). 
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Figure 3.19. GIPR mutants L1942.71A, Q28645.50A and W28745.51A have no/little GIP-induced cAMP 

accumulation. cAMP accumulation was measured in HEK-293S cells transiently transfected with WT 

or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of either GIP(Pro3) or 

GIP(1-42). Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate and 

normalised to 100 μM forskolin response. Data were determined as statistically different (*, p < 0.05; 

****, p < 0.0001) compared to WT using a one-way ANOVA and Dunnett’s post-hoc test. 
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Table 3.15. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S transiently transfected 

with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of either 

GIP(Pro3) or GIP(1-42). 

GIPR mut 
GIP(Pro3) GIP(1-42) 

pEC50
a Emax

b n pEC50
a Emax

b n 

WT 7.70 ± 0.28 28.41 ± 3.02 8 10.22 ± 0.20 63.01 ± 3.46 8 
L1942.71A ND  -3.22 ± 1.21* 3 ND  7.31 ± 4.69**** 3 

R196A 7.65 ± 0.18 66.01 ± 4.13 3 11.11 ± 0.08 86.72 ± 1.81 3 
P197A 7.66 ± 0.18 59.33 ± 3.77 3 11.04 ± 0.09 83.06 ± 1.92 3 

Q2113.24A 6.96 ± 0.22 35.90 ± 3.21 3 10.44 ± 0.12 80.72 ± 2.42 3 
Q2203.33A 7.01 ± 0.18 29.60 ± 2.17 3 10.35 ± 0.09 89.98 ± 2.12 3 
Q28645.50A ND 5.45 ± 1.57* 3 ND 29.00 ± 5.07**** 3 
W28745.51A  ND 11.28 ± 3.16* 3 ND 8.85 ± 1.13**** 3 
E28845.52A 7.11 ± 0.23 30.07 ± 2.54 3 10.44 ± 0.06 90.08 ± 1.43 3 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; ****, p < 0.0001) compared to WT using a 

one-way ANOVA and Dunnett’s post-hoc test. 

 

From this second batch of mutants, 3 displayed significantly decreased maximal response using 

both GIP(Pro3) and GIP(1-42). These mutants were L1942.71A, Q28645.50A and W28745.51A. Since they 

resulted in such reduced responses, GraphPad Prism 9.3 could not reliably fit a dose-response curve 

for them and calculate their potency. For the other mutants, there was no significant difference in 

either potency or efficacy compared to WT GIPR. Also, similarly to the first batch of mutants, the 

relative trends for the mutants were the same when measured using either GIP(Pro3) or GIP(1-42). 

The next step was then to characterize the mutants also in (Ca2+)i mobilization assay, similarly to 

the first batch of mutants. HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR were 

stimulated with increasing doses of GIP(1-42) and intracellular (Ca2+)i mobilization quantified (Figure 

3.20 and Table 3.16). 
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Figure 3.20. GIPR mutants L1942.71A, Q28645.50A and W28745.51A had severely reduced GIP-induced 

(Ca2+)i mobilization. (Ca2+)i mobilization in HEK-293S cells transiently transfected with WT or mutant 

pcDNA3.2-GIPR in response to GIP(1-42). Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate. All data is normalised to 10 μM ionomycin response. Data were determined 

as statistically different (**, p < 0.01; ***, p < 0.001) compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

 

Table 3.16. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to GIP(1-42). 

GIPR mut pEC50
a Emax

b n 

WT 9.29 ± 0.38 10.66 ± 0.85 9 
L1942.71A N.D. 0.55 ± 0.55*** 3 

R196A 8.62 ± 0.54 19.17 ± 2.75 3 
P197A 8.65 ± 0.54 13.48 ± 1.91 3 

Q2113.24A 9.65 ± 1.55 6.28 ± 1.67 3 
Q2203.33A 10.01 ± 0.57 8.43 ± 1.13 3 
Q28645.50A N.D. 0.42 ± 0.06*** 3 
W28745.51A N.D. 0.39 ± 0.30** 3 
E28845.52A 8.47 ± 0.41 19.87 ± 2.28 3 

Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (**, p < 0.01; ***, p < 0.001) compared to DMSO using 

a one-way ANOVA and Dunnett’s post-hoc test. 
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From this second batch, mutants L1942.71A, Q28645.50A and W28745.51 showed very little to no 

GIP-induced (Ca2+)i mobilization (Emax of 0.55 ± 0.55, 0.42 ± 0.06 and 0.39 ± 0.30, respectively), resulting 

in these mutants being excluded from further experiments. The maximal GIP-induced intracellular 

(Ca2+)i mobilization for the rest of the mutants did not significantly differ from WT for the other 

mutants, which were then used in further experiments. 

As a next step, C25 was screened against the new GIPR mutants. To this end, HEK-293S 

transiently transfected with WT or mutant pcDNA3.2-GIPR were stimulated with increasing doses of 

GIP(1-42) in the presence or absence of 100 μM C25 (Figure 3.21, Table 3.17).  

 

 

Figure 3.22. C25 has no or little effect at GIPR mutant R196A, P197A, Q2113.24A and Q2203.33A. (Ca2+)i 

mobilization was measured in HEK-293S cells stably transiently transfected with WT or mutant 

pcDNA3.2-GIPR in response GIP(1-42) in the presence or absence of 100 μM C25. The bottom plots 

then show Emax values plotted from the dose-response curves. Data is plotted as mean ± SEM of n≥3 

individual experiments performed in duplicate and normalised to 10 μM ionomycin response. Data 

were determined as statistically different (****, p < 0.0001) compared to treatment with GIP(1-42) 

and DMSO at each GIPR WT or mutant using Student’s t-test. 
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Table 3.17. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to with GIP(1-42) in the presence or 

absence of 100 μM C25. 

GIPR mut μM C25 pEC50
a Emax

b n 

WT 
0 9.88 ± 0.36 14.77 ± 1.07 5 

100 N.D. 1.47 ± 0.15**** 3 

R196A 
0 8.89 ± 0.31 7.95 ± 0.63 5 

100 10.11 ± 0.92 7.36 ± 1.54 3 

P197A 
0 8.67 ± 0.48 11.70 ± 1.48 4 

100 7.15 ± 1.10* 9.38 ± 2.94 3 

Q2113.24A 
0 9.48 ± 0.53 10.52 ± 1.24 5 

100 9.78 ± 0.74 11.17 ± 1.62 3 

Q2203.33A 
0 9.99 ± 0.44 12.01 ± 1.26 3 

100 9.66 ± 0.45 1.54 ± 0.89 3 

E28845.52A 
0 8.81 ± 0.42 17.38 ± 1.84 3 

100  N.D. 5.70 ± 1.24**** 3 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (****, p <0.0001) compared to treatment with GIP(1-

42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

Interestingly C25 had no significant effect on lowering maximal GIP-induced (Ca2+)i mobilization 

at 4 of the mutants R196A, P197A, Q2113.24A and Q2203.33A. Analysis of the curve fitting of these 

mutants, confirmed that C25 did not appear to have an effect at any of these mutants except possible 

P197A, where the potency of GIP(1-42) is slightly lower. However, even at P197A the (Ca2+)i 

mobilization is not fully ablated as was observed for the WT GIPR and the E28845.52A mutant. 

Combined these data suggests, that 5 amino acids (L1932.70, R196, P197, Q2113.24 and Q2203.33) 

are important for C25 function and mutating them to alanine significantly reduces C25 efficacy. This 

was further corroborated by the fact that all these amino acids are located at Site 10 close to each 

other in the 3D GIPR structure (Chapter 4). 

Previously, the second compound to screen was C3. But since no amino acid were identified as 

potentially important for C3 function, C3-based compounds were all unselective among GIPR, GLP-1R 

and GCGR and the in silico blind docking in chapter 4 was performed with compounds based on C9 

(which includes C25 and C25-based compounds), it was decided to focus on C25-based compounds 

instead. Since the only other C25-based NAM identified in the original screening was compound C58, 

it was decided to test this compound next on all Site 10 mutants including the ones from both the first 

and second batch of mutants. Therefore, using same experimental setup as above, HEK-293S were 
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transiently transfected with WT or mutant pcDNA3.2-GIPR were stimulated with increasing doses of 

GIP(1-42) in the presence or absence of 100 μM C58 (Figure 3.21 and Table 3.18). 

 

 

Figure 3.22. Mutation of L1932.70A in GIPR reduces C58 activity. (Ca2+)i mobilization was measured in 

HEK-293S cells stably transiently transfected with WT or mutant pcDNA3.2-GIPR in response GIP(1-42) 

in the presence or absence of 100 μM C58. The bottom plots then show Emax values plotted from the 

dose-response curves. Data is plotted as mean ± SEM of n≥3 individual experiments performed in 

duplicate and normalised to 10 μM ionomycin response. Data were determined as statistically 

different (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) compared to treatment with GIP(1-

42) and DMSO at each GIPR WT or mutant using Student’s t-test. 
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Table 3.18. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to with GIP(1-42) in the presence or 

absence of 100 μM C58. 

GIPR mut μM C58 pEC50
a Emax

b n 

WT 
0 9.88 ± 0.36 14.77 ± 1.07 5 

100 8.57 ± 0.41 8.60 ± 0.90* 3 

L1932.70A 
0 9.01 ± 0.52 3.84 ± 0.41 9 

100 7.64 ± 0.63 4.07 ± 0.70 4 

R196A 
0 8.89 ± 0.31 7.95 ± 0.63 5 

100 7.95 ± 0.85** 3.17 ± 0.68*** 3 

P197A 
0 8.67 ± 0.48 11.70 ± 1.48 4 

100 8.05 ± 0.16* 6.68 ± 0.35 3 

Q204A 
0 10.19 ± 0.59 7.84 ± 0.72 9 

100 8.22 ± 0.56 3.60 ± 0.58 3 

N210A 
0 8.83 ± 0.38 11.18 ± 0.99 9 

100 8.85 ± 1.02 2.27 ± 0.48** 3 

Q2113.24A 
0 9.48 ± 0.53 10.52 ± 1.24 5 

100 8.50 ± 0.33**** 5.89 ± 0.49** 4 

Q2203.33A 
0 9.99 ± 0.44 12.01 ± 1.26 3 

100 8.21 ± 0.35**** 6.77 ± 0.81 3 

E28845.52A 
0 9.41 ± 0.23 11.73 ± 0.63 3 

100 9.46 ± 0.60 4.20 ± 0.43**** 3 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p <0.001; ****, p <0.0001) 

compared to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

At WT GIPR, C58 does not fully ablate GIP-induced (Ca2+)i mobilization, but it still significantly 

lowers the maximal response (Emax of 14.77 ± 1.07 and 8.60 ± 0.90 for DMSO and C58, respectively). 

This was true also for mutants R196A, N210A, Q2113.24A and E28845.52A, while there was no significant 

lowering at mutants L1932.70A, P197A, Q204A and Q2203.33A. However, looking at the dose-response 

curves, there seems to be some inhibition happening at some of these mutants as well masked by the 

bigger error rates or lower response in general. Moreover, at some of them (R196A, P197A, Q2113.24A 

and Q2203.33A) there was significant lowering of the potency of GIP(1-42). Only at mutant L1932.70A 

was there no visible lowering of the maximal response with both dose-response curves overlaying 

quite well and no significant effect on either potency or efficacy, suggesting the amino acid L1932.70 

might be important for C58. 

Overall, L1932.70 seems important for both C25 and C58 efficacy, while R196, P197, Q2113.24 and 

Q2203.33 were identified as important for C25 only. While the statistics suggest that P197, Q204 and 

Q2203.33 are also important for C58, visual analysis of the curve fitting suggests this might not be the 
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case as some C58 effect is still visible at alanine mutants of these amino acids. Since the compounds 

are structurally similar, some overlap in the binding at the GIPR would be expected and was shown 

with L1932.70A, however some differences would also be expected as C25 is slightly more potent at 

GIPR and is GIPR selective, while C58 is not. 

 

3.6 C25 selectively inhibits GIP-potentiated insulin secretion 

Due to GIPR therapeutical relevance and its important role in insulin secretion mediated by 

pancreatic β-cells, the effect of compounds on GSIS was next quantified. The rat INS-1 cells were 

chosen for this experiment because they are a commonly used cell line for insulin secretion (Skelin et 

al., 2010) and grow quicker and attach better according to the Ladds laboratories past experiments 

than for example mouse MIN6 cells, which are also commonly used for this purpose. 

C25, C58 and C95 were selected for this experiment as it was performed prior to the T 

compounds screening. When tested alone, none of these compounds had any significant effect on 

glucose-mediated insulin secretion as predicted due to them being allosteric modulators (Figure 3.23). 

The same compounds were then tested for their effect on both GIP- and GLP-1-potentiated glucose 

stimulated insulin secretion. 
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Figure 3.23. GIPR allosteric modulators alone do not affect GSIS from rat INS-1 WT cells. Insulin 

secretion from rat INS-1 WT cells after 1-hour pre-treatment with 2.8/16.7 mM glucose in the presence 

or absence of 100 μM compounds. Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate and normalised to 2.8mM glucose. Data were determined as statistically 

different compared to 16.7 mM glucose using a one-way ANOVA and Dunnett’s post-hoc test. 

Compound C58 was measured by Ms Pearce (University of Cambridge). 

 

When tested in the presence of 0.01 μM GIP(1-45) in rat INS-1 cells, C58 at 100 μM and C25 at 

10 μM and 100 μM significantly reduced GIP-potentiated GSIS (Figure 3.24.A). For C58 this was the 

same concentration at which the compound was active in (Ca2+)i mobilization assay, while C25 was 

only active at GIPR at 100 μM in (Ca2+)i mobilization assay, making it more potent in GSIS assay. C95, 

which was the most potent compound identified in the calcium screening, on the other hand, had no 

significant effect on GIP-potentiated GSIS. When tested in the presence of 0.01 μM GLP-1(7-36)NH2 in 

rat INS-1 cells, C58 at 10 μM and 100 μM and C95 at 100 μM significantly reduced GLP-1-potetiated 

GSIS, while C25 at 100 μM had no significant effect (Figure 3.24.B). 
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Figure 3.24. NAMs selective for (Ca2+)i mobilization also inhibit incretin-potentiated GSIS from rat 

INS-1 cells. A. Insulin secretion from rat INS-1 cells after 1-hour treatment with 2.8 or 16.7 mM glucose 

in the presence or absence of GIP(1-42) and DMSO or compound. B. Insulin secretion from rat INS-1 

cells after 1-hour pre-treatment with 2.8 or 16.7 mM glucose in the presence or absence of GLP(1-

36)NH2 and DMSO or compound. Data is plotted as mean ± SEM of n≥3 individual experiments 

performed in duplicate and normalised to 2.8mM glucose. Data were determined as statistically 

different (*, p < 0.05; **, p < 0.01; ***, p < 0.001) compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. Compound C58 at 10 μM was measured by Ms Pearce (University of 

Cambridge). 

 

Overall, these results suggest that in insulin secretion assay C95 is selective for GLP-1R over GIPR 

and even C58 is slightly more potent at GLP-1R. C25 on the other hand is selective for GIPR over GLP-

1R in line with the results from (Ca2+)i mobilization assay. 
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3.7 Discovery of new GIPR allosteric modulators for both (Ca2+)i and cAMP pathways 

The combined approach of in silico docking and in vitro experiments performed above has 

identified site 10 as allosteric binding site of GIPR NAMs C25 and C58. However, these are only two 

related compounds with a similar scaffold and potency around 100 μM. The question therefore was 

whether as a general allosteric binding site this could be targeted by other allosteric compounds 

providing a group of several varied scaffolds, which would be a better starting point for future tries to 

improve the potency of the compounds. 

Therefore, Dr Rahman (University of Cambridge) conducted an in silico screen against site 10 to 

find new compounds binding solely at this position. He performed a structure based virtual screen 

using the Enamine Discovery Diversity Library (Enamine DDS) as well as VITAS. The hits were then 

manually inspected and ICM Pro based docking was also conducted for the most promising 

compounds. Finally, 2 batches of compounds (T1-T12 and T13-T27) were selected for in vitro screening 

(Table 3.19). The number of compounds was a compromise between wanting to test as many 

compounds as possible but also taking in regard the costs and time it would take to perform the 

screening. 
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Table 3.19. 2D structures and molecular weight of potential GIPR allosteric modulators T1-T27. 

 

Compound Structure 
Molecular 

weight (g/mol) 

T1 

 

350.42 

T2 

 

379.50 

T3 

 

366.39 

T4 

 

386.47 

T5 

 

373.43 

T6 

 

279.34 

T7 

 

350.42 

T8 

 

403.44 

T9 

 

357.41 
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T10 

 

438.50 

T11 

 

323.33 

T12 

 

415.43 

T13 

 

348.36 

T14 

 

417.51 

T15 

 

430.48 

T16 

 

354.40 

T17 

 

390.85 

T18 

 

432.78 

T19 

 

438.49 



122 
 

T20 

 

436.50 

T21 

 

362.80 

T22 
 

324.40 

T23 

 

328.40 

T24 

 

402.50 

T25 

 

384.40 

T26 

 

421.90 

T27 

 

353.40 

 

 

Since the original compounds binding in Site 10 are negative allosteric modulators for (Ca2+)i 

mobilization, this was the first assay used to screen the compounds. To test the ability of the 

compounds to modulate GIP-induced (Ca2+)i mobilization, the HEK-293S cells stably expressing GIPR 

were stimulated with increasing doses of GIP(1-42) in the presence or absence of 100 μM compound 

(Figure 3.25 and Table 3.20 for compounds T1-T12 and Figure 3.26 and Table 3.21 for compounds T13-

T27). 
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Figure 3.25. The new compounds, T2, T5, T10 and T11, based upon site 10 binding alone, inhibit GIP-

induced (Ca2+)i mobilization. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response 

to GIP(1-42) in the absence or presence of 100 μM tested compounds. Data is plotted as mean ± SEM 

of n≥3 individual experiments performed in duplicate and normalised to 10 μM ionomycin response. 
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Table 3.20. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GIPR in response to GIP(1-42) in the absence or presence of 100 μM tested compounds. 

Cmp pEC50
a Emax

b Basal n 

DMSO 10.19 ± 0.37 21.48 ± 1.57 0.60 ± 4.90 9 
T1 10.38 ± 0.62 18.67 ± 2.12 -2.59 ± 9.12 4 
T2 9.37 ± 0.58** 17.05 ± 1.93 4.35 ± 3.14 4 
T3 10.04 ± 0.39 19.86 ± 1.56 1.61 ± 4.40 4 
T4 10.68 ± 0.91 23.01 ± 2.35 -6.18 ± 21.77 4 
T5 8.33 ± 0.64* 28.17 ± 4.82 6.61 ± 4.50 4 
T6 10.14 ± 0.68 23.74 ± 3.03 1.99 ± 9.21 5 
T7 11.26 ± 4.36 18.91 ± 3.43 1.48 ± 1.04 4 
T8 9.92 ± 0.39 28.86 ± 2.50 0.87 ± 6.06 4 
T9 9.25 ± 0.39 29.63 ± 2.55 6.34 ± 3.79 4 

T10 8.79 ± 0.70* 16.42 ± 2.30 6.00 ± 2.71 5 
T11 8.33 ± 0.38* 25.49 ± 2.47 6.96 ± 2.37 4 
T12 9.19 ± 0.53 26.07 ± 3.04 5.53 ± 4.80 4 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization as 

determined using 10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01) compared to no treatment 

using a one-way ANOVA and Dunnett’s post-hoc test. 
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Figure 3.26. The new compounds T13 and T26, based upon site 10 binding alone, inhibit GIP-induced 

(Ca2+)i mobilization. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to GIP(1-

42) in the absence or presence of 100 μM tested compounds. Data is plotted as mean ± SEM of n≥3 

individual experiments performed in duplicate and normalised to 10 μM ionomycin response. 
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Table 3.21. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably expressing 

GIPR in response to GIP(1-42) in the absence or presence of 100 μM tested compounds. 

Cmp pEC50
a Emax

b Basal n 

DMSO 9.28 ± 0.45 7.05 ± 0.85 0.72 ± 1.19 5 
T13 N.D. 0.74 ± 0.04** 1.44 ± 0.36 3 
T14 8.60 ± 0.60 5.77 ± 0.77 1.80 ± 0.81 3 
T15 8.75 ± 0.41 6.68 ± 0.85 0.53 ± 0.91 3 
T16 8.65 ± 0.42 7.93 ± 1.13 1.09 ± 0.98 3 
T17 8.37 ± 0.82 3.59 ± 0.64 1.31 ± 0.60 4 
T18 9.39 ± 0.89 7.12 ± 1.38 1.31 ± 2.20 4 
T19 NA1 NA1 NA1 5 
T20 8.61 ± 0.72 9.61 ± 1.37 3.07 ± 1.46 3 
T21 8.21 ± 0.33 6.98 ± 0.76 0.79 ± 0.65 4 
T22 8.73 ± 0.56 7.69 ± 1.18 0.94 ± 1.50 3 
T23 9.46 ± 0.64 3.48 ± 0.46 0.62 ± 0.78 3 
T24 9.02 ± 0.51 4.46 ± 0.57 1.02 ± 0.73 3 
T25 8.75 ± 0.43 4.88 ± 0.58 0.55 ± 0.75 3 
T26 N.D. 1.70 ± 0.25** 0.70 ± 0.28 4 
T27 9.32 ± 0.46 5.34 ± 0.60 0.82 ± 0.85 5 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal (Ca2+)i mobilization as 

determined using 10 μM ionomycin. 
1 Couldn’t fit a proper dose-response curve due to compounds interference with the assay. 

Data were determined as statistically different (**, p < 0.01;) compared to no treatment using a one-

way ANOVA and Dunnett’s post-hoc test. 

 

From the first batch of compounds, 4 significantly lowered the potency, of GIP(1-42) . This could 

be an effect of either an antagonist or an allosteric modulator with an effect on orthosteric efficacy 

instead affinity. Since the compounds were selected based on an in silico screen against Site 10 instead 

of the orthosteric pocket, a negative allosteric modulator is slightly more likely, but this will need to 

be proven later through mutagenesis as was performed for C25 and C58. 

The second screen of compounds T13 to T27 were identified as more interesting compounds 

with respect to potential NAM activity. In particular, compounds T13 and T26 fully ablate GIP(1-42) 

induced (Ca2+)i mobilization similarly to what was seen in the original screen with compound C25, 

marking these two as very promising compounds. Compound T19 produced an unusual dose-response 

curve. This compound was observed to have a yellow-colouration and was fluorescent, which strongly 

interfered with the (Ca2+)i mobilization assay making it difficulty to measure effects of this compound 

on (Ca2+)i mobilization (Figure 3.27). Therefore, T19 was excluded from further calcium experiments. 
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Figure 3.27. T19 fluorescence interferes with (Ca2+)i mobilization assay. A-B. Representative images 

of (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to 100 μM T20 or T19. C. 

(Ca2+)i mobilization in HEK-293S cells stably expressing GIPR or buffer with no cells in response to 100 

μM compound. 

 

The next step was then to measure the newly identified antagonist or NAMs at lower 

concentration to determine their true potency. HEK-293S cells stably expressing GIPR were stimulated 

with increasing doses of GIP(1-42) in the presence or absence of 10 μM, 31.6 μM or 50 μM compound 

and (Ca2+)i mobilization was measured (Figure 3.28 and Table 3.22 for compounds T2, T5, T10 and T11 

and Figure 3.29 and Table 3.23 for compounds T13 and T26). 
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Figure 3.28. T10 and T11 inhibit GIP-induced (Ca2+)i mobilization at GIPR concentrations below 100 

μM. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response to GIP(1-42) in the 

absence or presence of different concentrations of test compounds. Data is plotted as mean ± SEM of 

n≥3 individual experiments performed in duplicate and normalised to GIP(1-42), GLP-1(7-36)NH2 or 

glucagon with DMSO. 
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Table 3.22. Potency (pEC50), Emax and basal values for (Ca2+)i mobilization in HEK-293S cells stably 

expressing GIPR in response to GIP(1-42) concentrations in the absence or presence of different 

concentrations of C95. 

Cmp μM C95 pEC50
a Emax

b Basal n 

DMSO 0 9.50 ± 0.25 15.60 ± 0.90 1.20 ± 1.62 9 

T2 
10 9.50 ± 0.23 15.05 ± 0.88 0.21 ± 1.52 3 

31.6 9.80 ± 0.44 12.02 ± 1.18 0.53 ± 2.63 5 

T5 
10 9.58 ± 0.43 19.30 ± 1.70 3.34 ± 3.11 3 

31.6 9.89 ± 0.41 11.59 ± 1.01 0.71 ± 2.41 5 

T10 
10 9.03 ± 0.22 13.60 ± 0.86 1.05 ± 1.14 5 

31.6 9.18 ± 0.72 6.12 ± 0.99* 1.40 ± 1.41 4 

T11 
10 10.17 ± 0.41 18.66 ± 1.65 -1.16 ± 4.98 3 

31.6 8.57 ± 0.40* 10.95 ± 1.17 1.88 ± 1.22 5 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05) compared to DMSO using a one-way 

ANOVA and Dunnett’s post-hoc test. 

 

 

 

Figure 3.29. T13 and T26 do not significantly inhibit GIP-induced (Ca2+)i mobilization at GIPR at 

concentrations below 100 μM. (Ca2+)i mobilization in HEK-293S cells stably expressing GIPR in response 

to GIP(1-42) in the absence or presence of different concentrations of test compounds. Data is plotted 

as mean ± SEM of n≥3 individual experiments performed in duplicate except for T13, where n=1, and 

normalised to GIP(1-42), GLP-1(7-36)NH2 or glucagon with DMSO. 
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Table 3.23. Potency (pEC50), Emax and basal values for (Ca2+)i mobilization in HEK-293S cells stably 

expressing GIPR in response to GIP(1-42) concentrations in the absence or presence of different 

concentrations of T13 and T26. 

Cmp μM pEC50
a Emax

b Basal n 

DMSO 0 9.28 ± 0.45 7.05 ± 0.85 0.72 ± 1.19 5 

T13 
10 7.88 ± 0.64 10.09 ± 1.85 3.07 ± 1.35 1 
50 8.64 ± 0.73 7.28 ± 1.58 0.50 ± 1.72 1 

T26 
10 8.16 ± 0.89 5.53 ± 1.10 2.06 ± 1.00 3 
50 8.59 ± 0.97 5.58 ± 0.98 1.79 ± 1.19 3 

Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different compared to DMSO using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

Out of the tested compounds, T2 and T5 had no significant effect at either 10 or 31.6 μM. On 

the other hand, T11 still lowered GIP(1-42) potency at 31.6 μM and at the same concentration, T10 

significantly lowered Emax of GIP-induced (Ca2+)i mobilization. T13 and T26, which were tested next at 

10 μM and 50 μM had no significant effect on either potency or maximal response of GIP. However, 

due to the global shortage of black 96-well plates further experiments with T13 were not possible. 

Overall, the calcium screen of T compounds identified 6 new GIPR negative allosteric modulators 

(T2, T5, T10, T11, T13 and T26). At 100 μM most of these compounds (T2, T5, T10, T11) significantly 

lower GIP potency, while T13 lowered the GIP maximal response and T26 fully ablated it. This initially 

suggested that T26 would be the most potent compound, however further analysis showed that 

compounds T10 and T11 could significantly inhibit GIP-mediated (Ca2+)i mobilization at 31.6 μM, while 

T26 had no significant effect at either 10 or 50 μM. Another interesting point is that T10 significantly 

inhibited GIP potency at 100 μM, while also significantly lowering the maximal response at 31.6 μM. 

Due to the day-to-day variability of calcium mobilisation assay more testing would be desirable to 

confirm these results. 

Despite the original NAMs C25 and C58 being only active in (Ca2+)i mobilization assay that does 

not necessarily mean that the new compounds would be also. Thus, all compounds were screened for 

their ability to modulate cAMP accumulation. To assess the ability of each compound to modulate GIP 

induced cAMP accumulation, HEK-293S cells stably expressing GIPR were treated with increasing doses 

of the partial agonist GIP(Pro3) in the presence or absence of 100 μM of each compound. Should any 

compounds display potential activity, they were then further screen using 10 μM, 31.6 μM, 50 μM 
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(Figure 3.30, Table 3.24). The partial agonist GIP(Pro3) was used here as it was originally used in the 

first screen (see Figure 3.6). 
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Figure 3.30. T10, T11, T18, T19 behave as NAMs, while T21 is a PAM at the GIPR. cAMP accumulation 

was measured in HEK-293S cells stably expressing GIPR in response to 8’ stimulation with increasing 

doses of GIP(Pro3) in the absence or presence of different concentrations of tested compounds. Data 

is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate and normalised to 100 

μM forskolin response. 

Table 3.24. Potency (pEC50), maximal response (Emax) and basal response values for cAMP accumulation 

in HEK-293S cells stably expressing GIPR in response to 8’ stimulation with increasing doses of 

GIP(Pro3) in the absence or presence of different concentrations of tested compounds T1-T27. 

Cmp μM pEC50
a Emax

b Basal n 

DMSO - 7.44 ± 0.12 85.90 ± 3.85 1.68 ± 2.61 3 

T1 100 7.32 ± 0.17 76.21 ± 3.29 22.94 ± 2.12**** 3 

T2 100 7.42 ± 0.11 95.04 ± 3.62 4.96 ± 2.44 3 

T3 100 7.31 ± 0.10 94.34 ± 3.40 6.91 ± 2.19 3 

T4 100 7.27 ± 0.12 91.03 ± 3.68 10.73 ± 2.33 3 

T5 100 7.25 ± 0.10 94.20 ± 3.28 8.58 ± 2.05 3 

T6 100 7.40 ± 0.11 95.97 ± 3.65 6.60 ± 2.44 3 

T7 100 7.43 ± 0.11 95.03 ± 3.66 5.64 ± 2.47 3 

T8 100 7.45 ± 0.11 92.59 ± 3.12 11.17 ± 2.13 3 

T9 100 7.26 ± 0.12 88.65 ± 3.78 7.51 ± 2.38 3 

T10 
10 7.73 ± 0.13 73.65 ± 3.71 -12.98 ± 2.85 3 
50 7.55 ± 0.12 41.03 ± 2.76**** -28.35 ± 2.01**** 3 

100 7.49 ± 0.15 60.42 ± 3.22* 1.02 ± 2.23 3 

T11 
10 7.57 ± 0.09 92.45 ± 3.12 -10.15 ± 2.25 3 
50 7.34 ± 0.08*** 93.00 ± 3.08 -7.31 ± 2.04 3 

100 7.08 ± 0.13** 85.77 ± 4.03 8.20 ± 2.37 3 

T12 100 7.31 ± 0.19 85.35 ± 5.34 9.74 ± 3.43 3 

T13 100 8.43 ± 0.08 97.41 ± 1.91 10.96 ± 1.86 3 

T14 100 7.33 ± 0.13 86.03 ± 4.23 0.99 ± 2.80 3 

T15 100 7.74 ± 0.12 91.42 ± 3.44 4.13 ± 2.66 3 

T16 100 8.34 ± 0.09 93.43 ± 2.35 6.13 ± 2.21 3 

T17 100 8.12 ± 0.11 74.54 ± 3.11**** -14.70 ± 2.89* 3 

T18 
10 7.65 ± 0.14 82.17 ± 3.96 -3.41 ± 3.08 3 
50 7.89 ± 0.17 64.37 ± 4.06** -7.02 ± 3.39 3 

100 5.41 ± 0.39**** 73.42 ± 20.15**** 6.68 ± 2.46 3 

T19 
10 7.78 ± 0.12 70.27 ± 3.10* -3.49 ± 2.43 3 
50 7.29 ± 0.24**** 54.70 ± 5.09**** -0.84 ± 3.31 3 

100 5.40 ± 0.32**** 93.15 ± 18.11 20.90 ± 2.15* 3 

T20 100 7.23 ± 0.11 88.31 ± 3.55 7.62 ± 2.21 3 

T21 
10 7.89 ± 0.12 80.16 ± 3.36 0.38 ± 2.80 3 
50 7.74 ± 0.13 79.06 ± 3.75 -7.22 ± 2.96 3 

100 8.92 ± 0.09* 91.48 ± 2.13 3.96 ± 2.47 3 

T22 100 7.78 ± 0.10 93.15 ± 2.88 6.53 ± 2.26 3 

T23 100 7.27 ± 0.12 92.42 ± 4.27 1.42 ± 2.70 3 

T24 100 7.89 ± 0.10 92.73 ± 3.18 1.88 ± 2.59 3 

T25 100 7.89 ± 0.11 92.48 ± 3.49 2.74 ± 2.91 3 

T26 100 8.14 ± 0.10 89.71 ± 2.91 2.37 ± 2.56 3 



133 
 

T27 100 7.85 ± 0.12 89.75 ± 3.51 2.66 ± 2.82 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001) compared to no treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

These data suggest that T11 at 50 μM and 100 μM, T18 at 100 μM and T19 at 50 μM and 100 

μM significantly lowered the pEC50 of GIP(Pro3), while it was increased with T21 at 100 μM. T10 at 50 

μM and 100 μM, T17 at 100 μM, T18 at 50 μM and 100 μM and T19 at 10 μM and 50 μM significantly 

decreased maximal cAMP response. 

Some of the compounds identified in the screen, namely compounds T10, T17 and T19, also 

influenced basal cAMP response, which suggests that they might potentially interfere with the cAMP 

assay. To check whether they interfere with the experiment, the cAMP accumulation assay was 

perform as described above, but lacking cells or GIP(Pro3) (Figure 3.31.A, Table 3.25). Indeed, T17 at 

100 μM lowered the basal cAMP response, T19 at 1 μM, 10 μM and 100 μM significantly increased the 

response. T10 at 100 μM had no significant effect. As a second test for T19, which originally looked as 

a very promising compound, it was assayed against the A3R, a class A Gi-coupled GPCR and not closely 

related to GIPR. The hypothesis was that if T19 is a GIPR NAM it should not have an effect on A3R, but 

if it is a general interference with the assay due to the inner fluorescence of this compound, it would 

“work” on A3R as well, which turned out to be the case (Figure 3.31 panels B&C, Table 3.26). 

 

 

Figure 3.31. Fluorescent compound T19 interferes with cAMP assay. A. cAMP response (FRET signal) 

readout from samples including no cells in the presence or absence of different concentrations of test 

compounds. B. cAMP accumulation in Flp-In CHO cells stably expressing A3R in response to NECA in 
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the presence or absence of 100 μM T19. C. Plotted pEC50 values from B. Data is plotted as mean ± 

SEM of n≥3 individual experiments performed in duplicate and normalised to 100 μM forskolin. Data 

were determined as statistically different (***, p < 0.001; ****, p < 0.0001) compared to no treatment 

using a one-way ANOVA and Dunnett’s post-hoc test. 

 

Table 3.25. cAMP response (FRET signal) readout from samples including no cells in the presence or 

absence of different concentrations of test compounds. 

Cmp μM cAMP response n 

DMSO - -7.55 ± 1.12 3 

T10 100 -8.09 ± 2.67 3 

T17 100 -28.37 ± 5.01**** 3 

T19 
100 34.24 ± 1.16**** 3 
10 49.04 ± 0.59**** 3 
1 19.82 ± 1.11*** 3 

Data are the mean ± SEM of n individual data sets. 

Data were determined as statistically different (***, p < 0.001; ****, p < 0.0001) compared to no 

treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

 

Table 3.26. Potency (pEC50), basal and Emax values for cAMP accumulation in Flp-In CHO cells stably 

expressing A3R in response to NECA in the presence or absence of 100 μM T19. 

Cmp pEC50
a Basal Emax

b n 

DMSO 9.42 ± 0.13 76.90 ± 1.96 25.67 ± 2.02 3 
T19 6.88 ± 0.08**** 108.80 ± 0.77**** 51.71 ± 2.78**** 3 

Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (***, p < 0.001; ****, p < 0.0001) compared to no 

treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

 

 

Overall, these data suggests that compounds T17 and T19 interfere with the cAMP accumulation 

assay and the observed effects in cAMP screen were experimental artefacts. Therefore, these 

compounds were not continued in further cAMP experiments. However, T10 did not interfere with the 

assay and thus would be characterised further. 

An additional point to consider is that in the cAMP screen, the potential allosteric compounds 

and the agonist were added simultaneously not allowing the time for the allosteric compound and the 

receptor to equilibrate. The reason for this is that it makes the assay set up much easier, takes less 

time to do and work preceding this thesis on C25- and C3-related compounds showed that it did not 
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make any significant difference (Dr Harris (University of Cambridge)). However, just to confirm this was 

also applicable to T10, a cAMP accumulation assay similar to above was performed with T10 with or 

without 30 minutes pre-incubation time and then addition of increasing doses of GIP(Pro3). No 

significant difference was observed, thereby validating the above screen (Figure 3.32, Table 3.27). 

 

 

Figure 3.32. Stimulation time does not affect T10 NAM activity at the GIPR. cAMP accumulation in 

HEK-293S cells stably expressing GIPR in response to increasing doses of GIP(Pro3) following a 0’ or 30’ 

pre-stimulation of the cells with 100 μM T10. Data is plotted as mean ± SEM of n≥3 individual 

experiments performed in duplicate and normalised to 100 μM forskolin. Data were determined as 

statistically different compared 0’ stimulation with 100 μM T10 using Student’s t-test. 

 

Table 3.27. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells stably expressing 

GIPR in response to increasing doses of GIP(Pro3) following a 0’ or 30’ pre-stimulation of the cells with 

100 μM T10. 

Compound pEC50
a Emax

b n 

DMSO 8.16 ± 0.10 93.00 ± 3.31 3 
T10 (0’ stimulation) 6.82 ± 0.27 54.10 ± 8.28 3 

T10 (30’ stimulation) 7.17 ± 0.40 37.93 ± 9.82 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different compared 0’ stimulation with 100 μM T10 using 

Student’s t-test. 
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Considering the (Ca2+)i and cAMP screen altogether, there are 7 new GIPR NAMs (T2, T5, T10, 

T11, T13, T18 and T26) and 1 new GIPR PAM T21. Compounds T10 and T11 are the most potent newly 

identified GIPR NAMs that significantly inhibit GIP-induced (Ca2+)i mobilization at 31.6 μM and cAMP 

response at 50 μM, which also makes them NAMs for both pathways. On the other hand, T18 also 

inhibited GIP-induced cAMP response at 50 μM, but has no significant effect in the (Ca2+)i mobilization 

assay. 

 

3.8 Compounds T2 and T5 are newly discovered GIPR selective compounds 

Analogous to the observations for the C3- and C25-based compounds, potency is not the only 

important characteristic of a compound, but its selectivity for a GIP receptor is also an important factor 

to consider. Therefore, T1-T27 compounds were tested for their effects on agonist induced (Ca2+)i 

mobilization and/or cAMP accumulation also at GLP-1R and GCGR. 

T2, T5, T10, T11, T13 and T26 were previously identified as NAMs for (Ca2+)i mobilization at GIPR, 

which is why these compounds were further tested at the closely related GLP-1R and GCGR for their 

selectivity. Therefore, the HEK-293S cells stably expressing GLP-1R or HEK-293∆CTR cells stably 

expressing GCGR were stimulated with increasing doses of GLP-1(7-36)NH2 or glucagon, respectively, 

in the presence or absence of different concentrations of the tested compound (Figure 3.33, Table 

3.28). From the dose response curves, it is visible that T13 at 100 μM ablates GLP-1-induced (Ca2+)i 

mobilization at GLP-1R, as addition of the compound resulted in little response. Furthermore, it could 

also be observed that T26 slightly lowered GLP-1 potency without affecting its maximal response, but 

this was not proven to be a statistically significant change, which might be because of the large error 

on the DMSO curve. Therefore, it would be ideal to add a few more repeats for DMSO/T26 and test 

T13 at GLP-1R at lower concentrations. At GCGR, T2, T5 and T11 had no significant effect, but the rest 

of the compounds were not tested due to issues with supply of black 96-well plates essential for the 

assays. 
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Figure 3.33. T13 inhibits GLP-1-induced (Ca2+)i mobilization at GLP-1R. (Ca2+)i mobilization in HEK-293S 

cells stably expressing GLP-1R or HEK-293∆CTR cells stably expressing GCGR in response to increasing 

doses of GLP-1(7-36)NH2 or glucagon in the absence or presence of different concentrations of test 

compounds. Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate and 

normalised to 10 μM ionomycin. 
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Table 3.28. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells stably GLP-1R or 

HEK-293∆CTR cells stably expressing GCGR in response to GLP-1(7-36)NH2 or glucagon in the absence 

or presence of different concentrations of tested compounds. 

Cmp μM 
GLP-1R GCGR 

pEC50
b Emax

c n pEC50
b Emax

c n 

DMSO - 9.45 ± 0.58 15.12 ± 2.28 3 7.86 ± 0.34 9.92 ± 1.29 3 

T2 100 10.04 ± 0.81 16.04 ± 2.87 3 8.29 ± 0.39 9.56 ± 1.31 3 

T5 100 8.95 ± 0.45 21.03 ± 2.74 3 7.92 ± 0.36 11.32 ± 1.32 3 

T10 100 10.37 ± 0.78 10.86 ± 1.48 3 N/A1 N/A1  

T11 100 8.64 ± 0.45 16.30 ± 2.15 3 8.98 ± 0.83 8.13 ± 1.33 3 

T13 100 N. D. 17.21 ± 2.34 3 N/A1 N/A1  

T26 100 7.63 ± 0.30 18.24 ± 1.93 3 N/A1 N/A1  
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 
1 These responses have not yet been measured, so no data is available on the date of the submission 

of this thesis. 

Data were determined as statistically different compared to no treatment using a one-way ANOVA and 

Dunnett’s post-hoc test. 

 

To assess the ability of each compound to modulate GLP-1- or glucagon-induced cAMP 

accumulation, HEK-293S cells stably expressing GLP-1R or HEK-293∆CTR cells stably expressing GCGR 

were treated with increasing doses of GLP-1(7-36)NH2 or glucagon in the absence or presence of 10 

μM, 50 μM or 100 μM of each compound (Figure 3.34, Table 3.29). 
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Figure 3.34. T10 is a GLP-1R NAM, while T11 and T18 are NAMs at both GLP-1R and GCGR. cAMP 

accumulation in HEK-293S cells stably expressing GLP-1R or HEK-293∆CTR cells stably expressing GCGR 

in response to increasing doses GLP-1(7-36)NH2 or glucagon in the absence or presence of different 

concentrations of test compounds. The ‘GCGR (older)’ data is measured with an older LANCE cAMP kit 

(discontinued), while the rest is measured with LANCE Ultra cAMP kit. Data is plotted as mean ± SEM 

of n≥3 individual experiments performed in duplicate and normalised to 100 μM forskolin. 

 



140 
 

Table 3.29. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells stably expressing 

GLP-1R or HEK-293∆CTR cells stably expressing GCGR in response to increasing doses of GLP-1(7-

36)NH2 or glucagon in the absence or presence of different concentrations of tested compounds. 

Cmp μM 
GLP-1R GCGR (older)a GCGR 

pEC50
b Emax

c n pEC50
b Emax

c n pEC50
b Emax

c n 

DMSO - 
10.82 ± 

0.05 
105.40 ± 

1.48 
3 

8.50 ± 
0.06 

103.40 ± 
2.25 

3 
9.78 ± 
0.07 

99.36 ± 
1.72 

3 

T10 

10 
10.73 ± 

0.06 
99.76 ± 

1.56 
3 - - - - - - 

50 
9.89 ± 

0.05**** 
92.39 ± 

1.69**** 
3 - - - 

9.44 ± 
0.08 

99.22 ± 
2.10 

3 

100 
9.97 ± 

0.06**** 
77.04 ± 

1.90**** 
3 

8.50 ± 
0.07 

82.15 ± 
2.29**** 

3 - - - 

T11 

10 
10.58 ± 

0.04 
102.50 ± 

1.26 
3 - - - 

9.48 ± 
0.07 

99.80 ± 
1.74 

3 

50 
9.42 ± 

0.16**** 
108.80 ± 

5.64 
3 - - - 

8.53 ± 
0.09**** 

99.83 ± 
2.69 

3 

100 
9.98 ± 

0.06**** 
102.00 ± 

2.30 
3 

7.08 ± 
0.09**** 

104.30 ± 
5.41 

3 - - - 

T18 

10 
10.60 ± 

0.04 
103.90 ± 

1.27 
3 - - - 

9.74 ± 
0.07 

99.73 ± 
1.78 

3 

50 
10.53 ± 

0.05 
102.10 ± 

1.42 
3 - - - 

9.44 ± 
0.08* 

99.17 ± 
1.91 

3 

100 
10.43 ± 
0.06** 

102.80 ± 
1.90 

3 
7.63 ± 

0.05*** 
103.80 ± 

2.39 
3 - - - 

T21 100 
10.91 ± 

0.05 
105.80 ± 

1.45 
3 

8.49 ± 
0.05 

103.50 ± 
1.83 

3 - - - 

Data are the mean ± SEM of n individual data sets. 
a The ‘GCGR (older)’ data is measured with an older LANCE cAMP kit (discontinued), while the rest is 

measured with LANCE Ultra cAMP kit. 
b The negative logarithm of the agonist concentration required to produce a half-maximal response.  
c The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001) compared to no treatment using a one-way ANOVA and Dunnett’s post-hoc test. 

 

 

This set of experiment showed that T21 had no significant effect on either receptor, which 

suggests it is a PAM selective for GIPR over GLP-1R and GCGR. On the other hand, T10, T11 and T18 

are non-selective and worked at all receptors. T11 is active at both GLP-1R and GCGR at 50 μM, making 

it equipotent for both these receptors. T10 is more potent at GLP-1R, while T18 is more potent at 

GCGR. 

Moreover, there are some discrepancies when comparing the effects of NAMs at GLP-1R and 

GCGR compared to the original results obtained at GIPR. T10 only affected the maximal response at 
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GIPR, but at the GLP-1R and GCGR, T10 affected both potency and efficacy. T18, on the other hand, 

affected both potency and maximal response to the endogenous agonist at GIPR but only the potency 

at GLP-1R and GCGR. This was not the case for T11, which only significantly affected potency at all of 

them. This could be either because of the amino acid sequence difference between the binding site of 

these three receptors causing slightly different binding and engagement of the compounds or could 

be just because in some cases the effect is too low to come through as statistically significant. 

Overall, looking at the results from both cAMP accumulation assay and (Ca2+)i mobilization assay, 

T2, T5 and T21 are selective allosteric modulators for GIPR over GLP-1R and GCGR, while T10, T13 and 

T18 are not. T11 significantly inhibited agonist-induced response at both GLP-1R and GCGR in cAMP 

accumulation assay, but had no significant effect in the (Ca2+)i mobilization assay, though more repeats 

to support this claim. 

 

3.9 The T compounds were confirmed to bind to site 10 

Having identified new GIPR NAMs and a PAM, the next step was to characterise their binding 

site. Since all the compounds were initially identified as potential GIPR allosteric modulators using an 

in silico screen against Site 10, which lies at the top of TMD2/3 and ECL1, the compounds were tested 

against all the previously characterised Site 10 mutants, which were L1932.70A, R196A, P197A, Q204A, 

N210A, Q2113.24A, Q2203.33A and E28845.52A, while L1942.71A, G198A, Q28645.50A and W28745.51A were 

omitted due to low (Ca2+)i mobilization of these mutants. Moreover, since some compounds were 

active in both (Ca2+)i mobilization and cAMP accumulation assay, both of these assays were used to 

test the allosteric modulators against the GIPR mutants. 

The compounds were first assayed against the site 10 mutants using the (Ca2+)i mobilization 

assay. To this end, HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR were 

stimulated with increasing doses of GIP(1-42) in the presence or absence of 100 μM compound, 

starting first with compound T5 (Figure 3.35, Table 3.30). At WT, T5 significantly lowered both the 

potency and the maximal response. However, at mutants L1932.70A, P197A, Q204A, N210A, Q2113.24A 

and E28845.52A it had no significant effect, which was also visible on the dose-response curves, where 

the two responses with and without T5 practically overlaid. This suggests that these amino acids are 

important for T5 binding and/or function. At mutant R196A T5 significantly lowered the pEC50, while 

at Q2203.33A it lowered the Emax. 
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Figure 3.35. T5 has no or little effect at many Site 10 GIPR mutants. (Ca2+)i mobilization was measured 

in HEK-293S cells stably transiently transfected with WT or mutant pcDNA3.2-GIPR in response to 

increasing doses of GIP(1-42) in the presence or absence of 100 μM T5. The bottom plots then show 

pEC50 and Emax values plotted from the dose-response curves. Data is plotted as mean ± SEM of n≥3 

individual experiments performed in duplicate except T5 at WT GIPR, where n=1, and normalised to 

10 μM ionomycin response. Data were determined as statistically different (*, p < 0.05; **, p < 0.01) 

compared to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 
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Table 3.30. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to increasing doses of GIP(1-42) in the 

presence or absence of 100 μM T5. 

GIPR mut μM T5 pEC50
a Emax

b n 

WT 
0 9.88 ± 0.36 14.77 ± 1.07 5 

100 8.28 ± 0.84** 7.52 ± 2.11* 1 

L1932.70A 
0 N.D. 1.36 ± 0.31 3 

100 N.D. 1.17 ± 0.24 3 

R196A 
0 8.70 ± 0.38 7.20 ± 0.68 3 

100 8.33 ± 0.46* 5.66 ± 0.69 3 

P197A 
0 8.09 ± 0.22 6.23 ± 0.46 3 

100 8.48 ± 0.49 5.70 ± 0.72 3 

Q204A 
0 9.59 ± 0.81 5.09 ± 0.86 3 

100 8.90 ± 0.47 3.66 ± 0.39 3 

N210A 
0 9.12 ± 0.48 4.25 ± 0.52 3 

100 8.97 ± 0.55 3.63 ± 0.47 3 

Q2113.24A 
0 8.78 ± 0.34 6.74 ± 0.65 3 

100 8.33 ± 0.42 6.38 ± 0.77 3 

Q2203.33A 
0 9.63 ± 0.36 11.97 ± 0.97 5 

100 9.41 ± 0.34 6.99 ± 0.53* 3 

E28845.52A 
0 9.41 ± 0.23 11.73 ± 0.63 3 

100 9.14 ± 0.36 12.06 ± 1.06 3 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01) compared to treatment with 

GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

Next compound T11 was then assay at the site 10 mutants using the same approach as described 

for T5 (Figure 3.36, Table 3.31). At WT, T11 significantly lowered the potency, without having any 

statistically significant or visible effect on the GIP maximal response. T11 also significantly lowered GIP 

potency at R196A, Q204A and E28845.52A, while it had no significant effect at L1932.70A, P197A, N210A, 

Q2113.24A and Q2203.33A. 
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Figure 3.36. T11 has no or little effect at many GIPR mutants L1932.70A, P197A, N210A, Q2113.24A and 

Q2203.33A. (Ca2+)i mobilization was measured in HEK-293S cells stably transiently transfected with WT 

or mutant pcDNA3.2-GIPR in response to increasing doses of GIP(1-42) in the presence or absence of 

100 μM T11. The bottom plots then show pEC50 and Emax values plotted from the dose-response curves. 

Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate except T11 at WT 

GIPR, where n=1, and normalised to 10 μM ionomycin response. Data were determined as statistically 

different (*, p < 0.05) compared to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant 

using Student’s t-test. 
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Table 3.31. Potency (pEC50) and Emax values for (Ca2+)i mobilization in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to increasing doses of GIP(1-42) in the 

presence or absence of 100 μM T11. 

GIPR mut μM T11 pEC50
a Emax

b N 

WT 
0 9.88 ± 0.36 14.77 ± 1.07 5 

100 8.59 ± 0.55* 14.59 ± 2.52 1 

L1932.70A 
0 N.D. 1.36 ± 0.31 3 

100 N.D. 0.76 ± 0.15 3 

R196A 
0 8.70 ± 0.38 7.20 ± 0.68 3 

100 8.49 ± 0.33* 5.96 ± 0.53 3 

P197A 
0 8.09 ± 0.22 6.23 ± 0.46 3 

100 8.40 ± 0.27 8.24 ± 0.64 3 

Q204A 
0 9.59 ± 0.81 5.09 ± 0.86 3 

100 8.15 ± 0.38* 6.12 ± 0.68 3 

N210A 
0 9.12 ± 0.48 4.25 ± 0.52 3 

100 9.16 ± 0.35 4.66 ± 0.39 3 

Q2113.24A 
0 8.78 ± 0.34 6.74 ± 0.65 3 

100 8.17 ± 0.48 8.23 ± 1.26 3 

Q2203.33A 
0 9.12 ± 0.37 12.01 ± 1.25 5 

100 8.98 ± 0.21 8.41 ± 0.46 3 

E28845.52A 
0 9.41 ± 0.23 11.73 ± 0.63 3 

100 8.54 ± 0.30* 12.17 ± 0.97 3 
Data are mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response. 
b The maximal response to the ligand expressed as a percentage of the (Ca2+)i mobilization elicited by 

10 μM ionomycin. 

Data were determined as statistically different (*, p < 0.05) compared to treatment with GIP(1-42) and 

DMSO at each GIPR WT or mutant using Student’s t-test. 

 

Overall, the results from screening T5 and T11 against the Site 10 GIPR mutants are very 

encouraging. T5 and T11 were first identified through an in silico screen against site 10 looking for 

potential allosteric modulators. The observations that these compounds indeed behaved as NAMs and 

their function seemed to be effected by multiple Site 10 mutations validates Site 10 as a GIPR allosteric 

site. In the future, it would be good to also screen compounds T2, T10, T13 and T26 against these 

mutants. 

Moving onto the allosteric modulators inhibiting the Gs-cAMP pathway, the compounds to test 

in the cAMP accumulation assay were NAMs T10, T11 and T18 and PAM T21. To measure cAMP 

response, HEK-293S transiently transfected with WT or Site 10 mutants pcDNA3.2-GIPR were 

stimulated with increasing doses of either GIP(Pro3) or GIP(1-42) in the presence or absence of 100 

μM T10 (Figure 3.37, Table 3.32). Both agonists were used for compound T10 to see which one allowed 

a better assay window and observation of the effects. 
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Figure 3.37. GIPR mutants G198A, Q204A and N210A reduce T10 activity as a NAM. cAMP 

accumulation was measured in HEK-293S transiently transfected with WT or mutant pcDNA3.2-GIPR 

in response to 8’ stimulation with increasing doses of either GIP(Pro3) or GIP(1-42) in the presence or 

absence of 100 μM T10. The bottom plots then show pEC50 and Emax values plotted from the dose-

response curves. Data is plotted as mean ± SEM of n≥3 individual experiments performed in duplicate 

and normalised to 100 μM forskolin response. Data were determined as statistically different (*, p < 

0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001) compared to treatment with GIP(Pro3) or GIP(1-

42) and DMSO at each GIPR WT or mutant using Student’s t-test 
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Table 3.32. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S transiently transfected 

with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of either 

GIP(Pro3) or GIP(1-42) in the presence or absence of 100 μM T10. 

GIPR mut 
μM 
T10 

GIP(Pro3) GIP(1-42) 

pEC50
a Emax

b n pEC50
a Emax

b n 

WT 
0 7.81 ± 0.18 44.17 ± 2.98 8 10.94 ± 0.07 83.13 ± 1.66 8 

100 6.93 ± 0.87* 3.45 ± 5.64* 5 10.44 ± 0.11* 61.51 ± 2.47** 3 

L1932.70A 
0 7.90 ± 0.65 18.74 ± 3.48 5 9.23 ± 0.15 65.53 ± 3.31 5 

100 8.86 ± 0.42 4.20 ± 1.23 3 8.91 ± 0.15 30.13 ± 2.13** 3 

L1942.71A 
0 ND ± 3 ND ± 3 

100 ND ± 3 ND ± 3 

R196A 
0 7.65 ± 0.18 66.01 ± 4.13 3 11.11 ± 0.08 86.72 ± 1.81 3 

100 
7.15 ± 

0.21*** 
38.06 ± 
3.89*** 

3 
10.15 ± 
0.12** 

60.52 ± 2.72** 3 

P197A 
0 7.66 ± 0.18 59.33 ± 3.77 3 11.04 ± 0.09 83.06 ± 1.92 3 

100 7.16 ± 0.20 28.93 ± 2.85* 3 
10.00 ± 
0.13** 

53.67 ± 2.65*** 3 

G198A 
0 6.68 ± 0.47 8.35 ± 2.37 5 9.94 ± 0.87 14.95 ± 3.78 5 

100 6.03 ± 0.44 22.87 ± 6.92 3 9.19 ± 0.50 19.92 ± 4.45 3 

Q204A 
0 7.77 ± 0.20 41.81 ± 3.00 7 10.41 ± 0.25 74.79 ± 4.79 6 

100 7.74 ± 0.33 24.25 ± 2.80 3 10.71 ± 0.37 44.97 ± 5.12 3 

N210A 
0 7.52 ± 0.23 49.24 ± 3.87 6 10.01 ± 0.17 81.19 ± 3.59 5 

100 7.09 ± 0.18* 25.41 ± 1.89 3 10.00 ± 0.10 59.16 ± 2.10 3 

Q2113.24A 
0 6.96 ± 0.22 35.90 ± 3.21 3 10.44 ± 0.12 80.72 ± 2.42 3 

100 6.18 ± 0.47 13.30 ± 4.58* 3 9.60 ± 0.14** 51.44 ± 2.86* 3 

Q2203.33A 
0 7.01 ± 0.18 29.60 ± 2.17 3 10.35 ± 0.09 89.98 ± 2.12 3 

100 6.47 ± 0.29 20.23 ± 3.63* 3 9.33 ± 0.09** 
65.04 ± 

2.32**** 
3 

C28645.50A 
0 ND 5.45 ± 1.57 3 7.17 ± 0.35 29.00 ± 5.07 3 

100 ND -1.03 ± 17.67 3 ND 0.10 ± 2.34** 3 

W28745.51A 
0 ND 11.28 ± 3.16 3 ND 8.52 ± 2.51 3 

100 ND 4.22 ± 4.41 3 ND ND 3 

E28845.52A 
0 7.11 ± 0.23 30.07 ± 2.54 3 10.44 ± 0.06 90.08 ± 1.43 3 

100 6.96 ± 0.32 13.59 ± 2.40* 3 9.54 ± 0.08** 61.98 ±1.89**** 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 

0.0001) compared to treatment with GIP(Pro3) or GIP(1-42) and DMSO at each GIPR WT or mutant 

using Student’s t-test. 

 

Analysis of the dose-response data for both GIP(Pro3) and GIP(1-42), T10 significantly lowered 

both pEC50 and Emax of both GIP(Pro3)- and GIP(1-42)-induced cAMP response at WT GIPR. Since both 

ligands showed similar response, the full agonist GIP(1-42) and not the partial agonist GIP(Pro3) was 

chosen as the agonist of choice for testing the other compounds against Site 10 mutants. Moreover, 



148 
 

mutants L1942.71A, C28645.50 and W28745.51A failed to provide any measurable cAMP response in line 

with the original characterisation of the mutants, and thus these mutants were omitted from further 

experiments with the other compounds. 

T10 significantly lowered pEC50 and Emax of GIP(1-42)-induced cAMP response also at GIPR 

mutants R196A, P197A, Q2113.24A, Q2203.33A and E28845.52A. At L1932.70A only the Emax was significantly 

lowered. Of the remaining 3 mutants, G198A displayed a small response to GIP(1-42), which was not 

further inhibited by T10. For mutants Q204A and N210A, there was little significant effect of T10, 

however for these mutants there is a larger error margin which means complete interpretation of the 

data for these mutants is not possible. 

Compound T11 was assayed next using only GIP(1-42) using the same Site 10 mutants as 

described above (Figure 3.38, Table 3.33). T11 significantly reduced the potency of GIP-induced cAMP 

response at WT GIPR as well as at mutants L1932.70A, Q2203.33A and E28845.52A. Mutants P197A, N210A 

and Q2113.24A did not show a significant reduction in potency upon addition of T11, although small 

reductions were observed even though they did not reach significance. At G198A the response to 

GIP(1-42) was weak that conclusions could not be inferred from the data. However, mutants R196A 

and Q204A significantly reduced T11 efficacy, suggesting that these two residues are important for T11 

ability to modulate GIP-induced cAMP response. 
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Figure 3.38. GIPR mutants R196A and Q204A reduced T11 efficacy at GIPR. cAMP accumulation was 

measured in HEK-293S cells stably transiently transfected with WT or mutant pcDNA3.2-GIPR in 

response to 8’ stimulation with increasing doses of GIP(1-42) in the presence or absence of 100 μM 

T11. The bottom plots then show pEC50 values plotted from the dose-response curves. Data is plotted 

as mean ± SEM of n≥3 individual experiments performed in duplicate and normalised to 100 μM 

forskolin response. Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ***, p < 

0.001; ****, p < 0.0001) compared to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant 

using Student’s t-test. 
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Table 3.33. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of 

GIP(1-42) in the presence or absence of 100 μM T11. 

GIPR mut μM T11 pEC50
a Emax

b n 

WT 
0 9.74 ± 0.17 42.02 ± 2.35 3 

100 8.66 ± 0.28* 39.52 ± 4.04 3 

L1932.70A 
0 8.83 ± 0.21 33.39 ± 3.29 3 

100 7.59 ± 0.21** 43.32 ± 5.73 3 

R196A 
0 10.49 ± 0.18 49.54 ± 2.67 3 

100 9.97 ± 0.14 47.34 ± 1.96 3 

P197A 
0 11.06 ± 0.27 58.30 ± 4.32 3 

100 10.10 ± 0.22 58.17 ± 3.84 3 

G198A 
0 9.39 ± 1.58 8.46 ± 2.86 3 

100 8.23 ± 3.28 8.23 ± 4.77 3 

Q204A 
0 9.06 ± 0.20 25.28 ± 2.11 3 

100 9.04 ± 0.28 23.05 ± 2.57 3 

N210A 
0 9.56 ± 0.27 53.07 ± 4.64 3 

100 8.59 ± 0.31 59.89 ± 6.90 3 

Q2113.24A 
0 10.17 ± 0.17 72.77 ± 3.79 3 

100 9.58 ± 0.20 67.30 ± 4.20 3 

Q2203.33A 
0 9.84 ± 0.14 62.72 ± 3.01 3 

100 8.97 ± 0.19* 61.49 ± 4.61 3 

E28845.52A 
0 10.10 ± 0.15 64.36 ± 3.04 3 

100 9.30 ± 0.13* 65.00 ± 2.74 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01) compared to treatment with 

GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

The last of the NAMs to be test against Site 10 mutants was T18 (Figure 3.39 and Table 3.34). 

T18 significantly reduced potency and maximal response of GIP(1-42)-induce cAMP response at WT 

GIPR as well as N210A and Q2203.33A. The potency was also significantly reduced at R196A, P197A and 

Q2113.24A, while maximal response was significantly reduced at L1932.70A. For G198A the response was 

again too small to see any effects. At mutants Q204A and E28845.52A there was no significant effect of 

T18 on either potency or maximal response, suggesting that these two residues effect T18 ability to 

modulate GIP-induced cAMP response. 
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Figure 3.39. T18 has no or little effect at GIPR mutants Q204A and E28845.52A. cAMP accumulation 

was measured in HEK-293S cells transiently transfected with WT or mutant pcDNA3.2-GIPR in response 

to 8’ stimulation with increasing doses of GIP(1-42) in the presence or absence of 100 μM T18. The 

bottom plots then show pEC50 and Emax values plotted from the dose-response curves. Data is plotted 

as mean ± SEM of n≥3 individual experiments performed in duplicate and normalised to 100 μM 

forskolin response. Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p < 

0.0001) compared to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s 

t-test 
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Table 3.34. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of 

GIP(1-42) in the presence or absence of 100 μM T18. 

GIPR mut μM T18 pEC50
a Emax

b n 

WT 
0 9.74 ± 0.17 42.02 ± 2.35 3 

100 9.24 ± 0.36* 25.18 ± 2.16** 3 

L193A 
0 8.83 ± 0.21 33.39 ± 3.29 3 

100 9.03 ± 0.26 15.25 ± 1.28**** 3 

R196A 
0 10.49 ± 0.18 49.54 ± 2.67 3 

100 9.34 ± 0.21** 45.58 ± 2.91 3 

P197A 
0 11.06 ± 0.27 58.30 ± 4.32 3 

100 9.92 ± 0.28* 53.00 ± 4.44 3 

G198A 
0 9.39 ± 1.58 8.46 ± 2.86 3 

100 10.35 ± 1.57** 7.68 ± 1.82 3 

Q204A 
0 9.06 ± 0.20 25.28 ± 2.11 3 

100 8.85 ± 0.41 18.29 ± 2.73 3 

N210A 
0 9.56 ± 0.27 53.07 ± 4.64 3 

100 8.74 ± 0.37** 42.88 ± 5.33* 3 

Q2113.24A 
0 10.17 ± 0.17 72.77 ± 3.79 3 

100 9.27 ± 0.19* 65.27 ± 3.97 3 

Q2203.33A 
0 9.84 ± 0.14 62.72 ± 3.01 3 

100 9.05 ± 0.17* 48.59 ± 3.27** 3 

E28845.52A 
0 10.10 ± 0.15 64.36 ± 3.04 3 

100 9.57 ± 0.22 54.59 ± 3.60 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different (*, p < 0.05; **, p < 0.01; ****, p < 0.0001) compared 

to treatment with GIP(1-42) and DMSO at each GIPR WT or mutant using Student’s t-test. 

 

From the original screen, T21 was considered to be a PAM at the GIPR. However, when re-tested 

at the Site 10 mutants there was no significant effect on either potency or maximal response at WT 

GIPR or the mutants (Figure 3.40, Table 3.35). Indeed, the only mutant that showed a visible increase 

in potency was R196A. The failure of T21 to reproduce its NAM activity in these assays will be discussed 

in the at the end of this chapter. 
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Figure 3.40. T21 has no or little effect in transiently transfected cells. cAMP accumulation was 

measured in HEK-293S cells transiently transfected with WT or mutant pcDNA3.2-GIPR in response to 

8’ stimulation with increasing doses of GIP(1-42) in the presence or absence of 100 μM T21. The 

bottom plots then show pEC50 values plotted from the dose-response curves. Data is plotted as mean 

± SEM of n≥3 individual experiments performed in duplicate and normalised to 100 μM forskolin 

response. Data were determined as statistically different compared to treatment with GIP(1-42) and 

DMSO at each GIPR WT or mutant using Student’s t-test 
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Table 3.35. Potency (pEC50) and Emax values for cAMP accumulation in HEK-293S cells transiently 

transfected with WT or mutant pcDNA3.2-GIPR in response to 8’ stimulation with increasing doses of 

GIP(1-42) in the presence or absence of 100 μM T21. 

GIPR mut μM T21 pEC50
a Emax

b n 

WT 
0 9.74 ± 0.17 42.02 ± 2.35 3 

100 9.86 ± 0.33 29.84 ± 2.49 5 

L1932.70A 
0 8.83 ± 0.21 33.39 ± 3.29 3 

100 9.04 ± 0.21 25.30 ± 1.97 3 

R196A 
0 10.49 ± 0.18 49.54 ± 2.67 3 

100 11.08 ± 0.16 50.40 ± 2.17 3 

P197A 
0 11.06 ± 0.27 58.30 ± 4.32 3 

100 11.13 ± 0.29 56.78 ± 4.55 3 

G198A 
0 9.39 ± 1.58 8.46 ± 2.86 3 

100 9.22 ± 2.57 11.74 ± 2.19 3 

Q204A 
0 9.06 ± 0.20 25.28 ± 2.11 3 

100 9.62 ± 0.32 18.75 ± 1.94 3 

N210A 
0 9.56 ± 0.27 53.07 ± 4.64 3 

100 9.60 ± 0.39 45.77 ± 4.64 3 

Q2113.24A 
0 10.17 ± 0.17 72.77 ± 3.79 3 

100 10.35 ± 0.20 69.30 ± 3.56 3 

Q2203.33A 
0 9.84 ± 0.14 62.72 ± 3.01 3 

100 9.94 ± 0.12 59.98 ± 2.30 3 

E28845.52A 
0 10.10 ± 0.15 64.36 ± 3.04 3 

100 10.23 ± 0.15 63.34 ± 2.56 3 
Data are the mean ± SEM of n individual data sets. 
a The negative logarithm of the agonist concentration required to produce a half-maximal response.  
b The maximal response to the ligand expressed as a percentage of the maximal cAMP accumulation 

as determined using 100 μM forskolin. 

Data were determined as statistically different compared to treatment with GIP(1-42) and DMSO at 

each GIPR WT or mutant using Student’s t-test. 

 

Overall, all tested GIPR allosteric modulators except T21 seem to be effected by one or more of 

the Site 10 mutations both in cAMP accumulation and (Ca2+)i mobilization assays, which further 

validates Site 10 as a GIPR allosteric site. T11 is a GIPR NAMs for both GIP-induced cAMP accumulation 

and (Ca2+)i mobilization. In the (Ca2+)i mobilization assays Site 10 mutants L1932.70A, P197A, N210A, 

Q211A and Q2203.33A significantly reduced T11 efficacy, while in the cAMP accumulation assay mutants 

R196A and Q204A significantly reduced its efficacy. This would suggest that different amino acids that 

are important in modulating both responses. This could possibly be due to each pathway being 

mediated through different structural rearrangements of the GIPR involving different amino acids. 

(Ca2+)i mobilization assay also seems to identify generally more amino acids as potentially important, 

which could be related to different sensitivity of each assay. 
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3.10 Discussion 

3.10.1 Drug discovery of 12 new GIPR allosteric modulators 

In this chapter 34 new compounds were identified and in vitro pharmacologically tested for 

potential allosteric modulators activity. The 3 series of compounds tested were C3-based, C25-based 

and T-compounds screened against GIPR allosteric site located at the top of TMD2/3 and ECL1 (Site 

10). One of the goals of this thesis was to increase the library of potential scaffolds of GIPR allosteric 

modulators. As potential treatment for type II diabetes or obesity, it is very advantageous to start with 

multiple compounds which can compensate for compounds disregarded during the drug discovery 

process due to insufficient effectivity or unwanted side effects. It also gives us more scaffolds, which 

can be tweaked and researched using structure-activity relationship studies in order to discover more 

potent and more selective compounds. 

This goal of increasing the size of GIPR allosteric modulators library has been successful with the 

identification of 11 new GIPR NAMs and 1 new GIPR PAM in this chapter, although the effects of the 

PAM T21 are very weak and need to be further confirmed. Even more striking is the fact that these 12 

new allosteric modulators were identified from overall number of only 34 screened compounds 

translating into a success rate of approximately 35%. Moreover, new compounds have been identified 

through both of the approaches used, the first one being drug discovery based on existing known GIPR 

NAMs C3 and C25 and the second being an in silico screen against potential allosteric binding site 

identified at the GIPR, Site 10. 

But how do we know these new compounds are indeed allosteric modulators and not 

orthosteric ligands? The original compounds C3 and C25 were NAMs as was shown previously by Dr 

Harris (University of Cambridge). Moreover, C3-based and C25-based compounds showed no activity 

when tested alone and characteristically of NAMs lowered GIP maximal response without affecting 

potency. T compounds were then identified through an in silico screen against site 10, not against the 

orthosteric site, and selected as compounds predicted to bind there 

But the ultimate proof is by providing a suggestion as to where they bind the GIPR which was 

successfully achieved indirectly by using mutagenesis (discussed later). Alternative approaches to also 

confirm this include solving a Cryo-Em or crystal structure of the receptor with the compounds, which 

due to cost and time restrictions is not feasible to do with all the compounds. Alternatively, a binding 

assay could be done to see whether the compounds outcompete fluorescent or radiolabelled 

orthosteric ligand to disprove their binding to the orthosteric site. 
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3.10.2 GIPR allosteric modulators are biased towards cAMP or calcium signalling 

An additional aim of this chapter was to improve potency of the GIPR allosteric modulators. The 

starting compounds C3 and C25 both decreased GIP-induced (Ca2+)i mobilization at 100 μM. The most 

potent compound identified was C95, which inhibited GIP-induced (Ca2+)i mobilization at 10 μM, 

resulting in ~10x improved potency compared to C3, which it was based on. T10 and T11 then inhibited 

both GIP-induced (Ca2+)i mobilization and cAMP accumulation response at 31.6 μM and 50 μM, 

respectively, while T18 inhibited GIP-induced cAMP response at 50 μM. This means there are now four 

new compounds with improved potency over the original compounds C3 and C25. And while that is 

indeed an improvement, for GIPR allosteric compounds to be usable as potential therapeutics, there 

is still need for further improvement, which could be achieved by further modifying the compounds or 

partnering with industry to conduct a high-through put screening against Site 10. This could be 

performed by, for example, fluorescent- or radiolabelling one of the current compounds and then 

doing a high-throughput competition binding assay. 

It is important to also note that C3 and C25 are both biased NAMs selective for (Ca2+)i 

mobilization pathway over cAMP accumulation pathway and this translates to being true for all C3- 

and C25-based compounds, which is predictable. However, it is not true for all T compounds. The T 

compounds were identified through screening against Site 10, which was first identified as the 

allosteric binding site of C25 and C58, both compounds selective for (Ca2+)i mobilization pathway over 

cAMP signalling. And indeed T2, T5, T13 and T26 still follow the same pattern (Table 3.36). On the other 

hand, T10 and T11 affect both calcium and cAMP signalling and moreover, T18 and T21 have an effect 

only on cAMP signalling at the tested concentrations. This could be because, while expected to bind in 

a similar site (not yet proven for all compounds), these compounds could be engaging different amino 

acids at this site resulting in different conformational changes in the receptor and biased signalling. In 

fact, the mutational studies, discussed in more detail below, do indeed point towards this.
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Table 3.36. Summary of GIPR allosteric modulators and their effect at GIPR, GLP-1R and GCGR. Cross (X) indicates the compound does not effect agonist-

induced calcium/cAMP response at the indicated receptor. 

   GIPR GLP-1R GCGR 

Cmpd Type 
GIPR 

Selective?a 
Effective c - 

calcium (μM)b 
Effective c - 
cAMP (μM)c 

Effective c - 
calcium (μM)b 

Effective c - 
cAMP (μM)c 

Effective c - 
calcium (μM)b 

Effective c - 
cAMP (μM)c 

C3 NAM no 100 X 100 X 100 X 
C22 NAM ? 100 X     
C91 NAM ? 100 X     
C95 NAM no 10 X 100 X 100 X 
C25 NAM yes 100 X X X X X 
C58 NAM no 100 X 100 X 100 X 
T2 NAM yes 100 X X X X X 
T5 NAM yes 100 X X X X X 

T10 NAM no 31.6 50 X 50  100 
T11 NAM no 31.6 50 X 50 X 50 
T13 NAM no 100 X 100    
T18 NAM no X 50  100  50 
T21 PAM yes X 100  X  X 
T26 NAM ? 100 X X    

a ‘yes’ indicates the compound is selective for GIPR over GLP-1R and GCGR 
b Indicates lowest concentration at which the compound still effects agonist-induced (Ca2+)i mobilization. 
c Indicates lowest concentration at which the compound still effects agonist-induced cAMP accumulation. 

Orange indicates that lower concentration has not yet been fully measured. 
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GIPR signalling is truly pleiotropic, so in addition to cAMP and (Ca2+)I signalling, effects of 

compounds on β-arrestin recruitment was also assessed. The tested compounds were C3, C95, C25 

and C58 and none of these showed any significant effect on this pathway. What these compounds 

have in common is that they are all GIPR NAMs selective for (Ca2+)i signalling over cAMP signalling. 

Therefore, it would be interesting to explore whether the β-arrestin signalling is independent of both 

cAMP and calcium or whether cAMP-biased compounds would have an effect on β-arrestin signalling 

as well. 

Although the cAMP, (Ca2+)i and β-arrestin signalling pathways are discussed here as 

independent, there is most likely a crosstalk occurring between them. In order to research the 

compounds signalling bias in more detail, it might therefore be useful to research their effect more 

upstream of the signalling pathways, for example looking at the effects of compounds on G protein 

recruitment directly using some of the available techniques like TRUPATH system (Olsen et al., 2020).  

 

3.10.3 T2, T5, T21 and C25 are selective for GIPR over GLP-1R and GCGR 

The compounds are selective not only between GIPR signalling pathways but also between 

receptors. Generally, in drug discovery, there is a desire for selective compounds to limit unwanted 

side effects. On the other hand, especially in diabetes, dual or triple agonists of GIPR/GLP-1R/GCGR 

have been extensively researched as beneficial (Bastin and Andreelli, 2019; Knerr et al., 2022; Zhao et 

al., 2021). GLP-1R and GCGR are receptors closely related to GIPR, which is why the compounds were 

tested against them as well. 

C25, one of the original compounds, was shown to be selective for GIPR over GLP-1R and GCGR, 

while C58 based on C25 was not. It would therefore be interesting to explore more, which mechanism 

is responsible for C58 losing the selectivity. This could be explored either through SAR studies or 

potentially through MD simulations of C25 and C58 at the GIPR. C3 and the most potent compound 

C95 are both non-selective, meaning they might not be the best candidates as starting compounds for 

drug development of selective GIPR allosteric modulators. T2, T5 and T21 are the newly discovered 

selective allosteric modulators. T10 and T11 are then selective in their effects on (Ca2+)i mobilization 

pathway, but not in their effects on cAMP accumulation. The question remains whether this is because 

of different sensitivity of the two assays, or it could be because of the compounds recruiting different 

amino acids to effect signalling of each of the assay. This was hinted at previously that cAMP and  (Ca2+)i 

signalling could be propagated through the receptor differently and the compounds could be 

interacting with different amino acids to start this reaction. The amino acids involved in affecting  (Ca2+)i 

signalling could then theoretically differ between the three receptors, while the ones affecting cAMP 
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signalling could be conserved. To prove or disprove this theory, the binding and effect of the 

compounds would need to be understood better. 

 

3.10.4 GIPR allosteric binding site was identified at the top of TMD2/3 and ECL1 

As was discussed above, finding the allosteric binding site of the compounds is important for 

multiple reasons including proving whether the compounds are allosteric modulators and better 

understanding the differences between the potency and pathway and receptor selectivity of the 

compounds. With the help of in silico docking discussed in chapter 4, multiple GIPR amino acids from 

Site 6 (middle of the receptor below orthosteric binding site) and 10 (top of TMD2/3 and ECL1) were 

selected, mutated and tested to see whether they affect the behaviour of compounds C3 and C25. 

Unfortunately, none of the mutants affected C3 activity, which is not that surprising since compounds 

used for the in silico docking were related to C25 instead. C25, however, lost its effect at mutant 

L1932.70A pointing toward Site 10 as the potential allosteric site, which was then proven by using 

multiple Site 10 mutants which also had affects (Table 3.37). The identification of the new allosteric 

site was important as it enabled an in silico screen against that site resulting in successful identification 

of new GIPR allosteric modulators with different scaffolds like for example T2 or T10.
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Table 3.37. Summary of GIPR negative allosteric modulators’ activity at GIPR mutants. Y indicates that the NAM retains its normal effect at that mutant GIPR, 

N indicates that the compound efficacy is significantly reduced and '-' means the compounds doesn’t have any effect in that assay. 

Cmp Assay 
GIPR mutants 

L1932.70A R196A P197A G198A Q204A N210A Q2113.24A Q220A E28845.52A 

C25 
cAMP - - - - - - - - - 
Ca2+ N N N - Y Y N N Y 

C58 
cAMP - - - - - - - - - 
Ca2+ N Y Y - Y Y Y Y Y 

T5 
cAMP - - - - - - - - - 
Ca2+ - Y N - N N N Y N 

T10 
cAMP Y Y Y N N N Y Y Y 
Ca2+ N/A1 N/A1 N/A1 N/A1 N/A1 N/A1 N/A1 N/A1 N/A1 

T11 
cAMP Y N Y - N Y Y Y Y 
Ca2+ - Y N - Y N N N Y 

T18 
cAMP - - - - - - - - - 
Ca2+ Y Y Y - N Y Y Y N 

1 Data is not available at this time as this experiment has not yet been determined. 
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This was followed by C58 screening against Site 10 mutants and this time only 1 mutant was 

identified, mutant L1932.70A. It was mentioned previously that C25 and C58 are structurally very 

similar, yet only one of them is a selective compound. As we can see in Table 3.37, amino acid L1932.70A 

seems to be important for both compounds, but perhaps the rest of the amino acids they use might 

slightly differ. As there is only one mutant having an effect on compound C58, it would be useful to 

explore its binding a bit more through in silico docking or MD simulations coupled with the in vitro 

techniques. 

Regarding compounds T5, T10, T11 and T18 there is more than one mutant affecting the actions 

of each of the compounds both in the cAMP accumulation and (Ca2+)i mobilization assays, further 

validating their binding to Site 10. The hypothesis is that this would be similar for compounds T2, T13 

and T26 once the experiments have been completed. T10 still needs to be tested with the GIPR 

mutants in (Ca2+)i mobilization assay. 

T21 is the only problematic compound from the T series where none of the mutants had any 

significant effect, but since it had no significant effect even on the transfected WT GIPR, it remains 

inconclusive whether the compound is truly a GIPR PAM. There are several possible explanations why 

T21 had no effect in the cAMP accumulation experiment with the transfected WT and mutant GIPR, 

while it did have a significant effect in the original screen. First reason could be that T21 effects in the 

original screen was a false positive. In line with this explanation would also be the fact that T21 had 

no effect at both GLP-1R and GCGR, while all the other NAMs for cAMP signalling pathways did, 

although it could just be because the compound is selective. This could be tested by re-doing these 

experiments and seeing whether the same effects would be observed once again. Secondly, the screen 

uses HEK-293S cells stably expressing GIPR, while this second experiment is in HEK-293S cells 

transiently transfected with GIPR. The smaller assay window and generally weaker response in the 

transfected cells could be masking the effects of T21. Lastly, the original screen used a partial agonist 

GIP(Pro3), while this second experiment used GIP(1-42). As was reasoned above, the high potency and 

maximal response of GIP(1-42) is close to a system maximum (100 μM forskolin) and could be masking 

effects of a PAM. The second experiment with transiently transfected WT GIPR could therefore be 

repeated with a GIP(Pro3). 

Beyond just confirming the compounds to bind an allosteric site, the identification of amino 

acids important for compound binding or mediating their effects is also important for starting to 

understand how the compounds are working. This is particularly interesting for compound T11, where 

the mutants have been tested in both cAMP and calcium assay. It shows that the amino acids 

important for each pathway differ completely, suggesting the effect on the two pathways are 

propagated through two different mechanisms (Table 3.37). cAMP- or (Ca2+)i-biased compounds could 
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then be used to probe the different GIPR signalling in physiological settings. Once compound T10 is 

tested on the mutants in (Ca2+)i mobilization assay, it would be interesting to see, whether the mutants 

identified in each assay also differ similarly to T11. 

Overall, exploring the compound binding through in silico techniques and in vitro mutagenesis 

has resulted in successful identification of GIPR allosteric site at the top of TMD2/3 and ECL1. This then 

enabled identification of new GIPR allosteric modulators binding this site and slightly more insight into 

the compounds binding and function. 

 

3.10.5 Inhibition of incretin-potentiated Insulin secretion 

Lastly, due to these GIPR allosteric modulators being potential starting compounds for diabetes 

type II or obesity drugs, it is important to also research them in a more physiological setting. To start 

this, C25, C58 and C95 were explored for their effects on insulin secretion in rat INS WT cells, which is 

a cell model commonly used for insulin secretion assay and expressing both GIP and GLP-1 receptors. 

Confirming previous results, C25 showed selectivity for GIPR over GLP-1R, while C58 was effective at 

both receptors. C25 was also effective at 10 μM, which is 10x lower concentration than the one 

effective at (Ca2+)i mobilization assay. This could be because of insulin secretion assay being more 

sensitive or because insulin is potentiated also through other mechanisms than purely calcium. 

All these tested compounds are NAMs selective for (Ca2+)i mobilization pathway over cAMP 

signalling pathway. This could therefore indicate that insulin secretion is probably at least partly 

potentiated through intracellular calcium mobilisation, which would be reasonable as calcium 

generally promotes insulin exocytosis. It would therefore be very interesting to also test GIPR allosteric 

modulators selective for cAMP pathway and see whether they have any effect on insulin secretion. If 

they did not and insulin secretion was mediated solely through calcium-related mechanisms, those 

could be compounds useful in lowering obesity without lowering insulin secretion. 

Insulin is not the only physiological parameter that should be explored. GIP also plays a big role 

in glucagon secretion, which is often elevated in obesity and therefore, this parameter should be 

explored next as well as the effects of compounds on adipose tissue or related cell models. 

 

3.11 Conclusion 

Potentiating GIPR signalling has been explored therapeutically for type II diabetes treatment, 

while research shows that inhibiting GIPR signalling holds potential for weight loss in obesity. Allosteric 

modulators then present a more physiological solution (by being only active when an endogenous 
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agonist is present) and bigger opportunity for development of orally available small molecule drugs 

than conventional orthosteric peptide drugs targeting the GIPR. Here, we report the identification and 

pharmacological characterisation of new GIPR negative allosteric modulators complementing the 

PAM library already available in Prof Ladds’ laboratory. 

Out of 34 compounds screened overall, 11 new GIPR NAMs and 1 new GIPR PAM were identified 

translating into approximately 35% success rate. C95 is the most potent out of the new compounds 

with 10x improved potency over the starting compounds C3 and C25 with T10, T11 and T18 also being 

more potent. Moreover, compounds C25, T2, T5 and T21 are selective for GIPR over GLP-1R and GCGR 

giving us a promising starting point for the drug discovery of selective compounds with hopefully less 

side-effects. 

This study also researches the bias of the new compounds and identifies NAMs selective for 

either the calcium or the cAMP pathway, giving us new tools to probe the different GIPR signalling 

pathways in a physiological setting. One such setting is GIPR signalling potentiating insulin secretion. 

Here we show that the negative allosteric effects of compounds translate into the inhibition of incretin 

potentiation of insulin secretion. It remains to be seen whether this is also true for GIPR NAMs 

selective for cAMP pathway over (Ca2+)i mobilization pathway and how it affects other GIPR 

physiological actions like glucagon secretion or functions in adipose tissue. 

Lastly, in this chapter it was found that a new GIPR allosteric binding site at the top of TMD2/3 

and ECL1 through a combinational in silico and in vitro approach. Moreover, we prove the binding of 

C25, C58 and T compounds to this site and start to uncover the differences between the binding and 

effects of these different compounds. 

In conclusion, the combinational approach of in silico identification and in vitro pharmacological 

validation has been proven successful with the identification of new GIPR allosteric modulators and 

insight has been gained into the function of these compounds. 
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Chapter 4. In silico investigation for allosteric site identification at 

the GIPR 

 

4.1 Introduction 

As mentioned in Chapter 1, GIPR is an important target in many diseases including 

cardiovascular disease, increased low-density lipoprotein (LDL) cholesterol and type 2 diabetes 

mellitus (T2DM) (Nitz et al., 2007; Shalaby et al., 2017; Sugunan et al., 2010). In particular, promoting 

GIPR signalling is though to be beneficial in T2DM, while attenuating GIPR signalling has been 

researched with potential use in obesity in mind (Bastin and Andreelli, 2019; Cho et al., 2012; Gasbjerg 

et al., 2018; Irwin et al., 2020; Jones et al., 1987; Renner et al., 2010; Widenmaier et al., 2010). Apart 

from agonist and antagonists, this can be achieved with positive and negative allosteric modulators 

(PAMs and NAMs, respectively) targeting the GIPR. Since GIPR endogenous agonist is a peptide GIP, 

developing allosteric modulators can be considered as an attractive strategy for developing orally 

available and cheaper drugs for abovementioned disease areas. They also hold the advantage of being 

more physiologically tuned as they only work once GIP is already present at the GIPR, but they will 

lack activity on their own minimising risk of hypoglycaemia experienced by many T2DM drugs. They 

also provide potential for more receptor selectivity as GIP is active also at related receptors like GLP-

1R or GCGR (Yuliantie et al., 2020; Zhao et al., 2021b, 2022). 

The first approach to identify allosteric modulators could be simply to perform high throughput 

screening of lead/drug-like compound libraries against a receptor and then characterise the 

compounds using in vitro pharmacological assays. If any allosteric modulators are found, their exact 

binding site at the receptor can be possibly identified using a combination of in silico methods (docking 

+/- MD simulations) and in vitro mutagenesis followed by functional assays. For making initial guesses 

about the location of potential binding sites for allosteric ligands, In silico blind docking approach can 

be used, given this will dock a molecule to the most-likely binding sites (based on computed energy of 

interactions) in an unbiased manner i.e. with no binding site suggested a priori by the experimenter 

(Greenhalgh et al., 2020; Hajbabaie et al., 2021). Most of the available software for docking do not 

allow blind docking except a few such as SwissDock, AutoDock Vina and ICM-Pro (Abagyan et al., 1994; 

Friesner et al., 2004; Trott and Olson, 2010). Poses obtained from blind docking can further be refined 

(and it is better to do so) through focused docking for which one can use any of the available docking 

software of which few are more renowned such as Glide (especially in its extraprecision or XP mode, 

Schrödinger Inc.) (Friesner et al., 2004) and GOLD (CCDC, Cambridge). PoseViewTM 

(https://proteins.plus/) or Molecular Operating Environment (MOE) (Chemical Computing Group) can 

https://proteins.plus/
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then be used to obtain 2D diagrams showing the predicted ligand-receptor interactions, which can 

guide the selection of amino acids for mutagenesis (Fährrolfes et al., 2017; Molecular Operating 

Environment, 2022; Schöning-Stierand et al., 2020). The most common approach is to use site-

directed mutagenesis to mutate the selected amino acids to alanine and then test them in in vitro 

assays to see whether any of these mutations have any effect on the allosteric modulation initially 

observed for the molecules. If any of the mutations indeed has an effect, the information can be fed 

back into the focused docking models which could allow selection (done more subjectively) of 

plausible binding mode at a plausible allosteric pocket for the molecules.  

An alternative way is to first identify potential allosteric binding sites at the target protein 

structure and then screen compounds only against these pockets in order to identify allosteric 

modulators. In an era of exponentially increasing number of solved protein structures through X-ray 

crystallography or Cryo-Em and large databases of sequence information from many various 

organisms, this approach is becoming more feasible with time. There are multiple techniques that 

enable identification of either good binding pockets based on metrics such as depth of the pocket of 

accessibility by a ligand, which identify both orthosteric and allosteric binding sites (Sheik Amamuddy 

et al., 2020; Wagner et al., 2016). However, since orthosteric binding site is known for many proteins 

now including GIPR, it can simply be excluded. Then there are other techniques that use information 

like sequence conservation and flexibility of the protein to identify structurally and functionally 

important parts of the protein, among which allosteric sites also belong. Generally, the in silico 

methods for allosteric site identification can be approximately divided into five categories: knowledge-

, sequence-, geometry-, energy- and dynamics-based techniques (Sheik Amamuddy et al., 2020; 

Wagner et al., 2016). 

In this chapter, the in silico blind and focused docking were performed using AutoDock Vina, 

ICM-Pro and GlideXP in order to predict the probable binding site(s) of few allosteric modulator 

compounds (already identified by Prof Ladds and Dr Rahman, detail provided in chapter 3) on GIPR 

structure. The predicted poses were then used to select amino acids for in vitro mutagenesis 

experiments followed by functional assays (also carried out in chapter 3). Results from these in vitro 

experiments informed subsequent refinement of the in silico docking protocol. Secondly, good 

candidate allosteric sites at the GIPR were explored using multiple non-docking type in silico methods 

for allosteric site identification with the aim of comparing these results to the in silico docking results 

and also for comparison of the different techniques against each other. The work in this chapter was 

done in parallel with the work in chapter 3. 
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4.2 In silico blind docking to GIPR homology models 

At the beginning of this PhD project (autumn 2019), there were no resolved crystal or Cryo-Em 

structure of the GIPR receptor that could be used for in silico docking of compounds to the GIPR. 

However, structures for multiple other GPCRs were available including some family B GPCRs like GLP-

1R. In this section multiple compounds tested for allostery at the GIPR, including compounds in 

chapter 3 and compounds tested by the preceding student Dr Harris in Prof Ladd’s lab, were blindly 

docked to the GIPR homology models with the aim of finding out the allosteric binding site of these 

compounds at the GIPR. The results of this in silico blind docking also guided the in vitro mutagenesis 

experiments presented in chapter 3. 

 

4.2.1 Docking to GIPR homology model with bound GIP 

The first GIPR homology model (model 1) was based on an active GLP-1R structure (PDB id: 

5VAI,), made by Dr Taufiq Rahman. The initial model (with bound GIP peptide) was then subsequently 

refined through 200ns of all-atoms MD simulations after embedding it in a membrane made of 1-

palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (courtesy of Dr Aneesh Chandran, Rahman 

lab, University of Cambridge).  

C25 and C3-based compounds (Table 4.1) discussed in chapter 3 were docked to this GIPR 

homology model using an unbiased (‘blind’) docking approach in AutoDock Vina (Trott and Olson, 

2010). For each compound, AutoDock Vina by default generated 9 poses ranked in order from best 

predicted binding affinity (BA = estimated free energy of interaction, G, kcal/mol) to worst. For 

each molecule, the blind docking was performed in three independent runs (n=3) resulting in a final 

27 poses per compound. 
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Table 4.1. 2D structures of the C3 and C25-based compounds proven to be allosteric modulator at 

GIPR. 

C3-based compounds C25-based compounds 

C3 

 

C25 

 
C22 

 

C58 

 
C42 

 

C73 

 
C91 

 

C82 

 
C95 

 

 

 

All compounds docked into the same docking site, labelled "Site 0", although in slightly varied 

orientations (Figure 4.1). Site 0 is located at the interface of top of TMD3 and the orthosteric site that 

recognises the peptide agonist GIP, which both possibly interacts with the compounds in this predicted 
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pose. Furthermore, PoseViewTM was unable to produce 2D interactions diagrams, suggesting the 

interactions might not be too strong (Fährrolfes et al., 2017; Schöning-Stierand et al., 2020). 

 

 

Figure 4.1. In silico docking of C25 to GIP-bound GIPR model 1. A-B. Different orientations of the 

modelled complex of GIPR (green) and GIP (pink) with C25 (blue) highest ranked pose generated by 

AutoDock Vina docked to Site 0. C. Close up view of C25 docked at Site 0. 

 

Since the PoseViewTM could not predict a 2D pose and the predicted binding site at the GIP seemed 

quite shallow, we wanted to explore other possible allosteric binding sites at the GIPR. Therefore, the 

area of the GIPR homology models where the compounds can dock was restricted to regions above or 

below Site 0. When the area was restricted below Site 0, AutoDock Vina predicted 4 new potential 

allosteric sites labelled Site 1-4, while restricting above Site 0 yielded a single new potential site 

designated as Site 5 (Figure 4.2). 
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Figure 4.2. In silico docking of compounds to GIPR model 1 with attached GIP. A. GIPR (green) and 

GIP (pink) homology model 1 with tested compoundposes (blue) generated by AutoDock Vina. B-F. 

Close up view of tested compounds docked and individual sites. G-I. PoseViewTM derived ligand 

interaction diagrams for docked poses of C3. 

 

Poses at Site 1 had the lowest predicted binding affinity and highest reproducibility with about 

70% of all compound poses being located there. Site 1, 3 and 5 also followed similar pattern seen with 

poses of molecules at Site 0 and interact significantly with GIP peptide (as visible on PoseviewTM 

diagrams in Figure 4.2). At Site 2 the compounds potentially interact with the bottom of TMDs 3,4 and 

5 and intracellular loop 2, while at Site 4 there are interactions with the middle of TMD 1 and 7. 

However, PoseviewTM failed to generate 2D interaction diagrams for either of these two sites. This 

might be because there are no receptor residue side chains likely to interact with the compound close 

to its 3D position. 
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Overall, unbiased docking to GIPR homology model 1 seemed to predict compound interacting 

primarily with the orthosteric peptide GIP and maybe just week interactions to the rest of the receptor 

like the top of TM3. 

 

4.2.3 Docking to GIPR homology models lacking the N-terminus and GIP 

Since model 1 mostly predicts compound interaction with the GIP instead of the receptor, other 

GIPR homology models based on class A and class B GPCRs were made by Dr Rahman (models 2-10, 

Table 4.2). The main difference is that compared to model 1, these models lack N-termini (deliberately 

excluded from the sequence during modelling) and thus, the bound GIP peptide as well. Also, the 

biggest proportion of these models is based on GLP-1R, which is a class B incretion hormone receptor 

closely related to GIPR and therefore a good choice. Also similar to GIPR, GLP1-R is predominantly Gs 

coupled. All the GPCR structures used for homology modelling of the N-terminally truncated GIPR are 

Gs-bound class B GPCRs except the A2AR structure, which is a Gs-bound class A GPCR. 

 

Table 4.2. GIPR homology models used for in silico docking. The models were made by Dr Rahman and 

his lab. 

 
Model Template GPCRa PDB idb Modification 

1 GLP-1R 5VAI Attached GIP 

2 GLP-1R 5VAI Missing N-termini 

3 GLP-1R 5NX2 Missing N-termini 

4 GLP-1R 6B3J Missing N-termini 

5 GLP-1R 6ORV Missing N-termini 

6 PTHR1 6BNI Missing N-termini 

7 A2AR 5G53 Missing N-termini 

8 CALCR 5UZ7 Missing N-termini 

9 CALCR 6E3Y Missing N-termini 

10 CALCR 6NIY Missing N-termini 

a The GPCR with a solved structure that the GIPR homology model is based on 
b Unique PDB identifier of the template GPCR from RCSB PDB (https://www.rcsb.org/) 
 

Since the above models added considerably to the total number of GIPR homology models to 

dock the molecules against, I decided to use a selected sub-set of compounds from the available list 

of hits in order to remain time effective. The compounds selected (C9, C12, C15, C21 and C23) were 
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all tested by Dr Harris during his PhD in Prof Ladds lab (Table 4.3) (Dr Harris’ PhD thesis, 2019). They 

were all structurally related compounds based on C9 (C25 is also based on C9), but the small structural 

changes led to big effects on their allosteric activity at the GIPR at either the cAMP accumulation 

and/or the (Ca2+)i mobilisation pathways. Of these, only compound C12 (negative control) had no 

effect at GIPR in either of the assays but was included for comparison. 

 

Table 4.3. Compounds used for in silico docking at GIPR homology models 2-10. Series of allosteric 

modulator compounds of the GIPR based on compound C9 and their allosteric activity at GIP-induced 

cAMP accumulation or (Ca2+)i mobilisation in HEK-293S cells stably expressing the GIPR. The in vitro 

assays were performed by Dr Harris (Dr Harris’ PhD thesis, 2019). 

Compound Structure cAMP accumulationa (Ca2+)i mobilisationb 

C9 

 

PAM PAM 

C12 

 

NA NA 

C15 

 

PAM NA 

C21 

 

PAM NAM 

C23 

 

NA PAM 

a Allosteric modulator effect of tested compound on GIP(Pro3)-induced cAMP accumulation in HEK S 
cells stably expressing GIPR.  
b Allosteric modulator effect of tested compound on GIP(1-42)-induced (Ca2+)i mobilisation in HEK S 
cells stably expressing GIPR. 



172 
 

 

The in silico blind docking was carried out using AutoDock Vina and for some models, also using 

ICM-Pro (done by Dr Rahman). The allosteric sites identified by these two different software’s based 

on entirely different algorithms were often comparable, but not always exactly matching as can be 

seen for example in Figure 4.3. 

 

 

 

Figure 4.3. Comparison of blind docking carried out by AutoDock Vina or ICM-Pro. Compound poses 

from blind docking to GIPR homology model 2 (green) by Autodock Vina and ICM-Pro softwares. ICM-

Pro docking was carried out by Dr Rahman.  

 

Across all the different models of GIPR used, AutoDock Vina has identified Site 6, located in the 

bottom of the orthosteric site (top middle of the receptor missing and N-termini), as the most likely 

binding site of the compounds with the lowest predicted binding affinity in most models and the 

highest reproducibility (Table 4.4). The second overall most probable site is Site 10, located at the top 

of TMDs 2 and 3 and ECL1, which are mostly unstructured regions in the models (not identified using 

the particular homology model in example in Fig 4.3, but is shown for example in Fig 3.14 or 4.10). The 

unstructuredness might provide receptor selectivity but might be difficult to find the correct ‘real-

world’ conformation using homology models. This site was identified most strongly, in particular, 

among the GLP-1R-based GIPR homology models and since GLP-1R is very close structurally and 

functionally to GIPR, this might be significant. ICM-Pro gave slightly different results in the less 
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represented poses, but generally also identified Site 6 and 10 as the best across various GIPR homology 

models. 

 

Table 4.4. Summary of blind docking to GIPR models 2-10 using AutoDock Vina. Percentage of all 

poses of tested compounds blind docked to the different sites at GIPR homology models 2-10. Poses 

of compounds binding to unstructured regions are written in red, poses with lowest predicted binding 

affinity are highlighted yellow. 

   GIPR homology model  

Site Description 2 3 4 5 6 7 8 9 10 Total (%) 

2 bottom TMD 3/4/5 + ICL2       2   0.2 

6 top centre 87 99 38 59 25  39 5 88 48.9 

7 bottom centre 6  9 4 2 25 43   9.9 

8 middle TMD 5/6/7 1     3    0.4 

9 middle of TMD 3/4/5 6         0.7 

10 top TMD 2/3  1 53 37 73  3   18.6 

11 top TMD 7/1      64 13   8.6 

12 bottom TMD 1/2/3      7    0.8 

13 top TMD 5/6      1    0.1 

14 top TMD 3/4        1  0.1 

15 unstructured region above TMD 6/7        94 12 11.8 

 

Since the selected compounds had different allosteric effects at the GIPR with compound C12 

having no activity in any of the conducted assays, the poses for different compounds across the GIPR 

homology models were also compared. However, there was not enough consensus across the 

different models to be able to pinpoint differences between how different compounds were engaging 

with the receptor to produce differential results. This might be more possible once the binding site 

could be found and interactions of compounds with specific amino acid side chains could then be 

explored jointly through in silico docking and in vitro mutagenesis experiments. 

Overall, Site 6 and Site 10 appeared to be the best candidate allosteric site identified 

independently through two different in silico docking software programmes AutoDock Vina and ICM-

Pro across multiple homology models of the GIPR. Therefore, these sites were focused on for 

subsequent experimental validation.  
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4.2.3 Detailed investigation of the compounds binding at Site 6 and Site 10 

First, the poses of compounds in Site 6 and 10 obtained through in silico blind docking using 

AutoDock Vina and ICM-Pro were used as starting points for focused docking of the compounds in 

GlideXP (Schrodinger Inc), carried out by Dr Rahman. This 'extra-precision' (hence, XP) of Glide is 

regarded amongst the best algorithms for focused docking and pose refinement (Zhou et al., 2007). 

This resulted in a bit more refined poses for the compounds at these sites and 2D diagrams were also 

made using PoseViewTM. These 2D diagrams of poses obtained through all three software 

programmes, were then used to study the predicted interactions between the compounds and amino 

acid side chains. Additionally, slightly more attention was given to poses resulting from docking at the 

GLP-1R-based models, as it is the closest homology to GIPR amongst all the templates used for 

modelling the GIPR.  

Site 6 was the site most consistently identified site across all the GIPR homology models and 

the compounds’ poses there have often been predicted the lowest binding affinity. However, the 

slight concern remained about how accessible this site would remain if the GIP and N-termini were 

present and whether this site might be an artefact of the N-termini and GIP missing in these models 

as it might slightly overlap with the large orthosteric binding site for the endogenous peptide agonist 

GIP. Nevertheless, it was not the first time a similar site was suggested, as Méndez et al. (2020) showed 

a similar allosteric binding pocket at the GLP-1R based on their in silico experiments. 

The 2D diagrams of compounds binding at GIPR carried out using AutoDock Vina and ICM-Pro 

predicted amino acids Tyr1411.43, Arg183, Ile187, Gln224, Val227, Arg289, Trp2965.36, Arg300, Ile303, 

Glu354, Phe357, Glu377 and Ile378 to be key for the binding of C9-based compounds at Site 6, while 

GlideXP predictedTyr1411.43, Tyr145, Arg183, Ile187, Arg190, Gln224, Val227, Tyr231, Trp2965.36, 

Ile299, Arg300, Ile303, Leu304, Glu377, Ile378 and Ser381 as most important (the ones in bold are the 

most important ones even from this list). Figure 4.4 shows that these amino acids are located in the 

top half of all the transmembrane domains except TMD4 and also shows few of the representative 2D 

diagrams. 
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Figure 4.4. Site 6 identified by in silico blind docking. In silico blind docking of C9-based compounds 

to GIPR homology models without N-termini has identified site 6 as possible allosteric binding site and 

identified amino acids of the GIPR likely to be interacting with the compounds (green). An example of 

the PoseViewTM derived ligand interaction diagrams for site 6 is included. 

 

Of these, some mutations had already been previously explored. Yaqub et al. (2010) showed 

that mutation of residues Arg183, Arg190 and Arg300 caused 76-, 71-, and 42-fold reduction in the 

GIP potency to induce cAMP accumulation, respectively. Furthermore, they strongly supported a 

binding mode of GIP to GIPR in which the N-terminal moiety of GIP was sited within TMDs 2, 3, 5, and 

6 with biologically crucial GIPR amino acid Tyr1 interacting with Gln224 (TMD3), Arg300 (TMD5), and 

Phe357 (TMD6). Because of the known effects of these mutations on reducing the GIP 

binding/potency, they were excluded from the list of amino acids to be tested as it would be unlikely 

that these mutants would exhibit much GIP-induced cAMP accumulation or (Ca2+)i mobilisation 

needed to indirectly observe the effect of the allosteric modulators on the GIPR. 

Site 10 was the second most likely allosteric binding site and deemed the most prominent across 

the GLP-1R-based models. It lies at the top of transmembrane domains 2 and 3 and extracellular loop 

1. AutoDock Vina and ICM-Pro identified amino acids Arg190, Leu1932.70, Leu194, Asp203, Ala207, 

Asn210, Gln2113.24, Trp28745.51, Glu28845.52 as key for the binding of C9-based compounds at GIPR, 
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while GlideXP identified Leu1932.70, Leu194, Pro195, Arg196, Gly198, Pro199, Gln204, Ala207, Asn210 

as the most important (the bold ones are key even among this list) (Figure 4.5). 

 

 

Figure 4.5. Site 10 identified by in silico blind docking. The site was identified through in silico blind 

docking of C9-based compounds to GIPR homology models that were devoid of the N-termini. Some 

specific amino acids of the GIPR that appear to be interacting with the compounds are highlighted in 

green in this snake diagram. To the right, few exampler 2D interaction diagrams derived from 

PoseViewTM -based analyses of the few compounds docked to this site on GIPR models.  

 

Interestingly for the closely-related GLP1-R, Wootten et al. (2016) showed that the extracellular 

surface, including ECL1 is important for signalling and especially for biased agonism. It was found that 

mutations L201A, M204A, W214A, L218A decreased GLP-1 binding, while mutations L201A, K202A, 

Y205A, Q2113.24A decreased GLP-1-induced cAMP accumulation and K202A, W203A, Y205A, T207A 

decreased GLP-1-induced (Ca2+)i mobilisation. Mutation D215A increased GLP-1-induced (Ca2+)i 

mobilisation. There is less information about this region for GIPR, but Miyawaki (1999) showed that 

missense mutation (G198C) causes a decreased response of cAMP to GIP. 

It is also of note, that there seemed to be more consensus among the poses in Site 10 and Site 

10 is overall more defined and the poses are closer together compared to site 6. Ala207 was excluded 
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from the experiments since alanine mutagenesis was performed and this amino acid was already an 

alanine. There were also some amino acids like Arg190, Pro195, Arg196, Pro197, Gln2203.33, Trp28745.51 

and Glu28845.52 that overlapped between Site 6 and Site 10. 

Next, the conservation of the Site 6 and Site 10 and impact on selectivity was explored by 

comparing sequences of the predicted allosteric sites between GIPR, GLP-1R and GCGR (Figure 4.6 and 

4.7). These two class B1 receptors were picked for the initial selectivity screen because GLP-1R 

manifests highest sequence homology to GIPR, while also playing a role in insulin secretion and GGCG 

has a cross reactivity with GLP-1R. Both receptors are also expressed in the pancreas and quite 

conveniently, cells stably expressing either of them were already available in the lab. Generally, Site 6 

seems a bit more conserved than site 10 which seems to differ a lot especially in the ECL1 region. 

Furthermore, these sites were identified through in silico docking of compound C9 and its derivatives. 

In previous work, Dr Harris has tested compound C9 against GIPR and other class B1 GPCRS (GLP-1R, 

GLP-2R, GCGR, CTR, CRFR1, CRFR2) in cAMP accumulation assay and found the compound to be 

selective for GIPR over the other receptor (Dr Harris’ PhD thesis, 2019). Site 10 could therefore maybe 

give us better understanding where the selectivity is coming from than site 6. 
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Figure 4.6. Site 6 is fairly conserved across GIPR, GLP-1R and GCGR. Comparing sequences of Site 6 

identified as possible allosteric binding site at GIPR with equivalent sites at GLP-1R and GCGR using 

sequence alignment function at GPCRdb (https://gpcrdb.org/). Red arrows indicate residues identified 

as potentially important for compound binding. 

 

https://gpcrdb.org/
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Figure 4.7. Site 10 sequence varies greatly across GIPR, GLP-1R and GCGR. Comparing sequences of 

Site 10 identified as possible allosteric binding site at GIPR with equivalent sites at GLP-1R and GCGR 

using sequence alignment function at GPCRdb (https://gpcrdb.org/). Red arrows indicate residues 

identified as potentially important for compound binding. 

 

Overall, in silico blind docking using AutoDock Vina and ICM-Pro and focused docking in GlideXP 

helped identify key amino acids predicted to be important for recognising C9 and related compounds 

at the two potential allosteric sites namely the sites 6 and 10. First few amino acids from Site 6 and 

from Site 10 were then picked to be tested in the first round and to observe any effect of the alanine 

mutants on the activity of GIPR allosteric modulators in vitro. These first few amino acids were 

Y1411.43A, L1932.70A, G198A, Q204A, N210A, R289A and W2965.36A. 

 

4.2.4 Docking of compounds to the GIPR allosteric site at ECL1 

Following the in silico blind docking-based analyses described above, the alanine mutants of the 

suggested GIPR amino acids were made and tested in cAMP accumulation and (Ca2+)i mobilisation 
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assay, first on their own in order to characterise the mutants and then with GIPR NAMs C3 and C25 

(chapter 3). Following characterisation, mutant G198A was not further used in the (Ca2+)i mobilisation 

assay because its signalling was very weak. The (Ca2+)i mobilisation experiments with C3 yielded 

insignificant changes in (Ca2+)i  levels compared to control. On the other hand, C25 had no effect at 

GIPR mutant L1932.70A, while maintaining normal inhibiting effect on the other mutants.  

C25 is a C9-based compound similar to the ones used for the in silico blind docking above, 

whereas C3 is structurally distinct. Therefore, it is not that surprising that C25 matched the in silico 

prediction better than C3. L1932.70 is an amino acid located right at the top of TMD2 and shows up in 

mostly Site 10 poses. Therefore, the next step was to focus on Site 10 and especially the poses, where 

the C9-based compounds were close to or predicted to be interacting with L1932.70 (Figure 4.8). What 

was encouraging about these poses was that for most molecules, the two aromatic rings that are 

typical to the C9 and related molecules, were nicely accommodated by some residues through 

hydrophobic interactions and occasionally through pi-pi stacking and the hydrogen bond interaction 

of the amide nitrogen from the molecules with amino acid L1932.70 was often preserved. For most 

cases, the carbonyl (next to the central 5-membered thiazole or imidazole ring) oxygen of those 

molecules forms a hydrogen bonding with an amine group of some GIPR residues. Similar (but 

effectively reciprocal) hydrogen bonding could be seen between the amine group that follows that 

carbonyl group of those molecules and a carbonyl oxygen from some GIPR residues. So there appeared 

to be some consensus in the predicted mode of recognition of these molecules at this site of GIPR. 

Overall, these poses suggest that GIPR amino acids L1932.70, L194, R196, P197, G198, Q204, A207, 

N210, Q2113.24, C2163.29, Q2203.33, C28645.50, W28745.51 and E28845.52 are important for the binding of 

C9-based compounds. Out of these, L1932.70, G198, Q204 and N210 were already tested in the first 

round. Therefore, amino acids L194, R196, P197, Q2113.24, C2163.29, Q2203.33, C28645.50, W28745.51 and 

E28845.52 were picked for the next round of testing. 
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Figure 4.8. L1932.70 is predicted to be important for binding/activity of C9-based compounds. 

Example of 2D diagrams of Site 10, where C9-based compounds (C9, C15, C21, C23 and C73) are 

predicted by the in silico docking to make an interaction with the GIPR amino acid L1932.70 located at 

the top of TMD2. The 2D diagrams were created using PoseviewTM. 

 

The second round of experiments showed that C25 hardly affected the (Ca2+)i
 mobilising 

response of each of specific GIPR mutants namely R196A, P197A, Q2113.24A and Q2203.33A. Together 

with L1932.70A, these five Ala mutants at those specific residues of GIPR resulted in common outcome 

where C25 lost its NAM effect. Therefore, these 5 amino acids appear to be really important for C25 

binding and/or mediating its effect as NAM. All these 5 amino acids belong in Site 10, suggesting the 

region at the top of TMD2/3 and ECL1 is an allosteric binding site of the NAM C25. There was no single 

pose identified through in silico blind or focused docking that would fully agree with the results from 

the in vitro experiments, but there were multiple poses, which did mostly agree (Figure 4.9). It is 

important to therefore keep in mind that in silico docking is just an approximation and that the 
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compounds are docked against a snapshot of a rigid receptor structure, which in reality is not rigid 

and therefore the real pose of the compound binding might differ from the prediction. The different 

conformations of the receptor could be further explored using MD simulations on the receptor model 

and then docking the compounds to multiple different conformational snapshots of the receptor. 

 

 

Figure 4.9. Best C25 and C58 binding poses at GIPR homology models. Sample of some of the poses 

of C25 and C58 binding to GIPR homology models that best agree with the results from in vitro 

pharmacological experiments using GIPR mutants. The poses where generated using AutoDock Vina, 

ICM-Pro or GlideXP and 2D diagrams were generated using MOE or PoseviewTM. In the left diagram 

pink indicates a polar residue, green indicates greasy residue, red circle indicates acidic residue and 

blue circle indicates basic residue. 

 

Site 10 mutants were then tested with further compounds. C58, which is a GIPR NAM related 

to C25, lost its effect at L1932.70A, while retaining its activity at the other Site 10 mutants of GIPR 

(Figure 4.9). This difference between C25 and C58 was very interesting as the compounds are both 

closely related GIPR NAMs with the difference of C25 being selective for GIPR over GLP-1R and GCGR, 

while C58 is not. C25 is also very slightly more potent. Next were tested compounds from the T series, 

which are few NAM type compounds identified through a virtual screening against Site 10 performed 

by Dr Rahman (University of Cambridge). All of the NAMs from this series lost their effect at multiple 

Site 10 mutants (viz chapter 3, Table 3.37). Interestingly, T11 appeared to be a NAM for both cAMP 

accumulation and (Ca2+)i mobilisation assay and testing in these two assays identified different set of 

amino acids important for conveying the effect of T11. This could be because of each of the two 
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pathways is activated through different mechanisms within the GIPR receptor and thus also different 

amino acids are important. 

Overall, in silico blind docking was used to not only predict an allosteric binding site for GIPR 

allosteric modulators but also to predict, which amino acids are most likely key for the binding and/or 

efficacy of the compounds. This enabled a selection of candidate amino acids to be mutated to alanine 

and subsequent experimental evaluation of those mutant GIPR in vitro functional assay. The latter 

confirmed a multiple of these amino acids from Site 10 to have an impact on the binding or activity of 

selected compounds, thus confirming Site 10 as the allosteric binding site of the compounds at the 

GIPR. Among all the compounds, C25 was the most explored through both in silico and in vitro 

approaches and the poses showed a good correlation with the in vitro mutants results despite not 

matching perfectly. Next step would then be to dock C58 and more of the T compounds identified as 

GIPR NAMs and compare these in silico predicted poses to the in vitro results. 

 

4.3 In silico methods for allosteric site identification applied to GIPR 

As mentioned earlier, an alternative method to find allosteric modulators is to first find a good 

allosteric site and then compounds that dock into there. In this section, different techniques for 

allosteric binding site identification were applied to GLP-1R-based GIPR homology models 1-5 (mainly 

to save time). Many of these techniques generally identify all good binding sites including both the 

orthosteric and allosteric sites, but since the orthosteric site at the GIP is known, it can simply be 

excluded. The aim was to try to identify good allosteric sites at the GIPR and see whether the sites 

predicted as the compounds’ binding sites through in silico docking are among them. Secondly, the 

aim was also to compare the different in silico techniques available for allosteric site identification and 

see if they agree on good binding pockets. The techniques can be approximately divided into five 

categories: knowledge-, sequence-, geometry-, energy- and dynamics-based techniques. 

 

4.3.1 Knowledge-based techniques 

Knowledge-based techniques work by querying existing databases and comparing the 

submitted protein structure against them in order to find similarities or trends and determine likely 

ligand-binding sites. A commonly used software application is Pocketome, however, it could not be 

applied to GIPR as it only works for proteins already in its database with omits all class B1 GPCRs 

(Kufareva et al., 2012). 3DLigandSite is another server for the prediction of ligand-binding sites that 
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also lacks class B1 GPCRs, but enables querying of GIPR against the rest of its database (Wass et al., 

2010) (http://www.sbg.bio.ic.ac.uk/3dligandsite). 

3DLigandSite did not work when applied to GIPR homology models 1,3 and 5 because of 

insufficient homologous structures with bound ligands identified. For models 2 and 4 several sites 

were identified including Sites 6,7 and 10 as the most likely ones and additional Sites 2,9,17 and 23 

(Figure 4.10). Moreover, this technique identified some specific amino acids that might be important 

for binding and allostery. For Site 10 in model 2 these were T218, A219 and V222, which is close to the 

Q2203.33 which was found through in silico docking and in vitro mutagenesis to be important for 

multiple allosteric modulators eliciting their effects at the GIPR. 

 

 

Figure 4.10. Potential ligand-binding sites predicted by 3DLigandSite. Ligand-binding sites (dark blue) 

are predicted by querying a library of solved structures with ligands and superimposing these onto the 

GIPR structure. Three main potential binding sites identified at the GIPR are sites 6, 7 and 10. 

 

Nevertheless, this method relies on a structural library based on the PDBs available on 20th 

January 2010, which means it has no class B1 GPCRs in its database and it is more than 10 years out 

of date (Wass et al., 2010). Compared to this Pocketome (Kufareva et al., 2012) (www.pocketome.org) 

is more up to date (based on PDBs available on 26th April 2018) and probably better for proteins 

http://www.sbg.bio.ic.ac.uk/3dligandsite
http://www.pocketome.org/
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already in its database (like 56 class A GPCRs). Moreover, the ligands co-crystallised with proteins are 

majorly orthosteric ligands rather than allosteric ones, making these knowledge-based techniques 

more suitable for identification of orthosteric binding sites, although the precise differences between 

the structural makeup of orthosteric versus allosteric sites isn’t really known. The advantage of 

3DLigandSite is that it also offers structure predicting, but since GIPR homology models were already 

made, this function was not used. Overall, due to the outdatedness of the database and lack of class 

B1 GPCR structures, the application of this method to GIPR was somewhat limited and the results 

should be taken with some reservation. 

 

4.3.2 Sequence-based techniques 

Sequence-based techniques also query submitted protein against an existing database, but they 

only compare a sequence without including structural or ligand binding sites (Allain et al., 2014; Cheng 

and Jiang, 2019; Gómez Tamayo et al., 2018). Multiple sequence alignment (MSA) is an in silico 

technique that aligns three or usually many more biological sequences (protein or nucleic acid) of 

similar length. From the output, homology can be inferred and the evolutionary relationships between 

the sequences studied. The theory is that the sites that are biologically and structurally important in 

proteins like orthosteric and allosteric sites will be more conserved among the proteins (Allain et al., 

2014; Gómez Tamayo et al., 2018). 

One of the web application enabling MSA of GPCRs the G Protein-Coupled Receptors—

Sequence Analysis and Statistics (GPCR-SAS), which enables conservation analysis, covariance analysis 

and correlation analysis (Gómez Tamayo et al., 2018) (http://lmc.uab.cat/gpcrsas/gpcrsas/). This work 

focuses on the conservation analysis, as the second two application didn’t seem to work much for 

GIPR. When applied to GIPR, GPCR-SAS compared the GIPR sequence against other class B GPCRs first 

and then against the glucagon family (GIPR, GCGR, GLP-1R, GLP-2R) second calculating the level of 

residue conservancy. It results in a snake-plot representations for the sequence of a specific receptor 

or for the consensus sequence of a group of receptors (Figure 4.11.AB). 

 

 

http://lmc.uab.cat/gpcrsas/gpcrsas/
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Figure 4.11. Conservation of GIPR residues determined by GPCR-SAS and ConSurf. A. Most conserved 

amino acids for glucagon family and their frequency of conservation determined by GPCR-SAS (more 

conserved are darker). B. Frequency of GIPR residue conservation compared to glucagon subfamily 

(darker blue) and class B GPCRs (darker black) determined by GPCR-SAS. Residues that do not match 

the most conserved residue for that position are coloured green. C. Residue conservation of GIPR 

determined by ConSurf and mapped onto GIPR homology model 1. 

 

Another similar algorithmic tool is ConSurf (Armon et al., 2001; Glaser et al., 2003) 

(https://consurf.tau.ac.il/overview.php). Difference is that it maps the results onto the 3D structure 

submitted and additionally it also constructs a phylogenetic tree. When applied to model 1 it shows 

that most conserved transmembrane amino acids are facing inward, probably playing a structural role 

(Figure 4.11.C). Then fairly conserved is also the bottom of TMD7 and beginning of C-termini, which is 

known to be important for G protein recruitment. From unstructured regions and loops, ICL1 and ECL2 

seem most conserved. 

Overall, GPCR-SAS shows how conserved are the residues at specific positions within the class, 

family or subfamily. The advantage of this technique is it does not require 3D information like depth 

of a binding pocket, which may be useful for proteins without solved structures like GIPR. ConSurf is 

then a very similar technique but maps the results onto a 3D structure and also works on the whole 

sequence rather than just transmembrane regions like GPCR-SAS. Both techniques also miss a ranking 

https://consurf.tau.ac.il/overview.php
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function to rank the sites that many other in silico techniques for allosteric site identification have, 

which makes it easier to prioritise sites. 

A disadvantage is that the orthosteric and allosteric binding sites are not the only structurally 

or functionally important elements in the protein and 3D information like depth and size of a pocket 

definitely plays a role and on their own, these techniques are unlikely to be sufficient for allosteric site 

identification. However, once a potential allosteric binding site is identified through a different 

technique, these methods might be useful on advising how selective compounds docking there might 

be. If the site is very conserved among the family or the GPCR class, then its less likely that compounds 

binding there would be very selective. If we apply this to Site 6, which partly overlaps with the 

orthosteric site inside the protein, it is quite conserved and indeed GIP can also elicit responses at 

GLP-1R and GCGR. Site 10, mapped only on ConSurf, then shows the region as fairly variable so 

compounds docking there have potential for selectivity. 

A superstructure of MSA is a statistical coupling analysis, which uses MSA to identify networks 

of coevolving residues (termed ‘sectors’) in a protein family. In theory, allosteric binding sites could 

be identified as such sectors (Rivoire et al., 2016). Here pySCA, a python code for running SCA on linux 

written by Ranganathan lab (https://github.com/ranganathanlab/pySCA, 2019 version), was applied 

to GIPR (Rivoire et al., 2016). First, PSI-BLAST was run to find 500 related sequences to the GIPR query 

sequence and the resultant MSA fasta file was fed to the pySCA code, which was slightly tweaked so 

that it would run (Altschul et al., 1997) (https://blast.ncbi.nlm.nih.gov/Blast.cgi). In the end, about 119 

sequences were used to construct the final SCA, as the rest was eliminated due to being unusable or 

too similar to each other.  

The pySCA method found sectors of coevolving amino acids on the hGPR, which were further 

divided into 10 subsections (Figure 4.12). These identified amino acids are likely key for structural and 

functional needs of the protein including allosteric regulation (Rivoire et al., 2016). However, SCA runs 

into the same problems as the MSA techniques mentioned above. It identifies too much of the GIPR 

protein without ranking the sites, so it makes it almost impossible to pinpoint locations of potential 

allosteric sites from it. It also omits the 3D information of the sites and additionally, there were 

problem with getting sufficiently large MSA file that would fulfil all the criteria, probably limiting the 

resultant SCA. 

 

https://github.com/ranganathanlab/pySCA
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Figure 4.12. Two sectors of coevolving GIPR residues identified by pySCA. A. Sequence-based 

approach that uses a MSA to identify networks of coevolving residues (red) in a protein family divided 

into sectors and further into independent components (IC) 1-11. B. Conservation plot of individual 

GIPR amino acids. 

 

4.3.3 Geometry-based techniques 

Geometry-based techniques in contrast to sequence-based technique relay only on atomic 

coordinates of the protein and rank the sites based on geometric values such as volume and shape, 

while omitting sequence information. A good binding pocket is deep enough and site that is shallow 

or partially collapsed gets rejected. Geometry-based techniques are also often part of other web 

applications as will be seen later below. 

A first method applied to GIPR was POcket-Cavity Search Application (POCASA), which is a 

purely geometric search algorithm based on a grid system and probe sphere algorithmic methods 

(explained in introduction) and it ranks pockets based on volume, volume depth and average volume 

depth (Yu et al., 2010) (http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/). Default setting of the 

probe range was used (larger probe spheres can be used for large ligands or large flat pockets, while 

small probe spheres can be used for small ligands). When applied to model 1, binding to GIP was 

http://g6altair.sci.hokudai.ac.jp/g6/service/pocasa/
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predicted similarly to results obtained from in silico blind docking. When applied to model 2 and 

others, sites 6, 7 and 10 were again identified as best candidates based on pure geometry (Figure 

4.13). 

 

 

Figure 4.13. Potential ligand-binding sites predicted by POCASA. This geometry-based in silico 

method identifies ligand-binding sites considering only atomic coordinates of the protein and ranks 

the sites based on geometric values such as volume and shape. 

 

Geometry is definitely an important parameter for allosteric binding site that should be taken 

into account. But deep cavity on its own doesn’t necessarily have to have a lot of functionally 

important amino acids and the signal from compound binding there might not get propagated 

throughout the protein efficiently enough to affect the protein function. Still, geometry-based 

techniques remain very useful as part of the allosteric site evaluation. 

 

4.3.4 Energy-based techniques 

Compared with geometry-based methods, energetic based methods are more computationally 

demanding, which limits their applicability to large-scale structural data sets, but are fine for an 
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application to one protein like GIPR. Energy-based techniques evaluate the interactions between small 

organic probes and the target protein to identify binding sites. Here, FTMap, a computational solvent 

mapping website, which samples billions of positions of small organic molecules used as probes and 

scores the probe poses using a detailed energy expression, is applied to GIPR homology models 

(Kozakov et al., 2015) (https://ftmap.bu.edu). 

FTMap failed to work on model 1, possibly because of the presence of the GIP as model 2 differs 

only in the exclusion of GIP and N-termini from the model. However, applied on models 2-5, FTMap 

identified sites 6,7, 9, 10 and19 with sites 6, 7 and 10 clearly the most dominating ones (Figure 4.14). 

Sites 6 and 7 were present in all 4 models, while site 10 was identified only in models 4 and 5. 

 

 

Figure 4.14. Potential small molecule binding pockets predicted by FTMap server. The algorithm uses 

the so called 'computational solvent mapping' approach which globally samples the surface of target 

proteins using molecular probes, small molecules or functional groups to identify potentially 

favourable binding positions (Hall et al., 2012). 

 

 

https://ftmap.bu.edu/
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4.3.5 Dynamics-based techniques 

Some allosteric sites exist exclusively in the intermediate protein states, which is why the 

techniques above applied to a rigid snapshot of the protein captured by the Cryo-Em or X-ray 

crystallography may not find them. On the other hand, dynamics-based techniques like MD 

simulations, Markov state models or coarse-grained and lattice modelling may capture them (Cheng 

and Jiang, 2019). Due to high time and computational requirements the MD simulations were not used 

here. Instead, Markov state models and normal mode analysis (NMA) of elastic network models (ENM) 

using coarse grained representation of the protein structure is applied to the GIPR. 

NMA is developed based on the hypothesis that the largest movements in a protein are 

functionally relevant and it requires less computational power compared to MD simulations, which 

led to the development of several web servers performing normal mode calculations. First of these is 

SPACER, which integrates NMA with Monte Carlo simulations to predict biologically active sites, 

including latent allosteric sites (Goncearenco et al., 2013) (http://allostery.bii.a-star.edu.sg/). It 

predicts binding sites based on local closeness of ‘m’ closes neighbouring atoms, binding leverage (“an 

ability of a binding site to couple to intrinsic motions of a protein by quantifying the cost of the binding 

site deformation when ligand is present and resisting the motion“) and coupling leverage between 2 

sites (quantitative characteristic of allosteric communication). 

When applied to GIPR models 1-5 (Figure 4.15), the most local closeness was exhibited by the 

middle TM residues, which is what one would expect. From the known sites, this would be mostly sites 

6 and 7. The binding leverage (ligand-binding modes) is calculated using the Monte Carlo docking 

simulations and a peptide consisting of 2−6Cα atoms was used a probe. Model 1 shows that a small 

probe favours N-termini, while larger middle bottom. For the other models the prevalent site was 

mostly site 7 and especially amino acids L165, N170, H173, C393, N396, K397, E398 and V399. This 

bottom part of the receptor is known to play an active role in the recruitment of signalling partners. 

Therefore, allosteric modulators binding there could enhance or disrupt these partnerships and thus 

effect GIPR signalling. 

 

http://allostery.bii.a-star.edu.sg/
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Figure 4.15. Potential ligand-binding sites determined by SPACER. In silico techniques using a 

combination of NMA and Monte Carlo simulations to predict ligand-binding sites based on local 

closeness (A), binding leverage (B) and allosteric communication (C). Output is normalised to colour 

scale 0-100 (red is highest, blue is lowest). 

 

 

The quantification of allosteric communication unfortunately did not work for model 1, but for 

models 2, 3 and 4 site 7 was identified but it was only shown to interact with its immediate 

surroundings. For model 4, an additional site at the top of TMD 6 and 7 was identified but again only 

interacting with its immediate surroundings. For model 5, site 10 was identified and especially amino 

acids Ser189, Arg190, Asp191, Arg192, Leu1932.70, Leu194 and Pro195. This site was shown to 

allosterically interact with bottom of TM6 and 7 and C-termini of the GIPR, which is where the G 

protein gets recruited (Cabrera-Vera et al., 2003; Hall et al., 2012). Site 10 was therefore most 

promising site identified showing allosteric communication with the rest of the GIPR protein. 

Another NMA web server is PARS, which predicts allosteric sites based on the alteration of 

protein flexibility upon ligand binding (Panjkovich and Daura, 2014) (http://bioinf.uab.cat/pars). It 

predicts the ligand-binding sites on the protein surface using the LIGSITEcs program and then analyses 

the sites in terms of their structural conservation and their potential to affect protein flexibility (Huang 

and Schroeder, 2006; Panjkovich and Daura, 2014). Finally, the eight best pockets are then shown in 

ranked order. When applied to GIPR, sites 2, 6 and 7 were identified across most models and sites 6 

and 7 have the most effect on protein flexibility according to the NMA (Figure 4.16). Compared to 

other methods, site 10 is not really that pronounced here. 



193 
 

 

 

Figure 4.16. Potential ligand-binding pockets predicted by PARS. The algorithm predicts ligand-

binding pockets on the GIPR surface using LIGSITEcs program (Huang and Schroeder, 2006) and ranks 

them in terms of their structural conservation and their potential to affect protein flexibility. 

 

4.3.6 Overall summary and comparison of the in silico methods for allosteric site identification 

Many different in silico techniques enabling allosteric site identification were introduced here. 

Together, they identified few sites namely the sites 6,7 and 10 as the best potential allosteric sites at 

the GIPR, which correlated well with the results obtained through in silico docking (Table 4.5). 

Generally, there was an overlap between these techniques and many of them combine more than one 

approach. For example, FTMap combines geometrical information with an energy-based approach, 

while SPACER combines NMA with Markov state models. The repeating themes are especially 

accessibility by the ligands and sequence conservation, while effect on flexibility might be a less 

common criterium. 
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Table 4.5. Sites 6, 7 and 10 identified as best candidate allosteric sites at GIPR. Major candidate 

allosteric sites identified using each technique across GIPR homology models 1-5.  

 

Site Description 3DLigandSite POCASA FTMap SPACER PARS Total 

2 bottom TMD 3/4/5 + ICL2 0.5    0.8 0.26 

6 top centre 1 1 1  1 0.80 

7 bottom centre 1 1 1 1 0.8 0.96 

8 middle TMD 5/6/7   0.25  0.6 0.17 

9 middle of TMD 3/4/5 0.5  0.25 0.2 0.4 0.27 

10 top TMD 2/3 0.5 1 0.5  0.4 0.48 

16 Bottom TM7     0.4 0.08 

17 N-termini 1   0.2  0.24 

21 Top TMD 6/7 + ECL3    0.2 0.6 0.16 

23 Top TMD 4/5 + ECL2 0.5    0.4 0.18 

 

Many of the techniques used here were also not tailored only for allosteric site identification, 

so the results have to be evaluated critically. This was particularly obvious for sequence-based 

techniques that identify any structurally and functionally important amino acids or for knowledge-

based methods whose databases consists of ligands mostly docked in the orthosteric sites. The 

tailoring of the techniques more towards purely allosteric site identification might be hindered by the 

lack of many structures solved with allosteric modulators and by the poor understanding of the key 

differences between orthosteric and allosteric site makeup. Overall, the best techniques seem to be 

FTMap, which is geometry and energy-based, and PARS or SPACER, which uses a mix of NMA, Monte 

Carlo Simulations and even conservation analysis and geometry information. This well demonstrates 

the fact that together these techniques give important and relevant information about the potential 

allosteric binding sites at the GIPR, while individually they may be lacking. 

 

4.4 Discussion 

In this chapter, in silico docking was used to identify Site 6 (top middle of the receptor TMDs 

below the orthosteric binding site) and Site 10 (top of TMD2/3 and ECL1) as candidate allosteric sites 

and to identify potential key amino acids for compounds binding, which could then be tested in vitro 

resulting in confirmation of Site 10 as the binding site of GIPR allosteric modulators. Moreover, in silico 

techniques for allosteric site identification were used and confirmed Site 10 as one of the best 

allosteric binding sites at the GIPR. 
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4.4.1 GIPR allosteric binding site at the top of TMD2/3 and ECL1 

Main aim of this chapter was to identify the allosteric binding site at the GIPR, where the GIPR 

allosteric modulators bind. Therefore, in silico blind docking of C9-related compounds was carried out 

against GIPR homology models and two main candidates were identified – Site 6 and Site 10. Site 6 

was consistently predicted across all GIPR homology models used except model 7 based on A2AR, while 

Site 10 was most strongly predicted for GLP-1R and PTHR1 based models 4-6. One of the reasons while 

Site 6 was picked up so much across the models as a possible binding site might be the fact that 

homology models 2-9 were missing the N-termini and had no GIP attached. This meant that the top 

middle of the transmembrane part of the receptor was accessible and might have contributed to the 

large number of dockings there. In reality, however, the N-termini most likely at least partly obstructs 

the access of the compounds. The second concern was then that binding so close to the orthosteric 

site would prevent GIP from binding even in case of PAMs like C9, although Méndez et al. (2020) 

suggested a similar allosteric binding pocket at the GLP-1R based on their in silico experiments as 

discussed before, so it is still possible the compounds might fit just below the orthosteric site. 

Another potential concern with Site 6 lies with its classification. The numbering of the sites was 

purely arbitrary and created for the purpose of easy distinguishment between the sites. When one 

looks at the Site 6 poses, all of them did lie at the top middle part of the receptor, however, the 3D 

space assigned to this site was quite large and diffuse, which would account for the large number of 

poses assigned there. This was clearly visible on the 2D binding diagrams derived from Site 6, which 

showed a large range of amino acids with less repeatability. On the other hand, Site 10 was endowed 

with much more confined 3D space and there was large agreement in residues that appeared to be 

critical for the activity of those compounds. 

As in silico experiments can only give us prediction and not proof, a combinational approach of 

in silico and in vitro techniques was needed. Based on the 2D diagrams of the generated poses, 

potential key amino acids for compounds binding at both Site 6 and Site 10 were selected. Chapter 3 

discussed how alanine mutagenesis and second messenger assays were then used to confirm Site 10 

as the allosteric binding site of first C25 and then also C58, both compounds related to C9. 

The identification of Site 10 then enabled an in silico screen against Site 10 conducted by Dr 

Rahman (University of Cambridge), which identified potential new GIPR allosteric modulators T1-T27. 

In chapter 3, in vitro experiments confirmed T2, T5, T10, T11, T13, T18 and T26 as GIPR NAMs and T21 

as potentially a weak GIPR PAM. It also showed that T5, T10, T11 and T18 do bind Site 10 as predicted 

based on the fact they were selected specifically against this site. 
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Overall, this chapter identified and together with in vitro experiments in chapter 3 confirmed 

Site 10 as the allosteric binding site for GIPR allosteric modulators. 

 

4.4.2 Exploring compound binding at Site 10 and their selectivity 

Binding to Site 10 was first confirmed for compound C25, when C25 failed to have any effect on 

GIPR mutant L1932.70A, while the mutant still responded to GIP (chapter 3). This then led to a more 

thorough exploration of Site 10 and R196A, P197, Q2113.24 and Q2203.33 were first predicted in silico 

and then confirmed in vitro to be important for C25 binding or activity (Chapter 3, Table 3.37). On the 

other hand, C58 lost activity only at L1932.70A and no other of the tested mutants. C25 and C58 are 

closely related and both GIPR NAMs selective for calcium pathway over cAMP pathway and β-arrestin 

recruitment, but C25 is selective for GIPR over GLP-1R and GCGR, while C58 is not. As shown in Figure 

4.7, there is quite a bit of variability between the top of TMD2/3 and ECL1 regions of the three 

receptors. More specifically, GIPR amino acid L1932.70 is conserved across GIPR and GCGR, but not GLP-

1R. The rest of the amino acids important for C25 (R196, P197, Q2113.24 and Q2203.33) are not 

conserved at all across the three receptor and some of them don’t even share the same charges or 

polarity with their counterparts. This nicely compliments the fact that C25 is GIPR selective as it acts 

through the non-conserved amino acids. It is unlikely that C58 only acts through one amino acid, so to 

better understand its action more poses of C58 need to be generated and few more amino acids 

specific for this compound need to be tested, but the hypothesis is that C58 acts through more 

conserved amino acids than C25. 

Out of the T compounds identified, T2 and T5 are also selective GIPR NAMs. The mutant in vitro 

experiments were subsequently carried out for T5 in chapter 3 and P197, Q204, N210, Q2113.24 and 

E28845.52 were identified as amino acids important for T5 binding and/or activity. T5 is NAM selective 

for calcium pathway same as C25 and the amino acids P197 and Q2113.24 are shared between the two 

compounds despite them having different chemical scaffolds. The remaining amino acids Q204, N210 

and E28845.52 are then different to C25 but again not conserved. This approach enabled us to identify 

multiple amino acids key for NAM activity while retaining GIPR selectivity and this knowledge could 

be exploited when designing new more potent GIPR allosteric modulators. This could be done for 

example by preferentially selecting compounds indicated to bind these amino acids or by chemically 

modifying other compounds to interact with these amino acids. 

Another important characteristic of the compounds is their bias towards cAMP or calcium 

pathway. Despite Site 10 being originally identified as an allosteric binding site of C25 and C58, both 

NAMs selective for (Ca2+)i mobilisation pathway, among the T compounds there are such active at both 
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cAMP and calcium pathway or just cAMP pathway. It is therefore not the whole site but probably 

specific amino acids responsible for propagating compound effects across the receptors and 

selectively affecting only certain signalling pathways as discussed in chapter 3. This is further 

supported by Wootten et al. (2016) work, where they show that the amino acids present in the ECLs 

of GLP-1R, a closely related receptor to GIPR, are important for triggering biased signalling. The in vitro 

results of testing T11 with mutants in both cAMP accumulation and (Ca2+)i mobilisation assay also 

show different amino acids seem to be key for each of the pathways. To be able to better understand 

this signalling bias of GIPR allosteric modulators it would be useful to generate docking poses with T 

compounds and compare them both with the in vitro results and among themselves. 

 

4.4.3 Advantages and disadvantages of various in silico techniques 

Another aim of this chapter was to investigate potential allosteric binding sites at GIPR using in 

silico techniques for allosteric site identification and compare these techniques among themselves. 

Representative knowledge-, sequence-, geometry-, energy- and dynamics-based techniques were 

used and together they identified Site 6, Site 7 and Site 10 as best candidate allosteric binding sites at 

the GIPR. This closely agrees with the sites predicted through in silico docking for C9-related 

compounds. Site 6 suffers from the problems discussed above, while Site 7 is located on the 

intracellular side of the receptor and thus might not be reachable by all the compounds. Therefore, 

Site 10 has been confirmed as a good allosteric binding site to focus on for drug discovery of GIPR 

allosteric modulators. 

Comparing the various techniques between themselves, probably the least useful for our aims 

were proven to be the sequence-based techniques. These are not tailored for allosteric site 

identification and instead they identify any structurally and functionally important amino acids. 

Knowledge-based methods were then largely limited by the small number of structures solved with 

allosteric modulators and outdated structure banks, thus majorly focusing on orthosteric sites, and 

also poor understanding of the key differences between orthosteric and allosteric site makeup. The 

geometry- and energy-based techniques have then proven the best relying on simple characteristic 

like the depth of the site 3D space and docking of small molecules. Since the energy-based techniques 

incorporate docking of small molecules it is not that surprising that results corelate well with the in 

silico docking results from the beginning of this chapter as the small molecules used there are similar 

to parts of the GIPR allosteric modulators’ structures. 

Dynamics-based techniques then offer slightly more information as SPACER can for example 

additionally identify regions communicating with each other. MD-simulations, which could also be 
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classified under dynamics-based techniques hasn’t been performed in this study as they require large 

amounts of knowledge and computational power but exploiting them for exploration of key 

compounds binding and activity at GIPR might be very useful to better understand compound activity. 

 

4.5 Conclusion 

GIPR has been indicated as good target for the development of diabetes type II and obesity 

treatment. Instead of focusing on traditional orthosteric drugs, this work focuses on allosteric 

modulators instead. Allosteric modulators are compounds binding outside the orthosteric site and 

provide many benefits over orthosteric drugs like probe dependency or better potential for receptor 

selectivity and development of small molecule GIPR drugs. 

In this chapter, two approaches were carried out side by side with the aim of identifying a good 

allosteric site at the GIPR and finding potent allosteric modulators targeting this side. In the first 

approach, in silico blind docking of already known C9-related GIPR allosteric modulators was carried 

out and Site 6 (top middle of the receptor TMDs below the orthosteric binding site) and Site 10 (top 

of TMD2/3 and ECL1) were indicated as most likely binding sites for the compounds with Site 10 being 

confirmed in vitro in chapter 3. The second approach was to use in silico techniques for allosteric site 

identification and explore the available binding sites at GIPR. This approach yielded Site 6, Site 7 

(bottom middle of the receptor) and Site 10 as the best candidate allosteric site at the GIPR. Therefore, 

together these two approaches indicate Site 10 as an ideal allosteric binding site at the GIPR. 

The successful identification of GIPR allosteric binding site enabled an in silico screen against 

this site carried out by Dr Rahman (University of Cambridge), resulting in the discovery of several new 

GIPR allosteric compounds including GIPR selective ones or ones biased towards certain signalling 

pathways. This means there are now several chemical scaffolds available for future development of 

GIPR targeting drugs. The next logical step would then be to explore the binding and actions of the 

newly identified GIPR allosteric modulators in more detail using in silico docking to Site 10 or even MD 

simulations for most important compounds. Since first structure of GIPR has also been solved last year 

(PDB id 7DTY)(Zhao et al., 2021a), it would be reasonable to use this structure instead of the so far 

used GIPR homology models. 

Overall, this chapter successfully uncovered a GIPR allosteric binding site located at the top of 

TMD2/3 and ECL1, enabled an in silico screen against this site leading to the identification of new GIPR 

allosteric modulators and started to uncover the differences between the binding and actions of the 

different compounds.  
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Chapter 5. Pharmacological characterisation of novel adenosine A1 

receptor-selective agonists 

 

5.1 Introduction 

The A1R is one of the four ARs that belong in class A GPCRs. While A1R and A3R are predominantly 

Gi/o-coupled leading to inhibition of intracellular cAMP, A2AR and A2BR are Gs-coupled receptors leading 

to increase of intracellular cAMP. A1R is widely distributed in the human body and stimulating this 

receptor is thought to hold therapeutic potential in multiple disorders including but not limited to 

glaucoma, type 2 diabetes mellitus, pain, epilepsy and cerebral ischemia (Baltos et al., 2016; Sawynok, 

2016; Varani et al., 2017; Weltha et al., 2019). A1R has high expression in the brain and since 

adenosine, a natural AR ligand, is an endogenous anticonvulsant and seizure terminator in the brain, 

augmentation of A1R signalling holds promise for the suppression of seizures in epilepsy and possibly 

even preventing its progression (Boison, 2008; Weltha et al., 2019). Furthermore, due to exerting 

effect on the central nervous system (CNS), A1R has antinociceptive profile in various preclinical pain 

models and A1R agonists are extensively researched as pain treatment (Sawynok, 2016; Wall et al., 

2022). 

Current A1R agonists elicit various responses, particularly in the central nervous system (CNS) 

and in the cardiorespiratory system. In the CNS A1Rs inhibit synaptic transmission, induce neuronal 

hyperpolarization, and cause sedation, while in the cardiorespiratory system A1Rs slow the heart 

(bradycardia), contribute to reducing blood pressure (hypotension), and depress respiration (dyspnea) 

(Dunwiddie and Masino, 2001; Headrick et al., 2013; Koeppen et al., 2009; Sawynok, 2016; Vecchio et 

al., 2018). This wide expression profile of the A1R in the body and the potential for many side effects 

caused by the none-selectiveness of many potential drugs based on the adenosine, which is near 

equipotent agonist across the four AR subtypes, led to the fact that despite more than four decades 

of intense medicinal research very few compounds have actually made it to the clinic (Chen et al., 

2013; Jacobson and Gao, 2006). Therefore, in order to overcome these widespread side effects that 

limit the therapeutical use of A1R agonists, more selective and possibly even biased agonists that could 

selectively target specific signalling pathways through selective G protein or β-arrestin coupling are 

needed (Kenakin, 2019; Wootten et al., 2018). 

Regarding the structures of known A1R agonists, several potent and selective compounds are 

based on adenosine with C-2 or N6 position substitutions (e.g. chloride or cycloalkyl-/bicycloalkyl- 

groups, respectively) (Jacobson et al., 2019; Knight et al., 2016; Petrelli et al., 2018; Tosh et al., 2019). 
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It has also been shown that the C-5’ position tolerates certain substitutions resulting in compounds 

like for example NECA. Moreover, bulky pyrazole groups substitutions at this position resulted in some 

potent and selective A1R agonists that showed analgesic effects in mice (Petrelli et al., 2018). 

Another known potent A1R agonists is BnOCPA (Knight et al., 2016). As mentioned above, the 

development of therapeutic GPCR agents is complicated by their pleiotropic coupling to multiple G 

proteins and intracellular signalling pathways and this is particularly true for A1R, whose clinical 

potential is undermined by the sedation and cardiorespiratory depression caused by conventional 

agonists. Therefore, biased ligands that can selectively target these pathways are needed. BnOCPA is 

a potent A1R-selective agonist that has been shown to be a powerful analgesic but does not cause 

sedation, bradycardia, hypotension or respiratory depression (Knight et al., 2016; Wall et al., 2022). 

Furthermore, Wall et al. (2022) have shown that BnOCPA is a selective Gα agonist in exclusively 

activating Gob among the six members of the Gαi/o family of G protein subunits, and in the absence of 

β-arrestin recruitment. BnOCPA thus demonstrates a highly specific Gα-selective activation of the 

native A1R making it a very therapeutically promising compound. 

Deganutti et al. (2021) has then employed MD simulations to research the binding of BnOCPA 

to A1R using the cryo-EM structure of the active adenosine-bound A1R-heterotrimeric Gi2 protein 

complex (PDB code 6D9H20) (Draper-Joyce et al., 2018). This work uncovered three binding modes of 

BnOCPA due to high flexibility of the N6-appended benzyloxy group. Based on the previous work on 

BnOCPA and especially the MD simulations of its binding at the A1R, a new series of adenosine- and 

NECA-based compounds with extended N6-benzyloxy- and N6-phenoxycyclopentyl substituents was 

designed by Dr Lochner (University of Bern). 

The aim in this chapter is to further explore BnOCPA binding to the A1R using in vitro techniques 

like site-directed alanine mutagenesis and cAMP accumulation assays. The cAMP accumulation assay 

and NanoBRET binding assay will then also be used to comprehensively characterise potency, 

selectivity and affinity of the new adenosine- and NECA-based derivates across the four human AR 

subtypes and rat A1R with the aim of identifying compounds with improved potency at A1R while 

maintaining or improving the subtype-selectivity of BnOCPA (Figure 5.1). The research in this chapter 

was published in Preti et al. (2022), Suchankova et al. (2022) and Wall et al. (2022). 
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Figure 5.1. Structures of selected A1R agonists. 2D structures and molecular weight (g/mol) of 

adenosine, NECA and BnOCPA compounds. 

 

5.2 The effect of A1R mutations on agonist efficacy 

As mentioned above, MD simulations were used to probe BnOCPA binding to A1R (Deganutti et 

al., 2021a). In more detailed they modelled three different systems - Goa and Gob subunit bound to the 

A1R:BnOCPA and Gob subunit bound to A1R:HOCPA. HOCPA is another A1R agonist based on the 

adenosine/CPA scaffold and it is a stereoisomer of GR79236 (Gurden et al., 1993; Knight et al., 2016; 

Strong et al., 1993). These MD simulations predicted that residues R2917.56 and I2928.47, which are 

located under the N7.49PXXY7.53 motif are likely involved in A1R/Gα coupling and show a different 

propensity to interact with Goa or Gob protein. It was therefore suggested that a particular A1R 

conformation could be stabilized by BnOCPA more than by the other agonists resulting in the selective 

Gob protein activation. 

To test this hypothesis, site-directed mutagenesis of amino acids R2917.56, I2928.47 and the 

adjacent hydrophilic residues Q2938.48 and K2948.49 to alanine was undertaken and agonist effects on 

these mutants was tested compared to WT A1R. Currently, none of these residues were reported to 

affect binding (GPCRdb 2022; Kooistra et al., 2021). First, Flp-In CHO cell lines stably expressing either 

one of these four mutants of WT A1R were created. cAMP accumulation was then measured in Flp-In 

CHO cells stably expressing WT or mutant hA1R in response to an agonist in a range (10-11 M to 10-4 M) 

and cAMP accumulation was measured after 30 minutes. 10 μM forskolin was also included since A1R 

is a Gi/o coupled receptor (Figure 5.2, Table 5.1). The agonists chosen for these experiments were the 

before-mentioned BnOCPA and HOCPA used in the MD simulations, adenosine and CPA as the 

compounds on which BnOCPA structure is based and NECA as a commonly used AR agonist. 
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Figure 5.2. Effect of A1R mutations on selective signalling of biased agonists. Flp-In CHO cells stably 

expressing WT or mutant hA1R were co-stimulated with a range (10-11 M to 10-4 M) of agonist 

concentration and 10 μM forskolin and cAMP accumulation was measured after 30 minutes. Data are 

mean ± SEM of n≥3 individual experiments performed in duplicate, expressed as % 100 μM forskolin 

response. 
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Table 5.1. Agonist-stimulated cAMP response in WT and mutant hA1R. pIC50 and Emax values measured by cAMP accumulation assay in Flp-In CHO cells 

stably expressing WT or mutant hA1R in response to tested compounds and 10 μM forskolin.  

Mutant 
Adenosine CPA NECA HOCPA BNOCPA 

pIC50
a Emax

b n pIC50
a Emax

b n pIC50
a Emax

b n pIC50
a Emax

b n pIC50
a Emax

b n 

WT 8.45 ± 0.20 55.70 ± 4.83 3 9.26 ± 0.03 
48.97 ± 

0.66 
5 9.65 ± 0.15 61.21 ± 3.99 3 

9.08 ± 
0.06 

60.52 ± 1.53 3 8.16 ± 0.15 49.38 ± 3.64 4 

R2917.56 
7.66 ± 

0.18**** 
50.84 ± 3.55 7 

8.58 ± 
0.17**** 

51.07 ± 
3.64 

8 
8.63 ± 

0.16**** 
49.89 ± 
3.35** 

6 
8.50 ± 
0.33* 

45.18 ± 
6.14** 

5 
7.49 ± 

0.17**** 
50.15 ± 3.40 7 

I2928.47 
7.66 ± 

0.23**** 
36.82 ± 
4.12**** 

7 
8.74 ± 
0.22*** 

40.55 ± 
3.84** 

8 
8.88 ± 

0.16**** 
43.79 ± 
3.14**** 

6 
8.49 ± 
0.28* 

45.88 ± 
5.35** 

5 
7.56 ± 
0.24*** 

38.72 ± 
3.62*** 

7 

Q2938.48 
7.18 ± 

0.27**** 
42.92 ± 
4.80*** 

6 
8.68 ± 
0.28*** 

45.37 ± 
5.48 

6 
8.91 ± 

0.22**** 
44.96 ± 
4.52**** 

4 
8.59 ± 
0.26 

40.37 ± 
4.34*** 

4 
7.36 ± 

0.25**** 
45.03 ± 4.63 6 

K2948.49 
7.89 ± 
0.13** 

43.12 ± 
2.35*** 

7 8.93 ± 0.17* 
42.06 ± 

3.37* 
7 

8.93 ± 
0.17**** 

47.57 ± 
3.73**** 

5 
8.33 ± 
0.27** 

40.84 ± 
4.69*** 

5 
7.67 ± 
0.14** 

41.37 ± 
2.38** 

7 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a The negative logarithm of agonist concentration producing half-maximal response. 
b The % maximal inhibition of cAMP accumulation for each agonist. 

Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) determined using ANOVA and Dunnett’ s post-test. pIC50 and Emax values at 
each mutant were compared to the values at the WT A1R for each compound. 
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For all the agonists the four mutations caused a reduction in efficacy when compared to the 

wild type A1R, suggesting all the residues are generally most efficacious at the WT A1R. This is not 

particularly surprising as these residues were predicted to be important in the transduction of the 

signal from the agonist:A1R complex to the G proteins (Figure 5.3.A) and disrupting them therefore 

leads to reduced efficacy. Importantly in general the mutation of K2948.49 to alanine seemed to cause 

the smallest loss of efficacy, except for HOCPA. On the other hand, alanine mutagenesis of R2917.56 

and I2928.47 seems to overall cause biggest loss of efficacy of the agonists. 
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Figure 5.3. Investigation of selective agonist coupling to Gαo/i by mutagenesis and cAMP. A. MD 

simulations predict important residues in TM7 and H8 of the hA1R for A1R coupling to Goa (left) and 

Gob (right). B-C. Site directed mutagenesis was used to mutate R2917.56, I2928.47, Q2938.48 and K2948.49 

to alanine in the hA1R. cAMP accumulation was then measured in Flp-In CHO cells stably expressing 

WT or mutant hA1R following 30 minutes co-stimulation with a range (10-11 M to 10-4 M) of agonist 

concentration and 10 μM forskolin and IC50 was determined (B). To easier observe how these mutants 

differentially affect agonist potency a web of bias plot was constructed, which normalizes the 

reduction in IC50 for each mutation and agonist relative to corresponding WT hA1R (C). This figure was 

adapted from Wall et al. (2022). 

 

To easier observe the effects of the mutations on potency (IC50), bias plots were created. To this 

end, the IC50 values for individual mutants were normalized to their respective wild-type controls for 

each agonist (Figure 5.3.BC). The bias plot showed that residues R2917.56, I2928.47 and Q2938.48 are 

especially important for CPA and NECA coupling, R2917.56 for adenosine efficacy, and Q2938.48 for 

A 

B 

C 
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BnOCPA, while HOCPA was not appreciably affected by any of these mutations. The K2948.49 mutation 

had little effect on general agonist efficacy (< 5-fold change in IC50). 

Overall, these observations further reinforce the MD simulations predictions that helix 8 

residues are involved in the coupling of agonist-activated A1R. In particular, residues R2917.56, I2928.47 

and Q2938.48 are required for selective agonist coupling to Gαo/i. Subtle differences between the 

residue involvements may then contribute to the Gα bias observed among these agonists. 

 

5.3 Analysing BnOCPA derivatives as potent selective agonists of the A1R 

5.3.1. Improved potency of 26, 27, 45, 49 and 51-54 at A1R 

Having looked at BnOCPA activity, the next step was to try to identify higher affinity/efficacy 

derivatives of BnOCPA. Dr Lochner’s lab (University of Bern) synthesised a series of 24 novel synthetic 

AR ligands (Table 5.2). These are benzyloxycyclopentyl and phenoxycyclopentyl derivates of adenosine 

and NECA. Adenosine is a natural AR agonist that binds and acts at all AR subtypes with near 

equipotency, while NECA is an AR agonist that has efficacy and affinity at all receptors but is more 

potent at the A1R (Deganutti et al., 2021a; Knight et al., 2016). 
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Table 5.2. List of synthetic adenosine and NECA derivatives. List of all tested compounds, their 2D 

structure and molecular weight. 

Cmpd Structure 
Molecular 

weight 
(g/mol) 

Type of derivate 

Adenosine 

 

267.24 - 

BnOCPA 

 

441.49 Benzyloxycyclopentyl 

19 

 

471.51 Benzyloxycyclopentyl 

20 

 

520.38 Benzyloxycyclopentyl 

21 

 

520.38 Benzyloxycyclopentyl 

22 

 

475.93 Benzyloxycyclopentyl 

23 

 

475.93 Benzyloxycyclopentyl 

24 

 

427.46 Phenoxycyclopentyl 

25 

 

483.57 Phenoxycyclopentyl 

26 

 

457.49 Phenoxycyclopentyl 

27 

 

506.36 Phenoxycyclopentyl 
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28 

 

461.90 Phenoxycyclopentyl 

29 

 

461.90 Phenoxycyclopentyl 

30 

 

461.90 Phenoxycyclopentyl 

NECA 

 

308.29 - 

44 

 

512.57 Benzyloxycyclopentyl 

45 

 

561.44 Benzyloxycyclopentyl 

46 

 

561.44 Benzyloxycyclopentyl 

47 

 

516.98 Benzyloxycyclopentyl 

48 

 

516.98 Benzyloxycyclopentyl 

49 

 

468.51 Phenoxycyclopentyl 
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50 

 

524.62 Phenoxycyclopentyl 

51 

 

498.54 Phenoxycyclopentyl 

52 

 

547.41 Phenoxycyclopentyl 

53 

 

502.96 Phenoxycyclopentyl 

54 

 

502.96 Phenoxycyclopentyl 

55 

 

502.96 phenoxycyclopentyl 

 

As the aim of this work was to identify more potent A1R agonists, adenosine, NECA, BnOCPA 

(for reference as the best compound from work preceding this) and the new benzyloxycyclopentyl and 

phenoxycyclopentyl derivates of adenosine and NECA were tested for their efficacy at the A1R using 
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the cAMP accumulation assay. CHO-KI cells stably expressing human A1R were co-stimulated for 30 

minutes with tested compounds in a range of concentrations (10-12 M to 10-4 M) and 10 μM forskolin, 

as A1R is Gi/o coupled (Figure 5.4, Table 5.3 and 5.4).
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Figure 5.4. Efficacy of synthetic adenosine and NECA Derivatives at individual A1R. A. cAMP accumulation or inhibition in CHO-KI cells stably expressing 

human A1R stimulated with varying concentrations of AR ligands for 30 mins and cAMP accumulation was detected. 10 μM forskolin was included. pIC50 (B) 

and Emax (C) values for individual repeats derived from dose-response curves in A. Data are mean ± SEM of n≥3 individual experiments performed in duplicate, 

expressed as % 100 μM forskolin response. 
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Table 5.3. Potency of synthetic adenosine and NECA benzyloxycyclopentyl derivatives. pIC50, pEC50 and Emax values measured by cAMP accumulation assay 

in CHO-A1R, CHO-A2AR, CHO-A2BR or Flp-In CHO-A3R cells in response to tested compounds. 10 and 1 μM forskolin is included in the assay for A1R and A3R, 

respectively. 

 

Cmpd R1 R2 
A1R A2AR A2BR A3R 

pIC50
a Emax

b n pEC50
a Emax

c n pEC50
a Emax

c n pIC50
a Emax

b n 

Adenosine - - 7.53 ± 0.18 52.17 ± 1.9 10 7.60 ± 0.11 21.53 ± 0.9 10 7.28 ± 0.12 59.07 ± 2.9 4 7.87 ± 0.23 24.71 ± 2.5 3 

BnOCPA -CH2OH H 8.43 ± 0.09* 51.49 ± 1.9 10 4.95 ± 0.38** 17.13 ± 4.6 10 N.D. 4 N.R. 5 

19 -CH2OH m-OMe 8.74 ± 0.10*** 57.41 ± 2.4 5 N.D. 5 N.D. 3 5.98 ± 0.47* 9.52 ± 2.1** 3 

20 -CH2OH m-Br 7.74 ± 0.13 51.44 ± 2.8 4 N.R. 3 N.D. 3 5.08 ± 0.26** 12.59 ± 1.8* 3 

21 -CH2OH p-Br 7.39 ± 0.16 44.25 ± 3.2 4 N.D. 3 N.D. 3 N.R. 3 

22 -CH2OH o-Cl 8.47 ± 0.24** 44.66 ± 4.3 3 5.17 ± 0.33** 18.55 ± 3.5 3 4.57 ± 0.12**** 96.93 ± 8.1** 3 N.R. 3 

23 -CH2OH m-Cl 7.88 ± 0.17 45.97 ± 3.3 3 N.D. 3 N.D. 3 N.R. 3 

NECA - - 8.96 ± 0.11 50.11 ± 2.4 10 7.95 ± 0.26 22.03 ± 2.4 4 7.20 ± 0.07 68.12 ± 2.0 6 7.83 ± 0.26 34.34 ± 3.7 7 

44 -CONHEt m-OMe 8.67 ± 0.19 41.15 ± 3.3 4 N.R. 3 4.42 ± 0.16**** 73.07 ± 8.9 3 5.38 ± 0.09**** 46.56 ± 2.1 4 

45 -CONHEt m-Br 9.85 ± 0.19 46.12 ± 5.2 3 N.R. 3 N.D. 3 5.56 ± 0.10**** 49.17 ± 2.4* 4 

46 -CONHEt p-Br 7.97 ± 0.24 43.32 ± 4.5 3 N.D. 3 N.D. 3 5.82 ± 0.20**** 30.56 ± 2.8 3 

47 -CONHEt o-Cl 8.67 ± 0.15 34.67 ± 2.2 3 5.68 ± 0.32 20.34 ± 3.1 3 5.36 ± 0.08**** 87.58 ± 3.3 3 5.85 ± 0.13**** 43.92 ± 2.8 3 

48 -CONHEt m-Cl 8.29 ± 0.16 31.57 ± 2.1* 3 5.04 ± 0.29** 17.18 ± 2.9 3 4.72 ± 0.11**** 96.14 ± 6.8** 3 5.83 ± 0.39**** 31.06 ± 5.7 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
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a The negative logarithm of agonist concentration producing half-maximal response. 
b The % maximal inhibition of cAMP accumulation for each agonist. 
c The % maximal accumulation for each agonist relative to 100 μM forskolin  
N.D., not determined. Full dose-response curve was not feasible. 
N.R., no response detected in the assay 
Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) determined using ANOVA and Dunnett’ s post-test. Adenosine derivatives 
were compared to adenosine, while NECA derivatives were compared to NECA.
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Table 5.4. Potency of synthetic adenosine and NECA phenoxycyclopentyl derivatives. pIC50, pEC50 and Emax values measured by cAMP accumulation assay 

in CHO-A1R, CHO-A2AR, CHO-A2BR or Flp-In CHO-A3R cells in response to tested compounds. 10 and 1 μM forskolin is included in the assay for A1R and A3R, 

respectively. 

  

Cmpd R1 R2 
A1R A2AR A2BR A3R 

pIC50
a Emax

b n pEC50
a Emax

c n pEC50
a Emax

c n pIC50
a Emax

b n 

Adenosine - - 7.53 ± 0.18 52.17 ± 1.9 10 7.60 ± 0.11 21.53 ± 0.9 10 7.28 ± 0.12 59.07 ± 2.9 4 7.87 ± 0.23 24.71 ± 2.5 3 

24 -CH2OH H 8.98 ± 0.14**** 52.71 ± 3.1 9 N.D. 3 4.90 ± 0.14**** 64.19 ± 5.4 3 5.78 ± 0.42* 17.83 ± 3.7 3 

25 -CH2OH p-t-Bu 7.74 ± 0.28 42.14 ± 5.1 4 N.D. 3 N.D. 3 N.R. 3 

26 -CH2OH m-OMe 9.28 ± 0.10**** 56.74 ± 2.4 4 5.24 ± 0.55** 17.25 ± 5.0 3 N.D. 3 N.R. 3 

27 -CH2OH m-Br 10.0 ± 0.24**** 30.55 ± 3.3** 4 N.D. 3 4.63 ± 0.12**** 82.53 ± 6.2 3 N.R. 3 

28 -CH2OH o-Cl 9.03 ± 0.19**** 44.15 ± 3.6 4 5.96 ± 0.28* 17.01 ± 2.2 3 5.31 ± 0.09**** 96.77 ± 4.4** 3 6.73 ± 0.42 13.42 ± 2.4* 3 

29 -CH2OH m-Cl 9.21 ± 0.19**** 38.25 ± 3.0 4 6.26 ± 0.34 13.63 ± 2.1 3 5.29 ± 0.07**** 96.93 ± 8.1** 3 6.81 ± 0.47 11.77 ± 2.3* 3 

30 -CH2OH p-Cl 8.19 ± 0.18 45.06 ± 3.6 4 4.86 ± 0.58** 15.15 ± 5.5 3 N.D. 3 6.88 ± 0.60 12.5 ± 3.2* 3 

NECA - - 8.96 ± 0.11 50.11 ± 2.4 10 7.95 ± 0.26 22.03 ± 2.4 4 7.20 ± 0.07 68.12 ± 2.0 6 7.83 ± 0.26 34.34 ± 3.7 7 

49 -CONHEt H 9.53 ± 0.20 32.68 ± 2.5* 3 5.48 ± 0.42* 15.41 ± 3.0 3 6.04 ± 0.09**** 87.99 ± 3.7* 3 7.17 ± 0.16 51.24 ± 3.4* 3 

50 -CONHEt p-t-Bu 7.81 ± 0.41* 33.66 ± 6.1 3 4.84 ± 0.30** 20.11 ± 3.8 3 4.77 ± 0.08**** 96.35 ± 5.0** 3 6.63 ± 0.19** 39.85 ± 3.2 3 

51 -CONHEt m-OMe 9.88 ± 0.29 39.71 ± 5.9 4 5.20 ± 1.11* 5.16 ± 3.1* 3 5.10 ± 0.07**** 84.76 ± 3.3 3 5.56 ± 0.14**** 59.38 ± 4.0*** 3 



215 
 

52 -CONHEt m-Br 9.62 ± 0.35 39.71 ± 5.9 4 4.58 ± 0.87** 11.48 ± 6.7 3 5.37 ± 0.11**** 61.12 ± 3.3 3 5.52 ± 0.12**** 68.26 ± 3.8**** 3 

53 -CONHEt o-Cl 9.91 ± 0.23 28.65 ± 2.7** 3 5.67 ± 0.46* 14.69 ± 3.2 3 6.22 ± 0.09**** 80.91 ± 3.1 3 7.00 ± 0.19* 41.6 ± 3.3 3 

54 -CONHEt m-Cl 9.28 ± 0.28 34.67 ± 2.1 3 5.86 ± 0.41 13.32 ± 2.6 3 6.01 ± 0.09**** 78.81 ± 3.4 3 6.79 ± 0.14** 44.20 ± 2.6 3 

55 -CONHEt p-Cl 7.99 ± 0.15 35.07 ± 2.5 3 4.86 ± 0.32** 25.01 ± 5.2 3 5.10 ± 0.09**** 83.73 ± 4.5 3 6.92 ± 0.17* 47.16 ± 3.3 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a The negative logarithm of agonist concentration producing half-maximal response. 
b The % maximal inhibition of cAMP accumulation for each agonist. 
c The % maximal accumulation for each agonist relative to 100 μM forskolin  
N.D., not determined. Full dose-response curve was not feasible. 
N.R., no response detected in the assay 
Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) determined using ANOVA and Dunnett’ s post-test. Adenosine derivatives 
were compared to adenosine, while NECA derivatives were compared to NECA. 
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All the tested compounds behave as agonists at the A1R, with compound 27 being the most 

potent with pIC50 of 10.0 ± 0.24, closely followed by compounds 26, 45, 49 and 51-54 (pIC50 = 9.28 ± 

0.10, 9.85 ± 0.19, 9.53 ± 0.20, 9.88 ± 0.29, 9.62 ± 0.35, 9.91 ± 0.23 and 9.28 ± 0.28, respectively). 

Moreover, all the above-mentioned compounds display higher potency than BnOCPA or the parent 

compounds adenosine and NECA (pIC50 of 8.43 ± 0.09, 7.53 ± 0.18 and 8.96 ± 0.11, respectively), 

making them very promising candidate compounds. 

It is also interesting to note that, except for compounds 49 and 53, all of the most potent 

compounds have a substituent in the meta position and expect for compounds 26, 49 and 51 they all 

have a halogen substituent. These findings seem to suggest that that a halogen substituent in the meta 

position on the aromatic ring confers high efficacy at the human A1R. Additionally, all most potent 

hA1R agonists but 45 feature a N6-phenoxycyclopentyl moiety. 

 

5.3.2 Compounds 45 and 51 are 10,000-fold more selective for A1R over other AR subtypes 

As was discussed, progression of promising potent A1R agonists into clinic is often severely 

limited by their reduced selectivity among the four different AR subtypes and resulting side effects. 

Therefore, the next important step was to evaluate the selectivity of the adenosine and NECA 

derivatives, which was accomplished again by employing the cAMP accumulation assay to measure 

the compound efficacy at the remaining 3 AR subtypes. 

CHO-KI cells stably expressing human A2AR, A2BR or Flp-In CHO cells stably expressing A3R were 

stimulated for 30 minutes with tested compounds in a range of concentrations (10-12 M to 10-4 M). In 

case of A3R, 1 μM forskolin was included as well. This is because A3R is a Gi/o-coupled receptor, whose 

stimulation results in the reduction of cAMP levels in the cells, while A2AR and A2BR are Gs-coupled 

resulting in increase of intracellular cAMP levels post stimulation. 

All compounds displayed only weak or little efficacy at either A2AR or A2BR and many failed to 

produce full dose-response curves. NECA (pEC50 of 7.95 ± 0.26 and 7.20 ± 0.07 at A2AR and A2BR, 

respectively) and adenosine (pEC50 of 7.60 ± 0.11 and 7.28 ± 0.12 at A2AR and A2BR, respectively) 

remaining the only potent compounds at these receptors (Figure 5.5 and 5.6, Table 5.3 and 5.4). 
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Figure 5.5. Efficacy of synthetic adenosine and NECA Derivatives at individual A2AR. A. cAMP accumulation or inhibition in CHO-KI cells stably expressing 

human A2AR stimulated with varying concentrations of AR ligands for 30 mins and cAMP accumulation was detected. pEC50 (B) and Emax (C) values for individual 

repeats derived from dose-response curves in A. # Full dose-response curve wasn’t feasible, so values are just an estimation. Data are mean ± SEM of n≥3 

individual experiments performed in duplicate, expressed as % 100 μM forskolin response. 
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Figure 5.6. Efficacy of synthetic adenosine and NECA Derivatives at individual A2BR. A. cAMP accumulation or inhibition in CHO-KI cells stably expressing 

human A2BR stimulated with varying concentrations of AR ligands for 30 mins and cAMP accumulation was detected. pEC50 (B) and Emax (C) values for individual 

repeats derived from dose-response curves in A. # Full dose-response curve wasn’t feasible, so values are just an estimation. Data are mean ± SEM of n≥3 

individual experiments performed in duplicate, expressed as % 100 μM forskolin response.
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Adenosine (pIC50 = 7.87 ± 0.23) and NECA (pIC50 = 7.83 ± 0.26) remained the most potent 

compound at A3R as well, but there are several compounds that also display full agonistic activity at 

A3R and near equipotency to both NECA and adenosine (Figure 5.7, Table 5.3 and 5.4). Compound 49 

(pIC50 = 7.17 ± 0.16) was the most potent of the new AR synthetic agonists at the A3R, followed by 28-

30, 50 and 53-55 (pIC50 of 6.73 ± 0.42, 6.81 ± 0.47, 6.88 ± 0.60, 6.63 ± 0.19, 7.00 ± 0.19, 6.79 ± 0.14 

and 6.92 ± 0.17, respectively).
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Figure 5.7. Efficacy of synthetic adenosine and NECA Derivatives at individual A3R. A. cAMP accumulation or inhibition in Flp-In CHO cells stably expressing 

A3R stimulated with varying concentrations of AR ligands for 30 mins and cAMP accumulation was detected. 1 μM forskolin was included. pIC50 (B) and Emax 

(C) values for individual repeats derived from dose-response curves in A. # Full dose-response curve wasn’t feasible, so values are just an estimation. Data are 

mean ± SEM of n≥3 individual experiments performed in duplicate, expressed as % 100 μM forskolin response.
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To further asses the compound selectivity, the relative activity (RA) was calculated, which was 

a measure incorporating pIC50/pEC50 and Emax (see Chapter 2, equation 3), for all agonists at the 4 

different adenosine receptor subtypes. The relative activity of each compound at each receptor was 

then normalised to either NECA (for NECA derivates) or adenosine (for adenosine derivatives) at A1R 

(Figure 5.8). From the radar plot, it can be seen that, adenosine is near equipotent at all the receptors, 

but all the other tested compounds display at least partial selectivity for hA1R. 

 

 

Figure 5.8. Adenosine and NECA derivatives show selectivity towards A1R subtype. Log(RA) values 

of AR ligands at human A1R, A2AR, A2BR and A3R normalized to (A) NECA or (B) adenosine response at 

A1R. 

 

With adenosine itself being near equipotent at all AR subtypes, it did not come as a big surprise 

that some of its derivates, like compounds 28-30, were dual agonists for hA1R and hA3R. However, 

some adenosine derivates did display A1R selectivity, namely compounds 22, 23, 26 and 27. On the 

other hand, NECA itself is A1R selective by ~10-fold. Compounds 44, 45, 51-53 display enhanced A1R 

selectivity with compounds 45 and 51 being ~1500-fold more A1R selective than NECA itself, 

suggesting more than 10,000-fold selectivity overall to the A1R. 

 

5.3.3 Differences between adenosine and NECA derivates 

As was mentioned above, NECA itself is A1R-selective, while adenosine is near equipotent at all 

receptors. It is thus not surprising that the new compounds based on NECA generally display higher 

selectivity towards A1R than compounds based on adenosine. Moreover, NECA derivatives are 

generally more potent at inhibiting cAMP accumulation at A1R than NECA, while retaining similar 
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potency across the other three adenosine receptor subtypes, resulting in even more A1R-selective 

compounds. 

When comparing the analogous derivate pairs based on adenosine or NECA more closely, it can 

be noticed that they often display very similar selectivity and potency across all AR subtypes (Figures 

5.4, 5.5 5.6 and 5.7, Tables 5.3 and 5.4). This is the case for example for adenosine-derived 26 and its 

NECA-derived analogue 51, which are both potent hA1R selective full agonists (pIC50 = 9.28 ± 0.10 and 

9.88 ± 0.29, respectively), while compounds 30 and 55 are relatively less potent dual hA1R and hA3R 

agonists (pIC50 = 8.19 ± 0.18, 7.99 ± 0.15 at hA1R and 6.88 ± 0.60, 6.92 ± 0.17 at hA3R, respectively). 

Consequently, for these compounds it seems that it is the phenoxy substituent group rather than the 

adenosine/NECA part of the compound that has the most effect on driving compound selectivity and 

potency. 

But this is not the case for all compounds, as some other analogue pairs show differences in 

their potencies across adenosine receptor subtypes. For example, compounds 25 and 50 have similar 

potencies at hA1R (pIC50 = 7.74 ± 0.28 and 7.81 ± 0.41, respectively), but compound 50 also has a weak 

response at hA3R (pIC50 = 6.63 ± 0.19), while adenosine-based compound 25 elicits no response at this 

receptor. In this case it seems to be the ribose C-5’ substituent group that affects the selectivity of the 

compounds more with the adenosine-derived compound being more hA1R selective. 

 

5.4 Determining compound binding at ARs 

5.4.1 Compounds 27, 28, 49, 51 and 53 have high affinity across both rat and human A1R 

A1R agonists are promising therapeutic agents for treatment of glaucoma, type 2 diabetes 

mellitus, pain and epilepsy (Baltos et al., 2016; Sawynok, 2016; Varani et al., 2017; Weltha et al., 2019). 

It is therefore important to assess not only the efficacy of the novel synthetic AR ligands, but also their 

affinity at both human and rat A1R, with rats being a common model used in the research of various 

pathological conditions. 

The ability of all AR ligands to displace and inhibit the specific binding of CA200645, a 

fluorescent antagonist of A1R and A3R, was tested in HEK-293 cells stably expressing WT human or rat 

Nluc-A1R (Stoddart et al., 2012).  Briefly, HEK-293 cells stably expressing WT human or rat Nluc-A1R 

were stimulated with 20 nM CA200645 and a range of ligand concentrations (10-11 M to 10-4 M). The 

20 nM CA200645 concentration was chosen following previous experiments measuring the CA200645 

Kd at human and rat A1R as a concentration that elicited sufficient response without unnecessarily 

wasting too much compound. The BRET ratio at 10 minutes was then used to create full dose response 
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curves for each ligand and fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff 

equation built in GraphPad Prism 9.3 to enable estimates of pKi (Figure 5.9 and 5.10, Table 5.5 and 

5.6). 
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Figure 5.9. Binding of AR ligands at human A1R. A. HEK-293 cells stably expressing human Nluc-A1R were treated with 20nM CA200645 and increasing 

concentrations of unlabelled AR ligand. NanoBRET ratio at 10 minutes was calculated and fitted with the “One site – Fit Ki” model derived from the Cheng 

and Prusoff equation built into GraphPad Prism 9.3. B. pKi values for individual repeats from A-B. Data are expressed as the mean ± SEM of n≥3 individual 

experiments performed in duplicate. 
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Figure 5.10. Binding of AR ligands at rat A1R. A. HEK-293 cells stably expressing rat Nluc-A1R were treated with 20nM CA200645 and increasing concentrations 

of unlabelled AR ligand. NanoBRET ratio at 10 minutes was calculated and fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff 

equation built into GraphPad Prism 9.3. B. pKi values for individual repeats from A-B. Data are expressed as the mean ± SEM of n≥3 individual experiments 

performed in duplicate.  
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Table 5.5. Binding of synthetic adenosine and NECA benzyloxycyclopentyl derivatives. pKi values 

were determined through NanoBRET binding assay in HEK-293 cells stably expressing human or rat 

Nluc-A1R. 

 

Cmpd R1 R2 
hA1R rA1R 

pKi
a n pKi

a n 

Adenosine - - 6.09 ± 0.06 4 6.06 ± 0.05 3 

BnOCPA -CH2OH H 6.18 ± 0.09 3 6.41 ± 0.06** 6 

19 -CH2OH m-OMe 6.67 ± 0.10*** 3 6.55 ± 0.06**** 3 

20 -CH2OH m-Br 6.16 ± 0.10 3 6.13 ± 0.08 3 

21 -CH2OH p-Br 5.94 ± 0.07 3 6.06 ± 0.07 3 

22 -CH2OH o-Cl 6.56 ± 0.07** 3 6.56 ± 0.04**** 3 

23 -CH2OH m-Cl 6.15 ± 0.07 3 6.43 ± 0.03*** 3 

NECA - - 6.61 ± 0.06 5 6.38 ± 0.04 6 

44 -CONHEt m-OMe 6.39 ± 0.08 3 6.11 ± 0.07* 3 

45 -CONHEt m-Br 6.54 ± 0.15 3 6.46 ± 0.07 3 

46 -CONHEt p-Br 6.15 ± 0.06* 3 6.38 ± 0.03 3 

47 -CONHEt o-Cl 6.63 ± 0.07 3 6.85 ± 0.05**** 3 

48 -CONHEt m-Cl 6.49 ± 0.08 3 6.90 ± 0.05**** 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a The binding affinity for each agonist. 
Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) determined using 
ANOVA and Dunnett’ s post-test. Adenosine derivatives were compared to adenosine, while NECA 
derivatives were compared to NECA. 
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Table 5.6. Binding of synthetic adenosine and NECA phenoxycyclopentyl derivatives. pKi values 

were determined through NanoBRET binding assay in HEK-293 cells stably expressing human or rat 

Nluc-A1R. 

 

Cmpd R1 R2 
hA1R rA1R 

pKi
a N pKi

a n 

Adenosine - - 6.09 ± 0.06 4 6.06 ± 0.05 3 

24 -CH2OH H 6.84 ± 0.06**** 5 6.60 ± 0.02**** 5 

25 -CH2OH p-t-Bu 6.35 ± 0.08 3 6.70 ± 0.05**** 3 

26 -CH2OH m-OMe 6.61 ± 0.07** 3 6.56 ± 0.06**** 3 

27 -CH2OH m-Br 7.55 ± 0.11**** 3 6.94 ± 0.08**** 3 

28 -CH2OH o-Cl 7.17 ± 0.06**** 3 7.28 ± 0.04**** 3 

29 -CH2OH m-Cl 7.19 ± 0.07**** 3 7.36 ± 0.03**** 3 

30 -CH2OH p-Cl 6.23 ± 0.11 3 6.22 ± 0.06 3 

NECA - - 6.61 ± 0.06 5 6.38 ± 0.04 6 

49 -CONHEt H 7.30 ± 0.05*** 3 7.41 ± 0.03**** 3 

50 -CONHEt p-t-Bu 6.35 ± 0.07 3 6.85 ± 0.05**** 3 

51 -CONHEt m-OMe 7.26 ± 0.14*** 3 6.85 ± 0.06**** 3 

52 -CONHEt m-Br 7.05 ± 0.16* 3 6.82 ± 0.10*** 3 

53 -CONHEt o-Cl 7.39 ± 0.04**** 3 7.60 ± 0.04**** 3 

54 -CONHEt m-Cl 7.43 ± 0.05**** 3 7.51 ± 0.06**** 3 

55 -CONHEt p-Cl 6.86 ± 0.10**** 3 7.09 ± 0.04**** 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a The binding affinity for each agonist. 
Statistical significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001) determined using 
ANOVA and Dunnett’ s post-test. Adenosine derivatives were compared to adenosine, while NECA 
derivatives were compared to NECA. 

 

There is a similar binding profile across human and rat A1R, which suggests that further studies 

in rats down the line would be relevant for potential therapeutical use in humans. Also, looking closer 

at the adenosine- and NECA-derived analogues pairs, it can be noted that they also display very similar 
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affinities at both human and rat A1R. This suggest that the differences in the affinity of the compounds 

for the A1R are primarily driven by the R2 substituent on the phenoxy or benzyloxy ring. 

At the human A1R, the compound with the highest affinity is compound 27 (pKi = 7.55 ± 0.11), 

followed by 28, 29, 49, 51, 53 and 54 (pKi of 7.17 ± 0.06, 7.19 ± 0.07, 7.30 ± 0.05, 7.26 ± 0.14, 7.39 ± 

0.04, 7.43 ± 0.05, respectively). All of these have higher affinity than BnOCPA and the parent 

compounds adenosine and NECA alone at the hA1R. They are also all phenoxycyclopentyl derivatives. 

It was discussed above that a halogen substituent in the meta position on the aromatic ring seems to 

confer high efficacy at the human A1R and similar findings can be observed here. All the above-named 

compounds except 49 and 51 have a halogen (chloride or bromide) substituent, mostly in the meta-

position of the aromatic phenoxy ring, suggesting this substituent confers both high efficacy and high 

affinity at the hA1R. At the rat A1R, compound with the highest affinity is 49 (pKi = 7.41 ± 0.03), followed 

by 28, 29, 53 and 54 (pKi of 7.28 ± 0.04, 7.36 ± 0.03, 7.39 ± 0.04, 7.43 ± 0.05, respectively). Interestingly, 

compounds 27 and 52 with the bromide substituent on the phenoxy ring display reduced affinity at 

the rA1R when compared to 29 and 54, respectively, that contain the chloride substituent at the same 

position. 

 

5.4.2 Phenoxycyclopentyl derivatives have higher residence times at both human and rat A1R 

The NanoBRET binding assay can also be used for the determination of real-time kinetics and affinities 

of the compounds binding (Barkan et al., 2020; Guo et al., 2017; Sykes et al., 2019; Vauquelin, 2016). 

More specifically, kon (k3) and koff (k4) values for the AR ligands can be determined by fitting the kinetic 

traces with the ‘kinetics of competitive binding’ model build into GraphPad Prism 9.3 (Tables 5.7, 5.8 

5.9 and 5.10) (Motulsky and Mahan, 1984). Residence time (RT) for each compound can then be 

calculated as a reciprocal of the koff. Furthermore, pKd of the compounds (k4/k3) can also be calculated 

from the kinetics assays and compared to the pKi values determined from the saturation binding 

assays. For the human A1R, the kinetic parameters of the fluorescent compound CA200645 binding 

were determined as kon (k1) = 3.67 ± 0.34  106 M-1 min-1, koff (k2) = 0.064 ±0.0023 min-1 with a Kd = 

18.29 ± 2.4 nM.. The kinetics of binding for CA200645 binding at rat A1R were determined as kon (k1) = 

2.93 ± 0.24  106 M-1 min-1, koff (k2) = 0.066 ± 0.0022 min-1 with a Kd = 32.96 ± 2.8 nM. 
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Table 5.7. Kinetics of binding of synthetic adenosine and NECA benzyloxycyclopentyl derivatives to 

the orthosteric binding site at human A1R. Kinetic parameters were determined using NanoBRET 

binding assays in HEK-293 cells stably expressing human Nluc-A1R. 

 

Cmpd R1 R2 
kon (k3) (105 M-

1)a 
koff (k4) (min-

1)b 
pKd

c RT (min)d n 

Adenosine - - 1.65 ± 0.24 0.048 ± 0.002 6.53 ± 0.07 21.15 ± 0.84 4 

BnOCPA -CH2OH H 1.47 ± 0.33 0.068 ± 0.002 6.30 ± 0.09 14.75 ± 0.56 3 

NECA - - 2.04 ± 0.07 0.049 ± 0.005 6.63 ± 0.06 20.97 ± 1.98 5 

19 -CH2OH m-OMe 2.51 ± 0.36 0.041 ± 0.004 6.77 ± 0.02 24.64 ± 1.98 3 

20 -CH2OH m-Br 0.56 ± 0.12 0.080 ± 0.016 5.84 ± 0.02 14.84 ± 3.83 3 

21 -CH2OH p-Br 0.66 ± 0.02 0.065 ± 0.010 6.02 ± 0.06 16.72 ± 3.01 3 

22 -CH2OH o-Cl 2.75 ± 0.14 0.055 ± 0.012 6.74 ± 0.10 22.22 ± 6.21 3 

23 -CH2OH m-Cl 1.40 ± 0.08 0.051 ± 0.015 6.48 ± 0.09 24.12 ± 5.29 3 

44 -CONHEt m-OMe 1.12 ± 0.09 0.110 ± 0.024 6.04 ± 0.10 10.59 ± 2.34 3 

45 -CONHEt m-Br 0.83 ± 0.06 0.095 ± 0.011 5.94 ± 0.02 10.78 ± 1.28 3 

46 -CONHEt p-Br 1.01 ± 0.06 0.076 ± 0.007 6.13 ± 0.03 13.55 ± 1.36 3 

47 -CONHEt o-Cl 3.64 ± 0.33 0.044 ± 0.009 6.94 ± 0.08 25.70 ± 4.63 3 

48 -CONHEt m-Cl 1.80 ± 0.17 0.040 ± 0.006 6.67 ± 0.05 27.96 ± 5.57 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a kon  (k3) for each ligand determined through fitting with the ‘kinetics of competitive binding’ model. 
a koff  (k4) for each ligand determined as in a. 
c Kinetic dissociation constant (pKd) for each ligand as determined from kon/koff. 
d Residence time of each ligand as determined from 1/koff. 
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Table 5.8. Kinetics of binding of synthetic adenosine and NECA phenoxycyclopentyl derivatives to 

the orthosteric binding site at human A1R. Kinetic parameters were determined using NanoBRET 

binding assays in HEK-293 cells stably expressing human Nluc-A1R. 

 

Cmpd R1 R2 kon (k3) (105 M-1)a koff (k4) (min-1)b pKd
c RT (min)d n 

24 -CH2OH H 4.78 ± 0.93 0.048 ± 0.004 6.97 ± 0.06 21.56 ± 2.13 5 

25 -CH2OH p-t-Bu 1.48 ± 0.04 0.054 ± 0.005 6.44 ± 0.03 19.12 ± 2.01 3 

26 -CH2OH m-OMe 2.97 ± 0.27 0.037 ± 0.003 6.90 ± 0.01 27.61 ± 2.09 3 

27 -CH2OH m-Br 10.12 ± 1.29 0.038 ± 0.012 7.47 ± 0.09 33.13 ± 10.40 3 

28 -CH2OH o-Cl 11.61 ± 1.31 0.052 ± 0.004 7.34 ± 0.04 19.55 ± 1.48 3 

29 -CH2OH m-Cl 25.90 ± 2.14 0.040 ± 0.003 7.81 ± 0.02 25.37 ± 1.70 3 

30 -CH2OH p-Cl 1.01 ± 0.31 0.056 ± 0.009 6.22 ± 0.13 19.46 ± 3.34 3 

49 -CONHEt H 16.43 ± 2.81 0.028 ± 0.002 7.63 ± 0.01 32.82 ± 1.02 3 

50 -CONHEt p-t-Bu 1.53 ± 0.11 0.091 ± 0.010 6.23 ± 0.06 11.47 ± 1.48 3 

51 -CONHEt m-OMe 4.27 ± 0.03 0.027 ± 0.007 7.23 ± 0.11 42.68 ± 10.88 3 

52 -CONHEt m-Br 5.57 ± 2.56 0.075 ± 0.038 6.91 ± 0.04 27.87 ± 14.23 3 

53 -CONHEt o-Cl 17.27 ± 1.12 0.041 ± 0.010 7.66 ± 0.11 29.44 ± 6.91 3 

54 -CONHEt m-Cl 20.28 ± 1.11 0.043 ± 0.013 7.75 ± 0.16 34.70 ± 13.43 3 

55 -CONHEt p-Cl 3.75 ± 1.04 0.076 ± 0.024 6.71 ± 0.03 17.48 ± 4.79 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 

a kon  (k3) for each ligand determined through fitting with the ‘kinetics of competitive binding’ model. 

a koff  (k4) for each ligand determined as in a. 

c Kinetic dissociation constant (pKd) for each ligand as determined from kon/koff. 

d Residence time of each ligand as determined from 1/koff. 
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Table 5.9. Kinetics of binding of synthetic adenosine and NECA benzyloxycyclopentyl derivatives to 

the orthosteric binding site at rat A1R. Kinetic parameters were determined using NanoBRET binding 

assays in HEK-293 cells stably expressing rat Nluc-A1R. 

 

Cmpd R1 R2 kon (k3) (105 M-1)a koff (k4) (min-1)b pKd
c RT (min)d n 

Adenosine - - 0.52 ± 0.22 0.079 ± 0.007 5.71 ± 0.17 12.86 ± 1.10 3 

BnOCPA -CH2OH H 1.57 ± 0.54 0.054 ± 0.007 6.40 ± 0.11 19.42 ± 2.21 6 

NECA - - 2.29 ± 0.39 0.066 ± 0.008 6.53 ± 0.04 15.84 ± 2.05 6 

19 -CH2OH m-OMe 2.52 ± 0.31 0.083 ± 0.016 6.49 ± 0.03 13.22 ± 2.10 3 

20 -CH2OH m-Br 1.50 ± 0.29 0.097 ± 0.008 6.17 ± 0.09 10.56 ± 0.81 3 

21 -CH2OH p-Br 1.13 ± 0.09 0.066 ± 0.010 6.24 ± 0.03 16.05 ± 2.09 3 

22 -CH2OH o-Cl 5.07 ± 0.26 0.090 ± 0.015 6.77 ± 0.06 12.10 ± 2.06 3 

23 -CH2OH m-Cl 2.85 ± 0.22 0.060 ± 0.006 6.68 ± 0.06 17.13 ± 1.54 3 

44 -CONHEt m-OMe 1.96 ± 0.13 0.141 ± 0.018 6.15 ± 0.06 7.41 ± 0.82 3 

45 -CONHEt m-Br 2.95 ± 0.41 0.121 ± 0.012 6.38 ± 0.06 8.51 ± 0.82 3 

46 -CONHEt p-Br 2.14 ± 0.14 0.058 ± 0.003 6.56 ± 0.01 17.30 ± 1.02 3 

47 -CONHEt o-Cl 7.31 ± 0.61 0.046 ± 0.002 7.20 ± 0.03 21.98 ± 1.13 3 

48 -CONHEt m-Cl 7.54 ± 0.30 0.073 ± 0.004 7.02 ± 0.03 13.90 ± 0.72 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a kon  (k3) for each ligand determined through fitting with the ‘kinetics of competitive binding’ model. 
a koff  (k4) for each ligand determined as in a. 
c Kinetic dissociation constant (pKd) for each ligand as determined from kon/koff. 
d Residence time of each ligand as determined from 1/koff. 
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Table 5.10. Kinetics of binding of synthetic adenosine and NECA phenoxycyclopentyl derivatives to 

the orthosteric binding site at rat A1R. Kinetic parameters were determined using NanoBRET binding 

assays in HEK-293 cells stably expressing rat Nluc-A1R. 

 

Cmpd R1 R2 kon (k3) (105 M-1)a koff (k4) (min-1)b pKd
c RT (min)d n 

24 -CH2OH H 2.70 ± 0.34 0.053 ± 0.001 6.70 ± 0.06 18.91 ± 0.30 5 

25 -CH2OH p-t-Bu 4.84 ± 0.37 0.484 ± 0.173 6.17 ± 0.30 5.53 ± 3.31 3 

26 -CH2OH m-OMe 3.32 ± 0.52 0.085 ± 0.007 6.58 ± 0.03 12.06 ± 1.03 3 

27 -CH2OH m-Br 13.30 ± 1.21 0.050 ± 0.005 7.42 ± 0.03 20.40 ± 1.86 3 

28 -CH2OH o-Cl 17.92 ± 1.30 0.048 ± 0.005 7.58 ± 0.01 21.46 ± 2.08 3 

29 -CH2OH m-Cl 30.07 ± 4.02 0.071 ± 0.010 7.63 ± 0.12 15.20 ± 2.50 3 

30 -CH2OH p-Cl 2.51 ± 0.90 0.056 ± 0.001 6.58 ± 0.15 17.90 ± 0.25 3 

49 -CONHEt H 25.12 ± 2.08 0.037 ± 0.002 7.83 ± 0.05 27.61 ± 1.66 3 

50 -CONHEt p-t-Bu 6.29 ± 0.62 0.070 ± 0.007 6.95 ± 0.01 14.76 ± 1.64 3 

51 -CONHEt m-OMe 11.91 ± 1.33 0.030 ± 0.006 7.62 ± 0.11 38.05 ± 8.74 3 

52 -CONHEt m-Br 4.46 ± 1.28 0.056 ± 0.008 6.85 ± 0.13 19.17 ± 2.68 3 

53 -CONHEt o-Cl 37.59 ± 1.91 0.048 ± 0.003 7.90 ± 0.00 21.23 ± 1.22 3 

54 -CONHEt m-Cl 35.85 ± 3.95 0.062 ± 0.007 7.76 ± 0.10 16.78 ± 2.22 3 

55 -CONHEt p-Cl 11.62 ± 0.26 0.064 ± 0.003 7.26 ± 0.01 15.65 ± 0.78 3 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a kon  (k3) for each ligand determined through fitting with the ‘kinetics of competitive binding’ model. 
a koff  (k4) for each ligand determined as in a. 
c Kinetic dissociation constant (pKd) for each ligand as determined from kon/koff. 
d Residence time of each ligand as determined from 1/koff. 

 

It was perhaps unsurprising given the previous data, which showed adenosine and NECA 

phenoxycyclopentyl derivatives having the highest affinities for A1R, that these compounds also had 

highest residence times at both human and rat A1R. At the human A1R compound with highest 

residence time is 51 (RT = 42.68 ± 10.88 min) with compounds 27, 49, 53 and 54 all also having RT of 

29-35 minutes. For the rest of the compounds, and particularly for the benzyloxycyclopentyl 

derivatives, the RT is lower. The pkd values also compared quite well to the pKi values obtained from 

the saturation binding assays. 
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Overall, adenosine and NECA phenoxycyclopentyl derivatives, and especially those with a 

halogen substituent as R2 group on the aromatic ring, have higher affinity for both human and rat A1R. 

Considering the substitution position on the phenoxy ring, the highest affinity was observed with the 

halogen in the meta-position (27, 29, 54), followed by ortho- (28, 53) and the para-position (30, 55). 

 

5.5 Data from functional and binding experiments show positive correlation 

Lastly, it was desirable to see how the efficacy data from cAMP accumulation assay compare 

with the kinetic data obtained from the NanoBRET binding assay at the human A1R. First, potency 

(pIC50 values) was compared with the affinity (pKi values) and a clear positive correlation was shown 

(r = 0.82) (Figure 5.11.A). In particular, compounds 27, 29, 49 and 51-54 were identified as both the 

most potent and strongest binders at the hA1R. A second comparison between potency (pIC50 values) 

and AR ligands’ residence time also revealed clear positive correlation (r = 0.65) (Figure 5.11.B) with 

the same compounds 27, 29, 49 and 51-54 coming up as best. Taken together with the selectivity data, 

very selective, potent, and high affinity hA1R agonists were identified, namely compounds 27, 49 and 

51-54. 

  



234 
 

 

 

Figure 5.11. NECA and adenosine derivatives show correlation between potency and affinity or 

residence time at the human A1R. A. pIC50 values for each AR agonist measured by cAMP 

accumulation assay plotted against pKi values obtained from NanoBRET experiments at the hA1R. B. 

pIC50 values for each AR agonist measured by cAMP accumulation assay plotted against RT values 

from NanoBRET experiments at hA1R.  

 

5.6 Discussion 

5.6.1 Improving upon BnOCPA potency 

BnOCPA is a high potency A1R-selective full agonist that has been shown to be a powerful 

analgesic but does not cause sedation, bradycardia, hypotension or respiratory depression (Knight et 

al., 2016; Wall et al., 2022). What makes BnOCPA particularly interesting is the fact that it exclusively 

activates Gob and this highly specific Gα-selective A1R activation makes it a very therapeutically 

promising compound. As discussed above, MD simulations predicted that residues R2917.56 and 

I2928.47 are likely involved in A1R/Gα coupling (Deganutti et al., 2021b; Wall et al., 2022) and here we 

show that, in particular, residues R2917.56, I2928.47 and Q2938.48 are required for selective agonist 

coupling to Gαo/i. 

Although BnOCPA itself is a very promising compound, the main goal of this chapter was to 

further improve upon its potency. Preti et al. (2022) explored extended BnOCPA derivatives but found 

than none of these compounds improved upon BnOCPA potency or affinity at the A1R. Instead, here 

we designed a new series of compounds based on adenosine (19-30) and their structural analogues 

based on NECA (44-55). One of the potential questions to raise is why this new series does not also 

include a NECA-based BnOCPA derivative (BnOCPA is an adenosine-based compound)? The answer is 
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that this has already been tried by (Knight et al., 2016) and they found that the resulting compound 

lost its selectivity, which is key to avoiding side effects like sedation. 

Regarding the new compounds, they all showed full agonist activity at the A1R except 27, 48, 50 

and 53, which were partial agonists. Overall, compound 27 was the most potent A1R agonist, closely 

followed by 26, 45, 49, and 51-54. What is very promising is the fact that all these compounds 

displayed higher potency than adenosine, NECA, or BnOCPA. We also show that a halogen in meta 

position on the aromatic ring confers high potency to the A1R and all most potent A1R agonists but 45 

feature an N6-phenoxycyclopentyl moiety. 

 

5.6.2 Reaching more than 10,000-fold selectivity for A1R over other subtypes 

Key characteristic of BnOCPA is its selectivity for the A1R as the structural similarity between the 

orthosteric site of the four adenosine receptor subtypes often results in reduced selectivity of the 

compounds targeting them. When tested at the remaining adenosine receptor subtypes, all 

compounds displayed only a very weak efficacy at both the A2AR and A2BR, with many failing to 

generate full dose-dependent response curves at the concentrations tested, resulting in adenosine 

and NECA remaining the only potent compounds at these two receptors. At the A3R, the adenosine 

derivatives showed either a loss of efficacy or partial activity, while all the NECA-based compounds 

(44-55) behaved as full agonists, although with reduced potency compared to NECA itself. 

Overall, all the compounds display at least partial selectivity for A1R except adenosine that is 

close to being an equipotent agonist at all the receptors. From the adenosine-based derivatives, 

compounds 22, 23, 26, and 27 display the most A1R selectivity, while compounds 28-30 also show 

activity at A3R. Generally, however, the NECA-based derivatives, primarily 44, 45, 51-53, are more A1R 

selective than the adenosine derivatives due to NECA itself being an A1R selective compound by 

approximately 10-fold. Compounds 45 and 51 are approximately 1,500-fold more A1R selective than 

NECA itself, suggesting more than 10,000-fold selectivity overall. 

Furthermore, we show that the selectivity can be driven both by the position of the substituent 

on the phenoxy group (compounds 26 and 51 or 30 and 55) or the ribose C-5’ substituent group with 

the adenosine-derived compound being more A1R selective (25 and 50). 

 

5.6.3 Assessing compound binding across human and rat A1R 

Since A1R agonists are promising compounds for the treatment of glaucoma, type 2 diabetes 

mellitus, pain, epilepsy and cerebral ischemia, it is important to assess their binding properties at both 
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human and rat A1R, as the latter is commonly used as a model in preclinical studies (Chen et al., 2013; 

Sawynok, 2016). The tested compounds show overall a very similar binding profile across the human 

and rat A1R, suggesting that further studies in rats would be highly relevant for the potential use of 

the compounds in humans. 

The compounds with highest affinities at the human A1R are 27-29, 49, 51, 53, and 54, all of 

which have affinities higher than the starting compounds adenosine and NECA and are all 

phenoxycyclopentyl derivatives. Regarding the substituents, the fact that the adenosine and NECA-

derived analogue pairs display very similar affinities for both human and rat A1R, suggests that it is the 

R2 substituent on the phenoxy or benzyloxy ring that is the key to determining the compound A1R 

affinity. Considering the substitution position on the phenoxy ring, we observed the highest affinity 

with the chloride in the meta-position (29, 54), followed by ortho- (28, 53) and the para-position (30, 

55). Overall, halogen substituents as the R2 group on the aromatic ring seem to confer high affinity for 

the A1R, with chloride being preferential over bromide for binding at both the human and rat A1R. 

In this chapter we also explored the kinetics of the compounds binding at both versions of the 

receptor. Generally, the compounds bind slightly faster at rat A1R, which could be because of the 

divergent amino acid composition of the extracellular loops between hA1R and rA1R, which would 

favour different binding paths to the orthosteric site (Deganutti et al., 2021b). Regarding the residence 

times at the binding site, the benzyloxycyclopentyl derivatives displayed RT comparable to adenosine 

and NECA on hA1R of approximately 21 min, while the phenoxycyclopentyl analogues generally had 

RT over 20 min correlating to their higher affinity. 

 

5.6.4 MD simulations providing insight into compound binding 

To gain more insight into the binding of studied agonists and rationalize the selectivity 

displayed, Preti et al. (2022) performed in silico experiments on the phenoxycyclopentyl adenosine 

derivative 27, the most A1R-selective and potent agonist, and its benzyloxycyclopentyl congener 20 

using MD-derived ARs structures (Figure 5.12). The MD simulations showed that 27 stably bound to 

A1R and A2AR but not A3R, while 20 also stably bound to A1R. In terms of flexibility, N6 substituents 

explored divergent conformations in the different systems: the 3-bromophenyl group of 27 was highly 

flexible in A3R or A2AR and more stable in A1R, while the 3-bromobenzyl group of 20 displayed 

intermediate flexibility. 
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Figure 5.12. Molecular dynamics docking of 20 and 27. (A) Atomic root mean square fluctuation 

(RMSF) of 20 within A1R and 27 within A1R, A2AR, and A3R, plotted on the agonists’ structure. (B) 

Compound 27 (salmon stick representation) binding mode within A1R (white ribbon and sticks); the 

key hydrogen bonds with N2546.55 are shown as red dotted lines, while the hydrophobic sub pocket is 

shown as cyan transparent surface. (C) Two side view comparison of the structural water molecules 

detected in A1R (red spheres), A2AR (green), A2BR (cyan), and A3R (purple). The position of the stable 

water cluster only present in A2AR, A2BR and A3R is highlighted. Binding mode of 27 (salmon sticks) 

within A1R is superimposed for reference. This figure was adapted from Preti et al. (2022). 

 

As shown in Figure 5.12.B, at the A1R 27 formed key hydrogen bonds with N2546.55, hydrophobic 

contacts with F171ECL2, and oriented the 3-bromophenyl moiety in a hydrophobic sub pocket formed 

by I692.64, N702.65, Y2717.36, and T2707.35. On the other hand, 20, which is a bulkier compound, was not 

able to completely accommodate the 3-bromobenzyl group within this pocket and therefore displayed 

higher flexibility at the N6 level, which could contribute to reduced affinity and efficacy of 20 compared 

to 27 at the A1R. 27 is further stabilised by the hydrophobic sub-pocket that is putatively present only 

in A1R, hence, 27 cannot be completely stabilized by the other AR subtypes (Figure 5.12.C). 
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To validate the MD simulations, Preti et al. (2022) also mutated key A1R amino acids to observe 

the effects on the binding of 20, 27 and BnOCPA. They found that alanine mutagenesis of I692.64 and 

Y2717.36 reduced affinity of BnOCPA, 20 and 27 to A1R, proving their importance for compound binding 

at the receptor. Mutation of N702.65 then significantly reduced affinity of 20, while it had no significant 

effect on 27 and BnOCPA, which could be because of different orientation of the side chain between 

the two compounds. Mutation of T2576.58 increased 27 and BnOCPA binding affinity, while having no 

effect on 20. This can be probably attributed to the increased lipophilicity of the protein environment 

underneath extracellular loop 3 (ECL3), which surrounds the cyclopentyl groups of the molecules. It is 

therefore apparent that the small molecule 27 favours a more hydrophobic environment within the 

binding pocket which is already suitable for 20. 

 

5.7 Conclusion 

This chapter followed on from work identifying BnOCPA as a potent A1R-selective agonist biased 

towards the Gob protein (Deganutti et al., 2021a; Wall et al., 2022). First, site-directed alanine 

mutagenesis of amino acids suggested by MD simulations coupled with cAMP accumulation assay was 

used to probe the transduction of the signal from various A1R agonists, including BnOCPA, to the Gαo/i 

proteins. The results suggest that namely residues R2917.56, I2928.47 and Q2938.48 are required for 

selective agonist coupling to Gαo/i proteins and may thus contribute to the Gα bias of these agonists. 

Furthermore, with the aim of improving upon BnOCPA potency and affinity further without 

losing its selectivity, a new series of novel N6-benzyloxycyclopentyl and N6-phenoxycyclopentyl 

derivatives of adenosine and NECA was designed. These AR ligands were then evaluated for potency, 

selectivity and binding at adenosine receptors using cAMP accumulation assay in CHO or Flp-In CHO 

cells stably expressing ARs and NanoBRET binding assay in HEK-293 cells stably expressing Nluc-A1R. 

The findings presented in this chapter showed that phenoxycyclopentyl adenosine and NECA 

derivatives have generally higher potency and affinity at A1R than their benzyloxycyclopentyl 

analogues. The results also suggest that halogen substituent (chloride or bromide) on the aromatic 

ring confers high affinity and efficacy at the A1R, particularly if the halogen is in the meta position of 

the aromatic ring. 

Furthermore, the study of selectivity showed that NECA-based derivatives have overall higher 

A1R selectivity over the other AR subtypes. Compounds 45 and 51, especially, are showing ~1500 fold 

improved A1R selectivity over NECA, which is already an A1R selective compound. 
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Altogether, new very selective, very potent and high affinity A1R agonists were identified, 

namely phenoxycyclopentyl compounds 27, 49, 51-54. These adenosine and NECA derivates were 

built upon the promising BnOCPA compound and show great therapeutic promise for overcoming 

insufficient receptor selectivity and potency that many current compounds face. 
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Chapter 6. Pharmacological characterisation of novel adenosine A1 

and A3 receptor antagonists 

 

6.1 Introduction 

Adenosine is a naturally occurring purine nucleoside and also the endogenous agonist of 

adenosine receptors. AR family consists of four subtypes. A1R and A3R are predominantly Gi/o-coupled 

receptors leading to inhibition of AC and decrease of intracellular levels of the second messenger 

cAMP. On the other hand, A2AR and A2BR are predominantly Gs-coupled receptors leading to activation 

of AC and increase of intracellular cAMP. 

A1R is widely distributed in the human body and A1R antagonists have been researched as 

potassium-sparing diuretic agents with kidney-protecting properties or drugs for chronic heart 

diseases or lung diseases such as asthma, chronic obstructive pulmonary disease and pulmonary 

fibrosis (Modlinger and Welch, 2003; Schenone et al., 2010; Shah and Frishman, 2009; Wilson et al., 

2009). The wakefulness inducing effect of caffeine, a classical non-selective adenosine antagonist, has 

also inspired the search for selective antagonists endowed with CNS activity (Maemoto et al., 2004). 

For example, Trevitt et al. (2009) showed that A1R-selective antagonist CPT (8-cyclopentyl-1,3-

dimethylxanthine) showed promise for treatment of Parkinson’s disease by improving locomotion and 

reducing catalepsy, a sudden physical collapse following strong emotion or laughter. 

Similarly, to the A1R, A3R antagonists have also been explored for their role in CNS disorders. In 

particular, A3R activation reduces the stability of inhibitory γ-aminobutyric acid (GABA) currents in 

human epileptic tissues and stimulates serotonin (5-HT) reuptake by solute carrier family 6 member 4 

(SLC6A4) in the brain, meaning A3R antagonists may be beneficial in refractory epilepsy and mental 

illnesses characterised by hyposerotonergic states such as major depressive disorder (Roseti et al., 

2009; Zhu et al., 2007). Furthermore, A3R antagonists hold potential for the treatment of asthma since 

A3R activation promotes human mast cell degranulation and release of inflammatory mediators 

contributing to asthma pathogenesis (Leung et al., 2014; Tilley et al., 2003). A3R antagonists have also 

proven effective in eye pathogenesis by lowering intraocular pressure. González-Fernández et al. 

(2014) has shown that A3R-selective antagonist MRS1220 (N-[9-chloro-2-(2-furanyl)-1,2,4-triazolo[1,5-

c]quinazolin-5-yl]benzeneacetamide) prevents oligodendrocyte damage and myelin loss in the rat eye. 

Apart from inhibiting cAMP levels, A3R receptor can also couple to Gq/11 subunits and stimulate rises 

in (Ca2+)i mobilisation and MAPK activation explaining its role in cell proliferation and differentiation 

and in tumour progression (Borea et al., 2015; Schulte and Fredholm, 2002). Due to its overexpression 



241 
 

in several cancer cell types, A3R is considered a possible biological marker for tumours (Borea et al., 

2015; Cohen and Fishman, 2019). Lee et al. (2013) showed that a potent A3R-selective antagonist LJ-

1888 ((2R,3R,4S)-2-[2-chloro-6-(3-iodobenzylamino)-9H-purine-9-yl]tetrahydrothiophene-3,4-diol) 

blocked the development and attenuated the progression of renal interstitial fibrosis. Ultimately, 

there is a large untapped potential for antagonists targeting the A1R and A3R warranting the search 

for new potent and selective compounds. 

Traditionally, AR selective antagonists have been discovered by either modifying AR agonists to 

lose their efficacy while retaining binding or by modifying wide acting non-selective AR antagonists in 

a bid to make them more selective (Ciancetta and Jacobson, 2017). However, increase in solved X-ray 

crystallography and cryo-EM structures in the last decade led to a more and more favoured approach 

of a simultaneous use of in silico and in vitro approaches. For example, Prof Ladds’ and Prof Kolocouris’ 

labs have previously combined in silico screening against the A2AR structure with ZM241385 (PDB ID 

3EML) with in vitro cAMP accumulation assays to identify A3R-selective antagonists with low 

micromolar affinities (Barkan et al., 2020; Jaakola et al., 2008; Lagarias et al., 2018).  

Until 2017, A2AR had been the only AR subtype for which there were solved 3D structures, but 

now several A1R structures are also available (Cheng et al., 2017; Glukhova et al., 2017; GPCRdb, 2022). 

Moreover, in silico homology modelling enables the prediction of A2BR and A3R structures based on 

the currently solved structures. Apart from enabling in silico screening of chemical compounds, these 

structures and homology models also enable in silico investigation of compounds’ binding mode at 

the receptors, which can help in better understanding which parts of the compounds are key for 

potency and selectivity. 

Affinity is another important parameter typically measured for interesting compounds. But 

there has been rising realization that selecting ligands just based on their affinity, which is an 

equilibrium characteristic, does not always linearly translate into good in vivo efficacy. Kinetic profiling 

allows the measurement of association rate constant kon, dissociation rate constant koff, residence time 

and dissociation constant (Guo et al., 2017; Sykes et al., 2019). These are all relevant parameters of 

drug candidates that can give good indication of drug performance in vivo. Kinetic parameters of some 

currently known A1R and A3R antagonists are shown in Figure 6.1. Thus, the identification of ligands 

with desired thermodynamic and kinetic binding characteristics would provide lead compounds for 

further development and chemical probes for the study of these receptors. 
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Figure 6.1. Kinetic parameters of A1R and A3R antagonists. Kon, Koff, RT and Kd values of selected A1R 

(DPCPX, LUF5834, LUF6941) and A3R (PSB-11, MRE3008-F20, LUF7565) antagonists (Bouzo-Lorenzo et 

al., 2019; Guo et al., 2014, 2013; Louvel et al., 2015; Müller et al., 2002; Varani et al., 2017). This figure 

was adapted from Stampelou et al. (2022). 

 

The studies in this chapter were carried out in collaboration with Prof Kolocouris’ lab (University 

of Athens) who supplied a series of compounds from their in-house library and employed 

computational techniques for studying them. These compounds were aromatic nitrogen heterocycles 

originally purposed for anti-proliferative activity, against angiogenesis, as fluorescence tracers in cells, 

against hepatitis B virus, and nucleosides originally tested against adenosine deaminase, hepatitis C 

virus, and  human cytomegalovirus (Argyros et al., 2017; Evangelou et al., 2017; Gerasi et al., 2020; 

Lougiakis et al., 2017, 2015; Michailidou et al., 2016; Papadakis et al., 2020; Papastathopoulos et al., 

2021; Xia et al., 2017). In work preceding this thesis, 96 compounds, called A1-A50 and L1-L46, were 

screened for potential agonistic or antagonistic activity in Flp-In A3R CHO cells using in vitro second 

messenger assay cAMP accumulation assay (Figure 6.2) (data obtained during BA studies at University 

of Cambridge, L. Dhiangra and A. Suchankova). This led to identification of multiple potential new A1R 

and A3R antagonists with either the pyrazolo[3,4-c]pyridine or the pyrazolo[3,4-d]pyridazine scaffold. 

Full dose-response curves using the same cAMP accumulation assay were then conducted for all 
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significant compounds from the A series screen and only compounds A17, A26 and A47 were 

confirmed as A3R antagonists (data obtained during BA studies at University of Cambridge, A. 

Suchankova). 

 

 

Figure 6.2. Potential A3R antagonists identified during initial screening of compounds. Two batches 

of compounds (A1-A50 and L1-L46) were tested for potential activity in Flp-In A3R CHO cells using in 

vitro second messenger assay cAMP accumulation assay. The cells were stimulated with 1 μM of the 

compound, 10 μM forskolin and NECA at the predetermined IC80 (6.32 nM) concentration. MRS1220 

a known A3R antagonist, was included as a positive control. Activation of the A3R receptor was 

calculated as the % response of 10 μM forskolin alone (DMSO (-NECA)). The grey line indicates the 

cAMP accumulation in cells stimulated with NECA and forskolin only (DMSO (+NECA)) and any 

compounds below the grey line behave as potential agonists, while compounds above the grey line 

behave as potential antagonists. The arrows indicate statistically significant compounds in each 
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screen. This figure is adapted from BA studies at University of Cambridge of L. Dhiangra and A. 

Suchankova. 

 

In this chapter A15/A17 derivates (L2-L10), A26 derivates (L12, L15, L21) and A47 derivates (L23, 

L25, L26, L29 and L32) that were either potential antagonists from the A3R Flp-In CHO cells screening 

or were structurally important for the SAR studies at A1R and A3R were taken forward for further 

characterisation. To assess efficacy of the compounds, full dose-dependent response curves were 

produced using cAMP accumulation assays at all four ARs to test compounds selectivity. Compound 

affinity and other kinetic parameters at A1R and A3R were then measured through NanoBRET binding 

assay. Complimentary to this work, Prof Kolocouris’ lab performed in silico studies of these ligands at 

A1R and A3R. Specifically, binding free energy calculations using the approximate Molecular 

Mechanics-Generalized Born Surface Area (MM-GBSA) method with an implicit membrane and by 

taking into account the waters inside the binding area were performed to further characterize the 

interactions of these ligands with ARs (Greene et al., 2019; Massova and Kollman, 2000). 

Thermodynamic Integration coupled with MD simulations (TI/MD) method and a thermodynamic 

cycle was also employed. Important ligand-receptor interactions were then explored in vitro using 

site-directed mutagenesis coupled with NanoBRET binding assay. Overall, this work resulted in the 

identification of low nanomolar antagonists A17 and A47 against both A1R and A3R, with A17 being 

slightly more potent at A1R, while A47 is slightly more potent at A3R and was published in Stampelou 

et al. (2022) and Suchankova et al. (2022). As the project was initiated during my undergraduate 

degree and was continued by a subsequent student (under my supervision) I have included this data 

to present a comprehensive story. I have fully acknowledged the work performed by others and myself 

in the chapter. 

 

6.2 Novel compound scaffold of potential A1R and A3R antagonists 

The compounds investigated in this chapter for their antagonistic activity at the ARs have a 

novel pyrazolo[3,4-c]pyridine or pyrazolo[3,4-d]pyridazines scaffold (Table 6.1). A15/A17 and A26 

share the same pyrazolo[3,4-c]pyridine scaffold, but A15 and A17 are 3-phenyl-7-anilino(pyrazolo[3,4-

c]pyridines with similar substitution pattern, while A26 is - acetamido-5-anilino(pyrazolo[3,4-

c]pyridine.  A15/A17 derivates (L2-L10) have an alkyl or phenyl group at 3-position, an anilino group 

at 7-position and a cyano-, or a chloro- or an aminomethyl or N-(arylmethyl)-2-aminomethyl group at 

5-position. A26 derivates (L12, L15 and L21) have a 3-(anilinoacetamido) and 3-(N-aminobenzoyl) 

substitutions and a 5-anilino group or 7-(N- cyclohexanylamino) group. A47 derivates (L23, L25, L26, 
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L29 and L32) have a pyrazolo[3,4-d]pyridazine scaffold. The novelty of these scaffolds was confirmed 

by Prof Kolocouris searching the ChEMBL using similarity-based parameters for A15/A17, A26 and A47, 

ie. the TanimotoCombo 67 coefficient (Tc) with a value > 0.85, and not finding any similar compounds 

as ARs antagonists. 

 

Table 6.1. Chemical structures of pyrazolo[3,4-c]pyridine and pyrazolo[3,4-d]pyridazines compounds 

selected for further experiments following screening in Flp-InTM CHO cells stably expressing human 

A3R using cAMP accumulation assay. 

Name Structure MW Name Structure MW    

A15 

 

325.33 A26 

 

372.43    

A17 

 

401.43 L12 
N

N

N

N

HN

O

NHH

H

 

358.40    

L2 
N

N

N

NH

Cl

OCH3

H3CO

H3CO
H

 

376.84 L15 
N

N

N

N

HN

O

H

 

343.39    

L3 
N

N

N

NH
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OCH3

H3CO

H3CO
H

 

367.41 L21 N

NH

N

N

NHCNH

CH3

O  

364.45    

L4 N
N

N

NH
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H

 

311.35 A47 

 

315.38    

L5 N
N

N

NH

Cl

OCH3

H3CO

H3CO
H

 

410.86 L23 

 

315.37    
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L6 N
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N
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H3CO

H3CO
H

 

376.41 L25 

 

295.34    

L7 N
N

N
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OCH3

H3CO

H3CO

H2N

H

 

405.46 L26 

 

295.34    

L8 
H

N
N

N
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H3CO

H3CO

N
H

 

495.58 L29 

 

281.36    

L9 
H

N
N

N
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OCH3

H3CO

H3CO

N

N

H

 

496.57 L32 
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L10 N
N

N
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OCH3

H3CO

H3CO

N

N

H

H

 

502.62       

 

6.3 Potent A3R antagonists established using cAMP accumulation assay 

As cAMP inhibition is the downstream messenger of A3 and A1 receptors and cAMP 

accumulation assay was the method used for the initial screening in the A3R Flp-In CHO cells, it was 

also the assay of choice to conduct follow-on experiments to produce the full dose-response curves 

for all 21 compounds of interest. Flp-In CHO cells stably expressing the A3R (Flp-In CHO-A3R) were 

selected over transiently transfected CHO-KI cells to ensure a consistent level of expression between 

experiments and also because of easier handling. As the A17, A26 and A47 compounds are A3R 

antagonists and the second screen in Flp-In CHO-A3R cells suggested compounds L3-L10, L12, L15, L21 

are also potential antagonists of the A3R, the compounds were tested for antagonistic activity of NECA-

induced cAMP inhibition response (Stampelou et al., 2022). 



247 
 

Since A3R is a Gi/o-coupled receptor, the Flp-In CHO-A3R cells were co-stimulated with 10 μM 

forskolin (to stimulate the CAMP accumulation by activating adenylyl cyclase), NECA in a range of 

concentrations (1 pM to 1 μM) and either DMSO or 1 μM of the potential antagonist A15, A17, L2-L10, 

A26, L12, L15, L21, A47, L23, L25, L26, L29 and L32 to obtain full inhibition curves (Figure 6.3 and Table 

6.2). All A15/A17- and A26-derivatives except for L21 caused a reduction in potency without a loss of 

efficacy characteristic of competitive antagonists and the NECA potency was significantly reduced at 

A3R by A17, L2-L10, A26, L12, L15 and L21. From these compounds, A17 was the most potent 

antagonist at A3R followed by L4 (IC50 of 7.12 ± 0.13 and 7.22 ± 0.09, respectively). Both of these 

compounds decreased NECA potency ~100x fold. From A47-derivatives, only A47 (pIC50 of 7.26 ± 0.12) 

showed antagonistic activity at the A3R, while the rest of the compounds remained inactive at this 

receptor. 
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Figure 6.3. Functional characterisation of A15, A17, A26 and A47 analogues at A3R. Flp-In CHO cells 

stably expressing A3R were stimulated with 10 μM forskolin, range of NECA concentrations (1 pM to 1 

μM), and either 1 μM potential antagonist (red curves) or DMSO (blue curves) for 30 mins and cAMP 

accumulation was detected. NECA inhibition data were fitted using a three-parameter logistic 

equation to determine the pIC50 of NECA in each condition; n = 3 independent repeats, each conducted 

in duplicate. All values are mean ± SEM, expressed as % of 100 μM forskolin response. The black arrow 

indicates whether addition of the compound cause statistically significant reduction in NECA potency 

(pIC50). Statistical significance (*** p< 0.001, **** p < 0.0001) was determined using ANOVA and 

Dunnett’ s post-test. Compounds A17, A26 and A47 were measured as part of my BA degree, while 

compounds L4, L5, L9 and L21 were measured by Lakshiv Dhingra (University of Cambridge) and were 

submitted for his BA degree. 
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Table 6.2. Functional activities for pyrazolo[3,4-c]pyridine and pyrazolo[3,4-d]pyridazines 

compounds against A3R. pIC50, Emax and pKd values for cAMP accumulation in Flp-In CHO cells stably 

expressing A3R stimulated with 10 μM forskolin, range of NECA concentrations (1pM to 1 μM), and 

either 1 μM potential antagonist or DMSO for 30 minutes. Compounds A17, A26 and A47 were 

measured as part of my BA degree, while compounds L4, L5, L9 and L21 were measured by Lakshiv 

Dhingra (University of Cambridge) and were submitted for his BA degree. 

Compound pIC50 in presence of NECA 
a Emax

b pKd
 c n 

DMSO 9.03 ± 0.13 31.81 ± 2.17 - 6 
A15 8.71 ± 0.14 30.79 ± 1.90 5.91 ± 0.19 3 
A17 7.12 ± 0.13**** 40.85 ± 2.73 7.87 ± 0.18 6 
L2 8.55 ± 0.13*** 33.86 ± 2.66 6.26 ± 0.18 3 
L3 8.42 ± 0.19**** 38.66 ± 3.59 6.45 ± 0.23 3 
L4 7.22 ± 0.09**** 39.24 ± 1.89 7.77 ± 0.16 7 
L5 7.91 ± 0.10**** 30.81 ± 3.27 7.05 ± 0.20 3 
L6 8.29 ± 0.10**** 36.21 ± 4.28 6.60 ± 0.24 3 
L7 8.31 ± 0.21**** 36.21 ± 4.28 6.59 ± 0.25 3 
L8 8.14 ± 0.20**** 32.73 ± 4.56 6.80 ± 0.24 3 
L9 8.05 ± 0.10**** 30.03 ± 3.21 6.89 ± 0.20 3 

L10 8.56 ± 0.20*** 36.79 ± 3.72 6.24 ± 0.24 3 
A26 7.91 ± 0.19**** 27.81 ± 4.18 7.05 ±0.22 3 

L12 8.52 ± 0.21*** 30.91 ± 4.36 6.31± 0.24 3 

L15 8.17 ± 0.20**** 37.14 ± 4.28 6.77 ± 0.24 3 
L21 8.37 ± 0.19**** 27.02 ± 2.70 6.52 ± 0.20 3 
A47 7.26 ± 0.12**** 44.94 ± 2.89* 8.13 ± 0.27 3 
L23 9.33 ± 0.14 27.64 ± 2.18 N.B. 3 
L25 9.27 ± 0.16 38.37 ± 2.22 N.B. 3 
L26 9.50 ± 0.12 25.69 ± 2.00 N.B. 3 
L29 9.04 ± 0.11 32.05 ± 2.07 N.B. 3 
L32 8.94 ± 0.12 29.13 ± 2.13 N.B. 3 

a Functional activities (pIC50 values in presence of NECA) for the ligands as mean ± SEM of n 
independent repeats, conducted in duplicate. 
b The % maximal inhibition of cAMP accumulation for NECA with either DMSO or compound. 
c Dissociation constant (pKd) of the ligands as mean ± SEM of n independent repeats, conducted in 
duplicate as determined using the Schild analysis. 
N.B. – denotes no binding of the compound to A3R 
Statistical significance (* p< 0.05, *** p< 0.001, **** p < 0.0001) was determined using ANOVA and 
Dunnett’ s post-test. 

 

Furthermore, when the cAMP accumulation data in Figure 6.2 was analysed using Schild analysis 

(see equation 4 in chapter 2), it was possible to get a crude estimation of the potential affinity of each 

antagonist at the A3R. Based upon a single concentration of antagonist the affinity constants (pKd) of 

each compound except L23, L25, L26, L29 and L32 due to their inactivity at the A3R were calculated 
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(Table 6.3). For compounds A26, L5 and L21 that showed only weak efficacy in the cAMP accumulation 

assay at 1 μM, these were measured at 10 μM as well to enable Schild analysis. 

It is only possible to use Schild analysis to estimate pKd for competitive antagonists. As it was 

previously shown that compounds A17, A26 and A47 are competitive antagonists at the A3R using 

multiple point Schild analysis (Figure 6.4 and Table 6.3) and the decrease in potency without change 

in maximal response of NECA full dose response curves above is typical of competitive antagonists, it 

was assumed these compounds are as well (data obtained during BA studies at University of 

Cambridge, A. Suchankova). However, despite these facts, Schild regression analysis conducted based 

on a single antagonist concentration remains a little unprecise, which is, why the compound binding 

was confirmed below using an alternative method of NanoBRET binding assay. 

 

 

Figure 6.4. A17, A26 and A47 are competitive antagonists of A3R. cAMP inhibition in response to 10 

μM forskolin, IB-MECA (A3R agonist) at varying concentrations and tested compound/DMSO was 

meassured in Flp-In CHO cells stably expressing A3R. A. Dose-response curve normalised to 100 μM 

forskolin and shown as mean ± SEM. B. Potency (pIC50) values derived from dose-response curves in 
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A. C. Schild analysis of data from A/B. Slope of ±1 indicates a competitive antagonist and for those 

pA2=pKB. This figure is adapted from A. Suchankova BA studies at University of Cambridge. 

 

Table 6.3. cAMP accumulation in A3R Flp-In CHO cells following stimulation with 10 μM forskolin, 

compound at indicated concentration and varying concentrations of IB-MECA. A26 measurements 

have fairly large error bars, which is why some of the values for A26 might be coming out as not 

significant. This table is adapted from A. Suchankova BA studies at University of Cambridge. 

Cmpd 
Concentration 

(μM) 
pIC50

a Emax
b 

DMSO - 10.72 ±0.2 43.5 ±2.0 

A17 

0.1 10.13 ±0.2*** 48.7 ±2.1 

1 8.81 ±0.2**** 54.3 ±2.4*** 

10 -1 -1 

A26 

0.1 10.56 ±0.2 41.6 ±1.3 

1 9.82 ±0.2**** 44.4 ±1.6* 

10 8.80 ±0.3**** 54.9 ±2.2**** 

A47 

0.1 10.20 ±1.2* 40.8 ±1.2 

1 9.67 ±0.2**** 44.3 ±1.4 

10 8.08 ±0.2**** 53.7 ±2.4**** 

Data are the mean ± SEM of n individual data sets, conducted in duplicate. 
a The negative logarithm of agonist concentration producing half-maximal response. 
b The % maximal inhibition of cAMP accumulation for NECA with either DMSO or compound. 
1 Fully ablates IB-MECA response 
Statistical significance (* p< 0.05;** p<0.01;*** p<0.001, **** p<0.0001) compared to IB-MECA only 
stimulation was determined by one-way ANOVA with Dunnett’s post test. 

 

According to Schild analysis, A17, L4 and A47 (pKd of 7.87 ± 0.18, 7.77 ± 0.16 and 8.13 ± 0.27, 

respectively) had the strongest affinity at the A3R which correlates with them being most potent at 

the receptor, while A47 derivatives failed to bind at the A3R in the concentrations used in this assay. 
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6.4 A17 and A47 are potent dual antagonists of A1 and A3 receptors 

Since A17, A26 and A47 were previously shown to have antagonistic activity at the A1R as well, 

the full dose-response inhibition curves at A1R were measured next. CHO-KI cells stably expressing A1R 

(CHO-A1R) were stimulated with 10 μM forskolin, NECA in a range of concentrations (1 pM to 1 μM) 

and either DMSO or 1 μM of the potential antagonist (Figure 6.5 and Table 6.4). Some of the tested 

compounds showed decrease in potency without change in maximal response of the NECA dose-

response curve characteristic of the competitive antagonists, but the response was generally a little 

weaker at the A1R than at the A3R. The most potent compounds at the A1R were A17 and A47 (pIC50 

of 6.70 ± 0.10 and 7.15 ± 0.07, respectively), which lowered NECA efficacy ~100 fold (Table 6.4). 

Compounds A15, L2-L5, L7-L10, A26, L12, L15 and L29 also significantly lowered NECA pIC50. 
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Figure 6.5. Functional characterisation of A15, A17, A26 and A47 analogues at A1R. CHO-KI cells 

stably expressing A1R were stimulated with 10 μM forskolin, range of NECA concentrations (1 pM to 1 

μM), and either 1 μM potential antagonist (red curves) or DMSO (blue curves) for 30 mins and cAMP 

accumulation was detected. NECA inhibition data were fitted using a three-parameter logistic 

equation to determine the pIC50 of NECA in each condition; n = 3 independent repeats, each conducted 

in duplicate. All values are mean ± SEM, expressed as % 100 μM forskolin response. The black arrow 

indicates whether addition of the compound cause statistically significant reduction in NECA potency 

(pIC50). Statistical significance ( * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001) was determined 

using ANOVA and Dunnett’ s post-test. Compounds A17, A26 and A47 were measured as part of my 

BA degree, while compounds L4, L5, L9 and L21 were measured by Lakshiv Dhingra (University of 

Cambridge) and were submitted for his BA degree. 
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Table 6.4. Functional activities for pyrazolo[3,4-c]pyridine and pyrazolo[3,4-d]pyridazines 

compounds against A1R. pIC50, Emax and pKd values for cAMP accumulation in CHO-KI cells stably 

expressing A1R stimulated with 10 μM forskolin, range of NECA concentrations (1pM to 1 μM), and 

either 1 μM potential antagonist or DMSO for 30 minutes. Compounds A17, A26 and A47 were 

measured as part of my BA degree, while compounds L4, L5, L9 and L21 were measured by Lakshiv 

Dhingra (University of Cambridge) and were submitted for his BA degree. 

Compound pIC50 in presence of NECA 
a Emax

b pKd
 c n 

DMSO 8.95 ± 0.10 44.70 ± 1.971 - 6 
A15 7.99 ± 0.14**** 46.67 ± 3.06 6.91 ± 0.18 3 
A17 6.70 ± 0.10**** 55.82 ± 2.23** 8.25 ± 0.15 4 
L2 8.30 ± 0.15**** 50.32 ± 2.67 6.54 ± 0.19 3 
L3 8.49 ± 0.17*** 48.84 ± 2.98 6.28 ± 0.20 3 
L4 7.87 ± 0.10**** 47.46 ± 2.06 7.04 ± 0.14 3 
L5 8.54 ± 0.14** 42.83 ± 2.55 6.20 ± 0.18 3 
L7 7.64 ± 0.14**** 40.56 ± 3.66 7.29 ± 0.18 3 
L9 7.92 ± 0.11**** 44.06 ± 2.54 6.99 ± 0.16 3 

L10 8.33 ± 0.15**** 43.35 ± 3.09 6.50 ± 0.19 3 
A26 8.58 ± 0.10** 40.80 ± 2.50 6.13 ± 0.17 3 
L21 8.85 ± 0.12 40.96 ± 2.15 <6.0 3 
A47 7.15 ± 0.07**** 47.07 ± 1.43 7.58 ± 0.25 3 

DMSO 8.95 ± 0.10 79.32 ± 2.571 - 6 
L6 8.72 ± 0.23 81.09 ± 2.02 6.84 ± 0.23 3 
L8 8.41 ± 0.22**** 81.69 ± 2.02 7.18 ± 0.25 3 

L12 8.16 ± 0.09**** 80.08 ± 0.79 6.71 ± 0.14 3 
L15 8.30 ± 0.14**** 77.17 ± 1.13 6.54 ± 0.17 3 

DMSO 8.95 ± 0.10 60.08 ± 1.911 - 6 
L23 8.82 ± 0.15 55.80 ± 2.08 N.B. 3 
L25 8.96 ± 0.18 59.06 ± 2.34 N.B. 3 
L26 9.01 ± 0.16 63.19 ± 2.00 N.B. 3 
L29 8.15 ± 0.12**** 64.84 ± 1.72 6.46 ± 0.27 3 
L32 8.62 ± 0.15* 60.87 ± 1.85 5.50 ± 0.28 3 

a Functional activities (pIC50 values in presence of NECA) for the ligands as mean ± SEM of n 
independent repeats, conducted in duplicate. 
b The % maximal inhibition of cAMP accumulation for NECA with either DMSO or compound. 
c Dissociation constant (pKd) of the ligands as mean ± SEM of n independent repeats, conducted in 
duplicate as determined using the Schild analysis. 
1 The compounds were done in 3 batches over a long time on a different cell batch resulting in slightly 
different assay windows and thus curves Emax 
N.B. – denotes no binding of the compound to A1R 
Statistical significance ( * p < 0.05, ** p < 0.01, *** p < 0.001; **** p < 0.0001) was determined using 
ANOVA and Dunnett’ s post-test. 

 

Using the same approach as above, a crude estimation of the potential affinity of each 

antagonist at the A1R was calculated using the Schild analysis of the cAMP accumulation data (Table 

6.4). Also, similarly to above, for compounds A26, L5 and L21 showing weaker efficacy, 10 μM of the 
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compound was used for the Schild analysis and even under these conditions L21 did not display any 

activity at the A1R same as L23, L25 and L26, which also did not bind at the A1R in the quantities 

detectable by this type of assay. 

Overall, the majority of the compounds displayed a small (<10-fold) selectivity for the A3R over 

the A1R receptor subtype. For example, L3, L5, L21, A26 or A47 had higher affinities at the A3R than at 

the A1R and for A26 (pKd of 7.05 ± 0.22 and 6.13 ± 0.17 at A3R and A1R, respectively). L4 (pKd of 7.77 ± 

0.16 and 7.04 ± 0.14 at A3R and A1R, respectively) was another potent antagonist that was also A3R 

selective. Interestingly, while A47 (pKd of 8.13 ± 0.27 and 7.58 ± 0.25 at A3R and A1R, respectively) was 

selective for A3R, most of its derivates lost efficacy at the A3R and indeed L29 and L32 even gained 

selective for A1R, although the general efficacy of A47 derivates was quite low. A17 (pKd of 7.87 ± 0.18 

and 8.25 ± 0.15 at A3R and A1R, respectively) was an example of a potent slightly A1R-selective 

antagonist. It is important to note though that although there are some differences between 

compound potencies at A1R and A3R, these differences were small, and as such, A17 and A47 can be 

considered dual A1R and A3R antagonists. 

Having established the activity of the compounds at the A3R and A1R, it was important to assess 

their subtype selectivity more closely by testing the compounds at the remaining adenosine receptor 

subtypes (A2AR and A2BR) using the cAMP accumulation assay. As A15, A17, A26 and A47 have 

previously been shown to have little or no activity at A2AR or A2BR at even 10 μM concentration (Figure 

6.6 and Table 6.5) (data obtained during BA studies at University of Cambridge, A. Suchankova), this 

concentration was picked for testing all the compounds at these receptors as well. 
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Figure 6.6. A15, A17, A26 and A47 have no or little activity at A2AR and A2BR. cAMP accumulation was 

measured in CHO-K1 cells stably expressing either A2AR or A2BR in response to varying NECA 

concentration in the absence (blue) or presence of 10 μM tested compound (red). Compounds A17, 

A26 and A47 were measured as part of A. Suchankova BA studies at University of Cambridge. 
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Table 6.5. Functional activities for A15, A17, A26 and A47 against A2AR and A2BR. pIC50, Emax and Emax 

values for cAMP accumulation in CHO-KI cells stably expressing either A2AR or A2BR stimulated with a 

range of NECA concentrations, and either 10 μM potential antagonist or DMSO for 30 minutes. 

Compounds A17, A26 and A47 were measured as part of A. Suchankova BA studies at University of 

Cambridge. 

 A2AR A2BR 

Cmpd 
pIC50 in presence of 

NECA 
a 

Emax
b n 

pIC50 in presence of 
NECA 

a 
Emax

b n 

DMSO 5.94 ± 0.18 
28.14 ± 

3.13 
3 7.22 ± 0.12 

75.66 ± 
2.80 

3 

A15 5.79 ± 0.24 
38.44 ± 

2.91 
3 7.07 ± 0.09 

80.55 ± 
2.13 

3 

A17 5.94 ± 0.2 
33.31 ± 

2.74 
3 6.62 ± 0.07* 

75.24 ± 
1.79 

3 

A26 6.12 ± 0.43 
37.80 ± 

5.19 
3 7.21 ± 0.09 

81.29 ± 
2.15 

3 

A47 5.69 ± 0.25 
30.31 ± 

4.31 
4 6.39 ± 0.07**** 

80.56 ± 
1.78  

4 

a Functional activities (pIC50 values in presence of NECA) for the ligands as mean ± SEM of n 
independent repeats, conducted in duplicate. 
b The % maximal inhibition of cAMP accumulation for NECA with either DMSO or compound. 
Statistical significance ( * p < 0.05, **** p < 0.0001) was determined using ANOVA and Dunnett’ s 
post-test. 

 

The CHO-KI cells stably expressing the A2AR or A2BR were stimulated with NECA in a range of 

concentrations (1 pM to 1 μM) and either DMSO or 10 μM or the potential antagonist (Figure 6.7). 

Most of the tested compounds displayed no significant activity at these two adenosine receptor 

subtypes except for A17 and A47 which displayed weak efficacy at A2BR (pKd = 6.47 ± 0.15 and pKd = 

6.76 ± 0.14, respectfully) (Table 6.6). 
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Figure 6.7. Functional characterisation of A15, A17, A26 and A47 analogues at A2AR and A2BR. CHO-

KI cells stably expressing A2AR or A2BR were stimulated with a range of NECA concentrations (100 pM 

to 100 μM), and either 10 μM potential antagonist (red curves) or DMSO (blue curves) for 30 mins and 

cAMP accumulation was detected. NECA inhibition data were fitted using a three-parameter logistic 

equation to determine the pIC50 of NECA in each condition; n = 3 independent repeats, each conducted 

in duplicate. Below are plotted pIC50 values from the dose response curves. All values are mean ± SEM, 

expressed as % 100 μM forskolin response.
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Table 6.6. Functional activities for pyrazolo[3,4-c]pyridine and pyrazolo[3,4-d]pyridazines compounds against A2AR and A2BR. pIC50, Emax and pKd values for 

cAMP accumulation in CHO-KI cells stably expressing either A2AR or A2BR stimulated with a range of NECA concentrations (1pM to 1 μM), and either 10 μM 

potential antagonist or DMSO for 30 minutes. 

Cmpd 
A2AR A2BR 

pIC50 in presence of NECA 
a Emax

b pKd
 c n pIC50 in presence of NECA 

a Emax
b pKd

 c n 

DMSO 5.94 ± 0.18 34.17 ± 2.80 - 4 7.22 ± 0.12 75.66 ± 2.80 - 3 
A15 5.79 ± 0.24 30.73 ± 3.43 - 4 7.07 ± 0.09 80.55 ± 2.12 - 3 
A17 5.94 ± 0.2 31.16 ± 3.30 - 4 6.62 ± 0.07* 75.24 ± 1.78 6.47 ± 0.15 3 
L2 5.33 ± 0.28 36.96 ± 5.06 - 4 7.20 ± 0.07 83.89 ± 1.58 - 3 
L3 6.35 ± 0.22 29.18 ± 2.81 - 4 7.33 ± 0.09 81.27 ± 2.20 - 3 
L4 5.58 ± 0.22 30.35 ± 2.73 - 4 6.60 ± 0.09 67.61 ± 1.92 - 3 
L5 6.09 ± 0.22 31.34 ± 3.13 - 4 6.82 ± 0.09 74.51 ± 2.03 - 3 
L6 5.31 ± 0.19 38.51 ± 4.01 - 4 6.64 ± 0.10 80.91 ± 2.63 - 3 
L7 5.73 ± 0.22 35.93 ± 3.59 - 4 6.99 ± 0.09 81.36 ± 2.44 - 3 
L8 5.80 ± 0.19 37.00 ± 3.46 - 4 6.82 ± 0.07 79.22 ± 1.90 - 3 
L9 5.46 ± 0.3 34.06 ± 5.63 - 4 6.92 ± 0.08 81.82 ± 2.16 - 3 

L10 6.15 ± 0.30 34.38 ± 3.53 - 4 7.15 ± 0.08 79.99 ± 1.92 - 3 
A26 6.12 ± 0.43 39.35 ± 5.66 - 4 7.21 ± 0.09 81.29 ± 2.14 - 3 
L12 5.68 ± 0.25 33.38 ± 3.97 - 4 6.97 ± 0.10 77.89 ± 2.39 - 3 
L15 6.56 ± 0.30 31.31 ± 2.93 - 4 7.16 ± 0.12 74.89 ± 2.62 - 3 
L21 6.18 ± 0.32 29.04 ± 4.36 - 4 7.03 ± 0.11 75.62 ± 2.48 - 3 
A47 5.69 ± 0.25 30.54 ± 3.80 - 4 6.39 ± 0.07**** 80.56 ± 1.77 6.76 ± 0.14 3 
L23 5.86 ± 0.28 29.91 ± 3.79 - 4 7.22 ± 0.13 72.44 ± 2.98 - 3 
L25 5.03 ± 0.23 40.53 ± 4.71 - 4 7.24 ± 0.10 75.76 ± 2.47 - 3 
L26 5.16 ± 0.28 37.12 ± 6.01 - 4 7.23 ± 0.10 76.22 ± 2.39 - 3 
L29 4.83 ± 0.24 45.53 ± 7.31 - 4 7.01 ± 0.10 78.43 ± 2.55 - 3 
L32 4.92 ± 0.24 40.96 ± 6.10 - 4 6.87 ± 0.09 74.94 ± 2.34 - 3 

a Functional activities (pIC50 values in presence of NECA) for the ligands as mean ± SEM of n independent repeats, conducted in duplicate. 
b The % maximal inhibition of cAMP accumulation for NECA with either DMSO or compound. 
c Dissociation constant (pKd) of the ligands as mean ± SEM of n independent repeats, conducted in duplicate as determined using the Schild analysis. 
Statistical significance ( * p < 0.05, **** p < 0.0001) was determined using ANOVA and Dunnett’ s post-test.
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6.5 Lead compounds A17 and A47 have low nanomolar affinities at A1R/A3R 

As mentioned, the use of single point antagonist concentrations in Schild analysis to determine 

affinities constants is not the most quantitatively accurate method, because Schild analysis gives more 

accurate results when multiple antagonists concentrations are measured and used. Although the 

measurement of the effect of multiple antagonists concentrations on NECA full dose response curves 

using cAMP accumulation assay was possible and was previously performed for compounds A17, A26 

and A47 (data obtained during BA studies at University of Cambridge, A. Suchankova), doing so for all 

21 compounds would be very time consuming and expensive. 

Instead NanoBRET competition binding assay can be used to determine the binding affinities 

for all pyrazolo[3,4-c]pyridine and pyrazolo[3,4-d]pyridazines compounds at the A3R and A1R. The 

ability of all 21 compounds to displace and inhibit the specific binding of CA200645 (also used in 

chapter 5), a fluorescent antagonist of A3R and A1R, was tested in HEK-293 cells stably expressing WT 

Nluc-A3R or Nluc-A1R, as described previously (Barkan et al., 2020; Stoddart et al., 2012).  Briefly, HEK-

293 cells stably expressing WT Nluc-A3R or Nluc-A1R were stimulated with 5 nM and 20 nM CA200645, 

respectively, and a range of ligand concentrations (1pM to 100 μM) (Figure 6.8, 6.9 and 6.10). BRET 

ratio at 10 minutes was then used to create full dose response curve for each ligand and fitted with 

the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built in GraphPad Prism 9.3 

to enable estimates of pKi (Table 6.7, 6.8 and 6.9). 
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Figure 6.8. Binding of A15 and A17 derivates at A1R and A3R measured by NanoBRET. A. HEK293 cells 

stably expressing Nluc-A1R or Nluc-A3R were treated with 20 nM or 5 nM CA200645, respectively, and 

increasing concentrations of unlabelled AR ligand, enabling concentration-dependent decreases in 

BRET ratio at 10 min to be determined with the response normalised to DMSO. Binding curves were 

fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built into 

GraphPad Prism 9.3 to enable estimates of the pKi. B. Plotted pKi values from A. Data are plotted at 

mean ± SEM of at least 3 experiments performed in duplicate. Compounds L4, L5 and L9 were 

measured by Lakshiv Dhingra (University of Cambridge) and were submitted for his BA degree. 
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Table 6.7. Binding affinities (pKi) of A15, A17 and L2-L10 measured using NanoBRET against A1R and 

A3R. pKi values determined by NanoBRET in HEK293 cells stably expressing Nluc-A1R or Nluc-A3R were 

treated with 20 nM or 5 nM CA200645, respectively, and increasing concentrations of unlabelled AR 

ligand, enabling concentration-dependent decreases in BRET ratio at 10 min to be determined with 

the response normalised to DMSO. The data at 10 min was then fitted using the “One site – Fit Ki” 

model derived from the Cheng and Prusoff equation built into GraphPad Prism 9.3. Compounds L4, L5 

and L9 were measured by Lakshiv Dhingra (University of Cambridge) and were submitted for his BA 

degree. 

Compound 
A1R A3R 

pKi
a n pKi

a n 

DMSO 6.69 ± 0.10 3 7.06 ± 0.07 5 
A15 6.64 ± 0.08 3 5.49 ± 0.10**** 3 
A17 8.36 ±  0.10**** 3 8.01 ± 0.06*** 3 
L2 6.54 ± 0.07 3 6.20 ± 0.06**** 3 
L3 7.91 ± 0.09**** 3 6.22 ± 0.10**** 3 
L4 6.67 ± 0.18 3 7.36 ± 0.05 4 
L5 6.66 ±  0.14 3 7.26 ± 0.03 3 
L6 6.78 ± 0.30 3 7.00 ± 0.10 3 
L7 7.64 ± 0.57 3 6.88 ± 0.08 3 
L8 6.69 ± 0.30** 3 7.19 ± 0.10 3 
L9 7.20 ±  0.04 3 7.19 ± 0.07 3 

L10 6.13 ± 0.08** 3 6.72 ± 0.09 3 
a Equilibrium binding affinities (pKi) of the ligands measured with NanoBRET against WT A1R or A3R; 
NECA was used as positive control as described in ref (Barkan et al., 2020). Data are expressed as mean 
± SEM of n independent repeats, conducted in duplicate. 
Statistical significance ( ** p < 0.01,*** p < 0.001, **** p < 0.0001) was determined using ANOVA and 
Dunnett’ s post-test. 
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Figure 6.9. Binding of A26 derivates at A1R and A3R measured by NanoBRET. A. HEK293 cells stably 

expressing Nluc-A1R or Nluc-A3R were treated with 20 nM or 5 nM CA200645, respectively, and 

increasing concentrations of unlabelled AR ligand, enabling concentration-dependent decreases in 

BRET ratio at 10 min to be determined with the response normalised to DMSO. Binding curves were 

fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built into 

GraphPad Prism 9.3 to enable estimates of the pKi. B. Plotted pKi values from A. Data are plotted at 

mean ± SEM of at least 3 experiments performed in duplicate. Compound L21 was measured by 

Lakshiv Dhingra (University of Cambridge) and were submitted for his BA degree. 
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Table 6.8. Binding affinities (pKi) of A26, L12, L15 and L21 measured using NanoBRET against A1R 

and A3R. pKi values determined by NanoBRET in HEK293 cells stably expressing Nluc-A1R or Nluc-A3R 

were treated with 20 nM or 5 nM CA200645, respectively, and increasing concentrations of unlabelled 

AR ligand, enabling concentration-dependent decreases in BRET ratio at 10 min to be determined with 

the response normalised to DMSO. The data at 10 min was then fitted using the “One site – Fit Ki” 

model derived from the Cheng and Prusoff equation built into GraphPad Prism 9.3. Compound L21 

was measured by Lakshiv Dhingra (University of Cambridge) and were submitted for his BA degree. 

Compound 
A1R A3R 

pKi
a n pKi

a n 

DMSO 6.69 ± 0.10 3 7.06 ± 0.07 5 
A26 6.53 ± 0.27 3 7.07 ± 0.08 3 
L12 6.44 ± 0.11 3 6.33 ± 0.09**** 3 
L15 6.02 ± 0.14 3 6.95 ± 0.08 3 
L21 5.51 ± 0.17* 3 6.60 ± 0.13* 3 

a Equilibrium binding affinities (pKi) of the ligands measured with NanoBRET against WT A1R or A3R; 
NECA was used as positive control as described in ref (Barkan et al., 2020). Data are expressed as mean 
± SEM of n independent repeats, conducted in duplicate. 
Statistical significance ( ** p < 0.01, **** p < 0.0001) was determined using ANOVA and Dunnett’ s 
post-test. 
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Figure 6.10. Binding of A47 derivates at A1R and A3R measured by NanoBRET. A. HEK293 cells stably 

expressing Nluc-A1R or Nluc-A3R were treated with 20 nM or 5 nM CA200645, respectively, and 

increasing concentrations of unlabelled AR ligand, enabling concentration-dependent decreases in 

BRET ratio at 10 min to be determined with the response normalised to DMSO. Binding curves were 

fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built into 

GraphPad Prism 9.3 to enable estimates of the pKi. B. Plotted pKi values from A. Data are plotted at 

mean ± SEM of at least 3 experiments performed in duplicate. 
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Table 6.9. Binding affinities (pKi) of A47, L23, L25, L26, L29 and L32 measured using NanoBRET 

against A1R and A3R. pKi values determined by NanoBRET in HEK293 cells stably expressing Nluc-A1R 

or Nluc-A3R were treated with 20 nM or 5 nM CA200645, respectively, and increasing concentrations 

of unlabelled AR ligand, enabling concentration-dependent decreases in BRET ratio at 10 min to be 

determined with the response normalised to DMSO. The data at 10 min was then fitted using the “One 

site – Fit Ki” model derived from the Cheng and Prusoff equation built into GraphPad Prism 9.3. 

Compound 
A1R A3R 

pKi
a n pKi

a n 

DMSO 6.69 ± 0.10 3 7.06 ± 0.07 5 
A47 7.95 ± 0.09*** 3 7.89 ± 0.11* 3 
L23 NA 3 NA 3 
L25 NA 3 7.14 ± 0.36 3 
L26 NA 3 NA 3 
L29 5.17 ± 1.13** 3 6.94 ± 0.47 3 
L32 NA 3 5.77 ± 0.27* 3 

a Equilibrium binding affinities (pKi) of the ligands measured with NanoBRET against WT A1R or A3R; 
NECA was used as positive control as described in ref (Barkan et al., 2020). Data are expressed as mean 
± SEM of n independent repeats, conducted in duplicate. 
Statistical significance (*p < 0.05, ** p < 0.01, *** p < 0.001) was determined using ANOVA and 
Dunnett’ s post-test. 

 

The 5 nM and 20 nM of CA200645 concentrations were chosen following previous experiments 

measuring CA200645 Kd at WT Nluc-A3R or Nluc-A1R as concentrations that produced distinct 

NanoBRET binding curves usable for measuring compounds Kd, while using as little CA200645 

compound as possible. All of the A15/A17 and A26 compounds and their derivates bind at both the 

A1R and A3R with affinities ranging between low micromolar to low nanomolar. The same was true for 

A47, but the affinities are generally much lower for its derivates with L23 and L26 displaying no 

measurable binding at either receptor, with L25 and L32 only binding at the A3R. A17 and A47 

displayed the highest affinity at the A1R (pKd of 8.36 ± 0.10 and 7.95 ± 0.09, respectively) followed by 

L3, L4, L7 and L9. A17 and A47 also had the highest affinity at the A3R (pKd of 8.01 ± 0.06 and 7.89 ± 

0.11, respectively), followed by L4, L5, L6, L9 and A26. All the other compounds displayed weaker 

affinities. 

 

6.6 Lead compounds have residence time between 30 and 60 mins 

As a next step, real-time binding kinetics of the compounds were investigated (Suchankova et 

al., 2021) using the NanoBRET binding assay as has previously been reported at the ARs (Barkan et al., 

2020; Stoddart et al., 2015, 2012). First the kinetic parameters of the fluorescent compound CA200645 
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were established at Nluc-A3R as Kon (k3) = 2.86± 0.45 x 106 M-1 min-1, Koff (k4) = 0.064 ±0.0023 min-1 

with a Kd = 25 ± 4.6nM and at the Nluc-A1R as Kon (k3) = 3.67 ± 0.34 x 106 M-1 min-1, Koff (k4) = 0.067 

±0.005 min-1 with a Kd = 18.29 ± 2.4 nM. The real-time kinetic parameters Kon (k3) and Koff (k4) for the 

compounds were then derived using the ‘kinetics of competitive binding’ model build into GraphPad 

Prism 9.3 (Table 6.10) (Suchankova et al., 2021). Residence time (RT) of a compound was then 

determined as the reciprocal of the Koff, while pKd of the compounds was determined as k4/k3. This 

then enabled the comparison of the pKd derived from cAMP accumulation assay data using Schild 

analysis and the pKd derived from the NanoBRET binding assay. 
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Table 6.10. Kinetic parameters of AR ligands. Kon, koff, pKd and RT parameters of A15/17, A26 and A47 

derivates at the A1R or A3R orthosteric site measured using NanoBRET. 

Compound 

 A1R A3R 

Kon (k3) 
x105 
M-1 a 

Koff (k4) 
min-1 b 

pKd
 

Kinetics 

c 

RT 
(mins) 

d 
n 

Kon 
(k3) 
x105 
M-1 a 

Koff (k4) 
min-1 b 

pKd
 

Kinetics 

c 

RT 
(mins) 

d 
n 

A15 
3.2 

±1.0 
0.030 

±0.006 
6.99 

±0.21 
38.7 
±8.8 

3 <50 <0.4 N.D. >2 3 

A17 
139.7 
±1.5 

0.024 
±0.009 

8.76 
±0.07 

41.3 
±4.6 

3 
21.3 
±1.2 

0.021 
±0.003 

8.00 
±0.32 

47.2 
±8.2 

3 

L2 
1.7 

±0.3 
0.048 
±0.01 

6.55 
±0.03 

22.9 
±4.3 

3 <50 <0.4 N.D. >2 3 

L3 
45.1 
±3.4 

0.061 
±0.002 

7.86 
±0.45 

16.3 
±0.3 

3 <50 <0.4 N.D. >2 3 

L4 
11.5 
±4.0 

0.051 
±0.004 

7.21 
±0.51 

20.6 
±3.4 

3 
8.2 

±0.5 
0.026 

±0.006 
7.58 

±0.32 
46.7 
±4.5 

3 

L5 
2.8 

±0.3 
0.055 

±0.001 
6.70 

±0.54 
18.2 
±4.4 

3 
3.7 

±0.6 
0.031 
±0.01 

7.07 
±0.22 

32.1 
±6.3 

3 

L6 
5.2 

±0.5 
0.036 

±0.005 
6.88 

±0.23 
27.7 
±3.7 

3 
24.7 
±3.8 

0.180 
±0.02 

7.13 
±0.55 

5.6 
±2.6 

3 

L7 
9.6 

±2.5 
0.039 

±0.004 
7.39 

±0.40 
25.3 
±4.9 

3 
4.8 

±2.4 
0.105 
±0.04 

6.59 
±0.73 

9.6 
±3.5 

3 

L8 
2.3 

±0.6 
0.054 

±0.005 
6.37 

±0.11 
18.5 
±2.6 

3 <50 <0.4 N.D >2 3 

L9 
8.2 

±1.4 
0.020 

±0.015 
7.54 

±0.10 
44.0 
±2.1 

3 
5.6 

±1.0 
0.054 
±0.02 

7.00 
±0.33 

17.9 
±4.3 

3 

L10 
1.7 

±0.4 
0.040 

±0.007 
6.64 

±0.03 
31.4 
±7.1 

3 
3.4 

±1.1 
0.010 

±0.001 
6.56 

±0.43 
10.9 
±3.4 

3 

A26 
3.4 

±1.6 
0.134 

±0.003 
6.40 

±0.18 
7.47 
±2.2 

3 
12.5 
±1.8 

0.096 
±0.03 

7.11 
±0.45 

10.4 
±3.4 

3 

L12 
1.8 

±0.4 
0.052 

±0.003 
6.55 

±0.40 
19.2 
±4.5 

3 
1.5 

±0.3 
0.051 
±0.03 

6.45 
±0.22 

19.0 
±5.6 

3 

L15 
0.8 

±0.3 
0.071 

±0.004 
6.07 

±0.22 
14.1 
±2.4 

3 <50 <0.4 N.D. >2 3 

L21 <50 <0.4 ND >2 3 <50 <0.4 N.D >2 3 

A47 
51.4 
±0.3 

0.019 
±0.003 

7.46 
±0.10 

59.8 
±12.7 

3 
25.6 
±0.1 

0.014 
±0.002 

7.26 
±0.05 

72.6 
±8.8 

3 

a Kon  (k3) for ligands as determined using NanoBRET binding assays using either Nluc-A1R or Nluc-A3R 
expressing HEK 293 cells and determined through fitting with the ‘Kinetics of competitive binding’ 
equation built in GraphPad Prism 9.3. 
b Koff (k4) for ligands determined as in a. 
c Kinetic dissociation constant (pKd) for each ligand as determined from Kon/Koff. 
d Residence time of each ligand as determined by the reciprocal of the Koff. 
Note – values in red could not be fitted using the ‘kinetics of competitive binding’ model. 

 

The real-time kinetic parameters were determined for all the A15/A17 and A26 compounds and 

their derivates except A15, L2, L3, L8, L15 and L21 at the A3R and L21 at the A1R which failed to provide 
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a reliable fit to the data, likely due to their high Kd values. They were also only determined for A47 and 

not its derivates, as A47 derivates had very low if any affinity at either of the receptors and their Koff 

rate was extremely fast (> 2 min-1), making the determination of the kinetic parameters unprecise. 

The majority of the measured compounds showed a good agreement between the pKd values 

measured through single dose Schild analysis and the NanoBRET binding assay. This was true except 

for compound L3 at the A1R where the affinity determined in the NanoBRET binding assays were ~50-

fold higher than in the Schild analysis, which may indicate unusual properties of the L3 compared to 

the other tested compounds. 

The residence time for the compounds with highest affinities at the A1R ranges around 40 to 60 

minutes (A17, L9, A47) or 16 to 27 minutes (L4, L5-L8). At the A3R, the residence time was around 35 

to 73 minutes (A17, A47, L4, L5) or 10 to 17 minutes (L9, A26). Thus, in general, these compounds have 

between micromolar and nanomolar affinities at these receptors. 

 

6.7 Probing A17, A26 and A47 binding at the A1R 

Having pharmacologically evaluated the different compounds at the ARs, the next step was to 

employ computational techniques to investigate the binding of the lead compounds (mainly A17 and 

A47) to the A1 and A3 receptor. Prof. Kolocouris and his lab used in silico docking with the ChemScore 

scoring function, unrestrained MD simulations and MM-GBSA binding free energy calculations in order 

to investigate the compounds biding profiles at these receptors (Figure 6.11) (Eldridge et al., 1997; 

Hornak et al., 2006). The MD simulations predicted A17 to make significantly interacts with E1705.28, 

F1715.29, E1725.30, M1805.38, W2476.48, L2506.51, H2516.52, N2546.55 T2707.35, Y2717.36 at the A1R, while at 

the A3R V1695.30, M1745.35, I2536.58, L2647.35, Υ2657.36 were suggested as key amino acids. For A47 the 

most important amino acids at the A1R were predicted to be A662.61, I692.64 V873.32, F1715.29, M1805.38, 

W2476.48, L2506.51, H2516.52, N2546.55 or H2787.43, while L903.32, L913.33, F1685.29, M1775.38, L2466.51 

N2546.55, I2687.39 or H2787.43 were suggested to be important at the A3R. 
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Figure 6.11. A17, A26 and A47 docking to A1 and A3 receptors. Representative frames of A17, A26 

and A47 in the orthosteric site of WT A1R or A3R obtained through 100ns-MD simulations. Protein 

structure models are based on the inactive form for A1R (PDB ID 5UE) or A2AR (PDB ID 3EML) in complex 

with an antagonist (Glukhova et al., 2017; Jaakola et al., 2008). Bars are plotted only for residues with 

interaction frequencies ≥ 0.2. Color scheme: Ligand=pink sticks, ligand’s starting position=orange wire, 

receptor=white cartoon and sticks, hydrogen bonding interactions=yellow (dashes or bars), π-π 

interactions=green (dashes or bars); hydrophobic interactions=grey; water bridges-blue. Amino acids 

selected for the mutagenesis experiments are shown in red. These poses were produced by Prof 

Kolocouris. 

 

Previously Prof Ladds and Prof Kolocouris described how mutation of residues V1695.30, 

M1775.38, L2466.51, F1685.29, N2506.55 to alanine caused a reduction or negation of K18 activity, an A3R 
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selective antagonist (Barkan et al., 2020; Lagarias et al., 2020, 2019; Stamatis et al., 2019). Moreover, 

A1R and A2AR crystal structures and/or MD simulations have previously shown that residues F(5.29), 

M(5.38), L(6.51) and N(6.55) generally interact with all ligands in the AR orthosteric binding pocket 

(Amelia et al., 2021; Bolcato et al., 2020; Cheng et al., 2017; Glukhova et al., 2017; Jaakola et al., 2008; 

Lagarias et al., 2019; Liu et al., 2012; Matricon et al., 2021; Stamatis et al., 2019; Sun et al., 2017). To 

validate the in silico binding predictions of the lead compounds A17, A26 and A47 at A1R, NanoBRET 

binding of mutagenized A1R was used. 

The amino acids selected for the single-point alanine mutagenesis at the A1R were T913.36A, 

F1715.29, E1725.30A, L2506.51A, H2516.52A, N2546.55A, S2677.32A and Y2717.36A. This selection was guided 

by the in silico docking poses shown in Figure 6.11 and results of Prof Kolocouris’ computational work. 

First, it was necessary to assess the affinity of CA200645 fluorescent ligand to mutant A1R compared 

to the WT in order to select correct CA200645 concentrations for the NanoBRET binding experiments 

at the mutant A1Rs. To this end HEK-293 cells stably expressing WT or mutants Nluc-A1R were 

stimulated with a range of CA200645 concentrations (1nM to 300 nM) and BRET between Nluc tag on 

the A1R and the CA200645 was measured every minute for 20 minutes (Figure 6.12.AB). BRET ratio at 

10 min was the fitted with the “One site – Specific binding“ equation built in GraphPad Prism 9.3 to 

determine CA200645 Kd (Figure 6.12.CD). S2677.32 and Y2717.36A Nluc-A1R mutants’ Kds were measured 

by Dr Barkan (University of Cambridge). 
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Figure 6.12. Kinetic measurement of CA200645 binding to WT and mutant Nluc-A1R. HEK 293 cells 

stably expressing Nluc-A1R T913.36A (A) or F1715.29A (B) were stimulated with CA200645 at the 

indicated concentration. NanoBRET between the Nluc and the CA200645 was measured every 1 min 

for 20 min. C. NanoBRET ratio at 10 min from A/B was baseline corrected and fitted with the “One site 

– Specific binding“ equation built in GraphPad Prism 9.3 to determine CA200645 Kd plotted in D. Data 

are plotted at mean ± SEM of at least 3 experiments performed in duplicate. CA200645 binding to 

Nluc-A1R S2677.32 and Y2717.36 mutants was measured by Dr Barkan (University of Cambridge). 

 

There was no binding of CA200645 to Nluc-A1R mutants F1715.29 and N2546.55A even at the 

highest C200645 concentration of 300 nM. Therefore, the use of these mutants was discontinued for 

further experiments. For the rest of the mutants the Kd values were around 70 to 170 nM but were 

not significantly different from the WT Nluc-A1R (Kd of 76.37 ± 9.37) (Table 6.11). Therefore, 20 nM 

was used for further NanoBRET binding experiments. 
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Table 6.11. Binding affinities (Kd) for Ca200645 measured using NanoBRET against WT A1R and 

mutant A1Rs. HEK 293 cells stably expressing WT or mutant Nluc-A1R were stimulated with varying 

concentrations of CA200645 and NanoBRET ratio at 10 min from A/B was the fitted with the “One site 

– Specific binding” equation built in GraphPad Prism 9.3 to determine CA200645 Kd. Kd values for 

CA200645 binding to Nluc-A1R S2677.32 and Y2717.36 mutants were measured by Dr Barkan (University 

of Cambridge). 

Mutation Kd (nM) a n 

WT 76.37 ± 9.37 4 
T913.36A 166.35 ± 17.36 3 

F1715.29A n.b.b 3 
E1725.30A 116.04 ± 12.22 3 
L2506.51A 158.28 ± 17.37 3 
H2516.52A 145.19 ± 19.13 3 
N2546.55A n.b.b 3 
S2677.32A 70.99 ± 7.03 3 
Y2717.36A 71.10 ± 7.68 3 

a Affinity constant (Kd) for CA200645 binding to WT or mutant A1R receptors. Data are expressed as 
mean ± SEM of n independent repeats, conducted in duplicate. 
b No binding of up to 300 nM CA200645 to Nluc-A1R mutant. 
Statistical significance was determined using ANOVA and Dunnett’ s post-test. 

 

As discussed above, A1R amino acids T913.36A, F1715.29A, E1725.30A, L2506.51A, H2516.52A, 

N2546.55A, S2677.32A and Y2717.36A were suggested to be important for the binding of A17, A26 and 

A47 compounds. Therefore, the ability of these three compounds to displace and inhibit the specific 

binding of CA200645 at the WT and mutant Nluc-A1R was tested next. NECA was also included in this 

experiment, as a typical AR ligand binding to the A1R orthosteric site. HEK-293 cells stably expressing 

WT or mutant Nluc-A1R were stimulated with 20 nM CA200645 and a range of ligand concentrations 

(1pM to 100 μM). BRET ratio at 10 minutes was then used to create full dose response curve for each 

ligand and fitted with the “One site – Fit Ki” model derived from the Cheng and Prusoff equation built 

in GraphPad Prism 9.3 to enable estimates of pKi (Figure 6.13 and Table 6.12). 
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Figure 6.13. Binding of NECA, A17, A26 and 

A47 at WT and mutant A1R. A. Human A1R 

sequence with indicated amino acids (green) 

selected for mutagenesis. B-H. HEK293 cells 

stably expressing WT or mutant Nluc-A1R were 

treated with 20 nM CA200645 and increasing 

concentrations of unlabelled AR ligand, 

enabling concentration-dependent decreases 

in BRET ratio at 10 min to be determined with 

the response normalised to DMSO. Binding 

curves were fitted with the “One site – Fit Ki” 

model derived from the Cheng and Prusoff 

equation built into GraphPad Prism 9.3 to 

enable estimates of the pKi. I-L. Plotted pKi 

values from B-H. Data are plotted at mean ± 

SEM of at least 3 experiments performed in 

duplicate. HEK293 cells stably expressing Nluc-

A1R S2677.32 and Y2717.36 mutants were made by 

Dr Barkan (University of Cambridge). 
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Table 6.12. Binding affinities (pKi) for NECA, A17 and A26 measured using NanoBRET against WT A1R 

and mutant A1Rs. pKi values determined by NanoBRET in HEK293 cells stably expressing WT or mutant 

Nluc-A1R treated with 20 nM CA200645 and increasing concentrations of unlabelled AR ligand, 

enabling concentration-dependent decreases in BRET ratio at 10 min to be determined with the 

response normalised to DMSO. The data at 10 min was then fitted using the “One site – Fit Ki” model 

derived from the Cheng and Prusoff equation built into GraphPad Prism 9.3. HEK293 cells stably 

expressing Nluc-A1R S2677.32 and Y2717.36 mutants were made by Dr Barkan (University of Cambridge). 

Mutation 
NECA A17 A26 A47 

pKi
a n pKi

a n pKi
a n pKi

a n 

WT 6.67 ± 0.05 5 7.87 ± 0.06 6 6.30 ± 0.07 5 7.62 ± 0.06 6 
T913.36A n.b. b 3 8.37 ± 0.07** 3 6.10 ± 0.07 3 7.71 ± 0.06 3 

E1725.30A 5.38 ± 0.06**** 4 7.63 ± 0.08 4 5.98 ± 0.06* 3 7.35 ± 0.05* 3 
L2506.51A n.b. b 4 8.44 ± 0.05** 3 6.15 ± 0.09 3 7.24 ± 0.05 3 
H2516.52A 8.04 ± 0.10**** 4 8.03 ± 0.10* 4 7.15 ± 0.08**** 3 7.57 ± 0.09 3 
S2677.32A 6.31 ± 0.10 5 8.10 ± 0.16* 6 5.97 ± 0.17 6 7.68 ± 0.09 5 
Y2717.36A 5.45 ± 0.06** 4 7.82 ± 0.04 5 6.33 ± 0.07 5 7.02 ± 0.05**** 5 

a Equilibrium binding affinities of the ligands measured with NanoBRET against WT or mutant A1R. 

b n.b. NECA was unable to displace CA200645 at the mutant receptor 
Data are expressed as mean ± SEM of n independent repeats, conducted in duplicate. 
Statistical significance (* p < 0.05, ** p < 0.01, **** p < 0.0001) was determined using ANOVA and 
Dunnett’ s post-test. 

 

From this data, mutants S2677.32A and especially L2506.51A showed significantly increased affinity 

for A17. This was unexpected since the L6.51, which is a key residue for recognition and is highly 

conserved across all four AR subtypes (Barkan et al., 2020; Lagarias et al., 2018). On the other hand, 

the findings for S2677.32A significantly increasing NECA binding affinity at the A1R are consistent with 

previous findings (Jespers et al., 2018). Mutations E1725.30A and Y2717.36A both significantly reduced 

the binding affinity of NECA but had little effect upon A17 or A26 affinity. For NECA, the NanoBRET 

binding assay could not determine any measurable binding at the T913.36A mutant. 

H(6.52) is an important residue in the AR orthosteric side that stabilizes both agonists and 

antagonists through interaction with the different modifications emerging from the core scaffold. The 

mutation H2516.52 to alanine significantly increased the affinity of NECA, A17 and A26 for A1R and for 

A26, especially, this was the only mutant where the compound has shown any appreciable increase in 

affinity. On the other hand, this mutation did not have any significant effect on A47 binding. 

Compound A47 showed most significant reduction in affinity at mutant Y2717.36A, which was in 

contrast to the results for A17 and A26 compounds. Looking at the MD simulations carried out by Prof 

Kolocouris, this might be because of the Y2717.36A mutation affecting nearby contact of A26 with 

H2787.43, as A26 isn’t predicted to directly interact with Y2717.36. 
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6.8 Discussion 

6.8.1 Discovery of potent dual A1 and A3 receptor antagonists 

A1R antagonists have been indicated as potential treatment for chronic heart disease, lung 

diseases as asthma or as potassium-sparing diuretics, while A3R antagonists may be beneficial in cancer 

or eye pathologies (Cohen and Fishman, 2019; González-Fernández et al., 2014; Schenone et al., 2010). 

With the aim of identifying new potent antagonists of the A1R and A3R, in this chapter we have 

investigated 21 compounds with novel pyrazolo[3,4-c]pyridine (A15/A17 and A26 series) and 

pyrazolo[3,4-d]pyridazines (A47 series). Compounds A15 and A17 shared the same substituents at 

position 5- and 7- but had isopropyl and phenyl group at the 3-position, respectively, while compound 

A26 had a different substitution pattern with an acetamido and anilino groups at the 3- and 5-position, 

respectively. Compound 47 then had a 3-phenyl group, a 7-benzylamino and 1-methyl group at the 

pyrazolopyridazine scaffold. 

Following evaluation using cAMP accumulation assay, compounds L3, L4, L5, L7, L8, L9 and A17 

showed biggest potency at A1R and A3R, behaving thus as dual antagonists at the two adenosine 

receptor subtypes. These compounds are pyrazolo-[3,4-c]pyridines with isopropyl or phenyl group at 

3-position, respectively, a cyano or chloro or aminomethyl or N-(arylmethyl)aminomethyl group at 5-

position and an anilino group at 7-position. A26, which is 3-acetamido-5-anilino pyrazolo-[3,4-

c]pyridine, and A47, which is a pyrazolo[3,4-d]pyridazines with a 3-phenyl group, together with a 7-

benzylamino and 1-methyl substitution also belong among the most potent dual A1R and A3R 

antagonists. 

As many compounds targeting the ARs cause wide activation or blockage across all AR subtypes 

due to the similarities between the orthosteric side in the receptors, receptor subtype selectivity was 

also tested using cAMP accumulation assay. None of the tested compounds showed any significant 

activity at the A2AR and while A17 and A47 had slight effect at the A2BR, this was much less that their 

potency at A1R and A3R, meaning the tested compounds are selective dual antagonists for A1R and A3R. 

 

6.8.2 Kinetic profiling of antagonists at the A1 and A3 receptors 

Another important characteristic of potential drugs is their affinity and since the newly identified 

compounds are dual antagonists for A1R and A3R, NanoBRET binding method was used to establish 

compound affinities at these two receptors. The compounds with the highest affinities were generally 

the ones based on A17, including A17 itself, showing nanomolar to mid-nanomolar binding affinities, 
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while 26-derived compounds had low micromolar to 100 nM binding affinities. A47 then had 21 nM 

affinity at the A1R and 55 nM affinity at the A3R with rest of the A47-derived compounds failing to show 

any binding. 

When comparing similar compounds between themselves, it can be noted that even small 

changes in ligand’s structure resulted in significant changes in affinity despite the broad orthosteric 

binding site of the ARs. For example, the replacement of the 5-cyano group in A17 by the 5-chloro 

group in L5 reduced the A1R affinity approximately 30-fold, while the deletion of said 5-cyano group 

reduced the affinity by approximately 100-fold against A1R. At the A3R, there was reduction in affinity 

by approximately 7-fold and 20-fold, respectively. 

It has been increasingly apparent in drug discovery that equilibrium characteristic like affinity is 

not enough to describe drug actions and the extraction of more kinetic parameters is very beneficial 

(Suchankova et al., 2021). Therefore, in this chapter, we have employed the NanoBRET binding assay 

to measure real-time kinetic parameters. At the A1R compounds with the longest residence times of 

30 to 60 minutes were A15, A17, L9, L10 and A47 compared to L3, L5, L8, A26 and L15 having some of 

the shortest residence times of 7.5 to 19 minutes. At the A3R compounds with the longest residence 

times of 35 to 73 minutes were A17, A47, L4 and L5, while L6, L7, L10 and A26 had shortest residence 

times of 5.6-11 minutes. The lead compound A17 had a Kd = 5.62 nM and RT = 41.33 min for A1R and 

Kd = 13.5 nM and RT = 47.23 min for A3R. These data give us more insight into the compounds mode 

of binding and can advise future drug discovery. 

  

6.8.3 MD simulations and mutagenesis give insight into compound binding 

To better understand the binding mode of the compounds, in this chapter we employed in silico 

docking and MD simulations complemented by in vitro mutagenesis and subsequent testing of 

resulting mutants. The MD simulations of the most potent compound A17 showed that this compound 

was stabilised at the A1R using an array of co-operative interactions. This would include interactions 

with TMD5 E1705.28, F1715.29, E1725.30, M1805.38, N1845.42, TMD6 W2476.48, L2506.51, H2516.52, N2546.55, 

TMD7 T2707.35 and Y2717.36. Furthermore, the 5-cyano group of A17 seemed to be stabilized through 

hydrogen bonding interactions with water molecules that entered the binding area between the ligand 

and TMD2 and TMD3. 

The residues mutated in the A1R using single point alanine mutagenesis were T913.36, F1715.29, 

E1725.30, L2506.51, H2516.52, N2546.55, S2677.32 and Y2717.36. Some of these residues like E1725.30, Y2717.36 

or S2677.32 in close proximity to the low nanomolar A17 left the compound affinity for the receptor 

unchanged or reduced, while L2506.51 alanine mutation increased the affinity despite L6.51 being 
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conserved and key for recognition across the 4 AR subtypes. This result suggests that inside the 

orthosteric binding area in a height where L2506.51 is positioned a substituent can be added to A17 to 

increase binding affinity. Mutations T913.36A and H2516.52A  then increased the affinity for A17 as has 

been reported previously for NECA (Jespers et al., 2018; Lane et al., 2012). 

The other two compounds tested with the mutants were A26 and A47. A26 showed only slight 

decrease in affinity at mutant E1725.30A, while it significantly increased at mutant H2516.52A. This is 

interesting since H2516.52 is an important residue in the AR orthosteric side that stabilizes both agonists 

and antagonists through interaction with the different modifications emerging from the core scaffold. 

In contrast to A17 and A26, A47 showed most significant reduction in affinity at mutant Y2717.36A. This 

might be because A47 has π-π interactions with H2516.52, while A26 interacts with nearby 

H2787.43 and not directly with Y2717.36. 

Overall, MD simulations gave us insight into the differences between the binding of individual 

compounds and showed good correlation with the in vitro results. 

 

6.9 Conclusion 

This chapter investigated 21 compounds with novel pyrazolo[3,4-c]pyridine (A15/A17 and A26 

series) and pyrazolo[3,4-d]pyridazines (A47 series) for their antagonistic activity at A1 and A3 receptors. 

Through rigorous in vitro pharmacological testing including the use of cAMP accumulation assay and 

NanoBRET binding assay, several potent antagonists at these receptors were identified including L3 or 

L4, L5, L7,L8, L9, A17, A26 and A47. When tested against the remaining two adenosine receptor 

subtypes A2AR and A2BR, most compounds had no or little effect at either of these receptors, making 

them promising potential therapeutical compounds. Therefore, new selective dual antagonists for A1R 

and A3R were identified. 

The A17 series is not only the most potent overall, but it also has the highest nanomolar to mid-

nanomolar binding affinities measured with the NanoBRET binding method, while the A26 series has 

low micromolar to 100 nM binding affinity against A1R and A3R. A47 compound was then the only one 

of that series to show any significant binding with 21 nM affinity for the human A1R and 55 nM affinity 

for the human A3R. Furthermore, the NanoBRET binding assay enabled the extraction of real-time 

kinetic parameters and uncovered a diverse range of kinetic profiles for the tested compounds. At the 

A1R compounds with the highest residence time of 40 to 60 minutes were A17, L9 and A47, while at 

the A3R A17, A47, L4 and L5 had highest residence time of 35 to 73 minutes. 
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Subsequently, the differences in compounds binding were explored through in silico docking, 

MD simulations, in vitro mutagenesis and NanoBRET binding experiments. The residues mutated in the 

A1R using single point alanine mutagenesis were T913.36, F1715.29, E1725.30, L2506.51, H2516.52, N2546.55, 

S2677.32 and Y2717.36. The differential effect of these mutants on A17, A26 and A47 hints towards 

slightly different binding of these compounds that might account for their differences in selectivity, 

potency, and affinity. 

Overall, this chapter identified some novel potent dual A1R and A3R antagonists with low 

nanomolar affinities at the A1R and A3R. Using computational techniques and in vitro experiments light 

was also shed on how these compounds bind in the A1R pocket. A17 and A47, especially, show a 

promise as a new low nanomolar leads for future work on the A1R and A3R and as starting compounds 

for future drug discovery at these receptors. 
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Chapter 7. General discussion and future directions 

 

7.1 Discussion 

7.1.1 Using combinational in silico and in vitro approach to drug discovery 

Drug discovery and development is very long and very expensive process with traditional 

approaches relaying on stepwise synthesis and in vitro screening of huge compound libraries to identify 

potential hits/leads which are then subjected to iterative chemical optimisation followed by 

experimental evaluation to obtain pre-clinical candidate(s). However, academic laboratories are very 

limited when it comes to accessing high-throughput libraries due to insufficient resources. Here I have 

shown how in silico computational techniques can be integrated to successfully streamline drug 

design, development, and optimization and make it more feasible for academic laboratories. In 

particular, I employed a combinational approach of in silico and in vitro techniques to drive drug 

discovery at GIPR and adenosine receptors. 

Why were these receptors chosen as targets? Although GLP-1R has long been targeted in type 

2 diabetes mellitus, GIPR has mostly been overlooked (Ding et al., 1997; Holst and Rosenkilde, 2020). 

As part of the insulin secretion experiments in chapter 3, I showed that indeed both GLP-1 and GIP 

potentiate glucose stimulated insulin secretion and this could be further potentiated by positive 

allosteric modulators already available in Ladds laboratory. But recently, there has been more and 

more emerging evidence arguing for inhibition of GIPR signalling in adipose tissues, suggesting that 

negative allosteric modulators of the GIP might be beneficial in obesity (Irwin and Flatt, 2009; Killion 

et al., 2018; Miyawaki et al., 2002). Regarding adenosine receptors, this work builds upon a very 

promising A1R selective compound BnOCPA, that has been shown to be a powerful analgesic but does 

not cause sedation, bradycardia, hypotension or respiratory depression, with the aim of further 

improving the potency and selectivity of the compound (Knight et al., 2016; Wall et al., 2022). On the 

other hand, A1R antagonists could be useful as potassium-sparing diuretic agents, drugs for chronic 

heart diseases or lung diseases such as asthma, chronic obstructive pulmonary disease and pulmonary 

fibrosis (Modlinger and Welch, 2003; Schenone et al., 2010; Shah and Frishman, 2009; Wilson et al., 

2009), while A3R antagonists hold potential as treatment for CNS disorders, asthma or eye 

pathogenesis (Barkan et al., 2020). 

The ways in which in silico techniques can be applied to drug discovery of GPCRs and in particular 

GIPR and ARs are multiple. Firstly, there is existing knowledge of various AR ligands, for example NECA, 

adenosine or BnOCPA. As shown in our experiments, NECA is slightly A1R selective, so this knowledge 
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can already hint that modifying the NECA scaffold as was done in chapter 4 can lead to some A1R 

selective agonists like compounds 44, 45 and 51-53. Knowledge of other AR ligands and their various 

modifications can then further inform an in silico search of the available chemical space to design new 

NECA series that has much higher potential for being A1R selective compounds than if a random library 

was screened. A similar approach was originally taken with the GIPR negative allosteric modulators 

building upon the already known compounds C3 and C25. This meant that out of only 7 compounds 

tested in vitro, 4 turned out to be GIPR negative allosteric modulators, translating into more than 50 % 

success rate. Moreover, in silico docking or MD simulations can then be used to research the 

compound’s predicted binding and effects upon the receptor in more detail, which can also be used to 

inform for example in which direction to expand the compound further to achieve higher potency or 

where further expansion might cause steric hindrance. 

Compared to high through-put screening, over 50% success rate is very high. However, the 

drawback is the need for previously known ligands for the receptor. The improvements to the 

compounds are also more likely to be marginal compared to discovering a truly new hit. The problem 

is also that this approach does not introduce new chemical scaffolds to account for attrition in drug 

discovery, instead building on the old ones. Alternative approaches to overcome this drawback is in 

silico screening, which is basically a computational screen of large chemical library against selected 

receptor or receptor site. This approach has been increasingly popular with the emergence of many 

solved receptor structures, including many class A and class B1 GPCRs, and here was successfully 

applied to GIPR to discover new NAMs like T2, T5 or T10. The challenge of this approach was first to 

successfully discover a good GIPR allosteric binding site, which was also achieved with the help of in 

silico docking and other computational techniques as will be discussed below. 

Overall, in silico techniques have lately hugely benefited drug discovery as well as this thesis in 

making drug development less expensive, faster and more accessible to academic laboratories. 

 

7.1.2 Identifying the GIPR allosteric binding site at the top of TMD2/3 and ECL1 

Allosteric binding site can be identified using different approaches and computational 

techniques are again highly useful. The first approach utilised in chapter 3 and 4 was by finding the 

binding site of known allosteric modulators. Therefore, in silico blind docking of C9-related compounds 

(C9 is a GIPR PAM) was carried out against GIPR homology models and two main candidates were 

identified – Site 6 and Site 10. Site 6 lies just below the orthosteric binding site in the middle of the 

receptor and was consistently predicted across all GIPR homology models (Table 4.2) used except 

model 7 based on A2AR. Site 10 lies at the top of TMD2/3 and was most strongly predicted for GLP-1R- 
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and PTHR1- based GIPR homology models. Amino acids from both sites most likely to interact with the 

compounds were then selected based on in silico binding diagrams, mutated to alanine and tested in 

vitro to see whether they affect the behaviour of GIPR NAMs C3 and C25. It was found that mutant 

L1932.70A and later R196A, P197A, Q2113.24A and Q2203.33A significantly decreased C25 efficacy, while 

none of the tested mutants had any effect on C3. All these amino acids are part of Site 10, which was 

then confirmed as the allosteric binding site also for C58. C25 and C58 are both compounds structurally 

related to C9 (C3 is not), so it was not surprising these compounds bound the site predicted by the in 

silico docking of C9 and related compounds. The clever use of in silico blind docking meant we only had 

to test a handful of amino acids in pre-determined locations compared to carrying out large-scale 

mutagenesis study of GIPR that we would have to if we lacked the computational information. 

The second approach is to use in silico techniques for allosteric site identification. The advantage 

of this approach is that there is no need for allosteric modulators to already be known, although 

structural information for the receptor is needed in form of a crystal, Cryo-EM or at least a homology 

model. The different techniques available can be roughly divided into subsequent categories: 

knowledge-, sequence-, geometry-, energy- and dynamics-based techniques. When applied to the 

same GIPR homology models as used in silico docking three main potential allosteric sites were 

identified numbered 6, 7 and 10. Site 6 and 10 are the sites mentioned above, which were in parallel 

also identified through the in silico docking approach, while site 7 wasn’t that prominent in the in silico 

docking poses. Site 7 lies at the bottom middle of the receptor and thus would be only accessible by 

compounds capable of crossing the cell plasma membrane. 

The potential issue with using this second approach is that many of the techniques are not 

tailored specifically towards allosteric site identification but more towards identification of any binding 

site including the orthosteric one or even more generally towards identifying any structurally and 

functionally important amino acids in the receptor. This last characteristic is particularly true for 

sequence-based techniques like multiple sequence alignment or a statistical coupling analysis, which 

were not particularly useful for our efforts. However, once potential sites have been identified using 

other techniques, these methods show that Site 10 is generally less conserved than Site 6 or 7, making 

it more promising for development of selective compounds.  

Knowledge-based methods were then largely limited by the small number of structures solved 

with allosteric modulators and outdated structure banks, thus majorly focusing on orthosteric sites, 

and also poor understanding of the key differences between orthosteric and allosteric site makeup. 

The geometry- and energy-based techniques have proven the best for the aim of identifying a GIPR 

allosteric binding site. They rely on simple characteristic like the depth of the site 3D space and docking 

of small molecules. Since the energy-based techniques incorporate docking of small molecules it is not 
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that surprising that results corelate well with the in silico docking results as the small molecules used 

there are similar to parts of the GIPR allosteric modulators’ structures. Dynamics-based techniques 

offer slightly more information as SPACER can for example additionally identify regions communicating 

with each other. MD-simulations, which could also be classified under dynamics-based techniques has 

not been performed in this study for GIPR allosteric modulators but has advised drug discovery at ARs 

instead. The reason they have not been used for GIPR yet, is because they require large amounts of 

knowledge and computational power but exploiting them for exploration of key compounds (like 

compound C25) binding and activity at GIPR might be very useful to better understand compound 

activity. 

As discussed previously, finding the allosteric binding site of the GIPR allosteric modulators is 

important for multiple reasons including proving whether the compounds are allosteric modulators 

and better understanding the differences between the potency and pathway and receptor selectivity 

of the compounds. It has also enabled an in silico screen against this site carried out by Dr Rahman 

(University of Cambridge), which helped identify multiple new GIPR NAMs T2, T5, T10, T11, T13, T18 

and T26. Using the GIPR Site 10 mutants, T5, T10, T11 and T18 were confirmed indirectly to bind this 

site and while T2, T13 and T26 have not been tested with the mutants yet, the hypothesis is that they 

are also likely to bind this site. 

In silico docking paired with in vitro mutagenesis has managed to identify a GIPR allosteric 

binding site at the top of TMD2/3 and ECL1, which was confirmed as a good binding site by multiple 

other in silico techniques. However, the ultimate direct proof of the compounds binding would be a 

Cryo-Em structure and a collaboration has started between Ladds and Miller (University of Cambridge) 

laboratories to work towards a GIPR and GLP-1R Cryo-Em structure with C58, which is a NAM for both 

of the receptors. 

 

7.1.3 Relative advantages of orthosteric versus allosteric ligands 

This thesis has explored different types of ligands, mainly orthosteric versus allosteric ones. 

Orthosteric drugs are historically slightly favoured by the use of radioligand binding assays for drug 

discovery. It might be slightly easier to achieve higher efficacy with them having an effect straight on 

the orthosteric site, while the effect of allosteric modulators often has to be propagated across a 

receptor. For example, the dual A1R and A3R antagonists discussed in chapter 6 are potent at 0.1 μM 

(A17, A47), while the GIPR NAMs only have an effect around 50/100 μM. 

Key properties of many potential drugs is selectivity. BnOCPA is such a promising compound 

partly due to its A1R selectivity over the other AR subtypes, which has been even exceeded by 
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compounds 45 and 51 having more than 10,000-fold selectivity to the A1R. This is, however, not true 

for many other AR ligands as there is a lot of sequence and structure similarity among the orthosteric 

pockets of the AR subtypes, evidenced by A17 and other compounds being dual antagonists for A1R 

and A3R. The orthosteric pocket of GIPR also shares partial similarity to GLP-1R and GCGR evidence by 

dual and triple agonists of these receptors (Bastin and Andreelli, 2019; Knerr et al., 2022; Zhao et al., 

2021). Allosteric pocket, sterically different to the orthosteric pocket, might offer more potential for 

developing GIPR selective compounds. Indeed, the identified GIPR allosteric site at the top of TMD2/3 

and ECL1 shows little conservation of residues between the three receptors (Figure 4.7) and 

compounds C25, T2 and T5 are GIPR-selective. 

Big differences between ARs and GIPR is that ARs as class A GPCRs, have adenosine as an 

endogenous ligand, which is a small molecule, while class B1 GPCRs, such as GIPR, have more 

voluminous orthosteric site and endogenous peptide ligands such as GIP, which makes it difficult to 

develop small molecule orthosteric ligands against GIPR. On the other hand, all negative allosteric 

modulators identified in chapter 3 are small molecules. Among other advantages of allosteric 

modulators belong their probe dependency, lack of intrinsic selectivity and saturability (Cheng and 

Jiang, 2019; Wootten et al., 2017). 

 

7.1.4 Common aim of drug discovery to increase compound potency 

The common goal of the thesis was to improve compound potency. This was particularly 

successful for A1R agonists with compounds 27, 26, 45, 49 and 51-54 showing pEC50 between 9-10, 

which is higher potency than BnOCPA or the parent compounds adenosine and NECA. It was also found 

that a halogen substituent in the meta position on the aromatic ring confers high efficacy at the human 

A1R and all the most potent hA1R agonists but 45 feature a N6-phenoxycyclopentyl moiety. 

More importantly, this was achieved while retaining selectivity. NECA-based compounds 44, 45, 

51-53 display enhanced A1R selectivity with compounds 45 and 51 being approximately 1500-fold more 

A1R selective than NECA itself, suggesting more than 10,000-fold selectivity overall to the A1R, while 

compounds 22, 23, 26, 27 are A1R selective despite being based on near-equipotent adenosine. The 

selectivity can be driven both by the position of the substituent on the phenoxy group (compounds 26 

and 51 or 30 and 55) or the ribose C-5’ substituent group with the adenosine-derived compound being 

more A1R selective (25 and 50). 

With the antagonists quite high potency was still achieved, in particular L3, L4, L5, L7, L8, L9 and 

A17 showed biggest efficacy at A1R and A3R, behaving thus as dual antagonists at the tested 1 μM 

concentration. However, they are not that selective since they antagonise both A1 and A3 receptors. 
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Generally, it seems that orthosteric A1R ligands are more likely to have an effect on the Gi-coupled A3R 

than at the Gs-coupled A2AR and A2BR, where almost none of the AR ligands tested in chapter 5 and 6 

showed any activity. 

The allosteric modulators then achieved slight improvement in potency with compounds T10, 

T11, T18 effective at 31.6/50 μM compared to the original compounds C3 and C25 effective at 100 μM. 

This is only a little improvement but is somewhat compensated by the increased number of chemical 

scaffolds now present in the GIPR allosteric modulator library, which gives better potential for future 

drug development. 

 

7.1.5 High affinity often correlates with high efficacy 

In addition to efficacy, affinity is also a very important characteristic. At the human A1R, the 

agonists with the highest affinity are 27, 28, 29, 49, 51, 53 and 54, which all have higher affinity than 

BnOCPA and the parent compounds adenosine and NECA alone. They are also all phenoxycyclopentyl 

derivatives and not the benzyloxycyclopentyl derivatives. It is also interesting to note that the A1R 

agonists show a clear positive correlation between their potency (pIC50 values) and affinity (pKi values) 

at the human A1R. Namely compounds 27, 29, 49 and 51-54 were identified as both the most potent 

and strongest binders at the hA1R. All of these except 49 and 51 have a halogen (chloride or bromide) 

substituent, mostly in the meta-position of the aromatic phenoxy ring, suggesting this substituent 

confers both high efficacy and high affinity at the hA1R. Overall, adenosine and NECA 

phenoxycyclopentyl derivatives, and especially those with a halogen substituent as R2 group on the 

aromatic ring, have higher affinity for both human and rat A1R. Considering the substitution position 

on the phenoxy ring, the highest affinity was observed with the halogen in the meta-position (27, 29, 

54), followed by ortho- (28, 53) and the para-position (30, 55). 

Regarding the AR antagonists, the compounds with the highest affinities were generally the ones 

based on A17, including A17 itself, showing nanomolar to mid-nanomolar binding affinities, while A26-

derived compounds had low micromolar to 100 nM binding affinities. A47 then had 21 nM affinity at 

the A1R and 55 nM affinity at the A3R with rest of the A47-derived compounds failing to show any 

binding. Similarly, to agonists these are also the compounds showing highest potency, especially A17. 

For allosteric modulators the affinity is harder to measure. The typical approaches would be a 

competition binding assay (like the NanoBRET assay employed for the AR ligands) with a fluorescent 

ligand or a radiolabelled ligand. Now that an allosteric binding site has been confirmed at the top of 

TMD2/3 and ECL1 for multiple allosteric modulators, it should be possible to tag one of the compounds 

with a fluorophore, measure its binding kinetics and then use it for a NanoBRET competition binding 
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assay to measure the other allosteric modulators binding to the same site. It is again likely that some 

of the most potent compounds would probably also be the best binders. 

 

7.1.6 Evaluating receptor-ligand binding kinetics 

As multiple approved drugs currently on the market show non-equilibrium binding 

characteristics (Schuetz et al., 2017), it is now becoming increasingly clear that a single characteristic 

like affinity measured at equilibrium might not be sufficient for estimating an in vivo efficacy and more 

detailed comprehension of the kinetics of association and dissociation of a receptor-ligand complex is 

needed to evaluate the full pharmacological effect of a drug and its mode of action (Suchankova et al., 

2021). 

For A1R agonists, it was the phenoxycyclopentyl derivatives with the highest affinities for A1R, 

that also had the highest residence times at both human and rat A1R. At the human A1R compound 

with highest residence time is 51 with RT of approximately 42 minutes, followed by 27, 49, 53 and 54 

all also having RT of 29-35 minutes. For the rest of the A1R agonists, and particularly for the 

benzyloxycyclopentyl derivatives, the RT is lower. Regarding the antagonists, the compounds with the 

longest residence times of 30 to 60 minutes at the human A1R were A15, A17, L9, L10 and A47 

compared to L3, L5, L8, A26 and L15 having some of the shortest residence times of 7.5 to 19 minutes. 

At the human A3R antagonists with the longest residence times of 35 to 73 minutes were A17, A47, L4 

and L5, while L6, L7, L10 and A26 had shortest residence times of 5.6-11 minutes. 

Apart from residence times, measuring receptor-ligand kinetics has enabled the calculation of 

other kinetic parameters like kon, koff and pkD, which can help inform future drug discovery. For 

example, the lead A1 and A3 receptor antagonist A17 had a Kd = 5.62 nM for A1R and Kd = 13.5 nM for 

A3R. It might be useful to measure these kinetic parameters also for the GIPR allosteric modulators to 

complement the in silico docking and in vitro efficacy data and help better understand the differences 

between the compounds. 

 

7.1.7 Understanding compounds interactions with the receptor binding site can inform future drug 

design 

Better understanding receptor-drug interactions can help inform drug development. Beyond 

just efficacy and kinetic parameters, insight can also be made from in silico docking, MD simulations 

and in vitro mutagenesis, which together give overall better picture of how a compound binds and 

engages the receptor. 
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As mentioned previously, one of the main aims was to develop more potent compounds. Preti 

et al. (2022) showed that 27 formed key hydrogen bonds with N2546.55, hydrophobic contacts with 

F171ECL2, and oriented the 3-bromophenyl moiety in a hydrophobic sub pocket formed by I692.64, 

N702.65, Y2717.36, and T2707.35 at the A1R. Moreover, 27 is further stabilised by the hydrophobic sub-

pocket that is putatively present only in A1R, hence, 27 cannot be completely stabilized by the other 

AR subtypes. In contrast, compound 20, which is a structurally closely related compound but slightly 

bulkier, was not able to completely accommodate the 3-bromobenzyl group within this pocket and 

therefore displayed higher flexibility at the N6 level, which could contribute to reduced affinity and 

efficacy of 20 compared to 27 at the A1R. This knowledge already helps inform us, which interactions 

we might need to conserve to retain compound selectivity and in which direction the compound should 

not be expanded on in order not to lose efficacy and affinity like 20. Using mutagenesis, they also 

confirmed that 27 had significantly decreased affinity at A1R mutants I692.64A and Y2717.36A, suggesting 

these are likely the interactions we would want to preserve in future compounds. 

Similar amino acids were then indicated as important by MD simulation with the lead dual A1 

and A3 receptor antagonists. For example, compound A17 was predicted to be stabilised at the A1R 

using an array of co-operative interactions including E1705.28, F1715.29, E1725.30, M1805.38, N1845.42, 

W2476.48, L2506.51, H2516.52, N2546.55, T2707.35 and Y2717.36. Interestingly, the A1R mutant L2506.51A 

increased A17 affinity for the receptor despite L6.51 being conserved and key for recognition among the 

four AR subtypes. This result suggests that inside the orthosteric binding area in a height where L2506.51 

is positioned a substituent can be added to A17 to increase binding affinity. Since many of the studied 

amino acids overlap and the agonists and antagonists share the same orthosteric site, it might be 

perhaps useful in future to study a bit more closely, which interactions are key for the agonist effect 

compared to the antagonist one. 

 

7.1.8 Exploring species, receptor and pathway selectivity of the compounds 

In silico docking, MD simulations and in vitro mutagenesis can also give us insight into selectivity. 

Compound can be selective between related receptors, pathways at one receptor or even between 

same receptor in different species. Good example of the interspecies differences is compound 27. As 

a potential drug candidate, it is important to assess affinity at both human and rat A1R, with rats being 

a common model used in the research of various pathological conditions and this was carried out for 

all A1R agonists in chapter 5. Of these compounds, 27 showed a significant difference between affinity 

at human and rat A1R (pIC50 of 7.55 ± 0.11 at hA1R compared to pIC50 of 6.94 ± 0.08 at rA1R) compared 

to other compounds that had similar affinities across both receptors. MD simulations then showed 
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that 27 formed key hydrogen bonds with N2546.55, hydrophobic contacts with F171ECL2, and oriented 

the 3-bromophenyl moiety in a hydrophobic sub pocket formed by I692.64, N702.65, Y2717.36, and T2707.35 

at the hA1R. All of these amino acids are the same for rat and human A1R except T2707.35 (polar 

uncharged) which is instead an I2707.35 (hydrophobic) in rat. Therefore, the interaction of 27 with 

T2707.35 might be important for its binding or the slightly larger isoleucine in the rat receptor could be 

sterically hindering the compound from binding. 

A good example for receptor selectivity are the GIPR allosteric modulators. It was mentioned 

previously that Site 10 at the top of TMD2/3 and ECL1 has a higher potential for developing selective 

compounds compared to Site 6 or the GIPR orthosteric site. A synergic use of in silico blind and focused 

docking together with in vitro mutagenesis has indicated GIPR amino acids L1932.70A, R196A, P197, 

Q2113.24 and Q2203.33 as important for C25 binding and/or efficacy. When looking at these particular 

amino acids more closely and comparing them against GLP-1R and GCGR, it can be noted that only 

L1932.70 is conserved across these three receptors, while the others are not and some of them do not 

even share the same charges or polarity with their counterparts, indicating why C25 might be a NAM 

selective for GIPR over GLP-1R and GCGR. On the other hand, C58, which is a NAM for both GIPR and 

GCGR, loses efficacy only at the L1932.70A mutant, which is the conserved amino acid. It is unlikely that 

C58 acts through a single amino acid, so it would be interesting to explore its binding a bit more 

through either the mentioned techniques or MD simulations and see whether the other amino acids it 

engages are also more conserved. 

T2 and T5 are the other GIPR selective NAMs and the experiments indicate that amino acids 

P197, Q204, N210, Q2113.24 and E28845.52 are important for T5 binding and/or efficacy. T5 is NAM 

selective for (Ca2+)i mobilization pathway same as C25 and the amino acids P197 and Q2113.24 are 

shared between the two compounds despite them having different chemical scaffolds. The remaining 

amino acids Q204, N210 and E28845.52 are then different to C25 but again not conserved across the 

three receptors. The combinational approach of in silico docking and in vitro mutant experiments has 

enabled us to identify multiple amino acids key for NAM activity while retaining GIPR selectivity and 

this knowledge could be exploited when designing new more potent GIPR allosteric modulators. This 

could be done for example by preferentially selecting compounds indicated to bind these amino acids 

or by chemically modifying other compounds to interact with these amino acids. 

The selectivity of the A1R agonists was then explored in a different manner using MD simulations 

(Preti et al., 2022). The MD simulations showed that the lead compound 27 stably bound to A1R and 

A2AR but not A3R. In terms of flexibility, N6 substituents explored divergent conformations in the 

different systems: the 3-bromophenyl group of 27 was highly flexible in A3R or A2AR and more stable 

in A1R, which might at least partly account for the A1R selectivity of the compound.  
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Apart from being receptor selective, ligands can also be pathway selective or in other words 

biased, meaning the preferentially effect one pathway over another (Kenakin, 2019; Wootten et al., 

2018). BnOCPA is a Gob selective A1R agonist (Wall et al., 2022). MD simulations predicted that residues 

R2917.56 and I2928.47, which are located under the N7.49PXXY7.53 motif are likely involved in A1R/Gα 

coupling and show a different propensity to interact with Goa or Gob protein (Deganutti et al., 2021). To 

test this biased signalling, alanine mutants of the A1R R2917.56, I2928.47, Q2938.48 and K2948.49 were made 

and tested with BnOCPA as well as other non-biased agonists. There were some general findings like 

the fact that mutant K2948.49A overall caused the smallest loss of efficacy, while R2917.56A and I2928.47A, 

the two amino acids predicted directly by MD simulations, seemed to overall cause biggest loss of 

efficacy of the agonists. More importantly the bias plot constructed (Figure 5.3.C) showed that there 

were differences between the ligands. It showed that residues R2917.56, I2928.47 and Q2938.48 are 

especially important for CPA and NECA coupling, R2917.56 for adenosine efficacy, and Q2938.48 for 

BnOCPA, while HOCPA was not appreciably affected by any of these mutations. Overall, these 

experiments reinforce the MD simulations predictions that helix 8 residues are involved in the coupling 

of agonist-activated A1R and show that subtle differences between the residue involvements may then 

contribute to the Gα bias observed among these agonists. 

The allosteric modulators also show pathway biased. The original compounds based on C3 and 

C25 together with T2, T5, T13 and T26 are all biased towards the (Ca2+)i mobilization pathway. On the 

other hand, compound T18 despite binding to the same GIPR allosteric site is biased towards cAMP 

accumulation pathway and then some others like T10 and T11 are NAMs for both pathways. It is 

therefore not the whole site but probably specific amino acids responsible for propagating compound 

effects across the receptors and selectively affecting only certain signalling pathways as discussed in 

chapter 3. This is further supported by Wootten et al. (2016) work, where they show that the amino 

acids present in the ECLs of GLP-1R, a closely related receptor to GIPR, are important for triggering 

biased signalling. In silico docking and in vitro mutant experiments can again help us gain more insight 

into which amino acids might be engaged for different pathways, but the trends are not clear, which 

might be helped by testing more of the compounds with the mutants or increasing the number of 

mutants. T11 is the only compound for which the mutants were tested both in (Ca2+)i mobilization and 

cAMP accumulation pathway and different amino acids were found to be important for compound 

efficacy/binding. To be able to better understand this signalling bias of GIPR allosteric modulators it 

might also be useful to generate docking poses with T compounds and compare them both with the in 

vitro results and among themselves. 
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7.2 Future directions 

This thesis focused on the early drug development of GIPR allosteric modulators and AR ligands 

with the main aim of developing more potent and selective compounds. This was largely successful for 

the A1R agonists, where both very potent and very selective compounds were developed. On the other 

hand, the GIPR allosteric modulators would benefit from further increase in efficacy. This could 

possibly be achieved be doing another in silico screen against the identified allosteric site at top of 

TMD2/3 and ECL1, partnering with industry to do a high-throughput competition binding assay screen 

using fluorophore-tagged allosteric modulator or doing SAR studies of the existing compounds to 

improve them further. 

The signalling and behaviour of GIPR and AR ligands was explored in-depth within this study with 

major focus being on the (Ca2+)i mobilization and cAMP accumulation assay. Since only the effects of 

GIPR NAMs selective (Ca2+)i mobilization on β-arrestin recruitment and insulin secretion were 

researched, it would be worthwhile to do the same for NAMs selective for cAMP accumulation assay 

and see how interconnected the signalling pathways of GIPR are. Both calcium and cAMP are 

downstream messengers, so it would be beneficial to explore the biased signalling of both AR and GIPR 

ligands at G protein level using for example the TRUPATH system (Olsen et al., 2020). As it was 

established than not only efficacy, but also affinity and other non-equilibrium kinetic parameters can 

help predict compounds’ success in drug discovery, the GIPR allosteric modulators should be measured 

in a binding assay as well using a fluorophore-tagged allosteric modulator. 

While these compounds can indisputably be useful in future for example to further probe AR 

and GIPR physiology in tissues, the ultimate goal is to develop these into potential treatment. Following 

the pharmacological characterisation carried out in this thesis, the compounds should therefore be 

tested in more physiological systems. Due to GIPR NAMs predicted use in obesity, these compounds 

could be tested in glucagon secretion assay or evaluated for their effects on GIPR signalling in 

adipocytes and on fatty acid uptake. Eventually the most promising of the compounds could be tested 

in obese mice models. A1R agonists following on the BnOCPA work of Wall et al. (2022) could then be 

evaluated for their pain sedative effects in mice similarly to how BnOCPA was. 
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