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ABSTRACT 

The calcitonin receptor (CTR) belongs to Class B1 G protein-coupled receptors (GPCRs). The CTR has 

been identified in several tissues where it has a wide range of physiological roles from bone and calcium 

homeostasis to cell proliferation and differentiation. In humans, there are at least two common CTR 

splice variants (CTRa, CTRb), that have unique expression patterns in different tissues, and two 

polymorphisms (a Leu/Pro substitution in the C-terminal tail) have also been identified. The CTR is 

activated by the calcitonin peptide , a 32 amino acid peptide identified in different species. In addition, 

an endogenous peptide structurally related to VIP, PHM-27, has been reported to act as an agonist to 

this receptor. Upon activation, the CTR pleiotropically couples to Gαs, Gαq and also potentially Gαi 

proteins.  

This thesis examines how natural changes in the receptor structure (splice and polymorphic receptor 

variants) affect intracellular signalling and receptor trafficking, and identifies unique signalling patterns 

for the different splice variants of the CTR. In addition, constitutive internalisation of the hCTR was 

demonstrated in multiple cell systems. Furthermore, the availability of multiple ligands and the 

promiscuous coupling of this receptor allowed for exploration of biased agonism at the CTR. 

Assessment of three distinct signalling pathways (cAMP formation, calcium mobilisation and ERK1/2 

phosphorylation) in presence of multiple ligands for each of the four CTR variants revealed biased 

agonism exists at the CTR. 

To further explore at a molecular level how different agonists engage with the CTRaLeu variant and 

how this may be linked to biased agonism, Ala scanning mutagenesis was performed on ECL2, ECL3 

and adjacent TMs. For each receptor mutant, ligand affinity and three distinct signalling pathways were 

assessed and the pharmacology was assessed using advanced analytical models. Results were mapped 

onto a 3D model of the CTR, identifying distinct networks or residues for driving CTR ligand binding, 

and additionally, distinct residues that were important for intracellular signalling. The use of five 

different CTR agonists revealed that each receptor-ligand pair established unique interactions that may, 

in part, be linked to the observed biased agonism of these ligands. Additionally, comparison of our 
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results with literature on other Class B1 GPCRs revealed that these key networks are only partially 

conserved across receptors of this sub-Class. 

This thesis extends knowledge of the influence of natural CTR variants on intracellular signalling and 

provides key insights into networks of residues important for ligand affinity and activation of distinct 

signalling pathways. This study also highlights that distinct biased CTR agonists differentially engage 

with the receptor to modulate its function. Despite limited structural similarities, different Class B1 

GPCRs engage with the same intracellular signalling effectors (predominantly through Gαs), despite 

engaging with their ligands in a unique manner. However, the overall profile of signalling differs for 

different receptors, and even for the same receptor when in complex with distinct ligands. This 

knowledge could aid rational design of novel therapeutics, and may allow the identification of new 

biased compounds that selectively target specific signalling outputs that may result in more effective 

beneficial ligands in terms of physiological outcomes.  
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1.1 G protein-coupled receptors (GPCRs) 

1.1.1 General introduction 

G Protein-Coupled Receptors (GPCRs) are the largest family of integral membrane proteins in 

eukaryote genome (Bjarnadottir et al., 2006, Fredriksson et al., 2003, Takeda et al., 2002, Venter et al., 

2001). In humans, the family consists of 826 receptors that can recognise diverse ligands including ions, 

pheromones, light-sensitive compounds, odours and molecules connected to taste, neurotransmitters, 

hormones and other small molecules, small peptides and even large proteins and fatty acids (Lagerstrom 

and Schioth, 2008). With such a plethora of stimuli involved, GPCRs can be found in all organs and 

tissues regulating a multitude of physiological functions, making them important therapeutic targets. 

Currently they are the target for over 30% of the drugs on the market (Rask-Andersen et al., 2014, 

Overington et al., 2006, Tyndall and Sandilya, 2005). 

1.1.2 Classification of GPCRs 

Despite low overall sequence homology, GPCRs can be phylogenetically grouped into 5 Classes (or 

Families) that form the GRAFS classification system (Glutamate, Rhodopsin, Adhesion, 

Frizzled/Taste2 and Secretin) (Figure 1.1.1) (Fredriksson et al., 2003), or A to F in the Kolakowski system 

(Kolakowski Jr, 1993). Both classifications are based solely on the transmembrane (TM) core of the 

protein, without taking into account the N-termini or the C-termini. 

Rhodopsin-like receptors (or Class A in the A-F classification) comprises approximately 80% of all 

GPCRs. Receptors of this class bind biogenic amines, neurotransmitters, fatty acids, chemokines, 

neuropeptides, opioids, light sensitive compounds, olfactory and several other small molecules 

(reviewed in (Wolf and Grunewald, 2015, Attwood and Findlay, 1994)). 

Secretin-Family receptors (also known as Class B1) are an evolutionarily ancient group that arose prior 

to the most recent common metazoan ancestor (de Mendoza et al., 2014). The 15 members that 

constitute this family in human, are involved in the physiology and pathophysiology of cardiovascular 

system function, bone homeostasis, glucose regulation, satiety and food intake, migraine, depression, 

stress and anxiety (summarised in (Culhane et al., 2015, Harmar, 2001)). Receptors belonging to this 
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class are characterised by a large extracellular N-termini and are activated by endogenous peptides 

(Harmar, 2001). 

Adhesion receptors (or Class B2) share limited sequence similarities with secretin-like receptors and 

are characterised by a very large extracellular N-termini which contain several domains known to 

facilitate matrix and cell to cell interactions (Hamann et al., 2015, Pisegna et al., 1996). 

Metabotropic glutamate/pheromone group (or Class C) receptors comprise receptors for taste, 

glutamate, calcium and GABA, and play a major role in the nervous system. These receptors form 

obligate dimers and contain several distinct features, including a cysteine rich domain that connect the 

TMs to the N-termini, and a large extracellular N-terminal domain often referred to as the Venus Fly 

Trap domain (VFT). It is the latter that binds the orthosteric ligand (Hampson et al., 2008, Cao et al., 

2009). 

Frizzled/smoothened receptors (or Class F) are involved in cell proliferation, migration and polarity, 

and development of tissues and organs in both embryos and adult. This class is the least studied, with 

limited information known about these receptors (reviewed (Huang and Klein, 2004, Schulte and Bryja, 

2007, Schulte, 2010)). 

To date, endogenous ligands for over 140 GPCRs, referred to as orphans, have yet to be identified 

(Civelli et al., 2013). Thus the physiological role for most of these receptors, which are spread across 

all the different GPCR Classes, remains unknown. 
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Figure 1.1 Phylogenetic tree representation of GPCRs using the GRAFS system, from original work of Fredriksson et al. 

(2003) and modified by Stevens et al. (2013). At the bottom right (blue) the cartoon representing a rhodopsin-like Class A 

GPCR. At the top left (red) the cartoon of a secretin-like receptor, Class B1 with the characteristic large extracellular N-

terminus. At the top right the representation of glutamate Class C (orange), obligate dimers with the Venus fly trap domain at 

the N-termini. (Fredriksson et al., 2003) (Stevens et al., 2013)  
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1.2 Structure-function of GPCRs 

1.2.1 Structure and activation 

All GPCRs share common structural features, including an extracellular N-terminus of varied length, 7 

transmembrane spanning α-helices (TM1-TM7) tightly organised in a bundle and connected by 

alternating loops, 3 intracellular (ILC1, ICL2 and ICL3) and 3 extracellular (ECL1, ECL2 and ECL3), 

and an intracellular C-terminus that may also include an additional amphipathic α-helix (Rosenbaum et 

al., 2009). 

Numerous biophysical and biochemical methods extensively applied to Class A GPCRs have 

highlighted specific arrangement of the TM domain, confirming predictions that the ligands interact 

with their receptors between the juxta membranous region and the upper portion of the TM bundle 

(Rasmussen et al., 2011a, Rasmussen et al., 2011b). Additionally, these studies revealed that receptor 

activation via ligand engagement triggers substantial structural rearrangements at the intracellular face 

of GPCRs that promote specific interactions between receptor and effectors (Kobilka, 2013). These 

include canonical interactions with guanine-nucleotide binding proteins (G proteins), but also G 

protein-coupled receptor kinases (GRK) and β-arrestins. In 1996, Zn2+-crosslinking investigated the 

regions involved in the activation of rhodopsin, identifying relative movements of TM3 and TM6 

(Sheikh et al., 1996) to transition from an inactive receptor to an active state. A similar observation was 

made through cysteine cross-linking and electron paramagnetic resonance by Farrens et. al. (1996). In 

addition, cysteine-crosslinking studies confirmed that similar movements occur in the muscarinic 

receptor subtype 3 (M3 mAChR), showing that full agonist binding resulted in a change of TM6 

orientation (Ward et al., 2006) with TM5 moving closer to TM6 (Ward et al., 2002) and movements of 

the outward face of TM7 towards TM3 in regions that were within close proximity to the orthosteric 

binding pocket (Han et al., 2005). These relative rearrangements are further supported by NMR studies 

(Kim et al., 2013, Nygaard et al., 2013). Other approaches involved the use of environmentally sensitive 

probes that can selectively label accessible residues or groups in a protein structure. The fluorescence 

emission of these compounds depends on the polarity of the environment surrounding the probe and 
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provided information about proximity of residues in helices (Gether et al., 1995, Gether et al., 1997, 

Dunham and Farrens, 1999, Jensen et al., 2001, Ghanouni et al., 2001, Yao et al., 2006, Yao et al., 

2009). In the past decade, numerous crystal structures have been solved providing information on 

structural features of these receptors in their different states of activation. However, GPCRs are highly 

dynamic proteins and these structures represent a small proportion (the most stable) of the ensemble of 

conformations that these receptors can adopt. 211 GPCR crystal structures are currently available, 

covering approximately 45 GPCRs. The majority of these belong to the largest and most studied 

Rhodopsin, Class A GPCR subfamily. Of these, majority receptors have been crystallized bound to 

inverse agonists or antagonists in their inactive conformations, while only few receptors have also been 

refined in complex with agonists to give insight into partly and fully active conformations. In 2008, a 

partially active structure of opsin was also resolved in complex with a fragment of a G-protein α-subunit 

(Scheerer et al., 2008). In 2011 the partially active structure of A2 adrenergic receptor (A2A-R) was 

crystallised in complex with an agonist (Lebon et al., 2011). The same year, the agonist-bound β2-

adrenergic receptor (β2A-R) in complex with a nanobody, that mimics a G protein, supplied the first 

fully active conformation of a GPCR in complex with an effector (Rasmussen et al., 2011a). In 2013, 

the crystal structure of the fully active ternary complex of β2-adrenoreceptor, in complex with its 

agonist and a nucleotide free Gαs heterotrimer, provided insight into structure of a fully active 

conformation (Ring et al., 2013). In 2015, rhodopsin was solved in complex with another effector (β-

arrestin) (Kang et al., 2015), and in 2017 two Class B1 GPCR were solved with heterotrimeric Gαs 

protein (Zhang et al., 2017b, Liang et al., 2017). (Farrens et al., 1996) 

1.2.2 G protein dependent signalling 

GPCRs are very versatile signalling proteins that can modulate the activity of more than one 

intracellular effector. These receptors couple to G proteins, with many having the ability to interact to 

multiple different types of G proteins. Receptor activation and coupling to the G protein heterotrimer 

(α, β and γ subunit) leads to a rearrangement of the G protein structure (Janz and Farrens, 2004),  

exchange of GDP for GTP at the α subunit of the G-protein (Oldham and Hamm, 2008), promoting 

either dissociation of the α subunit from the βγ heterodimer (Lambright et al., 1994) or sufficient 
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rearrangement of the αβγ heterotrimer to allow downstream effector engagement (Bunemann et al., 

2003) (Figure 1.2). Both α and βγ complex regulate the activity of various secondary effectors (Figure 

1.3). Termination of the stimuli occur when the GTP bound to the Gα subunit is hydrolysed to GDP. 

This promotes conformational rearrangements in the Gα subunit and the re-association of the βγ dimer 

(Figure 1.2). 

Multiple Gα subunits have been cloned, and these govern distinct signalling pathways. These can be 

broadly grouped into four main families that primarily differ in their C-terminus sequence. This 

sequence is the primary is the primary region that interacts with GPCRs, and is the major contributor to 

receptor selectivity. The Gαs family acts to activate transmembrane adenylyl cyclase (tmAC), which 

converts ATP into cAMP (Sunahara et al., 1996). The increase in intracellular cAMP activates protein 

kinase A (PKA) and exchange protein directly activated by cAMP (Epac) (Cheng et al., 2008), which 

in turn regulate ion channel opening (Scheuer, 2011), sugar and lipid metabolism (Rui, 2014), promote 

formation of cell junction (Kooistra et al., 2007, Fukuhara et al., 2005), cell adhesion (De Rooij et al., 

1998, Rangarajan et al., 2003, Qiao et al., 2002, Bos et al., 2003), exocytosis and secretion of 

neurotransmitters, hormones and other biologically active molecules (Hatakeyama et al., 2007), and 

activate cAMP response element-binding protein (CREB) that modulates gene transcription (Shaywitz 

and Greenberg, 1999). Gαi/o proteins inhibit tmAC activity and decrease intracellular cAMP production 

(Taussig et al., 1993). Additionally Gαi proteins activate the Src- family tyrosine kinases (Src) (Ma et 

al., 2000) and control gene transcription, cell differentiation, proliferation and survival (Stork and 

Schmitt, 2002, Thomas and Brugge, 1997). Gαq/11 regulates Ca2+ entry and phospholipase C (PLC) 

activity (Rhee and Choi, 1992, Macrez-Leprêtre et al., 1997), that catalyses the conversion of 

phosphatidylinositol (PIP2) into diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3) (Axelrod et 

al., 1988); DAG remains within the membrane while IP3 diffuses through the cytosol and binds to 

calcium channels (known as IP3 receptors) on the endoplasmic reticulum (ER) to stimulate release of 

calcium from intracellular stores. Both Ca2+ and DAG activate protein kinase C (PKC) (Nishizuka, 

1992, Nishizuka, 1995), which in turn influences gene expression, cell secretion, proliferation and 

immune response via activation of nuclear factor (NF-κB) and mitogen-activated protein kinase 
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(MAPK) pathways (Ueda et al., 1996, Moscat et al., 2003). Gα12/13 controls cell cytoskeleton 

remodelling and regulates cell migration through the activation of Rho guanine-nucleotide exchange 

factors (GEFs) (Kozasa et al., 1998, Hart et al., 1998). 

The βγ dimer is also important for signalling: the complex comprises one of the five isoforms of Gβ 

subunit and one of the 12 isoforms of the Gγ, and is tethered to the plasma membrane through 

prenylation at the C-termini of the Gγ subunit. The dissociation from the Gα subunit allows the βγ-

complex to directly interact with AC, inwardly rectifying K+ channels (GIRKs) and Ca2+ channels, 

GPCR kinase 2 and 3 (GRK2/GRK3), multiple isoforms of PLCβ, phosphoinositide 3 kinase γ (PI3Kγ) 

and activation of MAPK pathways (Pitcher et al., 1992, Boyer et al., 1992, Camps et al., 1992, Smrcka 

and Sternweis, 1993, Stephens et al., 1994, Ikeda, 1996, Smrcka, 2008, Sunahara et al., 1996, Wickman 

et al., 1994, Clapham and Neer, 1993). Additionally, depending on which isoforms of the two subunits 

constitute the βγ complex,  the βγ dimer can mediate additional, selective downstream responses 

(Smrcka, 2008).  
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Figure 1.2 G protein activation cycle. (A) Activation of a GPCR causes conformational changes in the receptor that reveal 

the binding pocket for GDP-bound G protein. (B) Interaction with the receptor causes rearrangement of the Gα subunit of the 

G protein that promotes release of GDP and binding of GTP (C). Binding of GTP causes further rearrangement in the G 

protein subunits that leads to the dissociation of the GTP- bound G protein from the receptor (D). Additionally, the 

conformational changes due to the presence of GTP in the α subunit can also promote dissociation from the βγ dimer. In both 

cases (GTP-αβγ trimer, or GTP- α subunit and βγ dimer) the GTP-bound G protein is now in its active conformation and is 

capable of activating secondary effectors. (E) Gα subunit inherent GTPase activity hydrolyses GTP to GDP, terminating the 

signal and promoting re-association of βγ dimer into the inactive GDP-bound αβγ G protein heterotrimer (F). 

 

 

 

 
Figure 1.3 Schematic representation of the signalling pathways downstream of G protein activation caused by interaction 

with GPCRs. Gαs family activates transmembrane adenylyl cyclase (tmAC), to generate cAMP, which regulates the activity 

of protein kinase A (PKA) and exchange protein directly activated by cAMP (Epac). PKA activates ion channels and AMP 

kinases to regulate energy homeostasis, whilst both PKA and Epac can both regulate MAP kinase (MAPK) pathways and 

control gene regulation, cell survival, metabolism and motility. Gαi/o family inhibits tmAC, while it can also active MAPK 

pathways. Both Gαq/11 and Gα12/13 can control protein kinase C (PKC) activity; the former through the activation of 

phospholipase C (PLC), the latter through activation of phospholipase D (PLD). Downstream of PKC are MAPK and nuclear 

factor (NF-κB) that regulate immune response, gene expression and cell remodelling. Gα12/13 also regulate the activity of 

Rho, which regulates the cytoskeleton, and is thus upstream of cell shape and motility. Additionally Gα12/13 can control the 

activity of inwardly rectifying K+ channels (GIRKs) and Ca2+ channels. Similarly βγ dimer can act on GIRK as well as AC, 

PLCβ, PI3Kγ and MAPK.  
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1.2.3 GPCR internalisation and regulation 

Multiple mechanisms are involved in modulating the intensity and duration of GPCR cellular responses; 

these include desensitisation, internalisation, degradation and downregulation. The fastest mechanism 

of modulation is desensitization, which involves uncoupling of the receptor from its intracellular 

effectors and may take place within seconds from the application of a stimuli. Internalization occurs 

within minutes and employs scaffolding proteins to remove receptors from the cell surface and 

segregate them into intracellular compartments (Ferguson, 2001). Once inside the cell, the receptor may 

initiate signalling from intracellular compartments (Calebiro et al., 2010), can be degraded in 

lysosomes, or be recycled to the cell surface for sequential rounds of activation (Dale et al., 2004). 

Downregulation of receptors can be achieved by degradation of existing protein, reduction of trafficking 

of receptors to the plasma membrane, or diminished protein or mRNA synthesis. 

1.2.4 GPCR desensitisation mechanisms 

Two independent mechanisms of desensitization can modulate GPCR signalling (Kelly et al., 2008, 

Ferguson, 2001) (Figure 1.4). 

Heterologous desensitization refers to the loss of response of GPCRs (either ligand-bound or in their 

apo form), caused by the activation of a different receptor, through either direct receptor 

phosphorylation or to changes in downstream signalling events (Steele et al., 2002). Stimuli that 

increase intracellular cAMP or diacylglycerol have the potential to activate protein kinases, such as 

PKA (Benovic et al., 1985, Hausdorff et al., 1990, Clark et al., 1988) or PKC (Murthy et al., 2000); 

these can phosphorylate the intracellular domain of an apo GPCR to reduce the coupling of G protein 

to that receptor and terminate its ability to signal. 

Homologous desensitization occurs at an activated receptor, whereby a ligand-bound GPCR is 

phosphorylated at threonine or serine residues within its intracellular face by GRKs (Freedman and 

Lefkowitz, 1995, Gurevich et al., 2012). This phosphorylation produces high affinity sites for 

scaffolding proteins, such as β-arrestin1 or β-arrestin2, which translocate from the cytosol to the plasma 

membrane. Interaction with the receptor promotes conformational change within β-arrestin, exposing 
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binding sites for clathrin and AP-2 adaptor complex at the C-terminus of β-arrestin that initiates the 

internalization processes (reviewed by (Gurevich and Gurevich, 2013)). Homologous desensitization 

not only allows the cells to tune G protein dependent signalling by reducing the number of receptors at 

the plasma membrane available for interaction with ligand, but can also have an effect on gene 

transcription, apoptosis and cell motility, as scaffolding proteins such as β-arrestins can also act as 

signalling effectors (Lefkowitz and Shenoy, 2005, Luttrell and Gesty-Palmer, 2010). 
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Figure 1.4 Schematic representation of the conventional view of internalisation and regulation mechanism following 

GPCR activation. (A) A GPCR binding an agonist A recruits G protein and triggers intracellular signalling. (B) GPCR can 

be phosphorylated by GRK (homologous desensitisation) or PKA/PKC (heterologous mechanism). (C) This causes uncoupling 

and termination of G protein dependent signalling and exposes high affinity sites for β-arrestins. (D) The coupling of the latter 

promotes internalisation of the receptor into endosomal compartments. Recent data reveal GPCRs can also signal from these 

intracellular compartments (E). Internalised receptors can be then sorted toward lysosome for degradation (F) or uncoupled 

from the extracellular stimuli (G) and recycled to the cell surface (H) for further activation from the ligand.  
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1.2.5 G protein independent signalling 

It is becoming increasingly evident that, in addition to performing regulatory functions, a ligand bound-

GPCR-β-arrestin complex is also able to independently signal through multiple mechanisms, including 

promotion of phosphorylation of MAP kinases such as ERKs (Luttrell et al., 2001), c-Jun N-terminal 

kinase 3 (JNK3) and several other proteins such as phosphatases, ubiquitin ligases and transcription 

factors (Luttrell and Gesty-Palmer, 2010, DeWire et al., 2007). The intensity and duration of this 

signalling cascade can also depend on the strength of the interaction between receptor and the adaptor 

protein: β-arrestin1 and 2 can make either transient or stable interactions with a GPCR, causing distinct 

conformational changes in the arrestin structure, that can lead to specific downstream signalling via 

distinct interactions of these scaffolding β-arrestin proteins with numerous signalling molecules (Lee et 

al., 2016a). 

1.2.6 Biased agonism 

GPCRs are highly dynamic structures that can shift between multiple conformations. Distinct ligands 

can interact with the same GPCR and stabilise distinct ensembles of receptor conformations with each 

different conformational state of the receptor modulating affinity and activation for different effectors 

(Kim et al., 2013). Thus a ligand, through the stabilisation of distinct receptor conformations, has the 

potential to promote differential activation of effectors promoting distinct signalling profiles (Figure 1.5). 

This phenomenon is called ligand-directed signalling bias or biased agonism (Kenakin, 2011, Kenakin 

and Christopoulos, 2013). 

There are many examples of different ligands acting at the same GPCR that produce a unique signalling 

fingerprint. One of the first examples reported was PAC1R, where PACAP(1-38) peptide is more potent 

than PACAP(1-27) in cAMP production, whereas the opposite is true in IP production (Spengler et al., 

1993). Since then, examples of biased agonism have been reported for many different GPCRs of all 

classes, and this includes differential engagement and activations of G protein subtypes as well as β-

arrestins (Bologna et al., 2017, Rajagopal et al., 2010). 
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The concept of signalling bias is extremely important when we consider the physiological implication 

of the simultaneous activation of multiple signalling pathways. Theoretically, activation of one effector 

pathway could lead to beneficial effects that are desirable in therapy (Figure 1.5, signal 1), whereas the 

activation of a second pathway could translate into side effects (Figure 1.5, signal 2). In this scenario, a 

ligand that can specifically activate the signalling pathways leading to beneficial effects, while 

inhibiting, or sparing, those that elicit adverse effects would be an exemplary therapeutic compound. 

Some examples of this can be found for the β2AR and angiotensin II type 1 receptor (AT1-R) where 

agonists that specifically activate the β-arrestin pathways over the G protein axis produce cardio 

protective effects (Galandrin et al., 2016, Noma et al., 2007, Kim et al., 2008, Whalen et al., 2011). 

To design better therapeutics it is therefore of extreme importance to understand, for a defined receptor, 

which pathway activation profile leads to beneficial effects or adverse ones, and what structural 

determinants give rise to this biased agonism. 

 

 

 

Figure 1.5 Schematic representation of biased agonism. GPCR (represented in red) can pleiotropically couple to more than 

one intracellular effector and trigger multiple cellular responses (signal 1 and 2). Distinct ligands (A and B) have the potential 

to modulate the efficacy of coupling of the receptor to the effectors (arrows), and control the physiological outcome of a 

specific GPCR activation.  
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1.3 Drug-receptor theory and pharmacological quantification of 

efficacy using operational models 

1.3.1 Drug-receptor theory 

In 1957 Del Castillo & Katz (Del Castillo and Katz, 1957) described a mechanism of action for ion 

channels (later applied to receptors) by combining enzyme theory, whereby an enzymatic reaction 

requires the formation of substrate-enzyme complex to proceed, with their observations that ion 

channels could bind several compounds but only some produced tissue depolarization. They proposed 

that ion channels could exist in two states, inactive (R) or active depolarizing (R*) forms, and a ligand 

(A) could interact with the inactive state of the receptor to form an intermediate state (AR); agonists 

can promote conformational changes in the receptor (from R to R*), and the process is a reversible 

mechanism that is governed by affinity/isomerisation constants. 

Equation 1: 

 

Subsequent improvements of this two-state theory introduced several additional concepts: to explain 

the constitutive activity of receptors. Wyman and Allen proposed that the receptors could exist in an 

active conformation (R*) in the absence of the ligand (A) (Wyman and Allen, 1951). Agonists have 

higher affinity for the R* state over R and can shift the equilibrium toward the active state (Karlin, 

1967), while antagonist would not differentiate between the two states of the receptor (Gaddum et al., 

1955, Gaddum, 1957). Compounds such as inverse agonists, that preferentially bind R over R*, shift 

the equilibrium toward R and reduce spontaneous basal activity of the receptor (Thron, 1973). 

Equation 2: 
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While the two state model can be applied to enzymes, ion channels and also GPCRs, it became clear 

that for the latter group, an additional level of complexity was required. In order to elicit a cellular 

response, GPCRs recruit intracellular effectors (E) such as G protein, arrestins and kinases. DeLean et 

al. (1980) extended the two state model into the ternary complex model, to include the recruitment of 

the intracellular effector, postulating that E has to couple to the R* (R*E) to produce a cellular response.  

In presence of receptors that require agonists to elicit an intracellular signal, A would form a ternary 

complex (AR*E), while it is possible that this complex can exist independently of A and would be 

responsible for agonist-independent basal activity (Samama et al., 1993). (De Lean et al., 1980) 

Equation 3: 

 

1.3.2 The operational model of agonism 

The first attempt to mathematically quantify how a stimuli drives a cellular response was proposed in 

the early 20th century by Clark (Clark, 1933), where the law of mass-action was incorporated into a 

function that correlated the cellular effect to concentration of agonist and occupied receptor. This model 

was based on the assumptions that the response was proportional to the amount of receptor occupied, 

and that the maximal response to an agonist corresponds to the maximal response of the tissue itself. 

As such, the model could not explain the effect of partial agonists, only capable of triggering 

submaximal response even at saturating concentrations. Ariëns (Ariens, 1954) therefore introduced the 

concept of intrinsic activity α, a proportionality factor characteristic of a specific ligand, that allows for 

scaling of the amplitude of the response elicited. α=1 for full agonists, 1<α<0 for partial agonists and 

α=0 for antagonists. 

Based on Nickerson’s observations that some agonists can trigger maximal tissue response while 

occupying only a fraction of available receptors (Nickerson, 1956), Stephenson improved the model to 

introduce the concept of efficacy (Stephenson, 1956): defined as the strength of a stimulus in triggering 

a tissue response. Furchgott then further revised this model to separate tissue-dependent parameters and 
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ligand-specific parameters, and introduce the concept of intrinsic efficacy (ε) of a ligand that is the part 

of efficacy purely dependent on the agonist and independent from tissue properties (Furchgott, 1966). 

At this point, the theory was then composed of two parts: properties related solely to the ligand-receptor 

interaction (such as affinity of a ligand for the receptor and intrinsic efficacy) and tissue-dependent 

properties (comprising receptor expression and efficiency of coupling of the tissue effector to active 

receptor to produce a response (β)). 

In 1983 Black and Leff (Black and Leff, 1983) revised the previous theories proposing a new model 

where tissue response was described by 3 parameters: receptor expression [Rt], the disassociation 

constant of the agonist-receptor complex (KA), and efficiency of the response upon coupling of the 

effector to activated receptor (KE). A new term τ (transducer ratio) was introduced to define agonist 

efficiency, which is the ratio [Rt]/KE and corresponds to the amount of receptor that needs to be occupied 

to obtain half maximal response in the tissue. Defined as such, τ is independent from ligand affinity, 

but is correlated to intrinsic efficacy of the ligand and tissue-specific parameters, allowing the relative 

comparison of different agonists (either full or partial agonists) within the same system. 

Equation 4: 

𝐸 =
𝐸𝑚𝑎𝑥 ∗ 𝜏 ∗ [𝐴]

𝐾𝐴 + (1 + 𝜏) ∗ [𝐴]
 

The Black and Leff operational model is commonly applied to measure biased agonism (Kenakin et al., 

2012). Concentration-response curves for different ligands and pathways define the maximal response 

(Emax) that can be obtained in a specific cell system. The Black and Leff operational model uses Emax 

and concentration of agonist [A] to derive, for each ligand and pathway, the transduction ratio τ/ KA. 

This ratio can be compared to a reference ligand, for each compound and pathway investigated, allowing 

quantification of bias (Kenakin and Christopoulos, 2013). 

1.4 Secretin-like, Class B1 GPCRs 

1.4.1 Class B1 subfamily 

Secretin-like receptors (Class B1) bind peptides, which range in length from 26 to 114 amino acids. 

Class B1 GPCRs are characterised by a large extracellular N-terminus domain (NTD), the typical 7TM 
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bundle, and an intracellular C-terminus. Despite these common features, the 15 GPCRs that constitute 

this class of receptors share no more than 50% sequence homology. Based on structural similarities, 

Class B1 GPCRs can be further subdivided into 5 groups. 

Vasoactive intestinal peptide receptors (VPAC1 and VPAC2) are associated with vasodilation, cardiac 

function and regulation of gastrointestinal tone and secretion. Structurally similar to the VPACs, 

pituitary adenylate cyclase-activating polypeptide receptor (PAC1) (Ng et al., 2012) plays a role in brain 

development, neurotransmission and neuromodulation (Vaudry et al., 2000, Shen et al., 2013). 

Pathologies associated with this receptor include neurodevelopment disorders, schizophrenia and post-

traumatic stress disorder (Ressler et al., 2011). 

Corticotrophin-releasing hormone receptors (CRFR1 and CRFR2) play a role in the stress response and 

are potential targets for the treatment of anxiety, depression, anorexia nervosa, stroke and 

neurodegenerative disorders such as Huntington’s disease, Alzheimer’s and Parkinson’s (Schank et al., 

2012). 

The glucagon-related receptor subfamily consists of 6 GPCRs involved in glucose homeostasis (secretin 

receptor SCTR, glucagon receptor GCGR, gastric inhibitory polypeptide receptor GIPR and glucagon-

like peptide 1 receptor GLP-1R), intestinal function and nutrient intake (GLP-1R and GLP-2R), gastric 

emptying and secretion (GLP-1R, GIPR and SCTR), and growth and development ( growth hormone-

releasing hormone receptor GHRHR). These functions make this subclass or receptors appealing targets 

for the treatment of type II diabetes and obesity (Drucker, 2006, Cho et al., 2012). 

Parathyroid hormone receptors (PTHR) regulate calcium homeostasis (PTHR1) and are involved in 

neurotransmission of pain (PTHR2) (Gensure et al., 2005). Pathologies associated with these receptors 

include Jansen’s metaphyseal chondrodysplasia (a form of dwarfism), and other forms of skeletal 

development (Schipani et al., 1996, Jobert et al., 1998). 

Calcitonin (CTR) and calcitonin receptor-like receptor (CLR) share about 50% sequence identity. CTR 

is involved in bone homeostasis and remodelling (Dacquin et al., 2004), while CLR plays a role in 

cardiovascular homeostasis and nociception (Poyner et al., 2002). Both receptors form heterocomplexes 

with receptor activity modifying proteins (RAMPs), which modify receptor function (discussed in 
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Section 1.4.6). Calcitonin-like receptors bind to peptides that are characterised by a disulphide bond at 

the N-terminus (between Cysteine 1 and 7 in calcitonin  peptide (CT), 2 and 7 in amylin(AMY) and 

calcitonin gene-related peptide (CGRP), 16 and 21 for adrenomedullin (AM)) (Routledge et al., 2017). 

1.4.2 Class B1 structure 

The NTD that distinguishes the class B1 sub-group of GPCRs is a ~15kDa structure (~100-200 residues) 

with an overall common architecture, whereby one α-helical domain and two antiparallel β-sheets are 

linked by three completely conserved disulphide bonds and five loops. This region contains a highly 

conserved hydrophobic groove that forms part of the binding site for the orthosteric peptide (Section 

1.4.3 for the binding-activation mechanism). Crystal and NMR structures of the isolated NTD, both apo 

and/or bound to their physiological peptides have been solved for the majority of the secretin-like 

receptors (Culhane et al., 2015, Parthier et al., 2009, Lee et al., 2016b, Hennen et al., 2016, Dong et al., 

2014, Booe et al., 2015, Kusano et al., 2012, Johansson et al., 2016). The common structure of this 

domain is shown in (Figure 1.6). 

The NTD is connected to the 7TM bundle through TM1, which for some receptors extends above and 

away from the plasma membrane (Hennen et al., 2016, Liang et al., 2017, Siu et al., 2013). This region 

of the receptor is referred to as the stalk (historically named J junction), but is not present in the recently 

solved structure of GLP-1R (Song et al., 2017). 

Crystal structures of the isolated 7TM bundle of the GCGR (Siu et al., 2013) and CRF-1R (Hollenstein 

et al., 2013) were solved in 2013, both in complex with an antagonist. This year five new Class B1 

structures were published: a EM structure of hCTR bound to an agonist and Gαs protein heterotrimer 

(Liang et al., 2017) (Figure 1.7), a full length inactive crystal structure of GCGR, bound to an antagonist 

antibody and a small molecule negative allosteric modulator (Zhang et al., 2017a), a highly modified 

isolated TM bundle domains of GLP-1R bound to two small molecule allosteric modulators (Song et 

al., 2017), and a full-length active GLP-1R bound to an agonist and G protein (Zhang et al., 2017b).  
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Figure 1.6 Comparison of Class B1 NTD-ligand structures. (A) NTD crystal and NMR structure of Class B1 were 

superimposed using Molsoft ICM and coloured as follows: (A) in red CTR (pdb 5II0), in orange PTH-1R (pdb 3C4M), in 

yellow CLR (pdb 4RWF), in green GLP-1R (pdb 3IOL), in blue GIP (pdb 4HJ0), in purple CRF-1R (pdb 3EHT) and in black 

CRF-2R (pdb 2JND). (B) Comparison of ligands binding poses: when co-crystallised with the NTD, ligands were coloured 

according to their receptor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 Active hCTR in complex with sCT and Gαs protein heterotrimer (5UZ7) (Liang et al., 2017). Cryo-EM structure 

of the TM of hCTR (blue ribbon) in complex with the αβγ Gαs protein heterotrimer (azure, green and yellow surface 

respectively). The NTD of hCTR is highly flexible and was only refined at lower resolution with Cryo-EM. However, the crystal 

structure of the N-termini of hCTR in complex with sCT has been recently solved (Johansson et al., 2016) (5II0) and could be 

fitted into the CTR EM density (light blue ribbon). The C-termini of sCT (red balloon) and was present in the NTD crystal 

structure, whereas the extreme N-termini of the peptide was not resolved. Nonetheless, the Cryo-EM data shows density for 

the peptide backbone at the top of TM bundle and the N-termini could be modelled (orange balloon). Images were generated 

using ICM Molsoft.  
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1.4.3 The peptide ligand binding site and two domain model of Class B1 GPCR 

binding and activation 

The juxta membrane portion of the GPCRs consisting of the NTD, the extracellular portion of TM 

bundle and the ECLs contain distinct features for each Class of GPCR. Each ligand-receptor pair may 

couple with a distinct mode, due to the size and position of the binding pockets and nature of the 

physiological ligands. For Class B1 GPCRs, a two-domain mechanism (Hoare, 2005, Hollenstein et al., 

2014) of interaction between orthosteric ligand and receptors has been proposed (Figure 1.8). According 

to this model, the C-terminus of the peptide ligand initially forms a high affinity interaction with the 

NTD (Figure 1.8 B). These interactions then orientate the N-terminus of the peptide toward the top of 

the TM domain and the extracellular loops of the receptor (Figure 1.8 C) (Al-Sabah and Donnelly, 2003, 

Neumann et al., 2008, Dong et al., 2014, Wootten et al., 2016, Dong et al., 2016, Koole et al., 2012b). 

The peptide N-terminus then interacts with the TM bundle triggering conformational changes within 

the receptor TM bundle that expose the binding sites for intracellular effectors (Figure 1.8 D). 

Mutagenesis and crosslinking studies support the initial interaction between the NTD and the peptide 

C-terminus, and truncation of the C-termini of the peptides or generation of hybrid ligands dramatically 

impairs ligand affinity, but only partially affects receptor activation (Holtmann et al., 1995, Laburthe et 

al., 2007, Bergwitz et al., 1996, Runge et al., 2003b, Runge et al., 2003a, Stroop et al., 1995). 

Furthermore, in all the available structures of isolated NTD-ligand complexes (Pal et al., 2012, Parthier 

et al., 2009, Bergwitz et al., 1996, Barwell et al., 2010, Booe et al., 2015, Liang et al., 2017) (with the 

exception of PAC-1R-PACAP NMR structure (Sun et al., 2007)), ligands of Class B1 receptors show 

similar binding poses within the NTD domain (Parthier et al., 2009, Hollenstein et al., 2014, Pal et al., 

2012) (Figure 1.8 B). The peptide C-terminus fold into an amphipathic α-helix that establishes 

hydrophobic and hydrophilic interactions within the hydrophobic cleft of the NTD. Similarly, the 

alignment of available NTD structures of Class B1 GPCRs (Parthier et al., 2009, Hollenstein et al., 

2014) (Figure 1.6 A) highlights a completely conserved folding of the NTD, with the exception of the 

loops (in particular loop 4). Despite the similar binding mode, the ligands of Class B1 have generally 



 21   

 

low affinity for the other receptors of this Class besides their own (Runge et al., 2003a, Bergwitz et al., 

1996, Runge et al., 2003b, Stroop et al., 1995, Holtmann et al., 1995, Laburthe et al., 2007). Such 

specificity is attributed to three factors: the ligand sequence that is only partly conserved across different 

peptides (Pal et al., 2012) , the extremely low sequence homology between NTDs of receptors of Class 

B1 (Pal et al., 2012), and the small changes in orientation of the loops in the NTD between different 

receptors. These three factors contribute to determine unique interactions that allow the sorting of 

ligand-receptor pairs. There is also a second network of interactions between the N-terminus of the 

ligand and receptor, which is important for receptor activation and that will be discussed in Section 

1.4.5. 

The second step of the two-domain model is the re-orientation of the NTD to correctly position the N- 

terminus of the peptide towards the top of support the TM bundle (Figure 1.8 C). The unavailability of 

high resolution full length apo structures and the availability of two low resolution EM structures of 

full length Class B1 GPCRs bound to peptide ligand (Liang et al., 2017, Zhang et al., 2017b) high 

flexibility of the NTD. Further evidence also comes from the full length GCGR X-ray structure, which 

was achieved only by using an antibody that stabilises the NTD (Zhang et al., 2017a). It has been 

proposed that the reorientation of the NTD relative to the TM bundle is promoted by specific interaction 

between the mid-region of the peptide ligand. These interactions are confirmed by numerous 

crosslinking and mutagenesis studies (Dong et al., 2014, Zhao et al., 2016) and by the recently solved 

structures of the full length CTR and GLP-1R in complex with an agonist and Gαs protein heterotrimer 

(Liang et al., 2017, Zhang et al., 2017b). This conformational rearrangement is of extreme importance 

for quiescence/activation of some (glucagon-like sub-class (Koth et al., 2012, Mukund et al., 2013, Yin 

et al., 2016, Zhao et al., 2016)) but not all (corticotrophin- and parathyroid-hormone-like sub-class 

(Nielsen et al., 2000)) Class B1 receptors: for glucagon-like receptors, the quiescent state would be 

maintained by interaction between NTD and the ECLs. The ligand forms interactions with the stalk, 

forcing the NTD away from the TM bundle to reveal the peptide N-terminus binding site in the receptor 

core (Zhao et al., 2016, Koth et al., 2012). This model is also supported by the full length structure of 

the GPL-1R in complex with GLP-1 agonist, where ligand forms a rigid body that stabilises the NTD 
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(Zhang et al., 2017b). For corticotrophin- and parathyroid-hormone-like receptors the NTD freely 

exchanges between conformations in absence of the ligand. Thus far evidences have shown that the 

NTD for these receptors functions as a high affinity trap for the ligand, while an effect on receptor 

quiescence have not yet been observed (Nielsen et al., 2000). 

The final step in the two domain model proposes specific interactions between the N-termini of the 

ligands with juxta membrane portion of the TM bundle (Figure 1.8 D). The importance of these 

interactions for receptor activation is widely supported by truncation of ligand N-terminus of various 

Class B1 receptor peptides that produce competitive antagonists (Rivier et al., 1984, Hinke et al., 2001, 

Donnelly, 2012, Gardella and Juppner, 2001, Bergwitz et al., 1996). A plethora of information involving 

chimeric receptors and hybrid ligands, mutagenesis and photo-crosslinking studies, and the recent 

ligand-bound fully active receptor complexes of  two Class B1 structures highlight specific residues in 

all the three ECLs and the top of the TM helices bundle (except TM4) that define the peptide binding 

pocket (Dong et al., 2014, Wootten et al., 2016, Dods and Donnelly, 2015). However, in spite of these 

similarities, there are also differences across Class B1 sub-families: corticotrophin-like ligand N-termini 

are significantly longer than the other peptides for this Class. Additionally, the calcitonin-like ligands 

are characterised by a cyclic ring that provides wider steric hindrance compared to the linear features 

of the other peptides. These factors translate to structural difference in the binding pockets, with 

calcitonin binding in a slightly different position in the CTR (Liang et al., 2017) compared to GLP-1 

bound to the GLP-1R (Zhang et al., 2017b) and that predicted for other ligands of Class B1 (Siu et al., 

2013, Wootten et al., 2016, Dods and Donnelly, 2015, Weaver et al., 2017) (Figure 1.9). From 

mutagenesis studies, it is also becoming evident that different orthosteric ligands can establish distinct 

interaction with the residues that line the binding pocket of the receptor, and therefore trigger biased 

signalling (discussed in Section 1.4.5).  
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Figure 1.8 Two domain model representation of ligand-receptor interaction of class B1 GPCRs. (A) Apo receptor in grey 

and ligand in warm colours. (B) The C-terminus of the endogenous ligand makes contacts with NTD of the receptor. This 

interaction orientates N-termini of the peptides toward the extracellular domain of the TM bundle (C) to promote 

conformational changes of the receptor structure and intracellular recruitment of intracellular effectors, in this diagram 

represented by the G protein heterotrimer (D). 
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Figure 1.9 Superimposition of Cryo-EM structure of agonist-bound GLP-1R (Zhang et al., 2017b) and CTR (Liang et al., 

2017). Ribbon representation of CTR and GLP-1R (in blue and green, respectively) bound to sCT and GLP-1 (in orange and 

yellow, respectively) were superimposed using ICM Molsoft to show differences in binding mode of these two agonists with 

their receptors. Despite poor electron density for the side chains of the sCT peptide, there was enough density to model the 

backbone of this peptide within the CTR groove (Liang et al., 2017).  (A) Side view and (B) top view of the N-terminus of these 

peptides interacting with their receptor binding cavity. While there is partial alignment of the peptide ligands, the N-termini 

ring bounding the last 6 residues of sCT provides additional steric hindrance when compared to the linear GLP-1, dictating 

a different binding pose for the CT peptide.  



 24   

 

1.4.4 Similarities between Class A and B1 GPCRs 

The large NTD characteristic of Class B1 GPCRs is not present in Class A, whereas the GPCR 

structures available for both Classes show a conserved overall organization of the 7 helices that 

constitute the TM bundle. When compared with inactive crystal structures of Class A GPCRs (Figure 

1.10 A), the extracellular region of the TM bundle displayed a very different orientation between Class 

A and B, with Class B1 adopting a more open V-shaped conformation, probably due to their very 

different binding modes for their endogenous ligands (Figure 1.10 B and E). However these structures 

revealed also a conserved orientation of the cytoplasmic face on the TMs (Figure 1.10 C and F) and 

patterns that may extend across different families of GPCRs. The structure of the transmembrane 

domain of the metabotropic glutamate receptor 5 (mGlu5, a Class C GPCR) was also solved in 2014 

(Dore et al., 2014), and confirms again a more divergent than structure at the extracellular face of the 

bundle and a similar orientation of the helices at the intracellular face.  

Analogies between Classes extend beyond the general architecture of secondary structure. Although 

Class A and B1 GPCRs share little sequence homology (less than 12%), specific residues or networks 

of residues, that are known to be important for receptor activation, are conserved. A conserved 

disulphide connecting ECL2 and the top of TM3 confers structural constraint in all GPCRs.  

Upon ligand binding, GPCRs undergo rearrangement of the 7TM bundle. Although the conformational 

changes within the receptor that lead to recruitment of intracellular effectors are largely unknown for 

Class B1, there is limited evidence to support the hypothesis that part of the activation mechanism may 

be conserved across Class A and B1. Despite the low sequence conservation, the overall organisation 

of the TM grove in the cytosolic face of GPCRs is clearly maintained in all the available structures of 

GPCRs, both in the inactive (Figure 1.10 C) and the active conformations (Figure 1.10 F). Besides the 

structural organisation, the cytosolic face of the receptor (intracellular portion of the TM bundle, ILCs 

and C-terminus) also acts as interaction site for the same repertoire of intracellular effectors. 

Additionally, for Class A GPCRs, it is known that ligand binding leads to the sharp outward slant of 

TM6 (Lee et al., 2015) , which allows the opening of the binding sites for intracellular effectors. A 

similar motion in the cytoplasmic portion of TM6 relative to TM3 is required for receptor activation for 
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both Class A (rhodopsin (Sheikh et al., 1996) and β2-AR) and a member of Class B1 (PTHR (Sheikh 

et al., 1999)). A highly conserved proline residue in TM6 was shown to be the hinge that allows this tilt 

of the α-helix upon activation in both Class A (Shi et al., 2002) and B1 (Conner et al., 2005, Bailey and 

Hay, 2007, Knudsen et al., 2001, Conner et al., 2007, Barwell et al., 2013, Dong et al., 2012). However, 

a much greater kink occurs around this Pro present in TM6 of Class B1 (as evident from the recently 

published active state structures of CTR 125 and GLP-1R (Zhang et al., 2017b)) relative to the active 

state Class A structures (β2AR, A2AR and rhodopsin) (Figure 1.10 D, E and F). Such difference may be 

linked to the larger structure of Class B1 ligands compared to β2AR, A2AR and rhodopsin ligands (Figure 

1.10 E). 

Deeply embedded within the TM bundle, GPCRs are characterised by a network of polar residues 

connecting TM 2, 3, 6 and 7. Ligand binding causes the reorientation of these residues, driving structural 

reorganization along the TM grove and opens the binding pocket for intracellular effectors. The residues 

that constitute this network are less conserved across Classes, but their organisation is preserved in both 

Class A and B1 (Angel et al., 2009, Venkatakrishnan et al., 2013, Wootten et al., 2015, Hollenstein et 

al., 2013, Wootten et al., 2013, Siu et al., 2013, Liang et al., 2017, Song et al., 2017, Zhang et al., 2017a, 

Zhang et al., 2017b). In Class A, the D(E)R3.50Y motif forms an ionic lock at the base of TM2, TM3 

and TM6 in the inactive state (Rovati et al., 2007, Ballesteros et al., 2001).  Re-orientation of the 

residues of the DRY motif allows the outward movement of TM6, exposing a cavity within the receptor 

where the C-terminal α5- helix of the G protein makes contacts (Lebon et al., 2011, Scheerer et al., 

2008, Rasmussen et al., 2011a, Ring et al., 2013) (Figure 1.10 F). This DRY motif is absent in class 

B1, however the  H2.50E3.50T6.42,Y7.57 motif (Class B1 numbering based on (Wootten et al., 2013)), 

located one turn above in the secretin-like compared to the rhodopsin-like receptors, has been proposed 

to play a similar role (Barwell et al., 2013, Vohra et al., 2013, Kirkpatrick et al., 2012, Wootten et al., 

2013, Chugunov et al., 2010, Gaudin et al., 1998, Couvineau et al., 2003, Turner et al., 1996, Schipani 

et al., 1996, Tseng and Lin, 1997, Conner et al., 2006b). This hypothesis is supported by the recently 

published GLP-1R and CTR active structures (Liang et al., 2017, Zhang et al., 2017b) which show that 

the H2.50E3.50T6.42Y7.57 is also disrupted upon receptor activation, leading to the analogous outward 
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movement of TM6. The residues one turn below the HETY motif of Class B1 (R2.46, R/L6.37, N7.61 and 

G8.41) establish an additional polar network between TM2, 6, 7 and Hx8 (discussed below) that holds 

the Class B1 in the inactive conformation (Song et al., 2017, Zhang et al., 2017a, Siu et al., 2013) (not 

visible in CRF-1R structure (Hollenstein et al., 2013) due to absence of Hx8).  Upon activation, this 

second lock is also disrupted to allow rearrangement of the TM bundle (Liang et al., 2017, Zhang et al., 

2017b). 

A second conserved motif of Class A is NPXXY7.53 (in TM7) important for receptor packing and 

activation. The motif is also absent in Class B1, but based on mutagenesis studies and molecular 

simulation VXXXY(/F)7.53 has been proposed to be the equivalent in the secretin-like receptors (Vohra 

et al., 2013, Wootten et al., 2013, Conner et al., 2007, Langer and Robberecht, 2007).  

The TM proximal terminal of the intracellular C-terminal tail of GPCRs is organised in an 8th 

amphipathic α-helix (Hx8) (Figure 1.10 C and F) that sits parallel and partially embedded in the plasma 

membrane. In Class A and B1, Hx8 and ICL3 have similar functions and are known to be involved in 

receptor expression, G protein recruitment and internalisation (Krishna et al., 2002, Tetsuka et al., 2004, 

Santos et al., 2006, Aratake et al., 2012, Kirchberg et al., 2011, Conner et al., 2008, Seck et al., 2003, 

Conner et al., 2006a). In fact, sequential truncation of Hx8 causes reduction of cell surface expression 

and receptor function in both CTR and CLR (Liang et al., 2017, Conner et al., 2008). Hx8 is visible in 

several published structures of Class A (Moreira, 2014) and 2(3) Class B1 (Siu et al., 2013, Liang et 

al., 2017, Song et al., 2017, Zhang et al., 2017a, Zhang et al., 2017b). However, Hx8 appears to be 

longer in the secretin-like receptors than the rhodopsin-like receptors (Figure 1.10 C and F). Cryo-EM 

structures, crosslinking and mutagenesis studies in Class B1 GPCRs have demonstrated that the binding 

domain for G proteins includes the 3 ICLs (particularly ICL2 and ICL3), TM6 and the Hx8, where Hx8 

appears to establish interactions with ICL1 and Gβ, interactions that are not present in the published 

Class A structures (Liang et al., 2017, Zhang et al., 2017b, Moreira, 2014).  
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Figure 1.10 Schematic representation of available Class B1 structures and comparison with Class A β2-AR. (A) Inactive 

β2-AR structure (pdb structure 2RH1 in orange) superimposed with the inactive GCGR (4L6R in blue); top (B) and bottom 

(C) prospect of the TM bundle. (D) Side view of the active crystal structures of β2-AR (3SN6, orange) superimposed to active 

CTR (5UZ7, azure), C-terminus αhelix 5 of Gαs protein is represented in grey and black; top (E) and bottom (F) prospect of 

the TM bundle. Images were generated using ICM Molsoft or UCSF Chimera 1.8.1  
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1.4.5 Biased agonism at Class B GPCRs  

Many Class B1 receptors are known to pleiotropically couple with more than one G protein (Pisegna et 

al., 1996, Segre and Goldring, 1993, Nabhan et al., 1995) and most also recruit β-arrestins (Sonoda et 

al., 2008, Zindel et al., 2016, Shetzline et al., 2002, Oakley et al., 2007). Additionally, most Class B1 

receptors bind more than one ligand. It is therefore not surprising that biased agonism is evident for this 

Class of receptors. The first reported example of this was seen for PACAP(1-38) and PACAP(1-27), 

which bind to PAC-1R. These ligands produce a more potent Gαs dependent cAMP signal with the 

former ligand, and a more potent IP signal with the latter (Spengler et al., 1993). TIP39 and PTH are 

both agonists of the PTH-2R, but can differentially modulate G protein and β-arrestin signalling 

(Appleton et al., 2013, Gesty-Palmer et al., 2006). Mutagenesis studies on PTH-2R and GLP-1R 

revealed that biased signalling can be linked to specific interactions between the peptide and residues 

deeply embedded within the TM bundle of the receptor (Weaver et al., 2017, Wootten et al., 2015). 

Increasing body of information is available about the importance of distinct residues within ECLs and 

TMs of the Class B1 receptors in defining intracellular signalling and specific interactions that are 

important in triggering biased agonism (Dong et al., 2014, Wootten et al., 2016). Good examples are 

the extensive mutagenesis studies on GLP-1R and how these mutations affect the binding and signalling 

of different known biased agonists: specific residues in ECL2, ECL3, TM5, TM6, TM2 and adjacent 

portion of ECL1 are important for cAMP and Ca2+ signalling, whereas interactions with ECL3 (but not 

ECL2) trigger ERK1/2 signalling (Wootten et al., 2016, Koole et al., 2012b). Additionally, these studies 

have revealed that different ligands establish unique interactions with the receptor that likely promote 

distinct receptor conformational changes and cause biased signalling (Wootten et al., 2016, Koole et 

al., 2012b, Wootten et al., 2015, Weston et al., 2014). 

The understanding of which residues in the receptor structure trigger the activation of one pathway over 

another can significantly aid the design of new therapeutic compounds, by potentially promoting the 

activation of ideally only beneficial pathways, and avoiding those predicted to lead to on-target adverse 

effects.  
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1.4.6 Accessory proteins and GPCR heterocomplexes with RAMPs 

First described in 1998 (McLatchie et al., 1998), receptor activity-modifying proteins (RAMPs) are a 

class of three membrane integral proteins (RAMP1, RAMP2 and RAMP3) characterised by a large 

extracellular N-terminal domain, a single pass transmembrane α helix and a short intracellular C-

terminus. Ten Class B1 GPCRs (VPAC1, VPAC2, PTHR1, PTHR2, CRF1R , CLR, CTR, GCGR, GLP-

2R , SCTR) as well as the calcium sensing receptor (Class C), the oestrogen receptor GRP30 (Class A) 

and non-GPCR proteins such as β-tubulin  can interact with RAMPs (Routledge et al., 2017). 

The interaction with RAMPs has the potential to alter receptor trafficking, ligand binding and receptor 

signalling. The best characterised examples are CTR and CLR, where formation of heterocomplexes 

with RAMPs selectively alters trafficking, ligand specificity and signalling (Poyner et al., 2002, Hay et 

al., 2006). Specifically, the CTR can traffic on its own to the cell surface in the absence of RAMPs, 

whereas CLR requires the interaction with one of the three RAMPs for efficient expression at the plasma 

membrane (McLatchie et al., 1998, Bühlmann et al., 1999). The presence of RAMPs also expands the 

range of physiological activities of these receptor, with dramatic changes in both affinity, specificity 

and/or activation of downstream signalling profile. Coexpression of CLR with RAMP1 results in a 

receptor phenotype with high affinity for calcitonin gene-related peptide (CGRP) that is involved in 

pain modulation (Benemei et al., 2009), whereas the interaction with RAMP2 or RAMP3 generates an 

adrenomedullin receptor type (AM) (Hilairet et al., 2001), which regulates the tone of the cardiovascular 

system (Taylor et al., 2005). Although RAMPs are not required for CTR trafficking, complexes between 

CTR and RAMP1 generate receptors with high affinity for CGRP, whereas complex between CTR and 

with any one of the three RAMPs forms an amylin (AMY) receptor, involved in glucose homeostasis 

and food intake (Reda et al., 2002). The CTR variant involved in the formation of heterocomplex with 

RAMPs, the subtype of RAMP as well as cell backgorund change both AMY affinity and receptor 

function (Christopoulos et al., 1999, Tilakaratne et al., 2000, Zumpe et al., 2000, Christopoulos et al., 

2003, Poyner et al., 2002, Dacquin et al., 2004, Hay et al., 2005, Morfis et al., 2008). Additionally, the 

three RAMPs contribute to the coupling efficiency of the AMY, CGRP and AM receptors to G protein 

(Morfis et al., 2008, Weston et al., 2016). 
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1.5 The calcitonin receptor (CTR) 

1.5.1 Physiological role of the CTR 

The calcitonin receptor (CTR) belongs to the calcitonin subfamily of the secretin GPCRs. In the absence 

of RAMPs, its predominant physiological agonist is calcitonin, a 32 amino acid peptide secreted by the 

thyroid gland in response to increases in the circulating calcium concentration. 

The CTR is expressed in multiple tissues. It is highly expressed in osteoclasts (Fujikawa et al., 1996b, 

Nicholson et al., 1986) where it reduces their bone remodelling activity (Kallio et al., 1972), promotes 

cell survival (Selander et al., 1996) and differentiation from the bone marrow precursors (Cornish et al., 

2001, Quinn et al., 1998, Fujikawa et al., 1996a, Wookey et al., 2010). Similarly, it regulates 

differentiation of leucocytes and their precursors (Wookey et al., 2010, Marx et al., 1974, Perry III et 

al., 1983). In kidneys, the CTR is localized in the thick ascending limb of the loop of Henle and in the 

distal convoluted tubule (Sexton et al., 1987, Marx et al., 1972) where it influences the excretion of 

calcium and stimulates diuresis (Carney, 1996). The CTR has been identified in different organs of the 

gastrointestinal system where it reduces gastric function (DuBay et al., 2003), gastric acid and pepsin 

secretion and release of amylase (Goebell et al., 1979, Hotz and Goebell, 1975), and its activation 

reduces food intake in rodents (Eiden et al., 2002) and primates (Bello et al., 2010) through a direct 

action in the CNS. In different areas of the brain (Hilton et al., 1995, Liberini et al., 2016, Fabbri et al., 

1985, Bower et al., 2016) CTR activation also increases secretion of endorphins, cortisol and ACTH 

(Shah et al., 1990, Rohner and Planche, 1985, Laurian et al., 1986). In lungs CT receptor activation 

blocks bronco-constriction by reducing the release of thromboxane and prostaglandins and inhibiting 

the effect of substance P (Becker, 1993). High expression of the CTR in sperm, the uterus and placenta 

(Kuestner et al., 1994) suggests a role in fertilisation and placental function. Additionally, elevated 

levels of CT during the early stages of gestation reveal a potential role in the development of the 

blastocyst and facilitation of implantation (Wang et al., 1998). Although the CTR has been identified 

in several cancer tissues and may offer a new therapeutic target, studies have been inconsistent, with 

opposing effects on cell proliferation depending on the type of tumour or tumour derived cell line 
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studied (Mould and Pondel, 2003, Thomas and Shah, 2005, Thomas et al., 2007, Thomas et al., 2006, 

Lacroix et al., 1998, Sabbisetti et al., 2005). 

1.5.2 CTR as therapeutic target 

Although not the first therapeutic choice, the CTR is currently targeted for the treatment of severe, well-

established osteoporosis (Cosman et al., 2014), due to its inhibitory effects on osteoclast activity that 

leads to the reduction of bone remodelling and resorption (Yamamoto et al., 2005a). However, due to 

this action, agonists of the CTR (human and salmon calcitonins) are more commonly used in the 

treatment of diseases of high bone turnover such as Paget’s disease and osteogenesis imperfecta 

(DeRose et al., 1974, Castells et al., 1979, Langston and Ralston, 2004): the first involves an excessive 

bone resorption while the latter is a congenital disorder characterised by impaired development of the 

bone matrix that translates into brittle bones and predisposition to fractures. 

CTR agonists are also used as an adjunct therapy in the treatment of hypercalcemia of malignancy, 

which is a frequent complication of melanoma, breast and lung cancers. In these pathologies, the tumour 

often releases parathyroid hormone-like factors to promote osteolysis. Treatment with CTR agonists 

aims to reduce bone resorption, as well as to increase the excretion of blood calcium (Minhas and Virdi, 

2017). 

Additionally, several in vivo and clinical studies report calcitonin peptides can be used to modulate pain 

(Blanchard et al., 1990, Jaeger and Maier, 1992, Eskola et al., 1992, Miralles et al., 1987, Gennari et 

al., 1986, Micieli et al., 1988). Although the mechanism is still largely unknown, CTR ligands 

potentially have both central and peripheral analgesic effects: CT administered by nasal spray or 

subcutaneously passes the blood-brain barrier and accumulates in the central nervous system (CNS) 

where it induces a direct analgesic effect through increasing the release of endorphins. Peripherally, the 

activation of CTR reduces inflammation by inhibiting the release of inflammatory mediators, reducing 

blood vessels permeability and modulating calcium flux (Azria, 2002). 

CTR stimulation also produces opposing effects in several cancerous tissues, increasing proliferation 

of some, while reducing it in others. Calcitonin treatment of breast cancer cell lines reduced tumour 

proliferation (Lacroix et al., 1998, Nakamura et al., 2007), whereas it promoted proliferation in prostate 
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cancer cell lines (Sabbisetti et al., 2005, Thomas and Shah, 2005, Thomas et al., 2006, Thomas et al., 

2007). This suggests that in some tumours CTR agonists may be beneficial therapeutics, while in other 

forms of cancer CTR antagonists may be a better treatment of the disease. The studies on prostate cancer 

cell lines have opened a debate about pharmacological use of commercial CTR agonists. Although no 

strong correlation has been identified between the use of CTR agonists and increased risk of cancer 

development, the European Medicines Agency (EMA) in 2012 and the Food and Drug Administration 

(FDA) in 2013-2014 revised the guidelines for the prescription of CTR agonists to include a boxed 

warning in case of patients with prostate cancer. 

1.5.3 Natural occurring CTR isoforms and splice variants 

The CTR has been identified throughout the vertebrate phylum (Arlot-Bonnemains et al., 1983, 

Lasmoles et al., 1985) and in other organisms of the animal kingdom (Sekiguchi et al., 2009, Coast et 

al., 2001, Zandawala et al., 2013). In humans, alternative splicing of the calcitonin receptor gene 

(CALCR) located on chromosome 7 (Yamin et al., 1994) produces multiple splice variants of the 

receptor. The first isoform to be cloned, in 1992, contains a 16 amino acid insert in ICL1 and is now 

named CTRb, (previously termed CTRI1+ or hCTR1 (Gorn et al., 1992)). A second isoform was later 

isolated from mammary carcinoma and is termed CTRa (CTRI1- or hCTR2) (Kuestner et al., 1994). 

Analysis of expression in tissues where the CTRa and CTRb isoforms have been identified shows 

significant variation in relative expression of CTRb compared to the CTRa (Kuestner et al., 1994, Frendo 

et al., 1994, Gorn et al., 1995, Gorn et al., 1992). 

In 1995, Albrandt et al. (1995) reported a third isoform of human CTR (Δ(1-47)CTRa) from human 

breast carcinoma MCF-7 . Sequencing of RT-PCR product revealed identity with the hCTRa clone 

except for the deletion of the first 47 residues at the N-term of the receptor. Recombinant expression in 

COS-7 cells of the Δ(1-47)CTR clone demonstrated binding of sCT with similar affinity as displayed 

for CTRa. Although protein expression has not been confirmed in non-transformed cell lines, Δ(1-

47)CTR mRNA is co-expressed with the other 2 splice variants in skeletal muscle, kidney, lung and 

brain cell lines (Albrandt et al., 1995). PCR analysis indicates that the two splice variants are expressed 

at different levels in different tissues and the differential physiological responses observed to CTR 
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activation in vitro/in vivo may be due to the prevalence of one isoform over the other (Kuestner et al., 

1994). 

Single-nucleotide polymorphisms (SNP) are defined as variations in the genome of individuals of a 

species that are present in at least 1% of the population. It is not surprising that SNP are also present in 

GPCRs (Small et al., 2003, Lee et al., 2003) and the CTR has a common polymorphism, where the 

substitution of a single nucleotide at the 3’ end of the CALCR gene (within the sequence encoding 

residue 447 at the CTRa) leading to either a Proline (CCG) or a Leucine (CTG) residue (Egerton et al., 

1995, Gorn et al., 1995). The Pro residue is conserved throughout vertebrates, while the Leu variant 

found in humans seems to be a variation correlated to the ethnicity. Asian background, in particular in 

the Japanese population, have genotypes that code predominantly for the proline variant (Nakamura et 

al., 1996) while Caucasians, Hispanics and African-Americans tend to be either leucine (homozygous) 

or leucine/proline (heterozygous) (Wolfe et al., 2003). (Albrandt et al., 1995) 

Albrandt et al. (1995) also reported a polymorphism where threonine 347 (in TM6)  is substituted by 

isoleucine. This variant is not properly classified as a SNP, nor can numerous other polymorphisms 

found in the pfSNP (potentially functional SNP search engine), because, as per the definition, they have 

not been reported in at least 1% of the population. 

In some cases, GPCR SNPs are associated with increased risk of disease, in particular when present in 

the TM bundle (Balasubramanian et al., 2005, Jaing et al., 2003). In the CTR, the T347I polymorphism 

does not affect cAMP formation in recombinant cells (Qi et al., 2013).  The P447L polymorphism is 

extremely common and contradictory evidence exists that leave an open discussion on whether a 

correlation exists between disease and polymorphism can be associated with ethnic background. 

Clinical studies where patients with different ethnic background were genotyped indicated a potential 

correlation between an increase in osteoporosis and kidney stone disease incidence and people 

expressing the leucine variant (Masi et al., 1998a, Braga et al., 2002, Masi et al., 1998b, Mitra et al., 

2017). A comparable number of clinical analyses, also suggest no statistical correlation exists between 

disease and the polymorphisms (Dehghan et al., 2016, Wolfe et al., 2003). 
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1.5.4 Calcitonin ligands 

The endogenous ligand of the CTR (CTR) is a 32 amino acid peptide named calcitonin . CT peptides 

have been cloned from several species and all are characterised by a disulphide bond between Cysteines 

1 and 7, a highly conserved amidated proline at the carboxyl-termini, but a divergent sequence in the 

mid-region of the peptide, between residues 10 and 27. 

Human CTR (hCTR) can bind different CTs with distinct affinities; salmon calcitonin (sCT), for 

instance, has highest affinity, followed by porcine CT (pCT), with the endogenous ligand, human CT 

(hCT), having lower affinity. In addition, the kinetics of binding also differ, with sCT capable of 

establishing pseudo-irreversible interactions with the receptor, whereas the hCT peptide has a binding 

t½ of between 10 and 30 minutes (Hilton et al., 2000, Moore et al., 1995, Furness et al., 2016). The C-

terminus and mid region of these peptides are the least conserved and are known to be responsible for 

these differences in both affinity and binding kinetics (Hilton et al., 2000, Furness et al., 2016). 

Nevertheless, all these ligands have similar efficacy in cAMP signalling, although not in all cell 

backgrounds (Kuestner et al., 1994, Wolfe et al., 2003, Moore et al., 1995). 

In 2004, Ma et al. reported a 27 residue endogenous peptide that also acts as an agonist at the CTR (Ma 

et al., 2004). The peptide, named PHM-27, is not structurally related to the CT peptides and originates 

from the same precursor of the endogenous vasointestinal peptide (VIP) (Bodner et al., 1985, Itoh et 

al., 1983, Bloom et al., 1983), which binds to VPAC1 and VPAC2 receptors. To date this peptide has 

not been widely characterised. 

Most CTR ligands are peptides, including all the ones used therapeutically. As medications, peptides 

have no oral bioavailability (unless appropriately formulated (Karsdal et al., 2015)) and their 

administration via injection or nasal spray has low compliance (Karsdal et al., 2015). Additionally, long 

term treatment with CT agonists, such as sCT, can lead to development of antibodies and resistance to 

therapy. There has therefore been interest in developing small molecules that act as a calcitonin mimetic 

and that could be orally administered (Boros et al., 2005, Katayama et al., 2001, Dong et al., 2009). 

When compared to hCT, one of these compounds (SUN B8155) appeared to be a low potency, full 

agonist for CTR in both rodent and human cell lines (CHO, UMR106-06, T47D and SaSO2) and, 
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similarly to CT, lowered Ca2+ blood levels in rats (Katayama et al., 2001). In the same study, data 

suggested that this compound could be an allosteric agonist of the CTR receptor, as it was unable to 

compete with the physiological agonist hCT at concentrations up to 100 μM in all hCTR transfected 

cells. Importantly, its signalling was not abolished in presence of up to 1 μM of the orthosteric 

antagonist sCT(8-32). Similar results were also obtained by Dong et al. (2009). However, these 

compounds were not very efficacious and were therefore abandoned. (Dong et al., 2009) 

cCT CASLSTCVLGKLSQELHKLQTYPRTDVGAGTP 

sCT    CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTP 

pCT   CSNLSTCVLSAYWRNLNNFHRFSGMGFGPETP 

hCT CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP 

  

PHM-27 HADGVFTSDFSKLLGQLSAKKYLESLM 

 

Table 1.1: Sequence comparison of more commonly studied CT and PHM-27 peptides. The CTs have been aligned and 

residues highlighted in green are identical amino acids, those in blue are conservative substitutions, those in orange are semi- 

conservative substitutions, and those in black non-conserved. Due to low homology PHM-27 has not been aligned with the 

CTs. 

1.5.5 CTR signalling 

Ligand binding promotes coupling of the hCTR to several G proteins, but as with all Class B1 GPCRs, 

the predominant interaction is with Gαs protein, to activate tmACs and increase intracellular cAMP 

levels. This has been reported in several endogenous  and recombinant systems expressing hCTR 

(Chabre et al., 1992, Raggatt et al., 2000, Nicholson et al., 1986, Kuestner et al., 1994, Moore et al., 

1995, Gorn et al., 1995, Wolfe et al., 2003, Findlay et al., 1980, Gorn et al., 1992, Frendo et al., 1994). 

Despite their distinct affinity, all CT peptides described in Section 1.5.4 can trigger a similar cAMP 

response upon binding to the hCTR, suggesting that lower affinity ligands such as hCT are more 

efficacious in activating Gαs protein at this receptor. This hypothesis has recently been supported by 

Furness et al. (2016), hCT promotes a ternary complex with higher affinity for GTP, a faster G protein 

turnover resulting in a faster production of cAMP at sub-saturating concentration of agonist compared 

to sCT. This study also revealed faster kinetics of G protein activation. These distinct effects were 

dependent on distinct conformations of the G protein that were dependent on the ligand bound to the 

receptor. (Furness et al., 2016) 
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The CTR can also couple to Gαq, activating the phospholipase C (PLC) pathway and triggering a rapid 

mobilisation of intracellular Ca2+ from the endoplasmic reticulum (ER) (Chabre et al., 1992). While the 

hCTRa splice variant is able to elicit this iCa2+ response, the hCTRb does not produce this response 

(Kuestner et al., 1994, Moore et al., 1995). 

There is limited evidence that the CTR also promotes activation of Gαi proteins (Chen et al., 1998, 

Lacroix et al., 1998), however this interaction between receptor and Gαi protein may be temporally 

limited to the S phase (but not G1/G0 or G2) of the cell cycle at least in some cell types (Chakraborty 

et al., 1991). 

Phosphorylation of extracellular regulated kinases 1 and 2 (pERK1/2) and protein kinase B (PKB, also 

known as Akt) also occurs downstream of CTR activation (Raggatt et al., 2000, Thomas and Shah, 

2005), and activation of those pathways is generally involved in cell survival and apoptosis (Nakamura 

et al., 2007). ERK phosphorylation also increases expression of urokinase plasminogen activation 

(uPA), an important factor in tumour invasion (Han et al., 2006). CTR stimulation can suppress cell 

growth in breast cancer cells line that present constitutive activation of ERK1/2 pathway, but not in 

cells where pERK1/2 is not constitutive (Nakamura et al., 2007). Additionally, activation of the hCTRa 

but not hCTRb inhibits cell proliferation in transfected HEK293 (Raggatt et al., 2000). 

β-arrestin recruitment can promote intracellular signalling independently of G protein for GPCRs 

(Kendall and Luttrell, 2009). Only one study to date has investigated the interaction between these 

effector proteins and the hCTRa, through a complementation-based arrestin recruitment assay 

(Andreassen et al., 2014). The study revealed a transient interaction of the receptor stimulated with hCT 

compared to a sustained interaction with sCT, consistent with the different kinetics of binding of the 

two ligands. Transient vs sustained interaction with β-arrestins may lead to a distinct temporal 

intracellular signalling or even biased agonism (Shukla et al., 2011, Lee et al., 2016a). However, it is 

important to note that the specific arrestin recruitment assay used had a CTR with a modified (V2 

receptor) C-terminus, and thus it is not clear if this arrestin interaction is physiological. To date, other 

signalling events have not been extensively studied.  
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It is important to understand whether there are distinct signalling profiles triggered by different ligands, 

and to understand the mechanisms of activation of the CTR family as it has therapeutic implications for 

development of therapeutics. As the CTR promiscuously couples to multiple intracellular effectors, and 

multiple ligands can activate the receptor, there is potential for CTR to display biased agonism. 

However, to date this concept has not been explored for this receptor. 

1.5.6 CTR trafficking 

T47D (human breast cancer derived cells) endogenously co-express the hCTRa and hCTRb and display 

internalisation of the receptor when incubated at 37 ̊C (Findlay et al., 1982). Similar observations could 

be made for MCF7 (human breast cancer), BEN (human lung cancer) and OCL (osteoclasts-like cells) 

(Lamp et al., 1981, Wada et al., 1995, Findlay et al., 1980, Michelangeli et al., 1982). The presence of 

the 16 amino acids insertion in ICL1 was reported to impede the internalization of the hCTR transfected 

in BHK recombinant cells (Moore et al., 1995). Both Michelangeli et al. (1982)  and Schneider et al. 

(1988) used protein synthesis or trafficking inhibitors and concluded that, in several cancer cell lines, 

the internalised  receptor is degraded while new receptor is continuously synthesized and transported to 

the plasma membrane. Seck et al. (2003) followed the constitutive internalisation of CTR in  HEK293, 

M2 and A7 cell lines and reported that the receptor can recycle to the plasma membrane from endosomal 

compartments when it associates with acting-binding protein filamin, and that agonist stimulation 

prevents receptor degradation and promotes recycling over degradation by inhibiting calpin protease 

activity (Seck et al., 2003). Besides the observation that hCTR does internalises in several cellular 

backgrounds, it has yet to be determined the mechanism behind CTR trafficking, whether receptor 

variants (splices and polymorphisms) internalise at different rates, if distinct ligands affect the 

mechanism or kinetic of internalisation. Additionally, the possibility of constitutive trafficking has yet 

to be explored.  
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1.6 Structure-function studies on the CTR: ligand interaction and 

receptor activation 

1.6.1 NTD-ligand interactions 

As discussed in Section 1.4.4, the NTD of Class B1 GPCRs is the principle binding site for the C-

termini of orthosteric ligands. In the absence of ligand, the NTD has the potential to exchange between 

closed states, where NTD may interact with the ECL3 for some Class B1 receptors (Figure 1.11 B), and 

a more open conformation, with the NTD moving away from the TM bundle (Figure 1.11 A)  (Yang et 

al., 2015). The binding of the ligand could stabilise a subset of these conformations (Figure 1.11 C). For 

CTR however, it is unlikely that ligand would promote a completely open conformation, because the 

use of a ligand with a rigid α-helical structure that would stabilise the open conformation inhibits both 

affinity and signalling (Andreotti et al., 2006). Additionally the Cryo-EM structure of the full length 

CTR in complex with the ligand shows a tilted orientation of the NTD relative to the TM bundle, and a 

degree of flexibility that was evident in low resolution 3D class averages (Liang et al., 2017). 

Specific interactions are established between the C-termini of CT ligands and the NTD was originally 

proposed based on experiment testing chimeras of (PTHR/CTR) exchanging the NTD and stimulation 

by CT/PTH ligands (Bergwitz et al., 1996). Sequence 22-32 appears to be the minimal requirement for 

high affinity CT binding at the NTD, and T25, T27, G28 and P32 of the sCT are fundamental for the 

interaction with the receptor NTD (Lee et al., 2016b). 

Chimeric receptors between CTR/SECR or CTR/GCGR confirm that the CTR NTD is required for high 

affinity ligand binding and downstream signalling (Dong et al., 2009, Stroop et al., 1995). Deletion of 

the first 47 residues of the human receptor (Δ(1-47)hCTRa) leads to reduced potency in CT-mediated 

cAMP response when compared to the full length CTRa, potentially due to the loss in affinity (Qi et al., 

2013). Truncation of residues 1-53 causes a 30-fold loss of potency in a cAMP accumulation assay with 

no change in Emax; further deletion of 5 residues Δ(1-58) produces a functional receptor with 2000-fold 

lower potency for CT-mediated cAMP accumulation, while truncation beyond residue 73 generates a 

completely inactive receptor (Dong et al., 2009). 



 39   

 

Cross-linking of photolabile amino acids incorporated into CT peptides has also been used to identify 

proximity of peptide and CTR and insight into binding between CT peptides and the NTD of hCTR. 

Bpa (p- benzoyl-L-phenylalanine) inserted in position 14 of the ligand crosslinks to the NTD of the 

hCTR between Y41 and M48, while residue 26 crosslinks to T30 (Dong et al., 2004a). 
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Figure 1.11: Schematic representation of the different conformational states of NTD of Class B1 GPCRs. In absence of 

ligand (A and B), the NTD of Class B1 receptor may exchange between an open (A) or closed (B) conformation. The binding 

of a ligand (C) could stabilise an ensemble of these conformations. 

1.6.2 Ligand interactions with TM1/NTD interface 

Residues in the mid-region of the hCT peptide make contact with the TM1/NTD interface (Figure 1.12). 

Deletion of CTR residues 150-151 produces a fully active receptor, however potency in cAMP response 

is reduced by over 1000-fold. Δ(150-154) is completely inactive (Dong et al., 2009). 

Through cross-linking studies, L16 of CT peptides was reported to interact with F137 (Dong et al., 

2004a), while L19 crosslinked in a region bounded by C134 and L141 (Pham et al., 2004, Pham et al., 

2005) of the TM1 stalk/NTD interface. The published structure of sCT-CTR complex (Liang et al., 

2017), confirms potential proximity of L19 and L141 (ligand and receptor respectively). However, L16 

of sCT in this structure was not in close proximity of F137. Pham et al. (2004) mutated several residues 

of TM1 (133-141) and found that the majority of these mutations impaired cAMP signalling with no 

effect on affinity of the ligand (with the exception of C134, where mutation to alanine that also 

dramatically reduced expression). The low resolution of this region in the Cryo-EM structure of sCT-

CTR complex and the inability to identify specific interactions between ligand and TM1 further 

supports the flexibility of both stalk and mid-region of the CT ligands. (Pham et al., 2004) 
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Figure 1.11 Representation of the TM1 stalk of the CTR in complex with the mid-region of the sCT peptide. Similar to 

Figure 1.6, the crystal structure of the NTD of CTR in complex with the C-terminus of sCT (pdb EII0, in light blue and red 

respectively) was rigid-body fitted into the electron density of the Cryo-EM structure of the CTR in complex with the ligand 

(pdb EUZ7, blue). Due to the lack density side chains of the ligand (orange), this portion of the peptide was modelled by 

Christopher Reynolds (university of Essex) into the published sCT-CTR Cryo-EM structure (Liang et al., 2017). Images were 

generated using ICM Molsoft. 

1.6.3 The TMs-ligand interactions 

In the two domain model, the N-terminus of the ligand interacts with the TM and ECLs of Class B1 

GPCRs. Evidence supporting this model includes data from generation of chimeric receptors containing 

the NTD-GCGR and TM bundle of the CTR. This chimera had a cAMP response (albeit low potency) 

to sCT despite no detectable binding, whereas the complementary chimera showed binding but no 

cAMP response (Stroop et al., 1995). The reduced affinity of the former is likely attributable to the lack 

of specific interaction between the C-terminus of the peptide and the NTD of the receptor, but the N-

terminus of the peptide still retains the ability to activate the receptor. A different study using 

CTR/SECR chimeras revealed that ECL2 and ECL3 are also required for ligand binding and signalling 

(Dong et al., 2009), and similar observation were also made for SCTR and GLP-1R (Dong et al., 2016, 

Wootten et al., 2016, Koole et al., 2012b). Lastly, ligand crosslinking studies of the CTR, where Bpa 

was introduced in position 8 of the antagonist sCT(8-32) or in the full agonist hCT, showed that the 

antagonist crosslinks with M49 in the NTD (Pham et al., 2005) while the agonist crosslinks to residue 

L368 in ECL3 (Dong et al., 2004b). This further supports that the NTD of CTR has altered position in 

presence of the full length peptide. 

The calcitonin-like subclass of ligands (CGRP, CTR, AMY and AM) have a characteristic disulphide 

ring bridge at the N-terminus, which can be removed without affecting the pharmacology of the sCT 
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agonist both in vitro and in vivo (Feyen et al., 1992, Orlowski et al., 1987, Hilton et al., 2000), 

suggesting that the cyclic structure of the peptide is not a requirement for biological activity. However, 

the first 6 residues that make the N- terminus are essential for receptor activation. For instance, 

progressive truncation of the N-termini of the CT peptides impairs intracellular signalling while causing 

little to no effect on binding. Removal of the first 2 residues of the CT ligand has no effect on signalling, 

while truncation between residues 3 and 6 produces partial agonists with increasing loss of efficacy 

determined by cAMP accumulation assay. Further truncation beyond residue 6 generates antagonists in 

HEK-293 (Hilton et al., 2000). Truncation beyond residue 9 also impairs affinity (Feyen et al., 1992, 

Hilton et al., 2000). Additionally, unpublished data from our group (Vi Pham 2004, PhD thesis, Monash 

University), where Bpa moiety was inserted in position 2, 3 and 4 of the sCT ligand, caused little to no 

reduction in affinity and only limited reduction of cAMP response of these agonists. These three 

agonists crosslinked weakly with the receptor, but their site of interaction could not be identified, 

suggesting potential introduction of steric hindrance (of the reactive Bpa group) that would not allow 

correct orientation of the moiety towards the receptor. Alternatively, the side chains of the residues 

within the cyclic ring in the N-terminus of the peptide were either not oriented towards the receptor side 

chains or retain a degree of flexibility. Both hypothesises would be supported by the low resolution 

structure of the CTR in complex with sCT (Liang et al., 2017), where only the backbone of the sCT 

peptide showed sufficient density to be modelled, whereas the side chains of the residues remained too 

flexible to provide sufficient density. 

1.7 Scope of the thesis 

Class B1 receptors are involved in metabolism and homeostasis, cardiovascular, stress and pain 

response, and associated pathologies. Their importance as drug targets is well established. There is 

currently a great deal of interest in explaining the promiscuous coupling of these receptors, as it opens 

up the possibility of generating biased compounds that selectively target a subset of signalling pathways 

that trigger beneficial physiological effects while avoiding those that lead to on-target side effects. 

However, to be able to specifically target one (or more) signal over others, we need to fully understand 

the profile of signalling of distinct ligands, and the molecular details of how this is achieved. In this 
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context, large knowledge gaps are evident in our understanding of some receptors. For some Class B1 

receptors, such as GLP-1R, VPAC/PAC1R, biased agonism is well established, but the physiological 

implications are still not well understood. For the other receptors, biased agonism is less well 

established, however most are known to pleiotropically couple to many signalling pathways. In 

addition, mechanistic details into how biased agonism occurs at the molecular level for Class B1 

receptors is limited to some mutagenesis and photo-crosslinking studies, and a handful of Class B1 

structures that are partially incomplete and/or modified, or are bound to one (or few) of the several 

known ligands and effectors. 

This thesis focuses on expanding the knowledge on a specific Class B1 GPCR, the CTR. In humans, 

the CTR is expressed in several variants; alternative splicing of the CTR gene produces two common 

splice variants of CTR. The expression pattern of these two splice variants alters significantly in 

different tissues, and there is some evidence that these variants can differentially couple to different 

intracellular effectors. A second common variant is the Leu/Pro polymorphism in the C-terminus of 

CTR (residue 447/463 in the hCTRa/hCTRb variants, respectively), but little is known on the functional 

significance (if any) of this polymorphism. Additionally, the CTR shares less than 50% homology (in 

the TM bundle) with other Class B1 receptors, and structural differences across receptors are likely to 

be present. Each one of these factors can contribute to generation of unique receptor conformations that 

would impact on the selectivity, affinity and binding mode of the ligand, as well as in the repertoire of 

intracellular effectors that can be recruited to the receptor that in turn could trigger ligand or receptor-

dependent physiological effects or pathologies. 

In Chapter 3, extensive pharmacological characterisation of the four most common variants of hCTR 

was performed to examine how natural changes in the receptor sequence and/or structure affect ligand 

affinity, intracellular signalling and receptor trafficking. Using multiple ligands, including some that 

are approved therapeutics, I aimed to understand the contribution of these differences in the receptor to 

CTR function. The use of different ligands enabled exploration of the concept of biased agonism for 

this receptor, and the influence of splice/polymorphism on this phenomenon. 
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Chapter 4 and 5 investigate, at a molecular level, how ligands engage with the CTR to trigger 

intracellular signalling. At the commencement of these studies, there was no structure of CTR, and very 

little was known about how the orthosteric agonists interact with the CTR to activate intracellular 

signalling. Limited mutagenesis and photo-crosslinking studies on other Class B1 receptors highlighted 

distinct networks of residues within Class B1 receptor structure differentially modulate ligand binding 

or activation of distinct intracellular signalling pathways. However, ligands of the CTR family are 

structurally different to those of other Class B1, and there is evidence that they could interact with their 

receptors in unique ways. In Chapters 4 and 5 I have used Ala mutagenesis explore the role of residues 

within ELC2 and ECL3 (and adjacent TMs) of the CTR to determine the influence of those domains in 

engagement of different agonist with the receptor, and to map key networks within those loops that are 

important for driving ligand binding and intracellular signalling. Ligand affinity and multiple signalling 

pathways were assessed in presence of five different CTR agonists. I identified that each receptor-ligand 

pair established unique interactions with these domains, which were mapped onto a 3D model of the 

CTR. The mapping revealed different networks involved in activation of distinct signalling pathways, 

and these were not always correlated to those involved in binding. Moreover, these networks differed 

depending of the bound ligand. Furthermore, these networks are only partially conserved across 

different receptors of Class B1 GPCRs. 

This study extends knowledge of the influence of how natural receptor variants, and distinct ligands 

modify CTR signalling, and identifies, for the first time, biased agonism at the CTR. Furthermore, it 

provides insight into which receptor residues are important for ligand binding, and activation of distinct 

signalling pathways. This knowledge will help to understand CTR activation, and will aid in rational 

design of novel potentially biased agonists.  
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CHAPTER 2 

Materials and methods 
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2.1 Materials 

2.1.1 Media and tissue culture reagents 

Dulbecco’s Modified Eagle’s Medium (DMEM) and heat-inactivated foetal bovine serum (FBS) were 

purchased form GIBCO. 

Selection antibiotics puromycin, zeocin and hygromycin B were provided respectively by Integrated 

Sciences, Sigma-Aldrich and Thermofisher Scientific. 

2.1.2 Peptides 

PHM-27, salmon (sCT or sCT(1-32)) and sCT(8-32), human (hCT), porcine (pCT) and chicken (cCT) 

calcitonins were purchased from Mimotopes Pty Ltd. Rat amylin (rAmy) and human calcitonin gene-

related peptide (hαCGRP) were acquired from Bachem. sCT(8-32)-AF548 was labelled in house with 

3 fold molar excess of AF568 succinimidyl-NHS-ester (Life technologies) at pH 8.3 and free dye 

removed using a 3 kDa molecular weight cut off centrifugal concentrator (Amicon). Labelled peptide 

was separated from unlabelled peptide by reverse phase HPLC and buffer exchanged into PBS before 

storing at -80oC. sCT(1-32)-ROX (rhodamine) and sCT(8-32)-ROX were synthesised and labelled by 

Mimotopes. 

2.1.3 Antibodies  

Mouse anti-human-cMyc 9E10 (IgG1) was harvested from hybridoma supernatant, (ATCC cell line 

number CRL-1729, https://www.atcc.org/Products/All/CRL-1729.aspx) and purified in house over 

protein G sepharose by standard methods. 46/08-2C4 (IgG1) and 31/01-1H10 (IgG2A) anti-CTR 

antibodies were kindly provided by Peter Wookey (University of Melbourne) and are commercially 

available from Welcome Receptor Antibodies (WRA, Melbourne, Victoria). Rabbit anti-caveolin 1 (cat. 

ab2910) was purchased from Abcam. Goat Anti-mouse AF647 (cat. A-21235), goat anti-rabbit AF532 

(cat. A-11009) were purchased from Thermofisher (formerly InvitrogenTM).  

2.1.4 General reagents 

MycoAlert® Mycoplasma Detection kit for detection of mycoplasma infection was from Lonza. 

https://www.atcc.org/Products/All/CRL-1729.aspx
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Protease inhibitors cocktail (cat. P8340) and PMSF were purchased from Sigma-Aldrich. 

Acrylamide:bis (30% 37.5:1, cat. 1610158) and PVDF membrane for western blotting (cat.162-0177) 

were purchased from Bio-Rad. 

2.1.5 Plasmids and primers 

pEF5/FRT/V5 DEST, pOG44 and pENTR11 were from Thermofisher, while pENTR-SF1 was 

modified from pENTR-11. pEF-IRES-puro6 was modified from pEF-IRES-puro (Hobbs et al., 1998): 

the reference cDNA encoding human CTR in pcDNA3.1 had the cMyc epitope (encoding 

EQKLISEEDL) inserted immediately downstream of the predicted signal peptide (Signal P 4.1) by 

overlap extension PCR.  The resulting cDNA was cloned as a NheI/XhoI fragment into pENTR-SF1 to 

generate pENTR-cMychCTRaLeu. 

Sequencing primers such as pENTR forward and reverse, BHG and T7 were synthesised by 

GeneWorks. 

2.2 Molecular biology 

2.2.1 Generation of single alanine point mutation of the cMycCTRaLeu in 

pENTR vector 

Quikchange Lightning Site-directed mutagenesis kit (Agilent) was used to introduce single alanine 

substitutions in cMycCTRaLeu sequence (Table S1, Appendix 1) in pENTR vector. Primers listed in (Table 

S4 and S5, Appendix 1) were designed with PrimerX (www.bioinformatics.org) and were purchased from 

Bioneer Pacific. Parameters of the thermal cycle, digestion and amplification of the products were 

indicated in the protocol provided with the kit, in short: 50 ng of DNA template and 100 ng of primer 

were added into a PCR tube containing DNA polymerase and ligase, deoxy ribonucleotide triphosphates 

(dNTP) and buffer provided with the kit. 30 PCR cycles (denaturation 1 min at 95 ̊C; annealing 1 min 

at 55 ̊C; polymerisation 17 min at 65 ̊C) produced novel double strand DNA (ds-DNA) that was digested 

with Dpn I (10 U/μl) overnight at 37 ̊C.  

http://www.bioinformatics.org/
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2.2.2 Transformation 

Amplification of plasmid DNA for transfection into mammalian cells was conducted in E. coli as 

follows. 2.5 μl of in-vitro PCR product or 1 to 10 ng of ds-DNA were pre-incubated for 30 min on ice 

with 30 μl of XL10-Gold Ultracompetent or DH5α cells. Transformation occurred by heat-shock of 

bacteria for 40 sec at 42 ̊C, followed by 2 min incubation on ice. Transformed bacteria were left to 

recover and proliferate at 37 ̊C for 1 h in 250 μl of LB before being plated on agar plate containing 

antibiotic for the selection of the resistant plasmid vectors (pENTR, 50 μg/ml Kanamycin; 

pEF5/FRT/V5 and pIRESpuro6, 100 μg/ml Ampicillin). All selection plates were incubated at 37 ̊C for 

12 to 16 h to allow colonies to form. 

2.2.3 DNA amplification, extraction 

Single colonies grown on agar selection were expanded for 12 to 16 h at 37 ̊C in LB media containing 

relevant antibiotic indicated in the previous Section (5 ml of broth for Miniprep DNA extraction, 250 

ml for Maxiprep). Culture broth was pelleted for 15 min at 4 ̊C, 1000 g and plasmids extracted using 

Wizard Plus SV Minipreps DNA Purification System kit (Promega) or QIAGEN® Plasmid Maxi Kits, 

following manufacturer instructions. 

2.2.4 Sequence confirmation 

In order to confirm the correct insertion of single alanine substitution, cMycCTRaleu gene was 

sequenced and analysed as follows. 1 μl of sequencing primers corresponding to ~10 ng or 10pM (BGH, 

T7 for pEF5/FRT/V5 or pENTR forward and reverse for pENTR vector) (Table S3 Appendix) was added 

to ~400 ng of plasmid DNA and sent for automated sequencing at the Australian Genome Research 

Facility Ltd. Chromatographic sequences obtained were uploaded onto Biology WorkBench 

(http://workbench.sdsc.edu) and aligned with wild type (WT) cMycCTRaleu gene. 

2.2.5 Recombination into destination vector 

Gateway® LR Clonase® II Enzyme mix (Life Technologies) was used to transfer the inserts from 

pENTR vectors into pEF5/FTR/V5 destination vector. In short, pENTR containing either WT CTR or 

relevant mutant, naïve pEF5/FRT/V5 destination vector and LR clonase were mixed following 

http://workbench.sdsc.edu/
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manufacturer instructions and reaction was left to proceed overnight at room temperature (RT). DNA 

was then transformed into competent cells, expanded, extracted and sequenced as previously described. 

2.3 Tissue culture 

2.3.1 Mammalian cell culture 

Cells were grown as a monolayer and maintained at 37 ̊C, 85% humidity and 5% CO2 in a water jacket 

incubator (Forma Scientific, Oh, USA) unless specified otherwise. Cells were maintained in sterile 175 

cm2 flasks and passaged at 95% confluency by Versene (PBS, 0.5mM EDTA, pH 7.4) treatment for 

approximately 5-15 min at 37  ̊C. Cells were centrifuged at 350g for 3 min  and resuspended in media 

into a new flask, discarded or counted and plated for assay. 

Parental cell lines and transiently transfected African Green Monkey kidney fibroblast-like kidney cells 

(COS-7 (Gluzman, 1981)) were cultured in DMEM containing 5 % FBS. COS-7 cells stably expressing 

the four CTR variants/isoforms were transfected and FACS sorted by Dr. Sebastian Furness to select a 

polyclonal sub-population that highly expresses the four isoforms of hCTR. Cells cultured in media 

supplemented with 10 μg/ml puromycin.  

African Green Monkey kidney Flp-In CV-1 cells stably expressing either WT or single alanine point 

mutation of the CTRaLeu were cultured in DMEM, 5% FBS and 300 μg/ml hygromycin B. 

2.3.2 Transient transfection of mammalian cells 

To achieve transient expression of CTR receptor, naïve cells were seeded at 2x106 cells/10 cm petri 

dish and cultured overnight at 37 ̊C in 5% CO2 to 70-80% confluency. Each dish was transfected with 

DNA using PEI in a 1:6 DNA to PEI ratio: 5 μg of plasmid DNA in 250 μl sterile 150 mM NaCl was 

combined with 30 μl of 1 μg/μl of sterile polyethylenimine (PEI) diluted to 250 μl in sterile 150 mM 

NaCl. PEI/DNA solution was incubated at RT for at least 10 min. Culture media was replaced with 

fresh media and the PEI/DNA complex was added dropwise onto the cells. Dishes were incubated 

overnight at 37 ̊C in CO2 humidified incubator prior to plating at the concentration required for each 

assay 24 h after transfection. Cells were further cultured for 24 h before assaying. 
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2.3.3 Stable transfection of mammalian FlpIn cells 

In order to obtain stable expression of CTR (either WT or alanine mutants), Flp-In-CV-1 cells were 

seeded in 25 cm2 flasks in DMEM, 5% FBS, 100 μl zeocin and allowed to reach 70-80 % confluency. 

Media was replaced with DMEM, 5% FBS and cells were transfected using PEI and 5 μg of DNA mix 

(prepared at the ratio 1:10 of pEFS/FTR/V5-dest and pOG44). 48 h after transfection cells were 

detached with Versene and re-plated in the same flask in presence of DMEM, 5% FBS, 300 μg/ml 

hygromycin B for selection of stably expressing cells. 

2.4 Functional Assays 

2.4.1 Iodination of sCT(8-32) 

To perform whole cell binding assays, sCT(8-32) was iodinated in house to obtain mono-iodo-tyrisyl 

125I-sCT(8-32). In a 1.7 ml Eppendorf tube the following solutions were added in order: 5 μl of 1 mg/ml 

chloramine T (freshly prepared in PBS, pH 7.4) and 10 μl of 125I (~350 mCi/ml, Perkin Elmer) were 

incubated at RT for 60 sec. 20 μl of PBS and 5 μl of 0.1 mM sCT(8-32) were then added and iodination 

was left to proceed at room temperature for 10 sec. Reaction was quenched by addition of 200 μl of KI 

(5 mg/ml prepared in PBS) and diluted with an additional 260 μl of PBS to the final volume of 500 μl. 

Excess of 125I was separated from peptide by reverse phase HPLC on a C-18 column using a gradient 

from 0.1% TFA in H2O to 0.1% TFA in acetonitrile. BSA (final 0.1 %) was added to fractions 

containing iodinated peptide and stored at -20 ̊C. 

2.4.2 Whole cell radioligand binding assay 

To determine both receptor expression and affinity for ligands used in this study, cells were seeded 

overnight in DMEM, 5% FBS in a 96 wells plate. On the day of the assay, cells were incubated with 80 

μl of binding buffer (DMEM, 25 mM HEPES, 0.1% BSA, pH 7.4) and chilled at 4 ̊C for at least 1 h to 

inhibit internalization. Approximately 10,000 to 50,000 cpm/well (corresponding to 25-100 pM) of 125I-

sCT(8-32) were diluted in 10 μl and added to wells, followed by 10 μl of relevant dilution of competing 

non-iodinated ligand. Plates were incubated overnight a 4 ̊C to reach equilibrium. Binding buffer was 

then removed and wells washed 2x with ice cold PBS. Bound ligand was stripped with 50 μl of 0.1 M 
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NaOH, transferred into scintillation tubes and γ radiation detected using a γ-counter (Wallac Wizard 

1470 Gamma Counter, Perkin Elmer, 80% counter efficiency). Data was analysed in Graphpad Prism 

7 and normalized to total level of bound ligand and non-specific binding, defined by saturating 

concentration of sCT(8-32) (1 μM) and vehicle. 

2.4.3 cAMP accumulation Assay 

cAMP production was assessed in 96 well clear culture plates, 48 h following transient transfection of 

cells (30,000 cells/well) or 12-16 h after seeding stable cell lines (10,000 cells/well for COS-7 or 25,000 

cells/well for CV-1 FlpIn). Culture media was replaced with 90 μl of Stimulation Buffer (phenol red 

free DMEM, 0.1% BSA, 0.5 mM IBMX, 5 mM HEPES, pH 7.4) and incubated for 30 min at 37 ̊C, 5% 

CO2. Cells were stimulated with either forskolin (10-4 M final), vehicle or relevant concentrations of 

ligands for 30 min at 37 ̊C, 5% CO2, media was then removed and cells were lysed with ice-cold 100% 

(v/v) ethanol. After ethanol was evaporated, 75 μl of lysis buffer, containing 0.3% Tween20 (v/v), 5 

mM HEPES and 0.1% BSA (w/v), pH7.4 was added. Endogenously produced cAMP was measured 

using a Lance cAMP detection kit (PerkinElmer) as follows: 5 μl of cell lysate were transferred into a 

384 well optiplate (Perkin Elmer). A cAMP standard curve ranging between 0.1nM and 10μM was 

prepared in lysis buffer and transferred in the same plate. 5μl of anti-cAMP antibody mixture (Alexa 

fluor-647 anti-cAMP diluted in detection buffer supplied by the manufacturer) were added to each wells 

of the optiplate and incubated for 30 min at RT in reduced lighting conditions. Subsequently, 10 μl of 

Eu-SA and biotinylated cAMP mix (EuW8044 labelled streptavidin (Eu-SA) and biotinylated cAMP 

diluted in kit detection buffer and pre-incubated for a minimum of 15 min) was added to each well and 

incubated at RT for 12-16 h before signal was measured using a top read on the Envision plate reader 

system. In Graphpad Prism 7, raw RFU data were interpolated to the cAMP standard curve performed 

in parallel to give absolute cAMP values and normalized to forskolin and vehicle. 

2.4.4 iCa2+ mobilization Assay 

Stably expressing cell lines were seeded at 10,000 cells/well for COS-7 or 25,000 cells/well for CV-1 

FlpIn in 96 wells plates and incubated overnight at 37 ̊C, 5% CO2 in DMEM, 5% FBS. Cells were 
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washed twice with Ca2+ Buffer (150 mM NaCl, 10 mM HEPES, 10 mM D-glucose, 2.6 mM KCl, 1.18 

mM MgCl2, 2.2 mM CaCl2, 0.5% BSA, 4 mM probenecid, pH 7.4) before addition of 1 μM Fluo4-AM 

diluted in Ca2+ buffer. Cells were incubated at 37 ̊C for 45-60 min (no CO2) before stimulation and 

detection of Ca2+ mobilisation in a FlexStation 3 (Perkin Elmer Molecular Devices) using following 

parameters: 37 ̊C, excitation 485 nm, emission 525 nm, baseline reads of 15 sec before drug addition, 

fast drug dispense, and 120 sec reading. All data were extracted as the peak Ca2+ response and 

normalised to ATP (10-4 M) and vehicle. 

2.4.5 IP1 assay 

25,000 cells/well of CTR stable CV-1 FlpIn were plated in 96 well plates and cultured overnight in 

DMEM, 5% FBS in a humidified incubator at 37 ̊C and 5% CO2. Culture media was replaced with 90 

μl of Stimulation Buffer (1 mM CaCl2, 0.5 mM MgCl2, 4.2 mM KCl, 146 mM NaCl, 5.5 mM D-glucose, 

50 mM LiCl, 0.1% BSA, 10 mM HEPES, pH 7.4) and incubated for 40 min at 37  ̊C, 5% CO2. Cells 

were stimulated with either relevant ligands dilutions, ATP (10-4 M final) or vehicle for 60 min at 37 ̊C, 

5% CO2 and then lysed with 20 μl of lysis buffer (50 mM HEPES pH 7, 15 mM KF, 1.5% (v/v) TritonX-

100, 3% (v/v) FBS, 0.2% (w/v) BSA). Endogenous IP1 was measured using an IP-One HTRF® assay 

kit (CisBio) as follows: 7 μl of cell lysate or IP1 standard curve (ranging between 38.5 and 2.4 μM, 

prepared in lysis buffer, was transferred into a 384 well proxiplate (Perkin Elmer). 3μl of beads mix 

(1:20 parts of terbium cryptate-labelled anti-IP1 and 1:20 parts d2-labelled IP1 diluted in lysis buffer 

supplied with the kit) were added to each wells and plate was incubated for 60 min at 37 ̊C in reduced 

lighting conditions before reading on the Envision. Similar to cAMP accumulation assay, raw data 

obtained were interpolated to standard curve and normalised to ATP and vehicle. 

2.4.6 ERK1/2 Phosphorylation Assay 

Stably expressing cell lines were seeded at 10,000 cells/well for COS-7 or 25,000 cells/well for CV-1 

FlpIn in 96 wells plates and incubated overnight at 37 ̊C with 5% CO2 in DMEM, 5% FBS. Culture 

media was replaced with FBS-free DMEM, 0.1% BSA incubated for a further 12-16 h. An initial time-

course was performed for each ligand to assess the maximum peak of ERK1/2 phosphorylation, using 
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relevant drugs at 1 μM (final concentration). Subsequently, concentration-response curves were 

performed for each drug at the time point of maximum ERK1/2 phosphorylation. In both cases, after 

stimulation, media was removed and cells were lysed in lysis buffer (TGR Bioscience). ERK1/2 

phosphorylation was detected using an Alphascreen kit (TGR Bioscience) as previously described 

(Koole et al., 2010). All data were normalised to vehicle and 10% FBS. 

2.4.7 β-arrestin recruitment by BRET assays 

24 h post transient transfection (each CTR variant was encoded in the dual vector BIVISTI in 

combination with either β-arrestin1 or 2), cells were seeded in a white 96 wells plate (PerkinElmer) at 

30,000 cells/well and incubated overnight in DMEM, 5% FBS at 37 ̊C in 5% CO2. Cells were washed 

twice with buffer (HBSS, 0.05% BSA, pH 7.4) and incubated for 30 min at 37 ̊C. Coelenterazine (5 μM 

final) was added and incubated for another 10 min before BRET measurement using a LUMIstar (BMG 

LABTECH GmbH, Ortenberg, Germany) that allows for simultaneous reading of signals at 475 nm 

(Rluc8) and 535 nm (Venus). Wells were read for 4 cycles before addition of 10 μl of ligand (final 

concentration 1 μM) or negative control (vehicle) and read every 10 sec for a further 12 min. The BRET 

signal was calculated by dividing ratio of emission at 535 nm by 475 nm. After baseline correction, the 

vehicle ratio was then subtracted to give the ligand-induced BRET signal. 

2.5 Imaging 

2.5.1 Internalisation and β-arrestin recruitment 

To identify the redistribution of β-arrestins upon ligand stimulation, CTR stable COS-7 cells were 

transiently transfected with the either β-arrestin 1 or β-arrestin 2 labelled with a Venus-tag at the C-

termini. Cells plated at 30,000 cells/well in 96 wells plates and cultured overnight at 37 ̊C in 5% CO2 

in DMEM, 5% FBS  to be assessed 48 h after transfection. On the day of the assay, cells were serum 

starved in DMEM for 2 h, 1 μM of relevant drugs were added at the varies time-points and stimulation 

continued at 37 ̊C. Media was then removed and cell were fixed for 15 min in 4% PFA in PBS at 4 ̊C, 

followed by 3x PBS washes. Images were collected with Operetta (PerkinElmer), objectives: 

20x/Olympus LUCPlanFLN, 0.45 NA or 10x/Olympus U Plan FLN, 0.3 NA. 
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2.5.2 Internalization of fluorescent ligand and tagged-receptor. 

To follow the internalization of the ligand, COS-7 cells stably expressing the 4 isoforms of the CTR 

were plated at 10,000 cells/well in a 96 wells/plate and stimulated with 1 or 0.1 μM of either sCT(8-

32)-AF548 or sCT(1-32)-ROX for 5, 10, 15, 30 or 60 min at 37 ̊C. Cells were subsequently fixed and 

imaged as described in Section 2.5.1 using the Operetta. Fluorophores were excited at 550-570 nm and 

emission was acquired at 570-620 nm. 

2.5.3 Internalization of fluorescent antibody and tagged receptor  

To determine internalization of receptor, cMycCTRLeu (either a or b variants) stably expressed in COS-

7 cells were seeded overnight at 10,000 cells/well on μ-ibidi 8 wells slide (DKSH Australia Pty Ltd.) 

and cultured overnight at 37  ̊C, 5% CO2. On the day of the assay, media was replaced with phenol red 

free DMEM, 0.1% BSA. Cells were chilled to 4 ̊C for 1 h and relevant compounds were added: anti-

cMyc antibody 9E10-AF647 (1 ug/ml), sCT(1-32)-ROX (100 nM) or sCT(8-32)-ROX (100 nM) 

(fluorescently-conjugated ligands) or a combination of antibody and ligands. Cells were then incubated 

at 4 ̊C for 1 h to allow binding without internalization. Wells were washed 2x with ice cold PBS and 

200 μl of cold media were added to each well. Slide was incubated in a 37  ̊C chamber built into a SP8 

confocal microscope (Leica TCS SP8, LASX v2.1), using a 63x/U Plan APO CS2, 1.43 NA and imaged 

every 1 min for 1 h (561 nm BP 570-610 and 633 nm BP 640-700). 

2.5.4 9E10 mouse anti-cMyc antibody purification 

In house antibody purification was required to obtain anti-cMyc antibody (9E10) from the supernatant 

of mouse hybridoma, using a Protein G conjugated agarose resin. In short: supernatant from hybridoma 

culture was loaded onto Protein G-agarose column (HiTrap 1 ml column, GE Healthcare) at a rate of 1 

ml/min to allow antibody binding to the resin. Extensive wash with PBS was performed to eliminate 

contaminated protein. Antibody was eluted in 0.1 M glycine buffer, pH 2.7. Fractions containing protein 

were neutralised with Tris-HCl, pH 9 upon collection. For storage, 9E10 was dialysed in PBS, 0.02% 

azide and concentrated to 1 mg/ml by centrifugation at 4,000 g, 4 ̊C on 100 kDa Amicon centrifugal 

filter unit (Merck). 
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2.7 Data analysis 

2.7.1 Equations 

Data analysis was performed in GraphPad Prism 7. 

Homologous competition binding was used to derive Bmax and quantify receptor expression in whole 

cell binding assay calculated as follows. 

Equation 1: 

𝑦 =
𝐵𝑚𝑎𝑥 ∗ [𝐻𝑜𝑡]

[𝐻𝑜𝑡] + [𝐴] + 𝐾𝑑
+ 𝐵𝑜𝑡𝑡𝑜𝑚 

𝑠𝑖𝑡𝑒𝑠/𝑐𝑒𝑙𝑙 =
𝐵𝑚𝑎𝑥 ∗ 6.02 ∗ 108

𝑆𝐴 ∗ 𝐶𝑁
 

where Bmax corresponds to the maximal binding capacity of the system; [Hot] is the concentration 

(expressed in nM) of 125I-sCT(8-32) and [A] is the molar concentration of competing ligand; Kd is the 

equilibrium dissociation constant of 125I-sCT(8-32) in nM; SA is the specific activity of 125I-sCT(8-32) 

and equals to 3907.2 cpm/fmol; CN is the cell number plated for each replicate. 

Affinity (Ki) for each of the ligand used was also measured in heterologous competition binding assay. 

Equation 2: 

𝑎 = −(𝑁𝑆 + 1) 

𝑏 = (1 + [𝐴] − 10𝑙𝑜𝑔𝐾𝑖) ∗ 𝐾𝑑 ∗ 𝑆𝐴 ∗ 100 + [Hot] 

𝑐 = (𝑁𝑆 + 1) ∗ 𝑏 + 𝑁𝑆 ∗ [𝐻𝑜𝑡] + 𝐵𝑚𝑎𝑥 

𝑑 = −[𝐻𝑜𝑡] ∗ (𝑁𝑆 ∗ 𝑏 + 𝐵𝑚𝑎𝑥) 

𝑦 =
−𝑐 + √𝑐2 − 4𝑎𝑑

2𝑎
 

where NS stands for non-specific binding of 125I-sCT(8-32). 

Concentration-response curves were analysed using three parameter fit.  

Equation 3: 

𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
(𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)

1 + 10(𝑙𝑜𝑔𝐸𝐶50−log(𝐴))
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cAMP accumulation response in Chapter 3 were fitted more accurately using a biphasic curve, when 

compared to a three parameter fitting, as determined by a F-test in Graphpad Prism 7. 

Equation 4: 

𝑆𝑝𝑎𝑛 = 𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛1 = (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚) ∗
𝐹𝑟𝑎𝑐

1 + 10(𝐿𝑜𝑔𝐸𝐶501−log⁡[𝐴])∗𝑛𝐻1
 

⁡𝑆𝑒𝑐𝑡𝑖𝑜𝑛2 = (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚) ∗
(1 − 𝐹𝑟𝑎𝑐)

1 + 10(𝐿𝑜𝑔𝐸𝐶502−log⁡[𝐴])∗𝑛𝐻2
 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + 𝑆𝑒𝑐𝑡𝑖𝑜𝑛1 + 𝑆𝑒𝑐𝑡𝑖𝑜𝑛2 

where 1 and 2 represent the 2 phases of the curve; bottom and top represent the plateau y values at the 

left and right ends of the curve, that are respectively the basal and maximum response to stimulation; 

LogEC50 is the concentration of ligand that produce a half-maximal response; nH1 and nH2 are the Hill 

slopes factors values and have been constrained 1; Frac is the proportion of maximal response of the 

more robust phase. 

In order to define the contribution of a specific residues to signalling bias of the receptor, operational 

model of partial agonism was applied to derive the τ values, which accounts for receptor expression and 

is a measurement of efficacy of a ligand in a specific system. τ expresses the inverse of the fraction of 

receptor that have to be occupied to produce 50% of the maximal response in a defined signalling 

pathway. 

Equation 5: 

𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝐸𝑚𝑎𝑥 − 𝐵𝑜𝑡𝑡𝑜𝑚

1 +
10𝑙𝑜𝑔𝐾𝑎 + 10𝑙𝑜𝑔⁡[𝐴]

10𝑙𝑜𝑔𝜏+𝑙𝑜𝑔⁡[𝐴]

 

where Emax represents the maximal response in the system and Ka is the equilibrium dissociation 

constant of an agonist. 
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2.7.2 Error propagation 

Each instrumental measurement is associated to an uncertainty⁡𝜕 (SEM or SD). When instrumental data 

are mathematically processed and combined, it is necessary to propagate their uncertainty in a manner 

that reflects the manipulation of the original data. 

If an equation is calculated as the sum or difference between data (𝑦 = 𝑎 ± 𝑏), than the error has to be 

propagated as equation 6: 

𝜕𝑦 = √𝜕𝑎2 + 𝜕𝑏2 

In case of functions such as 𝑦 = 𝑎 × 𝑏 or 𝑦 = 𝑎 ÷ 𝑏, error propagation is defined as equation 7: 

𝜕𝑦 = |𝑦|√(
𝜕𝑎

𝑎
)
2

+ (
𝜕𝑏

𝑏
)
2

 

2.7.3 Statistics 

Data and estimated parameters were assessed by one way analysis of variance (one-way ANOVA). 

Dunnetts post-hoc test was used to assess significance relative to the control ligand hCT or the receptor 

variant CTRaleu in Chapter 3, or to the wild type receptor (WT) in Chapters 4 and 5. Additionally, 

Bonferroni post-hoc test was used in Chapter 3 to perform multiple comparisons across all ligands or 

receptor variant. 

Significance was taken as p<0.05.  
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CHAPTER 3 

Characterisation of signalling and regulation of 

common calcitonin receptor splice variants and 

polymorphisms 
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3.1 Introduction 

The calcitonin receptor (CTR), a class B GPCR, is highly expressed in osteoclasts where it is involved 

in the physiology of bone remodelling and homeostasis by reducing osteoclast activity, and 

differentiation from precursors (Fujikawa et al., 1996b). The CTR is therapeutically targeted for the 

treatment of osteoporosis, Paget’s disease and severe hypercalcemia (Minhas and Virdi, 2017, Langston 

and Ralston, 2004, Cosman et al., 2014). The receptor is also expressed in multiple other tissues 

including within the kidneys, gastrointestinal system (Goebell et al., 1979),  brain (Shah et al., 1990, 

Rohner and Planche, 1985, Laurian et al., 1986), leucocytes and their precursors (Fujikawa et al., 

1996b), lungs, placenta, uterus, sperm (Kuestner et al., 1994), and in several types of cancer (Egerton 

et al., 1995). However, the physiological role of CTR expression in most of these cells and tissues is 

poorly understood. 

The primary endogenous ligand for the CTR is a 32 amino acid peptide named calcitonin, and this 

peptide contains a disulphide bond between Cys residues 1 and 7. Calcitonin peptides from different 

species vary in sequence Table 1.1, but all maintain the cyclic N-terminal structure through the formation 

of the disulphide bond (Hilton et al., 2000). Both hCT and sCT are currently used clinically, but the 

majority of the formulations incorporate sCT (Miacalcic, Fortical, Calcimar, Cibacalcin ®) (Plosker 

and McTavish, 1996) due to its higher in vivo efficacy (40-50 fold), compared to the human analogue, 

in reducing bone resorption and hypercalcaemic effects.  In 2004 Ma et al. (2004) reported that PHM-

27, an endogenous 27 amino acid peptide closely related to the vasoactive intestinal peptide, can also 

activate the CTR, promoting cAMP formation. (Ma et al., 2004) 

Upon activation, the CTR primarily couples to the adenylate cyclase stimulatory G protein isoform, 

Gαs, promoting the formation of intracellular cAMP. However, the receptor is pleiotropically coupled, 

with evidence for activation of Gαq and Gαi G protein isoforms (Chabre et al., 1992, Chen et al., 1998, 

Chakraborty et al., 1991). CTR activation also promotes fast transient Ca2+ mobilization from 

intracellular stores and ERK1/2 phosphorylation (Raggatt et al., 2000). CT can induce CTR 

downregulation and cell remodelling via PKA  (and perhaps PKC) (Wada et al., 1995, Suzuki et al., 
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1996), whereas secretion of HCl and other bone remodelling factors from osteoclasts is inhibited by 

PKC activation (Sørensen et al., 2010). 

The CTR is also reported to internalise following receptor activation (Schneider et al., 1988, Findlay et 

al., 1994, Seck et al., 2003); however, to date, there is limited evidence for the recruitment of β-arrestins 

to the CTR (Andreassen et al., 2014), despite these proteins being involved in the process of 

desensitization and internalization for many other GPCRs (Luttrell and Lefkowitz, 2002, Ferrari et al., 

1999, Jorgensen et al., 2005, Reiter and Lefkowitz, 2006). 

The CTR can be identified in animals down to the simplest chordates (Lin et al., 1991, Albrandt et al., 

1993, Sexton et al., 1993, Gorn et al., 1992, Yamin et al., 1994, Shyu et al., 1996) and in humans the 

CTR is expressed in at least 2 major variants as the result of alternative splicing. These variants differ 

by the presence or absence of a 16 amino acid insertion in the first intracellular loop, and are termed 

hCTRa (or hCTa, the insert negative) and hCTRb (or hCTb, the insert positive) (Kuestner et al., 1994). 

When compared to the hCTRa splice variant, hCTRb shows more restricted expression (Kuestner et al., 

1994). For instance, high levels of both splice variants are identified (via PCR) in the reproductive 

system, whereas hCTRb expression was lower than hCTRa or could not be detected in gut, lungs, kidney, 

bones and brain. hCTRb is reported to be unable to trigger a Ca2+ response when activated (Gorn et al., 

1992, Kuestner et al., 1994, Nakamura et al., 1995, Chen et al., 1997, Moore et al., 1995, Raggatt et al., 

2000). In 1994, Kuestner et al. (1994)  reported a polymorphism of the insert negative hCALCR in 

which position 1377, with respect to the start codon, was either a C or T nucleotide encoding either a 

Pro or Leu, respectively. While in other mammals the Pro codons is completely conserved at this 

position and Kuestner et al. (1994) speculated that this may be a cloning artefact, the widespread 

occurrence of this polymorphism in humans was confirmed by others (Nakamura et al., 1996, Wolfe et 

al., 2003). Prevalence of the specific polymorphic variant is related to ethnic background; Caucasians, 

Hispanics and Afro-Americans predominantly have a genotype encoding the Leu variant or are 

heterozygous (Wolfe et al., 2003), while Asians, in particular the Japanese population, are 

predominantly homozygous for the Pro variant (Nakamura et al., 1996). Some clinical studies have 

reported a potential correlation between a genotype encoding the Leu polymorphism and an increased 
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incidence of osteoporosis and kidney stone disease (Masi et al., 1998a, Braga et al., 2002, Masi et al., 

1998b, Mitra et al., 2017); these have low power and other studies have failed to confirm these findings 

(Dehghan et al., 2016, Wolfe et al., 2003). 

Many factors influence the observed pharmacology and tissue responses upon CTR activation. First of 

all, two different ligands are used clinically, each one potentially stabilizing distinct receptor 

conformations.  This could give rise to biased agonism, but biased agonism has yet to be explored at 

this receptor. Additionally, different splice or polymorphic variants could display distinct signalling 

profiles that may also differ in the presence of different ligands. To date, this has also not been 

extensively studied. Differences in the relative expression of hCTRa and hCTRb splice variants may 

influence tissue response, resulting in different outcomes of CTR activation in distinct tissue beds. 

Hence, ligand-dependent biased agonism, type of receptor variant expressed and other components of 

the cellular background could all influence outcomes of CTR activation. This likely contributes to 

observed differences in agonist, for example, in proliferative versus apoptotic actions that have been 

observed in in vitro studies in breast cancer and prostate cancer cell lines (Thomas and Shah, 2005, 

Thomas et al., 2006, Thomas et al., 2007, Lacroix et al., 1998). Currently, there are only limited studies 

comparing the cellular response of either receptor variant or different ligands in different cellular 

backgrounds. To our knowledge robust, direct comparison of the most common splice and polymorphic 

variants, for their ability to activate distinct signalling pathways in response to different CTR ligands, 

has not be performed. Therefore, in this study, we have characterised the cellular responses triggered 

by a variety of agonists (four CT peptides derived from different species and PHM-27) at the 2 most 

common hCTR splice variants (hCTRa, or hCTRb), each with the 2 human polymorphisms (Leu or Pro) 

following heterologous expression in COS-7 cells. These tools allow us to evaluate if ligands with 

distinct sequence can elicit biased agonism at the CTR and to assess if signalling profiles vary 

substantially between the different hCTR variants. Finally, we have followed the hCTR internalisation 

and investigated the ability of the distinct peptides to recruit β-arrestin1 or β-arrestin2 to the hCTR 

variants. 
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3.2 Results 

To compare the signalling profiles of different CTR variants when activated by distinct ligands, 

hCTRaLeu, hCTRbLeu, hCTRaPro and hCTRbPro were stably expressed in COS-7 cells and 

pharmacologically assessed. COS-7 cells do not endogenously express either CTR, CLR or RAMPs 

that could alter the response observed. Throughout, an N-terminally cMyc tagged CTR was used. This 

construct has been previously tested in the laboratory and does not alter receptor expression, binding or 

cAMP signalling. 

3.2.1 Cell surface expression of hCTR variants 

Analysis of cell surface expression of each of the four different receptor variants was assessed using 

both FACS and radioligand binding (Figure 3.1). Homologous competition for 125I-sCT(8-32) revealed 

that the hCTRbLeu, hCTRaPro, hCTRbPro variant were expressed at similar levels (0.83±0.33 x106, 

0.92±0.22 x106, 0.64±0.31 x106 receptors/cell, respectively), while the hCTRaLeu had ~4 fold higher 

expression (3.57±0.81 x106 receptors/cell). 

One-way ANOVA comparison between hCTRaLeu and all other splice/polymorphic variants showed 

statistically significant difference in expression by radioligand binding (Dunnett’s post-test p<0.01). No 

statistically significant difference in expression between the other variants was observed (Figure 3.1 B). 

Expression of the different CTR variants was also assessed by flow cytometry of using an anti-mouse 

AF-488 secondary antibody for detection of anti-cMyc binding to cMyc-tag introduced at the extreme 

N-terminus of these receptors (Figure 3.1 C). Compared to unstranfected COS-7 cells (in black), 

hCTRaLeu variant showed higher expression. Interestingly, hCTRbLeu variant also appeared to be 

expressed at a similar level, whereas both splice variants of the Pro polymorphism were expressed at a 

lower level than the hCTRa splice variants. This contrasted with binding estimates with the antagonist 

125I-sCT(8-32), and may imply alterations of the equilibrium between conformational states of the 

hCTRaLeu and hCTRaPro variants. 
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Figure 3.1 Cell surface expression of the 4 hCTR variants stably expressed in COS-7 cells. (A) Schematic representation of 

the four CTR variants assessed in this study. 16 amino acid instert in intracellular loop 1 (ICL1) and Leu/Pro polymorphism 

at residues 447/463 (in the hCTRa/ hCTRb splice variant, respectively) are highlighted in the same colour code used throughout 

this Chapter. (B) Homologous competition radioligand binding was performed in presence of 3 concentrations of 125I-sCT(8-

32), to derive Bmax, thus sites/cell. All values are mean+S.E.M. of 4 independent experiments conducted in duplicate. Statistical 

significance of differences in expression of splice/polymorphic variant in comparison to the hCTRaLeu was determined by a 

one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (C) Representative flow cytometry of more 

than 5 experiments. COS-7 cells stained with anti-cMyc antibody and goat anti-mouse AF488 secondary. CTR variants are 

represented with the same colour scheme used in panel (A), while control, naïve COS-7 cells are represented in black (flow 

cytometry experiments were performed by Dr. S. Furness). 

3.2.2 Ligand affinity at the hCTR variants 

Homologous competition of 125I-sCT(8-32) binding with sCT(8-32) was used to assess the affinity of 

the antagonist sCT(8-32). To assess the affinity of the other peptides (Table 1.1), heterologous 

competition radioligand binding was used to determine peptide pKd, following correction of pKi values 

using the Cheng-Prusoff equation (Equation 4 Section 2.6.1) Table 3.1. 

Consistent with previous literature (Kuestner et al., 1994, Wolfe et al., 2003, Moore et al., 1995, Hilton 

et al., 2000, Furness et al., 2016), each receptor variant showed a similar trend in their binding profiles 

for the different CT ligands with sCT, sCT(8-32) and cCT having higher affinity compared to pCT (20-

100 fold) and hCT (150-1000 fold) (Figure 3.2 A-D, Table 3.1). 
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To determine the effect of differences in receptor sequence (i.e. splicing and polymorphism) on affinity, 

statistical analysis of the same ligand across receptor variants was performed, using hCTRaLeu as the 

reference (Table 3.1). This revealed that both sCT and cCT had a significantly higher affinity at the 

hCTRb variants with increased affinity (3-10 fold) for both hCTRb polymorphism compared to both 

polymorphisms at the hCTRa splice. In addition, both sCT and cCT had significantly higher affinity for 

the Pro polymorphism compared to the Leu, when compared to the hCTRa variant (4-5 fold), but not at 

the hCTRb variant. sCT(8-32), hCT and pCT did not show significant differences in affinity between 

hCTR splice or polymorphic variants. 

PHM-27 displayed only partial competition of the radiolabelled sCT(8-32) (Figure 3.2 A-D). This may be 

due to low affinity or to binding to a distinct binding site to that of 125I-sCT(8-32), such that it doesn’t 

fully compete with the radioligand. A robust pKi value, therefore, could not be determined for this 

peptide. 
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Figure 3.2 Homologous and heterologous competition binding profiles. Whole cell radioligand competition binding studies 

of the 6 ligands at hCTRaLeu (A), hCTRbLeu (B), hCTRaPro (C), hCTRbPro (D) stably expressed in COS-7 cells were 

performed using the radioligand 125I-sCT(8-32). All values are mean+S.E.M. of 3 to 4 independent experiments conducted in 

duplicate. 

 

 

 

 hCTRaLeu hCTRbLeu hCTRaPro hCTRbPro 

sCT(8-32) 9.49±0.19 10.17±0.22 9.73±0.30 9.87±0.29 

sCT 9.10±0.11 10.11±0.09* 9.69±0.13* 10.11±0.11* 

hCT 6.83±0.19 7.19±0.12 7.2±0.13 7.12±0.21 

pCT 7.78±0.20 8.02±0.16 7.95±0.23 7.97±0.16 

cCT 9.37±0.16 10.53±0.12* 10.06±0.14* 10.61±0.11* 

PHM-27 N.D. N.D. N.D. N.D. 
 

Table 3.1 Ligand affinity expressed as pKi for the peptides used in this study at each of the hCTR variants stably expressed 

in COS-7 cells. Whole cell radioligand binding was performed for each ligand and receptor variant using 125I-sCT(8-32). All 

values are mean±S.E.M. of 3 to 4 independent experiments conducted in duplicate. Significant differences in affinity of each 

ligand was determined by multiple comparisons across receptor variants in a one-way analysis of variance and Bonferroni 

post-test (p<0.05 represented by *). 
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3.2.3 Assessment of intracellular signalling induced by CT peptide ligands at 

the four hCTR variants 

cAMP accumulation, pERK1/2 and intracellular calcium mobilisation were determined for each 

individual splice/polymorphic variant of the hCTR stably expressed in COS-7 cells. Cells were 

stimulated with each of the 4 CT peptides (human (hCT), salmon (sCT), porcine (pCT), chicken (cCT)) 

or PHM-27. Concentration response curves were generated for each ligand and pEC50 values and 

maximal response (Emax) were calculated. In all the statistical analysis, responses for hCTRaLeu were 

used as a reference to compare ligand responses between receptor variants, while hCT was used as the 

reference ligand for the comparison between different ligands at individual receptor variants. 

3.2.3.1 cAMP signalling 

cAMP accumulation profiles in response to CT peptides were initially analysed using an F-test to 

compare a biphasic curve fit and a three-parameter logistic curve fit. The hCTRa splice variant 

concentration-response curve was best described by a two phase curve fit, whereas the hCTRb splice 

variant for all CT ligands favoured a three-parameter logistic curve fit (Figure 3.3). 

One-way ANOVA comparison of the same ligand across different hCTRa polymorphic variants 

revealed there was no statistical difference between the fraction of cAMP response that constituted the 

high potency site for any ligand at any variant (Table 3.2). Similarly, there was no significant difference 

in potency for any CT peptide at the high affinity site, or lower affinity site for either polymorphisms 

of the hCTRa splice. In addition, the potency for cAMP response for each ligand at the hCTRb splice 

variants was the same for both polymorphisms. When comparing Emax, the hCTRb splice variant showed 

reduced maximal response compared to the hCTRa splice in presence of any of the peptides assessed, 

although comparison between hCTRbLeu and hCTRaPro showed significant differences only in 

presence of cCT peptide. When hCTRaLeu Emax was compared to the hCTRb variants, all ligands 

showed reduced Emax, while only hCT and cCT showed statistical difference between hCTRa 

polymorphic variants (Pro/Leu) (Figure 3.3, Table 3.2). The hCTRaPro variant showed significantly higher 

Emax than hCTRbPro (but not hCTRbLeu) for all CT peptides.  
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Comparison of distinct CT peptide ligand responses at the same receptor variant showed that sCT, pCT 

and cCT had no significant differences in potency when compared to hCT for all variants. However, 

cCT had a higher Emax than the other peptides at both polymorphisms in the hCTRa splice variant, 

although statistical significance was only evident for the hCTRaPro variant.  

Assessment of PHM-27 revealed a different cAMP profile to that of the CT peptides. Here, for all four 

receptor variants, the data fit to a three parameter linear regression curve revealing only a one site fit. 

PHM-27 was a weak partial agonist, with a statistically lower Emax and pEC50 in comparison to hCT at 

all variants assessed. In addition, PHM-27 was a weaker potency agonist at all hCTR variants (> 10 

fold), with statistical significance observed relative to hCT of all variants with the exception of 

hCTRaPro, where however there was a similar trend. When comparing PHM-27 responses across 

different receptor variants, similar to that observed with the CT peptides, the maximal response to PHM-

27 was significantly lower at the hCTRb splice variants in comparison to the hCTRa variant. 
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Figure 3.3 Agonist-dependent cAMP accumulation at the four hCTR variants. Characterization of cAMP formation elicited 

by sCT (A), hCT (B), pCT (C), cCT (D) or PHM-27(E) in COS-7 cells stably expressing each of the four splice/polymorphic 

variants of hCTR. Data are analysed by either a three-parameter or a biphasic logistic curve where the Hill slopes have been 

constrained to 1. In (E), the cAMP data is shown on the same scale as (A-D). The insert shows the cAMP response on a 

different scale, revealing weak responses, at all variants, to the PHM-27 peptide. All values are mean+S.E.M. of 3 to 4 

independent experiments conducted in duplicate.
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 hCTRaLeu hCTRbLeu 

pEC50(1) fraction pEC50(2) Emax  pEC50(1) fraction pEC50(2) Emax  

hCT 11.4±0.24 0.51±0.08 8.84±0.32 141.8±9.4**/***/**** (4) - - 8.93±0.22 78.2±8.7*/**** (4) 

sCT 11.39±0.28 0.51±0.08 8.64±0.37 158.9±13.5**/**** (4) - - 8.94±0.21 74±7.7* (4) 

pCT 10.93±0.59 0.37±0.14 8.04±0.51 145.3±23.8**/**** (3) - - 8.3±0.26 71.4±12.5* (3) 

cCT 11.58±0.64 0.22±0.08 9.47±0.18 192.1±8.5**/***/**** (3) - - 9.15±0.18 52.9±4.3* (4) 

PHM-27 - - 6.68±0.33† 20±4.5**/****/† (4) - - 7.46±0.32† 3.3±0.5*/† (4) 

 

 

 

 hCTRaPro hCTRbPro 

pEC50(1) fraction pEC50(2) Emax  pEC50(1) fraction pEC50(2) Emax  

hCT 11.23±0.17 0.7±0.08 8.21±0.56 81.7±7.7*/**** (4) - - 9.27±0.28 19.9±2.1*/**/*** (4) 

sCT 11.3±0.37 0.56±0.12 8.36±0.67 109.9±16.6**** (4) - - 9.52±0.17 27.7±1.8*/*** (4) 

pCT 10.86±0.23 0.56±0.08 7.7±0.34 119.5±15.4**** (3) - - 8.62±0.31 30.9±5.8*/*** (3) 

cCT 11.79±0.48 0.48±0.13 9.52±0.43 151.3±9.6*/**/****/† (3) - - 9.65±0.29 20.6±2.5*/**/*** (4) 

PHM-27 - - 6.78±0.31 10.5±2.3† (4) - - 7.7±0.46† 3.6±0.8*/† (4) 

 

 

Table 3.2 cAMP accumulation mediated by distinct agonists in COS-7 cells stably expressing four splice/polymorphic variants of hCTR. Data in Figure 3.3 (A), (B), (C) and (D) were fitted 

with either a biphasic curve (CTRa variants) or a three-parameter curve (CTRb variants), constraining Hill slopes for both sites to 1; while Figure 3.3 (E) was analysed by a three-parameter 

logistic curve. pEC50 is the negative logarithm of the concentration of agonist that produces half the maximal response. (1) and (2) are the high and low potency pEC50 values of the biphasic 

curve, respectively (CTRa variants), or calculated pEC50(2) calculated by the three-parameter logistic curve fit (hCTRb variants). Emax is the maximal response expressed as % of 10-5M forskolin 

response. Fraction refers to the % of the response that is from the higher potency site. All values are mean±S.E.M. of 3 to 4 independent experiments conducted in duplicate. Statistical significance 

of changes in pEC50, fraction or Emax of each ligands in comparison to hCT were determined for each receptor variant by a one-way analysis of variance and Dunnett’s post-test (p<0.05 

represented by †).Multiple comparison one-way analysis of variance and Bonferroni’s post-test was also used to identify significant changes (p<0.05) in pEC50, fraction or Emax of each 

splice/polymorphic variant (in comparison to the hCTRaLeu represented by *; hCTRbLeu represented by **, hCTRaPro represented by ***, hCTRbPro represented by ****) were determined for each 

ligand. 
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3.2.3.2 Ca2+ signalling  

Consistent with previous reports, the hCTRa variant elicited strong intracellular calcium mobilization 

in response to all CT peptides, while there was no detectable response at the concentration range tested 

for any of the peptides at either polymorphic variants of the hCTRb variant (Figure 3.4 A-D, Table 3.3). 

These concentration-response profiles fit a three-parameter logistic curve. There was no difference in 

Emax or potency for hCT, pCT or cCT to elicit a calcium response at either Leu or Pro polymorphism of 

the CTRa splice.  

In contrast to the CT peptides, no calcium signalling could be detected within the concentration range 

used for PHM-27 at any of the receptor variants (Figure 3.4 E, Table 3.3). 
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Figure 3.4 Intracellular calcium mobilisation by hCTR variants activated by distinct peptides. Characterisation of the 

calcium mobilization profile elicited by sCT (A), hCT (B),pCT (C), cCT (D) and PHM-27 (E) in COS-7 cells stably expressing 

the four splice/polymorphic variants of hCTR. Concentration-response data was calculated at the peak of calcium mobilisation 

response. Data were analysed by non-linear regression using a three-parameter logistic curve. All values are mean+S.E.M. 

of 3 to 4 independent experiments conducted in duplicate. 

 

 

 

 

 

 hCTRaLeu hCTRbLeu hCTRaPro hCTRbPro 

 pEC50 Emax  pEC50 Emax pEC50 Emax  pEC50 Emax 

hCT 8.73±0.16 148.2±8.7 (3) - - 8.8±0.08 139.1±3.9 (3) - - 

sCT 8.85±0.12 159.5±6.6 (4) - - 8.86±0.12 137.9±6 (4) - - 

pCT 8.85±0.08 141.8±3.9 (3) - - 8.67±0.13 138.7±6.6 (3) - - 

cCT 9.01±0.08 141.1±3.8 (4) - - 9.03±0.11 129.5±4.4 (4) - - 

 

Table 3.3 Effect of peptide agonists in calcium mobilisation in COS-7 cells stably expressing the four splice/polymorphic 

variants of hCTR. Concentration response data were analysed by non-linear regression with a three-parameter logistic curve 

to derive pEC50and Emax values. pEC50 is the negative logarithm of the estimated concentration of agonist that produces half 

the maximal response and is plotted as a % of the response elicited by ATP (100 μM). Emax is the maximal response. All values 

are mean±S.E.M. of 3 to 4 independent experiments conducted in duplicate. No statistically significant difference in pEC50 or 

Emax across the splice/polymorphic variants (one-way analysis of variance).  
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3.2.3.3 ERK1/2 phosphorylation 

In response to the CT peptide ligands, all hCTR variants triggered a fast, transient, ERK1/2 

phosphorylation at saturating ligand concentrations that returned towards baseline within 30-60 min of 

stimulation (Figure 3.5 A-D). As such, concentration response curves to peptides were established at the 

approximate time of peak stimulation (4 min for sCT and hCT, 5 min for pCT, 9 min for cCT). Data 

were analysed by non-linear regression using a three parameter curve (Figure 3.6 A-D). Similar to cAMP 

responses, the hCTRb variants produced a significantly lower maximal response in comparison to the 

hCTRa variants for all CT peptides assessed. The polymorphisms had no effect on maximal response. 

In addition, all variants (hCTRa and hCTRb, Leu and Pro) exhibited a similar potency in response to 

each CT peptide analysed (Figure 3.6 A-D, Table 3.4). 

Comparison across peptides using hCT as reference ligand revealed that, for the hCTRb splice variants, 

sCT and cCT produced a significantly lower maximal response. 

Time-courses for hCTR activation by PHM-27 revealed a different kinetic profile to that of the CT 

peptides, with a slow onset, sustained ERK1/2 phosphorylation that was more prolonged than that 

produced by CT peptides (Figure 3.5 E). Due to the distinct kinetic profile of PHM-27, concentration 

response curves were generated at both 9 (Figure 3.6 E) and 30 min time points (Figure 3.6 F). These data 

revealed that PHM-27 was a partial agonist in comparison to CT peptides in this signalling pathway for 

all variants assessed. In addition, PHM-27 at 9 min displayed a statistically significant lower potency 

than hCT and other peptide ligands for the hCTRa variants, whereas the hCTRb variants had potencies 

similar to hCT. Similar to that observed with the CT peptides (and in cAMP), PHM-27 had a statistically 

significant lower Emax for the hCTRb polymorphisms in comparison to the hCTRaLeu variant at 9 min. 

Despite lower Emax, at the 9 min time point, PHM-27 had also a higher potency (~10 fold) at the hCTRb 

variant relative to the CTRa splice, albeit this failed to reach statistical significance for hCTRbLeu 

(p=0.06) (Table 3.4). Comparison of potency and maximal responses of PHM-27 across different time 

points (9 and 30 min) revealed that at 30 min, the potency of this peptide decreases significantly for all 

CTR variants, with the exception of hCTRaLeu where pEC50 remained unaltered (Table 3.4). Analysis of 

the magnitude of response showed that at both splice variants of the Pro polymorphism PHM-27 did 
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not change significantly between 9 and 30 min stimulation. Interestingly, at the Leu polymorphism, the 

maximal response was significantly lower at 30 min (when compared to 9 min time point) for the hCTRa 

variant, whereas was significantly higher at the hCTRb splice variant. 
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Figure 3.5 ERK1/2 phosphorylation time-courses at the hCTR variants when stimulated by distinct ligands. 
Phosphorylation of ERK1/2 was assessed in the presence of 1 μM of sCT (A), hCT (B), pCT (C), cCT (D) or 10 μM of PHM-

27 (E) in COS-7 cells stably expressing four splice/polymorphic variants of hCTR. Data represent mean+S.D or S.E.M. of 2 

to 3 independent experiments conducted in duplicate. Arrows identify time chosen for concentration-response analysed.  
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Figure 3.6 ERK1/2 phosphorylation at the four hCTR variants. Characterization of the agonist-mediated phosphorylation 

of ERK 1/2 elicited by sCT (A) and hCT (B) at 4 min, pCT (C) at 5 min, cCT (D) and PHM-27 at 9 min (E) and PHM-27 at 30 

min (F) in COS-7 cells stably expressing four splice/polymorphic variants of hCTR. Data were analysed by a three-parameter 

logistic curve. All values are mean+S.E.M. of 3 to 6 independent experiments conducted in duplicate at the peak of maximum 

phosphorylation determined by a time course experiment. 
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hCTRaLeu hCTRaPro hCTRbLeu hCTRbPro 

pEC50 Emax  pEC50 Emax  pEC50 Emax  pEC50 Emax  

hCT 9.69±0.12 118±4.2**/**** (3) 9.14±0.15 134.1±6.9**/**** (3) 8.87±0.32 40±4.6*/*** (3) 9.19±0.46 44.1±6.8*/*** (3) 

sCT 9.35±0.15 120.9±5.7**/**** (3) 9.12±0.08 111.7±3.2†/**/**** (3) 9.17±0.23 28.1±2.2†/*/*** (3) 9.42±0.35 20.2±2.3†/*/*** (3) 

pCT 9.64±0.11 131±4.1**/**** (3) 9.42±0.11 135.8±4.7**/**** (3) 9.4±0.25 35.9±3*/*** (3) 9.82±0.76 26.2±6.1†/*/*** (3) 

cCT 9.48±0.16 99.8±4.7†/**/**** (4) 9.56±0.09 103.6±2.7†/**/**** (4) 9.07±0.16 27.6±1.6†/*/*** (4) 8.99±0.15 15.1±0.8†/*/*** (4) 

PHM-27 (9 min) 7.5±0.19†/**** 16.39±1.28†**/***/**** (6) 7.73±0.19† 12.08±0.89†/*/**/**** (5) 8.46±0.3 5.21±0.52†/*/*** (5) 8.7±0.34* 5.07±0.5†/*/*** (6) 

PHM-27 (30 min) 7.38±0.33 11.66±1.41‡/**** (6) 6.82±0.26‡ 11.38±1.44**** (6) 7.27±0.2‡ 9.01±0.7‡ (6) 7.31±0.25‡ 5.23±0.47*/*** (6) 

 

Table 3.4 Effect of peptide agonists in ERK 1/2 phosphorylation in COS-7 cells stably expressing the four splice/polymorphic variants of hCTR. Concentration response curves were analysed 

using non-linear regression fitted with a three-parameter logistic curve. pEC50 is the negative logarithm of the estimated concentration of agonist that produces half the maximal response. Emax 

is the maximal response expressed as a % of the 10% FBS response. All values are mean±S.E.M. of 3 to 6 independent experiments conducted in duplicate. Statistical significance of changes in 

pEC50 or Emax of each ligands in comparison to hCT were determined for each receptor variant by a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by †). Differences 

in PHM-27 pEC50 and Emax between 9min and 30 min were also analysed using a t-test (p<0.05 represented by ‡).Multiple comparison one-way analysis of variance and Bonferroni’s post-test 

was also used to identify significant changes (p<0.05) in pEC50, fraction or Emax of each splice/polymorphic variant (in comparison to the hCTRaLeu represented by *; hCTRbLeu represented by 
**, hCTRaPro represented by ***, hCTRbPro represented by ****) were determined for each ligand. 
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3.2.3.4 Signalling bias 

In order to quantify biased agonism, the Black/Leff operational model of agonism (Black and Leff, 

1983) is commonly  applied to calculate the transduction ratio that provides a measure of the efficiency 

of a ligand to activate a specific signalling pathway. Through this factor it is therefore possible to 

statistically compare the relative efficacies of distinct ligands for the same receptor and quantify 

whether these ligands have differential signalling. However, application of the operational model to 

biphasic pharmacological responses such as observed for the cAMP accumulation data is problematic; 

the operational model can only be readily applied to responses that fit a hyperbolic function and is much 

more complex for data such as described here for cAMP, where the best fit for CT peptides at the CTRa 

variants was a biphasic curve. Therefore, to determine if biased agonism occurred at any (or all) of the 

hCTR splice/polymorphic variants, bias plots were generated by interpolating the response obtained 

from equioccupant concentration of ligand in one pathway against the second pathway. In this analysis, 

the % of response for one pathway is plotted against a second pathway for each ligand at equipotent 

concentrations for each receptor variant. While these derived plots do not allow statistical comparison, 

they allow the identification of potential biased agonism between distinct ligands, and if any observed 

bias is consistent or different between receptor variants. 

When comparing cAMP to pERK1/2 (Figure 3.7), hCT, sCT and pCT had similar profiles in both 

polymorphic variants of the hCTRa splice variant, lower concentrations of ligand produced more cAMP 

than pERK1/2, whereas at higher concentrations, greater pERK1/2 was produced. Relative to the 

reference ligand (hCT), there was no obvious bias of the sCT relative to hCT. pCT displayed apparent 

bias toward pERK1/2, an observation that was more evident in the hCTRaPro than hCTRaLeu (Figure 

3.7 A and C). cCT produced more cAMP than pERK1/2 at all concentrations though its overall profile 

was similar to that of hCT and sCT. As observed at the hCTRa variant, hCT and sCT had similar 

signalling profiles, while pCT exhibited bias towards pERK1/2 relative to hCT. In contrast, the cCT 

profile was particularly interesting. In both hCTRb variants, this peptide showed a biased profile, but 

the direction of the bias differed depending on the polymorphism. The Pro polymorphism drove the 
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bias of cCT towards cAMP (relative to hCT), whereas the direction of the bias was towards ERK1/2 

phosphorylation at the hCTRbLeu variant. 

In contrast to the CT peptides, that displayed variable levels of bias dependent on receptor 

polymorphism and splice variant, PHM-27 (compared to hCT) was biased towards pERK1/2 relative to 

cAMP at all CTR variants, although the relationship between cAMP and pERK1/2varied according to 

receptor variant. 

Bias plots comparing calcium mobilisation and cAMP or pERK1/2 were prepared only for the hCTRa 

splices, as hCTRb variants did not produce a detectable signal for Ca2+ mobilisation. 

In accord with patterns observed for cAMP:pERK1/2, hCT, sCT and cCT had similar profiles, with 

greater cAMP response. pCT, however, exhibited relative bias towards Calcium mobilisation compared 

to reference hCT peptide. 

When comparing the calcium mobilisation and pERK1/2 pathways (Figure 3.9), all the CT peptides 

generated more pERK1/2 relative to Ca2+, and there was no obvious bias in the profile of these peptides, 

although subtle variances may exist. 
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Figure 3.7 Bias plots comparing cAMP-pERK1/2 pathways activated by distinct peptides acting at the hCTR variants. Each 

ligand response at each receptor variant was normalised to its own Emax. Equi-occupant concentrations of response for cAMP 

pathway were plotted against pERK1/2 pathway for each ligand at the hCTRaLeu (A), hCTRbLeu (B), hCTRaPro (C) or 

hCTRbPro (D). For PHM-27, data relative to pERK1/2 response at 9 min have been used. 
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Figure 3.8 Bias plots comparing cAMP-Ca2+ pathways activated by distinct peptides acting at the hCTR variants. Each 

ligand response at each receptor variant was normalised to its own Emax. Equi-occupant concentrations of response for cAMP 

pathway were plotted against Ca2+ pathway for each CT ligand at the hCTRaLeu (A) or hCTRaPro (B). 
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Figure 3.9 Bias plots comparing Ca2+-pERK1/2 pathways activated by distinct peptides acting at the hCTR variants. Each 

ligand response at each receptor variant was normalised to its own Emax. Equi-occupant concentrations of response for 

pERK1/2 pathway were plotted against Ca2+ pathway for each CT ligand at the hCTRaLeu (A) or hCTRaPro (B).  
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3.2.4 β-arrestin 1/2 recruitment  

A BRET assay was used to assess the ability of different hCTR variants to recruit β-arrestins following 

agonist stimulation. A bicistronic vector was used to co-express either β-arrestin 1 or β-arrestin 2-Venus 

and each of the four hCTR splice/polymorphism variants tagged at the C-terminal tail with Rluc8. 

cAMP accumulation measured 48 h post transient transfection of the vector expressing these proteins 

in COS-7 cells confirmed that the introduction of the Rluc8 tag to the receptor C-terminus and the 

overexpression of the β-arrestin-Venus did not affect the pharmacology of the hCTR variants of the 

hCTR-tagged variants when compared to the transiently transfected untagged hCTR (at least in terms 

of cAMP) (Figure 3.10). Interestingly, due to the limited number of replicates and the larger error, cAMP 

concentration-response curves of our constructs were fit to a three-parameter logistic curve, but we 

cannot exclude that further replicates would reveal a biphasic fit for the hCTRa polymorphism even in 

a transient setting.  

None of the hCTR variants, in response to saturating concentrations of any of the CT peptides elicited 

a significant increase in BRET over a 10 min time period (Figure 3.12). The GLP-1R that is known to 

recruit both β-arrestin 1 and β-arrestin 2 was assessed in parallel as a positive control to confirm that 

the assay could robustly detect the recruitment of arrestins to a receptor (Figure 3.11). 

To ensure that the absence of observed β-arrestin recruitment was not due to low expression of GRKs 

in the cell system, GRK 2, 3, 5 or 6 were co-transfected with the bicistronic vector and the assay was 

repeated. Despite the overexpression of GRKs, no BRET signal profile was observed for the recruitment 

of tagged β-arrestin to any of the tagged hCTR variants (data not shown). 

To check that the addition of the Rluc8 tag does not interfere with any potential β-arrestin 1 or 2 

recruitment to the various forms of hCTR, COS-7 cells stably expressing hCTR variants (without the 

Rluc8 tag) were transiently transfected with varying level of the Venus tagged β-arrestins and stimulated 

with either sCT, sCT(8-32) or vehicle. No specific redistribution of either of the Venus tagged β-

arrestins could be observed in wide field images up to 60 min stimulation, supporting the BRET data 

that no ligand assessed in this study was able to promote recruitment of β-arrestin 1 or 2 to any of the 

variants of the hCTR (Figure 3.13).   
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Figure 3.10 cAMP formation in COS-7 cells transiently expressing four splice/polymorphic variants of hCTR containing 

a C-teminal-Rluc8 tag and overexpressing β-arrestin 1 or β-arrestin 2. COS-7 cells were transfected and plated at 30.000 

cells/well and stimulated with sCT. Data are analysed by non-linear regression with a three-parameter logistic curve. All 

values are mean+S.D. of 2 independent experiments conducted in duplicate. 

 

 

 

 

 

 

 
Figure 3.11 BRET characterization of the recruitment of β-arrestins 1/2-Venus to hGLP-1R-Rluc8 co-expressed in COS-

7 cells. 48 h transient transfection of the bicistronic vector containing either of β-arrestin 1-Venus or β-arrestin 2-Venus and 

the GLP-1R-Rluc8. Cells were stimulated with 1 μM of ligand and BRET was measured over 10 min. Data represent mBRET 

ratio corrected for vehicle. All values are mean+S.D. of 2 independent experiment conducted in triplicate. 
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Figure 3.12 BRET characterization of the recruitment of β-arrestins 1/2-Venus to hCTR-Rluc8 variants co-expressed in 

COS-7 cells. Assays were performed 48 h following transient transfection of the bicistronic vector containing either of the β-

arrestin 1-Venus or the β-arrestin 2-Venus and different hCTR variants tagged with Rluc8 at the C-terminal tail. Cells were 

stimulated with 10 μM of ligand and ligand-induced BRET was measured over 10 min. Data represent mBRET ratio corrected 

for vehicle. All values are mean+S.D. of 2 independent experiments conducted in triplicate.  
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Figure 3.13: The hCTR does not recruit β-arrestin 1 to the cell surface upon ligand stimulation in Cos7 cells. Wide-field 

representative images of COS-7 cells stably expressing hCTRaLeu and transiently transfected with β-arrestin 1-Venus. Cells 

were stimulated with 1 μM of sCT, sCT(8-32) or vehicle and imaged at 0 min (A, D), 5 min (B, E) and 60 min (C, F) post 

ligand stimulation. Images were collected when the same cells were transfected with β-arrestin 2-Venus or with different splice 

variants of the receptor, with similar findings.  
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3.2.5 Receptor internalisation 

Internalisation of the hCTR was determined by confocal imaging. COS-7 cells stably expressing 

hCTRaLeu, hCTRbLeu, hCTRaPro or hCTRbPro were stimulated with either sCT-ROX or sCT(8-32)-

AF568. The fluorescent probes did not alter the pharmacology of these ligands (Figure 3.14 for sCT-

ROX, sCT(8-32)-AF568 (Furness et al., 2016). 

Wide-field images of cell stimulated with each of the two fluorescent ligands revealed ligand 

internalization within 5 minutes from application of the stimuli in cells expressing hCTR variants, but 

not in naïve COS-7 cells that do not express the receptor (Figure 3.15 and Figure 3.16). 

Similarly, fluorescently conjugated antibody that selectively labels the cMyc tag at the extreme N-

termini of the hCTR variants (9E10-AF647) revealed a rapid internalisation of the receptor in the 

absence of any stimulating ligand (Figure 3.17 10.4225/03/59c1f93681dc4 10.4225/03/59c1fa9625067). 

Treatment of naïve COS-7 cells with the fluorescently conjugated antibody did not result in 

internalisation of the antibody, confirming a receptor mediated internalisation. Co-treatment of hCTR-

expressing cells with fluorescent antibody and fluorescent ligand (sCT-ROX) showed rapid co-

localisation of the two probes in intracellular compartments (within seconds/minutes). The rate of 

internalisation of the receptor did not visually appear to be altered by the addition of either sCT-ROX 

or sCT(8-32)-AF568 (Figure 3.18. 10.4225/03/59c1f2ea9d402, and 3.19 10.4225/03/59c1f6998fedb). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14: cAMP formation in COS-7 cells stably expressing hCTRaLeu variant in presence of sCT or sCT-ROX. Stable 

COS-7 cells were stimulated with either sCT or sCT-rhodamine (sCT-ROX). Data were analysed by non-linear regression 

with a three-parameter logistic curve. All values are mean+S.D. of 1 experiment conducted in duplicate.  

https://doi.org/10.4225/03/59c1f93681dc4
https://doi.org/10.4225/03/59c1fa9625067
https://doi.org/10.4225/03/59c1f2ea9d402
https://doi.org/10.4225/03/59c1f6998fedb
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Figure 3.15 Internalisation of sCT(8-32)-AF568 in COS-7 cells stably expressing the hCTR. Wide-field images of COS-7 

cells stably expressing hCTRaLeu, hCTRbLeu or naïve COS-7 cells. Cells were stimulated with 1 μM sCT(8-32)-AF568 for 0 

min, 5 min, 10min, 15 min, 30 min  and 60 min. (A) bright field images, (B) AF568 emission.  
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Figure 3.16 Internalisation of sCT-ROX in COS-7 cells stably expressing the hCTR. Wide-field images of COS-7 cells 

stably expressing hCTRaLeu, hCTRbLeu and naïve COS-7 cells. Cells were stimulated with 1 μM sCT-ROX for 0 min, 5 min, 

10 min, 15 min, 30 min and 60 min. (A) bright field images, (B) Rhodamine  emission. 
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Figure 3.17 Internalisation of 9E10-AF647 in COS-7 cells stably expressing the hCTR. Confocal field images of COS-7 

cells stably expressing hCTRaLeu (A and B) or hCTRbLeu (C and D) variants were incubated with 1 µg/ml anti-cMyc antibody 

(9E10-AF647) for 60 to 100 min on ice. Cells were extensively washed with cold PBS before imaging in SP-8 for 60 min at 

37 ̊C. Four focal planes were acquired every 1 min for 60 min. Images presented are stacking three to four planes elaborated 

in Fiji ImageJ for (A) and (C) 9E10-AF647 emission, (B) and (D)bright field images. Representative images of 2 independent 

experiments. Scale bar represents 30 μm.  



 87   

 

 

 

A    B             C 

 

 

 

 

 

 

0 min 

 

 

 

 

 

 

 

 

 

 

 

 

20 min 

 

 

 

 

 

 

 

 

 

 

 

 

 

40 min 

 

 

 

 

 

 

 

 

 

 

 

 

60 min 

 

 

 

 

 

 

 

Figure 3.18 Internalisation of sCT(1-32)-ROX and 9E10-AF647 in COS-7 cells stably expressing the hCTRaLeu. Confocal 

field images of COS-7 cells stably expressing hCTRaLeu were incubated with 1 μM sCT-ROX and 1 µg/ml anti-cMyc antibody 

(9E10-AF647) for 60 to 100 min on ice. Cells were extensively washed with cold PBS before imaging in SP-8 for 60 min at 

37 ̊C. Four focal planes were acquire every 1 min for 60 min. Images are presented as maximum intensity projections of the 

four planes (processed in the Fiji distribution of ImageJ) for (A) 9E10-AF647 emission, (B) sCT-ROX emission and (C) bright 

field images. Representative images of 2 independent experiments. Scale bar represents 30 μm.  
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Figure 3.19 Internalisation of sCT(8-32)-AF568 and 9E10-AF647 in COS-7 cells stably expressing the hCTRaLeu. 
Confocal field images of COS-7 cells stably expressing hCTRaLeu were incubated with 1 μM sCT(8-32)-AF568 and 1 µg/ml 

anti-cMyc antibody (9E10-AF647) for 60 to 100 min on ice. Cells were extensively washed with cold PBS before imaging in 

SP-8 for 60 min at 37 ̊C. Three focal planes were acquired every 1 min for 40 min. Images are presented as maximum intensity 

projections of the four planes (processed in the Fiji distribution of ImageJ) for (A) 9E10-AF647 emission, (B) sCT(8-32)-

AF568 emission and (C) bright field images. Scale bar represents 30 μm.  
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3.3 Discussion 

In humans, two splice variants of the CTR are expressed at different levels, depending on the tissue in 

which the receptor is expressed. Additionally, individuals from different ethnic backgrounds carry 

differing genotypes with respect to the common coding polymorphism of the CTR. These different 

receptor variants can be activated by distinct ligands and/or produce divergent responses, and ultimately 

trigger different physiological outcomes. Thus, it is important to understand the pharmacological profile 

these natural splice/polymorphic variants of the CTR, because these may impact on how patients with 

distinct genotypes respond to the same therapeutics. 

In this study we have performed a comparative analysis of the signalling output of four common 

splice/polymorphic variants of the hCTR expressed in COS-7 cells. We show consolidated evidence 

that the activation of the hCTR triggers cAMP production, calcium mobilisation and downstream 

phosphorylation of ERK1/2, and that receptor splicing alters the signalling profile of the CTR. In this 

study we also showed that different variants of the CTR can have differential impacts on the efficacy 

of individual agonists. Using distinct ligands, we have revealed the first evidence for biased agonism at 

the CTR. In addition, we have identified an unusual trafficking profile for this receptor. We have 

determined that, in the COS-7 recombinant cell system, the CTR shows constitutive internalisation with 

ligand addition having no apparent effect on the kinetics of this process. In this cell system, the receptor 

activation and trafficking does not appear to involve β-arrestin recruitment or redistribution of these 

regulatory proteins. 

3.3.1 Ligand affinity is dependent on receptor polymorphism and splicing 

Consistent with previous studies, sCT and cCT have higher affinity for the hCTR compared to hCT and 

pCT (Kuestner et al., 1994). However, both sCT and cCT show enhanced affinity for the hCTRb variant 

irrespective of the polymorphism.  At the hCTRa variant the Pro polymorphism displayed higher affinity 

for these 2 ligands compared with the Leu polymorphism, however there was no difference in apparent 

affinity of the polymorphic variants at the hCTRb variant. Despite these differences in affinity, both 

between ligands and across variants, all four ligands revealed a similar profile for stimulation of cAMP 



 90   

 

accumulation (Wolfe et al., 2003).  Previous studies using CT chimeric peptides had already highlighted 

that the mid-region and C-terminal residues of the CT ligands (residues 13-32) (Table 1.1), that are the 

least conserved across CT peptides, are the key to the distinct observed affinity and binding kinetics of 

the different CT peptides (Hilton et al., 2000, Furness et al., 2016).  

Our study also shows that changes in the receptor at the intracellular face has an impact on the signalling 

pathway triggered following receptor activation (i.e. differences in peptide-mediated Ca2+ mobilisation 

signalling between hCTRa and hCTRb splice variants) and also an effect on the observed affinity of a 

subset of the agonists. 

It is possible that changes in the observed affinity of the ligands across splice variants could be affected 

by differential engagement with G proteins. However, this is unlikely to be the case, as all the CT 

ligands had similar affinities at the other receptor variants despite large differences in signalling, 

particularly between the hCTRaPro and hCTRbPro. Moreover, Hilton et al. (2000) also observed that 

binding kinetics of different CT agonists remain unchanged in membranes containing CTR treated with 

or without GTP. Altogether this suggests that the G protein interaction with the receptor has limited 

impact on ligand affinity under the conditions of assay. (Hilton et al., 2000) 

In this study we could not observe recruitment of β-arrestins to ligand-activated receptor, however the 

fact that CTR constitutively internalises (discussed in Section 3.3.5) suggests that other scaffolding 

partners do interact with the receptor. For instance, the CTR contains a highly conserved PDZ domain 

at the extreme C-terminus of the receptor, although the role of this domain has yet to be investigated. 

As such, the CTR may differentially engage with, as yet, unidentified partners that could impact on 

ligand affinity. 

3.3.2 The different components of CTR signalling 

Similar to previous reports, we observed pleiotropically coupling of the hCTR to multiple intracellular 

effectors. Its activation elicits cAMP production and ERK phosphorylation for all receptor 

splice/polymorphic variants, while the transient calcium mobilisation from intracellular stores is only 

detectable for the hCTRa splice variants. 
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All CT peptides stimulate biphasic cAMP responses with the hCTRa variant but not the hCTRb variants. 

The first hypothesis that could explain this profile is the possibility of compartmentalised signalling. It 

is becoming evident that GPCRs can signal from within endosomes (Vilardaga et al., 2011, Kuna et al., 

2013), however to date this has not been explicitly shown for CTR. Our data has shown a rapid receptor 

internalisation of both hCTRa and hCTRb splice variants, that drives the receptor towards perinuclear 

compartments. Using a radioligand approach, Schneider et al. (1988) showed that in T47D cells (which 

expresses both receptor splice variants) internalised CTR is transferred to lysosome for degradation 

without recycling, while new receptor is continuously resynthesized and transported to the plasma 

membrane. This may not be the case in our COS-7 cells, as our data and other published data clearly 

reveal that CTR trafficking differs in different cellular backgrounds. For instance, Moore et al. (1995) 

used a radioligand binding approach on BHK cells transfected with the either of the two CTR splice 

variant to show appreciable internalization of the radiolabelled ligand when the hCTRa, but not of the 

hCTRb splice variant is expressed, whereas in our COS-7 cells both splice variants internalise and traffic 

both agonist and antagonist ligands into the cell. It therefore possible that in our COS-7 cells, once 

internalised, different CTR variants traffic to distinct sub-compartments (i.e. Golgi), a hypothesis that 

has yet to be addressed. Additionally, it would be interesting to determine if different receptor variants 

signal in the same way from distinct cellular compartments, and/or if they recruit a different subset of 

effectors. We have yet to examine the impact of inhibition of receptor internalisation on signalling of 

the different hCTR variants or to explore inhibition of the various components of the signalling cascade. 

This could be addressed by knocking down scaffolding proteins involved in trafficking, such as caveolin 

or dynamin, and measuring if receptor still traffics and/or if its signalling function is altered.   

A second hypothesis for the observed biphasic response could attribute the distinct cAMP profile to 

different isoforms of G proteins coupling to the receptor with distinct affinities. It is known that each 

subunit of the G protein heterotrimer can exist in several isoforms and splice variants (Hildebrandt, 

1997, Downes and Gautam, 1999), each one with a potentially different affinity for the active hCTR. 

To investigate this hypothesis, G protein knock-out cells could be used to co-transfected CTR and the 

individual isoforms of G protein. Also, a BRET or FRET approach (similar to that what was used 
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recently by our lab (Furness et al., 2016)) may be helpful; by tagging both receptor and the G protein it 

would be possible to measure (upon ligand addition) the kinetic and affinity of different G protein 

binding to the receptor. By tagging two distinct subunits of the G protein (α and βγ), it would be possible 

to measure the kinetics of G protein rearrangement upon ligand addition. These experiments could (i) 

reveal if distinct isoforms of G protein are activated in a distinct manner, (ii) by conducting these 

experiments in presence of different receptor variants, they could reveal if different receptor splice or 

polymorphic variants activate the G protein in a different manner, (Perry III et al.) by using different 

ligands to stimulate the receptor, it could be possible to identify whether different ligands cause distinct 

conformational changes in the effector structure (potentially leading to signalling bias as discussed in 

Section 3.3.3). (Kleinau et al., 2010)  (Bavec et al., 2003) 

As the hCTRa and hCTRb splice variants differ by the presence or absence of the 16 amino acid insertion 

in ICL1, this may modulate either the coupling affinity and/or kinetics of activation of different Gα 

proteins. For example, Kleinau et al. (2010) have systematically mutated residues in ICL1 in the 

thyrotropin receptor (THSR, a class A GPCR) and shown that the cytosolic portions of TM1 and TM2 

are important for interaction with Gα proteins, and that their mutation drastically impairs the 

downstream signalling, in particular of  Gαq. Despite the low sequence homology, experiments on 

similar results were also obtained for Class B1 GPCRs: Bavec et al. (2003) have shown that ICL3 of 

the GLP-1R is important for Gαs and Gαq protein coupling while ICL1 and ICL2 seem to play a sorting 

role to differentiate which G protein the receptor couples to. The importance of the first 2 ICLs has also 

been shown for the PTH-1R (Iida-Klein et al., 1997), CGRP (Cypess et al., 1999) and secretin receptors 

(Garcia et al., 2012). For CTR, helix 8 at the C-terminus are also important for receptor interaction with 

G proteins, in particular Gαs and Gαq (Seck et al., 2005). More recently, our group has solved the near-

atomic resolution structure of sCT-hCTRaLeu-Gαs heterotrimer complex, showing that the intracellular 

portion of the TM bundle makes extensive contacts with the Gαs protein. In this structure ICL1 is 

located above the WD40 repeats 1 and 7 of the β subunit and close to the N-terminal alpha-helical 

domain of Gαs (Liang et al., 2017). Therefore, it is not surprising that the 16 amino acid insertion in 

ICL1 modulates coupling of signalling effectors to the hCTR, as it would sterically hinder the observed 
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interactions of the hCTRa receptor variant. In functional data this would translate in a shift to the right 

of the concentration-response curves for the hCTRb variant. Nonetheless, this does not provide a clear 

molecular mechanism for the biphasic response seen with the hCTRa variant. 

It is possible that the Ca2+ response could also contribute to one of the two phases of the cAMP response 

as this is observable solely in the hCTRa splice variant that is competent for calcium signalling. 

Increases in intracellular calcium can activate soluble adenylyl cyclase (sAC) and produce additional 

cAMP (Jaiswal and Conti, 2003), and current study confirmed previous reports of a divergent calcium 

response between the 2 splice variants, where the hCTRb splice is not capable of producing a detectable 

Ca2+ response in the presence of up to 1 μM of agonist (Moore et al., 1995, Kuestner et al., 1994). 

Preliminary data support Gαq-dependence of the Ca2+ response in our stable COS-7 cells as UBO-QIC 

(FR900359), a Gαq inhibitor, completely blocked the Ca2+ response (Figure S1 A, Appendix 1). Further 

experiments with the Gαq protein inhibitor should identify if one of the two phases of the cAMP 

response has a Ca2+ component, as well as the involvement of the Gαq protein in other signalling 

pathways downstream of CTR activation.  

pERK1/2 can be modulated by numerous upstream signalling pathways, including those initiated by 

Gαs, Gαi and Gαq (Pitcher et al., 1992, Boyer et al., 1992, Camps et al., 1992, Smrcka and Sternweis, 

1993, Stephens et al., 1994, Ikeda, 1996, Smrcka, 2008, Sunahara et al., 1996, Wickman et al., 1994, 

Clapham and Neer, 1993, Ueda et al., 1996, Moscat et al., 2003). For the CTR, pERK1/2 is a convergent 

endpoint of multiple pathways, as illustrated by Morfis et al. (2008), where several inhibitors were used 

to tease apart contribution of different components of the signalling cascade mediated by the hCTRaLeu, 

leading to pERK1/2, when expressed in the same cellular background used in the current study. In the 

Morfis et al. (2008) study, inhibition of PLC, PI3K, PKC, Raf and MAPK (but not PKA) all reduced 

or completely abolished pERK1/2, consistent with convergent activation, and this likely varies between 

splice variants, due to the absence of Gαq-mediated iCa2+ mobilisation. To further investigate the 

contribution of different upstream effectors to the pERK1/2 signalling, different inhibitors could be 

used to tease apart the different components that produce this response. Additionally, by performing 

signalling assays in presence of the different hCTR variants and various inhibitors, it may be possible 
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to identify the effect that polymorphism and splicing has on the specific pathways driving the pERK1/2 

response. (Morfis et al., 2008) 

Another important aspect of pERK1/2 signalling is that different cell compartments, such as nucleus 

and cytosol, have localised ERK that can be phosphorylated in a distinct spatiotemporal manner. 

Examples of this are the μ-opioid receptor (Halls et al., 2016), and the neurokinin 1 receptor (Jensen et 

al., 2014) where different ligands produce distinct outcomes because of the origin of the pERK1/2 

signalling within the cell. In our study we have measured the overall cellular pERK1/2 (however, 

concentration response curves are at single time points), and we are yet to tease apart whether the origin 

of the pERK1/2 response differs for different variants or in response to different ligands. FRET sensors 

tethered to different cell compartments (nucleus or cytosol) are available for assessing 

compartmentalised-pERK1/2 signal and could help to elucidate the origin of ERK1/2 responses and the 

potential for differences in signal location with the different receptor variants, or in response to the 

different peptide ligands. 

3.3.3 Biased agonism of the CT ligands  

3.3.3.1 Receptor variants have an effect on maximal responses of CT peptides 

Both polymorphism and receptor splicing play a role in defining the differential efficacies observed for 

agonists between different receptor variants. Our data would suggest that the efficiency of coupling of 

the Pro polymorphism variants to the pathways analysed could be stronger than the Leu variants, and 

for cAMP formation, this is principally reflected in the magnitude of the second phase of signalling. 

Due to lower expression levels of the Pro variant, our data may also suggest that the Pro polymorphism 

promotes higher efficacy of all CT agonist peptides towards pERK1/2 and Ca2+ mobilisation when 

compared to the Leu variant. 

Intriguing differences were observed in cAMP Emax across the different variants (Figure 3.3, Table 3.2). 

While a component of this variance may arise from differences in receptor expression, limited 

differences were observed in Emax for the other pathways, at least within the same splice variant. 

Moreover, the extent of difference was, in part, peptide dependent, suggesting that the differences were 

likely due to properties of the receptor. 
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3.3.3.2 Biased agonism at the hCTRaLeu variant 

When the other CT peptides are compared to the reference ligand hCT, differences in signalling profiles 

become evident. sCT showed a signalling profile analogous to the reference peptide hCT. On the other 

hand, pCT and cCT displayed biased agonism at the hCTRaLeu compare to hCT. Specifically pCT 

showed bias towards Ca2+ and pERK1/2, and away from cAMP compared to hCT, suggesting that 

potentially pCT-dependent pERK1/2 signalling bias may be related to altered Ca2+ signalling relative 

to cAMP (when compared to hCT), and this is reflected in equivalence of pCT to hCT in bias plots 

comparing iCa2+ to pERK1/2 (Figure 3.9). cCT has more sequence similarity to sCT than to pCT or hCT, 

yet the pattern of its response differs from that of the other CTs, showing a stronger cAMP response 

than the other two pathways assessed, and a bias away from pERK1/2, when compared to the reference 

hCT ligand. (Furness et al., 2016) 

The N-terminus of the CT peptide is critical for initiation of signalling (at least for cAMP), and the N-

terminal 7 amino acids are highly conserved. Furness et al. (2016) have demonstrated that CT peptides 

with distinct affinity for the hCTR (such as sCT and hCT) can be equipotent in cAMP response by 

promoting different ensembles of active states in the G protein. Specifically, hCT is less potent than the 

sCT in recruiting G protein to the ligand-bound receptor, however, it triggers a faster exchange of GDP 

for GTP and a faster turnover of G protein. This ultimately induces an initial higher activation of 

adenylyl cyclase and faster production of cAMP. The use of chimeric peptides exchanging N-terminal 

(13-16) amino acids between sCT and hCT has also highlighted the role of the ligand N-termini in 

promoting distinct G protein conformational changes, while the potency at which the conformational 

rearrangement in G protein occur depends on the mid-C-terminal region of the peptide. These fine 

differences are likely to require kinetic analysis of response to distinguish ligand behaviour, while the 

accumulation experiment performed in this study cannot capture changes that occur within minutes of 

ligand interaction with the receptor. Of interest for our study is the observation that the mid-region of 

cCT is absolutely conserved when compared to sCT, while the N-termini differs from all the other CT 

ligands at residues 2 and 3, being Ala or Ser, respectively for cCT and Ser/Gly2 and Asn3 in the other 

CT peptides. We speculate that these two residues could contribute to formation of a distinct ensemble 
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of conformations in receptor and in G protein relative to those observed for hCT, sCT and pCT. 

Experiments to confirm this hypothesis would involve assessing receptor conformations by advanced 

methods that include BRET, single molecule FRET, NMR and other spectroscopic methods (for 

instance DEER), or assessing effector conformations such as those already performed by Furness et al. 

(2016) for hCT and sCT, utilising BRET sensors inserted in distinct subunits of the G protein. 

Comparison between sCT, cCT and unique chimeric peptides altering the N-terminus of these ligands 

would confirm if those two residues have a differential effect in promoting distinct G protein 

conformational changes. (Furness et al., 2016) 

3.3.3.3 Effect of receptor splicing on biased CT signalling 

The analysis of the shapes of the curves in the bias plots that compare Ca2+ (or cAMP) and pERK1/2 

pathways show that for the hCTRa variant reflect the ability of this splice variant to couple to more 

downstream pathways. On the other hand, profiles of sCT and hCT at the hCTRb splice variants in the 

bias plots comparing cAMP and pERK1/2 pathways (that lacks Ca2+ response due to only limited 

interaction with Gαq protein) tend to the line of identity (LOI), suggesting that the Gαq coupling to 

hCTR variants could be one of the main drive for the downstream pERK1/2. Interesting in this case is 

the bias displayed by pCT and cCT away from the LOI when compared to hCT. It is possible that the 

bias observed for pCT and cCT could be attributed to the differential activation of this signalling 

pathway by these two ligands when compared to hCT and sCT. Additionally, as mentioned previously, 

we have to consider that other effectors (besides those investigated in this study) and scaffolding 

proteins interacting at the intracellular face of the CTR could subtly alter receptor conformation and 

therefore selectively alter signalling of these ligands.  

3.3.3.4 Effect of receptor polymorphism on biased agonism 

Different clinical studies show contradicting evidence about the potential role of the Leu polymorphism 

in increasing osteoporotic risk (Braga et al., 2002, Masi et al., 1998b, Dehghan et al., 2016). In vitro 

experiments conducted by Wolfe et al. (2003) showed that, in the presence of equimolar concentration 

of ligand, neither of the two polymorphisms stimulated with sCT, hCT or pCT showed a statistical 

difference in affinity or signalling (cAMP). Similarly in our cAMP signalling experiments, all receptor 
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polymorphic variants show no major statistical differences in potency for any of the CT peptides 

attributable to polymorphism, and the difference in maximal response could be attributed to changes in 

expression, although this appears unlikely, as discussed above. (Wolfe et al., 2003) 

This is highlighted by interesting differences were observed in our bias plots when comparing cAMP 

and pERK1/2 responses.  At the hCTRa variants cCT had a similar signalling profile regardless of 

polymorphism. However, at the hCTRb splice variants, cCT displayed a distinct signalling profile when 

comparing the two polymorphisms with enhanced pERK1/2 at the Leu variant, and enhanced cAMP 

for the Pro variant relative to the reference ligand hCT. 

This is the first pharmacological demonstration of an effect of this polymorphism on hCTR function. It 

would also be interesting to assess if this polymorphism has an effect on other signalling pathways 

besides those assessed in this study, to both identify how the different biased agonists, identified in this 

study, activate other potentially physiologically relevant pathways. 

3.3.5 PHM-27 is a weak partial agonist of hCTR 

The identification of an endogenous peptide that is not closely related to calcitonin but that activates 

the receptor would imply a distinct physiological role for the receptor.  

PHM-27 has been reported to be a full agonist of hCTR in triggering intracellular cAMP production 

and cell proliferation in both HEK293 and 3T3 transfected cell lines (Ma et al., 2004). 

In our stable COS-7 cells, PHM-27 does not fully compete with 125I-sCT(8-32) at the concentrations 

tested, and appears to show very low affinity for the hCTR, which could potentially represent binding 

to a different site. From this assay it is not possible to define whether this ligand is an orthosteric or an 

allosteric agonist of the hCTR. We can speculate that due to low similarity to the CTs, this peptide 

establishes different interactions with the receptor and potentially binds with a different mode than the 

other orthosteric peptides. To determine if this is the case, additional experiments would need to be 

performed. These could include radioligand binding experiments with labelled PHM-27 as well as 

cross-linking experiments that may information about the binding pocket(s) for CT and PHM-27. For 

these studies, ligand modification would be required to insert a photoaffinity group in the ligand (or the 

receptor) that does not have a significant on the affinity/signalling of the ligand-receptor pair. 
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In our cell line PHM-27 is also only a partial agonist in triggering cAMP formation relative to CTs. 

Differences in cAMP profiles in our COS-7 cells, compared with previous studies using different cell 

backgrounds, could be due to many factors. In our experiments, the hCTR variants were expressed in 

COS-7 cells, while previous studies used NIH3T3 and HEK293 cells. It is not uncommon to observe 

different response to the same ligand and receptor depending on the cell system used in the assay (Ertel 

et al., 2006). Different tissues can express distinct isoforms and levels of effectors, each with a distinct 

affinity or apparent efficacy at the same receptor. In addition, compartmentalisation could differentially 

affect signalling (discussed above) in different cell lines due to different concentrations of lipids, 

cholesterol and caveolae in cell membranes, different internalisation machinery and receptor trafficking 

profiles (Halls et al., 2016). 

Alternatively, the different responses to PHM-27 may be due to the presence or absence of accessory 

proteins present in different cell backgrounds. For example HEK cells (used in previously published 

studies) express RAMPs that alter the pharmacology of the hCTR. hCTR in complex with RAMP1 

generates a receptor for amylin (Amy) and calcitonin-gene related peptide (CGRP), while a complex 

with RAMP2 or RAMP3 produces Amy receptors with lower affinity for CGRP. Some strains of 

HEK293 are reported to express RAMPs (Uhlen et al., 2015). For the CTR, it is unclear whether RAMPs 

directly interact with the ligand. RAMPs have been postulated change the conformation of the 

extracellular portion of the receptor to expose a distinct network of residues capable to interact with 

AMY or CGRP (Gingell et al., 2016). The hCTR appears to have low affinity and efficacy for PHM-

27 in our system. Differences in efficacy between our study and the previous reports may suggest that 

PHM-27 actually activates an Amy or CGRP receptor, formed by a CTR-RAMP complex, although it 

may alternatively reflect differences in the assay. Complexing the hCTR with RAMP may provide a 

higher affinity binding site for PHM-27, or alternatively may result in more efficacious signalling for 

PHM-27 (Christopoulos et al., 2003). Future experiments could assess the ability of RAMPs to 

influence PHM-27 pharmacology by co-transfecting our COS-7 cells with both the hCTR variants and 

RAMPs. 
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We further assessed PHM-27 signalling in our stable COS-7 cells expressing hCTR, identifying that it 

does not produce a detectable Ca2+ response up to 3 μM of peptide, and like cAMP, is only a partial 

agonist in pERK1/2. It is important to consider that the phosphorylation of ERK1/2 is a converging 

point of multiple upstream signalling pathways and the profile observed with this peptide could be 

explained by a distinct spatial-temporal activation of diverse upstream effectors. Interestingly, bias plots 

suggest that PHM-27 is a biased agonist toward pERK1/2 and away from cAMP relative to hCT. 

Though it is important to note that bias plots do not quantify relative efficacy. Moreover, our bias plots 

were generated at single time points of ERK1/2 phosphorylation. PHM-27 generates a very sustained 

pERK1/2 response relative to hCT, and full kinetic measures of activation in both assay would be 

require to more fully understand the relative signalling of these peptides. 

3.3.6 β-arrestin recruitment and trafficking of hCTR 

In the COS-7 recombinant cells system, both a proximity assay and a microscopy-based approach failed 

to demonstrate any ligand induced recruitment of β-arrestins, suggesting that hCTR internalization 

and/or ligand-induced signalling does not involve the recruitment of β-arrestins to the receptor. To our 

knowledge, only one study had previously reported interaction between hCTRaLeu variant and β-

arrestins (Andreassen et al., 2014). This study showed that sCT induces a prolonged interaction between 

receptor and β-arrestins, while hCT produced only a transient interaction with the effector. The 

differences in our observations could reflect cell-type differences in β-arrestin recruitment profiles for 

CTR. However, the results of the previous study may have been influenced by the experimental design 

of the assay. In the previously reported study, both the hCTRaLeu and the β-arrestins were tagged with 

two fragments of the β-galactosidase enzyme, which, upon interaction between the two binding 

partners, promote reconstitution of the active enzyme. This system can provide very amplified 

responses and could even result in artefacts, as the complementation is essentially irreversible. Of 

greater relevance, the receptor was modified by fusing, the C-terminus of the vasopressin V2 receptor 

(V2R) to the receptor. The V2R is known to strongly promote recruitment of β-arrestins (Oakley et al., 

1999). Nevertheless, the different profiles observed in the published study between hCT and sCT their 

complementation assay suggest distinct conformational rearrangements in the receptor that may be 
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induced by the two ligands. That study also reported ligand-induced internalisation of the receptor, in 

contrast to the ligand independent constitutive internalisation profile observed in the current 

experiments. However again, presence of V2R tail likely impacts broadly on receptor function and 

would have disrupted the PDZ domain discussed above. 

In our study both splice variants internalise constitutively and independently of the presence of ligand. 

Both the full agonist sCT and the putative antagonist sCT(8-32) are internalised in presence of all hCTR 

splice and polymorphic variants but not in untransfected cells, confirming that this process is receptor-

dependent. Real time imaging experiments revealed that ligand interaction (either an agonist or a 

reported antagonist/partial agonist sCT(8-32)) did not appear to visually alter the rate or speed of 

internalisation (although this was not quantified), clearly indicating that in COS-7 cells all variants 

constitutively internalise independent of ligand, and accumulate our probes in perinuclear compartment. 

Despite our observations, studies by other groups reported ligand-dependent receptor internalisation, 

however, these studies follow internalisation of ligand rather than receptor. For example internalisation 

of 125I-sCT has been identified to occur in cancer cell lines (T47D and BEN) (Lamp et al., 1981, Findlay 

et al., 1982, Wada et al., 1995) that endogenously express both hCTR splice variants, while Moore et 

al. (1995) used a similar radioligand binding approach on transfected BHK cells to show internalization 

of the radioligand with the hCTRa, but not the hCTRb splice variant. These latter studies are particularly 

intriguing as they are indicative of cell-dependent processes in receptor trafficking. (Moore et al., 1995) 

Our lab has recently generated preliminary data suggesting the constitutive, rapid internalisation of the 

hCTR also occurs in human osteoclasts (S. Furness, personal communication), a physiologically 

relevant system that naturally expresses both CTR splice variants, (the hCTRa at higher levels) 

(Kuestner et al., 1994). These findings support our identification of a novel trafficking of the CTR that 

occurs in osteoclasts, and this warrants further exploration. 

The physiological role of this process and the potential for differences in trafficking with different splice 

variants observed in previous studies (Schneider et al., 1988, Lamp et al., 1981, Findlay et al., 1982, 

Wada et al., 1995) is still unclear, but the fast and continuous internalisation of the receptor may be a 

mechanism of acute down-regulation adopted by the cell. The mechanistic basis behind CTR trafficking 
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also remains unclear at this stage, though the PDZ domain is unexplored. The potential ubiquitination 

of the CTR has yet to be explored, which could be assessed by immunoprecipitation or by western 

blotting using commercially available anti-ubiquitin antibodies (Sigismund and Polo, 2016). It is 

possible to speculate that CTR may produce downstream signalling from intracellular compartments, 

as continual removal of receptor from the cell surface could also deliver the activated receptor to internal 

sites of action and thus promote compartmentalised signalling.  

We have yet to prevent receptor internalisation of the hCTR or block various components of the 

signalling cascade to explore these possibilities in the different hCTR variants, and these studies are 

required to better understand its role in receptor function. 

3.3.7 Physiological implications of our findings 

Despite several studies in whole animals, primary and recombinant cells, only limited evidence is 

available regarding signalling pathways that are important for physiological function mediated by the 

CTR. In murine osteoclasts, prolonged CT treatment causes PKA activation and downregulation of 

CTR (Takahashi et al., 1995, Wada et al., 1996, Wada et al., 1995). In these cells, the formation of actin 

rings and cytoskeleton remodelling is controlled by PKA (with some potential involvement of PKC) 

(Suzuki et al., 1996), whilst rise of intracellular calcium and PKC activation blocks lysosome 

acidification, pit formation (via inhibition of actin-ring formation) and release of hydrochloric acid that 

dissolves the bone matrix (Yamamoto et al., 2005b, Sørensen et al., 2010). The CTR may also function 

as calcium sensing receptor (Stroop et al., 1993) and may provide in situ feedback to inhibit excessive 

bone resorption in osteoclasts or excretion in kidneys. However to our knowledge there are no data 

addressing whether there are differences between receptor polymorphisms or splice variants relevant to 

these different functions. These signalling mechanisms may be particularly important in tissue-

dependent responses, especially when we consider the modulatory role played by the 16 amino acid 

insertion and also that the expression of the hCTRb splice variant is more selective that the hCTRa 

(Kuestner et al., 1994). It is therefore likely that the unique signalling profiles of the different splice 

variants may contribute to different functional roles of these receptors in different tissues. 
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Of particular note, the CTR appears to play an important role in implantation and development of the 

embryo in the placenta, and the increase in progesterone level following ovulation is known to increase 

CTR expression. Activation of the CTR can activate PKA and Ca2+ pathways, leading to increase 

expression of transglutaminase (tTGase) (Li et al., 2006), an enzyme involved in stabilisation of 

extracellular matrix, cell adhesion, motility and proliferation. CT treatment of murine endometrium 

alone favours implant of the trophoblast (outer layer of the embryo which will develop into majority of 

the placenta) and this is reported to be dependent on intracellular Ca2+ mobilisation and PKC activation 

(Li et al., 2008). Moreover, CT treatment of murine trophoblasts enhances expression of adhesion 

proteins, again favouring implantation and expansion in endometrium (Xiong et al., 2012). In later 

stages of gestation, the human syncytiotrophoblast brush border (part of the foetal placenta facing the 

mother) is known to express higher levels of CTR than the foetus, and potentially helps the transport of 

calcium, against gradient, to the foetus (Lafond et al., 1994). Although to our knowledge no evidence 

is available in humans, these data would suggest that if CTR agonist may play a role in fertility and 

foetus development, and patterns of hCTRa and hCTRb likely contribute to how these tissue respond.  

Several epidemiological studies have linked the common Leu/Pro polymorphism to risk of developing 

osteoporosis and kidney stone disease (Masi et al., 1998a, Braga et al., 2002, Mitra et al., 2017). 

Although this link is based on limited patient numbers, it is possible that changes in signalling patterns 

downstream of CTR activation could change tissue response and predispose and a patient towards a 

pathology. In this context, our data provide evidence that polymorphism does indeed affect CTR 

function. If a relationship between the polymorphism and pathology is eventually established, the 

genotype of the patient could be used as a diagnostic of early onset of disease, as well as informing 

treatment, as our data support ligand dependent differences in response depending on their genotype. 

Both pCT and cCT display biased agonism relative to hCT in a receptor-variant dependent manner. The 

unique cCT signalling profiles that we have determined may suggest that the two divergent residues at 

the N-terminus of this peptide, that are known to interact with the core of the hCTR (Liang et al., 2017), 

may contribute to the differences observed in signalling. Although we have yet to clearly understand 

how each signalling pathways correlates to a tissue effect, this knowledge may help to develop biased 
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agonists if further exploration reveals that selective CTR-mediated signalling would be beneficial for 

treatment of specific pathological conditions. In addition, these biased ligands may help to tease apart 

the importance of the different signalling, or to distinguish pathological from physiological effects of 

hCTR activation.  

To conclude, the existence of multiple splice and polymorphic variants, expressed at different levels in 

different tissues, is likely to promote distinct physiological outcomes in tissues and organs. Therefore, 

understanding the role of different agonists, their signalling profiles and whether these agonist are 

biased may help in defining treatment regimens and eventually (with more data) to predict patient-

specific treatments. Understanding how a specific pathway links to specific tissue responses may unveil 

new therapeutic targets or additional uses of current therapeutics.  
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CHAPTER 4 

Structure-function study of extracellular loop 2 

(ECL2) of the human calcitonin receptor (hCTR) 
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4.1 Introduction 

Orthosteric ligands of Class B1 GPCRs are proposed to interact with their receptors via a two-domain 

mechanism whereby the C-terminus of the ligand first interacts with the NTD of the receptor. 

Subsequently the N-terminus of the peptide re-orientates toward the juxta membrane portion of the 

receptor, where specific interactions with the top of the TM bundle and connecting ECLs trigger 

conformational changes in the receptor structure that subsequently result in intracellular signalling 

(Hoare, 2005, Hollenstein et al., 2014). To date, the specific interactions between the ligand N-terminus 

and the ECLs-TM bundle that drive receptor activation are still not well defined for the majority of 

Class B1 GPCRs. The three ECLs, in particular, are highly flexible, and are not fully resolved in the 

available crystal and Cryo-EM structures (Zhang et al., 2017b, Zhang et al., 2017a, Song et al., 2017, 

Liang et al., 2017, Hollenstein et al., 2013). Mutagenesis and crosslinking studies have shown that, 

despite significant heterogeneity, the 3 ECLs are involved to different extents in ligand selectivity, 

affinity and binding kinetics across different Class B1 GPCRs (Dong et al., 2016, Wootten et al., 2016, 

Dong et al., 2014, Woolley and Conner, 2017, Weaver et al., 2017). Additionally, some of these studies 

have identified how specific residues of the three ECLs also play a role in controlling intracellular 

signalling (Dong et al., 2016, Wootten et al., 2016, Woolley et al., 2017, Woolley and Conner, 2017, 

Dong et al., 2014). The physiological orthosteric ligands that activate Class B1 are also structurally 

diverse with the N-terminus of calcitonin-like ligands (CT, CGRP, CTR, Amy and AM), characterised 

by a cyclic ring that is essential for receptor activation, whereas the other peptides of this Class share a 

linear structure (Dods and Donnelly, 2015). This may translate into structural differences in both the 

features of the receptor binding pocket and in the network of interactions that ligand and receptor 

establish. This hypothesis is supported by the recently solved structures of peptide agonist-bound GLP-

1R (Zhang et al., 2017b) and CTR (Liang et al., 2017) where the cyclic ring of the calcitonin peptide 

has additional steric constraints when compared to the linear N-terminus of GLP-1, dictating a different 

orientation of the first 6 residues of sCT. 

ECL2 is the most structurally diverse across all GPCR classes in terms of length, sequence and 

conformation (in the available structures to date), and is important for ligand selectivity and binding for 
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all Class A, B1 and C receptors, where it has been studied to date (Woolley and Conner, 2017). Like 

Class A GPCRs, the Class B1 ECL2 has a completely conserved Cys residue, involved in a disulphide 

bond with TM3 that stabilises receptor structure. This Cys is part of a completely conserved Class B1 

“CW” motif. Also conserved in Class B1 receptors are basic residues adjacent to the top of TM4 (Figure 

4.1 A). 

Mutagenesis and crosslinking studies performed in several of the Class B1 GPCRs have identified 

specific residues within ECL2 that establish distinct interactions with different orthosteric ligands of 

the same receptor (Dong et al., 2016, Wootten et al., 2016, Woolley et al., 2017, Dong et al., 2014). 

This has also identified differences in residues important for affinity and efficacy of different known 

biased agonists of the GLP-1R (Koole et al., 2012b, Wootten et al., 2016, Mann et al., 2010), a receptor 

that pleiotropically couples to multiple signalling pathways including Gαs, Gαi, Gαq and β-arrestins 

(Fletcher et al., 2016). In particular, while ECL2 is important for ligand affinity, cAMP production and 

calcium mobilisation, it has a limited role in coupling ligand binding to ERK1/2 phosphorylation. 

Moreover, despite a common domain for coupling to cAMP and Ca2+ mobilisation, distinct residues 

within ECL2 are of differential importance for coupling different biased agonists to these different 

signalling pathways. 

Due to the limited sequence homology between receptors of Class B1 (Figure 4.1 A), we were interested 

in determining the importance of ECL2 in affinity and coupling to distinct signalling pathways in other 

Class B1 GPCRs, and whether the observations made for GLP-1R are conserved across different 

receptors. We have investigated the human calcitonin receptor (hCTR), which is involved in bone 

remodelling, calcium homeostasis, food intake, gastric motility, modulation of pain transmission in the 

CNS, fertility and cancer proliferation (Egerton et al., 1995, Goebell et al., 1979, Shah et al., 1990, 

Rohner and Planche, 1985, Laurian et al., 1986, Fujikawa et al., 1996b, Kuestner et al., 1994). Little to 

no evidence is available regarding the role of ECL2 in CTR binding and activation. However 

information on the related calcitonin-like receptors suggest that this domain is important for coupling 

to cAMP in the calcitonin receptor family. 
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The recently published Cryo-EM structure of the hCTR-sCT complex has poor resolved density within 

the EM map for the ECLs and the top of TM6 and TM7, due to their high flexibility (Liang et al., 2017). 

This receptor structure, obtained in complex with the pseudo-irreversible agonist sCT, revealed the 

location of the agonist binding site with the backbone of the N-terminus of sCT clearly resolved. 

However, peptide side chains were not visible in the EM map, and this limited the modelling of the 

specific interactions between receptor and agonist. The location of this peptide backbone suggest ECL2 

is likely to be important for sCT binding, and this will likely extend to other peptide ligands that bind 

to CTR. Among calcitonin ligands, there are known differences in ligand pharmacology. hCT has lower 

affinity and faster off rate in its binding kinetics, while showing similar potency for cAMP accumulation 

when compared to sCT (Andreassen et al., 2014, Hilton et al., 2000, Moore et al., 1995). Porcine CT 

(pCT) shows an intermediate binding affinity, when compared to hCT and sCT, and cell-dependent 

signalling efficacy (Kuestner et al., 1994, Wolfe et al., 2003, Moore et al., 1995). Additionally, CTR 

can also bind calcitonin gene-related peptide (CGRP) and amylin (Amy) with low affinity, however 

upon formation of heterocomplex between receptor and RAMPs the affinities and efficacies for these 

two ligands are enhanced (Routledge et al., 2017). Of note, the signalling efficacy of sCT and hCT is 

different, with these two ligands differentailly activating Gαs protein, by promoting different 

conformations in the G protein structure (Furness et al., 2016). To date, how this is linked with receptor 

structure is unknown. Altogether, the published data suggests that these agonists could establish distinct 

interactions with the receptor upon binding, and that these interactions may trigger specific 

conformational changes in the receptor and/or G protein that alter effector/regulatory protein 

recruitment and differential activation of downstream signalling pathways.  

In this Chapter an extensive alanine substitution study on ECL2 of the hCTR was performed to 

determine its role in binding and signalling of five known CTR orthosteric agonists (hCT, sCT, pCT, 

Amy and CGRP), to determine the network of interaction between the ligand and receptor and how 

these alanine  mutations alter efficacy in a global or ligand-specific manner. Residues that form ECL2 

and adjacent portions of TM4 and TM5 (residues I279 to I300) (Figure 4.1 B) were individually 

substituted to alanine, and receptors were stably expressed in CV-1-FlpIn cells. Both binding and 
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intracellular signalling (cAMP, IP1 formation and pERK1/2) were assessed as measure of receptor 

activation. 
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Figure 4.1 Sequence alignment of human Class B1 GPCRs, diagram and model of the hCTRaLeu receptor used in this 

study. (A) Sequence alignment of TM4-ECL2-TM5 of the 15 human Class B1 GPCRs. Receptors sequences were aligned and 

exported from gpcrdb.org. (B) Snake diagram of the hCTR: highlighted in blue are the residues that constitute the signal 

peptide of the receptor, in orange the cMyc tag, and in green the residues that have been mutated to alanine.  
  

CTR _ I T R A V Y F N D N C W L - S V E T H L _ _ _ _ L Y I

CLR _ I A R S L Y Y N D N C W I - - S S D T H _ _ _ L L Y I

CRF1R _ I G K L Y Y D N E K C W F G K R P G V Y _ _ _ T D Y I

CRF2R _ I G K L Y Y E N E Q C W F G K E P G D L _ _ _ V D Y I

GHRHR _ S C K L A F E D I A C W D - L D D T S P _ _ _ Y W W I

GIPR _ I V R Y L Y E N T Q C W E - R N E V K A _ _ _ I W W I

GLP-1R E I V K Y L Y E D E G C W T - R N S N M N _ _ _ Y W L I

GLP-2R _ F A R A H L E N T G C W T - T N G N K K _ _ _ I W W I

GCGR _ V V K C L F E N V Q C W T - - - - S N D N M G F W W I

SCTR E I A R H F L E D V G C W D - I N A N A S _ _ _ I W W I

PTH1R E S V R A T L A N T G C W D - - L S S G N _ _ _ K K W I

PTH2R D V A R A T L A D A R C W E - - L S A G D _ _ _ I K W I

PACAPR _ T L R L Y F D D T G C W D - M N D S T A _ _ _ L W W V

VPAC1R _ I A R I H F E D Y G C W D - - T I N S S _ _ _ L W W I

VPAC2R P A A R L Y L E D T G C W D - T N D H S V _ _ _ P W W V

CONCENSUS E I A R L + Y E N T G C W D G + N S N S + N M G I W W I
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4.2 Results 

The residues in ECL2 and the extracellular portion of TM4 and TM5 (I279 to I300) (Figure 4.1 B and C) 

of the hCTRaLeu were individually mutated to alanine and stably expressed in CV-1-FlpIn cells. Wild 

type (WT) or mutant receptor surface expression and affinity for all peptides were measured. Statistical 

analysis was performed for each assay and ligand used, by comparing data obtained from the mutant 

receptors to WT in a one-way ANOVA followed by Dunnett’s post-test with a cut-off of p<0.05 as 

significant. 

4.2.1 Cell surface expression of CTR variants 

Receptor expression at the plasma membrane was determined by performing heterologous competition 

in the presence of two different concentrations of the radioligand 125I-sCT(8-32), for both WT and 

mutant receptors (Figure 4.2, Table 4.2). Bmax was derived using Equation 5 (Section 2.6.1) and converted 

to sites/cell (Equation 6, Section 2.6.1). No radioligand binding was detectable for mutations N286A, 

D287A, C289A, W290A and I300A and their expression could therefore not be determined. When 

compared to WT, T280A, N286A and H296 mutants had significantly higher surface expression. 

Although not significant, V293, E294 and residues throughout top of TM4 and adjacent residues of 

ECL2 (I279-F285, with the exception of R281) also trended towards increased expression compared to 

WT, whilst the mutation of residues in the distal part of ECL2 and proximal of TM5 reduced receptor 

surface expression, although this did not achieve significance. 

Figure 4.2 Cell surface expression of the hCTRaLeu mutants stably expressed in CV-1-FlpIn cells. Homologous competition 

of radioligand binding was performed in the presence of 2 concentrations of 125I-sCT(8-32), with concentrations of the 

competing sCT(8-32) ranging between 1 μM and 1 pM. CPM data were converted to sites/cell and then normalized to WT and 

non-specific binding. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. (N.D.) affinity 

not determined as no radioligand binding was detected.  
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4.2.2 Ligand affinity 

Whole cell radioligand competition binding assays employing 125I-sCT(8-32) were used to determine 

affinity of the CT peptides for all the hCTRaLeu receptors (WT and mutants) used in this study 

(summarised in Table 4.1 and 4.2). Affinity for sCT(8-32)  was determined via homologous competition 

binding (Figure 4.3), whereas heterologous inhibition binding was performed for hCT (Figure 4.4), sCT 

(Figure 4.5) and pCT (Figure 4.6). For heterologous competition, the affinity of the radioligand, 

determined for each mutant via homologous competition, was used and data for radioligand occupancy 

were corrected using the Cheng-Prusoff equation (Equation 7, Section 2.6.1) to calculate pKi. Changes 

in affinity relative to WT for all CT ligands and receptors (ΔpKi) are represented as bar graph in (Figure 

4.7). 

 

Consistent with published literature and data in Chapter 3, sCT and sCT(8-32) had pKi values of 

9.87±0.04 and 9.82±0.05, respectively for the WT receptor, while the measured affinities for pCT and 

hCT were 8.25±0.10 and 6.84±0.14, respectively. The N286A, D287A, C289A, W290A and I300A 

mutants showed no detectable binding for 125I-sCT(8-32), hence peptide affinities could not be 

measured for these five mutants. Mutant R281A showed a significant reduction in affinity (5-12 fold) 

for all CT peptides. Conversely, L291A showed a significant reduction in affinity for hCT and pCT 

(12-27 fold), but no change in sCT affinity. Despite having no effect on sCT affinity, T295A 

significantly enhanced affinity for sCT(8-32) (3-fold), while reducing hCT (6-fold) and pCT (9-fold) 

affinity. sCT and sCT(8-32) affinities were not affected by any other mutations, whereas hCT and pCT 

affinity were selectively altered: I279A, V293A L297A and L298A reduced the affinity for hCT, 

whereas L298A and Y299A reduced the affinity of pCT (Figure 4.3 to 4.7, Table 4.2 and 4.3). 

 

rAmy and hαCGRP are known to bind with low affinity to the hCTR and their affinity could not be 

determined, as up to 1 μM of peptide did not fully compete for 125I-sCT(8-32) binding.  
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sCT(8-32)        VLGKLSQELHKLQTYPRTNTGSGTP 

sCT    CSNLSTCVLGKLSQELHKLQTYPRTNTGSGTP 

pCT   CSNLSTCVLSAYWRNLNNFHRFSGMGFGPETP 

hCT CGNLSTCMLGTYTQDFNKFHTFPQTAIGVGAP 

  

rAmy KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY 

hαCGRP ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF 

  

Table 4.1 Sequence comparison of the peptides studied in this Chapter. Alignment of the CTs was performed using Biology 

WorkBench (workbench.sdsc.edu). Identical residues have been highlighted in green, conservative substitutions are coloured 

blue, and semi- conservative substitutions are in orange. Black text indicates the non-conserved. Due to limited homology, 

rAmy, hαCGRP have been aligned with the CT peptides, using the N-terminal loop as reference. 

 

 

 

 
Figure 4.3 Homologous competition of 125I-sCT(8-32) binding for each of the hCTRaLeu mutants stably expressed in CV-

1-FlpIn cells. Whole cell radioligand binding was performed for each receptor mutant in presence of 125I-sCT(8-32) and 

competing sCT(8-32) ranging in concentration between 1 μM and 1 pM. Non-specific binding was determined in the presence 

of 1 μM of sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. 

All values are mean+S.E.M. of 8 to 10 independent experiments, conducted in duplicate.  
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Figure 4.4 Heterologous competition binding of hCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

hCT ranging in concentration between 3 μM and 1 nM. Non-specific binding was determined in the presence of 1 μM of sCT(8-

32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values are 

mean+S.E.M. of 4 to 5 independent experiments, conducted in duplicate. 

 

 

 
Figure 4.5 Heterologous competition binding of sCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

sCT ranging in concentration between 1 μM and 10 pM. Non-specific binding was determined in the presence of 1 μM of 

sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values 

are mean+S.E.M. of 3 to 6 independent experiments, conducted in duplicate. 
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Figure 4.6 Heterologous competition binding of pCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

pCT ranging in concentration between 1 μM and 10 pM. Non-specific binding was determined in the presence of 1 μM of 

sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values 

are mean+S.E.M. of 4 to 6 independent experiments, conducted in duplicate. 
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Figure 4.7 Effect of single alanine mutations in ECL2 of hCTRaLeu on ligand affinity. pKi were derived for each ligand 

and mutant receptor from analysis of data in Figure 4.3-6. Changes in affinity (Δ pKi) for each mutant relative to WT (on a 

log scale) for hCT, sCT, pCT or sCT(8-32) are represented as bars. All values are mean+S.E.M. of 3 to 10 independent 

experiments conducted in duplicate. Significance of changes in affinity of each ligand was determined by comparison of the 

WT by a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) affinity not determined as no 

radioligand binding was detected.  
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hCT 
pKi 

sCT 
pKi 

pCT 
pKi 

sCT(8-32) 
pKi 

Whole cell binding  
sites/cell 

WT 6.84±0.14 (9) 9.87±0.04 (8) 8.25±0.1 (9) 9.82±0.05 (8) 24,200±2,900 (5) 

I279A 6.16±0.08* (4) 9.93±0.18 (4) 7.83±0.24 (4) 9.72±0.08 (8) 40,500±11,300 (5) 

T280A 6.71±0.05 (4) 10.22±0.03 (4) 8.2±0.15 (4) 9.61±0.08 (8) 62,600±8,700* (4) 

R281A 5.92±0.28* (5) 9.1±0.15* (6) 7.18±0.23* (5) 9.07±0.21* (10) 24,900±10,200 (3) 

V283A 6.63±0.11 (4) 9.78±0.14 (4) 7.82±0.08 (4) 9.67±0.03 (8) 47,600±13,600 (4) 

Y284A 6.61±0.11 (5) 9.83±0.07 (3) 7.84±0.1 (4) 9.85±0.1 (8) 37,800±12,800 (4) 

F285A 6.6±0.11 (4) 10.02±0.12 (4) 7.92±0.11 (4) 9.99±0.05 (8) 33,200±11,000 (4) 

N286A N.D.  N.D.  N.D.  N.D.  N.D.  

D287A N.D.  N.D.  N.D.  N.D.  N.D.  

N288A 6.35±0.12 (4) 9.74±0.13 (4) 8.03±0.12 (5) 9.63±0.04 (8) 51,600±2,600* (4) 

C289A N.D.  N.D.  N.D.  N.D.  N.D.  

W290A N.D.  N.D.  N.D.  N.D.  N.D.  

L291A 5.41±0.1* (3) 9.75±0.21 (5) 7.17±0.12* (6) 8.76±0.19* (9) 55,700±27,400 (3) 

S292A 6.6±0.05 (4) 10.36±0.2 (4) 8.54±0.22 (4) 10.18±0.13 (8) 11,600±3,600 (4) 

V293A 6.22±0.08* (4) 9.59±0.05 (4) 7.85±0.1 (4) 9.75±0.08 (8) 39,500±13,000 (4) 

E294A 6.73±0.06 (5) 9.77±0.08 (4) 7.93±0.1 (4) 9.58±0.07 (8) 48,700±10,100 (4) 

T295A 5.9±0.05* (4) 10.17±0.16 (4) 7.49±0.08* (4) 10.33±0.09* (8) 6,600±2,300 (4) 

H296A 6.95±0.13 (4) 9.84±0.09 (4) 8.07±0.03 (4) 9.57±0.07 (8) 65,500±5,100* (4) 

L297A 6.09±0.05* (4) 10.12±0.15 (4) 7.81±0.19 (4) 10.17±0.07 (8) 9,200±2,000 (4) 

L298A 6.13±0.08* (4) 9.76±0.09 (4) 7.69±0.1* (4) 9.83±0.12 (8) 19,600±4,000 (4) 

Y299A 6.28±0.02 (4) 9.41±0.2 (4) 7.33±0.2* (4) 9.97±0.18 (8) 11,100±1,900 (4) 

I300A N.D.  N.D.  N.D.  N.D.  N.D.  

 

Table 4.2 Effect of single alanine mutations in ECL2 of hCTRaLeu on ligand affinity and cell surface expression. pIC50 

(negative logarithm of the concentration of ligand that produces half the maximal displacement of the iodinated radioligand). 

Data were obtained by fitting a three parameter logistic equation and data for radioligand occupancy were corrected using 

the Cheng-Prusoff equation (Equation 7, Section 2.6.1) to calculate pKi. All values expressed as pKi are mean±S.E.M. of 3 to 

10 independent experiments conducted in duplicate. Homologous whole cell binding was used to determine Bmax values by 

fitting (Equation 5, Section 2.6.1) to concentration-response data performed in presence of two different concentrations of the 

radioligand 125I-sCT(8-32). Bmax values were converted to sites/cell (Equation 6, Section 2.6.1). Significance of changes in 

affinity of each ligand was determined by comparison of the WT to the other receptor mutants in a one-way analysis of variance 

and Dunnett’s post-test (p<0.05 represented by *). (N.D.) affinity or expression not determined as no radioligand binding was 

detected. 
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hCT sCT pCT sCT(8-32)  rAmy hαCGRP  

Δ pKi  ΔpKA  Δ pKi  ΔpKA  Δ pKi  ΔpKA  Δ pKi  ΔpKA  ΔpKA  

WT 0.0±0.14 (9) 0.0±0.16 (20) 0.0±0.04 (8) 0.0±0.13 (25) 0.0±0.1 (9) 0.0±0.16 (15) 0.0±0.05 (8) 0.0±0.19 (11) 0.0±0.28 (8) 

I279A -0.68±0.08* (4) 0.45±0.39 (4) 0.06±0.18 (4) 0.45±0.31 (5) -0.42±0.24 (4) 0.11±0.24 (6) -0.11±0.08 (8) -0.55±0.34 (5) -0.39±0.28 (4) 

T280A -0.13±0.05 (4) 0.49±0.37 (4) 0.35±0.03 (4) 0.69±0.33 (4) -0.04±0.15 (4) 0.01±0.24 (5) -0.22±0.08 (8) -0.56±0.45 (4) -0.25±0.39 (4) 

R281A -0.92±0.28* (5) -2.73±0.26* (7) -0.77±0.15* (6) -0.43±0.17 (10) -1.07±0.23* (5) -1.57±0.21* (6) -0.75±0.21* (10) 0.62±0.45 (5) 0.73±0.38 (4) 

V283A -0.21±0.11 (4) 0.6±0.39 (4) -0.09±0.14 (4) 0.34±0.25 (5) -0.43±0.08 (4) 0.16±0.25 (5) -0.16±0.03 (8) -0.27±0.37 (5) 0.14±0.33 (4) 

Y284A -0.23±0.11 (5) 0.24±0.3 (5) -0.04±0.07 (3) 0.25±0.26 (5) -0.41±0.1 (4) -0.13±0.23 (6) 0.03±0.1 (8) 0.1±0.28 (5) 0.41±0.33 (4) 

F285A -0.24±0.11 (4) 0.1±0.29 (5) 0.15±0.12 (4) 0.34±0.27 (5) -0.33±0.11 (4) 0.0±0.29 (6) 0.17±0.05 (8) -0.16±0.31 (5) 0.2±0.35 (4) 

N286A N.D.  -0.64±0.27 (5) N.D.  0.01±0.28 (5) N.D.  -0.58±0.3 (5) N.D.  0.68±0.3 (5) 0.09±0.8 (4) 

D287A N.D.  -2.98±0.26* (6) N.D.  -0.52±0.18 (10) N.D.  -1.51±0.4* (4) N.D.  N.D.  N.D.  

N288A -0.5±0.12 (4) 0.03±0.26 (5) -0.13±0.13 (4) 0.46±0.36 (6) -0.22±0.12 (5) -0.14±0.25 (5) -0.19±0.04 (8) -0.64±0.43 (5) 0.11±0.36 (4) 

C289A N.D.  -2.47±0.2* (8) N.D.  -0.63±0.16 (10) N.D.  -1.44±0.31* (3) N.D.  0.92±0.36 (4) N.D.  

W290A N.D.  -3.48±0.26* (10) N.D.  -0.67±0.15* (11) N.D.  -2.19±0.24* (4) N.D.  1.12±0.41* (5) N.D.  

L291A -1.43±0.1* (3) -1.74±0.2* (10) -0.12±0.21 (5) 0.07±0.2 (9) -1.08±0.12* (6) -0.92±0.24* (6) -1.06±0.04* (9) 0.42±0.31 (5) N.D.  

S292A -0.24±0.05 (4) -0.16±0.21 (6) 0.49±0.2 (4) 0.3±0.24 (5) 0.3±0.22 (4) 0±0.19 (6) 0.35±0.13 (8) -0.33±0.28 (6) 0.48±0.43 (4) 

V293A -0.62±0.08* (4) 0.11±0.25 (5) -0.28±0.05 (4) 0.09±0.25 (5) -0.4±0.1 (4) -0.02±0.22 (6) -0.07±0.08 (8) -0.11±0.28 (6) 0.22±0.3 (3) 

E294A -0.11±0.06 (5) 0.32±0.3 (5) -0.1±0.08 (4) 0.31±0.28 (5) -0.32±0.1 (4) 0.04±0.25 (5) -0.25±0.07 (8) 0.12±0.31 (5) 0.74±0.33 (4) 

T295A -0.94±0.05* (4) -0.62±0.27 (5) 0.3±0.16 (4) -0.530.25 (4) -0.76±0.08* (4) -0.93±0.23* (5) 0.5±0.09* (8) 0.72±0.39 (5) 1±0.61* (4) 

H296A 0.11±0.13 (4) 0.54±0.26 (10) -0.02±0.09 (4) 0.25±0.23 (9) -0.18±0.03 (4) 0.14±0.27 (5) -0.25±0.07 (8) -0.17±0.27 (5) 0.2±0.35 (5) 

L297A -0.75±0.05* (4) -0.18±0.39 (4) 0.26±0.15 (4) 0.03±0.31 (4) -0.44±0.19 (4) -0.46±0.19 (6) 0.34±0.07 (8) 0.15±0.33 (5) 0.56±0.52 (4) 

L298A -0.71±0.08* (4) -0.46±0.32 (5) -0.11±0.09 (4) -0.14±0.26 (5) -0.55±0.1* (4) -0.23±0.22 (5) 0.01±0.12 (8) -0.1±0.25 (5) 0.57±0.44 (4) 

Y299A -0.56±0.02 (4) -0.74±0.26 (5) -0.46±0.2 (4) 0.04±0.28 (5) -.092±0.2* (4) -0.58±0.2 (6) 0.15±0.18 (8) 0.43±0.3 (4) 0.4±0.69 (4) 

I300A N.D.  -0.18±0.27 (5) N.D.  -0.09±0.26 (5) N.D.  -0.22±0.22 (5) N.D.  0.51±0.26 (5) 0.18±0.54 (4) 

 

Table 4.3 Comparison of the effect of single alanine mutation in ECL2 of hCTRaLeu on equilibrium affinity and functional affinity. Functional affinity (pKA) was derived by applying the 

operational model of agonism (Black and Leff, 1983) to the cAMP concentration-response curves (Section 4.3.2.1). Data reported in this table (and represented in Figure 4.7) are the change 

from WT of functional affinity (ΔpKA). For comparison, equilibrium affinity (calculated as described in Table 4.2) are also reported in this table as change from WT (Δ pKi). All values are 

mean±S.E.M. Significance of changes in affinity of each ligand was determined by comparison of the WT to receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 

represented by *). (N.D.) affinity not determined as no radioligand binding was detected.
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4.2.3 Assessment of intracellular signalling by calcitonin receptor peptides 

The hCTR most strongly couples to Gαs and elicits the production of intracellular cAMP (Chabre et al., 

1992, Raggatt et al., 2000, Nicholson et al., 1986, Kuestner et al., 1994, Moore et al., 1995, Gorn et al., 

1995, Wolfe et al., 2003, Findlay et al., 1980, Gorn et al., 1992, Frendo et al., 1994). The receptor also 

couples to other G proteins, including Gαq, triggering the generation of IP3 (Chabre et al., 1992, 

Kuestner et al., 1994, Moore et al., 1995), and promotes phosphorylation of ERK1/2, which is likely to 

be a convergent pathway (Raggatt et al., 2000, Thomas and Shah, 2005, Nakamura et al., 2007, Han et 

al., 2006). In this study, activation and intracellular signalling of hCTR was measured through the 

assessment of cAMP or IP1 accumulation (a stable downstream metabolite IP3), and peak ERK1/2 

phosphorylation. Each receptor, stably expressed in CV-1 FlpIn cells was assessed 24 h after plating. 

Cells were stimulated with relevant concentrations of human (hCT), salmon (sCT), or porcine calcitonin 

(pCT), rat amylin (rAmy) or human calcitonin gene related peptide alpha (hαCGRP). The resulting 

concentration response curves were fit to a three-parameter logistic equation, from which estimates of 

potency (pEC50) and maximal response (Emax) were derived. 

To compare the effect of the different mutations on receptor function, pEC50 cannot be used to compare 

across different receptors as it is a function of receptor expression, ligand affinity and efficacy. 

Therefore, coupling efficacy (log(τ)) was derived for each receptor, ligand and pathway using the 

operational model of agonism proposed by Black and Leff (Black and Leff, 1983) (Equation 7, Section 

2.6.1). In the operational model, τ represents the amount of receptor that needs to be occupied to obtain 

half maximal response; it is a value independent of affinity and can be corrected for expression to obtain 

log(τc)(Kenakin and Christopoulos, 2013). Due to difficulties in the assessment of expression by 

radioligand binding, expression data could be calculated for four mutants, and only three mutants had 

significantly different expression. Therefore only T280A, N288A and H296A, which showed 

significant increase in surface expression when compared to WT (Section 3.3.1), were corrected for 

expression. Independent measurement of surface expression of our receptors by ELISA was trialled, 

but no robust window was observed. A more sensitive flow cytometry assay is currently in development 

in the laboratory. In absence of this data the calculated efficacy needs to be interpreted with caution. 
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Nonetheless this study focuses mainly on differences observed across peptides at the same receptor, 

which are independent of expression. 

4.2.3.1 cAMP signalling 

cAMP accumulation profiles were obtained after 30 min stimulation in presence of hCT (Figure 4.8), 

sCT (Figure 4.9), pCT (Figure 4.10), rAmy (Figure 4.11) or hαCGRP (Figure 4.12). In CV-1 FlpIn cells, 

cAMP responses fitted a 3 parameter logistic curve fit. pEC50, Emax and log(τ) values are reported in 

(Table 4.4 and 4.5). Functional pKA values were also calculated and used to compare to values of observed 

pKi assessed by binding (Table 4.2). Additionally, we were able to evaluate the effect of our mutagenesis 

on rAmy and hαCGRP, low affinity agonists of the CTR, where pKi were not able to be robustly defined. 

4.2.3.1.1 CT peptides 

The functional pKA values describe the affinity of the ligand for the receptor complex 

(ligand/receptor/effector(s)) upstream of the measured signalling. In contrast, Ki or Kd are equilibrium 

values that can arise from multiple interchanging states (complexes). Thus the two affinities do not 

necessarily align as the two terms may measure the affinity of the ligand across different receptor 

populations. However, based on previous work, we often observe that functional affinities derived from 

cAMP accumulation align well with those derived from radioligand binding, and could be used as a 

surrogate measure of affinity, as Gαs is the predominant effector of CTR. Therefore, for all CT agonists, 

changes in measured affinity for mutant receptor relative to WT (Δ pKi) were compared to changes in 

functional affinities (ΔpKA) (Figure 4.13, Table 4.3). Our results show that, overall, the effect of mutation 

on the two measures of affinity follow a similar pattern. Using this approach, we can therefore speculate 

an effect of our mutagenesis on the affinity of those mutants where pKi could not be directly assessed 

(N286, D287, C289, W290 and I300). W290A significantly reduced functional affinity of all CT 

peptides. Similarly, T295A also showed a similar trend for the three CT agonists, however values 

reached statistical significance only in presence of pCT. Substitution of R281, D287, C289, W290 and 

L291 significantly reduced functional affinity of both hCT and pCT, but not of sCT. 

Potency and maximal response. All CT peptides showed a potency at the WT receptor between 0.1-

0.01 nM. When compared to WT, none of the mutations in ECL2 had a significant effect on potency of 
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sCT, whereas mutations C289A, W290A and T295A significantly increased Emax for this peptide. In 

contrast, the maximal response of N288A and H296A trended lower, with no effect on potency. 

Compared to sCT, the other two CT peptides (hCT and pCT) were more affected by alanine substitution: 

potency of both peptides was significantly impaired compared to WT when an alanine was introduced 

in position R281, C289, W290 or L291. Interestingly, all of these mutants (with the exception of 

R281A) significantly enhanced Emax relative to WT when activated by hCT, although this did not reach 

significance for L291A. In contrast, Emax was not significantly altered for C289A, W290A and L291A 

for pCT, but the opposite profile was observed with R281, where an increased Emax was observed. 

D287A also had a negative effect on potency of hCT and pCT, while increasing Emax in presence of 

hCT and trending lower in response to pCT. In addition, at S292A, both hCT and pCT displayed 

enhanced Emax, although this did not reach significance for hCT. 

Efficacy. Operational values of efficacy of peptides for cAMP production for all mutants are listed in 

Table 4.4 and 4.5 below. For all CT peptides, log(τc) values for T280A and H296A were significantly 

reduced compared to WT (3-fold). All three peptides showed reduced efficacy at the N288A mutant, 

but this only reached significance for sCT and pCT. In contract, W290A substitution statistically 

enhanced efficacy of all three peptides. No other common clusters of residues were shared across all 

the three CT peptides, although our analysis revealed several other significant differences: T295A 

revealed a selective 3-fold increase efficacy for sCT, whereas R281A, S292A and L297A significantly 

enhanced the efficacy of pCT. These last three residues appear to have a similar effect to enhance hCT 

efficacy (but not sCT), however their Δlog(τ) values failed to reach significance (Table 4.4). In the mid 

region of ECL2, at the D287A mutation hCT displayed increased efficacy, but not sCT or pCT, while 

C294A enhanced efficacy of hCT and sCT, but not pCT. 

 

4.2.3.1.2 rAmy and hαCGRP peptides 

The rAmy and hαCGRP peptides have lower affinity and are less potent than CTs at the hCTR when 

RAMPs are not co-expressed with the receptor and their equilibrium affinity was not determined 

through radioligand binding. However, functional affinities (pKA) for these two peptides at the mutants 
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were derived from cAMP response (Figure 4.13, Table 4.3), with the exception of D287A for both ligands, 

and for C289A or W290A for hαCGRP, where no cAMP response could be detected. The pKA values 

revealed that, overall, mutagenesis of ECL2 affected the affinity of these two peptides in a similar 

manner to the lower affinity peptides hCT and pCT, although data reached statistical significance only 

for W290A for rAmy, and T295A for hαCGRP. 

Potency and maximal response. In our stable CV-1 cells these peptides are equipotent in cAMP 

accumulation assay, with a potency of about 10 nM at the WT hCTR (Table 4.5). Due to low potency 

and higher relative errors, no significant effects on potency or Emax were established for rAmy or 

hαCGRP. Nonetheless, strong trends were present for a subset of mutants, and these were noted here 

for comparison to CT peptides. C289A or W290A showed detectable responses only for rAmy, albeit 

with reduced potency relative to WT. Other select mutations that had a moderate effect on pEC50 or 

maximal response included R281A and N288A, with reduced Emax observed only for rAmy, whereas 

N286A, Y299A and I300A showed reduced Emax for only hαCGRP. R281A also displayed reduced 

potency for both peptides, whereas N286A had a decreased potency only for rAmy. 

Efficacy. In terms of efficacy, similar to observed for the CT peptides, alanine substitution of T280A 

had a negative effect on log(τc) value, although this was statistically significant only in presence of 

rAmy. H296A also showed a reduction in efficacy in presence of both rAmy and hαCGRP, however 

the values were not significant for hαCGRP. N288A showed a significantly reduced efficacy for rAmy, 

but not hαCGRP.  
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Figure 4.8 cAMP accumulation profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations. cAMP formation in the presence of hCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 10 (WT N=20) independent experiments conducted in duplicate. 

 

 

 
Figure 4.9 cAMP accumulation profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations cAMP formation in the presence of sCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 11 (WT N=25) independent experiments conducted in duplicate. 
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Figure 4.10 cAMP accumulation profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations. cAMP formation in the presence of pCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 3 to 6 (WT N=15) independent experiments conducted in duplicate. 

 

 

 
Figure 4.11 cAMP accumulation profiles elicited by rAmy in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations. cAMP formation in the presence of rAmy was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 6 (WT N=11) independent experiments conducted in duplicate. 
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Figure 4.12 cAMP accumulation profiles elicited by hαCGRP in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations. cAMP formation in the presence of hαCGRP was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 3 to 5 (WT N=8) independent experiments conducted in duplicate..  
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4.13 Comparison of equilibrium affinity and cAMP functional affinity (pKA). Functional affinity is presented as differences 

relative to WT (Δ pKi, in black). Data from (Figure 4.8-12) were fit to the operational model of agonism (Black and Leff, 1983) 

to calculate functional affinity (pKA) of each receptor (mutant or WT) to the cAMP signalling pathway. Graphs show the 

differences relative to WT (ΔpKA, in red). All values are mean+S.E.M. of 3 to 25 independent experiments conducted in 

duplicate. Significance of changes was determined by comparison of the WT to the other receptor mutants in a one-way 

analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) efficacy not determined.  
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Figure 4.14 Effect of single alanine mutation in ECL2 of hCTRaLeu on efficacy for cAMP accumulation. Data from Figure 

4.8-12 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant or WT) to 

the cAMP signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this was 

significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 3 to 11 

(WT 8 to 25) independent experiments conducted in duplicate. Significance of changes was determined by comparison of the 

WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) 

efficacy not determined 
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hCT sCT pCT 

pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  

WT 9.933±0.06 100±1.6 -0.07±0.04 (20) 10.74±0.05 100±1.3 -0.04±0.03 (25) 10.39±0.1 100±2.7 -0.06±0.04 (15) 

I279A 10.25±0.18 90.5±3.8 -0.14±0.08 (4) 11.12±0.25 90.2±5.8 -0.11±0.07 (5) 10.42±0.15 97.4±3.9 -0.05±0.06 (6) 

T280A 10.28±0.28 96.9±6.1 -0.5±0.08*(c) (4) 11.25±0.56 106.8±13.6 -0.39±0.08*(c) (4) 10.38±0.17 113.3±5.2 -0.33±0.07*(c) (5) 

R281A 7.22±0.26* 117.2±15 0.08±0.09 (7) 10.39±0.17 114.3±5.3 0.13±0.05 (10) 9.22±0.27* 155±15.8* 0.53±0.12* (6) 

V283A 10.36±0.34 90.3±6.6 -0.15±0.07 (4) 11.11±0.38 115.6±11.6 0.1±0.07 (5) 10.52±0.32 106.9±9.1 0.03±0.06 (5) 

Y284A 10.15±0.35 102.2±9.2 -0.04±0.07 (5) 11.04±0.35 111±10.5 0.06±0.07 (5) 10.21±0.29 103.5±8.5 0.0±0.06 (6) 

F285A 9.97±0.42 104.8±11 -0.02±0.07 (5) 11.09±0.29 105±8.3 0.01±0.07 (5) 10.3±0.45 81.3±10 -0.19±0.06 (6) 

N286A 9.37±0.17 126.1±5.9 0.17±0.08(a) (5) 10.77±0.22 103.2±6.3 0.0±0.07(a) (5) 9.7±0.22 84.3±5.6 -0.16±0.07(a) (5) 

D287A 7.33±0.23* 183.3±19.8* 0.56±0.14*(a) (6) 10.32±0.22 118.3±7.1 0.13±0.05(a) (10) 8.72±0.34* 74.3±9.4 -0.26±0.1(a) (4) 

N288A 9.99±0.32 117±9.8 -0.24±0.07(c) (5) 11.07±0.26 74.5±4.8* -0.58±0.07*(c) (6) 10.22±0.31 105.2±9.9 -0.33±0.07*(c) (5) 

C289A 7.84±0.17* 160.5±11.5* 0.51±0.1*(a) (8) 10.34±0.17 140±6.6* 0.32±0.06*(a) (10) 8.99±0.16* 115.2±7.2 0.1±0.11(a) (3) 

W290A 6.97±0.2* 191.1±21.7* 0.87±0.2*(a) (10) 10.47±0.16 161.8±6.9* 0.56±0.07*(a) (11) 8.48±0.28* 113±12.5 0.37±0.11*(a) (4) 

L291A 8.36±0.11* 130.9±5.2 0.22±0.07 (10) 10.87±0.14 107.5±3.9 0.04±0.05 (9) 9.5±0.14* 104.5±4.9 0.01±0.07 (6) 

S292A 9.95±0.35 135.3±13.1 0.26±0.07 (6) 11.14±0.38 118.6±12.1 0.13±0.07 (5) 10.53±0.26 130.9±9.2* 0.24±0.06* (6) 

V293A 10.09±0.24 123.2±7.7 0.14±0.07 (5) 10.89±0.35 112±10.8 0.07±0.07 (5) 10.33±0.18 106.8±5.4 0.02±0.06 (6) 

E294A 10.25±0.2 104.8±5.2 -0.02±0.07 (5) 11.08±0.31 98.3±8.5 -0.04±0.07 (5) 10.44±0.22 104.7±6.4 0.01±0.07 (5) 

T295A 9.44±0.31 127.4±11.1 0.18±0.08 (5) 10.54±0.31 147.1±13.2* 0.4±0.1* (4) 9.55±0.21 123.4±8.1 0.17±0.08 (5) 

H296A 10.45±0.19 87.3±4 -0.6±0.05*(c) (10) 10.95±0.18 85.8±4.1 -0.58±0.05*(c) (9) 10.47±0.29 96.2±7.6 -0.49±0.07*(c) (5) 

L297A 9.75±0.25 90.8±6.2 -0.14±0.08 (4) 10.81±0.4 102.6±11.5 -0.01±0.08 (4) 10.04±0.2 127.1±7.9 0.2±0.07* (6) 

L298A 9.44±0.2 103.4±5.7 -0.03±0.08 (5) 10.66±0.3 112.2±9.2 0.07±0.07 (5) 10.23±0.2 118.4±7.3 0.13±0.07 (5) 

Y299A 9.33±0.22 132.9±8.6 0.23±0.08 (5) 10.85±0.25 109.9±7.2 0.06±0.07 (5) 9.87±0.23 117.3±8.5 0.12±0.07 (6) 

I300A 9.83±0.18 115.6±5.8 0.08±0.07(a) (5) 10.71±0.36 112.7±11.2 0.08±0.07(a) (5) 10.32±0.3 117.3±11.2 0.12±0.07(a) (5) 

 

Table 4.4 Effect of single alanine mutation in ECL2 of hCTRaLeu on cAMP signalling in response to CT peptides. For each receptor and ligand, data from Figure 4.8-10 were fit to a three-

parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response, as % of WT). The log(τ) 

reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean±S.E.M. of 3 to 25 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). 
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rAmy hαCGRP 

pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  

WT 8.05±0.11 100±4.1 -0.06±0.06 (11) 7.96±0.21 100±7.3 -0.11±0.09 (8) 

I279A 8.53±0.35 80.9±8.8 -0.21±0.08 (5) 8.47±0.41 123.9±16.1 0.17±0.1 (4) 

T280A 8.47±0.38 69.3±8 -0.73±0.1*(c) (4) 8.48±0.49 96.2±18.9 -0.45±0.13(c) (4) 

R281A 7.36±0.5 62.7±14.2 -0.38±0.11 (5) 7.41±0.43 101.9±21.8 0.02±0.11 (4) 

V283A 8.17±0.36 76.9±9.8 -0.25±0.09 (5) 7.89±0.39 116.8±17.5 0.11±0.12 (4) 

Y284A 7.99±0.25 101.4±9.8 -0.03±0.09 (5) 7.72±0.39 124.2±19.7 0.18±0.14 (4) 

F285A 8.17±0.28 92.3±9.3 -0.11±0.09 (5) 7.8±0.39 109.9±16.6 0.05±0.13 (4) 

N286A 7.35±0.35 96.9±15.4 -0.07±0.08(a) (5) 7.85±0.75 42.7±14.3 -0.56±0.2(a) (4) 

D287A N.D. N.D. N.D.  N.D. N.D. N.D.  

N288A 8.52±0.44 64±8.4 -0.7±0.09*(c) (5) 7.99±0.34 105.6±15.6 -0.3±0.13(c) (4) 

C289A 7.17±0.48 89.1±22.7 -0.14±0.11(a) (4) N.D. N.D. N.D.  

W290A 7.09±0.55 72.3±25.8 -0.27±0.13(a) (5) N.D. N.D. N.D.  

L291A 7.74±0.31 100.9±13.3 -0.02±0.1 (5) 7.29±0.64 91.3±32.2 -0.07±0.13  

S292A 8.39±0.32 94.9±10.2 -0.08±0.08 (6) 7.65±0.3 95.4±12.6 -0.05±0.15 (4) 

V293A 8.13±0.29 91.2±9.7 -0.12±0.08 (6) 8.06±0.29 137.4±15.3 0.34±0.13 (3) 

E294A 7.92±0.26 89.5±9.1 -0.13±0.1 (5) 7.31±0.49 122.9±27.4 0.15±0.11 (4) 

T295A 7.36±0.48 74.8±18.6 -0.27±0.11 (5) 6.97±0.42 71.9±17.9 -0.26±0.23 (4) 

H296A 8.29±0.48 106.6±18.1 -0.42±0.09*(c) (5) 7.85±0.41 96±16.3 -0.49±0.12(c) (5) 

L297A 7.87±0.3 84.6±10 -0.17±0.1 (5) 7.44±0.34 79.8±12.2 -0.19±0.17 (4) 

L298A 8.21±0.3 117.2±12.7 0.1±0.09 (5) 7.47±0.36 97.6±15.4 -0.04±0.15 (4) 

Y299A 7.71±0.25 101.7±0.4 0.0±0.09 (4) 7.48±0.55 57.1±13.7 -0.41±0.19 (4) 

I300A 7.61±0.22 109.2±10.1 0.04±0.08(a) (5) 7.71±0.45 66.7±12.1 -0.31±0.15(a) (4) 

 

Table 4.5 Effect of single alanine mutation in ECL2 of hCTRaLeu on cAMP signalling in response to rAmy or hαCGRP. 
For each receptor and ligand, data from Figure 4.11-12 were fit to a three-parameter logistic equation to derive pEC50 

(negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response as 

% of WT). The log(τ) reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), 

where receptor expression was either unable to be identified on not significantly different. Where expression by radioligand 

binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those 

mutation where expression could not be determined via radioligand binding. All values are mean±S.E.M. of 3 to 11 

independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) was 

determined by comparison of the WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test 

(p<0.05 represented by *). (N.D.) pEC50, Emax or efficacy not determined.  
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4.2.3.2 IP1 signalling 

hCTR also couples to Gαq protein to elicit a transient intracellular calcium response through the 

production of DAG (di-acyl glycerol) and IP3 (inositol-3-phosphate) (Chabre et al., 1992). The 

degradation of these metabolites can be prevented by LiCl treatment of the cells and IP1 accumulation 

can be assessed as a surrogate of Gαq recruitment downstream of receptor activation. Due to their lower 

affinity (and potency), rAmy or hαCGRP responses were not detectable in this pathway at 

concentrations up to 1 μM of peptide. Concentration-response profiles of CT agonists were obtained 

after 60 minutes of accumulation, and the operational model of agonism was also applied (Figures 4.15-

17). From these data, pEC50, Emax and log(τ) (or log(τc)) were calculated for all the CT peptides (Figure, 

4.18, Table 4.6). 

 

Potency. The three CT peptides were equipotent in this assay with a pEC50 value at the WT of 

approximately 1nM (Table 4.6). L291A significantly reduced potency of hCT by approximately 200 fold, 

but not of sCT or pCT. R281A, C289A and W290A dramatically impaired the IP1 response, such that 

the potency and efficacy of hCT for these two mutants was not defined. Potency and efficacy of sCT 

could not be quantified for D287A and C289A, however, for all other mutations, the pEC50 of sCT was 

equivalent to WT. pCT potencies were not significantly affected for any of the mutant receptors, with 

the exception of I300A, which could not be quantified. 

Maximal response. Maximal response to hCT, sCT and pCT peptides were significantly reduced 

compared to WT for Y299A. hCT and sCT Emax were also significantly decreased for N286A, T295A, 

L297A, L298A and I300A. Although pCT showed the same trend, values for this peptide at the same 

receptor mutants did not reach statistical significance. Y284A, F285A and L291A showed significant 

reductions in Emax only in presence of hCT. R281A showed a significant reduction of maximal response 

in presence of pCT. C289A and W290A, had reduced responses to all peptides, but the effect was less 

prominent at C281A for pCT. 

Efficacy. Similar to observed for the cAMP pathway, the mid-region of ECL2 (N286-W290) was also 

important for efficacy in Gαq dependent signalling. Significant reductions in efficacy (compared to 
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WT) could be observed for N286A in presence of both hCT and sCT. In addition, the efficacy of hCT 

at D287A was significantly reduced, and in presence of sCT this mutant did not produce a detectable 

response, suggesting a more dramatic reduction in efficacy. There was a similar trend towards reduced 

efficacy with pCT for both these mutants, although data failed to reach statistical significance. Only a 

trend towards reduced efficacy was observed for pCT at C289A, a mutant that did not produce a robust 

response for hCT or sCT, suggesting that there is a differential effect for this peptide. While W290A 

substitution abolished the hCT response, it also significantly reduced pCT and sCT efficacy. Residues 

Y299 and I300, at the top of TM5, were extremely important to Gαq protein-dependent signalling with 

their substitution reducing the efficacy of all CT peptides. Substitution of R281, T295 and H296 all 

revealed peptide-specific effects on this pathway with mutation of the first significantly reducing pCT 

efficacy and abolishing hCT response; substitution of the second significantly impairing hCT and sCT 

efficacy, and replacement of the latter significantly reducing efficacy of both hCT and pCT, although a 

similar trend was also observed for sCT in this case. Although not significant, Ala mutation of L297, 

L298 and T280 showed a trend towards reduced efficacy for all CT peptides.  
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Figure 4.15 IP1 accumulation profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single 

alanine mutations. IP1 formation in presence of hCT was normalized to an internal control (0.1 mM ATP) and data fit to a 

three parameter logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. 

of 4 to 5 (WT N=10) independent experiments conducted in duplicate. 

 

 

 
Figure 4.16 IP1 accumulation profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single alanine 

mutations. IP1 formation in presence of was normalized to an internal control (0.1 mM ATP) and data fit to a three parameter 

logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. of 4 to 6 (WT 

N=12) independent experiments conducted in duplicate. 
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Figure 4.17 IP1 accumulation profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL2 single alanine 

mutations. IP1 formation in presence of pCT was normalized to an internal control (0.1 mM ATP) and data fit to a three 

parameter logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. of 4 to 

6 WT N=13) independent experiments conducted in duplicate. 

Figure 4.18 Effect of single alanine mutation in ECL2 of hCTRaLeu on CT peptides efficacy for IP1 accumulation. Data 

from Figure 4.14-16 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant 

or WT) to the IP1 signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this was 

significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 4 to 6 

independent experiments conducted in duplicate. Significance of changes was determined by comparison of the WT to the 

other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) efficacy not 

determined. 
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hCT sCT pCT 

pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  

WT 8.92±0.19 100±4.8 -0.15±0.05 (10) 9.23±0.13 100±3.3 -0.12±0.06 (12) 9.01±0.17 100±4.2 -0.15±0.06 (13) 

I279A 7.85±0.31 78.4±8.8 -0.27±0.1 (5) 8.26±0.31 114.6±10.6 0.04±0.11 (5) 7.84±0.49 96.5±14.9 -0.15±0.13 (4) 

T280A 7.75±0.32 83.5±9.6 -0.63±0.1(c) (5) 8.98±0.22 120.3±7.1 -0.31±0.09(c) (6) 8.46±0.36 88.9±8.8 -0.63±0.12(c) (4) 

R281A N.D. N.D. N.D.  10.14±0.54 79.6±8.9 -0.31±0.09 (5) 8.51±1.15 50.6±9.7* -0.74±0.16* (6) 

V283A 7.58±0.39 68.7±9.9 -0.37±0.12 (5) 9.15±0.39 113.3±10.5 0.02±0.08 (6) 8.07±0.46 102.5±13.8 -0.09±0.11 (5) 

Y284A 8.07±0.53 53.8±8.9* -0.57±0.13 (5) 8.46±0.58 99.5±13.8 -0.13±0.1 (5) 8.54±0.34 81.7±7.3 -0.29±0.11 (5) 

F285A 7.69±0.6 45.8±11.5* -0.65±0.2 (5) 8.9±0.39 112.5±10.8 0.09±0.09 (5) 8.23±0.48 89.8±13 -0.21±0.13 (4) 

N286A 8.24±0.93 36.6±6.5* -0.9±0.17*(a) (5) 8.58±0.63 51.8±6.6* -0.7±0.17*(a) (6) 8.99±0.56 72.0±8.5 -0.42±0.11(a) (5) 

D287A 7.32±1.25 31.3±9.1* -1.02±0.22*(a) (5) N.D. N.D. N.D. (a)  7.51±0.81 62.4±12.8 -0.58±0.18(a) (5) 

N288A 7.72±0.38 80.1±10.1 -0.6±0.09(c) (5) 8.38±0.34 123.2±11.8 -0.21±0.1(c) (5) 8.94±0.43 87.3±9.1 -0.57±0.09(c) (5) 

C289A N.D. N.D. N.D. (a)  N.D. N.D. N.D. (a)  7.37±0.81 56.7±13.7* -0.62±0.29(a) (4) 

W290A N.D. N.D. N.D. (a)  9.88±0.63 41.7±6.1* -0.89±0.24*(a) (4) 9.59±0.72 43.8±5.2* -0.86±0.18*(a) (6) 

L291A 6.61±0.5* 57±15.6* -0.58±0.22 (5) 8.51±0.28 85.1±6.7 -0.25±0.11 (5) 9.02±0.73 66.4±9.1 -0.5±0.1 (6) 

S292A 7.2±0.37 64.3±9.8 -0.43±0.15 (5) 8.52±0.6 84.9±12.2 -0.27±0.11 (5) 8.02±0.49 77.3±11.3 -0.35±0.12 (6) 

V293A 7.9±0.23 83.5±6.7 -0.22±0.09 (5) 9.08±0.31 123.5±10.3 0.13±0.09 (5) 8.08±0.51 94.4±12.7 -0.19±0.11 (5) 

E294A 7.86±0.56 69±11.9 -0.39±0.1 (5) 8.41±0.45 94.7±10.2 -0.17±0.1 (5) 8.45±0.48 96.2±11.7 -0.15±0.1 (5) 

T295A 8.54±0.85 40.8±6.3* -0.79±0.14* (5) 8.28±1.14 62.3±14.1* -0.62±0.13* (6) 7.73±0.79 82.9±19.4 -0.3±0.12 (6) 

H296A 7.95±0.3 73.8±8.1 -0.75±0.1*(c) (5) 8.95±0.41 101.9±9.5 -0.53±0.09(c) (5) 8.1±0.37 84.9±9 -0.7±0.12*(c) (5) 

L297A 6.75±0.75 55.9±16.3* -0.61±0.13 (5) 10.48±0.78 63.7±9.7* -0.5±0.1 (5) 7.81±0.43 71.0±9.5 -0.41±0.18 (4) 

L298A 6.71±1.1 58.7±24.9* -0.57±0.12 (5) 8.93±0.49 62.3±7.7* -0.53±0.13 (5) 8.55±0.93 65.0±9.9 -0.53±0.12 (5) 

Y299A 9.94±0.87 27.5±4.2* -1.11±0.19* (5) 10.51±0.78 49.8±6.2* -0.73±0.13* (6) 9.61±1 49.0±7.7* -0.76±0.15* (6) 

I300A 9.38±0.58 40±5.1* -0.79±0.13*(a) (5) 10.12±0.71 46.2±6.* -0.78±0.17*(a) (5) N.D. N.D. N.D. (a)  

 

Table 4.6 Effect of single alanine mutation in ECL2 of hCTRaLeu on IP1 accumulation in response to CT peptides. For each receptor and ligand, data from Figure 4.14-16 were fit to a three-

parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response as % of WT). The log(τ) 

reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean±S.E.M. of 4 to 6 independent experiments conducted in duplicate. For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) pEC50, Emax or efficacy not 

determined. 
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 4.2.3.3 ERK1/2 phosphorylation 

In Chapter 3 a transient ERK1/2 phosphorylation was identified as a relevant signalling pathway for 

CT peptides. Agonist-dependent pERK1/2 time-courses for each receptor construct were therefore 

assessed in the presence of 1 μM of hCT (Figure 4.19), sCT (Figure 4.20), pCT (Figure 4.21), rAmy (Figure 

4.22) or hαCGRP (Figure 4.23) to determine if any of the mutants altered the peak response. All peptides 

produced a maximal pERK1/2 response either at 6 or 8 min stimulation. Due to the limited numbers of 

repeats, a few of the time-courses were associated with large errors, however no significant difference 

between WT and all mutant receptors. Therefore the peak of maximal ERK1/2 phosphorylation of WT 

was selected to obtain concentration-responses curves. 

hCT, rAmy or hαCGRP produced a more slow sustained pERK1/2 responses compared to a more rapid 

transient profile elicited by pCT and sCT (Figure 4.24-28). Therefore, concentration-response curves in 

presence of hCT, rAmy or hαCGRP were therefore measured at 8 min of ligand stimulation, while sCT 

and pCT were assessed at 6 min. For all receptor mutants and peptides, pEC50, Emax and derived log(τ) 

from fitting the operational model to concentration-response data generated at 8 minutes of ligand 

stimulation (Table 4.7 and 4.8). 

 

4.2.3.3.1 CT peptides 

Potency. All three CT peptides produced responses in this signalling pathway, with pEC50s in the nM 

range (8.32±0.09, 8.62±0.1 and 8.95±0.08 for hCT, sCT and pCT respectively) (Table 4.7). sCT potency 

was unaffected by any of the introduced mutations, whereas both hCT and pCT showed significantly 

reduced potency when D287 and L291 were replaced with alanine. Similar to other pathways, hCT was 

the most sensitive peptide to receptor mutation when compared to the other two CTs, as the alanine 

substitution of C289 also statistically reduced pEC50 of this peptide (15-fold) when compared to WT. 

Moreover, R281A and W290A dramatically reduced hCT response, and it was not possible to quantify 

the responses in the concentration-range assessed (up to 1 μM). 

Maximal response and efficacy. Maximal responses were dramatically affected by the majority of the 

substitutions. Increased Emax for all CT peptides were observed for T280A, N288A, V293A and H296A. 
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Additionally, I279A and V283A also significantly enhanced the maximal response of hCT and sCT, 

whilst failing to show any statistical difference for pCT. E294A also showed a similar trend in 

increasing Emax for all CT peptides relative to WT, however values reached statistical significance only 

in presence of sCT. For these residues, when corrected for differences in cell surface expression (Figure 

4.29, Table 4.7), improved efficacy in pERK1/2 was observed for V283A for hCT and sCT (log(τ)), but 

not pCT. Similarly, I279A had an analogous effect on hCT and sCT efficacy, although the later was not 

statistically significant (p=0.06). V293A showed significantly enhanced efficacy in presence of sCT 

and a similar trend for the other two CT peptides. Additionally, E294A trended towards increased 

efficacy for all CT peptides, albeit not statistically significant. None of the other mutations altered 

efficacy relative to the WT for any of the CTs assessed, suggesting that for the rest of these mutant 

receptors the enhanced Emax values were a result of increased receptor expression. 

A second cluster of residues significantly reduced the maximal pERK1/2 response for all CT peptides. 

This cluster includes R281, N286, D287, C289, W290, T295, H297, Y299 and I300 (Figure 4.29, Table 

4.7). 

Operational analysis revealed that substitution of residues N286-W290 (with the exception of N288) 

significantly impaired efficacy for all CT ligands in pERK1/2. Outside of this segment, substitution of 

R281, T295, Y299 and I300 also reduced efficacy for all CT peptides. L297A also reduced efficacy for 

all CT peptides, however, data were only statistically significant for hCT and pCT (Table 4.7). 

 

4.2.3.3.2 rAmy and hαCGRP peptides 

Potency and maximal response. rAmy and hαCGRP peptides had a potency of approximately 70 nM in 

pERK1/2 (Table 4.8). D287A, C289A and W290A (for both peptides), and L291A (for hαCGRP only) 

showed almost no detectable pERK1/2 response (up to 1 μM of peptide). The remainder of the alanine 

mutations had no effect on potency, but many reduced maximal response of these receptors Statistical 

analysis of Emax values showed significant decrease (relative to WT) in maximal response for R281A, 

N286A, L291A, T2995A and Y299A in presence of both peptides. rAmy was more sensitive to select 
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ECL2 mutations than hαCGRP with significantly reduced Emax for Y284A, F285A, V293A, L297A and 

I300A mutants. 

Efficacy. Mutated residues that resulted in reduced CT peptide efficacy, also significantly impaired 

rAmy and hαCGRP log(τ). This included R281A and T295A (and additionally D287, C289A and 

W290A where substitution to alanine abolished pERK1/2 response in both rAmy and hαCGRP). T286A 

and Y299A mutations significantly reduced hαCGRP efficacy, with a similar trend in presence of rAmy 

that did not reach statistical significance. Interestingly, H296A did not impair efficacy for any of the 

CT peptides, but significantly reduced (4-fold) hαCGRP efficacy while showing a similar (yet not 

significant) trend in presence of rAmy. No other mutation had any significant effect on rAmy or 

hαCGRP efficacy.  
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Figure 4.19 ERK1/2 phosphorylation time-course profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL2 single alanine mutations. 1 μM of hCT was measured as a time-course, as indicated. Each dataset was normalised to 

FBS at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. 

Arrows indicate where concentration-response curves where generated. 

 

 

 
Figure 4.20 ERK1/2 phosphorylation time-course profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL2 single alanine mutations. 1 μM of sCT was measured as a time-course, as indicated. Each dataset was normalised to 

FBS at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. 

Arrows indicate where concentration-response curves where generated. 
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Figure 4.21 ERK1/2 phosphorylation time-course profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL2 single alanine mutations. 1 μM of pCT was measured as a time-course, as indicated. Each dataset was normalised to 

FBS at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. 

Arrows indicate where concentration-response curves where generated. 

 

 

 
Figure 4.22 ERK1/2 phosphorylation time-course profiles elicited by rAmy in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL2 single alanine mutations. 1 μM of rAmy was measured as a time-course, as indicated. Each dataset was normalised to 

FBS at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. 

Arrows indicate where concentration-response curves where generated. 
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Figure 4.23 ERK1/2 phosphorylation time-course profiles elicited by hαCGRP in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL2 single alanine mutations. 1 μM of hαCGRP was measured as a time-course, as indicated. Each dataset was 

normalised to FBS at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments 

conducted in duplicate. Arrows indicate where concentration-response curves where generated. 

 

 

 
Figure 4.24 ERK1/2 phosphorylation concentration-response profiles elicited by hCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL2 single alanine mutations. pERK1/2 in response to hCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 5 to 6 (WT N=10) independent experiments conducted in duplicate. 
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Figure 4.25 ERK1/2 phosphorylation concentration-response profiles elicited by sCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL2 single alanine mutations. pERK1/2 in response to sCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 5 to 6 (WY N=10) independent experiments conducted in duplicate. 

 

 

 
Figure 4.26 ERK1/2 phosphorylation concentration-response profiles elicited by pCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL2 single alanine mutations. pERK1/2 in response to pCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 5 to 6 (WT N=10) independent experiments conducted in duplicate. 
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Figure 4.27 ERK1/2 phosphorylation concentration-response profiles elicited by rAmy in CV-1-FlpIn cells stably 

expressing hCTRaLeu ECL2 single alanine mutations. pERK1/2 in response to rAmy were normalized to the internal control 

(10% FBS measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor 

response. All values are mean+S.E.M. of 5 to 6 (WT N=8) independent experiments conducted in duplicate. 

 

 

 
Figure 4.28 ERK1/2 phosphorylation concentration-response profiles elicited by hαCGRP in CV-1-FlpIn cells stably 

expressing hCTRaLeu ECL2 single alanine mutations. pERK1/2 in response to hαCGRP were normalized to the internal 

control (10% FBS measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT 

receptor response. All values are mean+S.E.M. of 4 to 6 (WT N=8) independent experiments conducted in duplicate. 
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Figure 4.29 Effect of single alanine mutation in ECL2 of hCTRaLeu on efficacy for ERK1/2 phosphorylation. Data from 

Figure 4.23-27 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant or 

WT) to the pERK1/2 signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this 

was significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 4 to 

6 independent experiments conducted in duplicate. Significance of changes was determined by comparison of the WT to the 

other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) efficacy not 

determined.
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hCT sCT pCT 

pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  pEC50 Emax (% WT) Log(τ)  

WT 8.32±0.09 100±3.2 -0.11±0.04 (10) 8.62±0.1 100±3.1 -0.15±0.05 (10) 8.95±0.08 100±2.5 -0.11±0.04 (10) 

I279A 8.09±0.19 143.4±10.3* 0.26±0.07* (5) 8.22±0.11 125.8±5.1* 0.11±0.07 (5) 8.66±0.17 121.5±6.3 0.01±0.07 (5) 

T280A 8.17±0.19 168.4±11.7* 0.09±0.08(c) (6) 8.55±0.25 157.9±12.3* -0.02±0.07(c) (6) 8.69±0.19 159.8±9.8* 0.42±0.06(c) (6) 

R281A N.D. N.D. N.D. (6) 9.01±0.43 44.5±5.1* -0.67±0.1* (5) 8.64±0.35 37±3.6* -0.77±0.12* (5) 

V283A 8±0.24 155.4±13.8* 0.36±0.07* (5) 8.3±0.22 133±10.1* 0.16±0.06* (6) 8.65±0.34 108.7±11.5 -0.03±0.06 (5) 

Y284A 8.08±0.23 81.6±6.7 -0.26±0.07 (5) 8.83±0.21 96.3±6.2 -0.14±0.06 (5) 8.92±0.25 80.5±6.2 -0.27±0.06 (5) 

F285A 8.09±0.33 90.7±10.7 -0.19±0.06 (5) 8.78±0.16 113.6±5.8 0.01±0.06 (5) 8.74±0.2 88.2±5.4 -0.2±0.06 (5) 

N286A 8.37±0.32 52±5.4* -0.13±0.07*(a) (5) 9.16±0.28 58.7±4.7* -0.49±0.07*(a) (5) 8.92±0.36 46.2±4.9* -0.63±0.09*(a) (5) 

D287A 7.01±0.25* 35±4.7* -0.83±0.16*(a) (5) 9.4±0.23 38.7±2.4* -0.75±0.11*(a) (5) 7.9±0.25* 26.6±2.5* -0.97±0.22*(a) (5) 

N288A 7.74±0.15 136.7±8.3* 0.2±0.07(c) (5) 8.36±0.29 126.6±12.6* -0.21±0.06(c) (6) 8.53±0.26 134.6±11.2* -0.14±0.06(c) (6) 

C289A 7.1±0.39* 40±7.9* -0.74±0.13*(a) (5) 9.07±0.57 63.6±10.6* -0.44±0.07*(a) (5) 8.37±0.28 38.3±3.6* -0.74±0.12*(a) (5) 

W290A N.D. N.D. N.D. (5) 9.47±0.41 37.8±3.9* -0.76±0.11*(a) (5) 8.13±0.26 28. 4±2.6* -0.92±0.19*(a) (5) 

L291A 7.05±0.24* 71.7±9 -0.35±0.13 (5) 8.61±0.15 107.3±5.1 -0.05±0.06 (5) 8.02±0.18* 76.8±5.3 -0.3±0.08 (5) 

S292A 8.02±0.26 116.3±11 0.02±0.06 (5) 8.84±0.21 121.1±7.4 0.06±0.06 (5) 9.26±0.25 104.2±6.9 -0.08±0.05 (5) 

V293A 7.78±0.15 130.2±7.9* 0.14±0.07 (5) 8.18±0.24 135.2±12.3* 0.19±0.07* (5) 8.5±0.25 136.3±11* 0.2±0.06 (5) 

E294A 8.07±0.21 124.8±10 0.1±0.06 (5) 8.67±0.17 125.8±6.8* 0.11±0.06 (5) 8.7±0.24 115.3±8.6 0.02±0.06 (5) 

T295A 8.13±0.34 47.8±5.7* -0.62±0.1* (5) 9.27±0.3 49±4.1* -0.6±0.09* (5) 9.12±0.32 49.5±4.5* -0.59±0.08* (5) 

H296A 8.02±0.14 148.1±7.9* -0.13±0.07(c) (5) 8.57±0.2 151.6±9.2* -0.1±0.07(c) (5) 8.63±0.2 162.6±10.1* 0.01±0.07(c) (5) 

L297A 8.1±0.22 62.7±4.8* -0.45±0.08* (5) 9.05±0.22 67.5±4.4* -0.4±0.07 (5) 9.01±0.26 58.6±4.4* -0.49±0.07* (5) 

L298A 7.82±0.29 84±9.5 -0.24±0.07 (5) 8.75±0.21 85.4±5.6 -0.23±0.06 (5) 8.96±0.28 73.2±6.1* -0.34±0.06 (5) 

Y299A 7.99±0.28 55.6±5.8* -0.52±0.09* (5) 9.23±0.25 58.1±4.1* -0.49±0.07* (5) 9.03±0.19 51.4±2.9* -0.57±0.08* (5) 

I300A 8.71±0.29 65.3±5.7* -0.42±0.07*(a) (5) 9.49±0.21 63.1±3.3* -0.44±0.07*(a) (5) 9.55±0.22 54.2±3.2* -0.53±0.07*(a) (5) 

 

Table 4.7 Effect of single alanine mutation in ECL2 of hCTRaLeu on ERK1/2 phosphorylation in response to CT peptides. For each receptor and ligand, data from Figure 4.23-25 were fit to 

a three-parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response as % of WT). The 

log(τ) reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean±S.E.M. of 4 to 6 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *).(N.D.) efficacy not determined. 
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rAmy hαCGRP 

pEC50 Emax (% WT) Log(τc)  pEC50 Emax (% WT) Log(τc)  

WT 7.19±0.1 100±4.9 -0.1±0.06 (8) 7.11±0.11 100±5.6 -0.08±0.08 (8) 

I279A 7.74±0.27 87.9±9.4 -0.18±0.06 (5) 7.3±0.23 96.5±10.9 -0.09±0.09 (5) 

T280A 7.57±0.23 110.1±10.5 -0.41±0.06(c) (6) 7.27±0.23 106.4±11.8 -0.43±0.08(c) (6) 

R281A 7.16±0.27 30.9±4.5* -0.81±0.11* (5) 7.46±0.43 29.9±5.1* -0.81±0.14* (5) 

V283A 7.77±0.27 82.7±9 -0.22±0.06 (5) 7.22±0.18 80.8±6.6 -0.25±0.1 (4) 

Y284A 7.69±0.23 64.4±6.1* -0.39±0.07 (5) 6.95±0.31 79±14.9 -0.23±0.11 (5) 

F285A 7.66±0.28 59.5±7.1* -0.43±0.07 (5) 6.9±0.34 93.3±17.5 -0.14±0.1 (5) 

N286A 7.27±0.32 40.5±6.2* -0.66±0.12(a) (5) 7.89±0.47 31.1±5* -0.79±0.11*(a) (5) 

D287A N.D. N.D. N.D. (5) N.D. N.D. N.D. (5) 

N288A 7.28±0.2 79±7.3 -0.59±0.08(c) (5) 7.01±0.16 109.6±9.9 -0.33±0.1(c) (5) 

C289A N.D. N.D. N.D. (5) N.D. N.D. N.D. (5) 

W290A N.D. N.D. N.D. (5) N.D. N.D. N.D. (5) 

L291A 7.35±0.22 41.2±4.3* -0.64±0.12 (5) N.D. N.D. N.D. (5) 

S292A 7.76±0.31 95.8±11.7 -0.12±0.05 (6) 7.68±0.35 79.8±11.5 -0.23±0.07 (5) 

V293A 7.29±0.26 66.8±8.4* -0.36±0.08 (5) 7.28±0.31 149.3±22 0.34±0.1 (5) 

E294A 7.43±0.22 72.3±7.2 -0.31±0.08 (5) 6.91±0.36 66.3±15.3 -0.34±0.13 (5) 

T295A 7.35±0.39 28±4.7* -0.86±0.11* (5) 7.68±0.38 21.7±3.5* -0.93±0.18* (5) 

H296A 7.47±0.22 82.2±7.8 -0.66±0.07(c) (5) 7.04±0.27 77.2±11.1 -0.69±0.1*(c) (5) 

L297A 7.55±0.27 48.8±5.6* -0.55±0.09 (5) 7.01±0.29 73.2±12.1 -0.29±0.11 (5) 

L298A 7.69±0.2 81.7±6.8 -0.23±0.06 (5) 7.12±0.24 58±7.7 -0.43±0.12 (5) 

Y299A 7.22±0.28 50.7±6.9* -0.54±0.1 (5) 6.69±0.56 30.4±11.2* -0.82±0.17* (4) 

I300A 7.48±0.25 43.5±4.7* -0.62±0.1(a) (5) 7.17±0.42 60.9±13.3 -0.4±0.11(a) (5) 

 

Table 4.8 Effect of single alanine mutation in ECL2 of hCTRaLeu on ERK1/2 phosphorylation in response to rAmy or 

hαCGRP peptides. For each receptor and ligand, data from Figure 4.26-27 were fit to a three-parameter logistic equation to 

derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal 

response as % of WT). The log(τ) reported in this table represents the operational coupling efficacy of each receptor (mutant 

or WT), where receptor expression was either unable to be identified on not significantly different. Where expression by 

radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) 

Represents those mutation where expression could not be determined via radioligand binding. All values are mean±S.E.M. of 

4 to 6 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) was 

determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test 

(p<0.05 represented by *).(N.D.) efficacy not determined.  
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4.2.3 Mapping mutational effect onto molecular models 

To better visualise the effect that the alanine substitutions had on affinity and signalling efficacy of 

distinct peptide agonists, residues assessed in this study were mapped onto a hCTR model. This model 

was based on the published active Cryo-EM structure in complex with sCT (Liang et al., 2017). In this 

structure ECLs and the top of TM6 and TM7 had low resolution in the EM-density map, due to the 

flexibility of these regions. Additionally, only the backbone of the sCT agonist N-terminus was clearly 

resolved within the TM groove. Side chains of the peptide had poor density in the EM map. The missing 

regions and side chains were modelled by Prof. Christopher Reynolds (University of Essex), and the 

3D surface fill map of this model of the CTR-sCT complex is presented in Figures 4.1, 4.31 and 4.32. I 

have used this 3D model highlighted and the residues investigated in this study. The effect of mutation 

was mapped onto this model with colours providing a heat map of the level of effect of mutation 

(derived from Figure 4.7, 4.13, 4.18 and 4.29). 

Our data revealed that residues important for equilibrium affinity of hCT formed a continuum of 

residues throughout ECL2 and the top of TM5 (Figure 4.31 A). Although some limited differences were 

observed, pCT affinity was influenced by a similar cluster of residues; by comparison sCT and sCT(8-

32) were less affected by mutagenesis of ECL2. 

In contrast with the importance of ECL2 in affinity, alanine substitution of residues in ECL2 had limited 

effect on cAMP efficacy for any of the ligands assessed (sCT, hCT, pCT, rAmy or hαCGRP) (Figure 

4.31 B and Figure 4.32 A). In our model, the CW motif that when mutated enhanced efficacy of all CT 

peptides, is localized at the interface with TM3-ECL1. Interestingly, mutation of these two residues had 

the opposite effect on rAmy and hαCGRP. Despite increased expression, substitution of H296, localised 

in the membrane proximal part of ECL2, reduced cAMP efficacy for all CT peptides and rAmy, while 

although not significant, hαCGRP also showed a similar trend. 

ECL2 of CTR was important for IP1 formation. Activation of this pathway was only measured in the 

presence of sCT, hCT and pCT and required a cluster of residues throughout ECL2, a pattern that 

partially overlaps with those important for affinity (Figure 4.31 C). hCT- and sCT-dependent IP1 

signalling utilised a similar network of residues, with very limited differences in the magnitude of 
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effects of mutations. In contrast, the effect of mutation on pCT-mediated response was less dramatic. 

Nonetheless, residues localized at the interface with ECL1 and in distal part of ECL3 towards the 

membrane adjacent portion of TM5 were important for all CT agonist peptides. 

Overall, there was a similar pattern of effect for mutation on pERK1/2 efficacy for all CT peptide, with 

only minor differences in magnitude of effect. In general, this pattern was similar to that seen for IP1 

efficacy (Figure 4.31 D and Figure 4.32 B). Our mutation had less impact on rAmy efficacy, but those 

residues important for rAmy efficacy were a subset of those that were important for all CT peptides. 

The pattern of hαCGRP, while displaying partial overlap with CT peptides, revealed distinct residues 

important for its efficacy. For instance, a continuum cluster of residues between CW motif and the 

extracellular interface of TM5 was important for signalling down the IP1 and pERK1/2 pathways for all 

these peptides. Additionally, substitution of V283 and V293 (residues facing the phospholipid bilayer), 

enhanced efficacy of this pathway for CT agonists (although data were not significant for all CT 

peptides), while having no effect on rAmy or hαCGRP. 
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Figure 4.30. (A)Top view and (B) side view of the active model of the hCTR in complex with the sCT ligand, based on the 

active Cryo-EM structure of CTR in complex with sCT and the G protein heterotrimer (pdb structure 5UZ7). Incomplete 

segments of the structure were modelled in by Prof. Christopher A. Reynolds to generate a complete model of the hCTR, shown 

here as a surface representation. The NTD (in orange) and the alanine substituted residues in ECL2 discussed in this chapter 

(279-300) are highlighted in green.  

To better visualise the ECLs and binding pocket within the TM bundle, the NTD, TM1-stalk region (residues 1-136) and 

residues 200-217 in ECL1 (that would partially cover ECL2) are not displayed. The model also shows the sCT ligand (in 

burgundy), with the cyclic N-terminus (residues 1-7) represented by space fill (C) or (D) ribbon. Residues 8-16 of the ligand, 

tightly structured in a α-helix, are shown as ribbon, while the C-terminus (residues 17-32) of the peptide is not displayed. 
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Figure 4.31 Heat-map 3D representation of ECL2 of the hCTR and the effect of alanine substitution on CT peptides 

equilibrium affinity and intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex 

with sCT (Liang et al., 2017) into which the three ECLs were modelled as describe in Figure 4.30. Residues 1-136 and 200-

217 (that would partially cover ECL2) are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus 

(residues 1-7) is represented by space fill, residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus 

(residues 17-32) of the ligand is hidden. Residues that produced significant changes in binding affinity or signalling efficacy 

were coloured following the colour scheme for fold effect from WT in Figures 4.7, 4.13, 4.18 and 4.29.  

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 
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Figure 4.32 Heat-map 3D representation of ECL2 of the hCTR and the effect of alanine substitution on rAmy and hαCGRP 

equilibrium affinity and intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex 

with sCT (Liang et al., 2017) into which the three ECLs were modelled). Residues 1-136 and 200-217 (that would partially 

cover ECL2) are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus (residues 1-7) is represented 

by space fill, residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus (residues 17-32) of the ligand is 

hidden. Residues that produced significant changes in binding affinity or signalling efficacy were coloured following the colour 

scheme for fold effect from WT in Figures 4.13 and 4.29. 

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 
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4.4 Discussion 

Orthosteric ligands interact with the juxta membrane portion of GPCRs to promote conformational 

changes within the receptor leading to effector recruitment and intracellular signalling. Like most, if 

not all GPCRS, Class B1 receptors pleiotropically couple to multiple effectors, and different ligands 

have the potential to stabilise distinct ensembles of receptor conformations, and thus produce unique 

signalling patterns (or biased agonism). The current literature is beginning to reveal how different 

biased ligands engage with these receptors to promote such heterogeneous signalling, and have begun 

to unravel the mechanistic basis behind this biased agonism. However, there are still significant gaps in 

the current understanding. 

ECL2 has both direct and indirect roles, in ligand binding and signalling efficacy in different GPCR 

Classes (Woolley and Conner, 2017). In this study, we have performed an alanine scanning mutagenesis 

analysis of ECL2 and adjacent TMs (TM4 and TM5) of the hCTRaLeu, to identify the role of this 

domain in ligand affinity and coupling efficacy to intracellular pathways (cAMP and IP1 formation, 

ERK1/2 phosphorylation) for multiple different CTR peptide agonists. We have identified key networks 

in this region that are differentially involved in these distinct functional properties.  

4.4.1 Importance of ECL2 of the hCTR for CT peptide binding 

In the two domain model of activation of Class B1 GPCRs (Hoare, 2005), the initial ligand-receptor 

NTD interactions re-orientate the N-terminus of the peptides towards the binding groove within the 

receptor TM bundle. The mid-region and C-terminus of CTR agonists are critical determinants of the 

dissociation kinetics and affinity of binding of these ligands from the receptor, while the interactions 

between N-terminus of the peptide and the CTR are responsible for receptor activation, leading to 

recruitment and activation of intracellular effectors (Hilton et al., 2000, Furness et al., 2016, Furness et 

al., 2012). By mapping these residues on our 3D model, we have observed several residues that are 

important for the measured affinity of hCT and pCT. These residues form a continuum within ECL2, 

extending from the interface with TM3/ECL1 to TM5. In contrast, affinity of both sCT and the 
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antagonist sCT(8-32) was perturbed only by mutations to the distal part of ECL2, in particular those 

residues contributing to ECL1-ECL2-ligand interface (Figure 4.31, Table 4.2) (discussed below). 

 

Our data revealed that R281A, N286A, D287A, C289A and W290A reduced affinity of all CT peptides. 

These residues are highly conserved in Class B1 GPCRs, and are localised in the proximal region of 

ECL2, at the interface with ECL1-TM3. In our molecular model, R281 forms interactions with residues 

in the mid-region of ECL2, and likely plays a role in stabilising loop conformations. C289 (also 

completely conserved across other GPCR Classes) forms a disulphide bond with C219 at the top of 

TM3. D287 is predicted to form a salt bridge with R213 in ECL1, while N286, at the proximal end of 

ECL2, is predicted to form a hydrogen bond with the backbone of E294 within ECL2 (Figure 4.34). Like 

R281, these interactions are important for stabilising ECL2, and the surrounding residues that, in our 

model, may interact directly with the ligand. This is supported by the loss in affinity for all CT peptides, 

observed on equilibrium and/or calculated functional affinity (pKi and pKA) following mutation (Figure 

4.31 A, Table 4.3). We therefore hypothesise that the mutation of these residues may alter structural 

constraints within ECL2, rendering the loop more flexible, and/or removing important contacts required 

for the ligand to access to the binding pocket, thus increasing the energy barrier that these peptides need 

to breach to bind to their receptor or decreasing the energy barrier to dissociation of the ligand-receptor 

complex. 

The stabilising interactions of R281A, N286A, D287A and C289A orientate W290 and L291 towards 

the CT peptide. The published active Cryo-EM sCT-CTR structure (Liang et al., 2017) shows that the 

peptide mid-region (9-17) aligns along TM1 of CTR, and both the mid-region of hCT and sCT has been 

reported to crosslink with TM1 (Pham et al., 2004, Dong et al., 2004b). Our 3D model (Figure 4.34) 

shows that the sCT peptide mid-region is also in close proximity to L291 and W290, of the CW motif, 

in ECL2. In our model, these stabilising interactions place W290 and L291 in proximity to the mid 

region of the peptide, where these residues may form direct interactions with the sCT peptide. These 

predicted interactions include a polar interaction of these receptor residues with S13, and hydrophobic 

stacking with L9 of the sCT peptide. W290A mutation, had dramatic effects on the affinity of all CT 
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ligands, albeit with larger effects on hCT and pCT than sCT; less than 5 fold reduction in sCT pKA, but 

a loss ~500 fold for pCT and ~3200 fold for hCT (Figure 4.7, Table 4.3). The L291A mutation had selective 

effects, reducing affinity for pCT and hCT, but not for sCT, consistent with weaker interactions. These 

data support previously published data, suggesting that mid-region of the hCT and sCT peptides 

contribute to the differences observed in the binding kinetics (Furness et al., 2016). Additionally, the 

important function of these conserved motifs (structural and/or direct interaction with the peptide) is 

also supported by the currently available Cryo-EM structure of GLP-1R in complex with GLP-1 peptide 

(Zhang et al., 2017b), and scanning mutagenesis studies of ECL2 on GLP-1R, CLR and CRF1R ligand 

pharmacology, which showed analogous reductions in the affinity of peptide agonists (Koole et al., 

2012a, Koole et al., 2012b, Gkountelias et al., 2009, Woolley et al., 2017). Furthermore, a recently 

published study on the related CLR showed the importance of a positive charge on R274 (analogous to 

R281 of CTR) that was predicted to form an ionic interaction with the nearby residue D280 (analogous 

to D286 in CTR) (Woolley et al., 2017), and is important for CGRP mediated cAMP signalling. 

 

Two additional residues, Y299 and I300, localised at the top of TM5, are highly conserved in Class B1. 

In our model, Y299 forms direct interactions with the peptide backbone of the N-terminal loop (S2 

position). Interestingly, Y299 has little effect on sCT affinity, which is consistent with the fact that 

residues 1-3 of the peptide can be deleted without altering affinity of sCT (Hilton et al., 2000). In 

contrast, pCT affinity was reduced at this mutation, and hCT also trended this way, suggesting that 

interactions formed by Y299 may be influential on the binding of lower affinity peptides. I300 had no 

detectable radioligand binding, however pKA values for hCT, sCT and pCT suggest little effect on 

affinity for these peptides, but a significant change in the affinity of the antagonist may occur as a 

consequence of more limited interaction within the TM bundle. Our model predicts I300 to be oriented 

towards the phospholipid bilayer, potentially stabilising membrane proximal interface. Additionally, a 

requirement of aromatic residues in TM5 for interaction with the N-terminus of the ligand has also been 

reported for some Class B1 receptor-ligand pairs (Neumann et al., 2008). For instance, an earlier GLP-

1R model in complex with GLP-1 peptides (based on functional observations) suggested that H7 in the 
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peptide could be oriented towards W306 (analogous to Y299 of CTR) in GLP-1R (Dods and Donnelly, 

2015). Although this interaction is not present in the deposited GLP-1/GLP-1R/Gαs structure (Zhang 

et al., 2017b), there is poor density in this region in the Cryo-EM map, and actual structure is unclear. 

These results are also consistent with an earlier mutagenesis study (Zhang et al., 2017b, Dods and 

Donnelly, 2015). A similar Ala substitution study of these amino acids of the GLP-1 caused a dramatic 

reduction in the affinity of different GLP-1R peptides (Koole et al., 2012a, Koole et al., 2012b). 

Furthermore, Y318 of PTH2R (equivalent to Y299 in CTR) is required for specific interaction with the 

N-terminus with TIP-39, a selective agonist of the PTH2R (but not of the PTH1R) (Weaver et al., 2017). 

Proximity between residues at the top of TM5 and the N-terminus of the peptide ligand is also supported 

by crosslinking between secretin peptide and SCTR (Dong et al., 2012, Dong et al., 2016), while the 

importance of these residues of the receptor for ligand binding would be supported by mutagenesis 

study on CLR and their effect on affinity of hαCGRP and AM peptides (Woolley et al., 2013). 

 

Mutation of a number of additional residues within ECL2 reduced the affinity of both hCT and pCT, 

with no effect on sCT or sCT(8-32), including T295 and L298. hCT affinity was is also selectively 

affected by mutation of V293 and L297. Interestingly, our model showed that these residues (with the 

exception of L297) line the entrance of a deep binding groove, however they are not predicted to directly 

interact with sCT (Figure 4.31). The differential effect of mutations is suggest that they may be important 

for interaction of the lower affinity peptides. 

 

sCT and hCT select distinct active conformations of G protein, presumably by stabilising distinct 

conformations of the CTR (Furness et al., 2016). It has been reported that scaffolding of effectors 

(besides G proteins) can be required to achieve the full active conformation of the receptor by 

allosterically modulating the affinity of a GPCR ligand (Rosenbaum et al., 2011). It is therefore possible 

that these CT ligands can recruit/activate effectors or scaffolding proteins in a unique manner. These in 

turn could affect the conformation of the receptor, influencing the affinity of different ligands in 

equilibrium binding assays. Although for CTR, G protein interaction has limited effect on hCT or sCT 
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affinities (Hilton et al., 2000), the effect of other scaffolding protein or effectors on ligand affinity have 

yet to be investigated. 

4.4.2 Importance of ECL2 of the hCTR for CT peptide efficacy 

Interestingly, the cAMP concentration-response curves obtained in CV-1 FlpIn cells better fit a three 

parameter logistic curve rather than a biphasic curve previously observed in COS-7 cells (Chapter 3). 

These differences could be attributed to the different cellular background. It is also possible that 

differences in expression could also play a role. In Chapter 3, a high expressing polyclonal COS-7 cells 

subpopulation was used, whereas in this Chapter (and also in Chapter 5) the FlpIn recombinase system 

was used to achieve a lower more homogeneous expression of the CTR clones. The method for 

expression may contribute to differential expression between cell lines, however unpublished data from 

our laboratory in a FlpIn background (consistent with COS-7 background) the hCTRa variant have 

higher expression compared to the hCTRb, suggesting that the observed expression differences are 

likely due to post-translational processes. Nonetheless the two site profile may be in part related to the 

very high expression of the receptors in the COS-7 cell line or due to cell background differences. 

The mapping of our results onto the 3D CTR model revealed that the activation of distinct intracellular 

pathways requires the engagement of different regions of the receptor structure. Specifically, our study 

showed that, while important for functional affinity, ECL2 had only a limited role in efficacy for cAMP 

production, while it was important for both IP1 formation and pERK1/2 phosphorylation. The 

differential effect that our mutagenesis had on ligand affinity and on receptor signalling suggests that 

distinct portions of ECL2, especially those residues in proximity to ECL1, play a distinct role in the 

different aspects of receptor function. An analogous mutagenesis study on GLP-1R revealed that, ECL2 

is also crucial for ligand binding and activation of intracellular signalling of other Class B1 GPCRs 

(Koole et al., 2012a, Koole et al., 2012b, Wootten et al., 2016). Nonetheless, comparison between CTR 

and GLP-1R revealed that ECL2 is engaged in a distinct manner in different receptors to trigger similar 

functions. 
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Mutation of R281, that stabilizes the conformation of ECL2, was the only substitution that globally 

altered receptor function, with reduced affinity and efficacy in all pathways and for all ligands assessed. 

Several other mutations had a unique impact on coupling efficacy to the different signalling pathways 

examined for each ligand assessed. These changes cannot simply be explained by reduction of affinity 

for the CT peptides. For instance, H296A substitution, which had no significant effect on ligand binding 

or pERK1/2, showed reduced efficacy of all CT peptides in cAMP and IP1 formation. Conversely, 

mutation of C289 in the CW motif dramatically reduced radioligand binding, but significantly 

improving coupling efficacy to the cAMP pathway for all CT peptides (Figure 4.7 and 4.13). We speculate 

that the loss of structural constraints provided by the removal of the covalent bond between C219 (TM3) 

and C289 (CW motif) may facilitate activation of this pathway by lowering the energy barrier required 

for the activation. 

Conversely, mutation of the CW motif, that enhanced efficacy in cAMP signalling reduced efficacy in 

both IP1 and pERK1/2 responses for all CT peptides. As these residues are important for affinity, our 

results support the hypothesis that the activation of different functional pathways arises from 

engagement of the ligand with distinct networks within receptor structure, an observation made for 

other Class B1 GPCRs. For instance, an analogous study on GLP-1 revealed that ECL2 is crucial for 

driving both cAMP and Ca2+ mobilisation (an alternative method to IP1 formation for measuring Gαq 

activation), but in contrast plays little part in pERK1/2 signalling pathway downstream GLP-1R 

stimulation (Koole et al., 2012a, Koole et al., 2012b, Wootten et al., 2016). Available structures show 

that Class B1 receptors have similar overall organisation of the TM bundle and recruit a common 

collection of intracellular effectors, while sharing less than 50% sequence homology within the TM 

bundle (Song et al., 2017, Zhang et al., 2017a, Zhang et al., 2017b, Liang et al., 2017, Hollenstein et 

al., 2013, Siu et al., 2013). The differences observed between Class B1 receptors and how they activate 

intracellular signalling suggests that different ligand-receptor combinations use distinct networks of 

residues to propagate conformational changes linked to the recruitment and activation of common 

effectors. At the same time, these structural differences and their impact on conformational networks 

could also allow the different receptors to activate signalling pathways via distinct mechanisms. For 
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fact, the intracellular Ca2+ response observed for GLP-1R involves activation of Gαi proteins (Koole et 

al., 2012b, Wootten et al., 2016). Work presented in Chapter 3 and other work from our laboratory 

exploring CTR activation in COS-7 cells would exclude a Gαi protein contribution to the peptide-

mediated iCa2+ signalling (Figure S1, Appendix 1). While the contributions of Gαq or Gαi proteins to iCa2+ 

signalling or pERK1/2 responses downstream of CTR activation in either COS-7 or CV-1 cells is 

currently being investigated, the work presented in Chapter 3 support that Gαq protein activation, at 

least, is important for CTR-mediated ERK1/2 phosphorylation in both cell lines. This is consistent with 

the ECL2 mutational mapping for IP1 and pERK1/2 pathways, where there is a significant overlap in 

the heat maps of residues required for activation of both of these pathways. 

 

In Chapter 3 biased agonism was observed for pCT (away from cAMP and towards iCa2+ mobilisation 

and pERK1/2) when compared to hCT and sCT, while this Chapter illustrates that pCT engages less 

with ECL2 to activate the IP1 pathway, while this contrasts to the similarity of important amino acids 

for pCT and hCT for affinity, and the pattern of key residues for cAMP and pERK1/2 profiles across 

all the three CT peptides (sCT, hCT and pCT). Table 1.1 shows that the C-terminus and mid-region of 

pCT, although not completely conserved, more closely resembles the sequence of hCT than that of sCT. 

However, residues 11-13 of pCT are only partially conserved with hCT. This mid-region is important 

for both affinity and binding kinetics of CT peptides (Furness et al., 2016, Hilton et al., 2000). It is 

therefore not surprising that affinity of pCT is higher than hCT but lower than sCT. Interestingly, the 

N-terminus of pCT is highly conserved with both sCT and hCT, with the exception of residue 10 (Ser 

for pCT, Gly for hCT and sCT). In our model, G10 of sCT is oriented towards W290 and the deep 

binding pocket (Figure 4.34). It is therefore possible that Ser in this position could modify the pose of the 

pCT N-terminus, leading to distinct interactions with the receptor. This could explain the different 

involvement of ECL2 in pCT IP1 signalling when compared to hCT or sCT. In these terms, it would 

therefore also be interesting to use cCT, which is highly homologous to sCT, with the exception of 

residues 2 and 3, which in our model are in close proximity of TM5, to further understand the 
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mechanistic role of different sub-regions of ECL2 (i.e. TM5-TM6, ECL1-ECL2 interface) in CTR 

function. 

4.4.3 Importance of ECL2 of the hCTR for Amy/CGRP peptide binding and 

efficacy 

In this study we have assessed the effect of our mutations on rAmy and hαCGRP peptides, Amy and 

CGRP peptides are low affinity agonists of the CTR alone. However, co-expression of CTR with 

RAMP1 or RAMP3 forms high affinity receptors for these peptides (Christopoulos et al., 1999, 

Tilakaratne et al., 2000, Zumpe et al., 2000, Christopoulos et al., 2003, Poyner et al., 2002, Dacquin et 

al., 2004, Hay et al., 2005, Morfis et al., 2008) that also strongly couple to Gαs (Lee et al., 2016b, 

Udawela et al., 2006b, Udawela et al., 2006a). RAMPs allosterically modulate CTR function by making 

extensive contacts with both the NTD and the TM bundle (Gingell et al., 2016). A separate study will 

investigate these same mutations in CTR function when co-expressed with RAMPs in the same cell 

system. 

By comparing CTR with and without the presence of different RAMPs in multiple signalling pathways, 

it may also be possible to elucidate how RAMPs can modulate signalling efficacy of different CTR 

ligands, and if ligands engage with the receptor in a distinct manner in the absence or presence of 

RAMPs. It has indeed been shown previously that the different RAMPs can alter the signalling profiles 

of CTR bound to hCT, rAmy or CGRP (Udawela et al., 2006b, Udawela et al., 2006a), therefore this 

project will also help to understand how RAMPs and how these two structurally distinct ligands interact 

with the receptor to alter function. 

Both rAmy and hαCGRP are characterized by low affinity at the CTR when the receptor is not co-

expressed with RAMPs. For this reason, the effect of ECL2 mutations on affinity could not be robustly 

measured for these two peptides in traditional competition radioligand binding assay using 125I-sCT(8-

32) as tracer. Nonetheless, the functional pKA values derived from cAMP could be used as a surrogate 

measure of affinity of both peptides (Figure 4.14, Table 4.3). Interestingly, the pattern of residues that had 

an effect on rAmy pKA was similar in order of magnitude to sCT, whereas the hαCGRP pKA profile 
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more closely resembled that of the low affinity ligand hCT. Based on our results, we hypothesise that 

rAmy and hαCGRP may adopt distinct poses within the binding groove, which would affect their 

interactions with the receptor and its activation. 

The lack of RAMPs also reduces efficacy of these physiological agonists, and only cAMP and pERK1/2 

signalling could be accurately measured for these ligands. Although significant IP1 response could not 

be determined up to 1 μM of these peptides, we cannot exclude that the low affinity of these two peptides 

may have also reduced the potency of the IP1 response. 

Similar to the CT peptides, both rAmy and hαCGRP cAMP efficacy was only marginally affected by 

mutation of residues within ECL2 and adjacent TMs. However, notably, substitution of the CW motif 

significantly altered cAMP efficacy relative to WT for rAmy and hαCGRP in contrast to CT peptides, 

where efficacy was significantly increased by these mutations, Ala substitution of the CW motif 

dramatically reduced hαCGRP cAMP efficacy, while having no significant effect on rAmy. 

Additionally, the mutation of D287 (preceding the CW motif) significantly reduced both rAmy and 

hαCGRP efficacy, while having positive or no effect on CT agonists. This suggests that at the CTR, 

these weaker agonists activate Gαs signalling via the receptor in a distinct manner to CT peptides, where 

interactions involving the CW motif have been differentially modulated. Also of interest was the effect 

of ECL2 mutagenesis on pERK1/2 signalling. hαCGRP engaged with a network of residues that was 

consistent with that required for the CT agonists, although the individual mutations had more severe 

effects on hαCGRP efficacy. In contrast, pERK1/2 signalling downstream of rAmy interaction was 

minimally perturbed by the mutagenesis. Also, in contrast to the CT peptides, the majority of those 

residues important for cAMP signalling downstream of this rAmy were also important for ERK1/2 

phosphorylation. These results suggest that rAmy, in the absence of RAMPs, may be biased away from 

pERK1/2 when compared to hαCGR peptide, and that rAmy and hαCGRP may trigger pERK1/2 

response via the recruitment and activation of other different subset of effectors; further work will be 

required to confirm this hypothesis. 

The absence (or presence) of RAMPs, which allosterically modulate the ligand-receptor interface (Lee 

et al., 2016b, Udawela et al., 2006b, Udawela et al., 2006a), could change the structure of the binding 



 158   

 

pocket, favouring the access to or specific interaction between CTR and rAmy/hαCGRP peptides. This 

could be particularly important not only for Amy and CGRP, but also for the CT peptides. Indeed, a 

mutagenesis study conducted on the NTD of CTR that examined the effect of these mutations on both 

affinity and cAMP efficacy of hCT, Amy and CGRP, revealed that these three ligands interact with the 

NTD of CTR via a similar binding cleft, however they establish slightly different interactions (Gingell 

et al., 2016), supporting the hypothesis that without the presence of RAMPs (that were shown to 

allosterically modulate interactions of Amy and CGRP with the CTR), these three peptides may be 

adopting alternative poses. 

4.4.4 Summary 

The use of different CTR peptide agonists highlighted that distinct residue networks are differentially 

engaged for ligand binding or the activation of different intracellular signalling. We have shown that 

ECL2 is crucial for ligand binding, IP1 formation and pERK1/2 phosphorylation, while playing little 

role in cAMP signalling. Our study has also revealed interesting differences in how distinct CTR ligands 

engage with these key networks, and this could be related to potential biased agonism described for 

pCT in Chapter 3. Additionally, we have also speculated that subtle changes within mid-region of the 

CTR peptides could not only contribute to the binding kinetics and affinity of different ligands, but also 

to the pose of the peptide within the binding pocket, leading to the different activation of intracellular 

response. Finally, by comparing our results with similar studies performed on other Class B1 GPCRs, 

we have shown that different receptors of this group only partially share these networks important for 

receptor function.  
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Figure 4.34 Model of the hCTR extracellular portion of the receptor in complex with sCT. Ribbon 3D representation, A) 

top view and B) side view, based on the active model of hCTR in complex with sCT (Liang et al., 2017) generated as described 

in Figure 4.1. Relevant residues investigated for chimeric peptides are represented as sticks and highlighted in orange. C219 

in TM3, that forms a disulphide bridge with C289 (part of the conserved CW motif in ECL2) is highlighted in grey. To better 

visualise potential interactions between receptor and peptide, side chains of the sCT ligand (shown in burgundy) were 

modelled and residues facing ECL2 are shown in sticks.  
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Figure 4.35 Model of the hCTR extracellular portion of the receptor in complex with sCT. (A) Side view and (B) top view 

of the interaction between the extreme N-terminus of the sCT and the carboxyl terminal portion of ECL2 represented as 

ribbons. Peptide is highlighted in burgundy, while CTR is represented in grey. Highlighted in sticks are residues Y299 at the 

top of TM5 of CTR in close proximity with residues 2 and 3 or the sCT peptide agonist.  
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CHAPTER 5 

Structure-function study of extracellular loop 3 

(ECL3) of the human calcitonin receptor (hCTR) 
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5.1 Introduction 

Prior to the publication of 2 active Class B1 GPCR Cryo-EM structures in complex with their orthosteric 

ligands (Zhang et al., 2017b, Liang et al., 2017), mutagenesis and photo-crosslinking studies on several 

Class B1 receptors supported the hypothesis that the juxta membrane region of the TM bundle 

establishes interactions with both orthosteric ligands and allosteric ligands that are important for both 

ligand binding and receptor activation (Dong et al., 2014, Wootten et al., 2016, Barwell et al., 2011, 

Barwell et al., 2013, Bailey and Hay, 2007, Dong et al., 2016). Some of these findings were confirmed 

by the publication of structures bound to peptide agonists or small molecule inhibitors of the CTR, 

GLP-1R and CRF1R (Hollenstein et al., 2013, Zhang et al., 2017b, Song et al., 2017, Liang et al., 2017). 

Understanding of how a ligand interacts and activates its receptor is fundamental to more efficient 

design of improved therapeutics. In addition, knowledge regarding residues that trigger distinct 

signalling can aid in rational design of biased agonists to provide novel therapeutics. Recently, work by 

our group at the Class B1 GLP-1R, identified both ECL2 and ECL3 as crucial for ligand affinity and 

activation of distinct signalling pathways (Wootten et al., 2016). 

Chapter 4 discussed the role of ECL2 of the CTR, in both ligand affinity and triggering intracellular 

signalling. This Chapter extends this study to assess the role played by ECL3 of the CTR. Photoactive 

cross-linking of position 8 of the hCT indicates that this residue is in close proximity of L368 of ECL3 

(Dong et al., 2004b), consistent with an important role of TM6-ECL3-TM7 in CT activity. Additional 

work identified the importance of P360 in TM6 in receptor activation (Bailey and Hay, 2007). More 

recently, the publication of the Cryo-EM structure of the active CTR in complex with sCT (Liang et al., 

2017) revealed that this proline is located at the top of TM6 and is oriented toward the ligand, suggesting 

that this residue is either involved in direct interactions with the ligand or aids the plasticity of ECL3. 

Due to the flexibility within the top of TM6, ECL3 and top of TM7, this Cryo-EM structure is missing 

details between residues W361 and N366, and to date, no detailed analysis of the role of ECL3 in CTR 

function has been assessed. Nonetheless,  ECL3 is reported to play a role in ligand binding and receptor 

activation in both the calcitonin-like receptor (CLR-RAMP1) (Barwell et al., 2011),  adrenomedullin 

receptor (CLR-RAMP2/RAMP3) (Kuwasako et al., 2012), and the GLP-1R (Wootten et al., 2016), as 
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well as several Class A GPCRs (Hulme, 2013). Furthermore, for the GLP-1R, ECL3 played a role in 

selective signalling and biased agonism, with mutation within this domain primarily influencing 

pERK1/2 activation, while having little effect on cAMP production and intracellular calcium 

mobilisation. In this Chapter a comprehensive Ala substitution study of ECL3 and the extracellular 

portion of adjacent TMs (F356 to M376) was performed. Similar to Chapter 4, five different agonists 

of the hCTR were used and the affinity and signalling efficacy was evaluated at both WT and Ala 

mutated receptors, and significant effects were mapped onto the CTR model, described in Chapter 4. 

The pattern of response for specific ligands, across different pathways, were compared, with additional 

comparison of the role of ECL3 for CTR-dependent signal to that mediated by peptide activation of the 

GLP-1R.  
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Figure 5.1 Sequence alignment of human Class B1 GPCRs, diagram and model of the hCTRaLeu receptor used in this 

study. Similar to Figure 4.1, (A) Sequence alignment of TM6-ECL3-TM7 of the 15 human Class B1 GPCRs, aligned and 

exported from gpcrdb.org. (B) Snake diagram of the hCTR: highlighted in blue are the residues that constitute the signal 

peptide of the receptor, in orange the cMyc tag, and in green the residues that have been mutated to alanine. 17-32) of the 

peptide is not displayed. 
  

CTR F V V F P W R P - - - - S N _ K M L G K I Y D Y V M H

CLR F V L I P W R P - - - - E G _ K I A E E V Y D Y I M H

CRF1R Y M L F F V N P G - - E D E _ _ V S R V V F I Y F N S

CRF2R Y M L F F V N P G - - E D D _ _ L S Q I M F I Y F N S

GHRHR Y I I F N F L P D - - N A G _ _ _ _ L G I R L P L E L

GIPR E V V F A P V T E - - E Q A R G A L R F A K L G F E I

GLP-1R E V I F _ _ A F V M D E H A R G T L R F I K L F T E L

GLP-2R E I L F S F I T D - - D Q V E G F A K L I R L F I Q L

GCGR E V V F A F V T D - - E H A Q G T L R S A K L F F D L

SCTR Y I V F _ _ A F S P - E D A _ _ _ _ M E I Q L F F E L

PTH1R Y I V F _ _ M A T P Y T E V S G T L W Q V Q M H Y E M

PTH2R Y I V F _ _ V C L P - H S F T G L G W E I R M H C E L

PACAPR Y T V F A F S P E - - N V S _ _ _ _ K R E R L V F E L

VPAC1R Y I M F A F F P D - - N F K _ _ _ _ P E V K M V F E L

VPAC2R Y M V F _ _ A V F P I S I S _ _ _ _ S K Y Q I L F E L

CONCENSUS Y I V F A F + P D P + E D A R G T L R E I + L + F E L
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5.2 Results 

Ala mutations of residues in ECL3 and the extracellular portion of TM6 and TM7 (F356 to M376) of 

the hCTRaLeu (Figure 5.1 B and C) were stably expressed in the CV-1-FlpIn recombinant cell line. For 

each receptor, either wild type (WT) or mutant, surface expression, affinity and signalling assays 

(cAMP and IP1 accumulation, and ERK1/2 phosphorylation) were assessed in the presence of hCT, 

sCT, pCT, rAmy or hαCGRP peptides. In all the statistical analysis, the response of each mutant 

receptor for each pathway and ligand, was compared to the WT in a one-way analysis of variance and 

Dunnett’s post-test. Significance set at p<0.05. 

5.2.1 Cell surface expression of CTR variants 

Surface expression of the WT and mutant receptors was determined by whole cell radioligand binding 

in the presence of two different concentrations of 125I-sCT(8-32) radioligand (Figure 5.2 and Table 5.1). 

Mutants K370A and I371A showed no detectable binding for the radioligand used, hence their 

expression could not be measured. Compared to WT, P360A expression was significantly increased. 

The majority of the other substitutions in ECL3 were either similar to WT or displayed non-significant 

increases in receptor expression. F356A, displayed reduced expression, although this did not achieve 

significance. Due to the variance in expression estimates by binding and low specific window in 

independent measures of cell surface receptor expression (ELISA and western blotting), comparison of 

effect of mutation focused on differences in peptide response. 

 
Figure 5.2 Cell surface expression of the hCTRaLeu mutants stably expressed in CV-1-FlpIn cells. Homologous competition 

of radioligand binding was performed in the presence of 2 concentrations of 125I-sCT(8-32), with concentrations of the 

competing sCT(8-32) ranging between 1 μM and 1 pM. CPM data were converted to sites/cell and then normalized to WT and 

non-specific binding. All values are mean+S.E.M. of 4 to 5 independent experiments conducted in duplicate. (N.D.) affinity 

not determined as no radioligand binding was detected.  
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5.2.2 Ligand affinity 

The radiolabelled antagonist 125I-sCT(8-32) was also used in heterologous competition binding assay to 

determine affinity of the CT peptides (Table 4.1) in whole cells, for all the hCTRaLeu receptors (WT and 

mutants) used in this study. Affinity for sCT(8-32)  was determined via homologous competition 

binding (Figure 5.3), whereas affinity of sCT (Figure 5.4), hCT (Figure 5.5) or pCT (Figure 5.6) was obtained 

via heterologous inhibition binding and corrected for radioligand occupancy using the Cheng-Prusoff 

equation (Equation 7, Section 2.6.1) to calculate pKi (reported in Table 5.2). Changes in affinity relative 

to WT are shown in Figure 5.7. 

 

Similar to Chapter 4, rAmy and hαCGRP had low affinity for hCTRaLeu and their pKi could not be 

determined via heterologous competition within the concentration range of peptide assessed. Moreover, 

affinities of K370A and I371A for hCT, sCT and pCT could not be determined due to the lack of 

detectable specific binding for the radioligand. 

sCT and sCT(8-32) had highest affinity (~0.1nM) at the WT hCTR, compared to pCT or hCT whose 

Ki values were ~5.5nM and ~0.1 μM respectively (Table 5.1). Mutation of all residues (with the exception 

of K370A and I371A, which could not be determined) had no significant impact on the affinity of 

sCT(8-32). For all the CT agonist peptides (sCT, hCT and pCT), P360A statistically reduced affinity 

by 7-12 fold. While no other mutation had a significant effect on sCT affinity, mutation of residues 

located at the top of TM6 significantly reduced the affinity of hCT and pCT. Both pCT and hCT had 

reduced affinity for a continuous cluster of residues between F359 and R363 (F359, P360, W361, R362, 

P363). hCT affinity was also reduced by mutation of the adjacent residues V357A and V358A. The 

hCT peptide affinity was also reduced by alanine mutation of a second cluster of residues at the top of 

TM7 (Y372, D373 and M376). Mutations of Y372 and D373 also trended towards reduced affinity of 

sCT and pCT, although data failed to reach statistical significance.   
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Figure 5.3 Homologous competition of 125I-sCT(8-32) binding for each of the hCTRaLeu mutants stably expressed in CV-

1-FlpIn cells. Whole cell radioligand binding was performed for each receptor mutant in presence of 125I-sCT(8-32) and 

competing sCT(8-32) ranging in concentration between 1 μM and 1 pM. Non-specific binding was determined in the presence 

of 1 μM of sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. 

All values are mean+S.E.M. of 8 to 12 independent experiments conducted in duplicate. 

 

 

 
Figure 5.4 Heterologous competition binding of hCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

hCT ranging in concentration between 3 μM and 10 nM. Non-specific binding was determined in the presence of 1 μM of 

sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values 

are mean+S.E.M. of 4 to 8 independent experiments conducted in duplicate. 
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Figure 5.5 Heterologous competition binding of sCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

sCT ranging in concentration between 1 μM and 10 pM. Non-specific binding was determined in the presence of 1 μM of 

sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values 

are mean+S.E.M. of 4 to 8 independent experiments conducted in duplicate. 

 

 

 

 

Figure 5.6 Heterologous competition binding of pCT for each of the hCTRaLeu mutants stably expressed in CV-1-FlpIn 

cells. Whole cell radioligand binding was performed for each receptor mutant in the presence of 125I-sCT(8-32) and competing 

pCT ranging in concentration between 1 μM and 10 pM. Non-specific binding was determined in the presence of 1 μM of 

sCT(8-32) and was used to calculate % of specific binding. Data were fit with a three parameter logistic equation. All values 

are mean+S.E.M. of 3 to 8 independent experiments conducted in duplicate.  
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 Figure 5.7 Effect of single alanine mutation in ECL3 of hCTRaLeu on ligand affinity. pKi were derived for each ligand 

and mutant receptor from analysis of data in Figures 5.3-6. Changes in affinity (ΔpKi) for each mutant relative to WT (on a 

log scale) for hCT, sCT, pCT or sCT(8-32) are represented as bars. All values are mean+S.E.M. of 3 to 12 independent 

experiments conducted in duplicate. Significance of changes in affinity of each ligand was determined by comparison of the 

WT by a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) affinity not determined as no 

radioligand binding was detected.  
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 hCT 

pKi 
sCT 
pKi 

pCT 
pKi 

sCT(8-32) 
pKi 

Whole cell binding 
sites/cell  

WT 6.72±0.09 (8) 9.87±0.04 (8) 8.29±0.1 (8) 9.61±0.08 (10) 21,600±4,400 (5) 

F356A 6.58±0.11 (5) 9.79±0.34 (5) 7.92±0.17 (4) 9.85±0.25 (12) 5,900±2,200 (5) 

V357A 6.13±0.13* (5) 9.83±0.18 (4) 7.89±0.27 (4) 9.68±0.1 (8) 28,400±7,700 (4) 

V358A 5.89±0.15* (5) 9.62±0.09 (4) 7.84±0.13 (4) 9.81±0.06 (8) 34,100±10,500 (4) 

F359A 5.49±0.12* (5) 9.5±0.15 (4) 7.13±0.19* (3) 9.22±0.1 (10) 40,400±9,200 (4) 

P360A 5.65±0.06* (5) 9.01±0.13* (4) 7.3±0.28* (4) 9.22±0.1 (10) 89,400±15,800* (5) 

W361A 5.99±0.08* (5) 9.48±0.08 (4) 7.47±0.24* (4) 9.55±0.11 (10) 46,200±18,200 (5) 

R362A 5.96±0.06* (4) 9.53±0.13 (4) 7.33±0.22* (4) 9.66±0.14 (8) 27,300±1,000 (4) 

P363A 5.48±0.26* (4) 9.44±0.14 (4) 7.26±0.13* (4) 9.45±0.23 (8) 19,400±5,800 (4) 

S364A 6.61±0.07 (4) 9.73±0.06 (4) 8.27±0.34 (4) 9.72±0.08 (10) 32,600±11,200 (5) 

N365A 6.68±0.16 (4) 9.96±0.06 (4) 8.68±0.24 (4) 9.63±0.1 (10) 29,400±11,900 (5) 

K366A 6.47±0.17 (4) 9.69±0.05 (4) 7.96±0.23 (4) 9.71±0.12 (10) 43,000±16,000 (5) 

M367A 6.24±0.11 (4) 9.67±0.09 (4) 7.67±0.25 (4) 9.53±0.14 (8) 25,600±7,900 (4) 

L368A 6.5±0.13 (4) 9.81±0.04 (4) 8.07±0.19 (4) 9.68±0.11 (8) 28,200±13,100 (4) 

G369A 6.41±0.1 (4) 9.89±0.02 (4) 8.1±0.19 (4) 9.64±0.14 (10) 40,600±18,800 (5) 

K370A N.D.  N.D.  N.D.  N.D.  N.D.  

I371A N.D.  N.D.  N.D.  N.D.  N.D.  

Y372A 6.09±0.09* (4) 9.4±0.06 (4) 7.55±0.27 (4) 9.85±0.19 (8) 21,700±8,600 (4) 

D373A 5.76±0.22* (6) 9.36±0.09 (4) 7.76±0.28 (4) 9.28±0.15 (8) 43,500±22,700 (5) 

Y374A 6.64±0.17 (4) 9.79±0.13 (4) 8.23±0.09 (4) 9.83±0.13 (8) 26,300±7,500 (4) 

V375A 6.48±0.19 (5) 9.83±0.08 (4) 8.29±0.25 (4) 9.72±0.09 (8) 22,500±8,000 (4) 
M376A 6.06±0.21* (6) 9.8±0.15 (6) 8.11±0.24 (4) 9.88±0.1 (8) 23,600±3,200 (4) 

 

Table 5.1 Effect of single alanine mutation in ECL3 of hCTRaLeu on ligand affinity and cell surface expression. pIC50 

(negative logarithm of the concentration of ligand that produces half the maximal displacement of the iodinated radioligand). 

Data were obtained by fitting a three parameter logistic equation and data for radioligand occupancy were corrected using 

the Cheng-Prusoff equation (Equation 7, Section 2.6.1) to calculate pKi. All values expressed as pKi are mean±S.E.M. of 3 to 

12 independent experiments conducted in duplicate. Homologous whole cell binding was used to determine Bmax values by 

fitting (Equation 5, Section 2.6.1) to concentration-response data performed in presence of two different concentrations of the 

radioligand 125I-sCT(8-32). Bmax values were converted to sites/cell (Equation 6, Section 2.6.1). Significance of changes in 

affinity of each ligand was determined by comparison of the WT to the other receptor mutants in a one-way analysis of variance 

and Dunnett’s post-test (p<0.05 represented by *). (N.D.) affinity or expression not determined as no radioligand binding was 

detected. 
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hCT sCT pCT sCT(8-32) rAmy hαCGRP 

ΔpKi  ΔpKA  ΔpKi  ΔpKA  ΔpKi  ΔpKA  ΔpKi  ΔpKA  ΔpKA  

WT 0.0±0.09 (8) 0.0±0.08 (34) 0.0±0.04 (8) 0.0±0.07 (36) 0.0±0.1 (8) 0.0±0.11 (31) 0.0±0.08 (10) 0.0±0.15 (16) 0.0±0.15 (17) 

F356A -0.13±0.11 (5) -1.43±0.2* (4) -0.08±0.34 (5) -0.667±0.16 (5) -0.37±0.17 (4) -1.05±0.21 (4) 0.24±0.25 (12) -0.6±0.27 (4) -0.65±0.26 (5) 

V357A -0.59±0.13* (5) -1.01±0.18* (4) -0.03±0.18 (4) -0.26±0.14 6 -0.4±0.27 (4) -0.23±0.24 (4) 0.07±0.1 (8) -0.41±0.32 (5) -0.1±0.34 (5) 

V358A -0.83±0.15* (5) -0.3±0.26 (4) -0.25±0.09 (4) 0.15±0.25 (4) -0.45±0.13 (4) -0.68±0.29 (4) 0.2±0.06 (8) -0.25±0.32 (4) 0.02±0.36 (5) 

F359A -1.22±0.12* (5) -0.99±0.17* (5) -0.37±0.15 (4) 0.1±0.19 (5) -1.15±0.19* (3) -0.41±0.25 (4) -0.39±0.1 (10) -0.43±0.3 (5) 0.08±0.49 (5) 

P360A -1.07±0.06* (5) -1.35±0.15* (5) -0.85±0.13* (4) -0.39±0.16 (5) -0.98±0.28* (4) -1.25±0.24* (4) -0.39±0.1 (10) -0.48±0.25 (5) 0.17±0.53 (5) 

W361A -0.73±0.08* (5) -0.78±0.18 (5) -0.39±0.08 (4) -0.11±0.2 (5) -0.82±0.24* (4) -0.97±0.25 (4) -0.05±0.11 (10) -0.35±0.27 (5) -0.59±0.26 (5) 

R362A -0.76±0.06* (4) -1.29±0.2* (4) -0.34±0.13 (4) -0.64±0.21 (4) -0.96±0.22* (4) -1.58±0.22* (4) 0.06±0.14 (8) -0.5±0.37 (4) 0.2±0.5 (5) 

P363A -1.24±0.26* (4) -1.27±0.23* (4) -0.42±0.14 (4) -0.11±0.19 (5) -1.03±0.13* (4) -1.62±0.24* (4) -0.16±0.23 (8) -0.28±0.26 (6) -0.18±0.76 (5) 

S364A -0.11±0.07 (4) -0.03±0.21 (5) -0.14±0.06 (4) -0.08±0.2 (5) -0.02±0.34 (4) 0.04±0.34 (4) 0.11±0.08 (10) 0.38±0.52 (4) 0.15±0.3 (5) 

N365A -0.04±0.16 (4) -0.04±0.23 (5) 0.09±0.06 (4) 0.09±0.23 (5) 0.39±0.24 (4) 0.2±0.38 (4) 0.02±0.1 (10) 0.14±0.39 (4) 0.07±0.24 (5) 

K366A -0.25±0.17 (4) 0.21±0.3 (4) -0.18±0.05 (4) 0.07±0.24 (5) -0.33±0.23 (4) 0.36±0.41 (4) 0.1±0.12 (10) 0.04±0.4 (4) 0.62±0.34 (5) 

M367A -0.48±0.11 (4) 0.08±0.25 (5) -0.2±0.09 (4) 0.24±0.25 (5) -0.61±0.25 (4) 0.05±0.32 (4) -0.08±0.14 (8) 0.26±0.32 (4) -0.07±0.21 (7) 

L368A -0.21±0.13 (4) 0.22±0.31 (4) -0.06±0.04 (4) -0.07±0.18 (5) -0.22±0.19 (4) -0.51±0.35 (4) 0.07±0.11 (8) -0.14±0.27 (5) 0.28±0.31 (5) 

G369A -0.31±0.1 (4) -0.18±0.21 (4) 0.02±0.02 (4) -0.17±0.23 (5) -0.19±0.19 (4) -0.13±0.29 (4) 0.03±0.14 (10) -0.21±0.37 (4) -0.23±0.21 (6) 

K370A N.D.  N.D.  N.D.  N.D.  N.D.  N.D.  N.D.  N.D.  N.D.  

I371A N.D.  0.17±1.01 (4) N.D.  0.49±0.71 (5) N.D.  -0.2±0.98 (4) N.D.  0.88±0.56  -0.37±0.46 (5) 

Y372A -0.63±0.09* (4) -2.4±0.21* (4) -0.46±0.06 (4) -0.89±0.2* (4) -0.73±0.27 (4) -1.83±0.23* (4) 0.24±0.19 (8) -1.51±0.24* (4) -0.49±0.81 (5) 

D373A -0.96±0.22* (6) -0.99±0.24* (4) 0.5±0.09 (4) -0.22±0.19 (4) -.053±0.28 (4) -1.47±0.28* (4) -0.33±0.15 (8) 0.02±0.39 (5) 0.29±0.74 (5) 

Y374A 0.07±0.17 (4) -0.16±0.27 (4) -0.08±0.13 (4) 0.06±0.2 (5) -0.06±0.09 (4) 0.26±0.37 (4) 0.23±0.13 (8) -0.01±0.32 (4) -0.04±0.33 (5) 

V375A -0.24±0.19 (5) -0.3±0.17 (5) -0.04±0.08 (4) -0.29±0.19 (5) 0.0±0.25 (4) -0.25±0.24 (4) 0.11±0.09 (8) 0.03±0.28 (5) -0.07±0.24 (5) 

M376A -0.66±0.21* (6) -1.49±0.3* (4) -0.06±0.15 (6) -0.3±0.2 (5) -0.17±0.24 (4) -0.84±0.36 (4) 0.27±0.1 (8) -0.68±0.36 (5) -0.7±0.59 (5) 

 

Table 5.2 Comparison of the effect of single alanine mutation in ECL2 of hCTRaLeu on equilibrium affinity and functional affinity. Functional affinity (pKA) was derived by applying the 

operational model of agonism (Black and Leff, 1983) to the cAMP concentration-response curves (Section 5.2.3.1). Data reported in this table (and represented in Figure 5.7) are the change 

from WT of functional affinity (ΔpKA). For comparison, equilibrium affinity (calculated as described in Table 5.1) are also reported in this table as change from WT (ΔpKi). All values are 

mean±S.E.M. Significance of changes in affinity of each ligand was determined by comparison of the WT to receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 

represented by *). (N.D.) affinity not determined as no radioligand binding was detected.
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5.2.3 Assessment of intracellular signalling by calcitonin receptor peptides 

Cells were stimulated with relevant concentrations of hCT, sCT, pCT, rAmy or hαCGRP. 

Concentration-response curves generated were fit to a three-parameter logistic equation to determine 

potency (pEC50) and maximal response (Emax). For each mutation and ligand assessed, an operational 

model of partial agonism (Black and Leff, 1983) (Equation 7, Section 2.6.1) was also applied to derive 

functional affinities (pKA) and efficacy of coupling of these receptors to each pathway log(τ). As P360A 

showed significant changes in expression when compared to WT and its efficacy was corrected for 

receptor expression log(τc). 

5.2.3.1 cAMP signalling 

cAMP accumulation profiles were measured following 30 min of stimulation with hCT (Figure 5.8), sCT 

(Figure 5.9), pCT (Figure 5.10), rAmy (Figure 5.11) or hαCGRP (Figure 5.12) peptides. pEC50, Emax and 

derived pKA and log(τ) (or log(τc)) are summarised in (Table 5.3 and 5.4). K370A showed no response for 

any of the ligand assessed in this pathway within the concentration range assessed, thus functional data 

could not be defined for this mutation. 

 

5.2.3.1.1 CT peptides 

From our functional characterisation of the different CT peptides (Section 5.2.3.1) we have derived 

functional affinity pKA (or the equilibrium-dissociation constant) of the ligand-receptor complex, 

through the application of the operational model of Black and Leff (Black and Leff, 1983) to the cAMP 

concentration-response curves. Changes in affinity (either functional ΔpKA or at equilibrium ΔpKi) 

from WT were compared (Figure 5.13, Table 5.2). There was on overall correlation of the effect of mutation 

relative to the WT between the two measures of affinity. Interestingly F356 and Y372A showed a more 

pronounced and significant reduction on functional affinity relative to the pKi determined by 

competition binding for all CT agonist peptides assessed. Based on a weak signalling in our functional 

characterisation and to the inability of detect specific binding, I371A is likely to be expressed at very 

low levels, and this is reflected in the high errors in the estimated pKA. Similarly, K370A is unlikely to 
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be expressed at the cell surface, as it did not produce any detectable intracellular response in any of the 

pathways measured, nor specifically bind the radioligand used. 

Potency. At the WT receptor, the CT peptides showed a potency ranging between 0.1-0.01 nM (Table 

5.3). Statistical analysis comparing WT response to receptor mutants revealed that potency of sCT was 

unaffected by any of the mutations, whereas both hCT and pCT displayed reduced pEC50 at R362A, 

P363A and Y372A receptor mutants. D373A also showed a significant reduction of pEC50 when 

stimulated with pCT (with hCT sharing a similar trend). F356A, V357A, F359A, P360 and M376A 

significant reduced potency for hCT, but not for the other CT agonists. None of the other mutation 

caused significant changes in potency for any of the CT peptides. 

Maximal response. When comparing Emax, mutation of two clusters of residues resulted in significant 

changes in the presence of all CT ligands; F356A, V357A and P360A increased Emax, whereas I371A 

displayed reduced maximal response. W361A, R362A, V375A, Y372A and D373A selectively 

enhanced maximal responses for hCT and pCT, but not for sCT. F359A and G369A increased the 

maximal response to hCT, but not sCT or pCT, while P363A increased Emax in response to pCT, but not 

the other two CT agonists. Interestingly, N365A and M367A significantly and selectively decreased 

Emax of the sCT response, whereas L368A reduced the maximal response to hCT only. The K366A 

mutation reduced the Emax of both hCT and sCT peptides, with a similar trend for pCT that failed to 

reach statistical significance. 

Efficacy. Statistical analysis comparing the coupling efficacy log(τ) of each mutant receptor to WT 

(Figure 5.13 and Table 5.3) revealed that I371A reduced efficacy of all CT peptides 5 to 8 fold. P360 and 

M367A selectively reduced efficacy for sCT, and L368A for hCT. Neither of these two mutations 

impacted on pCT efficacy. A second cluster of residues significantly improved CT ligand efficacy. 

F356A and V357A increased log(τ) for all CT ligands, while W361A, R362A, V375A, Y372A and 

D373A improved efficacy for hCT and pCT (but not sCT). F359A and G369A mutation enhanced hCT 

efficacy only, while P363A selectively augmented the response of pCT. No other substitutions had a 

significant effect on efficacy of any of the CT agonists. 
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5.2.3.1.2 rAmy and hαCGRP peptides 

In the absence of equilibrium binding affinity, pKA derived from cAMP concentration-response curves 

was used as a surrogate for the effects of Ala mutagenesis on affinity of rAmy and hαCGRP. Statistical 

analysis of changes in affinity of mutant receptors relative to the WT (ΔpKA) (Figure 5.14, Table 5.2), 

revealed that Ala substitution had only limited effect on affinity of either peptide. Only Y372A 

significantly reduced the affinity of rAmy, while functional affinity of hαCGRP was not significantly 

altered (Figure 5.13). 

Potency. pEC50 of rAmy and hαCGRP was only at the WT receptor of about 10 nM and the pEC50 was 

not significantly affected by any of the mutations introduced in ECL3 and adjacent TMs (Figures 5.11 

and 5.12, Table 5.2). 

Maximal response. On the other hand, statistical analysis of the maximal response across receptors 

revealed that D373A and I371A reduced Emax of both rAmy and hαCGRP. F359A, P360A, R362A, 

P363A and M376A reduced Emax, when compared to WT receptor response, only in presence of 

hαCGRP, whereas S364A revealed reduced Emax only for rAmy. Substitution of Y372 had opposing 

effects on these two peptides: increasing the maximal response for rAmy, whilst significantly reducing 

that of hαCGRP. No other mutations produced significant changes in either rAmy or hαCGRP maximal 

response. 

Efficacy. The pattern of mutational effect on rAmy efficacy most closely resembled that observed for 

sCT, with only few mutations impacting on cAMP signalling. Of these, P360A and I371A, that reduced 

sCT, also reduced rAmy efficacy. S361A induced a selective, weak attenuation of rAmy efficacy, not 

seen with either CT peptides or hαCGRP, while Y372A increased efficacy, an effect also seen with 

hCT and pCT, but not sCT or hαCGRP (Figure 5.14 and Table 5.4). In contrast, there was a broad impact 

of mutations on hαCGRP efficacy, but whereas many mutants increased efficacy for subsets of CT 

peptides, only reduced efficacy was observed. Of these, only P360A (rAmy and sCT) and I371A (all 

peptides) engendered effects common to other peptides, selective loss of efficacy was seen for F359A, 

R362A, P363A, Y372A, D373A and M376A mutants.  
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Figure 5.8 cAMP accumulation profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. cAMP formation in the presence of hCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 5 (WT N=36) independent experiments conducted in duplicate. 

 

 

 
Figure 5.9 cAMP accumulation profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. cAMP formation in the presence of sCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 6 (WT N=36) independent experiments conducted in duplicate. 
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Figure 5.10 cAMP accumulation profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. cAMP formation in the presence of pCT was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 3 to 4 (WT N=31) independent experiments conducted in duplicate. 

 

 

 
Figure 5.11 cAMP accumulation profiles elicited by rAmy in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. cAMP formation in the presence of rAmy was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 4 to 6 (WT N=16) independent experiments conducted in duplicate. 
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Figure 5.12 cAMP accumulation profiles elicited by hαCGRP in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. cAMP formation in the presence of hαCGRP was normalized to responses of the internal control (0.1 mM 

forskolin) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. All 

values are mean+S.E.M. of 5 to 7 (WT N=17) independent experiments conducted in duplicate.  
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Figure 5.13 Comparison between equilibrium affinity and cAMP functional affinity (pKA). Functional affinity is presented 

as differences relative to WT (ΔpKi, in black). Data from (Figures 5.8-12) were fit to the operational model of agonism (Black 

and Leff, 1983) to calculate functional affinity (pKA) of each receptor (mutant or WT) to the cAMP signalling pathway. Graphs 

show the differences relative to WT (ΔpKA, in red). All values are mean+S.E.M. Significance of changes was determined by 

comparison of the WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 

represented by *). (N.D.) efficacy not determined.  
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Figure 5.14 Effect of single alanine mutation in ECL3 of hCTRaLeu on efficacy for cAMP accumulation. Data from 

(Figures 5.8-12 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant or 

WT) to the cAMP signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this was 

significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 3 to 7 

(WT 16 to 36) independent experiments conducted in duplicate. Significance of changes was determined by comparison of the 

WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) 

efficacy not determined. 
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hCT sCT pCT 

pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  

WT 9.94±0.07 100±1.8 -0.09±0.02 (34) 10.88±0.05 100±1.4 -0.08±0.03 (36) 10.45±0.07 100±1.8 -0.08±0.03 (31) 

F356A 8.71±0.18* 130.5±7.5* 0.22±0.07* (4) 10.34±0.32 133.1±12.2* 0.24±0.06* (5) 9.82±0.35 153.9±16.7* 0.51±0.1* (4) 

V357A 9.15±0.14* 137.1±5.8* 0.28±0.07* (4) 10.77±0.24 138.5±8.9* 0.29±0.08* 6 10.49±0.38 139.6±14.5* 0.29±0.08* (4) 

V358A 9.72±0.16 97.8±4.4 -0.07±0.06 (4) 11.01±0.18 83.7±4.0 0.05±0.09 (4) 9.79±0.25 113.4±8.2 0.05±0.09 (4) 

F359A 8.95±0.24* 129.9±9* 0.2±0.06* (5) 11.01±0.18 99.7±4.9 0.1±0.09 (5) 10.18±0.31 118.8±10.9 0.10±0.09 (4) 

P360A 8.8±0.17* 152.2±8.1* -0.2±0.07(c) (5) 10.61±0.19 126.2±6.7* -0.43±0.05*(c) (5) 9.63±0.27 166.3±14* -0.03±0.14(c) (4) 

W361A 9.32±0.25 132.1±9.3* 0.23±0.06* (5) 10.79±0.14 95.4±3.8 -0.28±0.1 (5) 9.74±0.21 138.3±9.3* 0.28±0.1* (4) 

R362A 8.68±0.24* 124.7±8.9* 0.16±0.07* (4) 10.26±0.28 110.5±9.2 0.04±0.1 (4) 9.24±0.31* 144.5±15.9* 0.41±0.1* (4) 

P363A 8.74±0.13* 110.5±4.7 0.04±0.07 (4) 10.8±0.26 102.2±7.3 -0.03±0.05 (5) 9.22±0.29* 165.9±16.4* 0.62±0.13* (4) 

S364A 9.94±0.36 97.1±9.2 -0.07±0.06 (5) 10.82±0.19 94.3±5 -0.13±0.05 (5) 10.54±0.21 94.5±5.2 -0.11±0.08 (4) 

N365A 9.91±0.16 95.9±4.1 -0.08±0.05 (5) 10.93±0.23 81±5.1* -0.21±0.05 (5) 10.68±0.39 79.3±7.9 -0.25±0.09 (4) 

K366A 10.11±0.17 74.4±3.3* -0.28±0.06 (4) 10.89±0.16 78.5±3.4* -0.23±0.05 (5) 10.81±0.34 73.4±13 -0.31±0.08 (4) 

M367A 10.01±0.19 81.7±4.1 -0.21±0.05 (5) 11.06±0.33 75±6.7* -0.27±0.05* (5) 10.54±0.26 96.3±6.3 -0.09±0.1 (4) 

L368A 10.13±0.23 69.8±4.2* -0.32±0.06* (4) 10.83±0.27 105.5±7.7 0.0±0.05 (5) 9.69±0.28 89.4±6.6 -0.17±0.1 (4) 

G369A 9.92±0.27 129.1±9.1* 0.2±0.06* (4) 10.66±0.16 85.8±3.7 -0.17±0.05 (5) 10.32±0.43 104.3±11.8 -0.03±0.09 (4) 

K370A N.D. N.D. N.D.  N.D. N.D. N.D.  N.D. N.D. N.D.  

I371A 9.99±0.47 24±2.7* -0.97±0.15*(a) (4) 11.23±0.3 28.4±2.1* -0.86±0.11*(a) (5) 10.12±0.58 34.9±5.2* -0.8±0.17* (4) 

Y372A 7.92±0.19* 161.2±12.2* 0.54±0.1* (4) 10.04±0.27 112.6±9.5 0.06±0.06 (4) 8.94±0.24* 137.2±12.8* 0.32±0.09* (4) 

D373A 9.2±0.19 141.6±8.2* 0.32±0.08* (4) 10.76±0.25 116±8.1 0.09±0.05 (4) 9.41±0.16* 157.9±8.7* 0.5±0.15* (4) 

Y374A 9.78±0.23 83.2±5.1 -0.2±0.06 (4) 10.93±0.18 95.9±4.6 -0.08±0.05 (5) 10.69±0.39 89.7±8.6 -0.16±0.09 (4) 

V375A 9.79±0.22 122.2±7.2* 0.14±0.05* (5) 10.63±0.17 105.6±4.9 0.0±0.05 (5) 10.47±0.21 150.5±8.3* 0.4±0.1* (4) 

M376A 8.44±0.37* 84.3±10.4 -0.18±0.08 (4) 10.58±0.2 102±5.7 -0.03±0.05 (5) 9.63±0.4 86.9±10.7 -0.18±0.09 (4) 

 

Table 5.3 Effect of single alanine mutation in ECL3 of hCTRaLeu on cAMP signalling in response to CT peptides. For each receptor and ligand, data from Figure 5.8-10 were fit to a three-

parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response, as % of WT). The log(τ) 

reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean+S.E.M. of 4 to 36 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) pEC50, Emax or efficacy not 

determined. 
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rAmy hαCGRP 

pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  

WT 8.08±0.1 100±3.3 -0.09±0.04 (16) 7.69±0.11 100±4 -0.1±0.05 (17) 

F356A 7.62±0.3 118.1±14.2 0.12±0.11 (4) 7.18±0.15 119.8±9.1 0.13±0.12 (5) 

V357A 7.69±0.27 82.9±9.1 -0.18±0.1 (5) 7.53±0.32 76.9±9.7 -0.25±0.1 (5) 

V358A 7.86±0.36 88.4±12.6 -0.14±0.1 (4) 7.68±0.31 68.9±8.4 -0.32±0.1 (5) 

F359A 7.63±0.25 89±8.8 -0.13±0.09 (5) 7.73±0.41 50±7.9* -0.52±0.12* (5) 

P360A 7.63±0.3 108.1±12.7 -0.59±0.09*(c) (5) 7.76±0.28 45.2±4.9* -1.2±0.13*(c) (5) 

W361A 7.79±0.31 95.7±12 -0.07±0.09 (5) 7.01±0.3 95.1±14.8 -0.12±0.07 (5) 

R362A 7.61±0.32 82.7±11.1 -0.18±0.11 (4) 7.75±0.48 47.5±8.4* -0.56±0.12* (5) 

P363A 7.82±0.55 87.9±19.3 -0.14±0.08 (6) 7.41±0.47 35.7±6.9* -0.72±0.19* (5) 

S364A 8.35±0.38 52.9±6.6* -0.48±0.11* (4) 7.78±0.31 77.8±9.2 -0.24±0.09 (5) 

N365A 8.18±0.32 67.8±7.8 -0.32±0.1 (4) 7.81±0.31 103.2±12.2 -0.02±0.08 (5) 

K366A 8.02±0.26 66.3±6.3 -0.34±0.1 (4) 8.27±0.54 68.4±12.5 -0.33±0.08 (5) 

M367A 8.3±0.26 87.2±7.5 -0.15±0.09 (4) 7.67±0.31 106.3±12.7 0.01±0.07 (7) 

L368A 7.93±0.34 89.5±11.6 -0.13±0.08 (5) 7.94±0.4 72.9±11.3 -0.28±0.09 (5) 

G369A 7.83±0.2 73.4±5.8 -0.27±0.11 (4) 7.61±0.38 121.9±18.5 0.14±0.08 (6) 

K370A N.D. N.D. N.D.  N.D. N.D. N.D.  

I371A 8.1±0.27 86.8±8.7 -0.15±0.08  7.69±0.38 106.6±15.7 0.01±0.09 (5) 

Y372A 6.73±0.26 159.2±24.4* 0.38±0.12* (4) 6.91±0.45 33.6±7.3* -0.77±0.25* (5) 

D373A 7.98±0.7 60.2±15.5* -0.4±0.1 (5) 7.95±0.41 32±5.1* -0.78±0.17* (5) 

Y374A 8.1±0.24 86±8.4 -0.16±0.1 (4) 7.6±0.36 76.5±10.8 -0.25±0.1 (5) 

V375A 8.73±0.6 44.2±6.8* -0.59±0.1*(a) (5) 6.88±0.54 53.9±14.2* -0.53±0.11*(a) (5) 

M376A 7.33±0.34 80.2±12 -0.21±0.12 (5) 6.85±0.26 44.3±6.6* -0.63±0.14* (5) 

 

Table 5.4 Effect of single alanine mutation in ECL3 of hCTRaLeu on cAMP signalling. For each receptor and ligand, data 

from Figures 5.11-12 were fit to a three-parameter logistic equation to derive pEC50 (negative logarithm of the concentration 

of ligand that produces half the maximal response) and Emax (maximal response, as % of WT). The log(τ) reported in this table 

represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to 

be identified on not significantly different. Where expression by radioligand binding was significantly different, values were 

corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not be determined 

via radioligand binding. All values are mean+S.E.M. of 4 to 17 independent experiments conducted in duplicate For each 

ligand, significance of changes in pEC50, Emax and log(τ) was determined by comparison of the WT to the other receptor 

mutants in a one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *).(N.D.) pEC50, Emax or efficacy 

not determined.  
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5.2.3.2 IP1 signalling 

IP1 accumulation over 60 minutes of peptide stimulation could only be determined for hCT (Figure 5.15), 

sCT (Figure 5.16) and pCT (Figure 5.17) peptides, but not for rAmy or hαCGRP. Potency, maximal 

responses and efficacies for all receptors and ligands are summarised in Table 5.5. 

 

Potency. All CT peptides were equipotent for the WT receptor, with pEC50 ranging from 1-1.5 nM 

(Table 5.5). K370A did not produce a detectable IP1 response in response to up to 1 μM of any of the CT 

peptides. 

Similar to cAMP, sCT potency was not significantly affected by any substitution introduced into ECL3 

or the adjacent TMs. In contrast, hCT and pCT pEC50 were significantly reduced for R362A. hCT was 

the most sensitive peptide to alanine substitution, with reduced potency also observed for V357A, 

V358A, F359A, P360A and Y374A mutations. Additionally, although sCT and pCT potency remained 

unaltered, P363A showed a response only when stimulated with 1 μM of hCT, indicating loss of 

function for hCT. No other mutation had a significant impact on the potency of any of the CTs assessed. 

Maximal response. When maximal responses were compared to WT, two main clusters of residues 

affecting responses could be identified (Figure 5.17 and Table 5.5). A first cluster including F356A, 

V357A, Y372A and I371A showed statistically decreased maximal response in presence of all CT 

peptides. R362A also displayed reduced Emax for all CT peptides, although this value for hCT data was 

not significant. Mutation of M376 reduced maximal responses to hCT and pCT without having a 

significant effect on sCT, whereas D373A significantly reduced Emax of pCT and showed a similar trend 

(although not significant) for sCT, but was unchanged for hCT. P363A did not produce a quantifiable 

response for hCT, while it decreased Emax for pCT. N365A substitution significantly impaired sCT Emax, 

while having no effect on either hCT or pCT responses. A second cluster of residues was distinguishable 

with mutations affecting both hCT and sCT Emax, with a different effect on pCT: V358A significantly 

improved maximal response to sCT and hCT while significantly decreasing pCT response. F359A and 

M367A also showed a similar trend for sCT and hCT (however data were significant only in presence 

of sCT), while having no augmentation of pCT Emax. Additionally, P360A Emax was significantly 
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increased in response to sCT, but not other CT peptides. No other significant changes were observed 

for any other mutation. 

Efficacy. Alanine substitutions at the extracellular portions of TM6 and 7 (with the exception of residues 

V358 and F359) significantly reduced efficacy in IP1 of all CT peptides although selective differences 

were observed (Figure 5.18 and Table 5.5). V357A, Y372A and I371A decreased efficacy for all three CT 

agonists, with F356A and R362A having a similar effect, although differences were not significant for 

hCT. P360A and M376A statistically reduced hCT and pCT (but not sCT) efficacy. D373A had a 

significant effect in reducing efficacy of pCT only, while N365A had a similar effect on sCT but not on 

the other two CT peptides. Alanine substitution of second group of residues significantly enhanced 

efficacy of hCT and sCT agonists, while no mutation had any relevant positive effect on pCT efficacy. 

Specifically, V358A, F359A and M367A enhanced sCT and hCT efficacy. Additionally, G369A 

enhanced hCT efficacy, but not the other CT peptides. The substitution of the other residues had no 

significant effect on the efficacy of these three agonists.  
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Figure 5.15 IP1 accumulation profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. IP1 formation in presence of hCT was normalized to an internal control (0.1 mM ATP) and data fit to a 

three parameter logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. 

of 4 to 6 (WT N=26) independent experiments conducted in duplicate. 

 

 

 
Figure 5.16 IP1 accumulation profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. IP1 formation in presence of sCT was normalized to an internal control (0.1 mM ATP) and data fit to a 

three parameter logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. 

of 4 to 6 (WT N=26) independent experiments conducted in duplicate. 
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Figure 5.17 IP1 accumulation profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu ECL3 single 

alanine mutations. IP1 formation in presence of pCT was normalized to an internal control (0.1 mM ATP) and data fit to a 

three parameter logistic equation. Data was subsequently normalised to WT receptor response. All values are mean+S.E.M. 

of 4 to 5 (WT N=25) independent experiments conducted in duplicate. 

Figure 5.18 Effect of single alanine mutation in ECL3 of hCTRaLeu on CT peptides efficacy for IP1 accumulation. Data 

from Figure 5.14-16 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant 

or WT) to the IP1 signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this was 

significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 4 to 6 

independent experiments conducted in duplicate. Significance of changes was determined by comparison of the WT to the 

other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) efficacy not 

determined. 
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hCT sCT pCT 

pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  

WT 8.76±0.09 100±2.4 -0.13±0.04 (29) 9.21±0.05 100±1.4 -0.04±0.02 (26) 8.84±0.07 100±2 -0.07±0.03 (25) 

F356A 8.32±0.43 62.8±7* -0.47±0.11 (6) 9.68±0.54 36.4±4.1* -0.77±0.09* (6) 8.93±0.78 32.2±5.6* -0.94±0.2* (4) 

V357A 7.48±0.54* 50.3±8.4* -0.66±0.22* (5) 8.94±0.31 42.1±3.5* -0.67±0.1* (5) 7.59±0.4 48.3±6.2* -0.63±0.16* (5) 

V358A 7.38±0.21* 146.9±13.1* 0.41±0.15* (6) 8.72±0.16 123.4±6.4* 0.18±0.06* (6) 8.34±0.31 70.4±6.8* -0.35±0.09 (5) 

F359A 6.66±0.21* 158.9±19.6 0.53±0.28* (6) 8.71±0.14 125.1±5.5* 0.2±0.06* (5) 7.69±0.27 76.6±7.3 -0.28±0.11 (5) 

P360A 6.61±0.47* 104.4±25.1 -0.71±0.17*(c) (6) 8.45±0.12 145.2±5.9* -0.22±0.07(c) (6) 8.03±0.4 93.1±12.6 -0.75±0.09*(c) (4) 

W361A 7.69±0.41 106.4±15 -0.02±0.1 (6) 9.06±0.2 120±7.2 0.15±0.05 (5) 8.08±0.29 90.9±9.2 -0.14±0.09 (5) 

R362A 7.17±0.42* 75.1±12.6 -0.34±0.15 (6) 8.74±0.22 64.4±4.6* -0.37±0.07* (5) 7.4±0.66* 48±10.3* -0.64±0.17* (6) 

P363A N.D. N.D. N.D. (6) 9.22±0.36 86±8.6 -0.16±0.05 (5) 8.06±0.42 72.3±9.8* -0.33±0.09 (6) 

S364A 7.91±0.34 97±11.4 -0.11±0.09 (6) 8.88±0.36 96.5±10.1 -0.07±0.05 (5) 8.02±0.25 90.2±7.5 -0.16±0.09 (6) 

N365A 8.17±0.43 116.2±15.6 0.07±0.08 (6) 8.94±0.18 66.5±3.9* -0.35±0.07* (4) 9±0.6 90±14.6 -0.15±0.07 (6) 

K366A 8.28±0.19 124.4±8 0.16±0.09 (6) 8.93±0.3 111.8±10.3 0.07±0.05 (5) 8.7±0.36 106.1±11.5 0.0±0.07 (6) 

M367A 7.78±0.16 135.2±8.3 0.28±0.11* (6) 8.61±0.2 124±7.6* 0.18±0.06* (6) 8.21±0.24 97±7.8 -0.08±0.08 (6) 

L368A 7.72±0.2 112±8.3 0.04±0.1 (6) 8.96±0.17 95.2±5 -0.08±0.05 (5) 8.37±0.35 90±10 -0.15±0.08 (6) 

G369A 8.2±0.28 136.6±12.6 0.28±0.09* (6) 8.88±0.23 97.8±6.9 -0.05±0.06 (5) 8.1±0.18 112.3±7.2 0.05±0.08 (6) 

K370A N.D. N.D. N.D. (6) N.D. N.D. N.D. (4) N.D. N.D. N.D. (6) 

I371A 8.74±0.64 41.8±6.6* -0.78±0.2* (a) (4) 8.89±0.45 47.3±5.2* -0.6±0.08*(a) (6) 8.15±0.39 60.5±6.8* -0.47±0.1*(a) (5) 

Y372A 7.86±0.77 49.1±9.8* -0.67±0.17* (5) 8.09±0.54 51.3±7.9* -0.57±0.09* (5) 7.94±0.71 44.7±7.9* -0.7±0.14* (5) 

D373A 7.92±0.33 105.9±12.2 -0.02±0.09 (6) 8.88±0.29 79.3±6.7 -0.23±0.06 (5) 7.87±0.35 41.1±4.7* -0.72±0.19* (6) 

Y374A 7.49±0.29* 129.5±14.7 0.21±0.12 (6) 8.67±0.21 101.8±6.5 -0.02±0.05 (6) 7.81±0.19 102.5±7.2 -0.03±0.09 (6) 

V375A 9.03±0.33 86.1±7.9 -0.21±0.07 (6) 8.98±0.21 84.9±5.3 -0.17±0.06 (5) 8.73±0.34 122±11.6 0.14±0.07 (6) 

M376A 7.89±0.76 50.1±10.6* -0.65±0.17* (5) 8.78±0.26 104.5±8.1 0.0±0.06 (4) 8.16±0.35 42.5±5.4* -0.69±0.18* (5) 

 

Table 5.5 Effect of single alanine mutation in ECL3 of hCTRaLeu on IP1 accumulation in response to CT peptides. For each receptor and ligand, data from Figure 5.14-16 were fit to a three-

parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response as % of WT). The log(τ) 

reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean±S.E.M. of 4 to 6 independent experiments conducted in duplicate. For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *). (N.D.) pEC50, Emax or efficacy not 

determined.
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5.2.3.3 ERK1/2 phosphorylation 

To determine approximate peak response of ERK1/2 phosphorylation, time-courses were performed in 

presence of 1 μM of each peptide (Figure 5.19-23). The CT peptides and rAmy showed a transient 

pERK1/2 response that peaked between 6 and 7 min. In contrast, hαCGRP exhibited slower onset and 

were sustained over 10 min, but similar between WT and mutant receptors. Concentration-response 

curves were therefore measured at these peak response times (6 min for pCT, 7 min for hCT, sCT and 

rAmy, and 8 min for hαCGRP) and these are shown in Figures 5.24-28. Derived pEC50, Emax and log(τ) 

values are reported in Tables 5.6 and 5.7. 

As observed in both cAMP and IP1 pathways, the K370A mutant showed no detectable response for 

any of the peptides assessed (up to 1 μM of ligand). Additionally, the I371A substitution dramatically 

reduced the response to all agonist peptides, and consequently could not be quantified. 

 

5.2.3.3.1 CT peptides 

Potency. All three CT peptides had a pEC50 value for the WT receptor between 1.5 nM and 3.5 nM 

(Table 5.6). P360A significantly reduced the potency of all CT peptides. F356A significantly increased 

sCT potency, whilst reducing hCT and pCT pCE50 (although data failed to reach statistical significance 

for pCT). sCT potency was unaltered by any other mutation in ECL3, whereas the Y372A substitution 

significantly reduced pCT pEC50. This last mutation also dramatically reduced hCT response to a level 

where quantification of the hCT effect was not possible. Similar to that observed in affinity, cAMP and 

IP1, hCT was the most susceptible to mutation when compared to the other CT agonists, with potency 

reduced by substitution of V358, F359, W361, R362, P363, D373 and M376 to Ala. None of the other 

mutations had a significant effect on potency of the CT peptides. 

Similar to patterns observed in the other pathways, comparison of maximal responses again revealed 

two clusters of residues that produced divergent effects. The first cluster, including F356A, Y372A and 

M376A showed significant reduction in Emax for all CT agonists. Additionally, V357A and V375A also 

had reduced response for all three agonists, although data failed to reach statistical significance for pCT. 

Maximal response. Compared to sCT, where Emax was unaltered, maximal response of both hCT and 



 188   

 

pCT was significantly reduced by P360A, R362A, P363A and D373A substitutions. A second cluster 

of residues, characterised by statistical increase in Emax when compared to WT response for all CT 

agonists, included K366A, M367A and L368A. Emax of hCT and sCT (but not pCT) was also 

significantly increased by V358A and F359A, while S364A and G369A increased Emax of hCT and pCT 

without altering sCT response. Interestingly, W361A had opposing effects, with increased Emax in 

response to sCT, decreased Emax for pCT, and no effect on hCT Emax. No additional mutations had 

relevant effect on maximal response of these peptides. 

Efficacy. Figure 5.29 and Table 5.6 show the effect of mutations in ECL3 and adjacent TMs on efficacy, 

as derived from operational modelling. Statistical analysis revealed that this region is particularly 

important for pERK1/2 and similar to observations in the cAMP and IP1 pathways, two clusters of 

residues affecting efficacy could be identified. F356A, P360A, Y372A and M376A significantly 

reduced efficacy of all CT ligands. hCT and pCT (but not sCT) efficacy was also significantly reduced 

by R362A, P363A and D373A mutation. V375A showed a significant reduction in efficacy in response 

to sCT and hCT, and a similar trend (although not significant) was observed for pCT. hCT efficacy was 

also selectively reduced at V357A. The second cluster of residues, revealed enhanced efficacy for all 

three CT agonists when mutated to Ala. K366A and M367A increased efficacy of all CT agonist 

peptides, whereas L368A enhanced sCT and pCT, with a similar trend in response to hCT. Additionally, 

V358 and F359 substitution significantly enhanced hCT and sCT response, while having limited effect 

for pCT. hCT (but not sCT or pCT) efficacy was also significantly improved at S364A and G369A 

mutated receptors, while W361A selectively increased sCT efficacy. No other mutation produced 

changes in efficacy for any of the three CT peptides assessed. 

 

5.2.3.3 rAmy and hαCGRP peptides 

Potency. rAmy and hαCGRP were also assessed in the pERK1/2 pathway. These peptides were less 

potent than the CT peptides, with pEC50 values of approximately 40 nM and 55 nM respectively (Table 

5.7). I371A, P360A, Y372A and D373A mutations dramatically reduced pERK1/2 response for both 

these peptides, and substitution of V357, F359 and P363 led to loss of detectable hαCGRP response. 
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Functional quantification of rAmy or hαCGRP responses at these receptor mutations could not be 

achieved due to the limited responses. None of the other alanine substitutions had any significant impact 

on the potency of either peptides. 

Maximal response. Statistical analysis of maximal responses revealed that V358A, W361A, R362A, 

S364A, N365A, Y374A and M376A significantly reduced Emax of both rAmy and hαCGRP responses. 

Although F356A and G369A had reduced maximal response of both peptides, data only reached 

statistical significance for rAmy. Similarly, V375A showed reduced Emax for both peptides, although 

data was significant only for hαCGRP. V357A, F359A and P363A significantly reduced rAmy maximal 

response, whereas Emax for hαCGRP concentration-response curves was not reached within the 

concentration range assessed, and therefore could not be defined. Interestingly, K366A, significantly 

increased Emax of hαCGRP while having no effect on rAmy. No other mutation altered the receptor 

mediated response these two peptides. 

Efficacy. When comparing the calculated efficacy from operational analysis (Figure 5.29), F356A, 

W361A, R362A and M376A significantly reduced efficacy of both ligands relative to WT. Efficacy of 

rAmy was also significantly reduced at V357A, F359 and R363A receptor mutants. In addition, alanine 

substitution of V358, S364, N365, K366, V375 and Y374, significantly reduced efficacy of hαCGRP, 

and showed a similar trend for rAmy responses, but this did not reach statistical significance. No other 

substitutions had relevant effect on rAmy or hαCGRP efficacy.  
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Figure 5.19 ERK1/2 phosphorylation time-course profiles elicited by hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL3 single alanine mutations. 1 μM of hCT was added at the time 0. Each dataset was normalised to FBS at 6 min and 

vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. Arrows indicate 

where concentration-response curves where generated. 

 

 

 
Figure 5.20 ERK1/2 phosphorylation time-course profiles elicited by sCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL3 single alanine mutations. 1 μM of sCT was added at the time 0. Each dataset was normalised to FBS at 6 min and 

vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. Arrows indicate 

where concentration-response curves where generated. 
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Figure 5.21 ERK1/2 phosphorylation time-course profiles elicited by pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL3 single alanine mutations. 1 μM of pCT was added at the time 0. Each dataset was normalised to FBS at 6 min and 

vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. Arrows indicate 

where concentration-response curves where generated. 

 

 

 
Figure 5.22 ERK1/2 phosphorylation time-course profiles elicited by rAmy in CV-1-FlpIn cells stably expressing hCTRaLeu 

ECL3 single alanine mutations. 1 μM of rAmy was added at the time 0. Each dataset was normalised to FBS at 6 min and 

vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. Arrows indicate 

where concentration-response curves where generated. 
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Figure 5.23 ERK1/2 phosphorylation time-course profiles elicited by hαCGRP in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL3 single alanine mutations. 1 μM of hαCGRP was added at the time 0. Each dataset was normalised to FBS 

at 6 min and vehicle responses. All values are mean+S.D. of 2 (WT N=5) independent experiments conducted in duplicate. 

Arrows indicate where concentration-response curves where generated. 

 

 

 
Figure 5.24 ERK1/2 phosphorylation concentration-response profiles elicited by hCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL3 single alanine mutations. pERK1/2 in response to hCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 4 to 5 (WT N=24) independent experiments conducted in duplicate. 
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Figure 5.25 ERK1/2 phosphorylation concentration-response profiles elicited by sCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL3 single alanine mutations. pERK1/2 in response to sCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 4 to 5 (WT N=25) independent experiments conducted in duplicate. 

 

 

 
Figure 5.26 ERK1/2 phosphorylation concentration-response profiles elicited by pCT in CV-1-FlpIn cells stably expressing 

hCTRaLeu ECL3 single alanine mutations. pERK1/2 in response to pCT were normalized to the internal control (10% FBS 

measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor response. 

All values are mean+S.E.M. of 4 to 5 (WT N=22) independent experiments conducted in duplicate. 
  



 194   

 

 

 
Figure 5.27 ERK1/2 phosphorylation concentration-response profiles elicited by rAmy in CV-1-FlpIn cells stably 

expressing hCTRaLeu ECL3 single alanine mutations. pERK1/2 in response to rAmy were normalized to the internal control 

(10% FBS measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT receptor 

response. All values are mean+S.E.M. of 4 to 5 (WT N=16) independent experiments conducted in duplicate. 

 

 

 
Figure 5.28 ERK1/2 phosphorylation profiles concentration-response elicited by hαCGRP in CV-1-FlpIn cells stably 

expressing hCTRaLeu ECL3 single alanine mutations. pERK1/2 in response to hαCGRP were normalized to the internal 

control (10% FBS measured at 6 min) and fit to a three parameter logistic equation. Data was subsequently normalised to WT 

receptor response. All values are mean+S.E.M. of 4 to 5 (WT N=17) independent experiments conducted in duplicate. 
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Figure 5.29 Effect of single alanine mutation in ECL3 of hCTRaLeu on efficacy for ERK1/2 phosphorylation. Data from 

Figures 5.23-27 were fit to the operational model of agonism to calculate coupling efficacy log(τ) of each receptor (mutant or 

WT) to the pERK1/2 signalling pathway. The log(τ) values of each receptor were then corrected for expression, where this 

was significantly different, to obtain log(τc). Graphs show the differences relative to WT. All values are mean+S.E.M. of 4 to 

5 independent experiments conducted in duplicate. Significance of changes was determined by comparison of the WT to the 

other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *. (N.D.) efficacy not 

determined.
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hCT sCT pCT 

pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  

WT 8.45±0.05 100±1.8 -0.1±0.02 (24) 8.79±0.04 100±1.3 -0.1±0.02 (25) 8.83±0.04 100±1.2 -0.1±0.02 (22) 

F356A 7.77±0.17* 43.4±2.9* -0.65±0.11* (4) 9.52±0.25* 71.5±4.6* -0.34±0.04* (5) 8.35±0.3 57.1±5.7* -0.49±0.08* (4) 

V357A 7.92±0.21 53.3±4.5* -0.53±0.09* (4) 8.61±0.27 81.6±6.9* -0.25±0.05 (5) 8.43±0.36 83±10 -0.24±0.06 (4) 

V358A 7.83±0.15* 159.7±9.8* 0.42±0.07* (5) 8.68±0.16 149.7±7.8* 0.32±0.05* (4) 8.65±0.26 100.5±8.3 -0.09±0.06 (4) 

F359A 7.57±0.12* 153±7.6* 0.35±0.07* (5) 8.62±0.12 185.8±7.3* 0.75±0.08* (5) 8.2±0.15 116.3±6.2 0.04±0.06 (4) 

P360A 7.12±0.24* 50.6±6.2* -1.17±0.13*(c) (5) 7.78±0.19* 115±8.8 -0.59±0.06*(c) (5) 7.4±0.28* 59.1±7* -1.09±0.11*(c) (4) 

W361A 7.64±0.12* 111.7±5.9 0.0±0.07 (4) 8.52±0.12 124.7±4.9* 0.11±0.05* (4) 8.2±0.22 76.3±6* -0.3±0.07 (4) 

R362A 7.68±0.25* 64.4±6.6* -0.41±0.08* (5) 8.81±0.28 107.2±9.5 -0.04±0.04 (4) 8.12±0.2 45.3±3.5* -0.63±0.11* (4) 

P363A 7.59±0.23* 63.8±6.2* -0.41±0.08* (5) 8.81±0.15 94.5±4.5 -0.14±0.05 (4) 8.24±0.15 38.5±2* -0.72±0.12* (4) 

S364A 8.18±0.2 134.5±9.9* 0.18±0.05* (5) 8.56±0.13 106.2±4.3 -0.04±0.05 (4) 8.44±0.28 126.7±11.5* 0.12±0.06 (4) 

N365A 8.15±0.16 93.1±5.6 -0.15±0.05 (5) 8.82±0.12 84.4±3.3 -0.22±0.05 (4) 8.79±0.32 98.1±9.7 -0.11±0.05 (5) 

K366A 8.33±0.24 186.1±15.8* 0.75±0.09* (5) 8.84±0.11 136.2±4.7* 0.21±0.05* (4) 8.72±0.18 156.4±9.3* 0.39±0.06* (5) 

M367A 8.26±0.15 127±7* 0.12±0.05* (5) 8.66±0.1 128.9±4.3* 0.14±0.05* (4) 8.56±0.19 171.8±10.4* 0.55±0.07* (5) 

L368A 8.05±0.14 126.4±6.8* 0.12±0.06 (4) 8.62±0.12 139.5±5.6* 0.23±0.05* (4) 8.71±0.23 158.8±11.3* 0.41±0.07* (4) 

G369A 8.2±0.18 141.3±9.3* 0.25±0.05* (5) 8.53±0.11 115.4±4 0.03±0.05 (4) 8.28±0.18 127.8±8.4* 0.13±0.06 (4) 

K370A N.D. N.D. N.D.  N.D. N.D. N.D.  N.D. N.D. N.D.  

I371A N.D. N.D. N.D.  N.D. N.D. N.D.  N.D. N.D. N.D.  

Y372A N.D. N.D. N.D.  8.64±0.26 38.6±2.9* -0.73±0.08* (5) 7.72±0.41* 25.7±44* -0.98±0.16* (4) 

D373A 7.63±0.24* 70.6±7* -0.35±0.07* (5) 8.62±0.34 103.3±11.4 -0.07±0.04 (5) 8.31±0.35 31.6±3.7* -0.84±0.14* (4) 

Y374A 7.92±0.09 94.1±3.5 -0.14±0.06 (5) 8.63±0.14 99.2±4.5 -0.1±0.05 (4) 8.57±0.24 105.3±88 -0.06±0.06 (4) 

V375A 8.08±0.13 66.7±3.4* -0.39±0.07* (4) 8.83±0.14 70.4±3.1* -0.35±0.05* (4) 8.58±0.14 88.6±4.1 -0.19±0.06 (4) 

M376A 7.58±0.21* 52.1±4.3* -0.54±0.1* (4) 8.35±0.2 72.3±4.8* -0.33±0.06* (4) 8.71±0.29 46.9±4.2* -0.61±0.09* (4) 
Table 5.6 Effect of single alanine mutation in ECL3 of hCTRaLeu on ERK1/2 phosphorylation in response to CT peptides. For each receptor and ligand, data from Figures 5.23-25 were fit to 

a three-parameter logistic equation to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal response as % of WT). The 

log(τ) reported in this table represents the operational coupling efficacy of each receptor (mutant or WT), where receptor expression was either unable to be identified on not significantly different. 

Where expression by radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) Represents those mutation where expression could not 

be determined via radioligand binding. All values are mean±S.E.M. of 4 to 5 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) 

was determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test (p<0.05 represented by *).(N.D.) efficacy not determined.
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rAmy hαCGRP 

pEC50 Emax Log(τ)  pEC50 Emax Log(τ)  

WT 7.4±0.09 100±3.7 -0.14±0.03 (16) 7.25±0.13 100±5.4 -0.14±0.03 (17) 

F356A 7.06±0.23 40.8±4.8* -0.66±0.14* (4) 6.74±0.28 67.5±10.5 -0.43±0.08* (4) 

V357A 7.46±0.46 39.9±7.8* -0.67±0.11* (4) N.D. N.D. N.D.  

V358A 7.23±0.35 59.4±10.1* -0.44±0.09 (4) 7.49±0.5 39.4±7.6* -0.71±0.09* (4) 

F359A 7.22±0.4 58.1±11.1* -0.46±0.09* (4) N.D. N.D. N.D.  

P360A N.D. N.D. N.D.  N.D. N.D. N.D.  

W361A 7.24±0.49 41.6±8.8* -0.66±0.12* (4) 6.93±0.31 48.6±7.5* -0.62±0.08* (5) 

R362A 6.94±0.36 35.6±7.2* -0.73±0.17* (4) 6.95±0.61 30.9±8.3* -0.88±0.12* (5) 

P363A 7.51±0.81 28.2±8.9* -0.87±0.15* (4) N.D. N.D. N.D.  

S364A 7.94±0.36 65.5±9.1* -0.38±0.06 (4) 7.97±0.29 54.4±5.9* -0.51±0.06* (4) 

N365A 7.73±0.39 63.2±9.6* -0.41±0.07 (4) 7.52±0.39 52.4±8.2* -0.53±0.07* (4) 

K366A 7.89±0.33 83.6±10.5 -0.22±0.05 (5) 7.39±0.27 145.8±16.9* 0.28±0.06* (4) 

M367A 7.19±0.15 76.5±5.4 -0.29±0.08 (4) 6.97±0.27 78±11.5 -0.31±0.06 (4) 

L368A 7.56±0.23 82.2±7.8 -0.23±0.06 (4) 7.07±0.37 83.7±15.5 -0.25±0.06 (4) 

G369A 7.73±0.34 63.3±8.4* -0.4±0.07 (4) 7.09±0.3 87.2±13.5 -0.22±0.06 (4) 

K370A N.D. N.D. N.D.  N.D. N.D. N.D.  

I371A N.D. N.D. N.D.  N.D. N.D. N.D.  

Y372A N.D. N.D. N.D.  N.D. N.D. N.D.  

D373A N.D. N.D. N.D.  N.D. N.D. N.D.  

Y374A 7.21±0.17 60.9±4.8* -0.44±0.09 (4) 7.21±0.31 49.1±7.5* -0.6±0.08* (5) 

V375A 6.91±0.29 76.6±12.7 -0.28±0.1 (4) 6.96±0.24 57.5±6.8* -0.51±0.08* (4) 

M376A 7.17±0.32 42.6±6.6* -0.64±0.12* (4) 7.74±0.6 35.9±8.2* -0.75±0.08* (5) 

Table 5.7 Effect of single alanine mutation in ECL3 of hCTRaLeu on ERK1/2 phosphorylation in response to rAmy or 

hαCGRP peptides. For each receptor and ligand, data from Figures 5.26-27 were fit to a three-parameter logistic equation 

to derive pEC50 (negative logarithm of the concentration of ligand that produces half the maximal response) and Emax (maximal 

response as % of WT). The log(τ) reported in this table represents the operational coupling efficacy of each receptor (mutant 

or WT), where receptor expression was either unable to be identified on not significantly different. Where expression by 

radioligand binding was significantly different, values were corrected for the expression change to give log(τc) (c). (a) 

Represents those mutation where expression could not be determined via radioligand binding. All values are mean±S.E.M. of 

4 to 5 independent experiments conducted in duplicate For each ligand, significance of changes in pEC50, Emax and log(τ) was 

determined by comparison of the WT to the other receptor mutants by one-way analysis of variance and Dunnett’s post-test 

(p<0.05 represented by *).(N.D.) efficacy not determined.  
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5.2.4 Mapping mutational data onto molecular models 

Mapping our results onto the 3D model of the active CTR revealed regions important for different 

aspects of CTR function. Residues in the membrane proximal part of TM6 that reduced affinity of hCT 

and pCT upon mutation line up along the inside of the binding groove, whereas sCT and sCT(8-32) 

binding was only marginally affected by this mutagenesis (Figure 5.31 A). Interestingly, P360 in TM6, a 

residue that is conserved across the calcitonin-like family of receptors, but not other receptor of Class 

B1 (Liang et al., 2017) (Figure 5.1 A and Appendix 1), was important for driving the affinity of the sCT 

agonist, but not of the sCT(8-32) antagonist. 

In cAMP formation, the majority of those residues in ECL3 and adjacent TMs, where substitution 

reduced affinity for the CT agonists, enhanced efficacy of these agonists (Figure 5.31 B). Interestingly 

rAmy engages with a network of residues that closely resembles those used by sCT to trigger cAMP 

signalling (Figure 5.31 A). The profile efficacy effect for hαCGRP was also striking, with mapping 

revealing that while this peptide engages with a network that resembles the one used by hCT and pCT 

for cAMP formation, there were additional residues that form a distinct network profile for this peptide. 

For this peptide indeed, Ala substitutions across the entire region of ECL3 had a detrimental effect on 

efficacy for cAMP formation, whereas for the other peptides, the main effects of individual Ala 

substitutions were enhanced efficacy. 

ECL3 was also important for IP1 formation following CT agonist stimulation of hCTRaLeu (Figure 5.29 

C). Despite some select differences, all CT peptides utilised key residues in TM6 TM7 and ECL3 that 

were oriented towards the entrance to the TM binding pocket. Interestingly, the hCT and sCT heat-

maps show common regions where mutation enhanced efficacy, but are not important for pCT 

signalling down this pathway. In contrast, the regions within ECL3 that decreased efficacy in IP1 were 

shared by all three CT peptides, albeit that the effect of mutation (in terms of magnitude) was not always 

the same for each peptide. 

Comparison of key networks involved in ERK1/2 phosphorylation pathway (Figure 5.31 D and Figure 5.32 

B) revealed that ECL3 and adjacent TMs are crucial for the activation of this pathway for all peptides 

assessed in this study. Similar to observations in Chapter 4, residues driving pERK1/2 downstream of 
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CT agonist-stimulation follow a pattern more similar to IP1 and less common to cAMP formation. 

Similar to the pattern for IP1 efficacy, sCT and hCT appear to utilize a more similar network when 

compared to pCT, and the effect of mutations, in terms of magnitude of effect, are greater for the two 

former CT peptides. 

These results are interesting because in the bias plots, presented in Chapter 3, sCT and hCT had a very 

similar profile, whereas pCT was more biased towards ERK, and thus differences in the way pCT 

engages with the receptor may be the key to its biased agonism profile. It was also interesting to observe 

that in pERK1/2, both rAmy and hαCGRP utilised a similar continuum of residues throughout the 

ECL3, with a greater degree of ECL3 surface involved in signalling to this pathway, but distinct effects 

on some residues for these two peptides when compared to the CT agonists in this pathway. 
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Figure 5.30. (A)Top view and (B) side view of the active model of the hCTR in complex with the sCT ligand, based on the 

active Cryo-EM structure of CTR in complex with sCT and the G protein heterotrimer (pdb structure 5UZ7). Incomplete 

segments of the structure were modelled in by Prof. Christopher A. Reynolds to generate a complete model of the hCTR, shown 

here as a surface representation. The NTD (in orange) and the alanine substituted residues in ECL2 discussed in this chapter 

(279-300) are highlighted in green.  

To better visualise the ECLs and binding pocket within the TM bundle, the NTD, TM1-stalk region (residues 1-136) and 

residues 200-217 in ECL1 (that would partially cover ECL2) are not displayed. The model also shows the sCT ligand (in 

burgundy), with the cyclic N-terminus (residues 1-7) represented by space fill (C) or (D) ribbon. Residues 8-16 of the ligand, 

tightly structured in a α-helix, are shown as ribbon, while the C-terminus (residues 17-32) of the peptide is not displayed. 
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Figure 5.31 Heat-map 3D representation of ECL2 of the hCTR and the effect of alanine substitution on CT peptides 

equilibrium affinity and intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex 

with sCT (Liang et al., 2017) into which the three ECLs were modelled as describe in Figure 5.30. Residues 1-136 and 200-

217 (that would partially cover ECL2) are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus 

(residues 1-7) is represented by space fill, residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus 

(residues 17-32) of the ligand is hidden. Residues that produced significant changes in binding affinity or signalling efficacy 

were coloured following the colour scheme for fold effect from WT in Figures 5.7, 5.13, 5.18 and 5.29.

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 



 202   

 

           rAmy            hαCGRP 

C) cAMP accumulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D) ERK1/2 phosphorylation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.32 Heat-map 3D representation of ECL2 of the hCTR and the effect of alanine substitution on rAmy and hαCGRP 

equilibrium affinity and intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex 

with sCT (Liang et al., 2017) into which the three ECLs were modelled). Residues 1-136 and 200-217 (that would partially 

cover ECL2) are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus (residues 1-7) is represented 

by space fill, residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus (residues 17-32) of the ligand is 

hidden. Residues that produced significant changes in binding affinity or signalling efficacy were coloured following the colour 

scheme for fold effect from WT in Figures 4.13 and 4.29.  

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 



 203   

 

5.3 Discussion 

The juxta membrane region, and in particular ECL3 and adjacent TM6 and TM7 are known to be crucial 

for receptor activation and intracellular signalling for some GPCRs (Wheatley et al., 2012). 

Inactive/partially active and fully active crystal structures of the β1AR show that agonist binding 

triggers outward movement of ECL3 that initiates the conformational rearrangement of the TM bundle 

and the large twist of over 10 Å of TM6 at the intracellular face of the receptor that opens the binding 

pocket to intracellular effectors (Warne et al., 2008, Warne et al., 2011, Moukhametzianov et al., 2011, 

Lebon et al., 2011, Rasmussen et al., 2011b, Rosenbaum et al., 2011, Jaakola et al., 2008). Comparison 

of the available inactive and active structures of Class B1 GPCRs (Zhang et al., 2017b, Zhang et al., 

2017a, Song et al., 2017, Liang et al., 2017, Hollenstein et al., 2013, Siu et al., 2013), suggest that 

movements at the top of TM6, TM7 and ECL3 are also associated with receptor activation. To expand 

the knowledge on how distinct ligands engage with the CTR to trigger distinct intracellular signalling 

pathways (cAMP, IP1 and pERK1/2), we have investigated the role of ECL3 and adjacent TMs (TM6 

and TM7) in hCTRaLeu function. The use of different ligands, some of which exhibit biased signalling 

(Chapter 3), allowed us to explore the importance of this domain in binding of these ligands, and in 

coupling to unique signalling pathways that may be linked to the observed biased agonism profiles. 

From our functional characterisation, K370A produced neither detectable specific binding of the 

radiolabelled antagonist nor measurable intracellular signalling, suggesting that this mutant is not 

functional and/or not expressed at the plasma membrane. I371A also showed no specific binding, but 

this CTR mutant produced a weak response in cAMP and IP1 assays (but not in pERK1/2), suggesting 

that this receptor was expressed but may be at a low level when compared to WT. 

5.4.1 The importance of ECL3 of the hCTR for CT peptide binding 

The activation of Class B1 GPCRs requires a major movement of TM6 that is facilitated by a large kink 

in this TM (as revealed by the recent Cryo-EM structure (Liang et al., 2017)). A movement in TM7 is 

also evident. Therefore it was not surprising to observe that the majority of the mutations introduced in 

TM6-ECL3-TM7 altered affinity of both hCT and pCT. However, hCT is affected by more residues 
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within this binding groove when compared to pCT, indicating that these two ligands either assume 

different orientations, or engage different residues in the receptor due to sequence differences in the 

peptides sequence (discussed in Chapter 4 and supported by photo-crosslinking studies using different 

CT ligands (Dong et al., 2004b, Pham et al., 2005)). 

On the other hand, binding affinities of sCT and sCT(8-32) were mostly unaffected by any alanine 

substitutions of ECL3. This is consistent with affinity being principally driven by interactions between 

the receptor and the C-terminus and mid-region of these peptides, to give rise to high affinity and 

pseudo-irreversible binding (at least for the agonist sCT), and not the N-terminal ring structure that is 

adjacent to residues in TM6-ECL3-TM7 region. The exceptions to this were Y372 and D373 that have 

roles in affinity of all 3 CT peptides, albeit larger effects on hCT and pCT. While Y372 stabilises 

interactions between TM1 and TM7, D373 interacts with K11 in the sCT-CTR model (Figure 5.32). As 

noted in Chapter 4, the mid-region of the peptide is important for binding kinetic and affinity of hCT 

and sCT. Differences in charge/polarity and size of this important region of the ligand could account 

for differential interactions between peptide and receptor. Indeed, Lys 11 in sCT corresponds to Thr or 

Ala residues in pCT and hCT peptides, respectively. The potential salt bridge interaction that K11 of 

sCT establishes with D373 could be therefore substituted by a polar interaction in pCT, while A11 of 

hCT would not be able to form any polar contacts with the receptor. The predicted weakening of the 

strength of this interaction is also mirrored by a right shift in equilibrium pKi of pCT and hCT. K11 is 

located within the 11-13 segment of sCT that has been implicated in the slow dissociation of this ligand 

compared to hCT (Hilton et al., 2000, Furness et al., 2016). However, Furness et al. (2016) has shown 

that affinity and potency of sCT are unaltered by the substitution of these residues with the 

corresponding hCT equivalent (Furness et al., 2016). As such, in sCT, K11-D373 may form a secondary 

interaction, not required for binding, but stabilising the peptide interaction. Interestingly, the low 

affinity ligands rAmy and hαCGRP (discussed in Section 5.4.3) both contain Arg residues in position 

11. In these cases D373A mutation did not alter affinity, but modulated peptide efficacy for pERK1/2 

(for both peptides) and cAMP (for hαCGRP). As discussed in Chapter 4, RAMPs allosterically 

influence the both potency and affinity of rAmy and hαCGRP, and are predicted to modify the pose of 
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the peptides within the binging groove, both at the level of the NTD and at the TM bundle (Barwell et 

al., 2011, Harikumar et al., 2009, Udawela et al., 2006a, Udawela et al., 2006b). Future work will 

examine the CTR ECLs mutants in the presence of RAMPs, and this will be important for elucidating 

of the mechanistic role of RAMP on both affinity and efficacy of rAmy and hαCGRP. 

Our model predicts that the top of TM7 is in close proximity of the mid region of sCT (11-15). This 

would be consistent with observations made on other Class B1 GPCRs. For instance, the use of chimeric 

receptor between GCGR and GLP-1R showed that TM6 and TM7 are crucial for sorting/selectivity of 

peptide ligands (Runge et al., 2003b). Additionally, a follow up study showed that D385 (in TM7) of 

GCGR (equivalent to M376 of CTR) could be in close proximity of L12 of GCGR. 

Previous work showed that Bpa8-hCT ligand photo-crosslinked to residue L368 of CTR (Dong et al., 

2004b), while the equivalent V8 of sCT in not proximal to L368 in our model, supported by the 

observation that mutation of L368 to Ala does not alter sCT affinity. There are a range of possible 

explanations for this apparent discrepancy, including flexibility of both ECL3 and of the side chains of 

the ligand. Indeed, the CTR structure from which our 3D model was derived, showed low resolution 

density for both the side chains of the peptide and the ECL3, suggesting a high degree of flexibility of 

both peptides. Additionally, Bpa is a large reactive group and can cross-link residues within 6-10 Å 

from the peptide, bridging the distance between ligand and ECL3. While other data in Chapter 4 and 

the current Chapter support the potential for sCT and hCT to adopt different poses when bound to the 

active receptor. 

Another interesting mutation, P360A, significantly reduced affinity of all CT agonists but not of the 

antagonist (Figure 5.7, 5.31 A, 5.32, Table 5.1). P360 is localised at the top of TM6, 2 turns above the 

absolutely conserved P350 (P6.47) (Figure 5.33), that plays a fundamental for the activation of all GPCRs, 

and is fulcrum for large kink in TM6 in active CTR and GLP-1R structures (Liang et al., 2017, Zhang 

et al., 2017b). P360 is conserved in calcitonin-like receptors (Table 5.1 A), but not other Class B1 

receptors. Previous studies where P360 was mutated to alanine in CTR showed that this mutation 

significantly reduced (but not abolished) affinity of hCT (but not sCT), and reduced potency (10 fold) 

of hCT (but had no effect on sCT) in cAMP formation (Bailey and Hay, 2007). Our data is consistent 
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with the hCT observations, however affinity for all CTs was reduced in the current study. The structure 

of the active CTR confirmed that the entire TM6-ELC3-TM7 interface undergoes a large 

conformational rearrangement upon agonist binding when compared to active TM models (Liang et al., 

2017). Although the N-terminal loop between C1 and C7 that characterises calcitonin-like peptides is 

not required for sCT function (Hilton et al., 2000), we could speculate that these ligands are structurally 

less flexible when compared to other peptide ligands of Class B1, and may require additional contacts 

that alter residues within the deep portion of the binding groove. This could explain why all CT peptide 

are affected by P360A mutation, while the antagonist sCT(8-32), which lacks the N-terminal loop, is 

unaffected by this mutation. 

We have already discussed in Chapter 4 the potential interactions between the N-terminus of the peptide 

and TM5, while data presented in the current Chapter highlights that the nearby residues of TM6 deeply 

buried within the TM groove (F356-E361) are also important for both affinity and/or efficacy of all CT 

peptides in different signalling pathways. Our model predicts that the two aromatic residues F356 and 

F359 are localised close to L4 and C7 of sCT (Figure 5.34), and mutation of these residues had both 

common and peptide-specific effects in different pathways. M376 in TM7 packs between F356 and 

F359, and also has a complex pattern of effect across peptides and pathways. Thus hydrophobic 

interactions between these three residues may be important for function. Mutation of surrounding V357, 

V358, P360, W361 and R362 are likely to influence this tight packing and alter the contacts lining the 

peptide binding groove. Interestingly, these residues, when mutated, did not alter sCT affinity, but had 

dramatic effects on hCT and pCT hydrophobic contacts with the peptides. Interestingly, in sCT, the 1-

7 disulphide bond is not required for peptide affinity or potency, and indeed truncations of residues 1 

and 2 does not affect sCT affinity (Hilton et al., 2000). In contrast, lack of the disulphide bond does 

have an impact on hCT (at elast at the rat and rabbit receptors) (Goltzman, 1980). It is therefore possible 

that for sCT, the slow off-rate holds sCT bound to the receptor. Even without the constraints of 

disulphide bond, the sCT could explore different conformations and eventually adopt the correct 

conformation/interactions to surpass the energy barrier to trigger receptor activation and signalling. On 

the other hand, for the low affinity peptide hCT (with faster K-off) the disulphide bond may be required 
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to constrain the N-terminal conformation such that it can bind and activate the receptor without having 

to explore this conformational space. Additionally, in the sCT-CTR-Gαs structure (Liang et al., 2017), 

residues 1 and 2 are oriented towards the extracellular vestibule and there is high flexibility in both this 

segment of the peptide and the proximal segment of the receptor. It is therefore possible that this 

receptor domain may establish weak or transient interactions with the peptide, important for correctly 

position of the peptide N-terminus. These interactions would be disrupted by mutation, leading to the 

greater impact on hCT and pCT. 

5.4.2 Importance of ECL3 of the hCTR for CT peptide efficacy and biased 

agonism 

The Class B1 active Cryo-EM structures reveal the importance of reorganisation of the extracellular 

face of TM6 and TM7 for conformational propagation to the intracellular face of the receptor where 

TM6 undergoes a large outward movement to reveal the binding pocket for the α5- helix of the Ras-

like domain of Gαs. (Section 1.2.1) (Liang et al., 2017). The involvement of TM6 and TM7 in receptor 

activation and intracellular signalling is widely accepted for all GPCRs, and has been confirmed for 

some Class B1 receptors by both mutagenesis studies and the two active receptors structures (Zhang et 

al., 2017b, Liang et al., 2017, Wootten et al., 2016, Barwell et al., 2012, Barwell et al., 2011, Gardella 

and Juppner, 2001, Dong et al., 2014). 

ECL3 bridges TM6 and TM7, and it is thus not surprising that this segment of the CTR playa a major 

role in the activation of signalling for all CT peptides, and indeed in the selective control of different 

signalling pathways (Figure 5.31). 

Distinct regions of ECL3 were engaged for activation of the different signalling pathways, as revealed 

by broad assessment of multiple ligand across three important signalling end-points for the various 

mutants of CTR. For all three CT agonists, most residues that contributed to affinity were also important 

for cAMP signalling, although Ala substitution primarily improved efficacy (whilst decreasing affinity). 

This implies that, although the residues contributed to ligand binding, they were also important for 

maintaining networks that provide and energy barrier for Gαs engagement (Figure 5.31 A and B). On the 
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other hand, all CT agonists showed interesting similarities in terms of ECL3 residues required for the 

activation of both IP1 formation and ERK1/2 phosphorylation. The similarities are evident from the 

heat-mapping onto the model, where the overall pattern for IP1 formation and ERK1/2 phosphorylation 

are similar for individual ligands, with only a few minor differences between the pathways (Figure 5.31 

C and D). This provides further support for the theory proposed in Chapter 4, that IP1 and pERK1/2 may 

be correlated and downstream of the same signalling effector (i.e. Gαq). Of note, although the pattern 

of mutational effect for individual ligands is similar for both these pathways, there are peptide specific 

differences between these maps. For instance, mutations across ECL3 generally enhanced sCT efficacy, 

and only a few mutations negatively impacted on IP1 and pERK1/2 signalling. In contrast, for hCT and 

pCT, Ala mutations generally reduced the ability of these peptides to induce coupling to these pathways. 

This suggests that while these different peptides may engage with similar regions within the receptor, 

the consequences of these interactions in terms of signalling propagation differ. 

5.4.3 Importance of ECL3 of the hCTR for rAmy/hαCGRP peptide binding and 

efficacy 

Our mutagenesis identified some interesting differences when comparing functional heat-maps of rAmy 

and hαCGRP with CT peptide agonists (Figure 5.31 and 5.32). Data in Chapter 4 suggested that rAmy 

and hαCGRP may adopt distinct poses within the TM groove relative to CT peptides, especially when 

RAMPs are not present to allosterically modulate CTR structure/function (Gingell et al., 2016, Qi et 

al., 2013, Qi and Hay, 2010, Morfis et al., 2008, Udawela et al., 2006b, Udawela et al., 2006a, Hay et 

al., 2006). Interestingly, there was a close overlap in ECL3 residues important for rAmy and sCT for 

cAMP pKA and efficacy, with very few residues altering function. In contrast, hαCGRP had a distinct 

pattern of sensitivity to mutation, with multiple interconnected residues lining the peptide groove 

reducing cAMP efficacy when mutated. This enhances evidence that, in the absence of RAMPs, 

hαCGRP engages CTR very differently to CT peptides. 

Noticeably, hαCGRP and were broadly sensitive to mutation of ECL3 in pERK1/2 signalling, further 

supporting the hypothesis that the pERK1/2 pathway is activated by upstream effectors other than Gαs 
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protein. Moreover, ECL3 mutants had a more severe impact on hαCGRP than rAmy or CT peptides. 

For example, mutagenesis of ECL3 reduced hαCGRP efficacy in both cAMP and pERK1/2 pathways, 

whereas an opposite effect on cAMP vs pERK1/2 was observed for CT peptides. To address this, further 

investigation of individual peptide response using selective inhibitors to block signalling cascades 

linked to different upstream effectors could be used to dissect the relative contribution of these effectors 

to ERK1/2 phosphorylation. 

Select residues of the top of TM6 were globally important for functional activity of all peptides, for 

instance, P360 is also crucial for both hαCGRP and rAmy efficacy in both cAMP and pERK1/2 

signalling. Ala mutagenesis of the P360 equivalent in CLR (P331A) led to reduced receptor function in 

response to CGRP (Conner et al., 2005), confirming the importance of this residues in the calcitonin-

like receptors. Ala substitution of E357 and I360 of CLR (S364 and M367, respectively, in CTR) 

reduced cAMP potency of CGRP (Barwell et al., 2011). Interestingly, select mutation of ECL3 of CLR 

was important for binding AM (but not CGRP) and Gαs protein activation and signalling (Kuwasako 

et al., 2012), which is consistent with the differential involvement of individual receptor residues across 

peptides and pathways for the CTR that was revealed in the current study. 

The Importance and differential involvement of ECL3 in activation of cAMP signalling pathways was 

also demonstrated through generation of chimeric receptor of other Class B1 GPCRs, including GLP-

1R/GCGR (Runge et al., 2003b) and CLR/VPAC2 (Kuwasako et al., 2012), which showed that ligand 

N-terminus and TM6-ECL3-TM7 interactions may be a mechanism of different receptors to distinguish 

peptides with divergent N-termini sequences and this selectivity affects activation of the receptor. This 

may be important for the CTR activation triggered by CT peptides vs rAmy or hαCGRP. 

Studies on different Class B1 receptors have suggested that the outer surface of ECL3 and TM6 could 

be part of the interface for RAMPs (together with the NTD), and removing these important contacts 

alters CLR trafficking and expression, binding affinity and cAMP signalling of Amy and CGRP, 

supporting a potential allosteric modulator role of RAMPs via interaction with TM6 (Barwell et al., 

2011, Harikumar et al., 2009, Udawela et al., 2006a, Udawela et al., 2006b). It would therefore be 
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crucial to assess the role of ECL3 on rAmy, hαCGRP and CT peptide function when the CTR is in the 

presence of RAMPs. 

5.4.3 Summary 

Ala scanning of ECL3 has revealed the crucial role played by this receptor domain in both ligand 

binding and in the activation of intracellular signalling pathways. We have observed similar key residue 

network, but distinct patterns, involved in binding affinity and cAMP formation. Additionally, some 

interesting similarities observed in the key networks involved in both IP1 and pERK1/2 further support 

to the hypothesis presented in Chapter 4 about a potential link between these two pathways. 

To further explore the molecular bases of biased agonism at the CTR, we use of different ligands and 

mapped our results onto heat-maps, revealing peptide specific differences. We attributed these 

differences to a combination of sequence differences across peptides, and different ligand binding 

affinities/kinetics that could translate into distinct pose of the peptides and interactions between peptide 

and receptor. Comparison between our results to published studies on other Class B1 GPCRs supports 

the crucial role played by TM6-ELC3-TM7 in ligand binding, receptor activation and intracellular 

signalling, while highlighting also some peculiar differences across receptors. 
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Figure 5.32 3D model showing proximity between sCT N-terminus and the top of the TM bundle of hCTR. Ribbon 

representation of the (A) top view and (B) side view of the TM bundle of the sCT-CTR complex (described in Figure 5.1). 

Ligand is shown in burgundy, while receptor is in green. Regions highlighted in green represent residues investigated in 

Chapter 4 and 5. Residues F356, F359, K370 and D373 (of CTR), and C1, L4, C7, K11, E15 (of the sCT) that in this model 

are in close proximity were shown with sticks.  
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Figure 5.33 conserved Proline residues of TM6 of Calcitonin-like receptors. Ribbon representation of the top view of the 

TM bundle of the sCT-CTR complex model (described in Figure 5.1). Residues in ECL3 mutated in this study (and also those 

in ECL2 described in Chapter 4) were highlighted in green. Conserved Pro residues of TM6 of calcitonin-like receptors and 

N-terminus loop characteristic of the calcitonin-like ligands are shown with sticks. 
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Figure 5.34 Hydrophobic stacking interactions between TM6 and TM7. (A) Side view and (B) top view of the TM bundle of 

the sCT-CTR complex model, represented as ribbon. Residues in ECL3 mutated in this study were highlighted in green. 

Residues important for packing of TM6 and TM7 were represented by sticks and space fill.  
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CHAPTER 6 

General discussion and future directions 
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GPCRs are integral membrane proteins that can be found in all organs and tissues (Bjarnadottir et al., 

2006, Fredriksson et al., 2003, Takeda et al., 2002, Venter et al., 2001). They recognise a wide variety 

of stimuli and are involved in almost all physiological functions, making them appealing therapeutic 

targets (Lagerstrom and Schioth, 2008, Rask-Andersen et al., 2014, Overington et al., 2006, Tyndall 

and Sandilya, 2005). Additionally, a number of these receptors have been shown to control multiple 

physiological outcomes via pleiotropic coupling (Bologna et al., 2017, Rajagopal et al., 2010).  As a 

result, indiscriminate targeting can lead to on-target side effects. One example is the adenosine 1A 

receptor (A1AR), a potential candidate target for cardio-protection after ischemia-reperfusion, for which 

drug development has been severely limited due to on-target adverse bradycardia (Mustafa et al., 2009, 

Valant et al., 2014). 

Recently, the functional characterisation of many GPCRs has highlighted the phenomenon of biased 

agonism (Kenakin, 2011, Kenakin and Christopoulos, 2013) (Figure 1.5). Biased agonism is the ligand-

dependent stabilisation of distinct ensembles of receptor conformations, which in turn differentially 

modulates coupling to distinct effectors (Kim et al., 2013, Furness et al., 2016). Conceptually then, it 

should be possible to design a biased agonist which would have the potential to differentially modulate 

signalling pathways and selectively trigger therapeutically beneficial pathways without triggering on-

target side effects. However, to rationally design biased compounds, it is fundamental to understand the 

mechanism that gives rise to different signalling downstream of a particular GPCR, as well as identify 

which pathway activation profile leads to beneficial effects and which to adverse ones. 

In this context, information available on Class B1 GPCRs, and in particular, CTR is limited. CTR is 

involved in bone remodelling and calcium metabolism (Fujikawa et al., 1996b, Nicholson et al., 1986, 

Kallio et al., 1972, Selander et al., 1996, Sexton et al., 1987, Marx et al., 1972, Carney, 1996, Cornish 

et al., 2001, Quinn et al., 1998, Fujikawa et al., 1996a, Wookey et al., 2010, Marx et al., 1974, Perry III 

et al., 1983), regulation of food intake (Eiden et al., 2002, Bello et al., 2010), central and peripheral 

analgesic functions (Hilton et al., 1995, Liberini et al., 2016, Fabbri et al., 1985, Bower et al., 2016, 

Shah et al., 1990, Rohner and Planche, 1985, Laurian et al., 1986) and is implicated in tumour 

proliferation (Lacroix et al., 1998, Nakamura et al., 2007, Sabbisetti et al., 2005, Thomas and Shah, 
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2005, Thomas et al., 2006, Thomas et al., 2007). Only a few of the known ligands of the human CTR 

have been pharmacologically profiled (Hilton et al., 2000, Furness et al., 2016), with limited profiling 

of signalling pathways for these ligands (Kuestner et al., 1994, Wolfe et al., 2003, Moore et al., 1995, 

Chabre et al., 1992, Raggatt et al., 2000, Thomas and Shah, 2005). Therefore, although there is potential 

for biased agonism at the CTR, this has not been well defined. To add further complexity, the CTR is 

commonly expressed in humans in at least two splice variants (Gorn et al., 1992, Kuestner et al., 1994), 

along with two common (non-synonymous) polymorphisms (Egerton et al., 1995, Gorn et al., 1995). 

These structural differences are localised at the intracellular portion of the CTR, and can impact on how 

the receptor engages and activates intracellular effectors; ultimately resulting in changed receptor 

function (Kuestner et al., 1994, Moore et al., 1995). Additionally, the CTR can also form complexes 

with RAMPs, accessory proteins that allosterically modulate CTR (and several other GPCRs) function 

(Routledge et al., 2017). 

This thesis aimed to: (i) compare the effect of receptor variants on CTR function, and to specifically 

identify whether naturally occurring structural differences of the intracellular portion of the receptor 

have an effect on either ligand binding or intracellular signalling. (ii) Investigate whether biased 

agonism at the CTR could be identified, by performing an extended pharmacological characterisation 

of different CTR agonists. (iii) Once identified, to understand the mechanistic bases that drive biased 

agonism, by performing an Ala scanning mutagenesis study of the juxta membrane vestibule of the TM 

bundle. 

6.1 Characterisation of the effect of hCTR variants on receptor 

function 

In humans, alternative splicing of the calcitonin receptor transcript produces multiple variants of the 

CTR (Gorn et al., 1992, Kuestner et al., 1994). The two most common splice variants, hCTRb and 

hCTRa, exhibit tissue specific expression and differ from one another by a 48 nucleotide insert encoding 

an additional 16 amino acids in ICL1 (Gorn et al., 1992, Kuestner et al., 1994). In whole cell binding 

assays this change to the intracellular portion of the CTR did not affect the affinity of any of the CT 
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peptides assessed. Consistent with well established knowledge, I observed that  hCTR activation 

promotes increased intracellular cAMP (Chabre et al., 1992, Raggatt et al., 2000, Nicholson et al., 1986, 

Kuestner et al., 1994, Moore et al., 1995, Gorn et al., 1995, Wolfe et al., 2003, Findlay et al., 1980, 

Gorn et al., 1992, Frendo et al., 1994) and ERK1/2 phosphorylation (Raggatt et al., 2000, Thomas and 

Shah, 2005), while only hCTRa splice, but not hCTRb, triggered a rapid intracellular Ca2+ mobilisation 

(Chabre et al., 1992, Kuestner et al., 1994, Moore et al., 1995). In Chapter 3, I have discussed the 

importance of ICLs for interaction with G proteins (Kleinau et al., 2010, Bavec et al., 2003, Iida-Klein 

et al., 1997, Cypess et al., 1999, Garcia et al., 2012), and hypothesised that the 16 amino acid insertion 

in ICL1 could modulate coupling efficiency of the effector to the different CTR variants. I observed 

that the hCTRa variant exhibited more efficacious coupling to all endpoints compared with hCTRb, 

whereas ligand potency at hCTRb was much closer to ligand affinity. This reduced coupling efficacy 

correlates well with observations from recently solved Cryo-EM sCT-hCTRaLeu-Gαs heterotrimer 

complex showing that ICL1 sits above both the β subunit and the N-terminal α-helical domain of the 

Gαs subunit (Liang et al., 2017); thus the additional insert in hCTRb is likely to interfere with effector 

coupling. This would be consistent with a loss of Gαq coupling, and is supported by my preliminary 

data demonstrating a Gαq-component of the iCa2+ response (Figure S1, Appendix 1 and Section 3.2.3). 

I have also discussed that the observed pERK1/2 response is likely to be a convergent point of muliple 

signalling pathways. This is supported by Morfis et al. (2008) and Thomas and Shah (2005), who have 

shown that pERK1/2 is downstream of PLC, PKC and Akt phosphorylation. Although we have yet to 

investigate Akt contribution to pERK1/2 in our COS-7 cells, singalling data from Chapter 3, and heat-

maps of Chapters 4 and 5 (showing a similar pattern of residues important for activation of both IP1 and 

pERK1/2) (Figure 6.1) support a Gαq-contribution to the pERK1/2 signalling.   

Despite limited evidence linking the different signalling pathways controlled by the CTR to 

physiological function, in Section 3.3.7 I have discussed that PKA (downstream of cAMP formation) 

is involved in cytoskeletal remodelling, changes in cellular metabolism and re-localisation of membrane 

transporters and Ca2+-dependent pathways (upstream of PKC) (Morfis et al., 2008) are involved in 

regulating lysozyme acidification, cell shape and motility (Li et al., 2006, Suzuki et al., 1996, Li et al., 
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2008). Downregulation of CTR is downstream of PKA activation (Takahashi et al., 1995, Wada et al., 

1996, Wada et al., 1995), while PKC activation blocks bone remodelling (Yamamoto et al., 2005b, 

Sørensen et al., 2010). Understanding of how the different splice variants control these pathways and 

how it is linked to the different tissue expression of the two splice variants will help in understanding 

the physiological function of CTR. 

 

Agonist induced internalisation is a common phenomenon for many GPCRs (Ferguson, 2001) and it is 

known that chronic administration of CT agonists induces CTR downregulation (Takahashi et al., 1995, 

Wada et al., 1996, Wada et al., 1995). In this study, in both COS-7 cells and human derived osteoclasts, 

both splice variants of the hCTR were shown to constitutively internalise. Internalisation of both hCTRa 

and hCTRb has been shown in different physiological and recombinant cell systems in presence of 

radioligand (Findlay et al., 1982, Lamp et al., 1981, Wada et al., 1995, Findlay et al., 1980, Michelangeli 

et al., 1982). The rapid internalisation of CTR I observed may have gone un-noticed in other studies, 

however, in contrast to our results, (Moore et al., 1995) did report that in BHK the hCTRb splice variant 

did not internalise. It is possible that this discrepancy in CTR trafficking could be cell background 

dependent. It is also possible that the two splice variants internalise at different rates (either speed or 

amount of receptor internalised vs receptor retained at the cell surface), an aspect of CTR trafficking 

that has not been assessed. In different human tissues the relative expression of the hCTRb transcript 

differs markedly when compared to the hCTRa variant (Kuestner et al., 1994, Frendo et al., 1994, Gorn 

et al., 1995, Gorn et al., 1992). Differential internalisation of these 2 variants could be a mechanism that 

preserves receptor at the cell surface in presence of chronic stimulation to provide a minimum CTR 

reserve at the cell surface (to respond to new stimuli). This would be interesting physiologically, as the 

hCTRa transcript is widely expressed whereas the hCTRb transcript is only present in a subset of 

overlapping tissues. 

I also obsered that internalisation of the hCTR is ligand-independent. Similarly, (Seck et al., 2003) 

reported that, in HEK293 cells, rabbit CTR also constitutively internalises in a filamin dependent 

manner, with a mixture of degradation and recycling of the internalised receptor.  In this case, agonist 
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stimulation was seen to protect internalised CTR from degradation while increasing receptor recycling. 

Although I was not able to detect ligand-induced changes in CTR internalisation,  the observed rapid 

trafficking could be a mechanism for delivering the receptor to intracellular compartments enabling 

continueed CTR-dependent signalling, a phoenomenon observed for other GPCRs (Calebiro et al., 

2010). We have yet to explore the whether the underlying mechanism for human CTR internalisation 

is the same as observed in HEK293 cells for the rabbit receptor and currently have no data to address 

intracellular signalling, which will be interesting to pursue in future studies. 

Another family of potential intracellular effectors that can contribute to pERK1/2 signalling and 

receptor trafficking comprise the β-arrestins. To date only one study, conducted in U2OS cells, has 

shown that CT ligand addition promotes β-arrestin recruitment  (Andreassen et al., 2014). In contrast, I 

was not able to detect any ligand-dependent β-arrestin recruitment or re-localisation for any of the CTR 

splice variants assessed by several methods in the COS-7 cells background, and this may be related to 

modification of the CTR C-terminal tail used in the former study. 

 

I also investigated the effect that a common, non-synonymous, single-nucleotide polymorphism (SNP, 

SNP ID: rs1801197), at the 3’ end of the coding region (residues 447 in the hCTRa splice variant), has 

on receptor function. This C/T polymorphism encodes either a Pro (completely conserved across species 

where CTR have been identified) or a Leu (identified only in humans thus far) in the C-terminal tail of 

the receptor (Egerton et al., 1995, Gorn et al., 1995). Interestingly, the Pro polymorphism is the 

predominant variant present in the Asian population (Nakamura et al., 1996), while Caucasians, 

Hispanics and African-Americans are either Leu homozygous or Leu/Pro heterozygous (Wolfe et al., 

2003). SNPs can be associated with increased risk of developing disease (Balasubramanian et al., 2005, 

Braga et al., 2002, Masi et al., 1998b, Dehghan et al., 2016), and although no strong correlation has 

been found thus far (based on low power clinical meta-analysis), the extremely common polymorphism 

has been correlated with increased incidence of development of osteoporosis and kidney stone diseases 

(Masi et al., 1998a, Braga et al., 2002, Masi et al., 1998b, Mitra et al., 2017).  

https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=1801197
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I could not measure any statistical difference attributable to this polymorphism in affinity or cAMP 

potency for hCT, sCT or pCT peptides. I also investigated the effect of this polymorphism on iCa2+ 

signalling and pERK1/2, downstream of CTR activation. In Section 3.2.3.4 bias plots support that this 

single amino acid substitution in the C-terminal terminus of hCTR can lead to peptide-dependent 

changes in cellular response. Specifically, the Pro polymorphism favours iCa2+/pERK1/2 responses over 

cAMP signalling when compared to the Leu variant. Although my results have yet to be extended to a 

more physiologically relevant system, my data suggest that the common P447L polymorphism could 

predispose a cohort of patient toward a pathology and/or change the response of a cohort of patients to 

different therapeutics. 

6.2 Identification of potential biased agonists of the hCTR 

The CTR exhibits promiscuous coupling, however biased agonism has yet to be explored. As a tool to 

understand biased signalling at the CTR I used CT peptides from different species, which are 

characterised by a partially conserved N-terminus with different mid-regions and C-terminus. 

Comparison of pharmacological response across CT agonists confirmed consolidated knowledge that 

hCT, pCT, cCT and sCT have distinct affinities for the CTR (Section 3.2.2) (Hilton et al., 2000, Wolfe 

et al., 2003), which is reflected in their binding kinetics (Furness et al., 2016). 

Representation of my functional characterisation in bias plots (Section 3.2.3.4) revealed a similar 

functional profile of hCT and sCT, which are marketed therapeutics. Interestingly, my characterisation 

revealed that pCT is a potential biased agonist of the CTR, with a profile that tends away from cAMP 

signalling and towards iCa2+ and pERK1/2 response when compared to the reference ligand hCT (Figure 

3.7-9). cCT also has a distinct response pattern that differs from the reference (hCT) peptide. This is 

especially true at the hCTRb polymorphic variants, where the cCT signalling profile was biased towards 

cAMP and away from pERK1/2 pathways at the Pro polymorphic variant, whereas it was biased 

towards pERK1/2 at the Leu variant. 

The pharmacological characterisation also included PHM-27, an endogenous peptide structurally 

unrelated to CT peptides, reported to be a full agonist of the CTR in HEK293 (Ma et al., 2004). In the 

stable COS-7 cells, this peptide was a weak partial agonist at all variants of the hCTR. In Section 3.3.5, 
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we have attributed these discrepancies between our findings and published data to differences in cell 

background or to presence/absence of RAMPs (discussed in Section 6.5), accessory proteins that 

modify the CTR (and other GPCRs) function (Archbold et al., 2011).  

6.3 Understanding the mechanistic basis of hCTR function 

To understand molecular mechanism of CTR activation and explore how different ligands promote the 

biased agonism identified in Chapter 3, alanine scanning mutagenesis was performed on ECL2 (Chapter 

4) and ECL3 (Chapter 5) and adjacent TMs. Binding affinity and signalling characterisation was 

performed on these mutants on the hCTRaLeu receptor variant in presence of hCT, sCT and pCT 

peptides. Figure 6.1 shows the combined the data from Chapters 4 and 5 mapped onto our sCT-CTR 

model.  

 

My results revealed that distinct portions of ECL2 and ECL3 are differentially engaged, by CT peptides 

from different species, for binding and intracellular signalling. Specifically, the TM3-TM4 interface 

and adjacent residues in ECL2, and the distal part of TM5 in close proximity to TM6 are important for 

hCT peptide binding (Figure 6.1 A). Interestingly, comparison of my results with a similar study on GLP-

1R revealed that, analogous to CTR, ECL2 and ECL3 are both important for GLP-1 binding to GLP-

1R (Wootten et al., 2016, Koole et al., 2012b, Wootten et al., 2015), suggesting that ligand binding at 

Class B1 occurs across overlapping regions of the receptor. Additionally, the importance of TM5 and 

TM6 in ligand binding and receptor activation is supported by comparison of available active/inactive 

structures Class B1. These show that an outward movement of the top of these two TMs is required for 

the access of the ligand to the binding groove (Zhang et al., 2017b, Liang et al., 2017, Rasmussen et al., 

2011b). Additional residues within ECL3 of CTR are required for IP1 and pERK1/2 signalling (Figure 

6.1 C and D). Conversely, ECL2 plays little role in the activation of cAMP signalling pathways, where 

ECL3 is crucial (Figure 6.1 B). The comparison of my results with GLP-1R showed some interesting 

differences (Wootten et al., 2016); in cAMP formation, GLP-1R stimulated by GLP-1(7-36)NH2 

required more involvement of ECL2 and less of ECL3. In ERK1/2 phosphorylation, ECL3 is the main 

driver of GLP-1R response, while ECL2 shows limitedly involvement, which is quite different from 
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CTR where both ECLs are important in activation of this pathway. On the other hand, iCa2+ mobilisation 

(which, like IP1, is downstream of Gαq activation) requires a similar network of residues in both ECL2 

and ECL3. This would suggest that despite the similar overall organisation of Class B1 receptors and a 

number of key conserved residues, the ligands of this receptor class engage with their receptors in a 

distinct manner to promote the activation of analogous signalling pathways. 

 

Interestingly, the analysis of bias plots (Chapter 3) comparing iCa2+ (or cAMP) and pERK1/2 pathways 

for the different CTR variants, in particular the hCTRb, suggested that the Gαq coupling to hCTR could 

be one of the main drivers for the pERK1/2 signalling. This is supported by the observation that the 

network of residues involved in IP1 and pERK1/2 signalling closely resemble each other (Chapter 4 and 

5). 

In Chapters 3, 4 and 5 I also hypothesised that activation of pERK1/2 could be convergent from 

signalling pathways beyond cAMP, iCa2+ and IP1. Although I was not able to detect β-arrestin 

recruitment upon CTR activation in COS-7 cells, I cannot exclude that CTR could recruit these, or 

other, effectors in CV-1 cells (not yet assessed), which may contribute to the pERK1/2 response. For 

instance, CLR, the most closely related receptor to CTR, and also activated by αCGRP and Amy, when 

complexed with RAMPs, can recruit Gαi proteins in HEK293 (Weston et al., 2016). My data indicates 

that, in COS-7 cells, this is not the case for CTR (Figure S1 Appendix 1), however, this also needs to be 

assessed in CV-1 cells to determine if the same pattern of response is maintained across these distinct 

cell backgrounds. 

Figure 6.1 shows that mutations in ECL2 and ECL3 had limited effect of cAMP formation induced by 

sCT, while the same mutations altered hCT and pCT efficacies. This indicates that other regions of the 

receptor vestibule, yet to be investigated (e.g. ECL1, the TM1/NTD, and deep binding pocket), contain 

the most important residues for the activation of this signalling pathway. Support for the involvement 

of these other receptor domains in cAMP response was observed for GLP-1R, where residues at the top 

of TM2 were important for GLP-1 binding and cAMP, iCa2+ and pERK1/2 signalling efficacy (Yang et 

al., 2016, Wootten et al., 2016). 



 222   

 

6.4 Understanding the mechanistic basis of biased agonism of CT 

peptides at the hCTR 

In Chapter 3 I identified that pCT is a biased agonist of the hCTR (towards iCa2+ and pERK1/2, and 

away from cAMP) when compared to hCT and sCT. Data presented in Chapter 4 highlighted that sCT 

and hCT engage similar networks for IP1 formation and pERK1/2 phosphorylation (Figure 6.1), whereas 

pCT engaged less with ECL2 in IP1 formation while still using a similar affinity, cAMP and pERK1/2 

network to that utilised by hCT. This suggests that (i) ECL3 is the main driver for activation of these 

signalling pathways, while ECL2 has a more subtle involvement in signalling, and (ii) biased signalling 

relies on differential peptide engagement with the receptor. 

To explain the distinct profiles of these three peptides I extend the accepted two-domain model of 

activation of Class B1 GPCRs. This model postulates that C-terminus of the peptide initially interacts 

with the NTD of the receptor; these interactions and interactions with the mid-region of the peptide 

orientate the N-terminus of the ligand towards the TM bundle, leading to receptor activation (Hoare, 

2005, Hollenstein et al., 2014). Changes in the peptide structure could therefore affect peptide 

interaction and receptor activation. Hilton et al. (2000) and Furness et al. (2016)   highlight that the mid-

region of the CT peptides is responsible for a proportion of the distinct binding kinetics and affinity of 

sCT and hCT. Table 1.1 and 4.1 shows that the C-terminus and mid-region of pCT (13-16), although not 

completely conserved, are more closely related to hCT than sCT. Because this mid-region is important 

for affinity of the peptide , it is not surprising that the affinity of pCT is higher than hCT but lower than 

sCT, and predicts that pCT has an off-rate potentially slower than hCT, without being a pseudo-

irreversible ligand (like sCT). 

In this two-domain binding model, the interaction of the mid-region of the peptide with the TM1-TM3-

TM4 interface aids in correctly positioning the N-terminus of the peptide within the binding groove. 

Structural changes in this region between CT peptides may translate to subtle differences in the pose of 

the N-terminus of the bound peptide. Residues 11-13 of pCT are partially conserved with hCT, and 

therefore pCT may have more similar properties to hCT versus sCT. This is supported by results shown 
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in Figure 6.1, where key networks for hCT and pCT are more similar to each other than to sCT. Of note, 

residue 10 of the pCT peptide is a Ser, whereas it is a Gly in hCT, sCT and cCT. Our model shows that 

S/G10 is oriented towards W290 and the deep binding pocket (Figure 4.33). This suggests that the N-

terminal proximal residues of the pCT ligand adopt a slightly different pose in the TM binding groove, 

leading to distinct interactions with the receptor. This may explain the different involvement of ECL2 

in the IP1 signalling pathway and potentially correlates to the differences in signalling bias observed in 

Chapter 3 between pCT and hCT. 

I have also previously discussed the importance of the peptide N-terminus for receptor activation and 

recruitment/activation of intracellular effectors (Hilton et al., 2000, Furness et al., 2016). Although the 

N-termini of the CTR peptides is highly conserved, I speculated, in Chapter 3, that subtle changes within 

N-terminus of the peptides (i.e. residues 2 and 3 differs between cCT and all the other CT ligands) may 

result in distinct activation of intracellular effectors. In this case, if would be interesting to use cCT in 

our mutagenesis study to identify whether the unique signalling profile of cCT described in Chapter 3 

is reflected in different engagement of the peptide with the receptor involving these far N-terminal 

residues. 

 

6.5 Understanding the role of RAMPs on CTR function 

CTR can also be activated by peptides other than CTs, such as amylin (Amy) and calcitonin-like gene 

peptide (CGRP). Amy is involved in glucose homeostasis and food intake (Amy) (Reda et al., 2002), 

whereas CGRP modulates vascular tone (Russell et al., 2014). Despite low sequence homology with 

the CT peptides, Amy and CGRP conserve the characteristic disulphide bond at the N-terminus 

(between Cys 2 and 7) (Table 4.1). 

Amy and CGRP have low affinity and low potency for the CTR alone. However, when the CTR is co-

expressed with receptor activity modifying proteins (RAMPs), it forms heterocomplexes with RAMPs 

with distinct pharmacology (Section 1.4.6) (Routledge et al., 2017, Poyner et al., 2002). Specifically, 

CTR-RAMP1 complexes have high affinity and signalling potency for CGRP and Amy, whereas 
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complex between CTR and with any one of the three RAMPs forms high affinity and efficacy receptors 

for Amy (AMY receptors) (Tilakaratne et al., 2000, Hay et al., 2005, Morfis et al., 2008). 

Limited evidence, principally from mutagenesis studies, suggest that RAMPs allosterically modulate 

CTR function (Gingell et al., 2016, Lee et al., 2016b, Udawela et al., 2006b, Udawela et al., 2006a). In 

the absence of a CGRP-bound (or Amy-bound) full-length CTR/RAMP structure, I investigated how 

Amy and CGRP peptides engage with CTR to promote cell signalling. Therefore, In Chapters 4 and 5, 

ECL2 and ECL3 Ala mutants of the CTR were also assessed in presence of rAmy or hαCGRP, while 

future studies will assess these same CTR constructs when co-expressed with RAMPs. Although still 

underway, this project will expand the knowledge on the role of RAMPs in modulating CTR function. 

 

Consistent with published data, Amy and CGRP have low affinity for of CTR alone; indeed 1 μM of 

these peptides could not specifically compete the radioligand 125I-sCT(8-32). The lack of RAMPs also 

reduced efficacy of these two agonists in all the signalling pathways assessed, with only cAMP and 

pERK1/2 giving a robust detectable response. However, functional affinities derived from cAMP 

accumulation studies (ΔpKA) (Figures 4.14 and 5.14) showed distinct trends in the effect of mutations on 

affinity between rAmy and hαCGRP, suggesting that the two peptides could interact with the binding 

groove in a distinct manner from the CT peptides. Interestingly, my ΔpKA data suggests that the TM5 

and TM6 of the CTR are important for binding of both peptides. Therefore, based on our CTR model, 

and consistent with published evidence (Barwell et al., 2011, Barwell et al., 2012, Woolley et al., 2013, 

Hay et al., 2014), I hypothesise that, similar to the CT peptides, the N-terminus of rAmy and hαCGRP 

is in close proximity of this region of the CTR. 

Figure 6.2 A shows heat-maps of residues important for cAMP signalling efficacy of rAmy/hαCGRP. 

When comparing these maps to those for CT peptides (Figure 6.1 B), this data reveals that CGRP engages 

with a pattern of residues resembling those involved in the efficacy of hCT and pCT, however, with 

opposing effect. With respect to rAmy, these mutants had cAMP efficacy effects more similar to sCT 

than any of the other ligands. I therefore hypothesise that, in the absence of RAMPs, Amy and hαCGRP 
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adopt distinct unique poses within the binding groove, which in turn affects their ability to activate 

CTR. 

Interestingly, the residues important for the activation of the pERK1/2 pathway are largely conserved 

across all peptides (CTs, rAmy and hαCGRP) (Figure 6.1 D and Figure 6.2 B). I discussed that, based on 

our results, pERK1/2 may be downstream of Gαq activation. The IP1 signal was below the limit for 

detection for rAmy and hαCGRP, however this does not preclude the possibility that Gαq is upstream 

of pERK1/2 for these peptides. Similarly, I can’t exclude that the pERK1/2 response is triggered by the 

activation of other effectors not yet assessed. Therefore, further work is required to dissect this pathway. 

Analysis of signalling from CTR mutants co-expressed with RAMPs, will inform our understanding of 

how RAMPs modulate the interaction between CTR and rAmy/hαCGRP peptides that leads to binding 

and activation. There is initial evidence from a mutagenesis study on the NTD of the full-length CTR 

suggesting that RAMPs cause hCT, Amy and CGRP to establish different interactions with the NTD 

(Gingell et al., 2016). Additionally, RAMPs have been shown to allosterically modulate the activation 

of intracellular effectors (Udawela et al., 2006b, Udawela et al., 2006a). However, it is still unclear 

whether RAMPs convey their function by changing the orientation of the peptide within the binding 

pocket, by allosterically changing the structure of the binding pocket, or by allosterically influencing 

the interactions that transmit the activation of the receptor from the binding groove to the intracellular 

face of the receptor. Further experiments that probe the deep peptide binding pocket and the conserved 

polar networks within the TM bundle that are important for GCPRs activation (Wootten et al., 2013) 

will also need to be explored to understand how RAMPs alter receptor function. 

 

6.6 Final remarks 

In this study I have confirmed that receptor splicing plays a crucial role in CTR function, and also 

revealed that a common natural polymorphism of the CTR has the potential to change the signalling 

profiles of the CTR and thus, potentially effect physiological function. If confirmed, this aspect of CTR 

function may have to be considered in the establishment of therapeutic regimens for different patients. 
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The use of different agonists, some of which were revealed to be biased agonists, has started to unravel 

the mechanistic basis of how peptide ligands control CTR function. This thesis has shown that (i) the 

different CTR-effector coupling pathways are controlled by distinct portions of the receptor, and that 

(ii) different ligands can distinctly activate the CTR through a combination of unique interactions, 

potentially dictated by both kinetics of binding and/or poses within the binding groove of the receptor. 

(iii) Although in its early stages, this data will also help in understanding the role of RAMPs in CTR 

function. 

This knowledge is extremely important in the development of new therapeutics, as it is may eventually 

allow the design of novel biased therapeutics that target specific receptor functions.  
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Figure 6.1 Heat-map 3D representation of ECL2 and ECL3 of the hCTR and the effect of alanine substitution on CT 

peptide affinity and intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex with 

sCT (Liang et al., 2017) into which the three ECLs were modelled). Residues 1-136 and 200-217 (that would partially cover 

ECL2) are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus (residues 1-7) is represented by 

space fill, residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus (residues 17-32) of the ligand is 

hidden. Residues that produced significant changes in binding affinity or signalling efficacy were coloured following the colour 

scheme for fold effect of from WT. 

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 
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Figure 6.2 Heat-map 3D representation of ECL2 and ECL3 of the hCTR and the effect of alanine substitution on rAmy 

and hαCGRP intracellular signalling. Active model based on the active Cryo-EM structure of CTR in complex with sCT 

(Liang et al., 2017) into which the three ECLs were modelled). Residues 1-136 and 200-217 (that would partially cover ECL2) 

are hidden. The model shows sCT ligand (in burgundy) where the cyclic N-terminus (residues 1-7) is represented by space fill, 

residues 8-16 are tightly structured in an α-helix (ribbon), while the C-terminus (residues 17-32) of the ligand is hidden. 

Residues that produced significant changes in binding affinity or signalling efficacy were coloured following the colour scheme 

for fold effect of from WT.  

Reduced function 

      2-4.9 fold 

      5-10 fold 

      10-30 fold 

      N.D. 

Enhanced function 

      2-4.9 fold 

      >5 fold 

 

      Not-significant 
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Figure S1: Effect of UBO and PTX on intracellular Ca2+ signalling triggered by sCT at the hCTRaLeu variant. Cells were 

incubated for 30 minutes with either vehicle or (A) 100 nM of UBO-QIC (also known as FR900359), a Gαq/11/14 inhibitor 

(Schrage et al., 2015) or (B) 100 ng/ml of PTX. Cells were stimulated with saturating (0.1 μM) or pEC50 (3 nM) concentration 

of sCT and iCa2+ mobilisation data was calculated at the peak of response. Data were analysed by non-linear regression using 

a three-parameter logistic equation. All values are (A) mean+S.D. of 1 experiments conducted in duplicate or (B) 

mean+S.E.M. of 3 experiments conducted in duplicate. Experiments using to PTX (B) were conducted by Dr. Caroline Hick.  
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ATGAGGTTCACATTTACAAGCCGGTGCTTGGCACTGTTTCTTCTTCTAAATCACCCAACCCCAATTCT

GCCTGAGCAGAAGCTTATCAGCGAGGAGGACCTGGCCTTTTCAAATCAAACCTATCCAACAATAGAGC

CCAAGCCATTTCTTTACGTCGTAGGACGAAAGAAGATGATGGATGCACAGTACAAATGCTATGACCGA

ATGCAGCAGTTACCCGCATACCAAGGAGAAGGTCCATATTGCAATCGCACCTGGGATGGATGGCTGTG

CTGGGATGACACACCGGCTGGAGTATTGTCCTATCAGTTCTGCCCAGATTATTTTCCGGATTTTGATC

CATCAGAAAAGGTTACAAAATACTGTGATGAAAAAGGTGTTTGGTTTAAACATCCTGAAAACAATCGA

ACCTGGTCCAACTATACTATGTGCAATGCTTTCACTCCTGAGAAACTGAAGAATGCATATGTTCTGTA

CTATTTGGCTATTGTGGGTCATTCTTTGTCAATTTTCACCCTAGTGATTTCCCTGGGGATTTTCGTGT

TTTTCAGGAGCCTTGGCTGCCAAAGGGTAACCCTGCACAAGAACATGTTTCTTACTTACATTCTGAAT

TCTATGATTATCATCATCCACCTGGTTGAAGTAGTACCCAATGGAGAGCTCGTGCGAAGGGACCCGGT

GAGCTGCAAGATTTTGCATTTTTTCCACCAGTACATGATGGCCTGCAACTATTTCTGGATGCTCTGTG

AAGGGATCTATCTTCATACACTCATTGTCGTGGCTGTGTTTACTGAGAAGCAACGCTTGCGGTGGTAT

TATCTCTTGGGCTGGGGGTTCCCGCTGGTGCCAACCACTATCCATGCTATTACCAGGGCCGTGTACTT

CAATGACAACTGCTGGCTGAGTGTGGAAACCCATTTGCTTTACATAATCCATGGACCTGTCATGGCGG

CACTTGTGGTCAATTTCTTCTTTTTGCTCAACATTGTCCGGGTGCTTGTGACCAAAATGAGGGAAACC

CATGAGGCGGAATCCCACATGTACCTGAAGGCTGTGAAGGCCACCATGATCCTTGTGCCCCTGCTGGG

AATCCAGTTTGTCGTCTTTCCCTGGAGACCTTCCAACAAGATGCTTGGGAAGATATATGATTACGTGA

TGCACTCTCTGATTCATTTCCAGGGCTTCTTTGTTGCGACCATCTACTGCTTCTGCAACAATGAGGTC

CAAACCACCGTGAAGCGCCAATGGGCCCAATTCAAAATTCAGTGGAACCAGCGTTGGGGGAGGCGCCC

CTCCAACCGCTCTGCTCGCGCTGCAGCCGCTGCTGCGGAGGCTGGCGACATCCCAATTTACATCTGCC

ATCAGGAGCTGAGGAATGAACCAGCCAACAACCAAGGCGAGGAGAGTGCTGAGATCATCCCTTTGAAT

ATCATAGAGCAAGAGTCATCTGCTTGA 

Table S1 CALCR gene. DNA sequence hCTRaLeu variant. Highlighted in green the signalling peptide of the CALCR gene, in 

yellow the cMyc tag, in blue and red the residues of ECL2 and ECL3, respectively, Ala-substituted to and reported in Chapter 

4 and 5. 

MRFTFTSRCLALFLLLNHPTPILPEQKLISEEDLAFSNQTYPTIEPKPFLYVVGRKKMMDAQYKCYDR

MQQLPAYQGEGPYCNRTWDGWLCWDDTPAGVLSYQFCPDYFPDFDPSEKVTKYCDEKGVWFKHPENNR

TWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFTLVISLGIFVFFRSLGCQRVTLHKNMFLTYILN

SMIIIIHLVEVVPNGELVRRDPVSCKILHFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEKQRLRWY

YLLGWGFPLVPTTIHAITRAVYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRET

HEAESHMYLKAVKATMILVPLLGIQFVVFPWRPSNKMLGKIYDYVMHSLIHFQGFFVATIYCFCNNEV

QTTVKRQWAQFKIQWNQRWGRRPSNRSARAAAAAAEAGDIPIYICHQELRNEPANNQGEESAEIIPLN

IIEQESSA 

Table S2 Amino acid sequence of the hCTRaLeu variant. Similar to Table S1, residues of the receptor were highlighted as 

follows: in green the signalling peptide of the CTR that is cleaved during post translational modifications, in yellow the cMyc 

tag, in blue and red the residues of ECL2 and ECL3, respectively, Ala-substituted to and reported in Chapter 4 and 5. 

 

Sequencing primer Nucleotide sequences 

pENTR11 forward AGGCTTCGAAGGAGATAGAACC 

pENTR11 reverse GTGCAATGTAACATCAGAGATTTTGAG 

BGH CAACTAGAAGGCACAGTCGAGGCTGAT 

T7 TAATACGACTCACTATAGGG 

Table S3 Sequencing primers nucleotide sequence. As part of the study presented in Chapter 4 and 5, primers were used to 

confirm the introduction of single Ala substitutions in CALCR gene sequence (reported in Table S1).  
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Residue Nucleotide sequences 

Extracellular loop 2 (ECL2) 

I279A 
S : CAACCACTATCCATGCTGCTACCAGGGCCGTGTAC 

AS: GTACACGGCCCTGGTAGCAGCATGGATAGTGGTTG 

T280A 
S : CTATCCATGCTATTGCCAGGGCCGTGTAC 

AS: GTACACGGCCCTGGCAATAGCATGGATAG 

R281A 
S : CTATCCATGCTATTACCGCGGCCGTGTACTTCAATG 

AS: CATTGAAGTACACGGCCGCGGTAATAGCATGGATAG 

V283A 
S : CTATTACCAGGGCCGCGTACTTCAATGACAAC 

AS: GTTGTCATTGAAGTACGCGGCCCTGGTAATAG 

Y284A 
S : CTATTACCAGGGCCGTGGCCTTCAATGACAACTGC 

AS: GCAGTTGTCATTGAAGGCCACGGCCCTGGTAATAG 

F285A 
S : CTATTACCAGGGCCGTGTACGCCAATGACAACTGCTGGCTG 

AS: CAGCCAGCAGTTGTCATTGGCGTACACGGCCCTGGTAATAG 

N286A 
S : GGCCGTGTACTTCGCTGACAACTGCTGG 

AS: CCAGCAGTTGTCAGCGAAGTACACGGCC 

D287A 
S : CGTGTACTTCAATGCCAACTGCTGGCTG 

AS: CAGCCAGCAGTTGGCATTGAAGTACACG 

N288A 
S : GTGTACTTCAATGACGCCTGCTGGCTGAGTG 

AS: CACTCAGCCAGCAGGCGTCATTGAAGTACAC 

C289A 
S : GTGTACTTCAATGACAACGCCTGGCTGAGTGTGGAAAC 

AS: GTTTCCACACTCAGCCAGGCGTTGTCATTGAAGTACAC 

W290A 
S : CTTCAATGACAACTGCGCGCTGAGTGTGGAAAC 

AS: GTTTCCACACTCAGCGCGCAGTTGTCATTGAAG 

L291A 
S : CTTCAATGACAACTGCTGGGCGAGTGTGGAAACCCATTTG 

AS: CAAATGGGTTTCCACACTCGCCCAGCAGTTGTCATTGAAG 

S292A 
S : GACAACTGCTGGCTGGCTGTGGAAACCCATTTG 

AS: CAAATGGGTTTCCACAGCCAGCCAGCAGTTGTC 

V293A 
S : GCTGGCTGAGTGCGGAAACCCATTTG 

AS: CAAATGGGTTTCCGCACTCAGCCAGC 

E294A 
S : CTGGCTGAGTGTGGCCACCCATTTGCTTTAC 

AS: GTAAAGCAAATGGGTGGCCACACTCAGCCAG 

T295A 
S : GGCTGAGTGTGGAAGCCCATTTGCTTTAC 

AS: GTAAAGCAAATGGGCTTCCACACTCAGCC 

H296A 
S : GCTGAGTGTGGAAACCGCTTTGCTTTACATAATCC 

AS: GGATTATGTAAAGCAAAGCGGTTTCCACACTCAGC 

L297A 
S : GAGTGTGGAAACCCATGCGCTTTACATAATCCATG 

AS: CATGGATTATGTAAAGCGCATGGGTTTCCACACTC 

L298A 
S : GTGTGGAAACCCATTTGGCCTACATAATCCATGGACC 

AS: GGTCCATGGATTATGTAGGCCAAATGGGTTTCCACAC 

Y299A 
S : GGAAACCCATTTGCTTGCCATAATCCATGGACCTG 

AS: CAGGTCCATGGATTATGGCAAGCAAATGGGTTTCC 

I300A 
S : GAAACCCATTTGCTTTACGCCATCCATGGACCTGTCATG 

AS: CATGACAGGTCCATGGATGGCGTAAAGCAAATGGGTTTC 

Table S4: Primer used to generate CTR constructs containing single Ala substituted residues in ECL2 and adjacent TM4 

and TM5 assessed in Chapter 4.  
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Residue Nucleotide sequences 

Extracellular loop 3 (ECL3) 

F356A 
S : CTGCTGGGAATCCAGGCTGTCGTCTTTCCCTG 

AS: CAGGGAAAGACGACAGCCTGGATTCCCAGCAG 

V357A 
S : GGAATCCAGTTTGCCGTCTTTCCCTGG 

AS: CCAGGGAAAGACGGCAAACTGGATTCC 

V358A 
S : GAATCCAGTTTGTCGCCTTTCCCTGGAGAC 

AS: GTCTCCAGGGAAAGGCGACAAACTGGATTC 

F359A 
S : GAATCCAGTTTGTCGTCGCTCCCTGGAGACCTTCC 

AS: GGAAGGTCTCCAGGGAGCGACGACAAACTGGATTC 

P360A 
S : GTTTGTCGTCTTTGCCTGGAGACCTTCC 

AS: GGAAGGTCTCCAGGCAAAGACGACAAAC 

W361A 
S : GTTTGTCGTCTTTCCCGCGAGACCTTCCAACAAG 

AS: CTTGTTGGAAGGTCTCGCGGGAAAGACGACAAAC 

R362A 
S : GTCGTCTTTCCCTGGGCACCTTCCAACAAGATG 

AS: CATCTTGTTGGAAGGTGCCCAGGGAAAGACGAC 

P363A 
S : GTCTTTCCCTGGAGAGCTTCCAACAAGATG 

AS: CATCTTGTTGGAAGCTCTCCAGGGAAAGAC 

S364A 
S : CCCTGGAGACCTGCCAACAAGATGC 

AS: GCATCTTGTTGGCAGGTCTCCAGGG 

N365A 
S : CCTGGAGACCTTCCGCGAAGATGCTTGGGAAG 

AS: CTTCCCAAGCATCTTCGCGGAAGGTCTCCAGG 

K366A 
S : GGAGACCTTCCAACGCGATGCTTGGGAAG 

AS: CTTCCCAAGCATCGCGTTGGAAGGTCTCC 

M367A 
S : GAGACCTTCCAACAAGGCGCTTGGGAAGATATATG 

AS: CATATATCTTCCCAAGCGCCTTGTTGGAAGGTCTC 

L368A 
S : GAGACCTTCCAACAAGATGGCCGGGAAGATATATGATTAC 

AS: GTAATCATATATCTTCCCGGCCATCTTGTTGGAAGGTCTC 

G369A 
S : CCTTCCAACAAGATGCTTGCGAAGATATATGATTACGTG 

AS: CACGTAATCATATATCTTCGCAAGCATCTTGTTGGAAGG 

K370A 
S : CCAACAAGATGCTTGGGGCGATATATGATTACGTG 

AS: CACGTAATCATATATCGCCCCAAGCATCTTGTTGG 

I371A 
S : CAAGATGCTTGGGAAGGCATATGATTACGTGATGC 

AS: GCATCACGTAATCATATGCCTTCCCAAGCATCTTG 

Y372A 
S : GATGCTTGGGAAGATAGCCGATTACGTGATGCACTC 

AS: GAGTGCATCACGTAATCGGCTATCTTCCCAAGCATC 

D373A 
S : CTTGGGAAGATATATGCTTACGTGATGCACTC 

AS: GAGTGCATCACGTAAGCATATATCTTCCCAAG 

Y374A 
S : GCTTGGGAAGATATATGATGCCGTGATGCACTCTCTGATTC 

AS: AATCAGAGAGTGCATCACGGCATCATATATCTTCCCAAGC 

V375A 
S : GAAGATATATGATTACGCGATGCACTCTCTGATTC 

AS: GAATCAGAGAGTGCATCGCGTAATCATATATCTTC 

M376A 
S : GAAGATATATGATTACGTGGCGCACTCTCTGATTCATTTC 

AS: GAAATGAATCAGAGAGTGCGCCACGTAATCATATATCTTC 

Table S5: Primer used to generate CTR constructs containing single Ala substituted residues in ECL3 and adjacent TM6 

and TM7 assessed in Chapter 5. 
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