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Abstract 
 

The calcitonin receptor (CTR) is a peptide binding family B G protein-coupled receptor (GPCR). 

CTR alone has high affinity for calcitonin (CT) but when expressed with receptor activity-

modifying proteins 1, 2 and 3 (RAMPs) it forms the AMY1, AMY2 and AMY3 receptors, which 

have increased affinity for amylin and CT gene-related peptide (CGRP). 

Family B GPCRs have a long N-terminal extracellular domain (ECD) that forms an important part 

of the peptide binding site. While peptide bound ECD structures are available for several family B 

GPCRs, there is no structural information available on the CTR. The precise binding sites of the 

peptides CT, amylin and CGRP within the ECD are unknown and it is also unclear if or how the 

presence of the RAMP changes the peptide binding site to allow high affinity amylin and CGRP 

binding.  

In this thesis, site-directed mutagenesis and functional assays were performed on the CTR ECD 

with the aim of identifying residues involved in peptide interactions. CTR ECD mutants were 

characterised with CT, CGRP and amylin in the presence and absence of RAMPs, to investigate 

how RAMPs influence peptide binding. In addition beta amyloid 1-42, was investigated as a 

potential novel agonist of AMY receptors. The isolated ECDs of the CTR and RAMP1 were also 

expressed with the aim of characterising them by X-ray crystallography.  

The mutagenesis data identified CTR ECD residues involved in CT, CGRP and amylin interactions. 

Interestingly there were differences in CT and amylin interactions with the CTR; alanine mutants 

W79A, F99A, D101A, F102A, W128A and Y131A, significantly reduced CT potency, however 

only W79A, F102A and Y131A reduced amylin potency. At the AMY receptors seven receptor 

mutants; W79A, F99A, D101A, F102A, R126A, W128A and Y131A resulted in a significant 

decrease in amylin potency, indicating that additional receptor residues become involved in amylin 

binding when RAMPs are present. This suggests that RAMPs may act indirectly to alter peptide 

binding at AMY receptors. 
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Chapter 1  
General Introduction 

1.1 Calcitonin peptide family 

1.1.1 Overview 

There are five members of the calcitonin (CT) family of peptide hormones in humans; CT, CT 

gene-related peptide (CGRP), amylin, adrenomedullin (AM) and adrenomedullin 2 (AM2) (also 

named intermedin). These all share the common structural features of an amidated C-terminus and 

an N-terminal loop of 6-7 residues formed by a disulphide bond (Poyner et al., 2002). This section 

will focus on the CT family peptides which have high affinity for the Amylin (AMY) and CT 

receptors (CTR); CT, amylin and CGRP. The sequences of the human peptides are illustrated in 

figure 1, although others will be briefly mentioned where appropriate. 

 

Figure 1.1. Amino acid sequence alignment of human CT, αCGRP, βCGRP, amylin, AM and 

AM2. Alignment made using Geneious align in Geneious v 7. Black 100 % similarity, dark grey 

80-100% similar, light grey 60 – 80 % similar, white < 60 % similarity. 

 

The receptors for the CT family of peptides are a pair of family B G protein-coupled receptors 

(GPCRs); the CTR and the CT receptor-like receptor (CLR). These receptors are unusual in that 

they interact with a second class of proteins, receptor activity-modifying proteins (RAMPs) which 

alters the pharmacology of these receptors (Hay et al., 2006). There are three RAMPs in humans; 

RAMP1, RAMP2 and RAMP3. These combine with the CTR to form the AMY1, AMY2 and AMY3 

amylin receptor subtypes respectively; and the CLR to form the CGRP, AM1 and AM2 receptors 

(Hay et al., 2006). The rank order of peptide potency at these receptors is summarised in Table 1.1. 

As AM and AM2 are very weak agonists of the CTR and AMY receptors they will not be 

discussed. 
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Table 1.1. Rank order of CT family peptide potency at CT family receptors, adapted from the 

IUPHAR/BPS guide to pharmacology (Alexander et al., 2013). 

Receptor Components Rank order of potency 

CTR CTR sCT ≥ hCT > rAmy > hαCGRP > AM2, AM 

AMY1 CTR + RAMP1 sCT ≥ rAmy ≥ hαCGRP > AM2 ≥ hCT > AM 

AMY2 CTR + RAMP2 Poorly defined 

AMY3 CTR + RAMP3 sCT ≥ rAmy > hαCGRP ≥ AM2 ≥ hCT > AM 

CLR CLR Not expressed at the cell surface 

CGRP CLR + RAMP1 hαCGRP > AM ≥ AM2 > rAmy > sCT 

AM1 CLR + RAMP2 AM > AM2 ≥ hαCGRP, rAmy > sCT 

AM2 CLR + RAMP3 AM > AM2 ≥ hαCGRP > rAmy > sCT 

 

1.1.2 CT 

CT is a 32 amino acid peptide hormone, primarily secreted from the thyroid gland. It opposes the 

effects of parathyroid hormone in regulating blood calcium levels. CT was discovered in 1962 and 

was found to lower blood calcium in response to a high calcium stimulus (Copp and Cheney, 1962) 

and is secreted from the C-cells of the thyroid gland (Kumar et al., 1963). CT inhibited bone 

resorption in vitro by acting on osteoclasts (Freidman et al., 1965; Aliapoulios et al., 1966). In vivo 

evidence also supported this with CT infusion into rats leading to a reduction in the secretion of 

hydroxyproline, indicating a reduction in the breakdown on bone collagen (Martin et al., 1966).  

Autoradiographic studies using iodinated sCT have identified osteoclasts as the only bone cell 

target (Nicholson et al., 1986a). In a clinical study of Paget’s disease, CT decreased the number of 

osteoclasts as well as altering their structure (Singer et al., 1976). Studies on isolated osteoclasts 

demonstrated a direct interaction with CT leading to inactivation that could be reversed by the 

presence of osteoblasts (Chambers, 1982). Consistent with its physiological role in bone regulation, 

the CTR is present in mammalian osteoclasts and activation leads to the accumulation of 

intracellular cAMP (Nicholson et al., 1986b) and Ca2+ (Chambers et al., 1984).  

Renal effects of CT have been observed; notably an increase in calcium excretion due to inhibition 

of tubular reabsorption (Robinson et al., 1967; Cochran et al., 1970; Haas et al., 1971) but may also 

act to regulate calcium levels by increasing the conversion of 25-hydroxyvitamin D3 to 1,25-

dihydroxyvitamin D3 (Kawashima et al., 1981). CTRs are present in the kidney (Marx et al., 1972) 
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and have been located in the renal cortex and medulla (Bouizar et al., 1986), in the thick ascending 

limb of the loop of Henle and the cortex distal convoluted tubules (Sexton et al., 1987).  

Deletion of the gene encoding CT and CGRP in mice resulted in an unexpected phenotype with 

increased bone formation while calcium homeostasis or bone resorption was unaffected (Hoff et al., 

2002). Knockout of CGRP alone decreased bone formation rate (Schinke et al., 2004), suggesting 

that CT has inhibitory effects on bone formation. These effects have also been investigated using 

knockout models of the CTR. calcr -/- mice are embryonic lethal, but calcr +/- mice had higher bone 

mass due to increased bone formation (Dacquin et al., 2004). In a global knockout model in mice 

using a homogenous genetic background that had < 6% CTR expression, osteoclast inhibition by 

CT was perturbed and there was an increase in bone formation at 12 and 24 weeks (Davey et al., 

2008). Due to these effects it has been proposed that CT may have a role in regulating bone 

turnover by inhibiting bone formation and osteoclast resorption (Davey and Findlay, 2013). 

The physiological significance of CTs actions humans has been questioned (Hirsch et al., 2001). 

Deficiency of CT does not appear to result in abnormal calcium homeostasis and in normal human 

subjects, large doses of CT have little effect on blood calcium levels, since bone resorption occurs 

at a slow rate. In states of high bone turnover however CT rapidly reduces calcium levels, so instead 

it may be important in states of calcium stress (Davey and Findlay, 2013). CT has been identified as 

being important for the regulation of bone during lactation (Woodrow et al., 2006). 

sCT which differs from human CT by 16 amino acids has higher affinity for the human CTR 

(Keutmann et al., 1970). Due to this, sCT has been used for therapeutic purposes rather than hCT. 

sCT (Marketed as miacalcin and fortical) has been used for the treatment of osteoporosis, Paget’s 

disease (Singer et al., 1980) and hypercalcemia (Sjoberg and Hjern, 1975). However after review by 

the European Medicines Agency (EMA) and the Food and Drug Administration (FDA) it has been 

withdrawn as a treatment of osteoporosis due to an increased risk of cancer and poor efficacy 

(Overman et al., 2013). 

As sCT has high potency at amylin receptors (Table 1.1) it may have amylin-like actions (described 

in 1.1.3). When administered orally in a Zucker diabetic fatty rat diabetes model, sCT decreased 

hyperglycaemia and Hb1Ac levels, suggesting it may have potential as a diabetes treatment (Feigh 

et al., 2012). 
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1.1.3 Amylin 

Amylin (also known as Islet amyloid polypeptide (IAPP)) is a 37 amino acid peptide first isolated 

from amyloid fibrils of the diabetic human pancreas (Cooper et al., 1987). Amylin has important 

roles in the regulation of glucose metabolism and energy homeostasis. 

Amylin is co-secreted with insulin from pancreatic islet β-cells in response to nutrient intake 

(Moore and Cooper, 1991). Amylin’s actions complement the role of insulin in glucose regulation 

by acting to limit the rate of nutrient appearance (Young, 1997). It does this through several 

mechanisms including inhibiting food intake, gastric emptying and by reducing glucagon secretion 

(Young, 2012). 

The effects of amylin agonism on reducing food intake are well documented in numerous studies 

(Young, 2012). There is an immediate rise in plasma amylin concentration after food intake, while 

administration of exogenous amylin results in a significant decrease in meal size (Lutz et al., 1995). 

Blockade of amylin receptors with receptor antagonists results in increased meal size (Rushing et 

al., 2001; Mollet et al., 2004). There is evidence that amylin acts as an adiposity signal. Obese cats 

had elevated basal plasma amylin concentrations compared to controls (Martin et al., 2010). Amylin 

infusion leads to a decrease in fat mass (Roth et al., 2006; Mack et al., 2007) and amylin receptor 

antagonism leads to an increase in adiposity (Rushing et al., 2001). 

In addition to reducing food intake it also inhibits gastric emptying, restricting glucose appearance 

in the blood (Young, 2005b). This effect requires an intact vagus nerve suggesting its actions are 

centrally mediated (Young, 2005b). Amylin also acts to reduce glucagon secretion (Gedulin et al., 

1997). Amylin did not inhibit glucagon release in isolated cells but did have an effect on arginine 

stimulated glucagon secretion in whole animals (Silvestre et al., 2001) suggesting this effect is also 

mediated centrally. 

Amylin’s actions are mediated through receptors expressed in the circumventricular organs of the 

brainstem including the area postrema (AP) and subfornical organ which lack the blood brain 

barrier making them targets for circulating blood-borne factors. Lesions of the AP blocked the 

effect of amylin on gastric emptying (Edwards et al., 1998) and on satiety (Young, 2005a). In 

addition, amylin sensitive neurons were found in the AP (Riediger et al., 2001), which overlapped 

with glucose sensitive neurons (Riediger et al., 2002). There is also direct evidence for amylin 

receptor components in this region, these include mRNA studies showing RAMP1 and RAMP3 
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expression (Ueda et al., 2001), autoradiography with 125I-rAmy (Sexton et al., 1994; Christopoulos 

et al., 1995) and mRNA (Barth et al., 2004) and immunohistological studies (Becskei et al., 2004) 

demonstrating CTR expression in this region. 

Metabolic effects have been observed in animal models. In mice overexpressing RAMP1 in the 

central nervous system (CNS), higher energy expenditure was observed, with increased body 

temperature, oxygen consumption and sympathetic nerve activity subserving brown adipose tissue; 

these effects were enhanced with administration of amylin (Zhang et al., 2011). 

Intracerebroventricular infusion of amylin resulted in dose-dependent decreases in food intake and 

body weight and increased body temperature. Increased sympathetic nerve activity was detected 

which could be blocked by the amylin receptor antagonist AC187 (Fernandes-Santos et al., 2013), 

suggesting that amylin can act through the sympathetic nervous system to exert its metabolic 

effects.  

There is some evidence for additional roles of amylin. It may play a role in bone metabolism (Naot 

and Cornish, 2008). Amylin administration inhibited osteoclast activity although with less potency 

than CT (Datta et al., 1989). Amylin has also been found to stimulate osteoblasts leading to bone 

formation (Cornish et al., 2001), however there is limited evidence for amylin receptor expression 

in osteoblasts, while RAMP mRNA has been detected (Naot et al., 2007) there is contradictory 

evidence for CTR expression (Villa et al., 2003; Naot et al., 2007). Amylin deficient mice had an 

unexpected phenotype of a low bone mass phenotype, with a greater number of osteoclasts and 

increased bone resorption (Dacquin et al., 2004). This effect was later determined to be limited to 

male mice (Davey et al., 2006). With the overlapping pharmacology of CT family peptides, it is 

hard to assess whether these observations are of physiological relevance. 

Insulin using patients with type 1 and type 2 diabetes often still have poor glycaemic control. The 

ability of amylin to reduce blood glucose levels, led to it being pursued as a therapeutic agent. 

However human amylin is highly amyloidgenic, which can lead to fibril formation, inducing cell 

death (Lorenzo et al., 1994), limiting its use as a therapeutic. Rat amylin (rAmy) on the other hand 

does not form fibrils (Westermark et al., 1990). A human amylin (hAmy) analogue known as 

pramlintide, which has rAmy residues (prolines) introduced at positions 25, 28 and 29 is stable and 

non-aggregating, making it suitable for therapeutic use. 

Pramlintide (marketed as Symlin) has been approved for the treatment for both type 1 and type 2 

diabetes in conjunction with insulin replacement therapy (Ryan et al., 2005). Multiple clinical 
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studies have shown that treatment with pramlintide was associated with improved HbA1c levels 

(Ratner et al., 2002; Ratner et al., 2004), reduced glucagon secretion (Fineman et al., 2002a, 

Fineman et al., 2002b) and was associated with sustained weight loss (Ratner et al., 2002; Ratner et 

al., 2004). 

The weight loss observed suggested that pramlintide may also have potential as anti-obesity 

therapeutic. Preclinical and clinical studies using combination therapy of pramlintide and 

metreleptin (recombinant leptin) demonstrated synergistic weight loss compared to monotherapy of 

either treatment (Roth et al., 2008).  

1.1.4 CGRP  

CGRP is a 37 amino acid vasodilatory neuropeptide (Brain et al., 1985), implicated in a wide range 

of physiological functions (Brain & Grant., 2004). There are two isoforms of CGRP, α and β. 

αCGRP is an alternate product of the CT gene CALCA (Rosenfeld et al., 1983). This process is 

largely tissue dependent; in the CNS CGRP is the predominant gene product; while CT is the 

predominant product in the thyroid (Rosenfeld et al., 1983).  

The βCGRP isoform is a product of a different gene that does not form CT and is thought to have 

arisen through gene duplication. The sequence of βCGRP differs from that of αCGRP by three 

amino acid residues in humans (Figure 1.1). In rats αCGRP is expressed in sensory neurons while 

βCGRP is primarily expressed in the enteric neurons (Mulderry et al., 1988); both possess similar 

vasodilator potency (Brain et al., 1986) and there are few differences in the function of the two 

peptides. 

CGRP is a highly potent vasodilator. Administration in rodents induces hypotension (Ando et al., 

1990) but studies using antagonists and knockout models have shown that CGRP does not have a 

major physiological role in the regulation of blood flow (Brain and Grant, 2004). Instead it may act 

at a more local level and protect against organ damage (Smillie and Brain, 2011). CGRP and CGRP 

receptors are widely expressed in the CNS and peripheral nervous systems (Brain and Grant, 2004). 

CGRP is found in nerves closely associated with blood vessels, where it exerts its effects as a 

vasodilator (Holzer, 1992).  

Studies in mice suggested that αCGRP is involved in lipid metabolism, CGRP induced β-oxidation 

of fatty acids from skeletal muscle (Danaher et al., 2008). αCGRP knockout mice had higher energy 

expenditure and showed some protection to diet-induced obesity with reduced adiposity (Walker et 

al., 2010). 
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CGRP has an important role in pain signalling and is highly expressed in the trigeminovascular 

system, which is important in migraine (Messlinger, 2009). CGRP receptors are located in 

cerebrovascular smooth muscle, where they induce vasodilation. CGRP levels were elevated in 

patients with migraine during or outside of attacks (Goadsby et al., 1990; Ashina et al., 2000), 

although this has been disputed as another study did not observe differences in plasma CGRP levels 

(Tvedskov et al., 2005). CGRP levels were lowered at the same time as pain levels were reduced, 

after triptans (a class of drugs used for the treatment of migraine) were administered (Edvinsson, 

2001). Injection of CGRP into migraineurs but not healthy controls can trigger migraine-like 

attacks, which suggests that migraineurs may have increased susceptibility to CGRP activity 

(Hansen et al., 2010). 

Due to the importance of CGRP in migraine several CGRP receptor antagonists have been 

developed as therapeutics. Small molecule antagonists olcegepant, telcagepant, BI44370TA and 

BMS927711 have clinical efficacy in the treatment of migraine (Olesen et al., 2004; Ho et al., 2008; 

Connor et al., 2009; Diener et al., 2011; Marcus et al., 2014). Olcegepant development has not been 

continued due to poor bioavailbility (Olesen et al., 2004) and telcagepant was discontinued after 

liver toxicity was observed in a clinical trial (Ho et al., 2014). Development of BI44370TA and 

BMS927711 has also been stopped (Dolgin, 2013). Monoclonal antibodies against CGRP have also 

been developed, but efficacy data are not yet available (Bigal et al., 2013).  
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1.2 Structure-activity relationships of the CT family peptides 

1.2.1 CT 

There have been numerous studies on the structural properties of CT and role of individual residues 

in biological activity. There is significant sequence variation between species (Figure 1.2). sCT is 

the most potent CT identified and due to its therapeutic use its structure-activity relationships have 

been more widely studied than hCT. Residues 3-7 in the N-terminal disulphide ring are conserved 

across species as well as the residues at positions 9, 28 and 32 (Figure 1.2). The C-terminal proline 

is amidated; interestingly the other members of the CT peptide family have an aromatic residue at 

the C-terminus. Removal of the first seven amino acids, containing the disulphide loop, transforms 

sCT into a potent antagonist sCT8-32 (Feyen et al., 1992), demonstrating that these residues are 

essential for the activation of the CTR. 

 

Figure 1.2. Amino acid sequence alignment of CT peptides, generated using Geneious align in 

Geneious v 7. Black 100 % similarity, dark grey 80-100% similar, light grey 60 – 80 % similar, 

white < 60 % similarity. 

Opening of the disulphide ring reduces hCT bioactivity (Guttmann, 1981) but not that of sCT 

(Orlowski et al., 1987). Substitution of the disulphide bridge with an acetylene bridge in eel (e) CT 

retains biological activity (Morikawa et al., 1976). Oxidation of methionine at position 8 and 

removal of the C-terminal amide in hCT significantly reduced hypocalcaemic activity (Rittel et al., 

1976; Guttmann, 1981). Alanine substitution of positions 9 and 12 in sCT resulted in large 

decreases in hypocalcaemic activity and receptor binding, while smaller decreases were observed at 

positions 16 and 19 (Andreotti et al., 2006). Interestingly deletion of residues 19-21 did not result in 

a significant decrease in binding or cAMP potency. Deletion of lysine 18 from eCT resulted in 

decreased binding and biological activity, reinserting the lysine residue in positions 12-16 and 26-

32 also resulted in reduced binding and potency (Inoue et al., 1991). The C-terminal fragment 22-32 

of eCT is capable of binding to the CTR (Yamamoto et al., 1981). 

Information can also be inferred from photoaffinity labelling studies (see section 1.4.7 for more 

detail) which involved the incorporation of benzoyl-phenylanine (Bpa) into hCT, sCT and sCT8-32. 

No effect on affinity or potency was seen with peptides labelled at positions 16 or 19 (Dong et al., 
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2004a; Pham et al., 2004; Pham et al., 2005), suggesting a bulky residue is tolerated at these 

positions. However reduced binding affinity and potency was seen by labelling hCT at positions 8 

and 26 (Dong et al., 2004b; Dong et al., 2004a).  

Circular dichroism (CD) spectroscopy studies have demonstrated that in aqueous conditions hCT 

and sCT are largely unstructured (Epand et al., 1985); under a range of trifluroethanol (TFE) 

concentrations sCT has greater helical content than hCT (Siligardi et al., 1994). Nuclear magnetic 

resonance (NMR) studies of hCT in SDS micelles revealed an amphipathic α-helix between 

residues 13 and 19, while in sCT the helix ranged from residues 6-22 with the C-terminus turning 

back on itself to interact with the α-helix (Amodeo et al., 1999; Andreotti et al., 2006). The NMR 

structure of eCT determined in SDS micelles revealed the ampipathic ranging from residues 5 to 19 

with an unstructured C-terminus. The NMR structures of sCT and eCT are illustrated in Figure 1.3 

(Andreotti et al., 2006; Hashimoto et al., 1999). 

 

Figure 1.3. NMR structures of sCT (A) (PDB ID 2GLH) and eCT (B) (PDB ID 1BKU). 

 

Substituting residues between hCT and sCT revealed that changing residues at positions 12, 16 and 

19 to leucine and position 22 to tyrosine significantly enhanced the hypocalcaemic activity of hCT 

(Maier et al., 1976). This result was suggested to be due to the greater helix inducing ability of 

leucine which led to the investigation of the role of the α-helix in CT bioactivity. Studies using sCT 

analogues where the native residues were swapped to enable maximum helix forming potential, 

revealed the importance of the amphipathic helix between residues 8-22 in bioactivity; however 

sequence variation is well tolerated within this region (Moe et al 1983; Green et al., 1987). The role 

of the α-helix was further investigated with a series of analogues, where it was suggested that in 
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addition to the amphipathic helix, conformational flexibility of CT is important for activity (Epand 

et al., 1986a, Epand et al., 1986b, Epand et al., 1986c). The role of the α-helix in receptor activation 

has been investigated in sCT using a sCT analogue with the helix promoting residues leucine and 

alanine substituted in positions 23 and 24, respectively. This analogue had a longer α-helix but 

lower binding affinity and hypocalcaemic activity than wild-type (WT) sCT demonstrating that 

helix length alone does not determine affinity (Andreotti et al., 2006). Chimeras of hCT and sCT 

have revealed that residues 22-32 are important for the higher binding potency of sCT (Hilton et al., 

2000).  

The structure-activity relationship of CT has been further investigated using conformationally 

constrained analogues. hCT with a lactam bridge between D17 and K21, stabilised a beta-turn beta-

sheet conformation. This had higher binding and biological activity. Modification of this by 

substituting the lysine with ornithine, resulted in a peptide which had higher potency than sCT in 

hypocalcaemic assays, although the receptor binding affinity was 300 fold lower than sCT. 

However incorporating these constraints into sCT did not enhance binding or activity (Kapurniotu 

et al., 1999; Taylor et al., 2002). This is likely to be to sCT’s greater propensity to form secondary 

structure compared to hCT, which may contribute to sCT’s higher receptor binding affinity. 

Incorporating structural constraints may not further enhance the stability of sCT, therefore no 

increase in binding affinity was observed. 

1.2.2 CGRP 

Like CT, CGRP has an N-terminal disulphide bridged loop between residues 2 and 7, and an 

amidated phenylalanine at the C-terminus. Several CD and NMR studies of CGRP have been 

performed. In 50% TFE there is a well-defined α-helix between residues 8 and 18 and the C-

terminus of CGRP is unstructured, although there is the presence of a possible turn between 

residues 19 and 21 (Breeze et al., 1991). In CGRP8-37 dissolved in dimethyl sulphoxide (DMSO) a 

beta-turn around residues 18-21 was identified (Boulanger et al., 1996). There have been no studies 

in detergent or lipid micelles which may give a better approximation of the receptor bound 

conformation. An alignment of CGRP sequences is shown in Figure 1.4. 
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Figure 1.4. Amino acid sequence alignment of CGRP peptides and porcine calcitonin receptor 

stimulating peptide (CRSP), generated using Geneious align in Geneious v 7. Black 100 % 

similarity, dark grey 80-100% similar, light grey 60 – 80 % similar, white < 60 % similarity. 

Deletion of residues 1-7 converts CGRP into an antagonist. The resulting CGRP8-37 has weaker 

binding affinity, suggesting that these residues may also contribute to receptor binding in addition 

to activation (Chiba et al., 1989). Different effects are observed with analogues lacking the 

disulphide bond. [Cys(Acm)2,7] CGRP is a weak partial agonist at CGRP receptors (Bailey and 

Hay, 2006) but had greater potency at the AMY1 receptors, although it was still a partial agonist 

(Hay et al., 2005). [Cys (Et)2,7] is a full agonist at CGRP receptors but has 10 fold lower potency 

(Bailey and Hay, 2006) but is a partial agonist at AMY1 receptors (Hay et al., 2005), indicating that 

there are differences in the interactions of the CGRP N-terminus between the different receptors. 

Within the N-terminal loop of CGRP substitution of residue A5 with cysteine resulted in a large 

loss of potency and reduced efficacy while substitution of T6, with alanine significantly reduced 

potency at CGRP and AMY1 receptors (Hay et al., 2014). Substitution of T4 with valine reduced 

affinity and potency and substitution of T6 with valine abolished any measurable cAMP response in 

the porcine iris cilliary body (Heino et al., 1998). T6 is conserved across the CT family of peptides 

(Figure 1.1) and therefore may be particularly important for receptor activation.  

The structure-activity of CGRP fragments has been investigated in greater detail. Truncation of the 

antagonist CGRP8-37 to CGRP11-37 and CGRP19-37 resulted in a significant loss of affinity (Mimeault 

et al., 1991; Rovero et al., 1992), which indicates that the predicted α- helical region is important 

for receptor binding. Several individual residues within this region have been identified as being 

important for receptor interactions. Substitution of L12 and L16 with a bulky benzoyl-

phenylalanine (Bpa) residue resulted in 30 and 100 fold decreases in potency respectively (Howitt 

et al., 2003), suggesting that they face the receptor binding interface. Double substitution of R11 

and R18 with alanine in CGRP8-37 led to a 100 fold reduction in affinity (Howitt and Poyner, 1997). 

Replacement of each arginine residue with glutamic acid led a 10 fold reduction in affinity (Howitt 
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et al., 2003), suggesting that these residues may form electrostatic interactions either with the 

receptor or other residues of the peptide. 

While CGRP27-37 only has weak affinity as an antagonist (Howitt and Poyner, 1997), higher affinity 

analogues have been produced including [D31, P34, F35]-CGRP27-37and [D31, A34, F35]-CGRP27-37. 

Residues T30, V32, G33 and F37 have been identified as being key for CGRP27-37 binding (Rist et 

al., 1998, Rist et al., 1999). This is supported by an alanine scan of the C-terminus of CGRP8-37 at 

the isolated CGRP receptor ECD which found that residues F27, V28, P29, T30, N31, V32, K35, 

F37 and the C-terminal amide were important for receptor binding (Moad and Pioszak, 2014). A 

beta turn around residue 29 was found to be important, which may enable T30 to form contacts with 

the receptor (Carpenter et al., 2001). A turn at position 34 is also predicted to be important 

(Wisskirchen et al., 1999; Lang et al., 2006; Boeglin et al., 2007).  

Structural constraints to the C-terminus using disulphide bridges can be tolerated, although this is 

analogue dependent, suggesting that there may be multiple modes of binding (Heino et al., 1998; 

Yan et al., 2011). The correct orientation of C-terminal residues appears to be very important for 

receptor binding. Amino acid substitutions within the C-terminus have different effects depending 

on which analogue is used (Watkins et al., 2013b) suggesting that multiple binding modes are 

possible. The importance of the turns in the C-terminus of CGRP suggests that the mode of binding 

may be different from that of other family B peptides (see section 1.3.4 for greater detail). 

1.2.3 Calcitonin receptor-stimulating peptide 

The peptide calcitonin receptor-stimulating peptide (CRSP) has been identified in mammals of the 

order Laurasiatheria including pigs, dogs and horses but not in primates and rodents (Katafuchi et 

al., 2009). It has 60% identity with human αCGRP (Figure 1.4) but despite the high level of 

similarity, the pharmacology is different with CRSP is highly potent at the porcine CTR but did not 

induce any cAMP response at the CGRP receptor (Katafuchi et al., 2003). It is unclear why CRSP 

has selectivity for CTR vs CLR; the lack of activity is unusual as the other CT family peptides have 

at least weak activity at either CTR or CLR-RAMP complexes (Hay et al., 2006). No structure-

function studies have been performed on this peptide. 
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1.2.4 Amylin 
There is limited structure-activity information regarding individual amylin residues involved in 

receptor interactions (there is greater information available regarding fibril formation but this is 

beyond the scope of this thesis). As observed in CT and CGRP, the C-terminal amide and 

disulphide loop are important for the biological activity (Roberts et al., 1989). Amylin sequences 

are illustrated in Figure 1.5; there is a particularly high level of conservation at the N and C-termini.  

 

Figure 1.5. Amino acid sequence alignment of amylin peptides, generated using Geneious align in 

Geneious v 7. Black 100 % similarity, dark grey 80-100% similar, light grey 60 – 80 % similar, 

white < 60 % similarity. 

The three-dimensional structures of rAmy and hAmy have been determined using NMR (Patil et al., 

2009; Nanga et al., 2009; Nanga et al., 2011) as illustrated in Figure 1.6. The structure of hAmy was 

first determined in SDS micelles at pH 4.6; this revealed an α-helix from residues 5-28 with a kink 

between residues 8-22. The last 8 residues are disordered, although in this structure the C-terminal 

amide was absent. This was consistent with an electron paramagnetic resonance (EPR) 

spectroscopy study of hAmy in unilamellar vesicles which identified an α-helix from residues 9-22 

(Apostolidou et al., 2008). A NMR study of rAmy in detergent micelles reported an α-helix 

between residues 5 and 23, a kink in the helix was observed between residues 18 and 19 which may 

be important for receptor interactions and the C-terminus was disordered (Nanga et al., 2009).  
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Figure 1.6. A rAmy (2KJ7), B non-amidated human amylin at pH 4.6 (2KB8) and C amidated 

hAmy at pH 7.3 (2L86), PDB IDs in parentheses. 

The NMR structure of amidated hAmy at physiological pH in detergent micelles has also been 

determined (Nanga et al., 2011). This differs slightly from the previously determined structure; 

there are α-helices between residues 7-17 and 21-28, with a 310 helix observed between residues 33-

35 (Figure 1.6C). There is an 85° angle between the N and C-termini. Both the difference in pH and 

the presence of the C-terminal amide may contribute to the different conformations, as the 

interactions with the micelle may have been altered. 

The structure-activity relationship of pramlintide analogues made by Amylin pharmaceuticals has 

been described only in a review article. Substitution of residue T6 with alanine resulted in no 

inhibition of food intake despite retaining receptor binding. Substitutions of positions 1, 3 and 4 did 

not affect activity or receptor binding (Roth et al., 2008). Aside from this there are no other reports 

of the role of individual amylin residues in receptor interactions. However it is expected that part of 

the helix and C-terminus bind to the ECD with the remainder of the helix and N-terminal 

interactions occurring with the transmembrane (TM) domain and extracellular loops (ECLs) as in 

other family B GPCRs (see section 1.3.4). There are several peptide chimeras of amylin and CT 

(including the antagonists AC187 and AC253) but it is difficult to infer structure-activity 

relationships from these molecules. 
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1.3 GPCRs 

GPCRs are the largest class of membrane proteins expressed in the human genome, with nearly 800 

genes (Fredriksson et al., 2003). They share a common architecture of seven TM domains and are 

essential for many physiological processes, detecting a wide range of environmental stimuli 

including; ions, photons, small molecules, peptides and proteins. GPCRs can be divided into five 

major families based on amino acid sequence (Fredriksson et al., 2003); family A (Rhodopin-like), 

family B (secretin-like), family C (metabotropic glutamate/pheromone receptors), frizzled receptors 

and adhesion receptors. They are also key drug targets, with 26 % of drugs on the market targeting 

GPCRs (Garland, 2013). Therefore there is much interest in the structure and function of these 

receptors. 

Ligand binding leads to activation of intracellular signalling pathways. Typically this involves the 

receptor agonist complex binding to a GDP bound heterotrimeric G protein, which leads to the 

exchange of GDP for GTP, dissociation of the heterotrimeric G protein into Gα and Gβγ subunits, 

which can then modulate downstream signalling pathways leading to a biological response (Oldham 

and Hamm, 2008). In addition to the multiple G protein signalling pathways, there are several other 

pathways through which GPCRs can induce signalling, including β-arrestin. Recently it has 

emerged that different ligands at a single receptor can have preferences for one signalling pathway 

over another with different downstream effects, this is known as functional selectivity or ligand bias 

(Kenakin, 2011), illustrating the complexity of these receptors. 

Before 2007 structural information on GPCR TM domains was limited to the crystal structure of 

bovine rhodopsin, but since then developments in protein engineering methodology, including T4 

lysozyme fusion, apocytochrome fusion, thermostabilisation through mutagenesis, co-crystallisation 

with antibody fragments (Rosenbaum et al., 2007; Liu et al., 2012; Warne et al., 2008; Rasmussen 

et al., 2007) and the development of lipidic cubic phase crystallography (Cherezov et al., 2007) 

have enabled a large number of GPCR crystal structures to be solved. As of present, the crystal 

structures of 21 family A GPCRs, two family B, two family C and one frizzled class GPCRs have 

been published; one NMR structure of a family A GPCR has also been determined (Park et al., 

2012). Most of these have been determined in the inactive state only; however active state structures 

have been determined of ligand free bovine opsin (Scheerer et al., 2008), bovine rhodopsin (Choe et 

al., 2011), human β2-adrenergic (Rasmussen et al., 2011a; Rasmussen et al., 2011b) and human 

muscarinic 2 receptors (Kruse et al., 2013), while the structures of the human adenosine 2A (Xu et 
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al., 2011) and rat neurotensin receptor (White et al., 2012) have been solved in active-like 

conformations.  

All GPCRs have the basic topology of an extracellular N-terminus, three ECLs, 7 TM helices, three 

intracellular loops and intracellular helix at the C-terminus but due to the large variety of different 

signals that GPCRs can detect there is considerable diversity in the sequence and topology of the N-

terminal portion of the receptor (Venkatakrishnan et al., 2013). There is large variation in the 

conformation of the ligand binding pockets that are observed among the different GPCRs (Katrich 

et al., 2013). For example in the lipid binding S1P1 receptor, the ligand binding pocket is sealed 

from the extracellular space and instead the ligand likely enters through the lipid bilayer (Hanson et 

al., 2012). The binding pocket of muscarinic receptors is restricted by aromatic residues, creating a 

separate allosteric binding site (Haga et al., 2012; Kruse et al., 2012), while the CXCR4 receptor 

has a large binding pocket that can accommodate a bound peptide (Wu et al., 2010). 

There is much evidence that there is a dynamic equilibrium between inactive and active states of 

GPCRs. Agonist binding shifts the equilibrium to the active form, whereas inverse agonists shift it 

towards the inactive state, while antagonists do not alter the equilibrium. The transition to an active 

state requires significant conformational rearrangement of the receptor and the active state 

structures have given important insights into the mechanism of activation and the conformational 

changes required (Venkatakrishnan et al., 2013). The most significant conformational changes 

occur in TM6 which moves outward, with smaller conformational changes seen in TM3 and TM5 

exposing a hydrophobic surface on the intracellular side of the receptor which enables the G protein 

to bind (Rasmussen et al., 2011b). These movements are illustrated in Figure 1.7. Evidence from the 

agonist bound receptor structures in an active-like state (not having the full set of conformational 

changes seen in the active state), show that receptor activation likely requires the presence of G 

protein or an antibody/nanobody in addition to an agonist to stabilise the receptor in an active 

conformation (Venkatakrishnan et al., 2013). 
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Figure 1.7. Comparison of the inactive state (green) and active states (magenta) of the β2 

adrenergic receptor, illustrating the outward movement of TM6 in the active state. PDB IDs 2RH1 

and 3SN6, respectively. 

1.3.1 Family B GPCRs 

Family B GPCRs, alternatively known as the secretin family are a small group of GPCRs consisting 

of 15 peptide binding receptors (Archbold et al., 2011). Family B GPCRs bind natural peptide 

ligands of approximately 30-90 amino acids in length such as glucagon, glucagon-like peptide 1 

(GLP-1), parathyroid hormone (PTH), vasoactive intestinal peptide (VIP), secretin and the CT 

family of peptides. The pharmacological diversity of this family is increased further by the ability of 

RAMPs to modulate the pharmacology of the CTR and the CLR, generating six pharmacologically 

distinct receptors, not taking into account receptor splice variants (Furness et al., 2012). 

Family B GPCRs share between 21 and 67% amino acid sequence identity, with most of the 

variability present within the N-terminal domain (Lagerstrom & Schioth., 2008). The long N-

terminal ECD of approximately 100-160 amino acids has been demonstrated through mutagenesis, 

chimeric, photoaffinity crosslinking and structural studies to be critical for ligand binding 

(DeAlmeida and Mayo, 1998; Vilardaga et al., 2001; Unson et al., 2002; Dong et al., 2003; Parthier 

et al., 2009). 
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1.3.2 Structure of family B GPCRs 

The crystal structures of the TM domains of two family B GPCRs, the corticotropin releasing factor 

receptor 1 (CRF1R) (Hollenstein et al., 2013) and the glucagon receptor (GCGR) (Siu et al., 2013) 

have been determined (Figure 1.8). As with all other non-Rhodopsin GPCRs, modification of the 

receptors was required to achieve this. For CRF1R thermostablising mutations were used, while the 

GCGR used N-terminal fusion with thermostabilised apocytochrome b562RIL (BRIL). 

The overall architecture is largely the same between the two receptors; the extracellular side of the 

TM helices is more open than observed in family A GPCRs and has a large solvent filled putative 

peptide binding pocket, although neither structure contains a bound peptide ligand. In the GCGR 

structure the N-terminal end of TM1 (Figure 1.8) is extended forming a stalk which may act to 

position the ECD as well as forming interactions with peptides, although it can’t be ruled out that 

this is a crystallisation artifact. The extracellular portions of TMs 6 and 7 point outwards from the 

center of the receptor. The high temperature factors observed in this region indicate a high degree of 

flexibility, which may suggest that the ECD can form interactions with this region and may have a 

functional role (Hollenstein et al., 2014). There is a conserved salt bridge interaction between H2.50 

and Glu3.50 in both receptors which has been demonstrated to be functionally important in the GLP-

1 receptor; this may be involved in stabilizing the inactive conformation of the receptor (Wootten et 

al., 2013). In the GCGR structure helix 8 is present but in the CRF1R this was removed to aid 

crystallization. 

In the structure of the CRF1R a small molecule antagonist was bound, buried deep within the TM 

domain close to the cytoplasm, 15Å away from the putative peptide binding site, which is different 

from previously determined ligand binding sites which are within the extracellular half of the 

receptor (Hollenstein et al., 2013).  
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Figure 1.8. Crystal structures of the CRF1R (A) and the GCGR (B) (PDB IDs 4K5Y and 4L6R). 

1.3.3 Structures of the extracellular domain of family B GPCRs 

Prior to the structures of the GCGR and CRF1R TM domains being solved, structural information 

relating to family B GPCRs was limited to the N-terminal ECDs. There have been numerous 

structures determined of ECDs of family B GPCRs; these are listed in Table 1.2, with only the 

structures of the CTR, VPAC1, GLP-2, PTH2 and secretin receptor not yet determined. 

The structures of the family B receptor ECDs reveal a common fold of α-β-β-α, termed the “secretin 

family recognition fold” (Parthier et al., 2009). There is an N-terminal α-helix and two antiparallel 

β-sheets that resemble the short consensus repeat fold found in complement system proteins 

(Parthier et al., 2009). There is little sequence identity in this region between members of the family 

(Figure 1.10), with five conserved residues (D77, W75, P96, G116 and W118 numbered as in the 

CTR) and 3 conserved disulphide bonds which are essential for stabilising the structure of the ECD 

(Figures 1.9 and 1.10). Although the core of the ECD structure is conserved there is significant 

variation in (the structure) of the individual loops among the different members of the family. What 

contacts the ECD makes with the TM domain of the receptor is unclear; at present there is no data 

that clearly orientates the ECD relative to the TM domain (Dong et al., 2014).  

It has been suggested that the ECD may be involved in stabilising the inactive state of the GCGR, 

as an antibody antagonist targeting the ECD gave inverse agonist activity which was blocked by 
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swapping ECL3 with that of the GLP-1 receptor (Koth et al., 2012). However this has not been 

reported at any other receptors. 

 

Figure 1.9. Structural alignment of the peptide backbone of family B ECDs. Green cartoon GIP 

(2QKH), cyan PAC1 (3N94), magenta GCGR (4ERS), yellow GLP-1 (3C59), salmon PTH1 

(3C4M), black CRF1 (3EHS), blue GHRHR (2XDG), orange VPAC2 (2X57), purple CRF2α 

(3N96) and wheat CLR (3AQF). The N and C-termini, the N-terminal α-helix and Loops 1 to 5 are 

labelled. 
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Table 1.2. Summary of family B ECD structures solved. Receptors are human unless otherwise 
stated. 

Receptor Residues Ligand Method Reference PDB ID 
CRF2β 
(murine) 

39-133 Apo   
Apo 
Astressin27-41  

NMR  Grace et al., 2004 
Grace et al., 2007 

1U34 
2JNC 
2JND 

PAC1 22-122 
26-119 
(MBP 
fusion) 

PACAP6-38 

Apo 
NMR  
X-ray 

Sun et al., 2007 
Kumar et a., 2011 

2JOD 
3N94 

GCGR 28-123 mAb 
mAb 

X-ray Koth et al., 2012 
Mukund et al., 2013 

4ERS 
4LF3 

GIP 24-138 GIP1-42 X-ray  Parthier et al., 2007 
Ravn et al., 2013 

2QKH 
4HJ0 

GLP-1 24-145 (SeMet14-21) 
exendin-49-39 

exendin-49-39 

GLP-17-37

X-ray  Runge et al., 2008 
 
Underwood et al., 
2010 

3C59 
3C5T 
3IOL 

PTH1 29-187 
(MBP 
fusion) 

PTH15-34 

PTHrP12-34 

Homodimer 

X-ray  Pioszak and Xu, 2008 
Pioszak et al., 2009 
Pioszak et al., 2010 

3C4M 
3H3G 
3L2J 

CRF1 24-119 
(MBP 
fusion) 
28-111 

Apo 
CRF22-41  
CRF27-41  

α-helical cyclic 
CRF 

X-ray  
 
 
NMR 

Pioszak et al., 2008 
 
 
Grace et al., 2010 

3EHS 
3EHU 
3EHT 
2L27 

CRF2α 3-104 
(MBP 
fusion) 

Urocortin 1  
Urocortin 2   
Apo/Urocortin 3 

X-ray  Pal et al., 2010 3N96 
3N95 
3N93 

CGRP 
(CLR + 
RAMP1) 

23-133 
(CLR) 
RAMP1 
26-117 

Apo  
BIBN4096BS  
MK0974 

X-ray Ter Haar et al., 2010 3N7P 
3N7S 
3N7R 
 

AM1  
(CLR + 
RAMP2) 

23-136 
(CLR) 
RAMP2 56-
139 

Apo X-ray Kusano et al., 2012 3AQF 

VPAC2 26-118 Apo X-ray Unpublished 2X57 
GHRHR 34-123 Apo X-ray Unpublished 2XDG 
MBP, maltose binding protein; mAb, monoclonal antibody.  

 

. 

 



 

 
 

 

 

 

Figure 1.10. Amino acid sequence alignment of family B GPCR ECDs. Alignment generated using Geneious align using to blosum62 matrix in 

Geneious v 7. Black 100 % similarity, dark grey 80-100% similar, light grey 60 – 80 % similar, white < 60 % similarity. The extended loop 1 of PTH1 

was deleted to enable alignment. 
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1.3.4 Peptide ligand binding at family B GPCRs 

The mechanism of ligand binding and activation of family B GPCRs is known as the “two domain 

model” (Hoare, 2005). In this model, the C-terminus of the peptide ligand is first bound by the 

receptor ECD and subsequently promotes interactions of the N-terminus of the peptide with the 

ECLs and upper TM region of the receptor to induce activation of the receptor . This model is well 

validated through numerous studies using chimeric receptors and their peptide ligands (Bergwitz et 

al., 1996; Holtmann et al., 1995; Runge et al., 2003a; Runge et al., 2003b; Stroop et al., 1995).  

The structures of the peptide bound ECDs have given important insight into the 

mechanistic/molecular mode of peptide binding at this family of receptors. In the majority of 

structures the ECD binds the peptide in a similar manner, with the peptide adopting an amphipathic 

α-helical structure, forming primarily hydrophobic contacts with the binding groove of the ECD, 

formed between the loops 2, 4 and 5 and the N-terminal α-helix (Parthier et al., 2009; Figure 

1.11A). In the CRF receptors some slight differences in the mode of binding are apparent; the N-

terminal α-helix of the ECD is shorter (or absent in the case of the mCRF2 receptor structure) than 

that of the other receptors and is no longer able to form contacts with the peptide. Consequently the 

binding site of the peptide is shifted relative to the binding site in the PTH1, GIP and GLP-1 

receptors by 5-8Å (Pioszak et al., 2008). In the structure of the CRF2α receptor a pseudo signal 

peptide forms an N-terminal α-helix but this does not alter the peptide binding site of the urocortin 

peptides, suggesting this feature is not required for the binding of peptides at CRF receptors (Pal et 

al., 2010). There is also the presence of an additional glycine residue between β1 and β2 that 

extends loop 2 which may affect the position of the peptide. The different modes of binding are 

illustrated in Figure 1.11A. 

The ligand bound structure of the PAC1 receptor solved using NMR (Sun et al., 2007), revealed the 

peptide binding in a different orientation and at a different site than observed in the other family B 

ECD structures. In this structure, the binding site is located on the outside face of the β-sheets with 

the N and C-termini of the peptide in the opposite direction, while the topology of β3 and β4 region 

differs from that observed in the other structures. However the validity of this structure has been 

called into question with the crystal structure subsequently solved revealing a topology consistent 

with that of the other family B ECDs. This was complemented with mutagenesis and docking data 

which support a conventional mode of peptide binding (Kumar et al., 2011). However the receptor 

was still in its apo form. 
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Comparison of the apo structure with the ligand bound structures of the CRF1R ECD revealed 

several changes that occur upon ligand binding. Loop 4 and loop 5 are shifted inwards towards the 

CRF C-terminus, allowing hydrophobic interactions to occur (Pioszak et al., 2008). Although in the 

CRF2R, there are no conformational differences between the apo and urocortin 3 bound structures 

(Pal et al., 2010), so it is unclear whether conformational changes upon ligand binding occur in 

other family B receptor ECDs. 

 

Figure 1.11. A Structural alignment of family B ligands binding to the receptor ECDs. Green PTH 

(3C4M), cyan GIP (2QKH), magenta GLP-1 (3IOL), salmon CRF (3EHT), yellow urocortin 1 

(3N96). B Model of glucagon (green) binding to the full length GCGR, comprising the ECD 

(magenta, 4ERS) and the TM domain (surface view, 4L6R). Residues that resulted in reduced 

binding affinity when mutated are indicated in red (>10 fold reduction in affinity), orange (4-10 

fold) and blue (<4 fold). Reprinted from Trends in Pharmacological Sciences, 35(1), Hollenstein et 

al, Insights into the structures of family B GPCRs, 12-22., copyright 2014 with permission from 

Elsevier. 

There is both overlapping and distinct pharmacology among the family B GPCRs, with some 

ligands binding more than one receptor while others are selective. For example PTH binds with 

high affinity to the PTH1 and PTH2 receptors, but PTHrP is selective for the PTH1 receptor and 
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TIP39 is selective for the PTH2 receptor. In the case of PTHrP, this selectively is partly due a single 

residue L41 in the ECD of the PTH1 receptor, which is valine in the PTH2 receptor (Mann et al., 

2008; Pioszak et al., 2009). The CRF1R is selective for CRF and Ucn1, while the CRF2R is capable 

of binding CRF, urocortin 1, urocortin 2 and urocortin 3 (Pal et al., 2010). The presence of an 

arginine residue at position 35 in urocortin 1, may allow interactions with a negatively charged 

pocket in the CRF1R formed by residues Q103 and E104 (Pal et al., 2010). 

As the structures of the CRF1R and GCGR TM domains do not have peptides bound, it is still 

unclear exactly how peptides bind to the TM domain and the ECLs of family B receptors. 

Mutagenesis, photoaffinity labelling, cysteine trapping studies and molecular modelling studies 

have given some insight (Dong et al., 2014). Numerous residues located within the ECLs and upper 

TM domain have been implicated in peptide interactions. However there is no consensus 

mechanism for peptide interactions for this region of the receptor. 

With the availability of crystal structures of the GCGR and the CRF1R, further insight into the 

precise mode of peptide binding has been gained using molecular modelling and docking guided by 

mutagenesis and binding at the GCGR (Siu et al., 2013) or with chemical crosslinking at the 

CRF1R (Coin et al., 2013). This has been used to create models of the peptides bound to their full 

length receptors. These models show the peptides forming interactions with the ECD, the stalk, the 

ECLs and the TM domain (Figure 1.11B). The N-terminal region of family B peptides has been 

suggested to be stabilised by an N-capping motif which may be important for receptor activation 

(Neumann et al., 2008; Watkins et al., 2012). In the model of the GCGR the N-terminus is modelled 

in an extended conformation that allows glucagon to reach into the binding pocket (Siu et al., 2013) 

however at the CRF1R the longer N-terminus of urocortin 1 is modelled extending beyond TM5 

and TM6 outside the TM domain, which may be a conserved mechanism among family B peptides 

with longer N-termini (Coin et al., 2013). Residues 5-7 of urocortin 1 are located between TM5 and 

TM6 and this interaction was suggested to be important for receptor activation. However while 

these models are guided by experimental constraints, they still need to be validated by structural 

data.  

1.3.5 Dimerisation of family B GPCRs  

It has been demonstrated that GPCRs are capable of homodimerisation and heterodimerisation with 

each other (Ferre et al., 2014). These interactions are best characterised within family A and family 

C GPCRs, but within family B GPCRs the functional consequences of receptor dimerisation is not 
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well understood. There are several examples of homodimerisation within family B GPCRs, 

including the secretin and GLP-1 receptors (Harikumar et al., 2007; Harikumar et al., 2012). 

Attempts at detecting dimerisation at the human CTR were inconclusive but it was detected in the 

rabbit CTR (Harikumar et al., 2010). 

Dimerisation occuring in family B GPCRs appears to involve the lipid exposed helix of TM4 

(Harikumar et al., 2006; Harikumar et al., 2007; Harikumar et al., 2008; Harikumar et al., 2010; 

Harikumar et al., 2012). On the other hand the crystal structure of the apo human PTH1 receptor 

ECD has revealed a surprising mode of dimerization involving the ECD; the unliganded receptor 

was dimeric with the C-terminus of the ECD of one protomer forming a helix that mimicked the 

binding of PTH to the N-terminus of the other protomer (Pioszak et al., 2010). This was supported 

by BRET and FRET studies in full length receptors, suggesting that this dimerisation could be 

disrupted by the addition of PTH, while mutation of the C-terminal helix prevented dimer formation 

(Pioszak et al., 2010) suggesting this is a genuine mechanism rather than a crystallisation artifact. 

Whether this mechanism can occur in other family B GPCRs is unclear but there does not appear to 

be the same degree of sequence similarity between the C-terminal helix and the peptide ligand in 

other family B receptors, suggesting this is limited to the PTH receptor. The physiological 

significance of dimerisation in family B GPCRs is unclear, as the studies have involved 

heterologous expression systems which have a high level of receptor expression. Differential effects 

on different signalling pathways have been observed, suggesting dimerisation may have a role in 

signalling bias (Harikumar et al., 2012). Studies of mechanisms and relevance of family B GPCR 

dimerisation are still in their infancy. 
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1.4 The CT family of receptors 

1.4.1 The CT receptor 

The CTR was first cloned from a porcine renal epithelial cell line (Lin et al., 1991) and like other 

family B GPCRs it comprises approximately 500 amino acids. Three human splice variants have 

been identified; the most widely expressed is denoted CT(a). This comprises 474 amino acids 

(Kuestner et al., 1994). The other two variants, are one with deletion of the first 47 amino acids 

(Δ47) (Albrandt et al., 1995) and another with a 16 amino acid insert into the first intracellular loop 

CT(b) (Gorn et al., 1992).  

The CTR links to multiple signalling pathways; interactions with Gs activating the adenylate cyclase 

and cAMP pathway are well characterised (Murad et al., 1970; Lin et al., 1991). CTR is also linked 

to Gq pathway signalling through inositol phosphate (IP) and intracellular calcium (Kuestner et al., 

1994; Nussenzveig et al., 1994). CTR signalling through the ERK 1/2 MAP Kinase pathway has 

also been reported (Raggatt et al., 2000; Morfis et al., 2008). 

There are receptor variant differences in signalling; IP hydrolysis is perturbed in the CT(b) variant 

by the presence of the insert in intracellular loop 1(Nussenzveig et al., 1994). ERK 1/2 

phosphorylation was detected at the CT(a) isoform but not the CT(b) (Raggatt et al., 2000). Different 

cell cycle stages may also result in different G protein signalling pathways being activated; in the 

G2 phase CTR was observed to couple to Gs but in the S phase CTR was found to be Gi coupled 

(Chakraborty et al., 1991). 

A receptor polymorphism was identified that encodes either a leucine or a proline at position 447. 

In a Japanese population the proline variant was predominant (Nakamura et al., 1997) but in Italian 

(Masi et al., 1998) and French populations (Taboulet et al., 1998) the leucine homozygote and 

heterozygote are the dominant forms. Analysis of these patients revealed that those homozygous for 

the leucine form had lower lumbar spine bone mineral density when compared to those who were 

homozygous for the proline or heterozygous and that the leucine homozygous population may be 

more represented in the osteoporotic population (Masi et al., 1998).  
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1.4.2 RAMPs 

Some family B GPCRs are capable of interacting with a second class of proteins, RAMPs. RAMPs 

are a family of three single-TM spanning proteins which form complexes with GPCRs and are 

capable of modulating their pharmacology, signalling, glycosylation and cell surface expression 

(McLatchie et al., 1998; Fraser et al., 1999; Udawela et al., 2006a; Christopoulos et al., 2003). Their 

interactions with the CTR and the CLR are the best characterised. RAMPs have been demonstrated 

to alter the pharmacological profile of these receptors (Table 1.1); giving the CGRP, AM1 and AM2 

receptor phenotypes with CLR (McLatchie et al., 1998; Poyner et al., 2002) and the AMY1, AMY2 

and AMY3 receptors with the CTR (Armour et al., 1999; Christopoulos et al., 1999, Muff et al., 

1999; Poyner et al., 2002). RAMPs are poorly expressed at the cell surface and require the presence 

of a GPCR to be translocated to the cell surface (McLatchie et al., 1998; Christopoulos et al., 2003).  

In addition to the interactions with the CLR and CTR, RAMPs are capable of interacting with other 

GPCRs; interactions have been reported with the family B receptors VPAC1, VPAC2, PTH1, PTH2, 

Secretin and the CRF1 (Christopoulos et al., 2003; Harikumar et al., 2009; Wootten at al., 2013) and 

also the family A GPR30 (Lenhart et al., 2013) and the family C calcium sensing receptor 

(Bouschet et al., 2005).  

The VPAC1 receptor enabled cell surface expression of RAMP1, RAMP2 and RAMP3, while the 

PTH1 receptor was able to traffic RAMP2 and the PTH2 receptor RAMP3 to the cell surface 

(Christopoulos et al., 2003). No changes in receptor phenotype were observed as a consequence of 

these RAMP interactions although the VPAC1 RAMP2 complex showed an increase in agonist 

mediated phospho-inositide hydrolysis compared to VPAC1 alone. However this could be a result 

of a change in subcellular location rather than RAMP2 directly altering signalling (Christopoulos et 

al., 2003). The VPAC2 receptor enhanced the cell surface expression of all three RAMPs, while the 

CRF1R enhanced the cell surface expression of RAMP2. This association also led to enhanced 

CRF1R expression. While there were no effects on cAMP production, there was an elevated 

calcium response at the CRF1R-RAMP2 complex with the ligands CRF and urocortin 1. In addition 

RAMP2 heterozygous mice had a reduced response to CRF suggesting that these interactions could 

have physiological relevance (Wootten et al., 2013). The secretin receptor has also been found to 

interact with RAMP3 but not RAMP1 and RAMP2; this interaction appears to be mediated through 

the TM domain of RAMP3 with TM6 and TM7 of the secretin receptor (Harikumar et al., 2009). 

RAMP3 was capable of rescuing a secretin receptor mutant (G241C) that remains intracellular 

(Harikumar et al., 2009). The secretin receptor was able to compete with CLR for RAMP3 binding, 
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with increasing amounts of secretin receptor reducing AM binding (Harikumar et al., 2009). 

RAMPs 1 and 3 have also been found to be important for the trafficking of the calcium sensing 

receptor, as they deliver the receptor from the endoplasmic reticulum to the Golgi, enabling 

glycosylation (Bouschet et al., 2005). GPR30 interaction with RAMP3 led to increased cell surface 

expression of RAMP3 as well as altering the subcellular localization of GPR30 in a sex dependent 

manner (Lenhart et al., 2013).  

The potential interactions of RAMPs with a wider repertoire of GPCRs are still unknown and the 

precise mechanisms through which RAMPs exert their effects on ligand binding, receptor 

trafficking and signalling, remains unresolved.  

1.4.3 Structure of RAMPs 

The RAMPs share a common structure, comprising a single TM domain α-helix, an extracellular N-

terminus, and a short intracellular C-terminus. The extracellular N-terminus is the largest 

component consisting of approximately 90 amino acids in RAMP1 and RAMP3 while in RAMP2 it 

is extended by 13 residues (McLatchie et al., 1998).  

The three human RAMPs have approximately 30% amino acid sequence identity and 56% sequence 

similarity to each other (Figure 1.12); the TM domains are conserved across species while the N-

terminal domains are less conserved. All RAMPs across species contain four cysteine residues 

which are predicted to form disulphide bonds, suggesting a common secondary structure (Hay et al., 

2006). 

The crystal structure of the human RAMP1 N-terminal domain was reported in 2008 (Kusano et al., 

2008) and has also been determined in complex with CLR at the CGRP receptor (Ter Haar et al., 

2010) (see section 1.4.5, Figure 1.13). RAMP1 is tri-helical in structure and is stabilised by three 

disulphide bonds between residues C27-C82, C40-C72, and C57-C104. The presence of CLR 

apparently does not induce any conformational changes in the structure of RAMP1 (Ter Haar et al., 

2010). The structure of the RAMP2 ECD has also been solved individually and as part of the AM1 

receptor ECD complex (Kusano et al., 2012). Its structure is similar to that of RAMP1 with the two 

disulphide bonds C68-C99 and C84-C131 stabilizing the structure. There are several differences 

between the RAMP1 and RAMP2 structures; α-helix 1 is straight in RAMP2 but it is kinked in 

RAMP1 (Kusano et al., 2008) and the C27-C82 disulphide bond is absent in RAMP2. The structure 

of RAMP3 is yet to be determined. 
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Figure 1.12. Amino acid sequence alignment of human RAMP1, RAMP2 and RAMP3. Alignment 

generated using Geneious align with the blosum62 matrix in Geneious v 7. Black 100 % similarity, 

dark grey 80-100% similar, light grey 60 – 80 % similar, white < 60 % similarity. 

1.4.4 RAMP interactions with the CTR and CLR 

It was discovered that the CLR requires the coexpression of RAMPs to form functional receptors 

for CGRP and AM (McLatchie et al., 1998), with complexes of CLR and RAMPs1-3 forming 

pharmacologically distinct receptors (Table 1.1). Shortly after this discovery it was reported that 

RAMPs also interact with the CTR to form high affinity receptors for amylin (Armour et al., 1999; 

Christopoulos et al., 1999; Muff et al., 1999). 

Co-expression of CT(a) with RAMP1 and RAMP3 in Cos-7 cells led to a significant enhancement in 

rAmy binding, and revealed that AMY1(a) receptor bound both rAmy and hαCGRP with moderate 

affinity, while lower affinity CGRP interactions were seen at the AMY3(a) receptor. No 

enhancement in rAmy binding was observed at the AMY2(a) receptor (Christopoulos et al., 1999). 

Similar observations were made in a separate study using rabbit aortic endothelial cells (RAEC), 

with an enhancement in 125I-rAmy binding in cells co-transfected with CT(a) and RAMP1 or 

RAMP3 (Muff et al., 1999). 

RAMPs are essential for the cell surface expression of CLR; RAMPs associate with the receptor in 

the endoplasmic reticulum and promote terminal glycosylation (Fraser et al., 1999). Initially 

differential glycosylation was thought to be responsible for the pharmacological differences 

observed with the different RAMPs but this was later ruled out (Hilairet et al., 2001; Aldecoa et al., 
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2000). RAMPs are not needed for the cell surface translocation of the CTR (Christopoulos et al., 

1999).  

Cross-linking experiments revealed that RAMPs form complexes at the cell surface with the CLR 

and CTR and are in close proximity to the peptide binding site.125I-hαCGRP was able to be cross-

linked when RAMP1 was expressed with CTR or CLR (McLatchie et al., 1998; Hilairet et al., 

2001; Leuthauser et al., 2000).125I-AM was cross-linked to complexes of CLR and RAMP2 or 

RAMP3 (Hilairet et al., 2001). 125I-rAMY was also able to be cross-linked to the CTR and RAMP1 

(Christopoulos et al., 1999). Additional evidence of complex formation at the cell surface was 

provided by confocal microscopy which demonstrated that RAMP1 was co-localised at the cell 

surface with the CTR or CLR (Leuthauser et al., 2000). 

Subsequent studies showed that the N-terminal ECD of the RAMPs is a key determinant of peptide 

affinity. Examples of this include; the expression of the RAMP1 ECD alone being sufficient to 

enable the CLR to activate the CGRP receptor with full efficacy (although with reduced potency) 

(Fitzsimmons et al., 2003). Deletion of residues within the RAMP1 ECD disrupted hαCGRP and 

AM interactions at the CLR (Kuwasako et al., 2003). Chimeras between RAMP1 and RAMP3 

revealed that substituting RAMP3 residue E74 for tryptophan reduced AM potency, and the reverse 

swap in RAMP1 (W74E) enhanced AM potency (Qi et al., 2008). Peptide binding at the CT family 

receptors is further discussed in sections 1.4.5 and 1.4.6. 

The TM domain of RAMPs may also contribute to peptide affinity; substituting the TM domain and 

C-terminal tail of RAMP2 with that of RAMP1 led to an increase in 125I-rAmy specific binding 

(Zumpe et al., 2000; Udawela et al., 2006a). Whether these substitutions altered cell surface 

expression of the receptor complex is unclear. 

In addition to changing the pharmacological profile of the CTR, there is evidence that RAMPs can 

modulate signalling at the AMY receptors. There are receptor isoform and cell background-

dependent differences in the ability of RAMP2 to create high affinity AMY receptors. In Cos-7 

cells RAMP2 only weakly induces the AMY receptor phenotype with little enhancement of amylin 

binding or potency (Christopoulos et al., 1999; Muff et al., 1999), but when transfected with the 

CT(b) isoform there is enhancement of amylin binding compared to CT(b) alone (Tilakaratne et al., 

2000) however expression of either receptor isoform in CHO-P cells leads to strong induction of 

AMY receptor phenotype suggesting the cellular background is important (Tilakaratne et al., 2000). 

Chimeras of RAMP1 and RAMP2 with the C-termini exchanged, showed that the RAMP1 C-
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terminus could increase cAMP production in response to CGRP compared to the CT(a) alone, 

indicating a possible signalling role for this domain (Udawela et al., 2006a). C-terminal truncation 

of RAMP reduced amylin potency, although this was partially reversed through overexpression of 

Gs (Udawela et al., 2006b). Preferential coupling of AMY1 and AMY3 receptors to Gs vs Gq 

compared to CT(a) expressed alone has been demonstrated (Morfis et al., 2008). This supports a 

direct role for RAMPs via the C-terminal domain, in G protein interactions.  

There is no evidence for a role in signalling for RAMPs when in complex with the CLR. However 

RAMP3 has a PDZ domain the C-terminal tail which can influence trafficking and downregulation 

of the AM2 receptor; in cells expressing N-ethylmaleimide-sensitive factor (NSF), NSF can redirect 

the receptor back to the cell surface (Bomberger et al., 2005a). Na+/H+ exchanger regulatory factor-

1 can also bind to the PDZ domain and blocks internalisation of the AM2 receptor but the not the 

CGRP and AM1 receptors which lack this domain (Bomberger et al., 2005b). 

1.4.5. Structures of the CGRP and AM1 receptor ECDs 

The crystal structure of the CGRP receptor ECD (CLR-RAMP1) was solved using X-ray 

crystallography (Ter Haar et al., 2010), in apo form and with the small molecule antagonists 

olcegepant (BIBN4096BS) and telcagepant (MK0974). It revealed a 1:1 complex of CLR and 

RAMP1. CLR was similar in structure to the other family B GPCR ECDs with the α-β-β-α fold 

present, while the RAMP1 structure closely matches that of previously solved RAMP1 structure 

(Kusano et al., 2008) (Figure 1.13). The AM1 receptor ECD structure was solved using X-ray 

crystallography in apo form, also revealing a 1:1 complex between receptor and RAMP2. Again 

there is little observed difference in the conformation of RAMP2 alone and in the complex except 

the C-terminus of RAMP2 is bent towards CLR in the complex (Kusano et al., 2012). 

The structures of the CGRP and AM1 receptor ECDs shows that an interface is formed between the 

N-terminal α-helix of CLR with helices 2 and 3 of RAMP1 or RAMP2, consistent with previous 

studies using receptor chimeras had previously identified this region of the CLR as being important 

for RAMP association (Ittner et al., 2005). 

Numerous hydrophobic and hydrogen bonding interactions hold the complex together. There are 

conserved pairs of interactions between the two receptors. A patch of conserved RAMP residues 

Y66/Y93, H97/H124 and F101/F128 (RAMP1 and RAMP2 numbering respectively) form 

conserved interactions with CLR residues M42, Q45, Y46, Y49 and Q50 (Table 1.3), although there 
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are several differences, with an interaction between CLR residues R38 and T43 with RAMP1 

residues D71 and W59 respectively only present in the CGRP receptor. An interaction between 

CLR residue G71 and RAMP2 residue R97 is only present at the AM1 receptor. 

 

Figure 1.13. A The CGRP receptor ECD (3N7S) comprising the CLR (light blue) and RAMP1 

(wheat) with olcegepant bound (magenta). B Alignment of the CGRP receptor (CLR blue and 

RAMP1 orange) and the AM1 receptor (CLR magenta and RAMP2 green) ECDs. 

To support the crystallographic data, photoaffinity cross-linking was performed with the full length 

AM1 receptor in mammalian cells. The side-chains of RAMP2 residues S94 and F121 do not 

directly interact with the CLR and replacement of these residues with Bpa was able to efficiently 

induce cross-linking of RAMP2 to CLR. Replacement of the RAMP2 residues Y93, I120, H124 and 

F128, which are located in the core of the interface, with Bpa was unable to induce cross-linking 

suggesting substitution at these positions disrupted the RAMP receptor interface. These data 

suggest that the interface observed in the ECD structure is also present in the full length receptor 

(Kusano et al., 2012). Many of these observations are also supported by previous findings from 

mutagenesis work. A study looking at the role of the conserved human RAMP residues in RAMP1 

by mutating them to alanine found that the mutations Y66A and H97A significantly reduced cell 

surface expression, suggesting these residues are of particular importance for RAMP1 interaction 

with CLR (Simms et al., 2009). F93A and F101A had a smaller effect on cell surface expression. 

The residues Y66 and H97 (93 and 124 in RAMP2) are conserved across all three RAMPs 

suggesting that they may form a common interaction interface with all GPCRs that interact with 

RAMPs. Mutation of the CLR residue Y49 to alanine reduced CGRP potency and reduced cell 
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surface expression at the CGRP receptor; this is likely be due to disruption of the RAMP-receptor 

interface at the ECD (Barwell et al., 2010).  

As described above there are several differences at the RAMP-receptor interface between the CGRP 

and AM1 receptors (Table 1.3). These are suggested to alter the shape of the ligand binding pocket 

and contribute to the different ligand potencies between these receptors (Kusano et al., 2012). The 

RAMP2 residue L109 forms part of the hydrophobic core while the RAMP1 equivalent C82 forms 

a disulphide bond with C27. As a result of these different interactions, the RAMP α-helices 2 and 3 

are orientated differently between the CGRP and AM1
 receptors, altering the shape of the putative 

peptide binding groove. 

While a 1:1 complex of the CLR and RAMP2 ECDs was observed in the AM1 receptor crystal 

structure (Kusano et al., 2012), a separate study has reported a different stoichiometry. Watkins and 

colleagues observed a 1.5:1 ratio of CLR to RAMP suggesting the AM1 receptor may form a 2:1 

complex (Watkins et al., 2013a) as a 2:1 complex of CLR to RAMP1 has been previously observed 

(Heroux et al., 2007). On the other hand Moad and Pioszak have reported that CLR RAMP2 ECD 

complexes may dissociate under certain conditions (Moad and Pioszak, 2013) which may explain 

the 1.5:1 ratio observed, therefore further studies are required to confirm the native oligomeric state 

of these receptors. 
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Table 1.3. The interactions formed between the CLR and RAMPs ECDs. 

Receptor Hydrophobic interactions Hydrogen bonding Salt Bridge 

CGRP receptor 

Ligand bound 

(CLR-RAMP1) 

M42 - Y66, A70, R67 

Y46 - W59  

T43 - W59 

Y49 - D90 

Q50 - H97, F101, P105 

Q45 - Y66 

T68 - D90 

E47 - G108 

N39 - R67  

R38 - D71 

AM1 receptor 

(CLR-RAMP2) 

M42 - Y93, R97, S94 

Y46 - W86, F128, Y93, H124 

Y49 - F121, Q125, A129 

M53 - F121, Q125, A129 

R119 -G110 

G71 - R97 

Q45 - Y93 

Y49 - E117 

Q50 - H124, F128, S132  

Q54 - A129 

 

CLR residues are listed first in bold, RAMP residues are listed second. 

1.4.6 Ligand binding at CGRP and AM receptor ECDs 

There are still no peptide bound structures of CT family peptides bound to any of their receptors. 

However the crystal structures of the AM1 and CGRP receptors along with mutagenesis studies 

have given useful insight into ligand binding at these receptors, particularly the ECD. 

The small molecule antagonists olcegepant and telcagepant bind across the hydrophobic binding 

pocket between CLR and RAMP1. Residues W74 and W84 of RAMP1 form the back and the 

ceiling of the binding pocket, while W72 of CLR forms hydrogen bonds with the molecules (Ter 

Haar et al., 2010). This is consistent with previous mutagenesis data that demonstrated that W74 

was important for small molecule selectivity (Mallee et al., 2002; Hay et al., 2006; Miller et al., 

2010). While W84 had been previously demonstrated to be important for both CGRP and small 

molecule binding at the CGRP receptor (Moore et al., 2010) and CGRP and amylin interactions at 

the AMY1 receptor (Gingell et al., 2010). 

At the AM1 receptor the side chains of CLR residues W72, F92 and W121 are located within the 

putative peptide binding groove of the CLR and face RAMP2; mutation of these residues to alanine 

in the AM1 receptor ECD resulted in large reductions in binding affinity for AM (Kusano et al., 
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2012). The side chains of E101 and F111 in RAMP2 face towards CLR; mutation E101A resulted 

in a large decrease in AM binding affinity while F111A resulted in a smaller decrease (Kusano et 

al., 2012). Mutation of E101 in the full length receptor also resulted in a significant loss of AM 

potency but F111 did not (although cell surface expression and Emax was reduced) however both 

were important for AM2 potency (Watkins et al., 2014).  

Studies using mutagenesis and chimeras have identified other receptor residues that may contribute 

to peptide binding. Deletion of the first 40 residues from CLR led to large reductions in CGRP and 

AM potency at the CGRP and AM1 receptors respectively (Koller et al., 2002). Swapping the first 

40 CLR residues with the equivalent residues of the porcine CTR, resulted in restoration of CGRP 

potency at the CGRP receptor, but there was still a substantial reduction in AM potency at the AM1 

receptor (Koller et al., 2002), revealing that the extreme N-terminus of the ECD is important for 

AM interactions. Deletion of residues 37-43 from mouse CLR, resulted reduced CGRP potency at 

the CGRP receptor but abolished the AM response at the AM1 receptor (Koller et al., 2004). 

The CLR residue I41was identified as being important for CGRP, AM and AM2 potency at the 

CGRP, AM1 and AM2 receptors (Barwell et al., 2010; Watkins et al., 2014). This is pointed towards 

the putative ligand binding groove in the CGRP and AM1 crystal structures so could potentially 

interact directly with peptides. The CLR residue T37 has been identified as being important for AM 

and AM2 interactions at the AM1 and AM2 receptors (Watkins et al., 2014). Receptor dependent 

effects have been observed with residue Q45; it was important for CGRP potency at the CGRP 

receptor (Barwell et al., 2010), AM and AM2 potency at CGRP and AM1 receptors but not at the 

AM2 receptor (Watkins et al., 2014). This residue is in a position where it may interact with the 

RAMP, so it is unclear whether it is directly involved in peptide binding. In RAMP3, E74 (E101 is 

the equivalent in RAMP2) has a possible role in AM interactions with the full length AM2 receptor; 

swapping this residue with the tryptophan found in RAMP1 at this position, results in a significant 

reduction in AM binding and potency, however a more modest decrease in potency (< 5 fold) is 

seen with mutation to alanine. W74 in RAMP1 is not important for CGRP binding, but substitution 

with glutamic acid at this position increased the potency of AM at the CGRP receptor (Qi et al., 

2008; Hay et al., 2006; Qi et al., 2011). 

In the AM1 receptor ECD, whether differences between the RAMP1 and RAMP2 residues in the 

putative ligand binding groove determine the different ligand binding properties of the CGRP and 

AM1 receptor was investigated. The RAMP2 residues S94, R97, E101 and F111 were mutated to 
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the RAMP1 equivalent residues arginine, alanine, tryptophan and tryptophan respectively. The 

quadruple mutant had decreased binding affinity for AM, close to that of the CLR-RAMP1 complex 

but there was also loss of CGRP affinity. As the AM1 structure revealed a slightly different 

conformation in the putative peptide binding groove between the CLR and RAMP it was suggested 

that the shape of the peptide binding groove may instead contribute to peptide selectivity rather than 

individual residues, although very weak binding affinities were observed which makes 

interpretation of this data difficult (Kusano et al., 2012). The RAMP dependent effects observed 

when mutating CLR residues near the RAMP interface, supports the idea that RAMPs may act by 

influencing the shape of the binding groove (Watkins et al., 2014) but it is unclear whether RAMP 

residues directly contact the peptide. 

1.4.7 Ligand binding at the CTR and AMY receptors 

There is no structural data regarding ligand interactions with the CTR or AMY receptors. All data 

are from biochemical studies. There have been a few studies investigating the molecular 

mechanisms of ligand binding interactions at the CTR or AMY receptors. N-terminal exchange 

chimeras with the glucagon (Stroop et al. 1995, 1996) and PTH receptors (Bergwitz et al. 1996) 

have highlighted the importance of the ECD for high affinity ligand binding. There have been no 

mutagenesis studies at the CTR investigating ligand binding, so it is unclear whether the mode of 

CT binding to the CTR is this same as observed at other family B GPCRs. 

Several studies have utilised photoaffinity labelling to examine both hCT and sCT binding at the 

CTR. This technique involves the cross-linking of photolabile amino acids within the ligand 

(spatially restricted to within 3.1 Å) to the receptor (Dong et al. 2004a, 2004b; Pham et al. 2004, 

2005). hCT analogues with Bpa at position 16 and 26 were cross-linked to the human CT(a) (Dong 

et al. 2004a); [Bpa16]-hCT cross-linked to CTR residue F137 and [Bpa26]-hCT to residue T30, 

however mutation of these residues to alanine did not affect the normal binding of CT. This is not 

completely unexpected, as this is not a high resolution technique and there may be some flexibility 

in this region of the receptor to allow the bulky Bpa residue to be accommodated. 

A sCT analogue with position 19 labelled with Bpa was tested in the CTR in a separate study 

(Pham et al. 2004). Cross-linking suggested binding occurred within the H121-K141 fragment, but 

site-directed mutagenesis of the residues in this region to alanine however did not identify any 

individual residues that had an effect on binding or cAMP response to sCT with the exception of 
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C134 which is predicted to form a disulphide bond and therefore would disrupt the structure of the 

receptor ECD. Cross-linking of [Bpa19]-sCT still occurred with each of the individual mutants.  

Another study was performed using a hCT analogue labelled at position 8, to investigate what 

interactions the N-terminus of CT makes with the receptor (Dong et al., 2004b). [Bpa8]-hCT was 

found to cross-link to residue L368 within ECL3 of the CTR but mutagenesis of this residue to 

alanine had little effect on potency or binding of CT, suggesting flexibility in this region. 

A further study was performed using the antagonist sCT8-32 analogues [Bpa8]-sCT8-32 and [Bpa19]-

sCT8-32. [Bpa19]-sCT8-32 cross-linked in the region from C134-K141, consistent with the site 

identified with full length [Bpa19]-sCT (Pham et al., 2004). However [Bpa8]-sCT8-32 cross-linked to 

M49 differing from the cross-linking site of L368 with [Bpa8]-hCT (Dong et al., 2004b). Bpa often 

preferentially cross-links to methionine residues (Wittelsberger et al., 2006), so these results do not 

necessarily indicate that this residue is the point of contact. It would also place the N-terminus of 

sCT within the receptor ECD which seems unlikely as this mode of binding is not observed at other 

family B GPCRs (Parthier et al., 2009; Archbold et al., 2011).  

There are several glycosylation sites within the CTR ECD, although the actual extent of 

glycosylation is reported to be cell type and species dependent (Quiza et al., 1997), one study has 

reported that glycosylation of the CTR is important for peptide binding (Ho et al., 1999). There are 

four potential glycosylation sites at positions 28, 73, 125 and 130 in the CTR ECD. Blocking 

glycosylation of the CTR with tunicamycin eliminated sCT binding but did not affect cell surface 

expression. Further investigation using mutagenesis revealed that mutation of asparagine residues in 

positions 125 and 130 to alanine resulted in significantly reduced sCT potency, suggesting 

glycosylation at these positions can influence peptide binding (Ho et al., 1999). 

The binding site of four small molecule CTR partial agonists 2d, 2e, 2f and 2g (Boros et al., 2005) 

in the CTR was investigated using chimeras of the secretin receptor and the CTR and N-terminal 

truncations of the CTR (Dong et al., 2009). The ECD and ECL1 were found to be important for CT 

binding while the TM domain was required for receptor activation, consistent with the results of 

previous chimeric receptor studies (Stroop et al., 1995; Stroop et al., 1996; Bergwitz et al., 1996). 

The small molecule agonists were able to elicit a response in all chimeric receptors containing the 

N-terminal portion of the CTR (either residues 1-153 or 1-199). Removal of the first 149 residues 

did not result in any significant reductions in cAMP production induced by the small molecule 

agonists; however deletion of one additional residue caused a large reduction in cAMP production 
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induced by agonists 2d and 2e, while deletion of one more residue resulted in a large reduction in 

potency by agonists 2f and 2g, suggesting residues Y150 and L151 form the binding site for the 

small molecule agonists (Dong et al., 2009). Based on sequence alignment with the GCGR and 

CRF1R these residues are likely to be located at the top of TM1. 

A study pharmacologically characterising the Δ47 isoform of the CTR (deletion of the first 47 

amino acids) made several interesting observations. Loss of the first 47 residues led to a decrease in 

hCT, rAmy and CGRP potency but not sCT potency, however when RAMP1 was present there was 

an increase in hCT, rAmy and CGRP potency. It suggests that the N-terminal α-helix is important 

for ligand binding and that the RAMP may either form contacts with the peptides or that it can 

stabilise this region of the receptor which compensates for the loss of potency (Qi et al., 2013). 

At AMY receptors, no CTR residues have been investigated for their role in peptide interactions. 

However there is data regarding the role of RAMPs from studies using RAMP chimeras and 

mutants. A residue swap between RAMP3 and RAMP1 (E74W) resulted in a decrease in rAmy and 

hβCGRP potency at the AMY3(a) receptor, while an enhancement in rAmy and potency was found 

with the reciprocal swap (W74E) at the AMY1(a) receptor. Due to its position facing the putative 

peptide groove it is plausible that these residues interact with peptides. Reduction in peptide 

potency was also found with the I93F and N103S, chimeras at the AMY3(a) receptor and the F93I, 

V89A chimeras at the AMY1(a) receptor (Qi et al., 2008). However due to their position within the 

RAMP it is more likely that these effects were indirect. A study using chimeras swapping three 

residues between RAMP1 and RAMP3 found that the majority of these residue swaps resulted in a 

significant loss of peptide potency while with the CLR the effects on peptide potency weren’t as 

numerous (Qi et al., 2010), which suggested that the association between the CTR and RAMPs is 

more susceptible to disruption, although there was no cell surface expression data to validate this. 

Mutation of the RAMP1 residue W84 to alanine was found to significantly reduce rAmy and 

hαCGRP potency at the AMY1(a) receptor; mutation to phenylalanine (the RAMP2 equivalent 

residue at this position) also resulted in a significant decrease in peptide potency although the 

reduction in potency was smaller (Gingell et al., 2010). These mutations also resulted in a 

significant reduction in cell surface expression however, so the loss of potency seen may not be 

entirely due to impairing peptide interactions. 
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1.5 Summary 

It is unclear if CT family peptides bind in a helical conformation like that observed in the other 

family B GPCRs ECDs. Due to the positioning of the RAMP near the N-terminal α-helix where it 

could likely make contacts with the peptide, the binding mode is more likely to be similar to that of 

PTH (Pioszak and Xu, 2008) and GIP (Parthier et al., 2007) rather than the orientation observed at 

the CRF1R (Pioszak et al., 2008) and CRF2R receptors (Grace et al., 2007; Grace et al., 2010; Pal 

et al., 2010) where the peptide is bound further away from the N-terminal α-helix. 

The precise mechanism for ligand interactions at the CTR remains poorly understood. Ligand 

binding at CT family receptors is further complicated by the interactions of these receptors with 

RAMPs. While there is now structural information on RAMP-CLR complexes, exactly how 

RAMPs alter the pharmacology of the CLR and CTR is not well understood. It is likely that they 

can form direct interactions with peptides but whether they also exert allosteric effects on the 

receptor ECD to modulate peptide affinity is unclear. 

1.6 Aims and Objectives 

The overall hypothesis of this thesis to be tested was that the RAMPs affect the CTR conformation, 

leading to enhanced binding to the peptides amylin and CGRP. 

Therefore the aim of this thesis was to test this hypothesis by investigating the role of the CTR ECD 

in peptide interactions both alone and in the presence of RAMPs using two complementary 

approaches. The first was using homology modelling to guide mutagenesis in the full length 

receptor in live cells and the second was to express and purify the ECD of the CTR with and 

without RAMPs with the aim of determining structures through X-ray crystallography.  

During the course of this thesis, beta amyloid 1-42 or (Aβ1-42) was reported to be a selective agonist 

of the AMY3 receptor (Fu et al., 2012); this peptide is unrelated to the CT peptide family so it was 

hypothesised that Aβ1-42 may provide novel insight into receptor selectivity at the CTR and AMY 

receptors. Aβ1-42 was characterised at the CTR and AMY receptors along with the other previously 

uncharacterised ligands hAmy and pramlintide and the previously well characterised CTR and 

AMY receptor agonists rAmy, hCT and hαCGRP. These results are presented in chapter 3. 

Peptide interactions with the CTR are not well understood with only photoaffinity labelling data 

available. A homology model of the CTR ECD was created and this was used to guide mutagenesis 
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of the CTR ECD, so the role of selected residues within the CTR receptor ECD in peptide binding 

could be elucidated. These results are presented in chapter 4. 

Prior to this study, very little was known about peptide binding to AMY receptors. The CTR ECD 

mutants were that were characterised in chapter 4, were characterised with RAMPs, to investigate 

whether the presence of RAMP altered the role of peptide interacting residues in the CTR. These 

results are presented in chapter 5. 

There is no structural information available for the CTR and AMY receptor ECDs. The isolated 

ECDs of the both CTR and AMY1 receptor were expressed recombinantly, with the aim of 

determining the structures through X-ray crystallography. The expression, purification and 

crystallisation of the CTR and the attempted expression of the AMY1 receptor ECD are presented in 

chapter 6. 
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Chapter 2 	

Materials and Methods 

2.1 Molecular Biology 

2.1.1 DNA constructs 

The CT(a) isoform (leucine polymorphic variant) of the human CTR with a double N-terminal HA-

tag in the pcDNA3.1(-) vector (Pham et al., 2004; Hay et al., 2005) was provided by Prof Patrick 

Sexton (Monash University, Melbourne, Australia). Human RAMP1 with an N-terminal myc tag 

and untagged human RAMP3 (McLatchie et al., 1998) were provided by Dr Steven Foord (GSK, 

Stevenage, UK). FLAG-tagged human RAMP2 (Qi et al., 2013) was provided by Dr Denise 

Wootten (Monash University, Melbourne, Australia). These constructs were provided cloned into 

the pcDNA3 vector.  

DNA constructs for the CTR and RAMP ECDs were received from Dr Jonathan Moore (Vertex 

Pharmaceuticals, Boston, MA, USA). The CTR construct consisted of human CTR32-140 with an N-

terminal hexahistidine tag (His6-tag), tobacco etch virus (TEV) protease cleavage site and linker 

sequence in the pET151 vector (vector sequence GIDPFT remains after tag cleavage). The RAMP1 

construct consisted of human RAMP126-117 with an N-terminal His6-tag and a thrombin protease 

cleavage site.  

2.1.2 Site-directed mutagenesis 

Site-directed mutagenesis was performed based on the Stratagene QuikChange method. This 

method involves performing PCR using complementary primers containing the desired mutation to 

amplify the template, thereby introducing the mutation. The original template is then removed using 

the enzyme Dpn I which digests methylated DNA. 

Complementary primers with the desired mutations were designed with the following properties 

according to the manufacturer’s instructions.  

 25-45 bases in length. 

 Melting temperature ≥ 78 °C. 

 Desired mutations located in the middle of the primer 

 The primers end with at least one C or G and have ≥ 40% GC content. 
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Desalted primers were ordered from Integrated DNA technologies (Coralville, USA). These were 

dissolved in sterile DNAse/RNAse free ultrapure H2O (Cat # 15230-102, Life Technologies) at a 

concentration of 100 µM and stored at -30 °C. 

The reaction mixtures for PCR were performed with 5-10 ng of HA-tagged CTR DNA template, 0.5 

µM each of forward and reverse primers, while the reaction buffer and dNTPs were prepared 

according to the manufacturer’s instructions. The following PCR conditions were used with either 

Pfu (Cat # M7741, Promega), Primestar HS (Cat # R010A, Takara) or Kapa Hifi polymerases (Cat 

# KK2601, Kapa Biosystems) (Table 2.1), depending on the stage of the PhD project. 

Table 2.1. PCR cycles used for site-directed mutagenesis 

 Pfu and Primestar HS 
polymerase 

Kapa Hifi polymerase 

Initial denaturation 95 °C 30 sec 95 °C 2 min 
Denaturation  

16 cycles 
95 °C 30 sec 98 °C 20 sec 

Annealing 55 °C 60 sec Tm* 15 sec 
Extension 68 °C 12 min 72 °C 3 min 
Final Extension 68 °C 10 min 72 °C 5 min 
* The annealing temperature was set as the lowest Tm of the two primers used. 

Following the PCR reaction, the reaction mix was cooled on ice and 2 µL of Dpn I (Cat # R6231 

Promega or Cat # R0765 New England Biolabs) was added. The reaction mix was then incubated at 

37 °C for 2 hours, before being transformed or stored at - 20 °C. 

2.1.3 Bacterial transformation 

For transformation of purified plasmid DNA from an existing maxiprep into XL-10 Gold 

Ultracompetent cells (Cat # 200314, Stratagene), 9 µL of cells were thawed on ice in a microfuge 

tube. Plasmid DNA (10 ng) was added to the cells and mixed by tapping the tube gently and then 

these were incubated for 15 minutes on ice. After incubation the cells were heat shocked at 42 °C 

for 30 seconds, then placed on ice for 2 minutes. 

For transformation of site-directed mutagenesis PCR products, the following protocol was used. 

Cells (50 µL) were thawed on ice, and then incubated with 2 µL β-mercaptoethanol for 10 minutes 

with occasional gentle mixing. Two µL of the PCR reaction was then added to the cells and the mix 

was then incubated on ice for 30 minutes. Following the incubation the cells were heat-shocked at 

42 °C for 30 seconds, and then incubated on ice for 2 minutes. For both transformation methods 
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cells were plated onto lysogeny broth (LB) agar plates (Table 2.2, supplemented with 100 µg/ml 

ampicillin [Apollo Scientific]) and incubated at 37 °C for 16 hours to allow colony formation. 

CTR and RAMP ECD expression constructs were transformed into BL21 (DE3) Rosetta 2 cells. 

Ten ng of plasmid DNA was added to 50 µL of cells and incubated on ice for 30 minutes, the cells 

were then heat shocked at 42 °C for 90 seconds and incubated on ice for 2 minutes. After this 950 

µL of LB broth was added to the cells and the suspension was incubated by shaking for 2 hours at 

37 °C. The cells were centrifuged at 2000 x g for 1 minute and resuspended in 200 µL of LB broth. 

Cells were then plated on LB agar plates (with 100 µg/ml ampicillin for CTR or 50 µg/ml 

kanamycin [Sigma-Aldrich] for RAMP1) and incubated at 37 °C for 16 hours.  

Table 2.2. Composition of media solutions used for bacterial culture. 

LB-Broth (1L) LB-Agar (1L) 

10 g Tryptone 
5 g Yeast Extract 

10 g NaCl 

10 g Tryptone 
5 g Yeast Extract 

10 g NaCl 
2.5% Agar 

 

2.1.4 DNA extraction for sequencing 

To enable the sequencing of DNA from bacterial colonies from site-directed mutagenesis reactions, 

the Templiphi® amplication kit (Cat # 25-6400-10, GE Healthcare) was used. Using a pipette tip, a 

small part of the colony (from 2.13) was removed and mixed with 5 µL of Sample Buffer. The 

mixture was then incubated at 95 °C for 3 minutes. The mixture was then cooled on ice and 

combined with 4.8 µL of reaction buffer and 0.2 µL templiphi enzyme. The reaction mix was then 

incubated for 16 hours at 30 °C, followed by 10 minutes incubation at 65 °C. The reaction mix was 

diluted with 20-50 µL of DNAse/RNAse free H2O to a give a final concentration of ~ 200 ng/µL for 

sequencing. 

DNA sequencing was performed by the DNA sequencing facility at the Centre for Genomics, 

Proteomics and Metabolomics in the School of Biological Sciences. For site-directed mutagenesis, 

mutants were first sequenced using the forward (T7) primer. Sequencing chromatograms were 

inspected using the program FinchTV (Geospiza). If the sequence was confirmed as having the 

correct mutation, the remaining portion of the colony was used for a large scale DNA preparation 

(2.1.5) followed by sequencing in the reverse direction using the BGH primer to obtain the full 
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insert sequence, ensuring no additional alterations were made to the sequence during the 

mutagenesis process. ECD constructs were all sequenced using the T7 primer. 

2.1.5 DNA purification  

Large scale DNA preparations were made using either PureLink HiPure Plasmid Filter Purification 

kits (Cat # K2100-17, Invitrogen) or NucleoBond® Xtra Maxi / Maxi Plus kits (Cat # 740414, 

Machery-Nagel). Briefly, 5 mL of LB broth with 100 µg/ml ampicillin was inoculated with a single 

colony from a transformed LB agar plate, and incubated at 37 °C for 8 hours in a rotary shaker. LB 

broth (600 mL) was inoculated with 1 mL of the 5 mL culture and incubated for 18 hours at 37 °C 

on a orbital shaker. Cells were harvested and purified using the kits, according to the instructions 

provided. Plasmid DNA was solubilised in sterile DNAse/RNAse free H2O and stored at - 30 °C. 

The quantity and purity (A280/260) ratio was determined by UV spectroscopy (2.2.5). Glycerol stocks 

of WT DNA constructs were created by adding 150 µL of glycerol to 850 µL of the 600 mL 

cultured broth and stored at - 80 °C in cryovials.  

2.1.6 DNA and protein quantification 

DNA and protein solutions were quantified using UV spectroscopy with a Nanodrop ND-1000 

Spectrophotometer (Thermo-Fisher). Beer-Lambert Law was used to calculate the concentration 

from the following equation. 

c 	
A
ϵ. l

 

c = concentration, ε = extinction coefficient, A= absorbance, l = path length in cm.  

The extinction coefficient of double stranded DNA is 0.02 µg/mL cm-1. For calculation of protein 

solutions the extinction coefficient of the protein was determined using the amino acid sequence on 

an online server (http://web.expasy.org/protparam/). 
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2.1.7 SDS-PAGE 

Protein solutions were characterised using SDS-PAGE (Sodium dodecyl sulfate – polyacrylamide 

gel electrophoresis). Protein solutions (10 µL) were prepared by adding 4 x SDS loading buffer 

(Table 2.3) and incubating at 95 °C for 5 minutes. BenchMark pre-stained protein ladder (Life 

Technologies) was loaded into a single well in each gel. Pre-cast Tris-Glycine 4-20% acrylamide 

SDS-PAGE gels (NuSep) were used in a Xcell Surelock Electrophoresis gel tank (Life 

Technologies). Gels were run in SDS Tris-glycine buffer at 200 V for approximately 50 minutes to 

separate proteins. The gel was stained by soaking in Coomassie Blue dye solution for 1 hour, before 

destaining with destain solution (Table 2.3). 

Table 2.3. Buffers used for gel electrophoresis. 

Tris-glycine buffer Coomassie blue stain SDS loading buffer Destain solution 
25 mM Tris-HCl 
250 mM glycine 

0.1 % SDS 

0.125 % Serva blue 
R 

30 % ethanol 
10 % acetic acid 

50 mM Tris-HCl pH 6.8 
2 % SDS 

0.1 % bromophenol 
blue 

10 % glycerol 

40 % ethanol 
10% acetic acid 

 

2.2 Mammalian cell culture 

2.2.1 Cell culture media 

For complete growth media; Dulbecco’s Modified Eagle’s Medium (DMEM) high glucose with 

0.11 g/l Na pyruvate and L-glutamine (Cat # 11995-065, 500 ml, Life Technologies) was 

supplemented 40 mL heat-inactivated Fetal Bovine Serum (FBS). Heat inactivated FBS (Cat # 

10091-148, Life Technologies) or (Moregate Biotech) was prepared by heating at 56 °C for 1 hour 

with occasional mixing; the serum was then stored as 40 mL aliquots at - 20 °C. 

2.2.2 Cell lines  

Cos-7 cells and HEK293S cells were used in this thesis to study receptor function. Cos-7 cells are 

an immortalised cell line derived from African Green Monkey kidney cells (Gluzman, 1981); these 

were provided by Assoc Prof. Nigel Birch (University of Auckland) originally sourced from ATCC 

(American Type Culture Collection). These have been characterised in our lab and have been 

demonstrated to lack endogenous CT family receptors and RAMPs (Bailey and Hay, 2006; Bailey 

and Hay, 2007; Qi et al., 2008). HEK293S cells are derived from human embryonic kidney 

transformed with adenoviral DNA; the cells used were provided by Prof. David Poyner (Aston 
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University, Birmingham, United Kingdom). The HEK293S cell line has also been characterised in 

our laboratory and does not contain endogenous RAMPs or CT family receptors (Qi et al., 2013). 

Over the course of this thesis, the lack of endogenous receptors in both cell lines was confirmed on 

several occasions using functional assays (data not shown). 

2.2.3 Cell culture 

Cos-7 and HEK293S cells were cultured using complete growth media in a humidified incubator at 

37 °C, 5% CO2. Cells were grown in T75 or T175 flasks (Greiner or Corning). For subculture and 

plating, growth media was removed and the cells were washed with 5 mL of Dulbecco’s phosphate 

buffered saline (DPBS) (Life Technologies Cat # 14190-144). Five mL of TrypLETM Express (Life 

Technologies, Cat # 12605) was then added to detach cells. After the cells had detached from the 

flask, 5 mL of complete growth media was added to neutralise the TrypLETM and the cells were 

resuspended. To subculture, 1 or 2 mL (for 1:10 or 1:5 ratio subculture, respectively) of cell 

suspension was transferred to a fresh T75, containing growth medium and grown for 3 days (1:5 

ratio) or 4 days (1:10). For a T175 flask these volumes were doubled. For plating, both cell types 

were seeded at a density of 1.5 x105 cells/ml (100 µL per well) in uncoated 96 well plates (Perkin 

Elmer) for Cos-7 cells or poly-D-lysine pre-coated 96 well plates (BD-Falcon) for HEK293S cells 

and grown for approximately 24 hours before being transfected. 

2.2.4 Transfection 

Cells were transfected using polyethylenimine (PEI) (Sigma Cat # 408727). PEI binds to DNA and 

enables uptake into cells through endocytosis (Boussif et al., 1995). A 0.9 mg/mL stock solution of 

PEI was made with MQ-H2O and filter sterilised. Small (1 mL) aliquots were stored at - 30 °C. The 

amount of PEI used for transfection was based on the following equation.  

Volume	of	PEI	stock	to	be	added	 μL  
µg DNA × 3 × N/P ratio 

10
 

The ratio of nitrogen (N) in the PEI to phosphate (P) in the DNA affects transfection efficiency and 

the optimum ratio is cell line dependent, however a ratio of 10 was used for both Cos-7 and 

HEK293S cell lines based on previous optimisation in our laboratory. For transfection, 250 ng of 

DNA was used per well in a 96 well plate or 1 µg per well in a 24 well plate. For transfection of 

AMY receptors an equal amount (125 ng) of CTR and RAMP was used while for the CTR 

transfections pcDNA3 vector without insert was used instead of the RAMP.  
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DNA was added to a 5% sterile glucose solution (comprising 10% of the total transfection volume). 

PEI was then added drop wise and gently mixed and then incubated for 10-15 minutes at room 

temperature. After incubation, complete growth media was added to the mixture. Complete growth 

media was aspirated from the 24 and 96 well plates using a vacuum pump and 500 µL or 100 µL of 

transfection mix respectively were added per well. The plates were then returned to the incubator 

and grown for ~ 48 hours before assaying. 

2.3 Assays 

2.3.1 Peptides 

rAmy, hCT, sCT, and sCT8-32 were purchased from American peptide (Sunnyvale, CA, USA). 

hαCGRP and hAmy were purchased from American peptide or prepared in-house by Dr Paul 

Harris. AC187 (Cat # H4922) was purchased from Bachem (Bubendorf, Switzerland). 

Hexafluoroisopropanol (HFIP) pretreated Aβ1-42 (Cat # A-1163-1) was purchased from Rpeptide 

(Athens, GA, USA). Pramlintide was kindly provided by Amylin pharmaceuticals (San Diego, CA, 

USA). 

Peptides were purchased as lyophilised powders and were prepared with the exception of Aβ1-42 and 

hAmy by dissolving in ultrapure water at a concentration of 1 mM (taking into account peptide 

content). 1 mM stock solutions were stored in siliconised (Bio plas, San Rafael, CA, USA) or 

Lobind (Eppendorf, Hamburg, Germany) microfuge tubes at -30 °C. Aβ1-42 was reconstituted in a 

1% NH4OH solution and dissolved using a sonication bath. hAmy was dissolved at a concentration 

1 mM in DMSO. Single use aliquots were stored in siliconised microfuge tubes at -80 °C. Where 

peptide content was not provided, peptide content of 80% was assumed. 

hCT analogues were synthesised by Dr Paul Harris and Dr Geoff Williams (School of Chemical 

Sciences, University of Auckland) using Fmoc solid phase peptide synthesis methodologies, all 

peptides had greater than 95% purity and contained the disulphide bond and the C-terminal amide. 
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2.3.2 Iodination of hCT 

Radioiodination of hCT was performed by adding 200 µCi of 125Iodine Radionuclide (Cat # 

NEZ033010MC, Perkin Elmer) to 30 µM of hCT in 200 µL PBS pH 7.4 and incubating this with an 

iodination bead (Cat # 28665, Pierce) for 5 minutes at room temperature. I125 labelled hCT was then 

purified using reverse-phase HPLC, using a C18 column (Phenomenex) using a gradient of 22-32% 

acetonitrile, H2O, 0.1% Trifluoroacetic acid (TFA). The radioactivity of fractions was determined 

using a Wizard2 gamma counter (Perkin Elmer). Fractions with high radioactivity were tested for 

activity using a radioligand binding assay (2.3.4), then aliquoted into LoBind microfuge tubes and 

stored at - 20 °C. The specific activity of the pure radiolabelled peptide was estimated as 2200 

Ci/mmol. 

2.3.3 cAMP assay 

Receptor function was measured in this thesis using a cAMP assay as the CTR and AMY receptors 

are Gs coupled (Lin et al., 1991; Morfis et al., 2008). 

Before stimulation with peptides cells were serum starved for 30 minutes. To do this growth media 

was aspirated and replaced with 50 µL of cAMP assay media per well (Table 2.4). Fifty µL of a 

dilution series of peptides was then added giving a final concentration range of 1 × 10-6 to 1 × 10-12 

M. Assay media alone was used to determine baseline cAMP production, while two wells of 50 µM 

forskolin (Cat # 1099, Tocris Bioscience) were included on each plate as a positive control. For 

antagonist experiments, 25 µL of antagonist or 25 µL of media control was added after serum 

starvation before 25 µL of peptide agonists were added. After addition of peptides the plates were 

gently agitated by hand and then incubated at 37 °C for 15 minutes. Following incubation media 

was aspirated using a vacuum pump and 50 µL of ice cold ethanol was added to each well. Plates 

were then stored at - 30 °C for up to 7 days or a minimum of 5 minutes if the assay proceeded 

immediately. 

Cellular cAMP content was measured using AlphaScreen™ (Perkin Elmer) kits. This kit works on 

the principle of competition between endogenous cAMP in the sample and biotin-labelled cAMP 

present in the kit. The kit contains two types of beads (an acceptor and donor) which when in close 

proximity the acceptor bead emits a luminescent signal at 520-620 nm when the donor bead is 

excited at 680 nm. The acceptor bead is conjugated with an anti-cAMP antibody, while the donor 

bead is conjugated with streptavidin. The binding of biotin labelled cAMP brings both beads into 
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close proximity leading to a high signal. The greater quantity of cAMP in the sample or standard 

solution, the lower the light output. 

To conduct the assay, ethanol was evaporated from the 96 well plate in a fume hood, between 20 

and 45 µL (50 µL for HEK293S cells) of cAMP assay lysis buffer (Table 2.4) was added to each 

well, and the plate was gently shaken for 15 minutes on an orbital shaker. Lysate (10 µL) was 

transferred to a 384 well optiplate (Perkin Elmer) using a multichannel pipette or a Janus liquid 

handling robot (Perkin Elmer). A cAMP standard curve with a concentration range of cAMP from 3 

× 10-6 to 1 × 10-12 M was prepared at the same time in lysis buffer, with 10 µL of standard also 

added to a 384 well optiplate. Five µL of acceptor beads solution (1:100 dilution) was added, pulse 

centrifuged and incubated in the dark for 30 minutes. Five µL of donor beads solution (1:100 

diluted donor beads and 10 units of biotin cAMP per µL of donor bead in lysis buffer) was added. 

The plate was sealed, pulse centrifuged and incubated for 6-16 hours in the dark before being read 

on an Envision plate reader (Perkin Elmer).  

Table 2.4. Composition of buffers and media solutions used for assays. 

cAMP assay media cAMP assay lysis 
buffer 

Radioligand 
binding buffer 

PBS pH 7.4 

DMEM high glucose 
1 mM IMBX (in DMSO) 

0.1 % BSA 

0.3 % Tween20 
5 mM HEPES pH 

7.4 
0.1 % BSA 

DMEM high glucose
0.1 % BSA 

137 mM NaCl 
2.7 mM KCl 

10 mM 
Na2HPO4 

2 mM KH2PO4 
 

2.3.4 Radioligand binding assay 

Competitive radioligand binding assays were performed in whole cells. Cos-7 cells were plated and 

transfected in 24 or 96 well plates and after 48 hours were assayed. Cells were washed once with 

radioligand binding buffer (Table 2.4, preincubated at 37 °C) then incubated with binding buffer, 

approximately 50 pM 125I-hCT and a concentration range of unlabelled competitor peptide from 1 × 

10-6 - 1 × 10-11 M for 1 hour at 37 °C. After incubation, cells were washed once with ice-cold PBS 

(pH 7.4) then lysed with 0.2 M NaOH. Radioactivity was measured using a Wizard2 gamma 

counter (Perkin Elmer). Non-specific binding was determined using 1 µM unlabelled hCT. Total 

binding was established in the absence of a competitor peptide. 

The 125I-hCT radioligand was prepared in-house (see section 2.3.2 for details). To validate the 

function of this radioligand, competitive binding assays were performed in whole cells transfected 
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with the CT(a) receptor using unlabelled hCT and rAmy as competing peptides (Figure 2.1). The 

pIC50 of hCT was 7.94 ± 0.03 (n = 3) while the pIC50 of rAmy was 5.49 ± 0.45 (n = 2). These 

values are consistent with the pIC50 values previously obtained for hCT and rAmy (Bailey and Hay, 

2007; Tilakaratne et al., 2001). 

 

Figure 2.1. Competitive radioligand binding assay performed in whole cells transfected with CT(a), 

with hCT and rAmy. Data are mean ± SEM of 2-3 independent experiments. Data are normalised to 

the maximum specific binding observed for each peptide. 

2.3.5 ELISA 

A cell based ELISA was used to measure the cell surface expression of receptor mutants, based on 

previously published methods (Qi et al., 2008). CTR expression was measured using the HA tag. 

For experiments with AMY receptors the cell surface expression of both receptor components was 

measured where possible using an HA tag (CTR), myc tag (RAMP1) and FLAG tag (RAMP2). 

Briefly, cells were plated and transfected as described in sections 2.2.3 and 2.2.4. After transfection 

cells were fixed by adding 100 µL of 8% paraformaldehyde solution to each well (making a 4% 

final concentration) and shaking for 20 minutes at room temperature on an orbital shaker. The cells 

were then washed twice with PBS. Plates were stored at 4 °C until processed. 

H2O2/PBS (100 µL of 0.6%) was added to each well and was incubated at room temperature by 

shaking for 20 minutes. Following a wash with PBS, 100 µL of 10% goat serum/PBS was added to 

each well and incubated for one hour for blocking. 
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Detection of receptor components was performed using mouse anti-HA (Cat # MMS-101P, 

Covance, 1:2000 dilution in PBS 1% goat serum), mouse anti-FLAG (Cat # F1804-1G, Sigma, 

1:1000) or mouse anti-myc (Cat # OP10, Calbiochem, 1:500) monoclonal antibodies. Fifty µL of 

primary antibodies were added to each well and incubated for 30 minutes at 37 °C. After washing 

with PBS either 50 µL of goat anti-mouse biotin conjugate (Cat # B7264, Sigma, 1:1000 dilution in 

PBS/1% goat serum) or anti-mouse HRP conjugate (Cat # NA931V, GE Healthcare, 1:500 dilution 

in PBS/1% goat serum) was added to each well and incubated for one hour at room temperature. 

With the anti-mouse biotin conjugate an additional step adding Streptavidin HRP polymer (Cat # 

S2438, Sigma, 1:1000 dilution in PBS) and incubating for one hour at room temperature was 

performed. There was no difference in the results obtained between the two methods. 

After incubation the cells were washed twice with PBS and activity was measured using o-

phenylenediamine dihydrochloride (OPD) (Cat # P9187, Sigma), OPD solution was prepared by 

dissolving one tablet of SigmaFast OPD and one tablet of urea buffer in 20 mL of MQ H2O. Fifty 

µL of OPD solution was added to each well and incubated for 15 minutes in the dark at room 

temperature. The reaction was stopped by the addition of 50 µL of 0.5 M H2SO4. Absorbance was 

read at wavelengths of 490 nm and 650 nm on either an Envision or Enspire plate reader (Perkin 

Elmer).  

To correct for cell density, staining with cresyl violet was performed. After washing with PBS, 50 

µl of cresyl violet solution (0.02 % cresyl violet [Cat # C1791-5G, Sigma], 0.5% glacial acetic acid 

and 2.5 mM sodium acetate) was added to each well and incubated for 30 minutes at room 

temperature. After washing with PBS, 1% SDS was added to each well and incubated with gentle 

shaking for 15 minutes to lyse the cells. The absorbance at 595 nm was measured. The raw 

expression data for each well was calculated by first subtracting the absorbance at 650 nm from the 

absorbance at 490 nm, then dividing by the absorbance at 595 nm. Data were normalized by setting 

WT expression as 100% and empty vector transfected cells as 0%. Statistical significance was 

assessed using 95% confidence intervals. Significance was achieved when the 95% confidence 

interval did not include 100%.  

2.3.6 Circular dichroism spectroscopy 

To assess whether introducing an alanine residue into the hCT analogues had an adverse effect on 

peptide secondary structure, circular dichroism (CD) spectroscopy was performed on hCT and the 

hCT analogues. A solution of 50% TFE was used to dissolve the peptides, as hCT is unstructured in 
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aqueous solution but forms secondary structure in 50% TFE (Epand et al., 1985; Taylor et al., 

2002). 

CD spectroscopy was performed using a π-Star 180 spectrometer (Applied Photophysics). hCT and 

the hCT analogues were diluted in 50% TFE to a concentration of 50 µM. Four hundred µL of 

solution was loaded into a quartz cuvette with a 1 mm pathlength. 

CD spectra were collected from 260-180 nm at 2 nm intervals with a collection time of 1 second at 

each wavelength. Five spectra were collected and averaged and the spectral data from 50% TFE 

alone was subtracted to give final CD values. Spectra are presented as the mean residue ellipticity 

versus the wavelength and are smoothened for presentation purposes. 

2.3.7 Isothermal titration calorimetry 

Isothermal Titration Calorimetry (ITC) was performed using a MicroCal ITC titration calorimeter 

(MicroCal, Northhampton, MA, USA). Purified CTRECD (approximately 10 - 20 µM) and sCT (in 

10 fold molar excess to purified CTRECD) in gel filtration buffer (Table 2.6) was degassed and 

thermostated at 25 °C for 10 minutes. The titration consisted of 27, 10 µL injections of sCT into a 

solution of CTRECD at 360 s intervals, carried out at 25 °C with a stirring speed of 307 rpm. A 

control titration of peptide ligand into buffer was performed with each experiment under identical 

conditions. The data was fitted to a single site binding model using the MicroCal ORIGIN software. 

2.3.8 AlamarBlue assay 

The alamarBlue assay was used to examine whether Aβ1-42 induced toxicity in Cos-7 cells under the 

conditions of the cAMP assay. Cos-7 cells were plated and transfected under identical conditions to 

the cAMP assay (section 2.3.3). The cells were serum starved for 30 minutes in cAMP assay media. 

Aβ1-42 at a final concentration of 1 µM or assay media alone were then added each well. After 15 

minutes incubation the media was aspirated and 90 µL of complete growth media and 10 µL of 

alamarBlue reagent (Life Technologies, Carlsbad, CA, USA) was added to each well. The plate was 

incubated for 3.5–4 hours at 37°C with 5% CO2. Ninety µL of media from each well was 

transferred to a black 96-well plate (PerkinElmer Boston, MA) and fluorescence was read with 560 

nm excitation and 590 nm emission settings using an EnSpire® plate reader (PerkinElmer). 
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2.4 Protein expression and purification 

2.4.1 Protein expression 

BL21 Rosetta 2 (DE3) E.coli cells were cultured by inoculating 50 mL of LB-broth (with 100 µg/ml 

ampicillin for CTR or 50 µg/ml kanamycin for RAMP1) with a freshly picked colony or by 

scraping a pipette tip against a frozen glycerol stock and incubating overnight at 37 °C on an orbital 

shaker. Eight mL of this starter culture was then used to inoculate 800 mL of LB broth, which was 

incubated at 37 °C until it reached an optical density (OD) of 0.4-0.6. Expression was then induced 

using 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and incubation continued for 3 hours 

at 37 °C on an orbital shaker. Cells were harvested by centrifugation at 3,000 x g using a SLC4000 

rotor. Cells were then resuspended in a solution of 50 mM Tris pH 8 and 50 mM NaCl. Cell 

suspensions were either used immediately or stored at -80 °C. 

Inclusion bodies were prepared by lysing the cells with 1 mg of hen egg-white lysozyme (Roche) 

per mL of cells, and incubating for 1 hour and then adding 1 mg of DNAse I and 5 mM MgCl2 and 

incubated for a further 30 minutes. Dithiothreitol (DTT) was added at a final concentration of 10 

mM. The mixture was then centrifuged at 15,000 x g in a Sorvall SS-34 rotor for 15 minutes. The 

supernatant was removed and the pellet washed once with a buffer containing 100 mM Tris pH 8, 

150 mM NaCl, 0.5 % Triton X-100, resuspended with sonication and centrifuged at 15,000 x g. The 

pellet was then washed twice with 100 mM Tris pH 8, 150 mM NaCl, with each wash step followed 

by resuspension with sonication and centrifugation at 15,000 x g. The pellet was then resolubilised 

in inclusion body solubilisation buffer (Table 2.5) by incubating overnight at 4 °C. The purity of the 

inclusion bodies was assessed using SDS-PAGE and protein content quantified by UV spectroscopy 

(2.2.5). 

Table 2.5. Buffers used for preparation of inclusion bodies and refolding protein. 

Resuspension buffer Inclusion body 
solubilisation buffer 

Refolding buffer 1 Refolding buffer 2 

20 mM Tris-HCl   
pH 8 

50 mM NaCl 
 

8 M urea 
20 mM Tris-HCl   

pH 8 
10 mM DTT 
5 mM EDTA 

20 mM Tris-HCl   
pH 8 

500 mM L-Arginine 
1 mM oxidised 

glutathione 
5 mM reduced 

glutathione 

20 mM Tris-HCl   
pH 8 

50 mM NaCl 
10 % glycerol 
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2.4.2 Refolding 

The inclusion bodies were refolded by dialysis. A buffer solution with a high concentration of 

arginine to limit protein aggregation and a reduced/oxidised glutathione redox system, which 

provides redox potential to allow disulphide bonds to form and shuffle (Lillie et al., 1998) was used. 

Twenty mg of inclusion bodies (CTR and RAMP1 were added in an equal molar ratio for refolds of 

the CTR-RAMP1 ECD complex) were added to 50 mL 8M urea, 100 mM Tris pH 8.0. This was 

added to dialysis tubing with a 3,500 mw cut-off (Membrane Filtration Products Inc, USA) and 

dialysed against 1L of refolding buffer 1 (Table 2.5) for 48 hours at 4 °C. After 48 hours the 

dialysis tubing was transferred to 1L of refolding buffer 2 (Table 2.5) and dialysed for 12 hours, 

then dialysed for another 12 hours against fresh refolding buffer 2. Precipitated protein was 

removed from the sample by centrifugation at 15,000 x g in a SS-34 rotor (Sorvall) for 30 minutes; 

the supernatant containing soluble refolded protein was collected for purification.  

2.4.3 IMAC purification 

For purification of the CTRECD alone Immobilised metal-affinity chromatography (IMAC) was 

performed using a 5 mL HiTrap chelating column (GE Healthcare). The Hitrap column was 

stripped using 5 column volumes (CV) of IMAC stripping buffer (Table 2.6), washed with 10 CV 

of MQ-H2O, charged using 5 mL of 50 mM NiCl2, then equilibrated with IMAC loading buffer 

(Table 2.6). A peristaltic pump was used to load protein sample onto the column, which was then 

washed with 2 CV of loading buffer. Protein was eluted from the column using a either a step 

gradient of 500 mM imidazole or a continuous gradient of 20 mM to 500 mM imidazole with an 

Äkta fast protein liquid chromatography (FPLC) system.  

Table 2.6. Buffers used for protein purification. 

IMAC stripping buffer IMAC loading buffer IMAC elution buffer 
20 mM Tris-HCl pH 8 

50 mM EDTA 
 

20 mM Tris-HCl pH 8 
50 mM NaCl 

20 mM imidazole 
10% glycerol 

 

20 mM Tris-HCl pH 8 
50 mM NaCl 

500 mM imidazole 
10% glycerol 

 
Ion exchange buffer 1 Ion exchange buffer 2 Gel filtration buffer
20 mM Tris-HCl pH 8 

10% glycerol 
1 mM EDTA 

20 mM Tris-HCl pH 8 
500 mM NaCl 
10% glycerol 
1 mM EDTA 

20 mM Tris-HCl pH 8 
150 mM NaCl 
10 % glycerol 
1 mM EDTA 
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2.4.4 Ion exchange chromatography 

For the purification of the CTR-RAMP1 ECD complex, ion exchange was used as the first 

purification step instead of IMAC, based on the methods used to purify the CGRP receptor ECD 

and AM1 receptor ECD (Koth et al., 2010; Watkins et al., 2013a). A 5 mL HiTrap Q column (GE 

Healthcare) was equilibrated with 2 CV of ion exchange buffer 1 (Table 2.6). Refolded protein was 

loaded onto the column using either a syringe or a peristaltic pump. Elution was performed using an 

Äkta FPLC system by first washing the column with 10 mL of ion exchange buffer 1, then with 10 

mL of a 15 % gradient of ion exchange buffer 2 (Table 2.6). Then a continuous gradient from 15% 

to 50 % of ion exchange buffer 2 (150 mM – 500 mM NaCl) was run over 60 minutes at a flow rate 

of 0.5 mL/min. 

2.4.5 Gel filtration chromatography 

Following IMAC or ion exchange purification, the protein was further purified using gel filtration 

chromatography. All buffers were filtered using 0.2 µm Supor-200 membrane filters (Pall) and 

degassed prior to use. A HiLoad 16/600 Superdex 75 column (GE Healthcare) was equilibrated 

with 1-2 CV of gel filtration buffer (Table 2.6) using an Äkta FPLC system. Protein from either the 

IMAC or ion exchange chromatography step was concentrated to a final volume of approximately 2 

mL in a Vivaspin 20 centrifugal concentrator (GE Healthcare) by centrifugation at 3,000 x g in a 

bench top centrifuge. Protein solutions were then loaded through a 5 mL sample loop and run at a 

flow rate of 1 mL/min. 1 mL fractions of the eluted protein were collected. The content and purity 

of the protein fractions were assessed using SDS-PAGE; selected fractions were pooled and 

concentrated by centrifugation using Vivaspin 20 and Vivaspin 500 columns (GE Healthcare). 

Protein concentration was determined by UV spectroscopy. 

2.4.6 rTEV protease cleavage 

Recombinant (r) TEV protease was used to remove the His6-tag from the CTR ECD construct; the 

rTEV construct used was also His6-tagged to enable separation by IMAC. Stocks of rTEV protease 

were kindly provided by Dr Julia Archbold (School of Biological Sciences, University of 

Auckland). For cleavage of the N-terminal His6-tag, rTEV protease was added in a 1:20 ratio to the 

CTR and incubated overnight at 4 °C. For purification after cleavage of the His6-tag, the reaction 

mix was loaded onto the chelating HiTrap column as described in section 2.4.3 to remove the rTEV 

and the flow through was collected and purified by gel filtration chromatography. 
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2.5 Crystallisation 

Protein crystallisation was performed using the vapour diffusion method. This involves the mixing 

of a concentrated solution of protein with a solution of precipitant, which is then allowed to 

equilibrate against a reservoir of the precipitant. During the process of equilibration the 

concentration of protein and precipitate increases within the drop which may enable the nucleation 

and growth of crystals. 

Protein solutions were prepared by concentrating and exchanging buffer to remove glycerol using 

Vivaspin 20 and Vivaspin 500 spin concentrators as described in section 2.4.5 and filtered using a 

0.22 µM syringe filter.  

Screening over 576 conditions was carried out in 96-well Intelliplates (Hampton Research) using 

sitting drop vapour diffusion. This consisted of a 480 condition screen described previously 

(Moreland et al., 2005) and the 96 condition MORPHEUS screen (Gorrec, 2009).  

Screening was performed with the assistance of Ivan Ivanovic (School of Biological Sciences, 

University of Auckland) who also prepared all precipitant solutions. Fifty µL of precipitant solution 

was dispensed into the reservoir of the 96-Intelliplate using a MultiPROBE II HT/EX liquid 

handling robot (Perkin-Elmer). A Cartesian HoneyBee crystallisation robot (Genomic Solutions) 

was used to dispense 50 nL drops of protein solution into the Intelliplate and then to add 50 nL of 

reservoir solution to the protein drop. Plates were sealed and incubated at 18 °C with humidity 

controlled at 85 %.  

Depending on the outcome of the robot screen, fine screens were set up in 24 well plates, using the 

sitting drop procedure with microbridges (Hampton Research). Five hundred µL of reservoir 

solution was prepared, varying the precipitant concentration across the plate and pH down the plate. 

Two µL drops were prepared by mixing 1 µL of protein solution with 1 µL of reservoir solution; 

plates were then sealed and incubated at 18 °C with humidity controlled at 85 %. 

Additive screening was performed using the Additive Screen HT kit (Hampton Research). Ninety 

µL of a solution from the Intelliplate screen was mixed with 10 µL of the Additive Screen HT in a 

96 well Intelliplate. Drops were set up by adding 1 µL of protein solution to 1 µL of reservoir 

solution; plates were sealed and incubated at 18 °C with humidity controlled at 85 %.  
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Streak seeding was performed in 24 well plates; drops with four different precipitant concentrations 

were set up in rows and allowed to equilibrate overnight. A cat’s whisker was brushed against an 

existing crystal and streaked across 4 drops in each row. The wells were sealed and the plate 

incubated at 18 °C. 

2.6 Analysis of cAMP and radioligand binding data 

All cAMP and radioligand binding data were derived from a minimum of three independent 

experiments (cells were independently plated and transfected), performed in duplicate or triplicate. 

Data were analysed using using Graphpad Prism 5 or 6 (Graphpad software). 

cAMP data were analysed by fitting raw data to a standard curve of cAMP with a concentration 

range 3 × 10-6 – 1 × 10-13 M. For agonist experiments the standardised data was fitted to a four-

parameter logistic equation as previously described (Hay et al., 2005). F-test was used to determine 

if the Hill slopes were significantly different to 1, if there was no difference the Hill slopes were 

constrained to one. The Hill slopes for most curves was 1, this data is not reported. 

pEC50 values were obtained from the concentration response curves, mutant receptor pEC50 values 

were compared to the WT receptor pEC50 values using unpaired t-tests in Prism 6, with statistical 

significance set at P < 0.05. To allow data from individual experiments to be combined, data from 

mutant receptors were normalised to the WT response, by setting the Emin and Emax from the WT 

concentration response curve to 0% and 100% respectively. Emax values were obtained from the 

normalised curves and data were compared to WT using unpaired t-test with Welch’s correction. 

For antagonist experiments pA2, values were determined using Global Schild analysis of the 

concentration response curves in Prism 6 as described previously (Hay et al., 2005). After 

performing an F-test to confirm whether that the slope did not significantly differ from one, the 

Schild slope was constrained to one and top and bottom parameters of the agonist alone and 

antagonist concentration response curves were shared. One-way ANOVA followed by Tukey’s 

post-test was used to compare pA2 values between antagonists and receptors for each agonist, with 

significance set at P < 0.05. 

Radioligand binding experiments were performed either as full displacement curves or as total 

binding vs non-specific binding. Specific binding was calculated by subtracting the values obtained 

for non-specific binding from the rest of the dataset. For full displacement curves data, were fitted 

to the four-parameter logistic equation as described for the cAMP assay. To enable data from 



Chapter 2 
 

59 
 

multiple experiments to be combined, data from mutant receptors were normalised to the WT 

displacement curve by setting the values for the top and bottom of the curve as 100% and 0% 

respectively. Data are presented as mean ± SEM from at least three independent experiments, unless 

noted otherwise. 

2.7 Preparation of figures 

Figures were prepared using Pymol (Schrodinger) and Graphpad Prism 6 (Graphpad software). 

Sequence alignments were performed using Geneious v 7 (Biomatters). 
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Chapter 3  
 

Pharmacological characterisation of pramlintide, human Amylin and Beta-
Amyloid 1-42 at CT and AMY receptors. 

3.1 Introduction 
 

hAmy has rarely been used in pharmacological studies due to the propensity to form cytotoxic 

fibrils (Betsholtz et al., 1989). Instead the vast majority of studies have used the non-fibrillogenic 

rAmy (Westermark et al., 1990) as a substitute. Prior to the discovery of RAMPs hAmy affinity was 

measured in two different cell lines MCF-7 and T47D, with high affinity binding being observed in 

the MCF-7 cells (Zimmermann et al., 1997). Displacement of 125I-rAmy by hAmy has also been 

measured in rat nucleus accumbens membranes with a Ki 0.03 nM observed (Young et al., 1996). In 

an initial study identifying the role of RAMPs in forming amylin receptors, the cAMP response to 

hAmy and the ability of hAmy to displace 125I-rAmy were measured in RAEC (Muff et al., 1999). 

The EC50 values for hAmy and hCT were indistinguishable between CTR and AMY1-3 transfected 

receptors, with EC50 values of 0.1-1 nM determined. The cAMP response of hAmy at the AMY3 

receptor has also been measured with an EC50 of 2.4 nM (Fu et al., 2012). Due to the lack of data 

available it is unclear if the pharmacology of hAmy is identical to that of rAmy. 

Pramlintide (marketed as Symlin) is an analogue of hAmy with proline residues (from the non-

fibrillogenic rAmy) introduced at positions 25, 28 and 29, to reduce the propensity to form fibrils. It 

is currently approved for the treatment of type 1 and type 2 diabetes. The ability of pramlintide to 

displace 125I-rAmy from rat nucleus accumbens membranes has been determined previously Ki = 

0.023 (Young et al., 1996) and IC50 = 0.06 nM (Roth et al., 2008b). However the ability to stimulate 

cAMP accumulation at defined CT and AMY receptors has not been reported. Therefore there it is 

unclear what receptor subtype preferences, if any, exist.  

Beta-Amyloid or Aβ has been recently reported to act as a selective agonist at the AMY3 receptor 

(Fu et al., 2012). Aβ is a 40 or 42 amino acid peptide that is cleaved from amyloid precursor protein 

(APP) (Ballard et al., 2011). Aβ1-42 shares 20% sequence identity with hAmy (Figure 3.1) and like 

hAmy forms fibrils. Aggregates of Aβ were originally isolated from the brains of Alzheimer’s 

patients (Glenner and Wong, 1984). The precise role of Aβ in causing Alzheimer’s disease (AD) is 

unclear; the original hypothesis was that AD is caused by aggregation of Aβ in the brain. Mutations 
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in APP lead to increased deposition of Aβ and have been linked to early onset AD. However the 

mechanism through which accumulation of Aβ aggregates causes AD is unclear. It has been 

suggested soluble oligomers of Aβ may cause the synaptic dysfunction observed in animal models 

and AD patients instead (Hardy and Selkoe, 2002). 

Several studies have found that blockade of AMY receptors using the AMY receptor antagonists 

AC187 or AC253 (Chimeras of sCT and rAmy) prevents Aβ induced cell death (Jhamandas and 

MacTavish, 2004; Jhamandas et al., 2011). The mechanism behind this effect was unclear, however 

recently Fu and colleagues reported that Aβ1-42 directly stimulated the AMY3 receptor; through both 

cAMP (with an EC50 of 7.7 nM) and Ca2+. Signalling through the downstream signalling pathways; 

protein kinase A, MAPK, Akt, cFos and cell death from activation of the AMY3 receptor by both 

hAmy and Aβ1-42 was observed, with the AMY receptor antagonist AC253 blocking this effect (Fu 

et al., 2012). No activity was reported at the CT receptor or the AMY1 and AMY2 receptors. This is 

a significant result as no selective AMY receptor agonist has been identified; therefore 

understanding the mechanism behind AMY receptor selectivity of Aβ1-42 may enable design of 

selective AMY receptor agonists. There are also the potential therapeutic implications for AD.  

In this chapter the ability of Aβ1-42 to act as an agonist was investigated at the CT(a), AMY1(a), 

AMY2(a) and AMY3(a) receptors in Cos-7 cells. The pharmacology of hAmy and pramlintide was 

also investigated at these receptors, to determine whether there were any differences compared to 

the well characterised agonist rAmy.  

 

 

Figure 3.1. Amino acid sequence alignment of Aβ1-42, hAmy, CT, pramlintide and rAmy. Black 

shaded residues 80-100% similar, light grey, 60-80% similar. Figure generated using Geneious 

align in Geneious v 7.0 using the Blosum62 matrix. 
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3.2 Results 

Cos-7 cells were transfected with the human CT(a), alone or in the presence of human RAMP1, 

RAMP2 or RAMP3. The response of each agonist was measured using a cAMP assay. hAmy, 

pramlintide and rAmy were further characterised by performing experiments with the antagonists 

sCT8-32 and AC187 which have been previously characterised (with rAmy) at CT and AMY 

receptors (Hay et al., 2005). 

3.2.3 rAmy 

The well characterised agonist rAmy was tested at the CT and AMY receptors as a positive control. 

The CT(a) receptor was activated yielding a pEC50 of 8.62 ± 0.11 (n = 5); there was a significant 

enhancement in potency observed at the AMY1(a) and AMY3(a) receptors (19 and 7.1 fold 

respectively) but only very weak enhancement (1.7 fold) was observed at the AMY2(a) receptor 

(Table 3.1, Figure 3.2). 

3.2.1 Pramlintide 

Pramlintide acted as a full agonist at all of the receptors tested. It activated the CT(a) receptor with a 

pEC50 of 8.48 ± 0.14 (n= 4); it was significantly more potent at the AMY1(a) receptor (7.6 fold) and 

at the AMY3(a)
 receptor (6.3 fold), there was a 2.4 fold enhancement in potency at the AMY2(a) 

receptor but this did not reach statistical significance (Table 3.1, Figure 3.2).  

3.2.2 hAmy 

hAmy was also a full agonist at each of the receptors tested. Stimulation of the CT(a) receptor with 

hAmy gave a pEC50 of 8.61 ± 0.20 (n = 4). There was significant enhancement in potency at the 

AMY1(a) receptor (10.7 fold) and AMY3(a) receptor (9.8 fold) and a 3.2 fold enhancement was 

observed at the AMY2(a) receptor but this was not significant. 

3.2.4 Aβ1-42 

Stimulation of Cos-7 cells and HEK293S cells transfected with the CT(a), AMY1(a), AMY2(a) and 

AMY3(a) with concentrations of Aβ1-42 up to 1 µM did not result in any measurable cAMP response 

in Cos-7or HEK293S cells (Figure 3.2; Table 3.1). 
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3.2.5 Antagonism of pramlintide and hAmy with AC187 and sCT8-32 

The ability of the well characterised CT and AMY receptor antagonists AC187 and sCT8-32 to 

antagonise hAmy, rAmy and pramlintide was determined at the CT(a), AMY1(a) and AMY3(a) 

receptors. AMY2(a) was not included as only weak induction of AMY receptor phenotype was 

observed in Cos-7 cells. 

sCT8-32 was able to effectively antagonise all agonists at the CT(a) and AMY3(a) receptors but was 

less effective at the AMY1(a) receptor (Table 3.2). 

 AC187 was able to antagonise hAmy, rAmy and pramlintide at each receptor but was less effective 

at the CT(a) receptor for hAmy and pramlintide although this did not reach statistical significance. 

The pA2 values for rAmy antagonism with both sCT8-32 and AC187 at the AMY3(a) receptor were 

lower than those observed for hAmy and pramlintide, but this difference was not significant (Table 

3.2, Figure 3.3).  

3.2.6 AlamarBlue assay of Aβ1-42 

To verify whether the Aβ1-42 was causing toxicity under the conditions of the cAMP assay the 

alamarBlue cytotoxicity assay was performed in AMY3(a) and vector transfected Cos-7 cells. There 

was no difference in cell viability between cells treated with 1 µM Aβ1-42 and media treated controls 

after 15 minutes incubation (101.3 ± 1.8 % and 96.9 ± 1.4 % of media control n = 3).  
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Figure 3.2. cAMP response from pramlintide (A), hAmy (B) and rAmy (C) agonism at CT(a), 

AMY1(a), AMY2(a), AMY3(a) receptors. Data are combined normalised mean ± SEM of 3-5 

independent experiments. (D) cAMP measured in Aβ1-42 stimulated CT(a), AMY1(a), AMY2(a), 

AMY3(a) and vector transfected Cos-7 cells, data are representative of 4 independent experiments. 

 



 

 
 

Table 3.1. Summary of pEC50 values from stimulation of CT(a), AMY1(a), AMY2(a) and AMY3(a) receptors with hAmy, rAmy, pramlintide and Aβ1-42. 

Data are mean ± SEM; numbers in parentheses indicate the number of experiments performed. Statistical significance between CT(a) and AMY 

receptors was determined through one-way ANOVA followed by Tukey’s test. * p < 0.05, ** p < 0.01. Fold changes are compared to the CT(a) 

receptor. NR, no cAMP response. 

 

Table 3.2. Summary of pA2 values from antagonism of rAmy, hAmy and pramlintide with sCT8-32 and AC187 at the CT(a), AMY1(a) and AMY3(a) 

receptors. Data are mean ± SEM. Numbers in parentheses indicate the number of experiments performed. Statistical differences in pA2 values between 

antagonists and receptors were determined using one-way ANOVA followed by Tukey’s test. a p < 0.05 vs sCT8-32 at CT(a), 
b p < 0.05 vs AC187 at 

CT(a), 
c p < 0.05 vs sCT8-32 at CT(a). 

 CT(a)  AMY1(a) AMY3(a)

 sCT8-32 AC187 sCT8-32 AC187 sCT8-32 AC187 
hAmy 8.09 ± 0.16 (5) 7.25 ± 0.09 (5) 7.28 ± 0.17 (4) a 8.01 ± 0.31 (4) 8.21 ± 0.16 (4) 8.30 ± 0.38 (4) b

rAmy 8.50 ± 0.19 (4) 7.58 ± 0.40 (4) 7.49 ± 0.37 (4) 7.43 ± 0.37 (4) 7.23 ± 0.11 (3) 7.33 ± 0.07 (3) 
pramlintide 8.49 ± 0.20 (5) 7.52 ± 0.17 (5) c 7.61 ± 0.07 (3)  7.78 ± 0.27 (4) 8.19 ± 0.21(5) 8.28 ± 0.32 (5) 
 

 hAmy rAmy Pramlintide Aβ1-42 
Cos-7  HEK293S 

 pEC50 
Fold 
change 

pEC50 Fold change pEC50 Fold change pEC50 pEC50 

CT(a) 8.61 ± 0.20 (4)  8.62 ± 0.11 (5)  8.48 ± 0.14 (4)  NR (4) NR (4) 
AMY1(a)  9.71 ± 0.19 (5) ** +10.7 9.90 ± 0.14 (4) ** +19 9.36 ± 0.19 (4) ** +7.6 NR (4) NR (4) 
AMY2(a) 9.11 ± 0.12 (3)  +3.2 8.86 ± 0.21 (3) +1.7 8.86 ± 0.07 (4)  +2.4 NR (4) NR (4) 
AMY3(a) 9.60 ± 0.20 (4) ** + 9.8 9.47 ± 0.17 (5) * +7.1 9.28 ± 0.08 (3) ** +6.3 NR (4) NR (4) 
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.  

Figure 3.3. Antagonism of pramlintide, hAmy and rAmy at the CT(a) (A-C), AMY1(a) (D-F), 

AMY3(a) receptors (G-I) with the antagonists sCT8-32 and AC187. The agonist alone response is 

shown as closed circles. Data are combined mean ± SEM of 3-5 independent experiments, 

normalised to the agonist alone response. 
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3.3 Discussion 
 

The pharmacology of the peptides hAmy, rAmy, pramlintide and Aβ1-42 was investigated at the 

CTR and AMY receptors in Cos-7 cells. This was firstly to validate whether Aβ1-42 is an agonist of 

the AMY3 receptor but to also characterise the pharmacology of the agonists hAmy and 

pramlintide. 

Transiently transfected AMY receptors in Cos-7 cells have been thoroughly characterised before 

(Hay et al., 2005). The AMY receptor phenotype is characterised by the inducement of specific high 

affinity binding of 125I-rAmy, an increase in the relative potency of rAmy compared to the CTR and 

a reduction in the specific binding of 125I-hCT (Christopoulos et al., 1999; Muff et al., 1999; 

Tilakaratne et al., 2000; Hay et al., 2005).  Co-expression of both isoforms of the CTR with 

RAMP1 or RAMP3 in Cos-7 cells results in induction of the AMY receptor phenotype 

(Christopoulos et al., 1999; Tilakaratne et al., 2000; Hay et al., 2005). With RAMP2, receptor 

subtype dependent differences in phenotype have been reported with a greater enhancement of 

specific 125I-rAmy binding seen with the CT(b) isoform in Cos-7 cells (Tilakaratne et al., 2000). 

However with the CT(a) isoform, only weak induction of AMY receptor phenotype is observed in 

Cos-7 with little enhancement in rAmy potency (Morfis et al.,  2008). The precise reasons for these 

apparent differences are unclear but may relate to interactions with G proteins (Tilakaratne et al., 

2000). 

To validate that AMY receptors were generated, the potency of rAmy at the AMY receptors was 

compared to the potency at the CT(a). The rAmy pharmacology was consistent with previous 

literature (Hay et al., 2005; Morfis et al., 2008; Qi et al., 2013), with significantly higher potency 

observed at the AMY1(a) and AMY3(a) receptors compared to the CT(a) receptor, demonstrating the 

induction of AMY receptor phenotype in Cos-7 cells. At the AMY2(a) receptor very weak 

enhancement in potency was observed (< 5 fold) which is consistent with previous reports (Morfis 

et al., 2008). The enhancement in potency observed at the AMY1(a) receptor was slightly higher than 

at the AMY3(a) receptor. 

hAmy and pramlintide followed the same pattern, with potencies nearly identical to rAmy observed 

at each receptor. Slightly higher hAmy potency was observed at the AMY2(a) receptor although this 

did not reach statistical significance. Previous data regarding hAmy at defined AMY receptors was 

inconsistent. In a recent study hAmy was tested at the AMY3 receptor, where the potency observed 

was slightly higher than that of rAmy (~ 3 fold) (Fu et al., 2012). However an earlier study of hAmy 
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did not report significant enhancement in cAMP potency at AMY receptors compared to the CTR 

(Muff et al., 1999). In contrast to this we see clear induction of the AMY receptor phenotype at the 

AMY1(a) and AMY3(a) receptors. This discrepancy is likely due to the different cell type used with 

RAEC used as opposed to Cos-7 cells in this study. The RAEC contain an endogenous AM1 

receptor (Muff et al., 1998), the CLR and RAMP2 components could compete with transfected 

RAMPs and CTR which makes interpretation of this data difficult. 

The activity of pramlintide at defined AMY receptors has not been previously studied although 

previous competition binding studies in rat nucleus accumbens membranes have shown that it binds 

with similar affinity to rAmy and hAmy (Young et al., 1996). This is consistent with the functional 

data obtained in this study.  

The ability of sCT8-32 and AC187 to antagonise hAmy, rAmy and pramlintide was investigated at 

the CT(a), AMY1(a) and AMY3(a) receptors, While the values were largely consistent with those 

obtained previously for rAmy (Hay et al., 2005) there was greater antagonism of rAmy with AC187 

at the CT(a) receptor than was observed previously. The reason for this difference between studies is 

unclear, although at the CT(a) apparent suppression of the maximum response is observed with 

hAmy, rAmy and pramlintide, possibly due to the relatively weak potency of these peptides at the 

CT(a), making it difficult to accurately determine the affinity. AC187 and sCT8-32 appeared to act as 

competitive antagonists at the AMY1(a) and AMY3(a) receptors as observed previously (Hay et al., 

2005), which is expected as these antagonists are fragments of agonist peptides. The suppression of 

the maximum observed at the CT(a) may be due to an excessive concentration of antagonist being 

used, and may not be a genuine effect. Performing these experiments using multiple concentrations 

of antagonists, may allow the antagonist affinity to be determined with greater accuracy.  

Treatment with Aβ1-42 did not result in a measurable cAMP response at any receptor in both 

HEK293S and Cos-7 cells in contrast to the results reported by Fu and colleagues. This calls into 

question the finding that Aβ1-42 acts as an agonist at the AMY3 receptor through the cAMP pathway. 

However Aβ1-42 was reported as signalling through multiple pathways including ERK1/2, protein 

kinase A (PKA), mobilisation of intracellular calcium and Akt (Fu et al., 2012), therefore it remains 

possible that it could activate the alternate signalling pathways that were not investigated in this 

study.  

All members of the CT family of peptides have the common features of an N-terminal loop formed 

through a disulphide bond and an amidated C-terminus, which are essential for receptor activation 
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and receptor binding respectively, Aβ1-42 does not have these features (Figure 3.1). Therefore it may 

not be possible for it to activate AMY receptors.  

Aβ1-42 is capable of forming monomers, oligomers and fibrils; it is unclear exactly what species 

exerted the effects at the AMY3 receptor (Fu et al., 2012). The Aβ1-42 used was HFIP pre-treated 

which should be primarily monomeric (Stine et al., 2003). We have used Aβ1-42 prepared in a 

similar manner so this is unlikely to cause the discrepancy. Differences in the cells strains used or 

other methodological difference may contribute but it is probable that Aβ1-42 is not a genuine 

agonist of the AMY3 receptor.  

There are no other reports of Aβ1-42 directly signalling through other GPCRs (Thathiah and De 

Strooper, 2011) however several receptors for Aβ1-42 have been suggested; cellular prion protein 

(PrPc) (Lauren et al, 2009), ephrin type B receptor type 2 (EphB2) (Cisse et al., 2011) and leukocyte 

immunoglobulin-like receptor B (LilrB2) (Kim et al., 2013); a cell surface glycoprotein, receptor 

tyrosine kinase and leukocyte immunoglobulin-like receptor respectively. These have all been 

reported to mediate the effects of Aβ on synaptic plasticity (Lauren et al., 2009; Cisse et al., 2011; 

Kim et a., 2013). Further work is needed to confirm targets. 

The effects of AMY receptor antagonists in blocking hAmy and Aβ1-42 toxicity previous studies 

(Jhamandas and MacTavish, 2004; Jhamandas et al., 2011) could potentially be indirect. Analogues 

of hAmy have been demonstrated to be capable of blocking the Aβ1-40 fibrillisation (Yan et al., 

2007; Andreetto et al., 2010; Yan et al., 2013), suggesting these peptides are capable of interacting; 

this may explain the mechanism behind these observations. 

In addition to activating cAMP the Fu and colleagues propose that the toxic effects of Aβ1-42 and 

hAmy are mediated through the AMY3 receptor. The toxic effects of certain species of amylin have 

been linked to the formation of fibrils (Green et al., 2003) but there is no evidence that amylin 

fibrils interact with AMY receptors. There was no evidence of any toxicity under the conditions of 

the cAMP assay, although this may not have been of sufficient time to induce cell death. However a 

recent study did not detect receptor mediated cell death in cells that expressed AMY1 and AMY2 

receptors (Trikha and Jeremic, 2013). 

In conclusion the pharmacology of hAmy and pramlintide do not appear to be significantly different 

from that of rAmy. It does not appear that Aβ1-42 is a genuine agonist of the AMY3 receptor. The 

reasons for being unable to replicate the previous findings are unclear but the previous studies 

(Jhamandas and MacTavish, 2004; Jhamandas et al., 2011) suggesting amylin receptor antagonism 
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blocks cell death do need to be questioned and caution is needed when considering amylin receptor 

antagonists as potential therapeutics for AD. 
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Chapter 4 		

 Investigation of peptide binding in the ECD of the CTR. 

4.1 Introduction 

The N-terminal ECD of the CTR forms a key component of the peptide binding site however little 

is known about the specific molecular basis for interactions with CT or other peptide ligands. 

Although CT binding to the CTR is however anticipated to follow a similar mode of binding as 

other family B GPCRs, with significant contacts formed within the N-terminal ECD. 

Photoaffinity labelling studies have identified several potential points of contact between hCT, sCT 

and sCT8-32 and the receptor ECD, including residues T30, M49 and F137 and the region between 

residues 121-141 (Dong et al., 2004a, Pham et al., 2004, Pham et al., 2005) as discussed in chapter 

1. This is not a high resolution technique therefore the results do not provide a clear picture of how 

CT binds to the receptor. There is also no information on the residues involved in interactions with 

the other peptides that bind to the CTR, namely amylin and CGRP. On the other hand, there have 

been studies on the closely related CLR which have provided evidence that the extreme N-terminal 

region  of the receptor is important for peptide and small molecule interactions (Salvatore et al., 

2004, Koller et al., 2002, Barwell et al., 2010; Watkins et al., 2014) (see section 1.4.6). 

There are numerous crystal structures of family B GPCR ECDs determined, which have given 

important insight into peptide-receptor interactions (Parthier et al., 2009, Archbold et al., 2011) 

(refer to section 1.3.3). They also enable the use of homology modelling and mutagenesis to 

investigate the putative peptide binding site in receptors for which no structures are available such 

as the CTR.  

The CTR has similarity with the parathyroid hormone receptor (PTH1) (31% sequence similarity in 

the ECD). The structure of the PTH1 ECD has been solved in complex with the peptide hormones 

PTH and PTHrP, while crystal structures of the closely related CLR ECD (62 % sequence 

similarity) in complex with RAMP1 (Ter Haar et al., 2010) and RAMP2 ECDs (Kusano et al., 

2012) are not with any peptide ligands bound. The high level of sequence similarity allows 

homology modelling to be performed. 

In this chapter the role of residues within the CTR ECD in peptide interactions was investigated by 

performing alanine mutagenesis. 
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CLR residues within the N-terminal α-helix had been identified as being important for peptide 

interactions or RAMP interactions (Barwell et al., 2010). Therefore an alanine scan was performed 

on the N-terminal α-helix of the CTR between residues 44-56 to identify potential residues involved 

in peptide interactions and also residues involved in RAMP interactions (see chapter 5) (Figure 

4.1A).  

To assist in interpreting data from the alanine scan and to guide further mutagenesis; a homology 

model of the CTR ECD was produced based on the CLR component of the CGRP receptor structure 

(CLR-RAMP1) by Dr James Barwell (Aston University, United Kingdom) (Figure 4.1). This model 

was combined with information from the peptide bound PTH1 receptor structures (Pioszak and Xu, 

2008; Pioszak et al., 2009) to identify residues within the predicted peptide binding groove likely to 

be involved in peptide interactions. On this basis the residues W79, F99, D101, F102, R126, W128 

and Y131 were selected for mutation to alanine (Figure 4.1A) 

The receptor mutants were made in the human CT(a) (see sections 2.1.1, 2.1.2); the function was 

then tested by measuring the cAMP response in Cos-7 cells. Cos-7 cells are well characterised and 

do not express endogenous RAMPs (Bailey and Hay, 2006), making them suitable for studying this 

receptor family. The experiments in this chapter were carried in parallel with experiments 

characterising the CTR mutants in the presence of RAMPs (chapter 5). 

The native CT(a) receptor ligand hCT and the lower affinity ligand rAmy were chosen for initial 

characterisation of the receptor mutants. rAmy was chosen rather than hAmy as this species is better 

characterised and would allow comparison with previous data and the pharmacology does not differ 

significantly from hAmy (chapter 3). The mutants of the predicted peptide binding groove were 

further characterised using hαCGRP, which is also a low affinity ligand of the CT(a) but is a higher 

affinity ligand at the AMY receptors (Hay et al., 2005) (chapter 5). 
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4.2 Results 

The cAMP assay data from the alanine scan of the N-terminal α-helix are presented first in section 

4.2.1. The cAMP assay data from the mutagenesis of the predicted peptide binding groove are 

presented in section 4.2.2. The mutagenesis data are summarised in table 4.1. 

 

Figure 4.1. A Homology model of the CTR ECD (blue) with residues mutated to alanine shown in 

stick form and highlighted in red. B Homology model of the CTR ECD (Blue) aligned to the 

structure of the PTH1 receptor (Cyan) with PTH (Magenta) bound (PBD 3C4M). 
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4.2.1 Investigation of the role of residues in the N-terminal α- helix of the CTR ECD in 

peptide interactions 

4.2.1.1 G44A CT(a)
 

There was no significant change in hCT potency with a pEC50 of 9.80 ± 0.12 vs WT 9.77 ± 0.15 (n 

= 3) but there was a small but not statistically significant increase in Emax (112 ± 3.2 % WT) (Figure 

4.2A). There was no significant change in rAmy potency pEC50 8.03 ± 0.19 vs WT 8.06 ± 0.19 (n = 

4) or in Emax (96.5 ± 16.1 % WT) (Figure 4.2B). 

 

Figure 4.2. cAMP stimulation of CTR mutant G44A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3-4 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.1.2 R45A CT(a) 

There was no significant change in hCT potency, pEC50 9.47 ± 0.32 vs WT 9.51 ± 0.19, (n = 4), 

there was also no difference in Emax observed (100.8 ± 9.8 % WT) (Figure 4.3A). With rAmy there 

was also no significant change in potency with a pEC50 7.75 ± 0.10 vs WT 7.87 ± 0.10 (n = 4); there 

was a small increase in Emax that was not statistically significant (125.0 ± 10.2 % WT) (Figure 

4.3B). 

 

 

Figure 4.3. cAMP stimulation of CTR mutant R45A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate and normalised to the 

WT cAMP response. 
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4.2.1.3 K46A CT(a) 

hCT potency was unchanged at the K46A receptor; pEC50 9.38 ± 0.24 vs WT 9.34 ± 0.31 (n = 3). 

No change in Emax was observed (105.6 ± 6.1 % WT) (Figure 4.4A). There was also no significant 

change in rAmy potency pEC50; 7.90 ± 0.03 vs WT 7.92 ± 0.08 (n = 3) or Emax (112.8 ± 21.3 % 

WT) (Figure 4.4B). 

 

 

Figure 4.4. cAMP stimulation of CTR mutant K46A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate and normalised to the 

WT cAMP response. 
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4.2.1.4 K47A CT(a) 

There was no significant change in hCT potency at the K47A receptor; pEC50 9.39 ± 0.25 vs WT 

9.67 ± 0.45 (n = 3). There was also no change in Emax (90.6 ± 7.3 % WT) (Figure 4.5A). With rAmy 

there was no significant difference in potency; pEC50 8.00 ± 0.06 vs WT 7.89 ± 0.19 (n = 3) or Emax 

(99.2 ± 30.5 % WT) (Figure 4.5B). 

 

 

Figure 4.5. cAMP stimulation of CTR mutant K47A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3 independent experiments performed in triplicate and normalised to the 

WT cAMP response. 
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4.2.1.5 M48A CT(a) 

There was a small but not statistically significant reduction in hCT potency at the M48A receptor, 

pEC50 8.87 ± 0.15 vs WT 9.25 ± 0.16 (n = 4) (Figure 4.6A). In addition there was a small and 

significant reduction in Emax (81.1 ± 5.1 % WT, p < 0.05). With rAmy there was no difference in 

potency pEC50; 7.83 ± 0.25 vs WT 7.96 ± 0.08 (n = 4), or a change in Emax (94.6 ± 5.0 % WT) 

(Figure 4.6B). 

 

 

Figure 4.6. cAMP stimulation of CTR mutant M48A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate and normalised to the 

WT cAMP response. 
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4.2.1.6 M49A CT(a) 

With hCT there was no significant change in potency at the M49A receptor; pEC50 9.44 ± 0.21 vs 

WT 9.23 ± 0.25 (n = 3) (Figure 4.7). There was a reduction in Emax but this was not statistically 

significant (82.7 ± 10.2 % WT). With rAmy there was also no significant change in potency; pEC50 

7.77 ± 0.13 vs WT 7.81 ± 0.05 (n = 5). There was also no significant change in Emax (124.8 ± 29.3 

% WT) (Figure 4.7B). 

 

 

Figure 4.7. cAMP stimulation of CTR mutant M49A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3-5 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.1.7 D50A CT(a) 

There was no significant change in peptide potency at the D50A receptor with both hCT [pEC50 

9.60 ± 0.16 vs WT 9.50 ± 0.08 (n = 3)] or rAmy [pEC50 7.93 ± 0.16 vs WT 7.80 ± 0.11 (n = 5)] 

(Figure 4.8A). There was no change in hCT; Emax (106.2 ± 14.6 % WT) but there was an increase 

observed with rAmy. This was not statistically significant (149.3 ± 23.7 % WT) (Figure 4.8B). 

 

 

Figure 4.8. cAMP stimulation of CTR mutant D50A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3-5 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.1.8 Q52A CT(a) 

At the Q52A receptor there was neither a significant change in hCT potency; pEC50 9.33 ± 0.23 vs 

WT 9.48 ± 0.21 (n = 5) nor was there a significant change in Emax (113.1 ± 27.8 % WT) (Figure 

4.9A). With rAmy there was also no significant change in potency pEC50 8.20 ± 0.11 vs WT 7.83 ± 

0.04, (n = 4) or Emax (80.4 ± 21.8 % WT) (Figure 4.9B). 

 

 

Figure 4.9. cAMP stimulation of CTR mutant Q52A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 4-5 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.1.9 Y53A CT(a) 

There was no significant change in peptide potency at the Y53A receptor with either hCT [pEC50 

9.45 ± 0.11 vs WT 9.56 ± 0.37 (n = 3)] or rAmy pEC50 [8.01 ± 0.13 vs WT 7.95 ± 0.05 (n = 3)] 

(Figure 4.10A). The Emax was also unchanged with hCT (113.5 ± 9.4 % WT) or rAmy (116.2 ± 14.0 

% WT) (Figure 4.10B). 

 

Figure 4.10. cAMP stimulation of CTR mutant Y53A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3 independent experiments performed in triplicate and normalised to the 

WT cAMP response. 
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4.2.1.10 K54A CT(a) 

With hCT there was no significant change in peptide potency at the K54A receptor. hCT had a 

pEC50 of 9.22 ± 0.16 vs WT 9.61 ± 0.03 (n = 3). The Emax was 87.5 ± 7.8 % WT (Figure 4.11A). 

With rAmy the pEC50 was 7.90 ± 0.11 vs WT 7.73 ± 0.08, (n = 5); Emax was also unchanged with 

this ligand (112.9 ± 14.0 % WT) (Figure 4.11B). 

 

Figure 4.11. cAMP stimulation of CTR mutant K54A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3-5 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.1.11 Y56A CT(a) 

With hCT there was no significant change in potency at the Y56A receptor, pEC50 10.06 ± 0.27 vs 

WT 10.05 ± 0.17 (n = 3); Emax was increased although this was not statistically significant (133.3 ± 

15.6 % WT) (Figure 4.12A). There was also no significant change in rAmy potency pEC50 7.90 ± 

0.11 vs WT 7.73 ± 0.08 (n = 5); Emax was elevated but this was not statistically significant (151.6 ± 

22.0% WT) (Figure 4.12B). 

 

Figure 4.12. cAMP stimulation of CTR mutant Y56A with hCT (A) and rAmy (B). Data are 

combined mean ± SEM of 3-5 independent experiments performed in triplicate and normalised to 

the WT cAMP response. 
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4.2.2 Alanine mutagenesis of residues in the putative peptide binding groove of the CTR 

4.2.2.1 W79A CT(a) 

At the W79A receptor there was a significant decrease in potency observed with all three peptide 

ligands tested (Figure 4.13A). The largest reduction in potency was observed with hCT [pEC50 8.17 

± 0.14 vs WT 9.49 ± 0.28 (n = 4, p < 0.01)] but significant decreases were also observed with rAmy 

[pEC50 7.33 ± 0.24 vs WT 8.30 ± 0.17 (n = 5, p < 0.05)] (Figure 4.13B) and hαCGRP [pEC50 6.18 ± 

0.16 vs WT 6.92 ± 0.09 (n = 3, p < 0.05)] (Figure 4.13C). Reductions in Emax were observed with 

hCT (62.1 ± 18.1 % WT) and hαCGRP (62.8 ± 9.5 % WT) but neither reached statistical 

significance. No reduction in Emax was observed with rAmy (89.9 ± 23.9 % WT). 

 

Figure 4.13. cAMP stimulation of CTR mutant W79A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-5 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 
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4.2.2.2 F99A CT(a) 

With hCT there was an approximate 5 fold reduction in potency at the F99A receptor; pEC50 8.69 ± 

0.15 vs WT 9.41 ± 0.28 (n = 4) (Figure 4.14A) but this was not statistically significant; Emax was 

also reduced but not significantly (75.3 ± 17.7 % WT). There was no change in rAmy potency; 

pEC50 8.06 ± 0.20 vs WT 8.13 ± 0.16 (n = 4) (Figure 4.14B), while there was a non-significant 

decrease in Emax (72.7 ± 13.3 % WT). However there was a small but significant decrease in 

hαCGRP potency [pEC50 of 6.54 ± 0.07 vs WT 6.92 ± 0.05 (n = 3, p < 0.05)] (Figure 4.14C); Emax 

was also reduced but not significantly (69.9 ± 7.6 % WT). 

 

Figure 4.14. cAMP stimulation of CTR mutant F99A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-4 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 
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4.2.2.3 D101A CT(a) 

At the D101A receptor there was a significant reduction in hCT potency; pEC50 8.79 ± 0.05 vs WT 

9.85 ± 0.12 (n = 3, p < 0.01) (Figure 4.15A), but no significant change in Emax (89.4 ± 7.0 % WT). 

However with rAmy there was no change in potency; pEC50 8.07 ± 0.04 vs WT 8.19 ± 0.06 (n = 4) 

(Figure 4.15B). There was also no change in Emax (98.3 ± 8.0 % WT). With hαCGRP there was a 

small but significant reduction in potency with a of pEC50 6.46 ± 0.06 vs WT 6.84 ± 0.05 (n = 3, p < 

0.05) (Figure 4.16C), accompanied by a significant reduction in Emax (69.4 ± 3.5 % WT, p < 0.001). 

 

Figure 4.15. cAMP stimulation of CTR mutant D101A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-4 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 
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4.2.2.4 F102A CT(a) 

There was a large reduction in hCT potency; pEC50 7.39 ± 0.18 vs WT 9.56 ± 0.19 (n = 6, p <0.001) 

(Figure 4.16A). With Emax there was also a significant reduction (66.4 ± 14.2 % WT, p < 0.05). 

rAmy potency was also significantly decreased; pEC50 7.70 ± 0.23 vs WT 8.61 ± 0.11 (n = 5, p 

<0.05) (Figure 4.16B) but there was no change in Emax (98.1 ± 19.2 % WT). With hαCGRP there 

was a significant reduction in potency; pEC50 6.24 ± 0.02 vs WT 6.94 ± 0.09 (n = 3, p < 0.001) 

(Figure 4.16C); Emax was also significantly reduced compared to WT (70.7 ± 3.7 % WT, p < 0.05). 

 

Figure 4.16. cAMP stimulation of CTR mutant F102A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-6 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 
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4.2.2.5 R126A CT(a) 

There was no change in hCT potency; pEC50 9.57 ± 0.17 vs WT 9.26 ± 0.07 (n = 5) or Emax (101.2 ± 

10.5 % WT) (Figure 4.17A) with R126A. There was a small (~ 3 fold) but significant reduction in 

rAmy potency, pEC50 8.18 ± 0.12 vs WT 8.61 ± 0.11 (n = 4, p <0.05) but no change in Emax (107.9 

± 14.9 % WT) (Figure 4.17B). With hαCGRP, however there was no significant change in potency 

[pEC50 of 7.68 ± 0.13 vs WT 7.79 ± 0.16 (n = 3)] or in Emax (99.2 ± 11.3 % WT) (Figure 4.17C). 

 

 

Figure 4.17. cAMP stimulation of CTR mutant R126A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-5 independent experiments performed in duplicate and 

triplicate and normalised to the WT cAMP response. 
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4.2.2.6 W128A CT(a) 

At the W128A receptor there was a large reduction in hCT potency; pEC50 8.07 ± 0.08 vs WT 9.97 

± 0.47 (n = 4, p < 0.05); Emax was also significantly reduced (56.6 ± 9.2 % WT, p < 0.01) (Figure 

4.18A). With rAmy however there was no significant reduction in potency pEC50 8.18 ± 0.12 vs 

WT 8.61 ± 0.11 (n = 4) and Emax was not reduced (96.0 ± 6.8 % WT) (4.18B). With hαCGRP there 

was a small but significant reduction in potency pEC50 of 6.43 ± 0.08 vs WT 6.94 ± 0.06, (n = 3, p 

< 0.01); Emax was significantly reduced (63.4 ± 4.7 % WT, p < 0.01) (Figure 4.18C). 

 

Figure 4.18. cAMP stimulation of CTR mutant W128A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-4 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 
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4.2.2.7 Y131A CT(a) 

There was a significant decrease in hCT potency at the Y131A receptor; pEC50 8.57 ± 0.16 vs WT 

9.46 ± 0.25 (n = 5) but there was no change in Emax (110.2 ± 16.7 % WT) (Figure 4.19A). With 

rAmy there was a significant decrease in potency; pEC50 7.51 ± 0.20 vs WT 8.40 ± 0.19 (n = 4, p < 

0.05) but Emax was unchanged (99.7 ± 12.9 % WT) (Figure 4.19B). With hαCGRP there was also a 

significant reduction in potency; pEC50 of 6.44 ± 0.12 vs WT 7.02 ± 0.02 (n = 3, p < 0.01) and there 

was a significant decrease in Emax (66.4 ± 10.6 % WT, p < 0.05) (Figure 4.19C). 

 

Figure 4.19. cAMP stimulation of CTR mutant Y131A with hCT (A), rAmy (B) and hαCGRP (C). 

Data are combined mean ± SEM of 3-5 independent experiments performed in triplicate and 

normalised to the WT cAMP response. 

 



 
 

 
 

Table 4.1. Summary of pEC50 values of CTR mutants at the human CT(a). Data are mean ± SEM, number of independent experiments are indicated in 

parentheses. Statistical significance determined through unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. 

CT(a) hCT rAmy hαCGRP 

Mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant 

G44A 9.77 ± 0.15 (3) 9.80 ± 0.12 (3) 8.06 ± 0.19 (4) 8.03 ± 0.19 (4) - - 

R45A 9.51 ± 0.19 (4) 9.47 ± 0.32 (4) 7.87 ± 0.10 (4) 7.75 ± 0.10 (4) - - 

K46A 9.34 ± 0.31 (3) 9.38 ± 0.24 (3) 7.92 ± 0.08 (3) 7.90 ± 0.03 (3) - - 

K47A 9.67 ± 0.45 (3) 9.39 ± 0.25 (3) 7.89 ± 0.19 (3) 8.00 ± 0.06 (3) - - 

M48A 9.25 ± 0.16 (4) 8.87 ± 0.15 (4) 7.96 ± 0.08 (4) 7.83 ± 0.25 (4) - - 

M49A 9.23 ± 0.25 (3) 9.44 ± 0.21 (3) 7.81 ± 0.05 (5) 7.77 ± 0.13 (5) - - 

D50A 9.50 ± 0.08 (3) 9.60 ± 0.16 (3) 7.80 ± 0.11 (5) 7.93 ± 0.16 (5) - - 

Q52A 9.48 ± 0.21 (5) 9.33 ± 0.23 (5) 7.83 ± 0.04 (4) 8.20 ± 0.11 (4) * - - 

Y53A 9.56 ± 0.37 (4) 9.45 ± 0.11 (4) 7.95 ± 0.05 (3) 8.01 ± 0.13 (3) - - 

K54A 9.22 ± 0.16 (3) 9.61 ± 0.03 (3)  7.73 ± 0.08 (5) 7.90 ± 0.11 (5) - - 

Y56A 10.06 ± 0.27 (3) 10.05 ± 0.17 (3)  8.66 ± 0.08 (4)  8.75 ± 0.11 (4) - - 

W79A 9.49 ± 0.28 (4)  8.17 ± 0.14 (4) ** 8.30 ± 0.17 (5) 7.33 ± 0.24 (5) * 6.92 ± 0.09 (3) 6.18 ± 0.16 (3) * 

F99A 9.41 ± 0.28 (4) 8.69 ± 0.15 (4)  8.13 ± 0.16 (4) 8.06 ± 0.20 (4) 6.92 ± 0.05 (3) 6.54 ± 0.07 (3) * 

D101A 9.85 ± 0.12 (3) 8.79 ± 0.05 (3) ** 8.19 ± 0.06 (4) 8.07 ± 0.04 (4)  6.84 ± 0.05 (3) 6.46 ± 0.06 (3) * 

F102A 9.56 ± 0.19 (6) 7.39 ± 0.18 (6) *** 8.40 ± 0.14 (5) 7.70 ± 0.23 (5) * 6.94 ± 0.09 (3) 6.24 ± 0.02 (3) *** 

R126A 9.26 ± 0.07 (5) 9.57 ± 0.17 (5)  8.61 ± 0.11 (4) 8.18 ± 0.12(4) * 7.79 ± 0.16 (5) 7.68 ± 0.13 (5) 

W128A 9.97 ± 0.47 (3) 8.07 ± 0.08 (3) * 8.63 ± 0.11 (3) 8.34 ± 0.25 (3)  6.94 ± 0.06 (3) 6.43 ± 0.08 (3) ** 

Y131A 9.46 ± 0.25 (5) 8.57 ± 0.16 (5) * 8.40 ± 0.19 (4) 7.51 ± 0.29 (4) * 7.02 ± 0.02 (3) 6.44 ± 0.12 (3) ** 



 
 

 
 

Table 4.2. Summary of Emax values for CTR mutants at the CT(a). Data are the mean ± SEM, number of independent experiments are indicate in 

parentheses. Statistical significance determined through unpaired t-test with Welch’s correction, * p < 0.05. 

CT(a) hCT rAmy hαCGRP 

Mutant Emax (% WT) Emax (% WT) Emax (% WT) 

G44A 111.2 ± 3.2 (3) 96.5 ± 16.1 (4) - 

R45A 100.8 ± 9.8 (4) 125.0 ± 10.2 (4) - 

K46A 105.6 ± 6.1 (3) 112.8 ± 21.3 (3) - 

K47A 90.6 ± 7.3 (3) 99.2 ± 30.5 (3) - 

M48A 81.1 ± 5.1 (4) * 94.6 ± 5.1 (4) - 

M49A 82.7 ± 10.2 (3) 124.0 ± 29.3 (5) - 

D50A 106.2 ± 14.6 (3) 149.0 ± 23.7 (5) - 

Q52A 113.1 ± 27.8 (5) 80.4 ± 21.8 (4) - 

Y53A 113.5 ± 9.4 (3) 116.2 ± 14.0 (3) - 

K54A 87.5 ± 7.8 (3) 112.9 ± 14.0 (5) - 

Y56A 133.3 ± 15.6 (3) 151.6 ± 22.0 (4) - 

W79A 62.1 ± 18.1 (4) 89.9 ± 23.9 (5) 62.8 ± 9.5 (3) 

F99A 75.3 ± 17.7 (4) 72.7 ± 13.3 (4) 69.9 ± 7.6 (3) 

D101A 89.4 ± 7.1 (6) 98.3 ± 8.0 (4) 69.4 ± 3.5 (3) 

F102A 66.4 ± 14.2 (6) 108.7 ± 18.3 (5) 70.7 ± 3.7 (3) * 

R126A 101.2 ± 10.5 (5) 107.9 ± 14.9 (4) 99.2 ± 11.3 (5) 

W128A 56.6 ± 9.2 (3) * 96.0 ± 6.8 (3) 63.4 ± 4.7 (3 )* 

Y131A 110.2 ± 16.7 (5) 99.7 ± 12.9 (4) 66.4 ± 10.6 (3) 
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4.2.3 Cell Surface Expression of CTR mutants 

To elucidate whether the CTR ECD alanine mutants introduced had any adverse effects on the 

receptor, such as reduced cell surface expression which may confound functional and binding 

studies, a cell based ELISA was used. The CTR construct used had an N-terminal double-HA tag 

and cell surface expression was measured using an antibody against this tag. While there was some 

variation in cell surface expression observed, only W79A had a statistically significant reduction in 

expression (Figure 4.20). 

 

 

Figure 4.20. Cell surface expression data for CTR mutants, measured using anti-HA antibody. Data 

are combined normalised mean ± SEM from 3-5 independent experiments, each with 4-8 replicates. 

Statistical significance achieved if the 95 % confidence of the mean did not include 100 %. 
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4.2.4 Radioligand binding at CTR mutants in whole cells 

Binding studies using 125I-hCT were performed on selected CTR mutants that had an effect on 

peptide potency; R45A was included as a negative control as were residues Q52A, Y53A and Y56A 

which are predicted to be important for RAMP interactions (chapter 5).  

4.2.4.1 Binding of CTR mutants  

Initial assays tested whether specific 125I-hCT binding would be retained by the mutants. W79A, 

F99A, D101A, F102A, W128A and Y131A all resulted in a very large reductions in specific 

binding (<10% WT binding), while a significant decrease was also observed at M48A. No change 

was seen with R45A and Q52A but there were slight increases in binding at Y53A and Y56A. 

R126A resulted in a large increase in binding (~ 170 % WT binding) (Figure 4.21). 

 

Figure 4.21. Specific binding of selected CTR mutants. Data are mean ± SEM of 3-5 independent 

experiments. Statistical significance was set if the 95 % confidence of the mean did not include 100 

%. 
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4.2.4.2 Competitive radioligand binding assay 

As the majority of mutants tested had either no or very little binding it was not possible to test full 

displacement curves at these mutants. Experiments using full displacement curves were performed 

at R45A, M48A, Q52A, Y53A, Y56A and R126A mutants. Each curve is normalised to its own 

maximum (Figure 4.22, Table 4.2). In no case was there a significant change in pIC50 compared to 

WT CT(a). 

 

Figure 4.22. Competition radioligand binding experiments with 125I-hCT at CTR mutants R45A 

(A), M48A (B), Q52A (C) Y53A (D), Y56A (E), and R126A (F). Data are mean ± SEM of 3 

independent experiments. Data are normalised to the maximum specific binding of each curve. 
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Table 4.3. Summary pIC50 values of CTR mutants binding I125 hCT in competition with hCT. Data 

are mean ± SEM of three independent experiments. 

 WT Mutant 

R45A 7.93 ± 0.19  8.18 ± 0.27  

M48A 7.87 ± 0.38  7.99 ± 0.10  

Q52A 7.79 ± 0.15  7.85 ± 0.11  

Y53A 7.86 ± 0.08  7.88 ± 0.12  

Y56A 7.81 ± 0.10  7.88 ± 0.12  

R126A 7.93 ± 0.04  8.09 ± 0.05 

 

4.2.5 Investigation of hCT binding to the CTR using hCT analogues 

While there is structural data is available about CT including the NMR structures of eCT, sCT and a 

hCT analogue (Hashimoto et al., 1999, Andreotti et al., 2006, Andreotti et al., 2011) and some 

information on the structure-activity relationships of CT (see section (1.2.1). It is unclear exactly 

what CT residues interact with the receptor. 

To gain further understanding of these interactions; a series of hCT analogues were synthesised in 

which hCT residues T13, F16, H20 and F22 were substituted for alanine. The residues T13, F16 

and H20 are located within the amphipathic α-helix and lie on the hydrophobic face of the α-helix 

in the structure of a hCT analogue (Andreotti et al., 2011), suggesting they could potentially be 

involved in receptor interactions. In sCT substitution of L16 to alanine reduced receptor binding 

(Andreotti et al., 2006), suggesting this position was important. F22 most likely lies within the 

hydrophobic face, although in the hCT structure this region of the peptide is unstructured (Andreotti 

et al., 2011) There is evidence that the residue at position 22 is also important for receptor binding, 

iodination of sCT at this position leads to an increase in binding affinity (Cohen et al., 1996).  
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4.2.5.1 Characterisation of hCT analogues 

The function of the CT analogues was tested using a cAMP assay at the WT CT(a) receptor (Figure 

4.23, Table 4.3). There was no significant difference in pEC50 comparing WT hCT with [A13]-hCT. 

With [A16]-hCT there was a significant reduction in potency There was a small reduction in potency 

observed with the [A20]-hCT analogue. [A22]-hCT also had significantly decreased potency.  

 

 

Figure 4.23. cAMP stimulation with calcitonin analogues [A13]-hCT, [A16]-hCT, [A20]-hCT and 

[A22]-hCT compared to WT hCT at the CT(a) receptor. Data are mean ± SEM of 3-4 independent 

experiments. 
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Table 4.4. Summary of pEC50 values from cAMP assay of hCT analogues at WT CT(a). Data are 

mean ± SEM, number of experiments are indicated in parentheses. Statistical significance was 

determined by unpaired t-test, * p < 0.05, ** p < 0.01. 

 WT hCT pEC50 Analogue pEC50 

[A13]-hCT 9.40 ± 0.16 (4) 9.39 ± 0.20 (4) 

[A16]-hCT 9.40 ± 0.16 (4) 8.15 ± 0.14 (4) ** 

[A20]-hCT 10.04 ± 0.15 (4) 9.51 ± 0.16 (4) * 

[A22]-hCT 9.40 ± 0.16 (4) 8.62 ± 0.13 (4) ** 

 

As the analogues [A16]-hCT and [A22]-hCT both resulted in large decreases in potency; the binding 

of [A16]-hCT and [A22]-hCT was also investigated by measuring the ability to compete with 125I-

hCT at the WT CT(a), both analogues had significantly reduced affinity compared to WT hCT; the 

pIC50 for [A16]-hCT was 6.43 ± 0.36 vs WT 8.24 ± 0.22 (n = 3, p < 0.05) and the pIC50 for [A22]-

hCT was 6.83 ± 0.15 vs WT 8.24 ± 0.22 (n = 3, p < 0.01) (Figure 4.24). 

 

Figure 4.24. Radioligand competition binding data of calcitonin analogues; [A16]-hCT, and [A22]-

hCT with 125I-hCT, compared to WT hCT. Data are mean ± SEM of 3 experiments and are 

normalised to the minimum and maximum binding for each peptide. 
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4.2.5.2 CD spectroscopy 

To determine whether introducing alanine into positions 13, 16, 20 and 22 of hCT resulted in any 

disruption to hCT structure; CD spectroscopy was performed in 50% TFE to induce the formation 

of secondary structure. There were no major differences in the spectra between WT hCT and the 

hCT analogues (Figure 4.25), indicating that the introduction of alanine residues did not result in 

substantial disruption of secondary structure under these conditions. 

 

Figure 4.25. CD spectra of WT hCT, and the hCT analogues [A13]-hCT, [A16]-hCT, [A20]-hCT and 

[A22]-hCT in 50% TFE. 

4.2.5.3 Characterisation of hCT analogues [A16]-hCT and [A22]-hCT with CTR mutants 

The hCT analogues [A16]-hCT and [A22]-hCT, which had significantly reduced potency and binding 

were further characterised with the CTR mutants W79A, F99A, D101A, F102A, W128A and 

Y131A to examine whether pairs of receptor and peptide residues are in close proximity. If the 

receptor and peptide residues interact with each other, the reduction in potency observed would not 

be greater than that observed with the individual alanine substitution. If the residues do not interact 

then the resulting decrease in potency should be greater than that of the individual mutants. Both 

analogues resulted in further decreases in potency when tested with each CTR mutant (Figure 4.26, 

Table 4.4), although for [A22]-hCT at the D101A, F102A and W128A mutant receptors this did not 

reach statistical significance. 
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Figure 4.26. cAMP response to the hCT analogues [A16]-hCT and [A22]-hCT at selected CTR 

mutants. Data are combined mean ± SEM of 3-4 independent experiments, normalised to the WT 

hCT response. 
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Table 4.5. Summary pEC50 values of the cAMP response of hCT analogues [A16]-hCT and [A22]-

hCT at selected CTR mutants. Data are mean ± SEM, number of independent experiments are 

indicated in parentheses. Statistical significance vs WT hCT at each receptor determined by one-

way ANOVA with Dunnett’s post-test. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 WT hCT [A16]-hCT [A22]-hCT 

WT CT(a) 9.40 ± 0.16 (4) 8.15 ± 0.14 (4)  8.62 ± 0.13 (4)  

W79A CT(a) 8.47 ± 0.22 (4) 7.35 ± 0.13 (4) ** 7.65 ± 0.12 (4) * 

F99A CT(a) 9.09 ± 0.07 (3) 7.90 ± 0.05 (3) *** 8.14 ± 0.13 (3) *** 

D101A CT(a) 8.68 ± 0.30 (4) 7.50 ± 0.25 (4) * 7.98 ± 0.24 (4) 

F102A CT(a) 7.83 ± 0.18 (4) 6.59 ± 0.22 (4) ** 7.26 ± 0.18 (4) 

W128A CT(a) 8.08 ± 0.15 (4) 6.91 ± 0.13 (4) *** 7.48 ± 0.22 (4) 

Y131A CT(a) 9.14 ± 0.17 (3) 7.73 ± 0.15 (3) *** 8.12 ± 0.19 (3) ** 
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4.3 Discussion 

The aim of this chapter was to elucidate the molecular basis for peptide interactions with the CTR 

ECD by determining which residues of the CTR ECD were involved in interactions with hCT, 

rAmy and for selected mutants, hαCGRP. As expected most of the residues located in the putative 

peptide binding site were found to be important for hCT interactions, consistent with a binding 

mode similar to that observed at the PTH1 receptor (Pioszak and Xu, 2008). However fewer 

residues were identified that significantly reduced rAmy potency, suggesting an alternative mode of 

binding for the lower affinity ligand. 

The typical binding mode of peptide ligands to family B GPCR ECDs involves interactions with 

residues in the N-terminal ECD α-helix, loop 2, loop 4 and loop 5 (introduced in chapter 1). In the 

CTR only mutation of M48 within N-terminal α-helix of the ECD appeared to have an effect on 

ligand binding. This effect was a small but non-statistically significant reduction in on hCT potency, 

observed together with a large decrease in specific binding, however there was no shift in pIC50. 

The large loss of specific binding may make it difficult to accurately determine pIC50 data though; 

in addition there was a small (but not statistically significant) reduction in cell surface expression 

which may have also contributed to the reduction in binding. 

Mutation of M48 to isoleucine in a previous study resulted in small decreases in sCT potency and 

binding (Pham et al., 2005), providing additional evidence that this residue may contribute to CT 

binding. Mutagenesis studies in the closely related CLR (Barwell et al., 2010, Watkins et al., 2014) 

have suggested the equivalent residue in this position (I41) is important for interactions with the 

peptides CGRP, AM and AM2. This is interesting as CGRP and rAmy potency were unaffected by 

mutation of M48 and the effect of M48A mutation on hCT potency was weaker in comparison to 

that observed with I41A, suggesting that the mode of peptide binding may be slightly different 

between the two different receptors.  

Mutation of residues in loop 2, loop 4 and loop 5 of the ECD however generally had a substantial 

effect on hCT potency and binding. W79A (loop 2), F99A, D101A and F102A (loop 4) and W128A 

and Y131A (loop 5) all resulted in significant reductions in potency and binding. Only mutation of 

residue R126 did not affect hCT potency. The loss of both potency and binding strongly suggests 

that the effects of these mutations were primarily due to a loss of affinity. While there were 

reductions in cell surface expression observed with some mutants (W79A, D50A) this did not 

always correlate with a loss of potency. In this experimental system it has previously been observed 

that large decreases in cell surface expression are required (> 50 %) before there are decreases in 
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potency (Bailey and Hay, 2007). Therefore these mutations are genuinely likely to be involved in 

peptide interactions. 

The mutagenesis data for hCT is consistent with the mode of PTH binding observed at the PTH1 

receptor (Pioszak and Xu, 2008). The physicochemical properties of residues within the putative 

peptide binding groove are conserved between the two receptors (see alignment Figure 1.9). The 

residues in the binding site are predominately hydrophobic, but there is a conserved aspartic acid 

residue in loop 4 (D101 in CTR), which forms a salt bridge with a lysine residue at position 20 of 

the peptide in the structures of the PTH1 receptor with PTH and PTHrP (Pioszak and Xu, 2008, 

Pioszak et al., 2009). It is possible a similar interaction also occurs in the CTR. Both PTH and CT 

have amidated C-termini which are important for receptor interactions (Rittel et al., 1976). The C-

terminal amide of PTH forms hydrogen bonds with the backbone carbonyl of a threonine residue in 

loop 5. This feature may also be conserved in the CTR, although is difficult to determine through 

mutagenesis. 

Interestingly a different pattern was observed with rAmy; only mutation of residues W79, F102, 

R126 and Y131 led to a significant reduction in potency. Only a small reduction in potency was 

observed with the R126A mutation. rAmy has lower affinity at the CTR than hCT. The results 

suggest that this may be due to it forming fewer contacts with the receptor ECD compared to hCT. 

Interestingly the mutant R126A only has an effect on rAmy potency, suggesting a difference in the 

binding mode compared to hCT. With hαCGRP the pattern observed was different again with small 

reductions in potency observed with mutants, W79, F99, D101, F102, W128 and Y131. hαCGRP 

also has low affinity at the CTR, and compared with rAmy mutation of a greater number of residues 

reduced potency, although the effects were generally small and noticeably smaller than those 

observed with hCT. This makes the data difficult to interpret; it is possible that there are slightly 

different modes of binding for each peptide. There is evidence of subtle differences in binding mode 

between different peptides at a single receptor; the C-terminus of PTHrP is unwound in comparison 

to PTH forming additional contacts at the PTH1 receptor (Pioszak and Xu, 2008, Pioszak et al., 

2009). Slight differences are also observed at the GLP-1 receptor between Exendin-4 and GLP-1, 

with the rearrangement of sidechains of several receptor residues observed (Runge et al., 2008, 

Underwood et al., 2010). 

To further investigate hCT interactions with the CTR; four alanine analogues of hCT were 

synthesised; [A13]-hCT, [A16]-hCT, [A20]-hCT and [A22]-hCT. These residues were predicted to lie 

within the hydrophobic face of the CT α-helix (Hashimoto et al., 1999, Andreotti et al., 2006, 

Andreotti et al., 2011) and therefore potentially interact with the receptor. 
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[A13]-hCT exhibited WT potency and binding suggesting that it is not involved in receptor 

interactions, [A16]-hCT had significantly reduced potency and binding compared to WT hCT, and is 

likely to be involved in receptor interactions. With [A20]-hCT there was a small reduction in 

potency compared to WT, although in this experiment the potency of the WT control was higher 

than that in observed in the experiments with the other analogues. So it is unclear whether it is 

genuinely involved in receptor interactions. [A22]-hCT similar, to [A16]-hCT, had significantly 

lower potency and binding compared to WT, suggesting it is also involved in receptor interactions.  

To identify if hCT residues F16 and F22 interact with individual residues within the CTR ECD, 

they were tested with receptor residues identified as important for hCT binding. The analogues 

[A16]-hCT and [A22]-hCT were characterised with the CTR mutants W79A, F99A, D101A, F102A, 

W128A and Y131A by measuring the cAMP response. It did not appear that any of the CTR 

receptor residues form direct interactions with F16 and F22, as further decreases in potency were 

observed when the receptor mutant was paired with the hCT analogue. For [A22]-hCT the potency 

difference between WT hCT was not statistically significant at the D101A, F102A and W128A 

mutants, although a difference in potency was observed so it is difficult to conclude that [A22]-

interacts with these residues. It is possible that the peptide residues form multiple interactions with 

the receptor ECD, and therefore it may be difficult to observe direct interactions using this 

approach. 

Photoaffinity labelling studies with hCT, sCT and sCT8-32 have identified residues in CT that cross-

linked with the receptor. The resolution of this technique is not high (linking within 3.1 Å), which 

makes it difficult to interpret the results as it indicates spatial approximation rather than direct 

contacts between the receptor and ligand. In a study using hCT, residue 16 of hCT cross-linked with 

receptor residue F137 which is located towards the C-terminus of the ECD (Dong et al., 2004a). 

This region of the ECD is not included in the crystal structures of the CLR determined (Ter Haar et 

al., 2010; Kusano et al., 2012) therefore residue F137 was not present in the CTR homology model 

produced, so it is unclear how close this residue is to the patch of residues tested within the CTR 

ECD. The accommodation of the Bpa residue at this position without a loss of affinity also 

indicated that there is flexibility within the receptor. Residue 26 of hCT cross-linked with receptor 

residue T30, which is towards the extreme N-terminus of the ECD (Dong et al., 2004a). The 

interaction of hCT residue 26 with T30 does not appear to be consistent with the mode binding 

observed at other family B GPCRs, with the C-terminus of the peptides located close to loop 5, 

rather than the extreme N-terminus. 
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Position 19 of sCT cross-linked with the region 121-141 (Pham et al., 2004) which encompasses 

loop 5 of the ECD and includes residues W128 and Y131. Position 8 of sCT8-32 was found to 

crosslink with residue M49 in the N-terminal α-helix, which would not be expected as this part of 

the peptide would be expected to orientated closer to the ECLs and TM domain, although as the 

orientation of the ECD relative to the TM domain is still unknown it is possible that it could still 

make contacts with ECD. It is also possible that the truncated form of the peptide has a slightly 

different conformation when bound to the receptor. 

Docking and/or homology modelling has been used to generate a models of peptides bound to the 

receptor ECD, where peptide bound structures have not been available including the secretin 

receptor and the PAC1 (Dong et al., 2011; Kumar et al., 2011). However it is difficult to apply this 

approach here, the structural conformation of the CT C-terminus is unclear as this region is 

unstructured in the NMR structures of CT, and there are currently not enough constraints to position 

the α-helical region within the ECD.  

The interpretation of the data in this chapter is further discussed in chapter 7. 
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Chapter 5  

 

Investigation of peptide binding to the extracellular domain of AMY receptors. 

5.1 Introduction 

There is very little information on the residues involved in peptide interactions at amylin receptors 

and the mechanism through which RAMPs enhance the affinity/potency of CGRP and amylin still 

remains unclear. 

Studies using chimeras and mutagenesis on RAMPs have demonstrated that the RAMP ECD can 

influence amylin interactions with AMY receptors (Qi et al., 2008; Qi et al., 2010; Gingell et al., 

2010). However no individual residues within the CTR have been identified as being important for 

amylin interactions in AMY receptors.  

In chapter 4, a homology model of the CTR ECD was used to help identify the peptide binding site. 

The role of individual residues in the predicted peptide site in interactions the peptides CT, Amy 

and hαCGRP were investigated in the CTR using mutagenesis combined with functional and 

binding assays. The results identified CTR ECD residues W79, F99, D101, F102, W128 and Y131 

as important for hCT binding and suggested that there were differences between the mode of 

binding of hCT and rAmy and hαCGRP, as the residues D101 and W128 did not appear to be 

involved in rAmy interactions at the CTR. 

In this chapter, the function of the CTR ECD mutants described in chapter 4 was characterised at 

the AMY1(a) (ie in the presence of RAMP1) to determine what residues are involved in binding the 

peptides hαCGRP and rAmy, and to examine whether the presence of RAMPs alters the role of the 

CTR ECD residues in peptide binding. A subset of these residues that had significant effects on 

peptide potency were then tested at the AMY2(a) and AMY3(a) receptors. 
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5.2. Results 

5.2.1 Investigation of the role the residues in the N-terminal helix of CTR ECD at the AMY1(a) 
receptor.  

The mutants of the N-terminal α-helix of the CTR ECD characterised in chapter 4, were 

investigated at the AMY1(a) (CTR + RAMP1) receptor using a cAMP assay in response to the 

ligands hCT, rAmy and hαCGRP.  
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5.2.1.1 G44A AMY1(a) receptor 

There was no significant change in hCT potency observed at the G44A AMY1(a) receptor with a 

pEC50 of 9.24 ± 0.42 vs WT 9.38 ± 0.14 (n = 3) and no change in Emax (96.4 ± 14.5 % WT) (Figure 

5.1). There were also no changes observed with rAmy; pEC50 of 9.65 ± 0.35 vs WT 9.42 ± 0.33 (n = 

5) or hαCGRP; pEC50 of 10.13 ± 0.16 vs 9.98 ± 0.06 at the WT receptor (n = 3) (Figure 5.1). There 

were no changes in Emax observed with either peptide; 109.1 ± 23.3 % WT and 95.2 ± 6.4 % WT 

respectively.  

 

Figure 5.1. cAMP stimulation of CTR mutant G44A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-5 independent experiments performed 

in triplicate. 
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5.2.1.2 R45A AMY1(a) receptor 

There was no change in hCT potency observed at the R45A AMY1(a) receptor with a pEC50 of 9.33 

± 0.29 vs 9.44 ± 0.20 at the WT receptor (n = 3) (Figure 5.2). There were also no changes in rAmy 

potency; pEC50 of 9.44 ± 0.25 vs 9.35 ± 0.29 at the WT receptor (n = 5), or with hαCGRP; pEC50 of 

9.67 ± 0.31 vs WT 9.69 ± 0.33 (n = 3). No significant changes in Emax were observed with any of 

the peptides (hCT 101.5 ± 6.6 % WT; rAmy 111.5 ± 18.8 % WT; hαCGRP 98.0 ± 7.3 % WT). 

 

Figure 5.2. cAMP stimulation of CTR mutant R45A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-5 independent experiments performed 

in triplicate. 
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5.2.1.3 K46A AMY1(a) receptor 

No changes in peptide potency were observed at the K46A AMY1(a) receptor. The pEC50 of hCT 

was 9.32 ± 0.24 vs 9.44 ± 0.20 (n = 3) at the WT receptor (Figure 5.3). A pEC50 of 9.09 ± 0.21 vs 

WT 9.17 ± 0.29 (n = 4) was observed with rAmy and with hαCGRP a pEC50 of 10.1 ± 0.10 vs WT 

9.96 ± 0.07 (n = 4) was observed. There were no significant changes in Emax (hCT 103.1 ± 8.9 % 

WT; 101.6 ± 20.1 % WT; 115.2 ± 22.8 % WT).  

 

Figure 5.3. cAMP stimulation of CTR mutant K46A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.1.4 K47A AMY1(a) receptor 

There was no change in potency observed at the K47A AMY1(a) receptor. The pEC50 of hCT was 

9.22 ± 0.13 vs WT 9.47 ± 0.12 (n = 3), there was also no change in Emax (87.1 ± 3.81 % WT) 

(Figure 5.4). The pEC50 of rAmy was 9.99 ± 0.17 vs WT 10.02 ± 0.15 (n = 3). No significant 

change in Emax was observed (155.5 ± 55.7 % WT). With hαCGRP the pEC50 was 10.0 ± 0.12 vs 

9.82 ± 0.07 at the WT receptor (n = 3), Emax was unchanged (94.3 ± 12.9 % WT). 

 

Figure 5.4. cAMP stimulation of CTR mutant K47A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.1.5 M48A AMY1(a) receptor 

At the M48A AMY1(a) receptor there was a small reduction in potency observed with hCT although 

this did not reach statistical significance by unpaired t-test; pEC50 8.57 ± 0.21 vs WT 9.15 ± 0.19 (n 

= 3) (Figure 5.5). rAmy and hαCGRP potency was unchanged however with a pEC50 of 9.35 ± 0.13 

vs WT 9.51 ± 0.21 (n = 4) observed with rAmy and with hαCGRP the pEC50 was 9.22 ± 0.32 vs 

WT 9.52 ± 0.26 (n = 4). No changes in Emax were seen with any of the peptides (90.5 ± 22.8, 92.1 ± 

12.2 and 76.7 ± 9.3 % WT respectively). 

 

Figure 5.5. cAMP stimulation of CTR mutant M48A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 4 independent experiments performed in 

triplicate. 
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5.2.1.6 M49A AMY1(a) receptor 

No changes in peptide potency were observed at the M49A AMY1(a) receptor (Figure 5.6). The 

pEC50 of hCT was 9.23 ± 0.22 vs WT 9.40 ± 0.24 (n = 3); there was no significant change in Emax 

(79.9 ± 6.3 % WT). With rAmy the pEC50 was 9.07 ± 0.22 vs WT 9.47 ± 0.27 (n = 4), with no 

change in Emax (108.2 ± 13.6 % WT). The pEC50 of hαCGRP was 9.17 ± 0.10 vs WT 9.64 ± 0.16 (n 

= 3) and Emax was not significantly reduced (84.8 ± 6.9 % WT). 

 

Figure 5.6. cAMP stimulation of CTR mutant M49A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.1.7 D50A AMY1(a) receptor 

At the D50A AMY1(a) receptor there were no significant changes in potency observed (Figure 5.7). 

With hCT the pEC50 was 9.13 ± 0.22 vs WT 9.22 ± 0.14 (n = 3); no change in Emax was observed 

(89.9 ± 6.3 % WT). The pEC50 of rAmy was 9.30 ± 0.14 vs WT 9.53 ± 0.18 (n = 4); there was also 

no change in Emax (90.3 ± 11.5 % WT). With hαCGRP the pEC50 was 9.41 ± 0.15 vs WT 9.76 ± 

0.15 (n = 3); Emax was not significantly changed (97.2 ± 3.5 % WT). 

 

Figure 5.7. cAMP stimulation of CTR mutant D50A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.1.8 Q52A AMY1(a) receptor 

At the Q52A AMY1(a) receptor, hCT potency and Emax were unchanged; pEC50 9.56 ± 0.06 vs WT 

9.32 ± 0.13, Emax 103.9 ± 19.4 % WT (n = 3) (Figure 5.8). There were however significant 

decreases in rAmy and hαCGRP potency. With rAmy there was a four-fold reduction in potency; 

pEC50 of 8.99 ± 0.06 vs WT 9.60 ± 0.14 (n = 3, p < 0.05 by unpaired t-test), but no significant 

change in Emax (121.9 ± 6.2 % WT). With hαCGRP there was a five-fold reduction in potency; 

pEC50 9.07 ± 0.10 vs WT 9.76 ± 0.15 (n = 3, p < 0.05); Emax was unchanged (105.5 ± 9.5 % WT). 

 

Figure 5.8. cAMP stimulation of CTR mutant Q52A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3 independent experiments performed in 

triplicate. 
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5.2.1.9 Y53A AMY1(a) receptor 

At the Y53A AMY1(a) receptor, there was no significant change in hCT potency; pEC50 9.67 ± 0.08 

vs WT 9.41 ± 0.25 (n = 3); Emax was also not changed significantly (119.4 ± 13.7 % WT) (Figure 

5.9). There was a significant decrease in rAmy potency; pEC50 8.13 ± 0.20 vs WT 9.47 ± 0.27 (n = 

4, p < 0.01); Emax was unchanged (106.9 ± 15.0 % WT). The potency of hαCGRP was also 

significantly reduced with a pEC50 of 8.00 ± 0.06 vs 9.64 ± 0.16 at the WT receptor (n = 4, p < 

0.01); there was no significant change in Emax (94.2 ± 7.5 % WT). 

 

Figure 5.9. cAMP stimulation of CTR mutant Y53A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.1.10 K54A AMY1(a) receptor 

At the K54A AMY1(a) receptor there were no changes in peptide potency (Figure 5.10). With hCT 

the pEC50 was 9.39 ± 0.19 vs WT 9.46 ± 0.11 (n = 3) and Emax was also unchanged (105.8 ± 4.8 % 

WT). The rAmy pEC50 was 9.91 ± 0.43 vs 9.84 ± 0.25 at the WT receptor (n = 3); there was no 

change in Emax (105.3 ± 7.6 % WT). The pEC50 of hαCGRP was 10.04 ± 0.19 vs WT 9.82 ± 0.12 (n 

= 3); there was no significant change in Emax (116.6 ± 8.5 % WT). 

 

Figure 5.10. cAMP stimulation of CTR mutant K54A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3 independent experiments performed in 

triplicate. 

  



Chapter 5 
 

119 
 

5.2.1.11 Y56A AMY1(a) receptor 

At the Y56A AMY1(a) receptor, there was no change in hCT potency; pEC50 9.43 ± 0.40 vs WT 

9.98 ± 0.41 (n = 3) nor Emax (122.9 ± 17.6 % WT) (Figure 5.11). On the other hand there was a 

significant reduction in rAmy potency; pEC50 8.47 ± 0.26 vs WT 9.74 ± 0.27 (n = 4, p < 0.05) Emax 

was increased although this not reach statistical significance (121.0 ± 4.9 % WT). There was also a 

significant reduction in hαCGRP potency; pEC50 8.25 ± 0.18 vs 9.88 ± 0.28 at the WT receptor (n = 

4, p < 0.01); Emax was not significantly changed (132.7 ± 35.6 % WT). 

 

Figure 5.11. cAMP stimulation of CTR mutant Y56A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.2. Residues within the predicted peptide binding groove from homology modelling 

A homology model of the CTR ECD was used in chapter 4 to predict residues within the CTR ECD 

that are likely to be involved in peptide binding. The residues identified; W79, F99, D101, F102, 

R126, W128 and Y131 were mutated to alanine. Here these mutants were characterised in the 

presence of RAMP1. 

5.2.2.1 W79A AMY1(a) receptor 

At the W79A AMY1(a) receptor there were significant decreases in potency observed with all 

peptides tested (Figure 5.12). With hCT the pEC50 was 7.79 ± 0.39 vs 9.42 ± 0.40 at the WT 

receptor (n = 3, p < 0.05); Emax was also significantly reduced (58.8 ± 2.2 % WT, p < 0.01). The 

rAmy pEC50 was 7.65 ± 0.35 vs WT 9.93 ± 0.37 (n = 4, p < 0.01) and there was no change in Emax 

(94.0 ± 21.6 % WT). With hαCGRP the pEC50 was 7.40 ± 0.38 vs WT 9.66 ± 0.30 (n = 4, p < 0.01); 

no significant change in Emax was observed (81.4 ± 22.8 % WT). 

 

Figure 5.12. cAMP stimulation of CTR mutant W79A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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5.2.2.2 F99A AMY1(a) receptor 

There were significant reductions in peptide potency at the F99A AMY1(a) receptor (Figure 5.13). 

With hCT the pEC50 was 9.12 ± 0.18 vs 10.00 ± 0.05 at the WT receptor (n = 3, p < 0.05); there was 

no change in Emax (87.1 ± 27.4 % WT). The pEC50 for rAmy was 9.18 ± 0.23 vs WT 9.90 ± 0.08 (n 

= 5, p < 0.05), with no change in Emax (104.1 ± 18.5 % WT). With hαCGRP the pEC50 was 9.04 ± 

0.26 vs WT 10.20 ± 0.12 (n = 5, p < 0.01) there was no significant change in Emax (112.6 ± 12.7 % 

WT). 

 

 

Figure 5.13. cAMP stimulation of CTR mutant F99A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 3-5 independent experiments performed 

in triplicate. 
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5.2.2.3 D101A AMY1(a) receptor 

At the D101A AMY1(a) receptor, there was a significant reduction in hCT potency; pEC50 8.61 ± 

0.04 vs WT 10.26 ± 0.18 (n = 4 , p < 0.001), but no significant change in Emax (80.6 ± 18.1 % WT) 

(Figure 5.14). There was also a significant decrease in rAmy potency; pEC50 8.36 ± 0.20 vs WT 

10.27 ± 0.17 (n = 4, p < 0.001); with no change in Emax (83.1 ± 9.4 % WT). A very large reduction 

in hαCGRP potency was observed (1000 fold); pEC50 7.14 ± 0.09 vs 10.16 ± 0.12 at the WT 

receptor (n = 4, p < 0.001); while Emax was unchanged (107.7 ± 19.0 % WT). 

 

Figure 5.14. cAMP stimulation of CTR mutant D101A at the AMY1(a) receptor with hCT (A), 

rAmy (B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments 

performed in triplicate. 
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5.2.2.4 F102A AMY1(a) receptor 

There was a significant reduction in hCT potency at the F102A AMY1(a) receptor; pEC50 7.43 ± 

0.21 vs WT 9.87 ± 0.17 (n = 5, p < 0.001); there was also a significant reduction in Emax (63.4 ± 

12.3 % WT, p < 0.05) (Figure 5.15). rAmy potency was significantly reduced; pEC50 7.81 ± 0.09 vs 

WT 9.67 ± 0.24, (n = 5, p <0.001) although there was no significant change in Emax (72.7 ± 12.3 % 

WT). A large reduction in hαCGRP potency was observed; pEC50 6.79 ± 0.19 vs WT 9.74 ± 0.18 (n 

= 4, p < 0.001) however Emax was not significantly reduced (71.2 ± 19.4 % WT). 

 

Figure 5.15. cAMP stimulation of CTR mutant F102A at the AMY1(a) receptor with hCT (A), rAmy 

(B) and hαCGRP (C). Data are combined mean ± SEM of 4-5 independent experiments performed 

in triplicate. 
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5.2.2.5 R126A AMY1(a) receptor 

At the R126A AMY1(a) receptor there was no change in hCT potency or Emax; pEC50 9.35 ± 0.37 vs 

WT 9.20 ± 0.23 (n = 4) or Emax (101.4 ± 11.2 % WT) (Figure 5.16). On the other hand there was a 

significant decrease in rAmy potency; pEC50 8.48 ± 0.18 vs WT 9.35 ± 0.28 (n = 4, p < 0.05) with 

no change in Emax (114.0 ± 11.7 % WT). hαCGRP potency was also reduced; pEC50 8.37 ± 0.17 vs 

WT 9.48 ± 0.34, (n = 4, p < 0.05); Emax was unchanged (106.5 ± 11.4 % WT). 

 

 

Figure 5.16. cAMP stimulation of CTR mutant R126A at the AMY1(a) receptor with hCT (A), 

rAmy (B) and hαCGRP (C). Data are combined mean ± SEM of 4 independent experiments 

performed in triplicate. 
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5.2.2.6 W128A AMY1(a) receptor 

There were reductions in the potency of all three peptides at the W128A AMY1(a) receptor (Figure 

5.17). The pEC50 of hCT was 7.89 ± 0.12 vs WT 9.73 ± 0.17 (n = 4, p < 0.001); Emax was 

unchanged (77.1 ± 12.5 % WT). There was also a significant decrease in rAmy potency (pEC50 9.90 

± 0.14 vs WT 8.00 ± 0.18 (n = 4, p < 0.001); Emax was not significantly reduced (116.9 ± 16.2 % 

WT). There was a large reduction in hαCGRP potency (~400 fold); pEC50 7.26 ± 0.16 vs WT 9.84 ± 

0.26 (n = 4, p < 0.001); Emax was slightly reduced but this did not reach statistical significance (70.7 

± 23.0 % WT). 

 

Figure 5.17. cAMP stimulation of CTR mutant W128A at the AMY1(a) receptor with hCT (A), 

rAmy (B) and hαCGRP (C). Data are combined mean ± SEM of 4 independent experiments 

performed in triplicate. 
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5.2.2.7 Y131A AMY1(a) receptor 

At the Y131A AMY1(a) receptor, hCT potency was significantly reduced; pEC50 8.61 ± 0.25 vs WT 

9.71 ± 0.26 ( p > 0.05 n = 3); Emax was unchanged (99.8 ± 18.2 % WT) (Figure 5.18). There was a 

significant decrease in rAmy potency; pEC50 9.74 ± 0.28 vs WT 8.47 ± 0.26 (n = 4, p <0.05) but no 

change in Emax (99.9 ± 20.2 % WT). There was also a significant decrease in hαCGRP potency; 

pEC50 10.11 ± 0.18 vs WT 8.64 ± 0.29 (n = 4, p <0.01) but no change in Emax (103.2 ± 10.7 % WT). 

 

Figure 5.18. cAMP stimulation of CTR mutant Y131A at the AMY1(a) receptor with hCT (A), 

rAmy (B) and hαCGRP (C). Data are combined mean ± SEM of 3-4 independent experiments 

performed in triplicate. 
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5.2.2.8 Cell Surface expression of CTR ECD mutants at the AMY1(a) receptor 

To evaluate whether any of the CTR ECD mutations reduced cell surface expression of either 

receptor component, a cell based ELISA was performed. Expression of the CTR was measured 

using an anti-HA antibody, while an anti-myc antibody was used to detect expression of RAMP1. 

While there was some variation in cell surface expression of the mutants, with the CTR a 

statistically significant reduction in expression was only observed at M49A, although reduced 

expression was also observed for M48A and D50A (Figure 5.19A). In RAMP1, significantly 

reduced expression was observed at M48A and M49A, while D50A expression was also reduced 

(Figure 5.19B).  

 

Figure 5.19. Cell surface expression data for AMY1(a) receptor mutants, measured using an anti-HA 

antibody (A) or an anti-myc antibody (B). Data are combined normalised mean ± SEM from 3-6 

independent experiments each with 4-8 replicates. Statistical significance was achieved if the 95 % 

confidence interval of the mean did not include 100 %. 



 
 

 
 

Table 5.1. Summary of pEC50 values of CTR mutants at the human AMY1(a). Data are mean ± SEM, number of independent experiments are indicated 

in parentheses. Statistical significance determined through unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. 

AMY1(a) hCT rAmy hαCGRP 

Mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant 

G44A 9.38 ± 0.14 (3) 9.24 ± 0.42 (3) 9.42 ± 0.33 (5) 9.65 ± 0.35 (5) 9.98 ± 0.06 (3) 10.13 ± 0.16 (3) 

R45A 9.44 ± 0.20 (3) 9.33 ± 0.29 (3) 9.35 ± 0.29 (5)  9.44 ± 0.25 (5) 9.69 ± 0.33 (3) 9.67 ± 0.31 (3) 

K46A 9.44 ± 0.20 (3) 9.32 ± 0.24 (3) 9.17 ± 0.29 (4)  9.09 ± 0.21 (4) 9.96 ± 0.07 (4) 10.1 ± 0.10 (4) 

K47A 9.54 ± 0.11 (4) 9.31 ± 0.13 (4) 10.04 ± 0.16 (3) 10.03 ± 0.15 (3) 9.82 ± 0.07 (3) 10.0 ± 0.12 (3) 

M48A 9.15 ± 0.19 (4)  8.57 ± 0.21 (4)  9.51 ± 0.21 (4) 9.35 ± 0.13 (4) 9.52 ± 0.26 (4) 9.22 ± 0.32 (4) 

M49A 9.40 ± 0.24 (3) 9.23 ± 0.22 (3) 9.47 ± 0.27 (4) 9.07 ± 0.22 (4) 9.64 ± 0.16 (3) 9.17 ± 0.10 (3) 

D50A 9.22 ± 0.14 (4) 9.13 ± 0.22 (4) 9.53 ± 0.18 (4) 9.30 ± 0.14 (4) 9.76 ± 0.15 (3) 9.41 ± 0.15 (3) 

Q52A 9.32 ± 0.13 (3) 9.56 ± 0.06 (3) 9.60 ± 0.14 (3) 8.99 ± 0.06 (3) 9.76 ± 0.15 (3) 9.07 ± 0.10 (3) 

Y53A 9.67 ± 0.08 (3) 9.41 ± 0.25 (3) 9.47 ± 0.27 (4) 8.13 ± 0.20 (4) ** 9.64 ± 0.16 (4) 8.00 ± 0.06 (4) ** 

K54A 9.57 ± 0.14 (3) 9.51 ± 0.29 (3) 9.84 ± 0.25 (3) 9.91 ± 0.43 (3) 9.82 ± 0.12 (3) 10.04 ± 0.19 (3) 

Y56A 9.98 ± 0.41 (3) 9.43 ± 0.40 (3) 9.74 ± 0.27 (4)  8.47 ± 0.26 (4) * 9.88 ± 0.28 (4) 8.25 ± 0.18 (4) ** 

W79A 9.42 ± 0.40 (3) 7.79 ± 0.39 (3) * 9.93 ± 0.37 (4) 7.65 ± 0.35 (4) ** 9.66 ± 0.30 (4) 7.40 ± 0.38 (4) ** 

F99A 10.00 ± 0.05 (3) 9.12 ± 0.18 (3) ** 9.90 ± 0.08 (5) 9.18 ± 0.23 (5) *  10.20 ± 0.12 (5) 9.04 ± 0.26 (5) ** 

D101A 10.11 ± 0.12 (3) 8.62 ± 0.05 (3) *** 10.27 ± 0.17 (4) 8.36 ± 0.20 (4) *** 10.16 ± 0.12 (4) 7.14 ± 0.09 (4) *** 

F102A 9.87 ± 0.17 (5) 7.43 ± 0.21 (5) *** 9.67 ± 0.24 (5) 7.81 ± 0.09 (5) *** 9.74 ± 0.18 (4) 6.79 ± 0.19 (4) *** 

R126A 9.20 ± 0.23 (4) 9.35 ± 0.37 (4) 9.35 ± 0.28 (4) 8.48 ± 0.18 (4) * 9.48 ± 0.34 (4) 8.37 ± 0.17 (4) * 

W128A 9.73 ± 0.17 (4) 7.89 ± 0.12 (4) *** 9.90 ± 0.14 (4) 8.00 ± 0.18 (4) *** 9.84 ± 0.26 (4) 7.26 ± 0.16 (4) *** 

Y131A 9.71 ± 0.26 (3) 8.61 ± 0.25 (3) * 9.74 ± 0.28 (4) 8.47 ± 0.26 (4) * 10.11 ± 0.18 (4)  8.64 ± 0.29 (4) ** 



 

 
 

Table 5.2. Summary of Emax values for CTR mutants at the AMY1(a). Data are the mean ± SEM, number of independent experiments are indicate in 

parentheses. Statistical significance determined through unpaired t-test with Welch’s correction, * p < 0.05, ** p < 0.01. 

AMY1(a) hCT rAmy hαCGRP 

Mutant Emax (% WT) Emax (% WT) Emax (% WT) 

G44A 96.4 ± 14.5 (3) 109.1 ± 23.3 (5) 95.2 ± 6.4 (3) 

R45A 101.5 ± 6.6 (3) 111.5 ± 18.8 (5) 98.0 ± 7.3 (3) 

K46A 103.1 ± 8.9 (3) 101.6 ± 20.1 (4) 115.2 ± 22.8 (4) 

K47A 87.1 ± 3.8 (4) 155.5 ± 55.7 (3) 94.3 ± 12.9 (3) 

M48A 90.5 ± 22.8 (4) 76.7 ± 9.3 (4) 92.1 ± 12.2 (4) 

M49A 79.9 ± 6.3 (3) 108.2 ± 13.6 (4) 84.8 ± 6.9 (3) 

D50A 89.9 ± 6.3 (4) 90.3 ± 11.5 (4) 97.2 ± 3.5 (3) 

Q52A 103.9 ± 19.4 (3) 121.9 ± 6.2 (3) 105.5 ± 9.5 (3) 

Y53A 119.4 ± 13.7 (3) 106.9 ± 15.0 (4) 94.2 ± 7.5 (4) 

K54A 105.8 ± 4.8 (3) 105.3 ± 7.6 (3) 116.6 ± 8.5 (3) 

Y56A 122.9 ± 17.6 (3) 121.0 ± 4.9 (4)  132.7 ± 35.6 (4) 

W79A 58.8 ± 2.2 (3) ** 94.0 ± 21.6 (4) 81.4 ± 22.8 (4) 

F99A 87.1 ± 27.4 (3) 104.1 ± 18.5 (5) 112.6 ± 12.7 (5) 

D101A 80.6 ± 18.1 (3) 83.1 ± 9.4 (4) 107.7 ± 19.0 (4) 

F102A 63.4 ± 12.3 (5) * 72.7 ± 12.3 (5) 71.2 ± 19.4 (4) 

R126A 101.4 ± 11.2 (4) 114.0 ± 11.7 (4) 106.5 ± 11.4 (4) 

W128A 77.3 ± 12.5 (4) 116.9 ± 16.2 (4) 70.7 ± 23.0 (4) 

Y131A 99.8 ± 18.2 (3) 99.9 ± 20.2 (4) 103.2 ± 10.7 (4) 
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5.2.3 AMY2(a) receptor 

As the mutants Q52A, Y53A, Y56A, W79A, F99A, D101A, F102A, R126A, W128A and Y131A 

had a significant effect on peptide potency at the AMY1(a) receptor, these were also tested at the 

AMY2(a) receptor (CTR + RAMP2) to determine whether they had the same effect. These 

experiments were performed in HEK293S cells rather than Cos-7 cells, as previously greater 

induction of AMY receptor phenotype has been observed in this cell type (Morfis et al., 2008; Qi et 

al., 2013) compared to Cos-7 cells, where only weak induction of the AMY receptor phenotype is 

observed (see section 3.2.3). Weak but statistically significant induction of AMY receptor 

phenotype in this cell type was confirmed (~ 5 fold enhancement in rAmy potency vs CT(a)) in a 

study conducted in parallel by Erica Burns (Gingell et al., 2014). 

The residues Q52, Y53 and Y56 are predicted to lie within the CTR-RAMP interface. As the effects 

observed on rAmy and hαCGRP potency at the AMY1(a) were likely indirect due to disruption of 

this interface, these were only characterised here with rAmy. The mutants within the predicted 

peptide binding groove were characterised with both rAmy and hαCGRP. 
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5.2.3.1 Q52A AMY2(a) receptor 

At the Q52A receptor there was a small reduction in rAmy potency although this not reach 

statistical significance with a pEC50 of 8.26 ± 0.10 vs WT 8.75 ± 0.33 (n = 4), Emax was also 

unchanged (115.7 ± 24.7 % WT) (Figure 5.20). 

 

Figure 5.20. cAMP stimulation of CTR mutant Q52A at the AMY2(a) receptor with rAmy. Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate. 

 

5.2.3.2 Y53A AMY2(a) receptor 

At the Y53A receptor there was a small but not statistically significant reduction in rAmy potency 

with a pEC50 of 8.24 ± 0.22 vs 8.98 ± 0.11 at the WT receptor (n = 4). There was also no significant 

change in Emax (125.2 ± 35.1 % WT) (Figure 5.21).  

 

Figure 5.21. cAMP stimulation of CTR mutant Y53A at the AMY2(a) receptor with rAmy. Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate. 
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5.2.3.3 Y56A AMY2(a) receptor 

With the Y56A receptor there was also no significant change in rAmy potency with a pEC50 of8.42 

± 0.21 vs WT 8.57 ± 0.32 (n = 4), or in Emax (87.0 ± 21.8 % WT) (Figure 5.22). 

 

Figure 5.22. cAMP stimulation of CTR mutant Y56A at the AMY2(a) receptor with rAmy. Data are 

combined mean ± SEM of 4 independent experiments performed in triplicate. 
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5.2.3.4 W79A AMY2(a) receptor 

There was a significant reduction in peptide potency at the W79A AMY2(a) receptor (Figure 5.23). 

The rAmy pEC50 was 7.39 ± 0.30 vs WT 8.85 ± 0.10 (n = 5, p < 0.01), Emax was also significantly 

decreased (52.2 ± 6.3 % WT, p < 0.01). The hαCGRP pEC50 was significantly reduced 6.82 ± 0.24 

vs 7.95 ± 0.18 at the WT receptor (n = 3, p < 0.05); there was a reduction in Emax but not this did not 

reach statistical significance (60.9 ± 25.7 % WT).  

 

Figure 5.23. cAMP stimulation of CTR mutant W79A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 3-5 independent experiments performed in 

triplicate. 
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5.2.3.5 F99A AMY2(a) receptor 

At the F99A AMY2(a) receptor there was a significant reduction in rAmy potency with a pEC50 of 

7.57 ± 0.28 vs WT 8.51 ± 0.26 (n = 4, p < 0.05), there was no reduction in Emax (123.3 ± 18.7 % 

WT). hαCGRP potency was also reduced with a pEC50 of 7.08 ± 0.17 vs WT 7.95 ± 0.21 (n = 4, p < 

0.05), there was no significant change in Emax (74.3 ± 10.8 % WT) (Figure 5.24).  

 

Figure 5.24. cAMP stimulation of CTR mutant F99A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 4 independent experiments performed in 

triplicate. 
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5.2.3.6 D101A AMY2(a) receptor 

At the D101A AMY2(a) receptor there were significant reductions in rAmy potency with a pEC50 of 

8.04 ± 0.18 vs WT 8.95 ± 0.09 (n = 3, p < 0.05). There was no significant change in Emax (89.0 ± 

12.2 % WT). hαCGRP was also affected with a pEC50 6.86 ± 0.02 vs WT 8.57 ± 0.28 (n = 3, p < 

0.01). There was a small but non-statistically significant reduction in Emax (74.3 ± 12.0 % WT) 

(Figure 5.25).  

 

Figure 5.25. cAMP stimulation of CTR mutant D101A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 3 independent experiments performed in 

triplicate. 
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5.2.3.7 F102A AMY2(a) receptor 

At the F102A AMY2(a) receptor there were significant reductions in potency with both peptides. A 

pEC50 of 7.26 ± 0.24 vs WT 8.63 ± 0.22 (n = 4, p < 0.01) was observed with rAmy with no change 

in Emax (130.0 ± 36.4 % WT). With hαCGRP the pEC50 was reduced but this did not reach statistical 

significance 6.95 ± 0.44 vs WT 7.98 ± 0.37 (n = 3), there was also no change in Emax (75.4 ± 21.9 % 

WT) (Figure 5.26).  

 

Figure 5.26. cAMP stimulation of CTR mutant F102A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 3-4 independent experiments performed in 

triplicate. 
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5.2.3.8 R126A AMY2(a) receptor 

There was no change in peptide potency or Emax at the R126A AMY2(a) receptor (Figure 5.27), with 

a rAmy pEC50 of 8.60 ± 0.28 vs WT 8.92 ± 0.26 (n = 4) and Emax of 117.0 ± 17.7 % WT. With 

hαCGRP a pEC50 of 7.75 ± 0.12 vs WT 8.02 ± 0.31 (n = 3) and Emax of 98.5 ± 31.9 % WT was 

observed. 

 

Figure 5.27. cAMP stimulation of CTR mutant R126A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 3-4 independent experiments performed in 

triplicate. 
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5.2.3.9 W128A AMY2(a) receptor 

At the W128A AMY2(a) receptor there were significant reductions in potency with both peptides 

(Figure 5.28).With rAmy the pEC50 was 7.30 ± 0.28 vs WT 8.76 ± 0.24 (n = 4, p < 0.01). The 

hαCGRP pEC50 was 6.91 ± 0.24 vs 8.45 ± 0.28 at the WT receptor (n = 4, p < 0.01). There was no 

change in Emax with rAmy (89.2 ± 19.1 % WT), with hαCGRP there was a (small) reduction in Emax 

(67.1 ± 13.6 % WT) but this did not reach statistical significance. 

 

Figure 5.28. cAMP stimulation of CTR mutant W128A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 4 independent experiments performed in 

triplicate. 
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5.2.3.10 Y131A AMY2(a) receptor 

At the Y131A receptor there were reductions in both rAmy and hαCGRP potency. With rAmy the 

pEC50 was 7.49 ± 0.17 vs WT 8.65 ± 0.16 (n = 5, p < 0.001) with no reduction in Emax (99.0 ± 17.3 

% WT). With hαCGRP the pEC50 was 7.11 ± 0.04 vs WT 8.33 ± 0.34 (n = 4, p < 0.05); with a slight 

but non-significant reduction in Emax (78.6 ± 10.5 % WT) (Figure 5.29.  

 

Figure 5.29. cAMP stimulation of CTR mutant Y131A at the AMY2(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 4-5 independent experiments performed in 

triplicate. 
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5.2.3.11 Cell Surface expression of CTR ECD mutants at the AMY2(a) receptor 

Cell surface expression of the AMY2(a) receptor was determined by ELISA. RAMP2 expression was 

measured using an anti-FLAG antibody and CTR expression was measured using anti-HA as 

before. No statistically significant changes in cell surface expression were observed although a 

decrease in R126A expression was observed (Figure 5.30). Background expression of RAMP2 

alone was approximately 50%, and significantly lower compared to expression of RAMP2 with 

CTR. 

 

Figure 5.30. Cell surface expression data for AMY2(a) receptor mutants, measured using an anti-HA 

antibody (A) or an anti-FLAG antibody (B). Data are combined normalised mean ± SEM from 3-6 

independent experiments each with 4-8 replicates. Statistical significance was achieved if the 95 % 

confidence interval of the mean did not include 100 %. 



 
 

 
 

Table 5.3. Summary of pEC50 values of CTR mutants at the human AMY2(a). Data are mean ± SEM, number of independent experiments are indicated 

in parentheses. Statistical significance determined through unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. 

  

AMY2(a) rAmy hαCGRP 

Mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant 

Q52A 8.57 ± 0.32 (5) 8.06 ± 0.21 (5) - - 

Y53A 8.69 ± 0.38 (4) 8.04 ± 0.22 (4) - - 

Y56A 8.57 ± 0.32 (5) 8.42 ± 0.21 (5) - - 

W79A 8.85 ± 0.10 (5) 7.39 ± 0.30 (5) ** 7.95 ± 0.18 (3) 6.82 ± 0.24 (3) * 

F99A 8.51 ± 0.26 (4) 7.57 ± 0.28 (4) * 7.95 ± 0.21 (4) 7.08 ± 0.17 (4) * 

D101A 8.95 ± 0.09 (3) 8.04 ± 0.18 (3) * 8.57 ± 0.28 (3) 6.86 ± 0.02 (3) ** 

F102A 8.63 ± 0.22 (4) 7.26 ± 0.24 (4) ** 7.98 ± 0.37 (3) 6.95 ± 0.44 (3) 

R126A 8.92 ± 0.26 (4) 8.60 ± 0.28 (4) 8.02 ± 0.31 (3) 7.75 ± 0.12 (3) 

W128A 8.76 ± 0.24 (4) 7.30 ± 0.28 (4) ** 8.45 ± 0.28 (4) 6.91 ± 0.24 (4) ** 

Y131A 8.65 ± 0.16 (5) 7.49 ± 0.17 (5) *** 8.33 ± 0.34 (4) 7.11 ± 0.04 (4) * 



 
 

 
 

Table 5.4. Summary of Emax values for CTR mutants at the AMY2(a). Data are the mean ± SEM, number of independent experiments are indicate in 

parentheses. Statistical significance determined through unpaired t-test with Welch’s correction, * p < 0.05. 

 

 
AMY2(a) rAmy hαCGRP 

Mutant Emax (% WT) Emax (% WT) 

Q52A 115.7 ± 24.7  - 

Y53A 125.2 ± 35.1 - 

Y56A 87.0 ± 21.8 - 

W79A 52.2 ± 6.3 60.9 ± 25.7 

F99A 123.3 ± 18.7 74.3 ± 10.8 

D101A 89.0 ± 12.2 74.3 ± 12.0 

F102A 130.0 ± 36.4 75.4 ± 21.9 

R126A 117.0 ± 17.7 98.5 ± 31.9 

W128A 89.2 ± 19.1 67.1 ± 13.6 

Y131A 99.0 ± 17.3 78.6 ± 10.5 
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5.2.4 AMY3(a) receptor 

As described for the AMY2(a) receptor (section 5.2.3), the mutants Q52A, Y53A, Y56A, W79A, 

F99A, D101A, F102A, R126A, W128A and Y131A which had a significant effects on peptide 

potency at the AMY1(a) were also tested at the AMY3(a) receptor (CTR + RAMP3). As for the 

AMY2(a) receptor, the predicted interface mutants Q52A, Y53A and Y56A were only characterised 

with rAmy whereas residues within the predicted peptide binding groove were characterised with 

rAmy and hαCGRP. These experiments were carried out in Cos-7 cells, as there is significant 

induction of the AMY receptor phenotype observed when these cells are transfected with both CTR 

and RAMP3 (Hay et al., 2005; chapter 3). 

5.2.4.1 Q52A AMY3(a) receptor 

At the Q52A AMY3(a) receptor there was a small but non-statistically significant reduction in rAmy 

potency; pEC50 8.88 ± 0.21 vs WT 9.36 ± 0.09 (n = 5) but no change in Emax (83.9 ± 14.6 % WT) 

(Figure 5.31). 

 

Figure 5. 31. cAMP stimulation of CTR mutant Q52A at the AMY3(a) receptor with rAmy. Data are 

combined mean ± SEM of 5 independent experiments performed in triplicate. 
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5.2.4.2 Y53A AMY3(a) receptor 

At the Y53A AMY3(a) receptor, there was a significant reduction in rAmy potency; pEC50 8.59 ± 

0.27 vs WT 9.51 ± 0.17 (n = 5, p < 0.05); there was no change in Emax (88.1 ± 8.0 % WT) (Figure 

5.32). 

 

Figure 5.32. cAMP stimulation of CTR mutant Y53A at the AMY3(a) receptor with rAmy. Data are 

combined mean ± SEM of 5 independent experiments performed in triplicate. 

5.2.4.3 Y56A AMY3(a) receptor 

There was a significant reduction in rAmy potency at the Y56A AMY3(a) receptor; pEC50 8.74 ± 

0.22 vs WT 9.58 ± 0.18 (n = 5, p < 0.05); Emax was unchanged (103.8 ± 17.4 % WT) (Figure 5.33). 

 

Figure 5.33. cAMP stimulation of CTR mutant Y56A at the AMY3(a) receptor with rAmy. Data are 

combined mean ± SEM of 5 independent experiments performed in triplicate. 
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5.2.4.4 W79A AMY3(a) receptor 

With the W79A AMY3(a) receptor, there was a large reduction (~ 20 fold) in rAmy potency; pEC50 

of 7.42 ± 0.15 vs WT 8.77 ± 0.30 (n = 5, p < 0.01) and also in Emax (47.4 ± 4.9 % WT, p < 0.001) 

(Figure 5.34). There was also a significant reduction in hαCGRP potency; pEC50 of 6.95 ± 0.12 vs 

WT 8.31 ± 0.24 (n = 6, p < 0.001). In addition Emax was significantly reduced (42.9 ± 4.8 % WT, p 

< 0.001). 

 

Figure 5.34. cAMP stimulation of CTR mutant W79A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 5-6 independent experiments performed in 

triplicate. 
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5.2.4.5 F99A AMY3(a) receptor 

At the F99A AMY3(a) receptor, there was a significant decrease in rAmy potency; pEC50 8.29 ± 0.17 

vs 9.19 ± 0.26 at the WT receptor (n = 6, p < 0.05) but no change in Emax (112.6 ± 21.4 % WT). A 

significant decrease in hαCGRP potency was also observed; pEC50 6.96 ± 0.19 vs WT 8.09 ± 0.22 

(n = 5, p < 0.01). There was a significant reduction in Emax (66.8 ± 11.1% WT, p < 0.05) (Figure 

5.35).  

 

 

Figure 5.35. cAMP stimulation of CTR mutant F99A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 5-6 independent experiments performed in 

triplicate. 
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5.2.4.6 D101A AMY3(a) receptor 

At the D101A AMY3(a) receptor, there was a significant reduction in rAmy potency; pEC50 8.14 ± 

0.23 vs WT 9.24 ± 0.33 (n = 4, p < 0.05) however Emax was not significantly reduced (77.5 ± 11.8 

% WT). hαCGRP potency was also reduced, the pEC50 was 6.83 ± 0.04 vs 8.60 ± 0.14 (n = 4, p < 

0.001) at the WT receptor; there was also a significant reduction in Emax (66.0 ± 3 % WT, p < 0.01) 

(Figure 5.36).  

 

 

Figure 5.36. cAMP stimulation of CTR mutant D101A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 4 independent experiments performed in 

triplicate. 
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5.2.4.7 F102A AMY3(a) receptor 

There was a large reduction in peptide potency at the F102A AMY3(a) receptor (Figure 5.37). The 

pEC50 of rAmy was 7.38 ± 0.15 vs WT 8.98 ± 0.32 (n = 5, p < 0.01), Emax was also significantly 

reduced (69.9 ± 9.6 % WT, p < 0.05). The pEC50 of hαCGRP was 6.24 ± 0.19 vs WT 8.07 ± 0.30 (n 

= 5, p < 0.001); with no significant change in Emax (76.2 ± 10.5 % WT).  

 

Figure 5.37. cAMP stimulation of CTR mutant F102A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 5 independent experiments performed in 

triplicate. 

  



Chapter 5 
 

149 
 

5.2.4.8 R126A AMY3(a) receptor 

At the R126A AMY3(a) receptor there was a reduction in rAmy potency; pEC50 7.85 ± 0.39 vs WT 

9.07 ± 0.29 (n = 4, p < 0.05) but no change in Emax (103.2 ± 23.4 % WT). There was also a 

reduction in hαCGRP potency; pEC50 7.38 ± 0.20 vs WT 8.14 ± 0.13 (n = 4, p < 0.05). There was 

no significant change in Emax (83.1 ± 19.8 % WT) (Figure 5.38). 

 

Figure 5.38. cAMP stimulation of CTR mutant R126A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 4 independent experiments performed in 

triplicate. 
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5.2.4.9 W128A AMY3(a) receptor 

At the AMY3(a) receptor, there was a significant reduction in rAmy potency; pEC50 of 7.76 ± 0.15 vs 

WT 9.21 ± 0.22 (n = 5, p < 0.001); with no change in Emax (76.7 ± 14.8 % WT) (Figure 5.39). With 

hαCGRP there was also a significant decrease in potency; pEC50 of 6.44 ± 0.17 vs WT 7.98 ± 0.26 

(n = 5, p < 0.01); there was no change in Emax (75.9 ± 16.6 % WT).  

 

 

Figure 5.39. cAMP stimulation of CTR mutant W128A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 5 independent experiments performed in 

triplicate. 
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5.2.4.10 Y131A AMY3(a) receptor 

At the Y131A AMY3(a) receptor there was a significant decrease in rAmy potency; pEC50 8.22 ± 

0.20 vs WT 9.11 ± 0.27 (n = 5, p < 0.05) but no change in Emax (89.0 ± 13.3 % WT) (Figure 5.40). 

In addition there was a significant decrease in hαCGRP potency; pEC50 7.39 ± 0.19 vs WT 8.37 ± 

0.22 (n = 5, p < 0.01). No change in Emax was observed (87.1 ± 9.8 % WT).  

 

Figure 5.40. cAMP stimulation of CTR mutant Y131A at the AMY3(a) receptor with rAmy (A) and 

hαCGRP (B). Data are combined mean ± SEM of 5 independent experiments performed in 

triplicate. 
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5.2.4.11 Cell Surface Expression of CTR ECD mutants at the AMY3(a) receptor 

Cell surface expression of the AMY3(a) receptor was determined by measuring expression of CTR 

with an anti-HA antibody. RAMP3 expression was not determined as the construct used was 

untagged (significant endogenous cell surface expression has been observed with tagged RAMP3 

constructs [Christopoulos et al., 2003]) and no suitable RAMP3 antibody is available. No 

significant changes in cell surface expression were observed (Figure 5.41). 

 

Figure 5.41. Cell surface expression data for AMY3(a) receptor mutants (CTR expression only), 

measured using an anti-HA antibody. Data are combined normalised mean ± SEM from 3-6 

independent experiments each with 4-8 replicates. Statistical significance was achieved if the 95 % 

confidence interval of the mean did not include 100 %. 

 

  



 
 

 
 

Table 5.5. Summary of pEC50 values of CTR mutants at the human AMY3(a). Data are mean ± SEM, number of independent experiments are indicated 

in parentheses. Statistical significance determined through unpaired t-test, * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

 

 

AMY3(a) rAmy hαCGRP 

Mutant pEC50 WT pEC50 mutant pEC50 WT pEC50 mutant 

Q52A 9.36 ± 0.09 (5) 8.88 ± 0.21 (5) - - 

Y53A 9.51 ± 0.17 (5) 8.59 ± 0.27 (5) * - - 

Y56A 9.58 ± 0.18 (5) 8.74 ± 0.22 (5) * - - 

W79A 8.77 ± 0.30 (5) 7.42 ± 0.15 (5) ** 8.31 ± 0.24 (6) 6.95 ± 0.12 (6) *** 

F99A 9.19 ± 0.26 (6) 8.29 ± 0.17 (6) * 8.09 ± 0.22 (5) 6.96 ± 0.19 (5) ** 

D101A 9.24 ± 0.33 (4) 8.14 ± 0.23 (4) * 8.60 ± 0.14 (4) 6.83 ± 0.04 (4) *** 

F102A 8.98 ± 0.32 (5) 7.38 ± 0.15 (5) ** 8.07 ± 0.30 (5) 6.24 ± 0.19 (5) *** 

R126A 9.07 ± 0.29 (4) 7.85 ± 0.39 (4) * 8.14 ± 0.13 (4) 7.38 ± 0.20 (4) * 

W128A 9.21 ± 0.22 (5) 7.76 ± 0.15 (5) *** 7.98 ± 0.26 (5) 6.44 ± 0.17 (5) ** 

Y131A 9.11 ± 0.27 (5) 8.22 ± 0.20 (5) * 8.37 ± 0.22 (5) 7.39 ± 0.19 (5) ** 
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Table 5.6. Summary of Emax values for CTR mutants at the AMY1(a). Data are the mean ± SEM, number of independent experiments are indicate in 

parentheses. Statistical significance determined through unpaired t-test with Welch’s correction, * p < 0.05, ** p <0.01 *** p < 0.001. 

  

AMY3(a) rAmy hαCGRP 

Mutant Emax (% WT) Emax (% WT) 

Q52A 83.9 ± 14.6 (5) - 

Y53A 88.1 ± 8.0 (4) - 

Y56A 103.8 ± 17.4 (5) - 

W79A 47.4 ± 4.9 (5) *** 42.9 ± 4.8 (3) *** 

F99A 112.6 ± 21.4 (4) 66.8 ± 11.1 (4) * 

D101A 77.5 ± 11.8 (3) 66.0 ± 3.0 **(4) 

F102A 69.9 ± 9.6 (4) * 76.2 ± 10.5 (3) 

R126A 103.2 ± 23.4 (4) 83.1 ± 19.8 (3) 

W128A 76.7 ± 14.8 (4) 75.9 ± 16.6 (4) 

Y131A 89.1 ± 13.3 (5) 87.1 ± 9.8 (4) 
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5.3 Discussion 

The role of individual residues within the CTR ECD in peptide interactions was investigated in the 

presence of RAMPs 1, 2 and 3. The CTR ECD mutants characterised in chapter 4 were first tested 

at the AMY1(a) receptor; those mutants that had significant effects on peptide potency were then 

tested at the AMY2(a) and AMY3(a) receptors. Interestingly RAMP dependent effects were observed. 

Consistent with the results of chapter 4, mutagenesis of residues within the N-terminal α-helix did 

not have a significant effect on the potency of the peptides rAmy and hαCGRP (with the exception 

of the predicted RAMP interface residues Q52, Y53 and Y56). This is in contrast to the previous 

findings in the CGRP, AM1 and AM2 receptors, where alanine mutagenesis of individual CLR 

residues within the N-terminal α-helix reduced peptide potency (refer to section 4.3 for greater 

detail). The presence of RAMP1 did not appear to have any influence on these residues. 

hCT potency was measured at the AMY1(a) receptor in addition to rAmy and hαCGRP potency; the 

potency changes observed with hCT did not change in the presence of RAMP1. The mutations 

W79A, F99A, D101A, F102A, W128A and Y131A all resulted in significant changes in hCT 

potency and WT potency was observed with the mutant R126A as observed in chapter 4. A small 

but non-statistically significant reduction in potency was observed with M48A. While this may 

suggest that the presence of RAMP1 does not influence CT interactions and therefore may not alter 

the conformation of the CTR, these results could also arise from a mixed population of receptors on 

the cell surface or a mixed population of cells expressing one or both of the receptor components.ie 

the phenotype measured with CT may simply be via the CTR alone. 

To explain this further, although AMY receptor phenotype is observed, there is potential in the 

transient transfection system for cells to uptake different amounts of DNA. With co-transfection of 

two different plasmids this may result in Cos-7 cells that were transiently transfected with both 

receptor components, uneven quantities of each receptor component or only one of the receptor 

components. When AMY receptors are transfected this could result in mixed populations of free 

CTRs in addition to receptor heterodimers. This is an inherent limitation of this system. It may be 

possible to overcome some of these limitations by using alternative strategies such as generating 

cell lines stably expressing both receptor components or modifying the constructs to covalently link 

both receptor components together, however as this study required the generation of numerous 

receptor mutants these were not considered practical. These may be useful to better characterise the 

pharmacology of hCT at pure populations of AMY receptors in future studies. 
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Mutation of the residues within the predicted peptide binding groove; W79, F99, D101, F102, 

R126, W128 and Y131 resulted in decreased rAmy and hαCGRP potency at the AMY1(a), AMY2(a) 

and AMY3(a) receptors (Tables 5.1, 5.2 and 5.3), indicating that these residues could be involved in 

peptide binding (Figure 5.42). The largest effects on potency were observed with mutation of 

residues W79, D101, F102 and W128 while smaller reductions in potency were seen with F99, 

R126 and Y131.  

The effect of the mutants on peptide binding was determined measuring the potency of the cAMP 

response. This is not a direct measure of binding, but as the mutations are being introduced to the 

ECD of the receptor which is not believed to be involved in the receptor activation, it is assumed 

that effects on potency are a result of ligand binding being affected. Binding could be measured (by 

using either radiolabelled rAmy or hαCGRP as a tracer) but it would be likely that all measurable 

specific binding would be lost with mutants that have a substantial effect on binding, as observed 

with 125I-hCT binding in chapter 4 and therefore this may not be particularly informative. 

The AMY2(a) receptor was tested in HEK293S cells as there is evidence that there is a more robust 

induction of AMY receptor phenotype in this cell background compared to Cos-7 cells (Morfis et 

al., 2008; Qi et al., 2013; Gingell et al., 2014). The potencies observed for rAmy at the AMY2(a) 

receptor were lower than those observed at the AMY1(a) and AMY3(a) receptors in Cos-7 cells 

however. In line with this, the magnitude of the reductions in potency were smaller at the AMY2(a) 

compared to the AMY1(a) and AMY3(a) receptors and for some mutants did not reach statistical 

significance. 
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Figure 5.42. Homology model of the AMY1(a) receptor ECD. CTR residues that were found to have 

a significant effect on rAmy potency are highlighted in red. RAMP1 residue W84. 

The mutagenesis data supports a mode of rAmy and hαCGRP binding broadly consistent with the 

mode of peptide binding observed at other family B GPCRs and is consistent with data from the 

AM1 receptor ECD that found that alanine mutation of the CLR equivalents of W79, F99 and W128 

reduced AM binding affinity (Kusano et al., 2012). There were differences observed in the 

magnitude of the potency shifts with rAmy and hαCGRP with the mutations D101A, F102A at the 

AMY1(a) and AMY3(a) receptor. Greater reductions in potency were observed with hαCGRP than 

rAmy. This could be due to different contacts formed between the two peptides and the receptor. 

hαCGRP has lower potency at the CTR, indicating that the presence of RAMP1 or RAMP3 is more 

important for hαCGRP interactions with the AMY receptor ECDs that they are for rAmy. 

In the CGRP and AM1 receptor crystal structures (refer to introduction section 1.4.4), α-helices 2 

and 3 of RAMP1 and RAMP2 form an interface with the N-terminal α-helix of the CLR (Kusano et 

al., 2012; Ter Haar et al., 2010). Due to the high level of sequence conservation of CTR with the 

CLR, the RAMP-receptor interface in the AMY receptors was predicted to be the same. The CTR 

residues Q52, Y53 and Y56 lie within the predicted N-terminal α-helix, These residues are all 

conserved within the between CTR and CLR and comprise part of the RAMP binding site at the 

AM1 and CGRP receptors CLR (Kusano et al., 2012; Ter Haar et al., 2010). Mutation of these 

residues to alanine resulted in significant reductions in rAmy and hαCGRP potency at the AMY1(a) 
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and AMY3(a) receptors. This indicates that the RAMP no longer exerted its effect of enhancing 

rAmy and hαCGRP potency, therefore suggesting that the RAMP-receptor interface was disrupted 

by these mutations. Interestingly there was no effect on cell surface expression, suggesting these 

mutants were capable of associating with RAMPs and permitting their translocation to the cell 

surface. 

There were smaller reductions in potency seen with the Q52A, Y53A and Y56A mutants at the 

AMY2(a) receptor compared to the AMY1(a) and AMY3(a) receptors with these mutants. This is 

consistent with the smaller enhancement in rAmy potency seen at the AMY2(a) receptor rather than 

RAMP2 interactions being less affected at the AMY2(a) receptor. 

Most of the mutations did not result in significant decreases in cell surface expression. Reductions 

in cell surface expression were seen at the AMY1(a) receptor with the mutations M48A, M49A and 

D50A in both receptor components, reaching statistical significance at M49A when measuring CTR 

expression and at M48A and M49A when measuring RAMP1 expression. R126A has slightly 

reduced expression at the AMY1(a) receptor (~80 % WT expression) and the AMY2(a) receptor (~ 

50-60% WT) although this did not reach statistical significance. No change in cell surface 

expression was detected at the AMY3(a) receptor. Compared to the results at the CT(a) (chapter 4) 

several differences were observed, at the CT(a) there was a significant reduction in W79A 

expression but this was not observed in this chapter, only small reductions in M48A and D50A 

expression were observed while no effect was observed with M49A. This suggests RAMPs may 

have some influence on the expression level of the CTR mutants. RAMP3 has been previously 

demonstrated to enhance the cell surface expression of a poorly expressed mutant of the secretin 

receptor (Harikumar et al., 2009), so it is plausible that this could also occur at the CTR. It has been 

previously observed in this receptor and expression system that large decreases in cell surface 

expression are required (> 50%) before decreases in potency are observed indicating a significant 

receptor reserve (Bailey and Hay, 2007). Therefore it is unlikely that the reductions in potency 

observed were due to loss of cell surface expression. 

The key result in this chapter is the difference in the number of residues that have a significant 

effect on rAmy potency compared with the results at the CTR alone in chapter 4. The mutations 

D101A and W128A resulted in large decreases in rAmy potency at the AMY1(a) and AMY3(a) 

receptors but there was no significant reduction in potency at the CT(a) seen with these mutants (see 

section 4.2). This suggests that these residues are not important for rAmy interactions at the CTR, 
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but become important when RAMP1 and RAMP3 are present in the AMY1(a) and AMY3(a) 

receptors.  

The role of these residues in hαCGRP interactions is more difficult to interpret, as small but 

statistically significant reductions in potency were observed with residues D101A and W128A at 

the CT(a) in chapter 4. However much larger decreases in potency were observed at the AMY1(a) and 

AMY3(a) receptors, suggesting while these residues are important for hαCGRP binding to the CTR, 

they are more important when RAMPs are present. 

The implications of these results for interpreting the role of RAMPs in altering the pharmacology of 

AMY receptors are discussed in greater detail in chapter 7. 
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Chapter 6 	
 

Expression and Characterisation of the CTR and AMY1 ECDs 

 

6.1 Introduction 
 

There is currently no structural information available regarding the CTR ECD and CTR RAMP 

ECD complexes; however the crystal structures of the CGRP and AM1 receptor ECDs have given 

insight into RAMP interactions with the receptor ECD (Ter Haar et al., 2010; Kusano et al., 2012). 

The structures of numerous other family B GPCR ECDs have given important insights into the 

mechanism of peptide binding at this family of receptors as discussed in section 1.3.3. 

The aim of this chapter was to investigate the molecular mechanisms of ligand binding at the CTR 

and AMY receptors, by determining the structures of the CTR and AMY1 receptor ECDs using X-

ray crystallography. Crystal structures would also assist in the interpretation of the mutagenesis data 

in chapters 4 and 5. 

X-ray crystallography has been used to determine the majority of the family B ECD structures; this 

is a powerful technique that enables the visualisation of proteins at the atomic level. Crystallisation 

requires the expression of the ECD in sufficient quantity and purity. It is difficult to obtain GPCRs 

from a native source in sufficient quantity therefore recombinant expression systems are required.  

E.coli is a widely used expression system that has the advantages of low cost, simple transformation 

and high protein yields; however it does have the disadvantage of not performing post-translational 

modifications. The ECDs of family B GPCRs have three conserved disulphide bonds (Figure 1.8) 

which are essential for function. Proteins such as these are difficult to express in E.coli and often 

accumulate as insoluble inclusion bodies if expressed in the bacterial cytosol due to incorrect 

folding (Lilie et al., 1998). This insoluble and inactive material but it can be renatured and refolded 

into the correctly folded form. Refolding methods have been successfully used for several ECDs of 

family B GPCRs for functional and/or structural studies including; the GIPR (Parthier et al., 2007), 

GLP-1 R (Bazarsuren et al., 2002), CLR (Chauhan et al., 2005), but also the RAMP1 and RAMP2 

ECDs (Kusano et al., 2008; Kusano et al., 2012) and CGRP and AM1 receptor ECD complexes 
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(Koth et al., 2010; Kusano et al., 2012; Watkins et al., 2013a), leading to crystal structures being 

determined. 

As refolding has been successfully used to obtain CLR-RAMP complexes, this strategy was used in 

this chapter to attempt to produce the CTR ECD and CTR-RAMP1 ECD complexes for structural 

determination. 
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6.2 Results 

6.2.1 Expression of the CTR and RAMP1 ECDs 

The CTR ECD construct used comprised residues 32-140 (CTRECD) while the RAMP1 ECD 

construct consisted of residues 26-117 (RAMP1ECD) (see section 2.1.1). The RAMP1ECD construct 

was identical to the one used to determine the CGRP receptor ECD structure (Koth et al., 2010; Ter 

Haar et al., 2010), while the CTRECD construct was similar in size (two residues longer at the N-

terminus) and covered the equivalent region to the CLR construct used. Each construct had a His6-

tag at the N-terminus. 

The CTRECD and RAMP1ECD were expressed individually in E.coli and inclusion bodies were 

isolated from the cell lysate as described in section 2.4.1. It was found that washing the inclusion 

bodies extensively during extraction was sufficient to achieve high purity (Figure 6.1). 

Approximately 150 mg of inclusion body protein was recovered from a 1 L bacterial culture for 

both proteins. 

 

Figure 6.1. Representative SDS-PAGE analysis of CTRECD and RAMP1ECD inclusion body 

preparation. Lane 1 Molecular weight ladder (the molecular weight of selected bands are shown in 

kDa), 2-4; 2.5, 5 and 10 µL of CTRECD loaded, 5-7; 2.5, 5 and 10 µL of RAMP1ECD loaded, showing 

bands at the expected molecular weight for the CTRECD (16.4 kDa) and RAMP1ECD (13.0 kDa). 
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6.2.2 Refolding and Purification of the CTR ECD 

The CTRECD inclusion bodies were refolded by dialysis against a buffer solution containing 500 

mM L-arginine and a redox buffer of oxidised and reduced glutathione. The refolded protein was 

purified first by IMAC and then further purified by gel filtration chromatography to homogeneity 

(Figure 6.2). The identity of the purified protein in the SDS-PAGE gel was confirmed as the 

CTRECD by peptide mass fingerprinting performed by the Centre for Genomics, Proteomics and 

Metabolomics at the University of Auckland. A 1 L refold of CTRECD resulted in a final yield of 

approximately 1 mg of purified protein (~5 %).  

 

Figure 6.2. A Representative chromatography trace of the S75 gel filtration purification of the 

CTRECD showing UV absorbance at 280 nm. B SDS-PAGE analysis of the fractions collected from 

the gel filtration purification, 1 Molecular weight ladder (the molecular weight of selected bands are 

shown in kDa), 2-12 fractions 2 - 12 corresponding to those labelled on the purification trace. 
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6.2.3 Isothermal Titration Calorimetry of the CTR ECD 

The ligand binding ability of the purified CTRECD was investigated using ITC, as used to 

characterise AM binding at the AM1 ECD (Watkins et al., 2013a). This technique allows the 

binding affinity of CTRECD to be quantified and also provides information on the thermodynamic 

parameters of the receptor-ligand interaction. The highest affinity CTR ligand sCT was used. 

Titration of sCT into the CTRECD resulted in the release of heat upon binding (Figure 6.3). The data 

were fitted to a one site model of binding using non-linear regression, the fitted data revealed an 

approximate binding stoichiometry of 1:1 between peptide and receptor (Table 6.1). The binding 

affinity (Kd) of sCT was calculated as 34 µM. 

Table 6.1. ITC parameters of sCT binding to the CTRECD at 25 °C. 

Ligand Stoichiometry (N) Kd (µM) ΔH kcal/mol ΔS cal/mol/K 

sCT 0.89  34.8  -60.8 -183 

 

 

Figure 6.3. ITC data for sCT binding at the CTRECD. The top panel shows the raw titration data, 

while the bottom panel shows the normalised enthalpy change vs the sCT/CTRECD molar ratio.  
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6.2.4 Crystallisation of the CTR ECD 
 

A 576 condition crystallisation screen was set up using a liquid handling robot (see section 2.5) 

with the apo CTRECD initially screened at a concentration of 3 mg/mL. Crystals were obtained in 

30% 2-Methyl-2,4-pentanediol (MPD), 0.02 M CaCl2 and 0.1 M NaOAc pH 4.6. These crystals 

began to form after approximately 7 days with needle-like morphology and grew to a maximum 

size of approximately 100 µm x 10 µm (Figure 6.4). These crystals were collected and stored in 

liquid nitrogen and sent to the Australian Synchrotron where they were tested on the MX2 

microfocus beamline, but diffracted weakly to only 5-6 Å resolution, therefore no data could be 

collected. Optimisation of the crystallisation conditions was attempted by varying precipitant 

concentration, buffer pH, protein concentration, drop size, and by performing additive screening 

and streak seeding. Small crystals were obtained but these were smaller (<10 µm in length) than the 

crystals in the original screen and could not be tested for diffraction.  

 

Figure 6.4. Crystals of the CTRECD grown in 30% MPD, 0.02 M CaCl2 and 0.1 M NaOAc pH 4.6. 

Co-crystallisation of the CTRECD with sCT8-32 was also attempted by mixing sCT8-32 with the 

CTRECD in a 1:1 ratio, and then concentrating to approximately 3 mg/mL. This was then screened 

against the 576-condition screen, however no crystals were obtained. The construct used contained 

an N-terminal His6 tag with a TEV protease cleavage site, which may add flexibility and impede 

crystallisation. Removal of this N-terminal His6 tag was performed to see if this would improve the 

crystallisation properties. The CTRECD after tag cleavage was incubated with sCT8-32 and 
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concentrated to approximately 3 mg/mL and screened against the 576 condition screen (see section 

2.5). However again, no crystals formed. At this point, effort moved to CTR-RAMP complexes, as 

it was thought that producing a complex with RAMP1, may stabilise the CTRECD and aid 

crystallisation. 

6.2.5 Refolding and Purification of the AMY1 receptor ECD 

Obtaining an AMY receptor ECD complex, with the aim of determining its structure was a major 

experimental goal. The AMY1 receptor ECD (CTRECD + RAMP1ECD) was chosen as the RAMP1 

ECD has successfully been refolded and crystallised individually (Kusano et al., 2008) and also in 

complex with the CLR (Ter Haar et al., 2010). In addition RAMP1 forms a high affinity AMY 

receptor when co-expressed with CTR while RAMP2 does not appear to as robustly (Christopoulos 

et al., 1999) and therefore may be of greater physiological relevance.  

The CTRECD and RAMP1ECD (AMY1ECD) were co-refolded based on the methods of Koth and 

colleagues used to refold the CGRP receptor ECD complex (Koth et al., 2010) and also successfully 

applied to the AM1 receptor ECD (Watkins et al., 2013a). CTRECD and RAMP1ECD inclusion bodies 

were added in an equimolar ratio and refolded as described for the CTRECD (see section 2.4). The 

refolded protein was purified by ion exchange chromatography using a linear gradient of 50-600 

mM sodium chloride. There was one large peak followed by a smaller shoulder peak (Figure 6.5). 

Analysis by SDS-PAGE of fractions from these peaks revealed that the large peak (lanes 2-7) 

identified a single band consistent in size with the CTRECD (16.4 kDa), while in lanes 9-12 a band 

was observed with a slightly lower molecular weight, likely corresponding to the RAMP1ECD (13.0 

kDa), this indicates that the CTRECD and RAMP1ECD did not form a stable complex when refolded 

together. As there was no evidence of complex formation no further purification was performed. 

This was repeated several times, with the same result; the lack of complex formation between the 

CTRECD and RAMP1ECD was also observed independently by researchers at Vertex Pharmaceuticals 

(Dr Jonathan Moore, unpublished observation).  
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Figure 6.5. A Chromatography trace of the HitrapQ ion exchange purification of the AMY1ECD 

measuring UV absorbance at 280 nm (blue line) and the gradient of NaCl (green line). B SDS-

PAGE analysis, 1 Molecular weight ladder, 2-12 fractions corresponding to those labelled on the 

purification trace. 

6.3 Discussion  

The ECD of family B GPCRs is a key component of the peptide binding site. In this chapter the 

expression and purification of the CTRECD and the AMY1ECD was attempted with the aim of 

producing them in sufficient quantities to enable their crystal structures to be determined.  

The method used in this thesis to express and purify the CTRECD and AMY1ECD involved expressing 

the protein in E.coli as inclusion bodies and refolding them by dialysis against a buffer with a high 

concentration of arginine and oxidised/reduced glutathione to enable to correct formation of 

disulphide bonds. Using this method approximately 5% of the CTRECD inclusion bodies could be 

refolded into the correct conformation. While this is relatively low, this is consistent with the yields 

recovered when this method was applied to GLP-1 receptor ECD (Bazarsuren et al., 2002).  

To refold and purify the AMY1ECD complex a strategy of co-refolding the CTRECD and RAMP1ECD 

was used. This strategy has been successfully used to refold the CGRP and AM1 receptor ECDs 

(Koth et al., 2010; Kusano et al., 2012; Watkins et al., 2013a). The CTRECD and RAMP1ECD were 

added in an equal molar ratio and refolded as described for the CTRECD. However when the 

complex was purified by ion exchange chromatography, the two receptor components eluted 
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separately, suggesting that they did not form a stable complex. This may be due to the interaction 

between the CTR and RAMP1 ECDs being subtly different than that between the CLR and RAMP1 

ECDs. There are slight differences in residues at the predicted RAMP interface between the CTR 

and CLR (Figure 6.6). In addition studies using mutagenesis and chimeras have provided some 

indirect evidence of differences between CLR and CTR interactions with RAMPs. Greater 

reductions in peptide potency were seen when chimeras between RAMP1 and RAMP3 were 

expressed with the CTR, compared to their effects when expressed with the CLR (Qi et al., 2010). 

There are also differences in the effect of mutating residues CLR and CTR residues at the interface 

(see chapter 5), with CTR mutation Y53A resulting in a significant decrease on peptide potency 

when expressed with RAMP1 or RAMP3, but the equivalent mutation in CLR (Q45A) had no 

effect on peptide potency at the CGRP receptor (Barwell et al., 2010).  

It is possible that TM region interactions in the full length receptor complex may be required in 

addition to the interactions between the ECDs to form a stable complex, there is evidence of 

RAMP-receptor TM interactions at the secretin receptor where RAMP3 association with TM6 and 

TM7 has been demonstrated (Harikumar et al., 2009). 

 

Figure 6.6. Amino acid sequence alignment of the CLR and CTR residues comprising the RAMP 

binding interface (predicted for CTR). Identical residues are shown in black, similar residues in 

grey. Alignment performed using Geneious align in Geneious 7.0 

While the interactions between the CTR and RAMP ECDs could be investigated further by 

refolding the CTRECD and RAMP1ECD individually, the RAMP1ECD construct used in this chapter 

has been reported not to fold correctly when refolded alone (Koth et al., 2010) and incubation of the 

individually refolded CLR and RAMP2 ECDs was reported not to form a stable complex (Kusano 

et al., 2012). Therefore this approach would be unlikely to succeed. Another alternative strategy for 

stabilising the CTRECD-RAMP1ECD complex is to perform the refolding and purification steps in the 

presence of a ligand. This was not considered however due to the high cost of peptides making this 

impractical. 
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In addition there is some evidence from recent studies that the CLR-RAMP ECDs may not form 

stable 1:1 complexes. Watkins and colleagues observed a CLR to RAMP2 ratio of 1.5:1 by mass 

spectrometry (Watkins et al., 2013a). As unstable receptor complexes are unlikely to crystallise, to 

overcome this, a strategy of covalently linking the CLR and RAMP ECDs with a flexible linker 

sequence has been used to produce stable CGRP and AM1 receptor complexes (Moad and Pioszak, 

2013). A similar strategy may be required to produce stable CTR-RAMP ECD complexes.  

CTRECD alone was refolded and it’s ligand binding properties were investigated using ITC. A 

binding affinity of 34.8 µM for the peptide sCT was obtained. While this binding affinity is 

relatively low and much lower than that observed at the full length receptor, the binding affinities 

observed at the isolated ECDs of family B GPCRs have typically ranged from high nM to low µM 

(Bazasuren et al., 2002; Parthier et al., 2007; Runge et al., 2008; Koth et al., 2010; Watkins et al., 

2013a). This is to be expected as the TM domain; ECLs and linker region which form important 

parts of the peptide binding site are absent (Hollenstein et al., 2014).  

A binding stoichiometry value of 0.89 was obtained, which is consistent with the expected 1:1 

binding stoichiometry. The slight deviation from 1 could also be a result of small errors in the 

calculation of protein quantity and may not be of significance; however it is possible that during the 

refolding process, CTRECD molecules with the incorrect configuration of disulphide bonds were also 

produced. Incorrectly folded CTRECD molecules would have the same size and molecular weight as 

the correctly folded CTRECD, they would not be separated by gel filtration chromatography or 

identified by SDS-PAGE analysis. An additional purification step using reverse phase HPLC would 

be required to confirm the presence of these species and to separate them from the correctly folded 

CTRECD.  

The CTR is a glycoprotein (see section 1.4.7) and there are three potential glycosylation sites in the 

CTRECD at positions 73, 125 and 130. Mutation of asparagine residues in positions 125 and 130 to 

alanine resulted in significantly reduced sCT potency suggesting glycosylation at these positions 

plays a role in peptide binding (Ho et al., 1999), although it is also possible that they could also 

contribute to the stability of the ECD. The E.coli expression system used to express the CTRECD 

does not allow for postranslational modifications such as glycosylation, yet the CTRECD was still 

capable of binding to sCT suggesting that glycosylation is not essential for peptide binding. It is 

unclear whether the presence of sugar moieties in the ECD influences peptide binding in the native 

form of the CTR. It is possible the mutation of asparagine to alanine in the previous study led to the 

disruption in CT binding rather than the loss of the sugar moiety. To investigate this further a more 
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conservative mutagenesis strategy of swapping asparagine residues to glutamine could be used in 

the full length CTR. The role of these could then be validated by measuring binding and cell surface 

expression. Alternatively, a different expression system such as mammalian cells that would allow 

the fully glycosylated CTRECD to be expressed could be used to measure binding affinities. 

The CTRECD was used for crystal trials both with and without peptide with the aim of determining 

the structure by X-ray crystallography. The CTRECD was able to be crystallised but the crystals 

obtained did not diffract to sufficient resolution to enable the structure to be determined when tested 

at the Australian synchrotron. This however, did confirm the crystals were comprised of protein 

rather than salt. Several attempts were made to optimize the crystallisation conditions but this was 

not successful (in addition attempts to co-crystallise the CTRECD with sCT8-32 were also 

unsuccessful).  

There are several reasons why the crystallisation of the CTRECD may not have been successful. The 

ECDs of family B GPCRs contain multiple loops which may change in conformation. NMR 

analysis of the CGRP receptor ECD has demonstrated that the CLR receptor ECD is flexible and 

adopts multiple conformations (Koth et al., 2010). Therefore the CTRECD is likely to be flexible 

which may make it difficult to crystallise, as the flexible regions may prevent the CTRECD 

molecules from packing together in a regular manner to form well-ordered crystals.  

The majority of the family B GPCR ECD structures determined have been in complex with a ligand 

(although not the CLR, see section 1.3.3). The presence of a ligand may stabilise the ECD and 

improve the chances of crystallisation although the antagonist sCT8-32 did not appear to help. It is 

likely that the N-terminus of this peptide will extend beyond the CTR ECD and may exhibit 

flexibility which could impede crystallisation. Shorter fragments of sCT therefore may improve the 

probability of crystallisation. This approach has been successfully applied to the CRF1R and PTH1 

receptors (Pioszak and Xu, 2008; Pioszak et al., 2008; Pioszak et al., 2009). 

In addition, the low yields of protein obtained from refolding the CTRECD made extensive 

crystallisation screening difficult. An alternate approach involving expressing the ECD of family 

GPCRs with an MBP fusion tag has been successfully used to determine the structures of the PTH1 

receptor, CRF1R, CRF2αR and PAC1 receptors (section 1.3.3) (Pioszak and Xu, 2008; Pioszak et 

al., 2008; Pal et al., 2010; Kumar et al., 2011). Soluble expression of the receptor ECD can be 

achieved with this strategy by using an E.coli strain with an oxidising cytoplasm and by co-

expressing the bacterial disulphide bond isomerase protein DsbC to aid in the shuffling of 

disulphide bonds. This may allow superior yields of protein to be obtained when compared to 
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refolding the protein in vitro. In addition the presence of the MBP tag may aid in crystallisation by 

providing additional surface area to enable crystal lattice contacts to be formed (Smyth et al., 2003).  

This method has already been applied to produce complexes of the CGRP and AM1 receptor ECDs 

by fusing MBP to the CLR (Hill and Pioszak, 2013; Moad and Pioszak, 2013). It should be possible 

to apply this method to the CTR and as described previously it may also be possible to express the 

CTR and RAMP as a single protein by including a linker sequence between them, to allow stable 

AMY receptor ECD complexes to be produced. Alternatively, determining the structures through 

NMR could be attempted as this technique has successfully been used to determine the structures of 

the CRF1 and CRF2β receptors (Grace et al., 2010; Grace et al., 2007). 
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Chapter 7 

Discussion and Conclusion 

7.1 Overview 

The peptides CT, amylin and CGRP have several important physiological roles and are implicated 

in several disease states including diabetes (amylin) and migraine (CGRP). The receptors for these 

peptides consist of a family B GPCR, the CTR (also CLR for CGRP) that can interact with a second 

type of proteins; RAMPs, altering the pharmacology. When RAMPs are co-expressed with the 

CTR, induction of the AMY receptor phenotype is observed, with an increase in amylin potency 

and binding affinity compared to that seen at CTR alone. 

Peptide binding to family B GPCRs is believed to follow the two domain model, with the C-

terminus of the peptide binding to the receptor ECD, enabling the N-terminus to interact with the 

ECLs and TM domain and induce activation. Peptide interactions with the ECD of the CTR and 

AMY receptors are not well understood with no structures available and only limited data from 

biochemical studies. Although the importance of the RAMP ECD in altering the pharmacological 

profile of these receptors has been demonstrated, it was unclear whether RAMPs do this through 

direct interactions with the peptide ligand or indirectly through inducing conformational changes in 

the receptor. 

In this thesis, peptide interactions with the ECD of the CTR and AMY receptors were studied; with 

the aim of identifying the residues involved in peptide interactions and to ultimately determine the 

mechanism through which RAMPs alter the pharmacology at AMY receptors. Two approaches 

were used; the first using homology modelling and mutagenesis of the CTR ECD and the second 

involving the expression of the isolated ECD of the CTR and AMY1 receptor, with the aim of 

determining structures through X-ray crystallography.  
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7.2 Pharmacological characterisation of CT family Peptides 

During the course of this thesis Aβ1-42 was reported to act as an agonist of the AMY3 receptor but 

not at the other AMY receptor subtypes (Fu et al., 2012) (refer to section 3.1). Aβ1-42 is not a 

member of the CT peptide family and although there is some sequence similarity with hAmy, it 

lacks the conserved features of the CT family peptides of the N-terminal disulphide bond and the C-

terminal amide. As this was an unexpected observation, it needed further investigation as it could 

give insight into what features of the peptide are important for interactions with AMY receptors.  

The pharmacology of the peptides hAmy and pramlintide at different AMY receptor subtypes had 

not been previously investigated in detail (see section 3.1). Aβ1-42, hAmy and pramlintide were 

pharmacologically characterised along with the previously well characterised peptide rAmy.  

Aβ1-42 was found not to be a genuine agonist of the AMY3 receptor or of the CTR, AMY1 and 

AMY2 receptors. While the reasons for the discrepancy with the previous results are unclear, this 

result is not surprising due to the lack of the conserved structural features that are present in the CT 

peptide family.  

The behaviour at the CTR and AMY receptors of rAmy, hAmy and pramlintide was very similar 

and consistent with previous rAmy data (Hay et al., 2005). The highest potency was observed at the 

AMY1 and AMY3 receptors, while there was only weak enhancement in potency at the AMY2 

receptor consistent with previous data (Hay et al., 2005; Morfis et al., 2008). rAmy was used for the 

characterisation of the receptor mutants in chapters 4 and 5, as it is better characterised and would 

allow better comparison with previous literature. 

7.3 Characterisation of the CTR and AMY1 receptor ECDs 

The ECDs of the CTR and the AMY1 receptor were expressed with the overall goal of determining 

structures through X-ray crystallography. The CTRECD was expressed in E.coli as inclusion bodies 

and successfully refolded; it was able to be purified and was capable of binding sCT with an affinity 

of 34 µM. The Apo form was able to be crystallised successfully but the structure was unable to be 

determined from this and the crystals were not able to be further optimised. Nevertheless the ITC 

data confirms that CT is likely to have a major interaction with the ECD of the CTR, like other 

family B GPCRs.  

When refolded together the CTRECD and RAMP1ECD were unable to form a stable complex which 

suggests that the interaction between the two ECDs is subtly different than that observed at the 

CGRP and AM1 receptor complexes which have been successfully purified (Koth et al., 2010; 
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Kusano et al., 2012; Watkins et al., 2013). This observation is also supported by mutagenesis data 

(see section 7.5.4). 
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7.4 Peptide interactions with the CTR 

7.4.1 CT interactions 

Although previous studies utilising photoaffinity labelling and receptor chimeras had demonstrated 

CT interactions with the ECD of the CTR, (Stroop et al., 1995; Stroop et al., 1996; Dong et al., 

2004a; Pham et al., 2004; Pham et al., 2005) individual residues involved in CT interactions with 

the CTR ECD had not been determined. Using a strategy of homology modelling and alanine 

mutagenesis, the role of CTR ECD residues in hCT interactions was investigated. The function of 

the receptor mutants was characterised by cAMP assay and radioligand binding.  

CTR residues 44-56 (excluding A51 and C55) along the N-terminal α-helix were mutated to 

alanine, as residues within this region had been identified as being important for peptide 

interactions and possibly RAMP interactions in the CLR at the CGRP receptor (Barwell et al., 

2010). With the availability of the CGRP receptor ECD crystal structure (Ter Haar et al., 2010) 

homology modelling of the CTR ECD was performed. The homology model was used to guide 

mutagenesis of the CTR ECD in combination with data from the crystal structures of the PTH1 

receptor ECD in complex with the peptide ligands PTH and PTHrP (Pioszak and Xu, 2008; Pioszak 

et al., 2009) with the hypothesis that the mode of CT binding would be similar to that of PTH and 

PTHrP at the PTH1 receptor. On that basis CTR Residues W79, F99, D101, F102, R126, W128 and 

Y131 were mutated to alanine.  

The key finding was that mutation of residues W79, D101, F102, W128 and Y131 to alanine 

resulted in significant reductions in hCT potency (Figure 7.1). In addition a small reduction in hCT 

potency was also seen with the mutants F99A and M48A although this did not reach statistical 

significance. There were very large decreases in specific 125I-hCT binding also observed with these 

mutants and M48A.  

hCT binding to the receptor was further investigated using a series of hCT analogues. Alanine 

analogues were made by individually altering residues T13, F16, H20, and F22. [A16]-hCT and 

[A22]-hCT had significant decreases in potency at the CTR compared to hCT, while a small 

decrease in [A20]-hCT potency was observed. To examine whether pairs of interacting residues 

could be identified the analogues [A16]-hCT and [A22]-hCT were tested with the CTR ECD mutants 

that resulted in reduced hCT potency (W79A, F99A, D101A, F102A, W128A and Y131A). 

Residues that interact were predicted to result in no additional loss of potency compared to the 

effect of the mutant or alanine analogue alone. No residues could be clearly identified as interacting 
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with each other, as the combination of a receptor mutant with an analogue resulted in a further 

decrease in potency compared to the potency of the analogue or the receptor mutant alone. 

 

Figure 7.1. Residues within the CTR ECD that resulted in a greater than 5 fold reduction in hCT 

potency are highlighted in red. F99A is included although the change did not reach statistical 

significance. 

In the absence of a crystal structure it is difficult to determine the precise mode of CT binding to the 

ECD, but overall the data supports a mode of binding to the ECD consistent with that observed for 

other family B GPCRs (Parthier et al., 2009). Interestingly several features are conserved between 

the PTH1 receptor and the CTR, which would support the peptides CT and PTH binding in a similar 

manner; CTR residue D101 in loop 4 is conserved in the PTH1 receptor and forms a salt bridge 

interaction with an arginine residue in the peptides PTH and PTHrP (Pioszak and Xu, 2008; Pioszak 

et al., 2009). Within the peptide binding groove hydrophobic residues are present in the same 

positions.  

Family B ligands are typically unstructured in aqueous solution but can form α-helices in organic 

solvents or when bound to the receptor ECD (Parthier et al., 2009). As there is evidence from CD 

spectroscopy and NMR studies (see section 1.2.1) that CT is mostly α-helical in structure, it is 

likely that the receptor ECD bound conformation will also be primarily α-helical. Therefore it is 

likely that residues that could lie within the hydrophobic face of the hCT α-helix including F16 and 
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F22 interact with the patch of hydrophobic residues within the receptor ECD identified as important 

for hCT interactions.  

It is unclear what role residues within the C-terminus of CT have in receptor interactions, the region 

from residues 22-32 has been demonstrated as capable of binding to the receptor (Yamamoto et al., 

1981) and the C-terminal amide is critical for CT activity (Guttmann, 1981). In the NMR structure 

of eCT the C-terminus was unstructured while in the structure of sCT the C-terminus interacts with 

the α-helical region (Andreotti et al., 2006). A sCT analogue with the α-helix extended to residue 28 

had reduced binding affinity (Andreotti et al., 2006), suggesting that this region may not be helical 

when bound to the receptor. Instead flexibility may be required in this region.  

The mode of CT binding to the receptor ECD is likely to resemble that of the other family B 

GPCRs, but at present it is difficult to determine the precise binding site within the ECD. There are 

not enough experimental constraints to allow docking of the current NMR structures to the 

homology model of the CTR ECD.  

7.4.2 Amylin interactions with the CTR 

Amylin interactions with the CTR ECD had not been previously investigated. Alanine mutagenesis 

of residues along the N-terminal α-helix of the CTR ECD did not have any effect on rAmy potency, 

suggesting that the N-terminal region of the ECD from residues 44-54 is not involved in rAmy 

interactions. However, it cannot be ruled out that residues at the extreme N-terminus of the CTR 

ECD beyond residue 44 play a role in amylin binding. However this region is not determined in the 

crystal structures of the CGRP and AM1 receptor and lies beyond the α-helix in the CGRP and AM1 

ECD structures (Ter Haar et al., 2010; Kusano et al., 2012) therefore it is difficult to predict the 

structure of this region in CTR. 
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Figure 7.2. Effect of selected mutations on hCT, rAmy and hαCGRP potency at the CTR. ΔpEC50 

values were calculated by subtracting the mean mutant pEC50 from the WT mean pEC50. 

Of the residues mutated in the predicted peptide binding groove, only the mutants W79A, F102A, 

R126A, and Y131A had a significant effect on rAmy potency, although only a small reduction in 

potency was observed with R126A. The mutants D101A and W128A did not have a significant 

effect on rAmy potency, suggesting they are not involved in rAmy interactions at the CTR. These 

residues are outlined in Figure 7.2. rAmy has a significantly lower binding affinity compared to 

hCT at the CTR, so it is not surprising that fewer residues within the CTR appear to be involved in 

rAmy binding. This is interesting as it indicates that low affinity ligands may have an alternate 

mode of binding to the receptor ECD. This has not been demonstrated for other family B GPCRs. 
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7.4.3 CGRP interactions with the CTR 

The residues of the predicted peptide binding groove were also investigated with hαCGRP to see if 

a similar pattern to rAmy was observed. Significant reductions in potency were observed with the 

W79A, F99A, D101A, F102A, W128A and Y131A mutants. D101A and W128A were different to 

rAmy, although the magnitudes of the reductions in potency were still considerably smaller than 

that observed with hCT, which suggests that there may be slight differences in rAmy and hαCGRP 

interactions with the CTR. 

7.5 Peptide interactions at AMY receptors 

7.5.1 CT interactions 

The role of CTR ECD residues in CT interactions was characterised at the AMY1 receptor, however 

there were no differences observed between the CTR and AMY1 receptors with the mutations 

W79A, F99A, D101A, F102A, W128A and Y131A. These all resulted in significant changes in 

hCT potency, while a small but non-statistically significant reduction in potency was observed with 

M48A. As discussed in chapter 5 the similarity between the results at AMY1 and the CTR may be 

in part due to the presence populations of free CTR as well as AMY1 receptors in cells transfected 

with both CTR and RAMP1. It is unclear whether CT binds with high affinity to AMY receptors, 

reduced 125I-hCT binding was observed when RAMPs were co-expressed with the CTR (Muff et al., 

1999; Tilakaratne et al., 2000) and reduced CT potency was observed at the AMY3(a) receptor (Hay 

et al., 2005) suggesting the presence of RAMPs can impair CT interactions with the CTR. 

Antagonist experiments were also informative, the affinity of the selective AMY receptor 

antagonist AC187 was unchanged across CT and AMY receptors when hCT was used as an agonist, 

suggesting CT wasn’t acting through AMY receptors (Hay et al., 2005). Due to this uncertainty it is 

difficult to draw firm conclusions from these data.  

7.5.2 Amylin interactions 

The CTR ECD mutants were characterised with rAmy in the AMY1 receptor. Mutation of residues 

within the N-terminal α-helix did not have any effect on rAmy potency, with the exception of 

residues Q52, Y53 and Y56 described in section 7.5, which likely form part of the RAMP interface 

(Figure 7.5), suggesting that the N-terminal α-helix from residues 44-56 is not involved in rAmy 

interactions. 

In contrast to the results observed at the CTR alone, the F99A, D101A and W128A mutants 

resulted in significant reductions in rAmy potency, when they had no significant effect at the CTR. 
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In addition there were greater reductions in potency with the W79A, F102A, R126A and Y131A 

mutants, which had significantly reduced rAmy potency at the CTR. These residues are illustrated 

in Figure 7.3 and due to their positioning within the predicted peptide binding groove are likely to 

be directly involved in rAmy binding. A summary of this data is presented in Figure 7.4 

At the AMY2(a) and AMY3(a) receptors a similar pattern of results was observed, with significant 

reductions in rAmy potency observed with the mutants of the predicted peptide binding groove. 

There was a small but non-significant reduction in potency observed at the R126A mutant at the 

AMY2(a) receptor which had significantly decreased potency at the AMY1(a) receptor. The 

magnitude of the reductions in potency at the AMY2(a) receptor was lower than that observed at the 

AMY1(a) and AMY3(a) receptors.  

The residue R126 appears to be selective for rAmy (and hαCGRP), as the R126A mutation had no 

effect on CT potency at the CTR or AMY1(a) receptor. Due to the position of this residue near the 

RAMP, there may also be some indirect effects caused by disrupting interactions with the RAMP. 

There was a small effect on rAmy potency observed at the CTR and due to its predicted position 

extending into the peptide binding groove, it is likely that this residue contributes directly to rAmy 

interactions but may have a greater role when RAMP1/3 are present. 

Amylin (and CGRP) consists of 37 amino acids compared to CT which comprises only 32 amino 

acids. It is possible that these extra residues are involved in forming contacts with the RAMP or 

R126. However it is unclear whether amylin binds in the α-helical conformation as observed in 

structure of receptor bound family B ligands (Parthier et al., 2009). In the NMR structures of hAmy 

and rAmy (see Figure 1.3) there are regions of α-helix, although this varies between the different 

structures and the C-terminus in unstructured, so it is difficult to predict the receptor bound 

conformation.  
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Figure 7.3. Residues involved in rAmy interactions at the CTR and AMY1 receptor are illustrated 

on homology models. Residues that resulted in a 5 fold or greater reduction in rAmy potency are 

highlighted in red, the RAMP1 residue W84 previously identified as being important for rAmy 

interactions is highlighted in orange (Gingell et al., 2010). 

7.5.3 CGRP interactions 

The CTR ECD mutants were also characterised with hαCGRP at the AMY1(a) receptor, with 

selected mutants further characterised at the AMY2(a) and AMY3(a). As observed with rAmy there 

were no significant reductions in potency observed with residues along the N-terminal α-helix with 

the exception of the likely interface residues, which suggests that this part of the receptor is not 

involved in CGRP interactions. As discussed in chapter 5 is in contrast to the results at the CGRP 

and AM2 receptor where the residue I41 (equivalent of M48 in the CTR) is important for peptide 

interactions (Barwell et al., 2010; Watkins et al., 2014). 
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Figure 7.4. Effect of selected mutations on rAmy and hαCGRP potency at the AMY receptors 

(hαCGRP was not measured at in mutants Q52A, Y53A and Y56A at the AMY2(a) and AMY3(a) 

receptors). ΔpEC50 values were calculated by subtracting the mean mutant pEC50 from the WT 

mean pEC50. 
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Mutation of the residues of the peptide binding groove resulted in significant decreases in hαCGRP 

potency, with the greatest reductions in potency observed with the mutants W79A, D101A, F102A 

and W128A, while smaller decreases were observed with F99A, R126A and Y131A. The 

reductions in hαCGRP potency at these mutants were greater than that observed for rAmy, 

however, which could indicate that CGRP interactions with the receptor are weaker than rAmy 

interactions. These mutants were also characterised at the AMY2(a) and AMY3(a) receptors where the 

same pattern of results was observed.  

Overall the data suggests that hαCGRP and rAmy have a similar mode of binding to ECD of AMY 

receptors, as there do not appear to be any differences in the residues involved. This is interesting 

but not completely unexpected as family B GPCRs are capable of binding multiple ligands often 

with divergent sequences (Pal et al., 2012). There may be subtle rearrangements of residue side 

chains to accommodate the different ligands, although it would require ligand bound structures of 

the receptor ECD to confirm this.  

Like amylin it is unclear whether CGRP has an α-helical structure when bound to the receptor. An 

NMR study (see section 1.2.2) identified an α-helix between residues 8-18, with the presence of a 

turn between residues 19-21; the C-terminus was unstructured (Breeze et al., 1991). In the NMR 

structure of CGRP8-37 a β-turn was identified between residues 18-21. It is unclear whether these 

features are important for receptor binding. An alanine scan of CGRP did reveal that residues 

towards the extreme C-terminus of CGRP appear to be particularly important for receptor 

interactions at the CGRP receptor ECD (Moad and Pioszak, 2013). This was also observed with 

AM and AM fragments (Moad and Pioszak, 2013; Watkins et al., 2013), suggesting that the 

extreme C-terminus of the peptide is of particular importance for receptor interactions within the 

CT peptide family. It is unclear whether CGRP interacts with AMY receptors in the same manner 

though. 

7.6 CTR-RAMP interface 

Three of the CTR mutants along the N-terminal α-helix; Q52, Y53 and Y56 based on homology 

with the CLR and structural data from the CGRP and AM1 ECD crystal structures are likely to 

comprise part of the predicted RAMP interaction site (Ter Haar et al., 2010; Kusano et al., 2012). 

These CTR ECD mutants were characterised at the AMY1(a) receptor with hCT, rAmy and 

hαCGRP. Significant reductions in rAmy and hαCGRP potency were observed with these mutants 

but there was no reduction in hCT potency. Therefore the reductions in potency that were observed 

with these mutants were likely to be due to the interface between the CTR and the RAMP being 
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disrupted, resulting in only partial induction of the AMY receptor phenotype. These three residues 

were also investigated at the AMY2(a) and AMY3(a) receptors with rAmy, to examine whether there 

were differences in the behaviour of these mutants with different RAMPs. At the AMY2(a) receptor 

there were only small and non statistically significant reductions in potency were observed with 

these residues. They could still be important for RAMP2 interactions but it is difficult to confirm 

this as the presence of RAMP2 leads to only weak induction of the AMY receptor phenotype (~ 5 

fold in HEK293S cells) (Gingell et al., 2014). At the AMY3(a) receptor there were significant 

reductions in rAmy potency with the Y53A and Y56A mutants. There was also a reduction in 

potency at the Q52A receptor but this did not reach statistical significance. These CTR interface 

residues are likely to interact with the conserved RAMP residues Y66, H97 and F101 (RAMP1 

numbering) illustrated in Figure 7.5, on the basis of the CLR/RAMP crystal structures.  

 

Figure 7.5. Predicted CTR interface residues Q52, Y53 and Y56 highlighted in red on a homology 

model of the CTR. The conserved RAMP interface residues Y66, H97 and F101 are highlighted in 

orange in RAMP1. 

Interestingly at the CGRP receptor the equivalent mutation of Y53A (Y46A in CLR) did not result 

in a significant reduction in CGRP potency (Barwell et al., 2010). In the CTR large decreases in 

potency were observed suggesting the influence of the RAMP on peptide interactions was lost but 

the RAMPs were still able to be translocated to the cell surface, suggesting the interaction between 

the receptor and the RAMP was not completely abolished. This suggests that there are differences 

between the receptor-RAMP interactions at the CGRP receptor and the AMY receptors. This is 
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supported by previous data from chimeras between RAMP1 and RAMP3, which found greater 

impairment of peptide potency at AMY receptors rather than the CGRP and AM2 receptor (Qi et al., 

2010). Further evidence is provided from the results of chapter 6, where the isolated ECDs of CTR 

and RAMP1 did not form a stable complex, while stable complexes of the CLR ECD with RAMP1 

and RAMP2 ECDs have been obtained (Koth et al., 2010; Kusano et al., 2012; Watkins et al., 

2013). It is possible that there are slight differences in the interaction between CTR and the 

different RAMPs, there are small differences in the receptor-RAMP interactions between the CGRP 

and AM1 receptor ECDs (see section 1.4.4) which results in a small change in the shape of the 

peptide binding groove (Ter Haar et al., 2010; Kusano et al., 2012). 

7.7 The role of RAMPs in enhancing peptide affinity 

The mechanism of how RAMPs alter the pharmacological profile of the CLR and CTR has been 

unclear, with both a direct mechanism with the peptides directly binding to the RAMPs and an 

indirect mechanism with the RAMPs inducing conformational changes in the CLR/CTR proposed 

(Hay et al., 2006). The RAMP1 residue W74 was identified as being important for small molecule 

interactions (Mallee et al., 2002) while the RAMP1 and RAMP3 residue W84 and the RAMP2 

residues E101 and F111 were identified as being important for peptide interactions from 

mutagenesis studies (albeit with no direct evidence) (Moore et al., 2010; Gingell et al., 2010; 

Watkins et al., 2014). The crystal structures of the CGRP and AM1 receptor ECDs revealed that the 

RAMP is located adjacent to the predicted peptide binding site (Ter Haar et al., 2010; Kusano et al., 

2012), with the RAMP1 residue W84 and the RAMP2 residues E101 and F111 in a position where 

they could potentially form contacts with peptide ligands (Figure 1.11). The role of individual 

RAMP residues in peptide selectivity has also been demonstrated as swapping E74 in RAMP3 for 

the tryptophan found in RAMP1, significantly reduces AM potency (Hay et al., 2006). The effect 

on potency seen is relatively small however (< 10 fold) so it does not fully account for the 

differences in AM potency between the CGRP and AM2 receptors.  

Early studies investigating the glycosylation of the CLR and RAMPs, revealed that the AM1 and 

AM2 receptors were resistant to the activity of the deglycosylating enzyme PNGase F but the CGRP 

receptor was not, indicating that conformational differences are present between the different 

receptors (Hilairet et al., 2001). 

It has been suggested instead that differences in the shape of the binding pocket formed by the 

different RAMPs is more influential in determining peptide selectivity than differences in individual 

residues (Kusano et al., 2012) as there were differences observed in the shape of the peptide binding 
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groove in the ECDs of the CGRP and AM1 receptors with the orientation of the RAMP differing 

slightly, as discussed in section 1.4.4. 

The results of the mutagenesis data from the CTR and the AMY receptors has however given some 

insight into the mechanism through which RAMPs influence the pharmacology of the CTR. 

Comparison of rAmy interactions with the CTR and the AMY receptors revealed an interesting 

difference. There was a clear effect seen with the mutants D101A and W128A, with no change in 

potency observed at the CTR but large decreases in potency observed at the AMY1(a) and AMY3(a) 

receptors (Figure 7.3). This suggests that the presence of the RAMP altered the role of these 

residues. There could be two possible mechanisms which explain this; the first is that the RAMP 

provides contact points with the peptide that allow it to bind in a different conformation enabling 

additional contacts to be made with the CTR ECD, the second is that the RAMP alters the 

conformation of the CTR ECD which enables the residues D101A and W128A to form contacts 

with the peptide. These additional contacts with the receptor ECD likely explain the enhancement in 

amylin and CGRP affinity observed when RAMPs are present. 

As the rAmy potency observed with the D101A and W128A at the AMY1(a) and AMY3(a) receptors 

is similar to that of the CTR alone, which could be interpreted as a loss of induction of the AMY 

receptor phenotype. It might be possible that these mutations prevent the RAMP from enhancing 

peptide affinity by disrupting the association with the receptor. However, there was no change in 

cell surface expression of either receptor component with these mutants suggesting that CTR-

RAMP complex formation still occurred. In addition based on the homology model neither of these 

residues would be predicted to form contacts with the RAMPs. It is possible that these mutations 

trigger a conformational difference in the CTR ECD thereby impairing interactions with RAMPs. 

However at the CTR the mutations D101A and W128A resulted in a significant loss of CT potency 

but no loss of rAmy potency, suggesting they can have a direct effect on peptide potency which 

suggests that it is unlikely that these mutants cause conformational changes within the CTR.  

There is evidence that the ECD of family B GPCRs are flexible; NMR analysis of the CGRP 

receptor ECD indicated significant conformational flexibility in the CLR (Koth et al., 2010) and 

conformational changes upon ligand binding are seen in loop 5 of the CRF receptors (Grace et al., 

2007; Pioszak et al., 2009). There is also evidence from a recent study that an antibody can act in an 

allosteric manner on the GCGR ECD to inhibit glucagon binding (Mukund et al., 2013). So it is 

plausible that RAMPs act in an allosteric manner on the ECDs of the CLR and CTR to alter peptide 

affinity. Precisely what changes the RAMP makes is unclear as the conformation of the CLR ECD 
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in the crystal structures of the CGRP and AM1 receptor ECDs does not differ greatly from that of 

the other family B GPCR ECD structures (see Figure 1.9). However due to the position of loop 5 of 

the CLR adjacent to the RAMP, it is possible that RAMPs can influence its conformation. 

Interestingly the key residues identified as important for peptide binding in the CTR are all 

conserved in the CLR, which when heterodimerised with RAMPs has a distinct ligand selectivity 

profile compared to the CTR (see section 1.1.1). Therefore it is unclear if there is any one 

component of the ECD gives rise to the different ligand selectivity. One CLR residue has been 

identified as important for AM and AM2 interactions; T37 (Watkins et al., 2014) is not conserved in 

the CTR (G44 in CTR). RAMPs may instead contribute to peptide selectivity by altering the 

conformation of the receptor ECD. 

Differences at the interface between the CLR, CTR and different RAMPs as described in section 

7.6 may provide additional evidence for RAMPs having an indirect role in altering peptide affinity. 

The effects of interface mutants on peptide potency suggests RAMP-receptor interface is largely 

conserved between the CLR and the CTR, however differences observed in the behaviour of 

individual mutants between the CGRP and AMY receptors, indicates that there may also be some 

differences in the interface which could influence potential conformational changes in the receptor 

ECD induced by RAMPs. 

  



Chapter 7 
 

188 
 

7.8 Conclusions and future work 

In conclusion, the evidence from the mutagenesis data indicates that CT binds to the CTR ECD in a 

manner similar to that observed at other family B GPCRs, with a patch of hydrophobic residues 

within the CTR ECD playing an important role and presumably interacting with the amphipathic α-

helix of CT. Amylin appears to have a different mode of binding to the CTR with fewer contacts 

made, however in the presence of RAMP a greater number of residues become involved, indicating 

a change in the mode of binding occurs. This suggests that RAMPs are capable of altering peptide 

interactions with the CTR ECD. It is still unclear if the RAMP makes direct contacts with the 

peptide ligand but it appears that RAMPs can indirectly affect peptide interactions with the receptor 

by altering the role of residues in the receptor ECD. This suggests that RAMPs act through an 

allosteric mechanism to alter receptor pharmacology. 

The exact mode of peptide binding to the ECD of the CTR and CLR/CTR-RAMP complexes still 

needs to be determined, requiring structures to be determined through either X-ray crystallography 

or NMR spectroscopy. This would enable the role of the RAMP in peptide binding to the receptor 

ECD to be confirmed, as any conformational changes in the CTR can be visualised. In the 

meantime, more modelling and molecular dynamics simulations could be useful. 

A technique to measure differences in protein conformation that could be applied to either the full 

length AMY receptor complex or the isolated ECD is hydrogen-deuterium (H/D) exchange mass 

spectrometry. This has been used on the β2-Adrenergic receptor to measure ligand dependent 

conformational changes (West et al., 2011). This technique involves exposing the protein of interest 

to deuterium at different time points, followed by proteolysis and mass analysis, allowing the rate of 

deuterium exchange with hydrogen atoms within the protein backbone to be determined. This 

allows the rate of protection against deuterium to be measured, which indicates whether the protein 

backbone is exposed and can be used to measure the conformational dynamics of the protein (West 

et al., 2011).  

While the crystal structures of the TM domains of the GCGR and the CRF1R receptor have been 

recently determined (Siu et al., 2013; Hollenstein et al., 2013), these structures did not have a 

peptide ligand bound. While mutagenesis and molecular modelling at these receptors has given 

some insight into peptide interactions with the TM domain (Siu et al., 2013; Coin et al., 2013), the 

precise mechanisms of peptide interactions with full length family B receptors is still unclear. It is 

also not apparent how exactly the ECD of the receptor interacts with the TM domain. In the GCGR 

it has been suggested that the ECD can interact with ECL3 stabilizing the inactive state of the 
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receptor, after it was found that an antibody antagonist targeting the ECD acted as an inverse 

agonist and decreased basal activity. A chimera replacing ECL3 with that of the GLP-1 receptor 

resulted in increased basal activity suggesting that the ECD may interact with ECL3 and stabilise 

the inactive conformation of the receptor (Koth et al., 2012). Therefore high resolution structures of 

a peptide bound transmembrane domain and a full length family B GPCR would provide valuable 

insights. Structures of the CTR or CLR TM domains would provide useful information on this 

subfamily of receptors. RAMPs can interact with the TM domain of receptors (Harikumar et al., 

2009) as well as the ECD, and could potentially influence the conformation of the TM domain. A 

full length structure of the CLR or CTR in complex with a RAMP would be of considerable 

importance in determining the role of RAMPs in altering the pharmacology and signalling of these 

receptors and would aid in the design of pharmaceuticals targeting this family of receptors. 

While obtaining GPCR structures is currently challenging, developments in protein engineering and 

crystallisation (described in section 1.3) have led to the structures of a number of GPCRs to be 

determined; in addition several recent technical breakthroughs should enable greater progress to be 

made in the near future. Serial femtosecond crystallography using x-ray free electron lasers (XFEL) 

has already been applied to determine GPCR structures with the structures of the 5HT2B (Liu et al., 

2013) and the smoothened receptors being recently determined (Weierstall et al., 2014). This 

involves exposing the crystals to extremely intense and short x-ray pulses. Most GPCR crystal 

structures have been obtained using lipidic cubic phase crystallisation (LCP) however LCP crystals 

are very small in size which makes the collection of datasets difficult, the advantage of XFEL is that 

it can enable the collection of data from these crystals (Boutet et al., 2012); data can also be 

collected at room temperature which may more accurately reflect the conformation of the receptor 

in a native environment (Liu et al., 2013). Electron microscopy has been applied to visualise 

complexes of the β2-Adrenergic receptor in complex with Gs (Westfield et al., 2011) and in 

complex with β-arrestin (Shukla et al., 2014), this could be applied to visualize complexes of either 

the CLR or CTR with RAMPs, which could confirm the stoichiometry of these complexes. In 

addition recent advances in electron microscopy have allowed it to be used to determine high 

resolution structures of the TRPV1 ion channel (Cao et al., 2013; Liao et al., 2013) so it may be 

possible to determine high resolution GPCR structures using this method. 

In summary, the studies performed in this thesis have identified CTR ECD residues involved in 

peptide binding and have provided evidence that RAMPs can act in an allosteric manner to alter the 

pharmacology of the CTR.  
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