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Abstract 
 

Amylin is a 37 amino-acid neuroendocrine peptide hormone produced in the pancreatic β-cells alongside insulin. 

Food ingestion stimulates the release of both amylin and insulin for the swift restoration of blood-glucose 

homeostasis. In addition to its glucoregulatory effects, amylin is also a satiety-inducing hormone, stimulating the 

perception of fullness and causing the discontinuation of feeding. The physiological activities of amylin are 

mediated by amylin receptors, which are comprised of the family B G protein-coupled receptor (GPCR), the 

calcitonin receptor (CTR), in complex with one of three single transmembrane receptor activity-modifying proteins 

(RAMPs) 1, 2 or 3.  

The beneficial biological activity of amylin prompted investigation into is clinical potential as an anti-diabetic 

and anti-obesity therapy and led to the development of the amylin analogue pramlintide, which is now an FDA-

approved drug for the treatment of insulin-requiring diabetes. However, there is still room for improvement on 

amylinmimetic drug therapies. In order to realise the full potential of the amylin system for optimal drug design it 

is important to investigate how the peptides structure translates to its biological function to help guide drug 

development efforts. The paradigm for family B GPCR peptide ligands for receptor binding and activation is called 

the 2-domain model. In this model, the C-terminus of the peptide is required for receptor binding, and the N-

terminus stimulates receptor activation. Based on this model, this thesis aimed to investigate the contribution of 

important N-terminal structural elements and the role of the first 17 N-terminal residues of human amylin peptide 

on receptor activation and binding. This was done by employing peptide synthesis and purification, combined with 

biological analysis of these peptide analogues in cell-based assays in vitro at three amylin-responsive receptors.  

In Chapter 3, the role of the N-terminal disulphide loop of human amylin was interrogated for its impact on 

receptor activity by synthesising and testing broken-ring and truncated analogues. In Chapter 4, individual residues 

within the N-terminal disulphide loop were substituted with alanine or glycine and tested for biological activity to 

ascertain their contribution to receptor activation and binding. In Chapter 5, native residues beyond the loop within 

the proposed 8-17 alpha helical region of human amylin were individually substituted with alanine or glycine to 

discern their contributions on potency and binding at amylin-responsive receptors. Chapter six included the 

synthesis of more targeted peptide modifications including a single-residue replacement to investigate potential 

selectivity residue between related peptides. In Chapter 6, a truncated 1-17 N-terminal fragment was also 

synthesised and tested as well as a pramlintide analogue, based on results from Chapter 5.  

The research in this thesis presents novel information on the molecular contribution of N-terminal residues 

of human amylin to receptor activation and binding. The N-terminal disulphide loop structure was important but 

not critical for function. Truncated and broken-loop analogues still activated all three amylin-responsive receptors, 

although with greatly reduced potency and affinity. Only one specific residue within the loop was important for 

receptor activity, partially as a result of reduced binding affinity at all three receptors. Residues beyond the N-

terminal disulphide loop were also important with reduced activity and/or binding at all three receptors for many 

analogues. However, some single alanine analogues unexpectedly increased the potency and/or affinity of the 

peptide at one or more of the three receptors tested. The information presented herein can help guide better 

informed amylinmimetic drug development strategies for treatments of metabolic disease.
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Chapter 1 Introduction 
1.1 Amylin and the calcitonin family of peptides 

Amylin is a member of the calcitonin (CT) family of peptides, which includes CT, calcitonin gene-related peptides 

(CGRP) comprising two variants (αCGRP, βCGRP), adrenomedullin (AM), and adrenomedullin 2 

(AM2/intermedin). All members of this family are clinically relevant drug targets due to their roles in the regulation 

of several critical homeostatic processes. CT is involved in calcium homeostasis and has the potential to treat 

osteoporosis. CGRP relays pain perception and is implicated as a causative factor in migraine; thus antagonist 

peptide development is currently an avid area of research. AM and AM2 are angiogenic and induce vasodilation 

and hypotension with the potential for drug development against cardiovascular disease, hypertension and cancer 

(Hay and Dickerson, 2010). Amylin in renowned for its effects on metabolism and is therefore clinically relevant 

towards metabolic diseases including diabetes and obesity (recently reviewed in Hay et al., 2015). This family of 

peptides share some sequence identity with more strongly conserved structural features.  

1.2 Control of food Intake 

Appetite control is an intricate multifaceted system involving hedonic and homeostatic mechanisms influenced by 

both genetic and environmental factors. Multiple hormones, molecules and neurotransmitters interact on the 

playing field of the gut-brain axis to elicit both short and long-term effects on energy balance (Kringelbach, 2007). 

A compelling area of interest is the multitude of neuroendocrine gut hormones, which play various roles in 

orexigenic or satiation signalling, with amylin part of the latter. These hormones are released by a variety of tissues 

such as insulin from the pancreas, glucagon-like peptide-1 (GLP-1) from the ileum of the stomach, leptin from 

adipose tissue and cholecystokinin (CCK) from the small intestine, all of which have appetite-suppressive effects 

that are centrally mediated (Murphy and Bloom, 2006). This thesis focusses on amylin. 

1.3 Amylin physiology and expression 

1.3.1 Amylin discovery 

Human amylin was probably first observed as early as 1901, described as hyaline deposits found in the pancreatic 

islets of type 2 diabetic patients (Opie, 1901). Amylin was later characterised as an amyloidogenic peptide, isolated 

from a β-cell tumour and called islet amyloid polypeptide (IAPP), and then, amylin (Westermark et al., 1986).  

1.3.2 Pancreatic amylin 

Amylin immunoreactivity was found in the highest amounts in the pancreatic islets (Johnson et al., 1988), localised 

within the β-cells (Lukinius et al., 1989) specifically in the halo region of secretory granules (Westermark et al., 

1996). Amylin immunoreactivity appears early in the foetal pancreas at gestational day 12 indicating that it may 

play a role in embryonic development (Rindi et al., 1991). Amylin is processed in the β-cell granules as a 

preprohormone, enzymatically cleaved from an 89-amino acid precursor and released from the secretory granules 

with insulin (Mosselman et al., 1989). The gene encoding amylin in humans is located on chromosome 12 and 

gene expression is stimulated by glucose, which increases both amylin and insulin mRNA in rats in vivo (Mulder 

et al., 1996).  The chief source of circulating amylin is the pancreas (Ferrier et al., 1989).  

1.3.3 Amylin in the circulation 

Plasma amylin levels in healthy humans measured by radioimmunoassay (RIA) or enzyme-linked immunosorbent 

assays (ELISA) generally range between 5 – 20 pM depending on the fasted or fed state. Both rats (Bretherton-

Watt et al., 1991) and humans (Hartter et al., 1991) with type 1 diabetes (T1D) have greatly reduced plasma amylin 
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levels. Obese and type 2 diabetic (T2D) Zucker rats have higher baseline plasma amylin and insulin levels 

(Gedullin et al., 1991; Tokuyama et al., 1993), which is also the case in obese humans under fasted and fed states 

(Ludvik et al., 1991; Inoue et al., 1993). Reported plasma amylin levels in the circulation of humans are shown in 

Table 1.1. 

Table 1.1 Plasma-amylin levels (pM) circulating in humans across a range of conditions, measured by RIA or 

ELISA. 

Human Plasma Amylin (pM) 

Fasted 

4.8 
3.4 
4.8 
8.7 
2.8 
5.9 

Butler et al, 1990 
Gilbey et al., 1991 
Enoki et al., 1992 
Koda et al., 1992 

Kautzkey-Willer et al., 1994 
Larsson and Ahren, 1995 

Fed 14.8 Enoki et al., 1992 
T1D Fasted 3.1 Koda et al., 1992 

Glucose Intolerant Fasted 5.8 
4.4 

Enoki et al., 1992 
Koda et al., 1992 

Glucose Intolerant Fed 19.3 Enoki et al., 1992 

T2D fasted 6.7 
4.4 

Butler et al, 1990 
Enoki et al., 1992 

T2D fed 11.6 Enoki et al., 1992 

Obese fasted 4.7 
6.5 

Gilbey et al., 1991 
Enoki et al., 1992 

Obese diabetic fasted 3.7 
7.0 

Gilbey et al., 1991 
Enoki et al., 1992 

Obese diabetic fed 22.2 Enoki et al., 1992 
 

1.3.4 Amylin physiology 

The high expression of amylin in the pancreatic β cells alongside insulin immediately suggested a role in 

glucoregulation. Due to the discovery of amylin as an insoluble aggregate in diabetic patients, early investigations 

into its biological activity centred on its potential role in diabetes pathogenesis and insulin resistance (Cooper et 

al., 1988; Ohsawa et al., 1989). Several studies investigated the capacity of amylin to inhibit various pathways 

including glucose removal from the bloodstream, pancreatic insulin release or glycogen synthesis in rodent or 

rabbit muscle tissues. These investigations often produced conflicting results with some studies confirming a 

detrimental effect and elevated blood-glucose levels with or without insulin resistance (Molina et al., 1990; Sowa 

et al., 1990) and others not finding an effect (Ghatei et al., 1990; Pettersson and Ahren, 1990). Often these 

biological outcomes only resulted from supraphysiological hormone concentrations (Ar’Rajab and Ahren, 1991; 

Deems et al., 1991). Early investigations into amylin activity must also be analysed carefully as several did not 

report inclusion of important post-translational modifications in peptide synthesis such as the C-terminal amidation 

(Cooper et al., 1988; Ohsawa et al., 1989), now thought to be critical for bioactivity (see subsection 1.5.2). 

Over time it became clear that physiologically, amylin functions as a glucoregulatory and satiety-inducing 

hormone, which is protective against postprandial spikes in blood glucose and overeating (recently reviewed in 

Hay et al., 2015, see also Hinshaw et al., 2016). Amylin regulates glucose entry into the bloodstream following 

meal ingestion via three known mechanisms: inhibition of glucagon release from the pancreatic α cells (Gedulin et 

al., 1997), slowing the rate of gastric emptying (Young et al., 1995; Clementi et al., 1996) and reducing food intake 

by acting as a central satiety factor (Chance et al., 1991; Morley and Flood, 1991). The first investigation into the 

ability of amylin to affect appetite was done on a relative hunch after observing that salmon CT (sCT) reduced food 
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intake (Chance et al., 1991). Given the structural similarities within the CT-family of peptides it was unsurprising 

that their biological activities overlap, with amylin also having similar effects though with reduced potency on bone 

metabolism (Wimalawansa et al., 1992) and ionotropy (Kaygisiz et al., 2010) like CT and CGRP, respectively. The 

effects of amylin on reducing food intake result in weight-loss and reduced fat-pad mass in rodents (Isaksson et 

al., 2005; Seth et al., 2010) and have been found not to be accompanied by a compensatory decrease in energy 

expenditure (Wielinga et al., 2007), as a result of adipsia (Chance et al., 1992) or conditioned taste aversion 

(Rushing et al., 2002; Lutz et al., 1995). Amylin effects are dose-dependent and robust; occurring both via acute 

injection or chronic infusion (Boyle et al., 2011; Arnelo et al., 1996), and when administered peripherally or centrally 

(Osaka et al., 2008; Roth et al., 2008; Guidobono et al., 1994). Under disease conditions, amylin becomes 

dysregulated, misfolds, self-associates and forms amyloid deposits (reviewed in Akter et al., 2015), however the 

role of amylin in disease pathogenesis remains unclear. 

Whilst amylin has an established role in glucose regulation and metabolism, there are other possible 

physiological roles for amylin with the potential for pharmacological intervention. Perhaps the best understood of 

these is the role of amylin in bone homeostasis. Like CT, amylin has been shown to induce proliferation of rat 

osteoblasts in vitro (Cornish et al., 1998a) and increase bone mass in male mice in vivo (Cornish et al, 1998b). 

Amylin also appears to inhibit osteoclast-mediated bone resorption (Zaidi et al., 1990), with amylin-deficient mice 

exhibiting low bone mass phenotypes with increased osteoclast numbers and escalated bone resorption (Dacquin 

et al., 2004). Like CGRP, amylin has vasodilatory actions causing hypotension in rabbits (Brain et al., 1990), and 

rats (Gardiner et al., 1991), though is far less potent than CGRP and these effects are likely mediated through 

CGRP receptors. Less understood reported activities include a possible role in kidney function with effects of 

amylin stimulating sodium reabsorption in the renal proximal tubule (Harris et al., 1997), improving learning and 

memory in mice (Flood and Morley, 1992; Zhu et al., 2015), protective effects in Alzheimer’s mouse models (Zhu 

et al., 2015), and anti-psychotic actions in mice (Baisley et al., 2014). 

1.3.5 Amylin dysregulation 

The proposed role of amylin in diabetes pathogenesis is an anomaly given its beneficial physiological metabolic 

effects. In T1D there is a near-absolute deficiency of amylin secretion due to destruction of the islet β-cells with 

treatments options aiming to restore the loss of both insulin and amylin as a more comprehensive therapeutic 

approach (Edelman et al., 2006). T2D patients have increased circulating amylin levels, however hypersecretion 

of amylin itself does not cause diabetes or amyloidogenesis as observed in transgenic mice overexpressing human 

amylin (Fox et al., 1993; Hoppener et al., 1993). Furthermore, not all T2D patients present with islet amyloid, and 

the severity of amyloidosis does not necessarily correlate with the duration of diabetes (Tasaka et al., 1995). 

Amyloid is also found in the pancreata of non-diabetic humans (Narita et al., 1992). Therefore, other external 

aggravating factors must play a role in amyloid formation and cytotoxicity that remain undefined but are likely a 

result of altered microenvironments or impaired amylin clearance under high-fat and/or high-glucose conditions in 

later stages of the disease (Westermark et al., 1995). Amylin knock-out mice display normal phenotypes, however 

in an induced diabetic state were found to have more severe symptoms with greater impairment of islet function 

and glucose control (Mulder et al., 2000), indicative of a protective rather than harmful role.  

1.3.6 Extrapancreatic amylin 

Amylin is also expressed to a lesser extent in the gastrointestinal (GI) tract primarily in the antrum of the stomach, 

but also in the small intestine and colon (Asai et al., 1990), suggesting a role for gut amylin in digestive functions 

or as part of the gut-brain axis. The role of amylin in the GI tract is still unclear with some evidence indicating that 
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amylin administration is protective against certain stomach ulcers and lesions, however the precise mechanisms 

of this are unknown (Guidobono et al., 1998). Conflicting reports on amylin increasing (Zaki et al., 2002) or 

decreasing (Guidobono t al., 1994) gastric acid secretion have been described, which could mediate the protective 

effect of amylin in the gut, warranting further investigation. Low levels of amylin expression are also reported in 

the dorsal root ganglia and spinal cord sensory neurons of the rat, often in cells co-expressing CGRP (Mulder et 

al., 1995). However, it is possible that due to the sequence similarities between amylin and CGRP (see section 

1.5.1, Figure 1.4), there was some antibody cross-reactivity in these areas. Very little is known about the possible 

role of amylin in these cells although, a pro-nociceptive function was suggested as amylin knock-out mice have a 

reduced sensory pain response (Gebre-medhin et al., 1998). Amylin mRNA has also been detected at low levels 

in the rat lung (Ferrier et al., 1989) and tracheal lining with amylin binding in lung tissues of the pig and guinea pig 

(Aiyar et al., 1995), implying possible involvement in airway function or tracheal mucus secretion but this has not 

been explored further (Wagner et al., 1995). Given its diverse reported activity, amylin is clearly a hormone with 

abundant clinical development potential, particularly for diabetes and obesity. 

1.3.7 Amylin actions are centrally-mediated 

Rats with an ablated vagus nerve still respond with food-intake suppression on amylin administration, indicating 

that the abdominal vagus branch does not elicit amylin-induced satiety (Lutz et al., 1994). Amylin actions are likely 

mediated through a unique brainstem nucleus called the area postrema (AP), which possesses leaky fenestrated 

capillaries outside of the blood-brain-barrier (BBB) allowing it to bind and respond to circulating hormones 

(Johnson and Gross, 1993; Ferguson, 2014). High densities of amylin binding sites in the AP of both rat (Beaumont 

et al., 1993; Sexton et al., 1994) and monkey (Paxinos et al., 2004) brains and AP lesioning studies, which render 

amylin administration ineffective at suppressing food intake (Lutz et al., 1998), strongly suggest that the AP is the 

main area of amylin action. Despite this convincing evidence, since amylin does cross the BBB (Banks et al., 1995) 

and amylin binding sites are found elsewhere in the brain, it cannot be ruled out that other nuclei may also mediate 

the physiological effects of amylin including the nucleus accumbens, amygdaloid nuclei and hypothalamus (van 

Rossum et al., 1994). Amylin expression has been shown in hypothalamic neurons (Li et al., 2015), and depleting 

a core component of the amylin receptor in the ventromedial hypothalamus results in significant weight gain and 

insulin resistance in rats (Dunn-Meynell et al., 2016). The ventral tegmental area has also recently been shown to 

mediate the biological responses of amylin when directly injected into this region (Mietlicki-Baase et al., 2013). 

The activated neuroaxis of amylin activity in the AP is proposed to project to the nucleus of the solitary tract (NTS), 

the lateral parabrachial nucleus (LPBN) through to the lateral and ventromedial hypothalamus (Lutz, 2010). 

1.3.8 Pramlintide 

The beneficial physiological effects of amylin on postprandial blood-glucose and meal-ending satiation have made 

it a suitable target against the metabolic diseases diabetes and obesity. In rodent models for diabetes and obesity, 

amylin-induced euglycaemia and weight loss were retained (Young et al., 1995; Roth et al., 2006). This was 

particularly encouraging with diabetic patients who often display abnormally increased glucagon secretion and 

gastric emptying rates (Riddle and Drucker, 2006); symptoms that remain unaddressed by insulin treatment alone. 

However, the aggregatory physicochemical properties of human amylin rendered it unsuitable for therapeutic use 

directly. Interestingly, rat amylin is non-aggregatory, prompting the development of an FDA-approved synthetic 

amylin analogue called pramlintide, comprising a chimera of the human and rat amylin sequences. Pramlintide is 

used in insulin-requiring diabetes, which validated the amylin system as a promising target for metabolic disease 

(Schmitz et al., 1997). Pramlintide has been shown to be effective at eliciting all of the biological responses of 
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amylin on improving blood-glucose parameters postprandially: slowing gastric emptying, glucagon inhibition and 

suppressing food intake in both T1D (Kolterman et al., 1995; Kong et al., 1997; Fineman et al., 2002) and T2D 

(Thompson et al., 1997; Vella et al., 2002; Fineman et al., 2002); also inducing weight-loss in obese adults 

(Hollander et al., 2004; Aronne et al., 2007; Smith et al., 2008). The side effects of pramlintide were minimal and 

included mild hypoglycaemia in some patients, short-term nausea and stomach upset (Singh-Franco et al., 2011).  

 

1.4 Amylin receptors and pharmacology 

1.4.1 Family B GPCRs and RAMPs 

There are 15 family B G protein-coupled receptors (GPCRs), which mediate signalling of important peptide 

hormones ranging from 32 – 52 amino acids in length. A few members of this peptide family include the glucagon 

receptor (GCGR), secretin receptor, corticotrophin-releasing hormone receptor-1 (CRF1R) and parathyroid 

hormone receptor-1 (PTH1R). Amylin, CT, AM and CGRP receptors make up a subfamily in the Family B GPCRs 

called the CT receptor family of peptides (Culhane et al., 2015). The members of the CT family include the CT 

receptor (CTR) and the CT receptor-like receptor (CLR), which can heterodimerise with accessory proteins called 

receptor activity-modifying proteins (RAMPs). Three RAMP genes are expressed in humans and rodents, 

encoding RAMP1, RAMP2, and RAMP3, with ~30% amino acid sequence identity between them (McLatchie et 

al., 1998). GPCR association with RAMPs adds an intriguing layer of complexity to receptor activity because 

RAMPs can change the pharmacology, trafficking, degradation/recycling pathways, glycosylation state and/or 

downstream signalling of associated GPCRs (reviewed in Hay and Pioszak, 2016).  

1.4.2 CGRP and AM receptors 

Sequence and structural similarities between the CT family (see subsection 1.5.1) results in cross-reactivity of the 

peptides within this family of receptors. The CLR remained an orphan receptor until the discovery or RAMPs, as 

the CLR requires RAMP association for trafficking and expression at the cell membrane, unlike the CTR. A CGRP 

receptor is produced when the CLR interacts with RAMP1 (McLatchie et al., 1998) with a ligand order of potency 

of αCGRP > AM > AM2 > amylin > CT (Alexander et al., 2015). AM1 and AM2 receptors result upon CLR association 

with RAMP2 or RAMP3, respectively (McLatchie et al., 1998) changing ligand orders of potency to AM > AM2 > 

αCGRP > amylin >CT (Alexander et al., 2015).   

1.4.3 Amylin receptors 

The CTR alone favours CT over amylin and CGRP (Alexander et al., 2015), however when associated with one 

of the three RAMPs (Figure 1.1) the order of ligand potency changes, favouring amylin and CGRP. Encoded on 

chromosome 11q in humans, CTR has two major splice variants: hCT(a) and hCT(b), of which the former is the 

major subtype. hCT(b) has a 16-amino acid insert in its first intracellular loop (Gorn et al., 1992). Cloning from MCF-

7 and BIN67 cells showed that residue 447 in hCT(a) and hCT(b) is a proline but is a leucine in hCT(a) cloned from 

T47D cells. Another human variant was described from MCF-7 cells which, like hCT(a), lacks the 16 amino acids 

in the first loop, but is also lacking 47 amino acids of its N-terminal extracellular domain (ECD) (Albrandt et al., 

1995). In rats, rCT(a) is equivalent to hCT(a) and there is also a splice variant, rC1b, which has an additional 37 

amino acids in the second extracellular loop (Poyner et al., 2002). The two main CTR isoforms, combined with the 

three RAMPs, yields six amylin receptors. The physiological relevance of each of the possible amylin receptor 

subtypes is not well understood but a range of studies have described the pharmacological properties of many of 

these receptors (Hay et al., 2005; Poyner et al., 2002). 
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Figure 1.1 Amylin receptor components comprise a family B GPCR, the CTR. Depicted here is the more common 

splice variant with the 16 amino acid insert in intracellular loop 1, CT(a). This core GPCR interacts with one of three 

accessory proteins (RAMPs), which alter the pharmacology and downstream signalling of the receptor (Bower and 

Hay, 2016). 

1.4.4 Amylin receptor expression 

As amylin receptors are obligate heterodimers of the CTR and RAMPs, expression of both components must be 

considered. RAMP mRNA expression in rodents and humans has been established, with ubiquitous mRNA 

expressed in the mouse and differing distribution depending on subtype. RAMP2 was widely distributed, found in 

the heart, lung liver, small intestine, kidney, spleen, testis and skeletal muscle, with very low brain expression. 

RAMP3 had the highest level of expression in the brain, kidney and testis and RAMP1 was highly expressed in 

the brain. RAMP1 and RAMP3 mRNA was present in the AP (Ueda et al., 2001), indicating that hAMY1(a) and/or 

hAMY3(a) may principally regulate AP-mediated amylin activity in mice. In another study in rat brain, mRNA for 

RAMP2 and RAMP3 were expressed in the AP and NTS alongside the CT(a) receptor isoform (Barth et al., 2004). 

The reason for RAMP expression disparities between these two studies is unclear. In humans RAMP1 expression 

was found in the brain, uterus, bladder, pancreas and GI tract, with RAMPs 2 and 3 showing greatest expression 

in the lung, breast tissue, immune system and foetal tissue (McLatchie et al., 1998), suggesting that in the human 

brain, the hAMY1(a) receptor may principally regulate amylins physiological actions. The CTR protein is also 

expressed in the AP and NTS in the adult rat brain (Becskei et al., 2004) and also in the human brain (Bower et 

al., 2016). Therefore, the components necessary for amylin receptor expression are expressed in the relevant 
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brain nuclei shown to be important in mediating amylin physiology. However, much work is needed to determine 

which receptor subtype is the most important physiologically in humans.  

1.4.5 Amylin receptor pharmacology 

Association of CTR with RAMPs confers an increase in amylin affinity, compared to CTR alone, and an increase 

in potency in functional assays; so-called induction of amylin receptor phenotype. Splice variants, RAMP 

association, cell type in which the receptor is expressed (and thus background signalling protein expression) and 

sequence differences between species lead to considerable complexity in pharmacology (Tilakaratne et al., 2000; 

Morfis et al., 2008; Udawela et al., 2006). Despite this complexity, patterns of receptor pharmacology have 

emerged and these are summarised in the Guide to Pharmacology (currently only for human receptors; 

www.guidetopharmacology.org). In particular, refer to the most recent edition of the Concise Guide to 

Pharmacology to obtain the up-to-date rank orders of potency of agonists and antagonists (Alexander et al., 2015). 

The general consensus for agonist pharmacology is that amylin is a high affinity/potency ligand of AMY1 and AMY3 

receptors, and variably AMY2; binding studies are generally used for the latter receptor. AMY1(a) and AMY3(a) 

receptors are the most extensively characterised and show variable responsiveness to CGRP, depending on the 

RAMP and species. The potency of agonists at human CT and amylin receptors is shown in Table 1.2 and binding 

affinities are shown in Table 1.3. This shows that CGRP is a potent agonist at only the human AMY1(a) receptor; in 

rats, CGRP is also potent at AMY3(a). Pramlintide has similar potencies to human amylin with induction of amylin 

receptor phenotype at hAMY1(a) and hAMY3(a) and only weak potency increases at hAMY2(a) (Gingell et al., 2014).  

 A special case in this family of peptides is sCT, which is considerably more potent than hCT at CTR and 

amylin at amylin receptors, binding with irreversible behaviour to the CTR and consequently, to amylin receptors 

(Hilton et al., 2000).  It is unknown why the fish CTs are more potent than their human and rat counterparts 

(Guttmann., 1981), but is likely due to their primary and/or secondary helical structures and receptor interactions 

(Hilton et al., 2000). Rat amylin is also approximately 100-fold less potent at CGRP receptors whilst CGRP is 

equipotent to amylin at hAMY1(a) receptors (Walker et al., 2015). Divergences in peptide primary structure and/or 

in the receptor binding interface may account for this.  The pharmacology of rat amylin at CGRP receptors is shown 

in Tables 1.2 and 1.3. 

Antagonists provide very useful tools for characterisation of receptor pharmacology, provided a receptor-

specific antagonist is available. The list of available antagonists targeting amylin receptors remains short and with 

only modest selectivity between CTR and AMY receptors, or between AMY receptors. These antagonists are all 

very similar, in that they are truncated forms of the full-length endogenous peptide or variants thereof (Figure 1.2). 

AC187, a salmon CT (sCT) and amylin chimeric peptide, has been widely used in the literature as an amylin 

receptor-specific antagonist (Figure 1.2). However, its discrimination of hAMY1(a) over hCT(a) was only 10-fold, with 

even less of a difference at rat receptors (Hay et al., 2005; Bailey et al., 2012). AC413, another sCT/amylin chimera 

has a similar profile. Inconsistencies with rat amylin8-37 have been reported, and it is considered a weak antagonist 

with weak binding affinity and selectivity between amylin and CT receptors (Bailey et al., 2012). CGRP8-37 is a 

modestly-effective antagonist of AMY receptors. The pharmacology of antagonists at AMY receptors is shown in 

Table 1.4. There are no known small molecule antagonists of CTR or AMY receptors. The highest affinity such 

ligand would be olcegepant, which was designed as a CGRP receptor antagonist, against the CLR/RAMP1 

complex. This has a pA2 of ~7.3 at hAMY1(a) (Hay et al., 2006; Walker et al., 2015). 
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rAMY            KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH2 

rAMY8-37        -------ATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH2 

hαCGRP          ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-NH2 

hαCGRP8-37      -------VTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-NH2 

sCT             CSNLSTCVLGKLSQELHKL-----QTYPRTNTGSGTP-NH2 

sCT8-32         -------VLGKLSQELHKL-----QTYPRTNTGSGTP-NH2 

AC187           -------VLGKLSQELHKL-----QTYPRTNTGSNTY-NH2 

AC413           -------ATQRLANFLVRLQ-----TYPRTNVGANTY-NH2 

 

Figure 1.2 Amino acid sequence alignments of amylin, hαCGRP, sCT and their truncated or chimera antagonist 

equivalents. 

1.4.6 Amylin receptor signalling  

In the literature amylin is reported to signal through several pathways, the most established of which is adenylate 

cyclase (AC) Gαs-mediated signalling and cAMP production (Morfis et al., 2008), as reflected by the data in the 

pharmacology tables and in line with other family B GPCRs. Amylin administered peripherally in rats also 

stimulates the production of cGMP, an excitatory second messenger in the AP that may mediate its food-

suppressive effects centrally (Riediger et al., 2001; Mollet et al., 2004). In Cos-7 cells transfected with hCT(a) or 

amylin receptors, rat amylin signals via the ERK1/2 pathway and also stimulates the production of Ca2+ mediated 

by Gαq, although was less potent activating these pathways compared to cAMP (Morfis et al., 2008). Signalling via 

Erk1/2 also seems to be dependent on CT receptor isoform as the hCT(a) but not hCT(b) receptor elicited 

phosphorylation of Erk1/2 upon stimulation with CT (Raggatt et al., 2000). The hCT(b) receptor has reduced 

coupling ability to AC, as the amount of peptide required to elicit a response was 100-fold higher than the hCT(a) 

receptor (Moore et al., 1995). There is also some evidence that the hAMY1(a) receptor recruits β-arrestin when 

stimulated with hαCGRP, though the downstream effects of this are not yet known (Hay et al., 2014). Some of the 

pathways amylin has been shown to stimulate are outlined in Figure 1.3. However, precise mechanisms of 

signalling for amylin specifically have not yet been elucidated, so mere inferences can be drawn from the diagram. 

Signalling is also dependent on cell background due to the availability of particular G proteins and effector 

molecules (Tilakaratne et al., 2000), which must also be considered. Further complicating signalling interpretations 

is the potential for ligand bias, where a particular ligand may favour one pathway over another in a particular tissue 

or cell-type (Wootten et al., 2016a), discussed further in Chapter 7, section 7.4. Whilst some information is 

available on amylin signalling, this arena is wide open for study to determine exact mechanisms of signalling in 

physiologically relevant cell types at defined receptor subtypes.  
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Figure 1.3 Three reported pathways of amylin receptor signalling. (1) Amylin binding at amylin receptors in the 

plasma membrane activates Gαs by causing Guanosine-5’-triphosphate (GTP) to bind. GTP-bound Gαs dissociates 

from the Gβ/Gγ subunits, activating adenylyl cyclase (AC), producing cyclic adenosine monophosphate (cAMP) 

that activates protein kinase A (PKA). (2) Amylin activates Gαi by causing GTP to bind. GTP-bound Gαi dissociates 

from the Gβ/Gγ subunits, which inhibits AC and may activate extracellular signal-regulated kinases (ERK). (3) 

Amylin activates Gαq by causing GTP to bind. GTP-bound Gαq dissociates from the Gβ/Gγ subunits, which activates 

phospholipase C (PLC) forming diacyl glycerol (DAG) and phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 is 

hydrolysed to inositol 1,4,5-trisphosphate (IP3) producing Ca2+. DAG can activate protein kinase C (PKC), which 

may further activate ERK.  
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Table 1.2 Peptide agonist pharmacology at CT and amylin receptors. A single representative CGRP receptor study has been included for comparison. 

Receptor 
Agonist pEC50 (M) Assay Cell Line/ Tissue References 

hAMY rAMY Pramlintide hαCGRP hβCGRP hCT sCT    

 
hCT(a) 

- 
8.61 

- 
8.27 
8.33 
9.17 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

7.06 
8.62 
6.95 

- 
7.81 

- 
- 

9.50 
9.30 
9.39 
7.80 
8.26 
7.76 
7.44 
8.28 
7.53 
7.51 
7.13 

- 
8.48 

- 
- 

8.26 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

7.20 
- 

6.80 
- 
- 
- 
- 
- 

8.34 
8.11 

- 
- 
- 
- 
- 
- 
- 

6.88 

- 
- 

7.18 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

8.88 
9.95 
8.99 
9.00 
9.71 
10.2 
10.3 
11.2 
10.7 
12.0 
8.80 
9.61 
8.47 
8.23 
9.79 
7.89 
8.07 
9.43 

9.78 
- 
- 

10.2 
- 
- 
- 
- 

10.9 
- 
- 
- 
- 
- 
- 
- 
- 

10.1 

cAMP 
cAMP 
cAMP 
cAMP 
cAMP 
cAMP 
cAMP 

Dispersion 
cAMP 
cAMP 

cAMP(30mins) 
cAMP (5mins) 

ERK1/2 
Ca2+ 

cAMP(30mins) 
ERK1/2 

Ca2+ 

cAMP 

Cos-7 
Cos-7 
Cos-7 
Cos-7 

HEK293S 
RAEC 
Cos-7 

Melanophore 
Cos-7 

HEK293S 
Cos-7 
Cos-7 
Cos-7 
Cos-7 

HEK293 
HEK293 
HEK293 
Cos-7 

Udawela et al., 2006a 
Gingell et al., 2014 

Hay et al., 2005 
Albrandt et al., 1995 
Gingell et al., 2014 

Muff et al., 1999 
Leuthauser et al., 2000 

Armour et al., 1999 
Qi et al., 2013 
Qi et al., 2013 

Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 

Udawela et al., 2006b 

rCT(a) - 8.11 - 7.87 (rαCGRP) 7.54 (rβCGRP) 9.28 (rCT) - cAMP Cos-7 Bailey et al., 2012 

hCT(b) - 7.12 - 7.09 - 8.75 10.2 cAMP Cos-7 Udawela et al., 2008 

hAMY1(a) 

- 
9.71 

- 
9.00 
8.73 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

8.61 
9.90 
9.12 
8.98 

- 
- 

9.66 
10.5 
10.1 
9.23 
9.76 
8.34 
7.73 
9.69 
7.78 

- 
9.36 

- 
9.45 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

8.08 
- 

8.70 
- 
- 

9.11 
- 

10.2 
9.16 

- 
- 
- 
- 
- 
- 

- 
- 

9.16 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

8.87 
9.96 
8.93 
9.73 
10.1 
9.62 
11.3 
10.6 

- 
8.64 
9.28 
8.35 
7.98 
9.88 
8.12 

10.03 
- 
- 
- 
- 
- 
- 

11.1 
- 
- 
- 
- 
- 
- 
- 

cAMP 
cAMP 
cAMP 
cAMP 
cAMP 
cAMP 

Dispersion 
cAMP 
cAMP 

cAMP(30mins) 
cAMP (5mins) 

ERK1/2 
Ca2+ 

cAMP(30mins) 
cAMP (5mins) 

Cos-7 
Cos-7 
Cos-7 

HEK293S 
RAEC 
Cos-7 

Melanophore 
Cos-7 

HEK293S 
Cos-7 
Cos-7 
Cos-7 
Cos-7 

HEK293 
HEK293 

Udawela et al., 2006a 
Gingell et al., 2014 

Hay et al., 2005 
Gingell et al., 2014 

Muff et al., 1999 
Leuthauser et al., 2000 

Armour et al., 1999 
Qi et al., 2013 
Qi et al., 2013 

Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
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- 
- 
- 

8.22 
8.47 
9.46 

- 
- 
- 

- 
8.45 
9.63 

- 
- 
- 

7.65 
9.00 

- 

10.1 
- 

ERK1/2 
cAMP 
cAMP 

HEK293 
Cos-7 
Cos-7 

Morfis et al., 2008 
Udawela et al., 2006b 

Walker et al., 2015 

rAMY1(a) 
- 
- 

9.74 
8.37 

- 
- 

9.66 (rαCGRP) 
8.44 

8.87 (rβCBRP) 
- 

8.90(rCT) 
- 

- 
- 

cAMP 
cAMP 

Cos-7 
Cos-7 

Bailey et al., 2012 
Walker et al., 2015 

hAMY1(b) - 7.92 - 8.10 - 9.93 9.77 cAMP Cos-7 Udawela et al., 2008 

hAMY2(a) 

- 
9.11 
8.27 
8.73 

- 
- 
- 
- 
- 
- 
- 
- 
- 

7.78 
8.86 
8.47 

- 
9.90 
8.25 
8.53 
7.83 
7.66 
9.08 
7.57 
7.44 
7.16 

- 
8.86 
8.64 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

7.29 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

7.11 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.25 
9.93 
9.64 
10.3 
11.4 
8.82 
9.27 
8.56 
8.08 
9.70 
8.09 
8.11 
9.39 

9.66 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.70 

cAMP 
cAMP 
cAMP 
cAMP 

Dispersion 
cAMP(30mins) 
cAMP (5mins) 

ERK1/2 
Ca2+ 

cAMP(30mins) 
ERK1/2 

Ca2+ 

cAMP 

Cos-7 
Cos-7 

HEK293S 
RAEC 

Melanophore 
Cos-7 
Cos-7 
Cos-7 
Cos-7 

HEK293 
HEK293 
HEK293 
Cos-7 

Udawela et al., 2006a 
Gingell et al., 2014 
Gingell et al., 2014 

Muff et al., 1999 
Armour et al., 1999 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 

Udawela et al., 2006b 

hAMY2(b) - 7.94 - 7.74 - 8.77 10.3 cAMP Cos-7 Udawela et al., 2008 

hAMY3(a) 

9.60 
- 

8.90 
9.11 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.47 
8.63 
8.93 

- 
10.8 
9.26 
10.2 
9.12 
9.57 
8.43 
8.04 
9.92 
8.09 
8.23 
8.61 

9.28 
- 

9.05 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

- 
7.60 

- 
- 
- 

7.91 
9.17 

- 
- 
- 
- 
- 
- 
- 

7.62 

- 
7.67 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.54 
8.02 
9.58 
9.00 
10.7 
9.18 
12.1 
8.20 
9.03 
8.02 
7.80 
8.78 
7.83 
7.73 
8.17 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

9.58 

cAMP 
cAMP 
cAMP 
cAMP 

Dispersion 
cAMP 
cAMP 

cAMP(30mins) 
cAMP (5mins) 

ERK1/2 
Ca2+ 

cAMP(30mins) 
ERK1/2 

Ca2+ 

cAMP 

Cos-7 
Cos-7 

HEK293S 
RAEC 

Melanophore 
Cos-7 

HEK293S 
Cos-7 
Cos-7 
Cos-7 
Cos-7 

HEK293 
HEK293 
HEK293 
Cos-7 

Gingell et al., 2014 
Hay et al., 2005 

Gingell et al., 2014 
Muff et al., 1999 

Armour et al., 1999 
Qi et al., 2013 
Qi et al., 2013 

Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 
Morfis et al., 2008 

Udawela et al., 2006b 

rAMY3(a) - 9.97 - 9.68 (rαCGRP) 8.95 (rβCGRP) 8.30 (rCT) - cAMP Cos-7 Bailey et al., 2012 

hAMY3(b) - 8.19 - 6.75 - 7.89 9.95 cAMP Cos-7 Udawela et al., 2008 

rCGRP - 7.66 - 10.0 - - - cAMP Cos-7 Walker et al., 2015 

hCGRP - 7.40 - 9.92 - - - cAMP Cos-7 Walker et al., 2015 
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Table 1.3 Peptide binding pharmacology at CT, CGRP and amylin receptors. Two values in one line indicate the presence of more than one binding site, with the bold 

value representing the binding site with greatest % occupancy. 

Receptor 

Agonist pIC50 (M) Cell Line 
Competing 
Radioligand 

Reference 

hAMY rAMY hαCGRP hCT sCT    
 

hCT(a) 

- 
- 
- 
- 
- 

6.35 
7.60 

.27 
5.53/10.9 

6.07 
- 

6.27 
- 
- 

5.68 
6.05/11.4 
5.78/9.94 

- 
>6 
- 
- 
- 

9.89/8.02 
7.96/10.9 
6.45/11.1 

7.81 
- 

8.07 
7.34 
8.00 

9.57/11.2 
11.9/9.36 
12.0/8.08 

- 
9.03 

- 
- 
- 

Cos-7 
CHO-P 
CHO-P 
Cos-7 
Cos-7 
RAEC 
RAEC 
Cos-7 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-sCT 

125I-rAMY 
125I-hCT 

125I-rAMY 
125I-hCT 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

Zumpe et al., 2000 
Zumpe et al., 2000 

Muff et a., 1999 
Muff et a., 1999 

Gingell et al., 2016 

hCT(b) 

- 
- 
- 
- 

6.38/10.8 
6.67/11.1 

6.58 
5.65/10.0 

5.86/9.23 
6.08 
6.77 

5.77/11.1 

8.31/10.5 
8.23/10.9 
9.45/6.89 
6.78/10.9 

9.91 
11.6/9.1 

10.6/6.93 
8.12/11.1 

COS7 
CHO-P 
COS7 
CHO-P 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-rAMY 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

hAMY1(a) 

- 
- 
- 

6.62 
8.51 

- 
- 
- 

6.30 
6.78/10.9 
8.03/11.9 

- 
- 

8.48 
8.27 
8.6 

5.74 
5.75/10.8 
8.90/6.03 

- 
- 

8.63 
7.87 
8.6 

9.90/7.98 
11.2/8.44 
5.97/9.79 

8.21 
6.85 

- 
6.92 
7.00 

11.1/9.5 
12.1/9.42 
12.2/9.00 

- 
- 
- 

9.05 
- 

Cos-7 
CHO-P 
CHO-P 
RAEC 
RAEC 

HEK293 
Cos-7 
Cos-7 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-hCT 

125I-rAMY 
125I-Tyr0-hαCGRP 

125I-rAMY 
125I-hαCGRP 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

Muff et al., 1999 
Muff et al., 1999 

Kuwasako et al., 2004 
Zumpe et al., 2000 
Gingell et al., 2016 

hAMY2(a) 

- 
- 
- 
- 
- 

6.23/9.34 
6.67/10.3 

8.13 
7.28 
7.82 

5.84 
5.73/8.73 

7.64 
>6 

5.86 

8.22/10.7 
8.28/10.8 
5.92/8.94 

- 
8.08 

11.1/9.48 
12.1/9.25 
12.2/8.54 

- 
8.89 

Cos-7 
CHO-P 
CHO-P 
HEK293 
Cos-7 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-Tyr0-hαCGRP 

125I-rAMY 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Kuwasako et al., 2004 

Zumpe et al., 2000 



 Chapter 1: Introduction 

13 
 

hAMY3(a) 

- 
- 
- 

6.51 
8.40 

- 

6.13/8.61 
5.97/9.93 
7.84/11.7 

- 
- 

7.76 

5.74 
5.66/9.60 
6.79/11.0 

- 
- 

7.04 

8.30/10.8 
8.95/11.2 
6.02/11.1 

8.24 
6.30 

- 

11.1/9.45 
12.1/10.1 
12.1/8.29 

- 
- 
- 

Cos-7 
CHO-P 
CHO-P 
RAEC 
RAEC 

HEK293 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-hCT 

125I-rAMY 
125I-Tyr0-hαCGRP 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

Muff et al., 1999 
Muff et al., 1999 

Kuwasako et al., 2004 

hAMY1(b) 

- 
- 
- 
- 
- 

6.12/9.78 
6.49/10.0 
8.43/11.0 
8.66/11.3 

7.86 

5.76/9.99 
5.87/9.58 
9.93/7.94 
8.64/11.9 

4.68 

8.07/10.1 
8.32/10.9 

6.94 
6.95/9.89 

447 

10.1 
11.9/7.96 
9.29/11.0 
11.2/6.41 

0.309 

Cos-7 
CHO-P 
Cos-7 

CHO-P 
Cos-7 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-rAMY 
125I-rAMY 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

Christopoulos et al., 1999 

hAMY2(b) 

- 
- 
- 
- 

6.43/10.1 
6.89/11.1 
8.23/10.7 
7.59/10.7 

5.98/8.62 
6.18/10.1 
7.72/10.9 
7.71/11.0 

8.19/10.9 
8.21/11.0 

7.95 
6.42/6.93 

9.76 
11.8/9.46 
9.33/11.1 
11.8/8.83 

Cos-7 
CHO-P 
Cos-7 

CHO-P 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-rAMY 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

hAMY3(b) 

- 
- 
- 
- 
- 

6.17/8.92 
6.86/11.5 
8.19/11.0 
8.20/11.6 

6.35 

5.90/9.61 
6.40/9.97 
7.10/8.90 
10.1/6.90 

151 

8.37/10.7 
8.72/11.9 

6.87 
5.95/10.2 

862 

10.1 
11.9/9.75 
9.16/11.1 
8.98/11.5 

6.35 

Cos-7 
CHO-P 
Cos-7 

CHO-P 
Cos-7 

125I-hCT 
125I-hCT 

125I-rAMY 
125I-rAMY 
125I-rAMY 

Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 
Tilakaratne et al., 2000 

Christopoulos et al., 1999 

hCGRP 

- 
- 
- 
- 

6.46 
- 
- 
- 

8.40 
10.0 
10.3 
9.6 

- 
- 
- 
- 

- 
- 
- 
- 

HEK293 
Swiss3T3 
HEK293 
HEK293 

125I-Tyr0-hαCGRP 
125I-hαCGRP 
125I-hαCGRP 
125I-hαCGRP 

Kuwasako et al., 2004 
McLatchie et al., 1998 

Aiyar et al., 2001 
Aiyar et al., 2001 

rCGRP - 7.80 8.90 - - UMR106 125I-hαCGRP Oliver et al., 2001 
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Table 1.4 Peptide antagonist pharmacology at CT, CGRP and amylin receptors 

Receptor Agonist 
Antagonist (pKb or pA2) Assay Cell line References 

AC187 AC413 rAMY8-37 hαCGRP8-37 sCT8-32    

hCT(a) 

hAMY 
hCT 

rAMY 
rAMY 
hCT 

rAMY 

7.25 
7.15 
6.89 
8.85 

- 
- 

- 
6.94 
7.48 

- 
- 
- 

- 
<5 
- 
- 
- 
- 

- 
<5 
- 
- 
- 
- 

8.09 
8.17 
8.22 
8.95 
9.4 
9.25 

cAMP 
cAMP 
cAMP 
cAMP 

Dispersion 
Dispersion 

Cos-7 
Cos-7 
Cos-7 
Cos-7 

Melanophores 
Melanophores 

Gingell et al., 2014 
Hay et al., 2005 
Hay et al., 2005 
Qi et al., 2013 

Armour et al., 1999 
Armour et al., 1999 

rCT(a) rAMY 7.78 8.09 <5 <5 (rat 8-37) 8.13 cAMP Cos-7 Bailey et al., 2012 

 hAMY1(a) 

hAMY 
hCT 

rAMY 
rAMY 

hαCGRP 
hβCGRP 

rAMY 

7.84 
7.30 
8.02 
9.25 
7.86 
7.85 
8.22 

- 
7.11 
7.92 

- 
7.30 
7.25 

- 

- 
<5 

5.59 
- 
- 
- 
- 

- 
<5 

6.62 
- 

6.79 
6.78 

7.72 (rat 8-37) 

7.27 
7.95 
7.78 
8.08 
7.80 
7.68 

- 

cAMP 
cAMP 
cAMP 
cAMP 
cAMP 
cAMP 
cAMP 

Cos-7 
Cos-7 
Cos-7 
Cos-7 
Cos-7 
Cos-7 
Cos-7 

Gingell et al., 2014 
Hay et al., 2005 
Hay et al., 2005 
Qi et al., 2013 
Qi et al., 2013 
Qi et al., 2013 

Walker et al., 2015 

hAMY3(a) 

hAMY 
hCT 

rAMY 
rAMY 
hCT 

8.30 
7.37 
7.68 

- 
- 

- 
6.83 
7.10 

- 
- 

- 
<5 
<5 
<5 
- 

- 
≤5 

6.17 
- 
- 

8.21 
7.87 
7.92 
8.2 
9.45 

cAMP 
cAMP 
cAMP 

Dispersion 
Dispersion 

Cos-7 
Cos-7 
Cos-7 

Melanophores 
Melanophores 

Gingell et al., 2014 
Hay et al., 2005 
Hay et al., 2005 

Armour et al., 1999 
Armour et al., 1999 

rAMY1(a) 
rAMY 
rAMY 
rAMY 

 
8.24 
8.21 

 
8.97 

- 

 
6.16 

- 

7.62 
7.07 (rat 8-37) 
7.20 (rat 8-37) 

7.42 
cAMP 
cAMP 
cAMP 

Cos-7 
Cos-7 
Cos-7 

Bailey et al., 2012 
Bailey et al., 2012 
Walker et al., 2015 

rAMY3(a) rAMY 8.11 8.60 5.53 7.00 (rat 8-37) 8.17 cAMP Cos-7 Bailey et al., 2012 

hCGRP hαCGRP <6 - - 7.79 (rat 8-37) - cAMP Cos-7 Walker et al., 2015 

rCGRP rαCGRP <6 - - 8.12 (rat 8-37) - cAMP Cos-7 Walker et al., 2015 
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1.5 Amylin Structure/Function 

1.5.1 Overview 

Amylin is a 37 amino acid peptide, which can be broadly described by its two halves: the N and C-termini. During 

its processing as a preprohormone, amylin acquires two post-translational modifications. These are an N-terminal 

disulphide loop and the C-terminal amidation (Roberts et al., 1989). The solution structure of rat amylin revealed 

a 10-residue alpha helix following the N-terminal disulphide, a turn and then a smaller 4-residue helix from residues 

20-24, preceding a largely unstructured C-terminus (Nanga et al., 2009).The general structure of rat amylin is 

depicted in Figure 1.4, outlining the important structural features and post-translational modifications present on 

the peptide. This will be further discussed in subsection 1.5.2. 

Figure 1.4 General structure of rat amylin. Three important structural regions of the peptide of highlighted: the N-

terminal disulphide loop, the 7-17 amphipathic α helix followed by a turn, a small 20-24 residue α helix and 25 – 

37 flexible region. 

A “two-domain model of binding” has been proposed to describe family B GPCR peptide ligand receptor 

binding and activation (Bergwitz et al., 1996). In this model, the peptide C-terminus binds to the moderate-length 

ECD of the receptor, docking the peptide and optimally positioning the N-terminus of the peptide to bind to the 

upper transmembrane (TM) domain and extracellular loops of the receptor, ultimately causing receptor activation 

(Figure 1.5 A). In this model, the peptide C-terminus initiates binding to the receptor and the N-terminal interactions 

activate the receptor (Bergwitz et al., 1996; Hoare, 2005) (Figure 1.5 B). This model provides a useful framework 

for considering data on the structure-function relationships of amylin and its closely-related family members. For 

example, the two-domain mode of binding for these peptides is supported by data with N-terminally truncated 

peptides, which bind the receptor but generally do not cause activation – the antagonists described in subsection 

1.4.5.  

The recently solved crystal structure of the ECD of CLR complexed with RAMP1 or RAMP2 ECDs with 

bound C-terminal fragments of CGRP and AM, respectively supports this model with respect to the importance of 

C-terminal residues for binding. Combined with mutagenesis data, important binding residues in these C-terminal 

fragments were identified interacting with the ECDs of the CLR and RAMPs (Booe et al., 2015). Crystal structures 

of the N-terminus of these peptides with TM regions of the receptor have not been solved, however there is a 

crystal structure of the related family B GCGR with the glucagon peptide modelled, which provides some insight. 

In this structure, docking of the N-terminus occurred deep within a binding pocket in GCGR. Molecular modelling 

combined with extensive mutagenesis of the AM1 and AM2 receptors with bound AM also suggest interactions of 

the N-terminal disulphide loop with the TM regions of the receptor (Watkins et al., 2016).

Disulphide loop 

NH2 

C-terminal amidation Amphipathic alpha helix 
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1.5.2 Primary structure and sequence 

Within the CT family of peptides the N and C-termini are the most highly conserved regions with more divergence 

in the mid-portions of each peptide. The same holds true for amylin across several species; strongly conserved 

termini with key variations in the regions nearer the mid to C-terminal end of the peptide (Figure 1.6 A), suggests 

an importance in retention of the N-terminal and C-terminal residues for biological activity. Certain amino acids 

across the CT family of peptides are of particular interest due to their strong conservation: particularly Cys2, Cys7, 

Thr6 and a C-terminal aromatic residue (except CT, which has proline). The first residue is often small and 

Gαs
 

N 

C 

Disulphide loop 

Amphipathic alpha helix 

N 

C 

C-terminal amidation 

Amylin 
Receptor 

Figure 1.5 The two-domain model of peptide binding and receptor activation. (A) The rat amylin peptide is shown 

bound with its post-translational modifications and proposed secondary structure. (B) Step-wise depiction of the 

2-domain model. From left to right, the peptide encounters the seven-transmembrane GPCR associated with a 

RAMP accessory protein in the cell membrane, the C-terminal end of the peptide binds to the ECD of the receptor 

complex and binding induces the alignment of the peptide N-terminus to the juxtamembrane region of the GPCR 

facilitating the activation of the G protein, its subsequent association with adenylyl cyclase (AC) and downstream 

production of cAMP. 

AC 

cAMP 

(A) 

(B) 
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uncharged. The second is cysteine, which is always conserved in all species. The next four are highly conserved 

residues between amylin and CGRP sequences – Asp/Asn-Thr-Ala-Thr. Thr6 appears to be conserved in all 

members of CT family across many species (Watkins et al., 2013).  

 

Human        KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Rat          KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH2 

Mouse        KCNTATCATQRLANFLVRSSNNLGPVLPPTNVGSNTY-NH2 

Hamster      KCNTATCATQRLANFLVHSNNNLGPVLSPTNVGSNTY-NH2 

Baboon       ICNTATCATQRLANFLVRSSNNFGTILSSTNVGSDTY-NH2 

Cow          KCGTATCETQRLANFLAPSSNKLGAIFSPTKMGSNTY-NH2 

Guinea Pig   KCNTATCATQRLTNFLVRSSHNLGAALLPTDVGSNTY-NH2 

Pig          KCNMATCATQHLANFLDRSRNNLGTIFSPTKVGSNTY-NH2 

Salmon       KCNTATCVTQRLADFLTRSSNTIGTMYAPTNVGSSTY-NH2 

Goldfish     KCNTATCVTQRLADFLVRSSNTRGTVYAPTNVGANTY-NH2 

Chicken      KCNTATCVTQRLADFLVRSSSNIGAIYSPTNVGSNTY-NH2 

Ferret       KCNTATCVTQRLANFLIHSSNNLGAILLPTDVGSNTY-NH2 

Cat          KCNTATCATQRLANFLIRSSNNLGAILSPTNVGSNTY-NH2 

Dog          KCNTATCATQRLANFLVRTSNNLGAILSPTNVGSNTY-NH2 

Bear         KCNTATCATQRLANFLVRSGNNLGAILSPTNVGSNTY-NH2 

            

 

           hAMY         KCNTATCATQRLANFLVHSSNNFGAILSS-TNVGSNTY-NH2 

           hαCGRP       ACDTATCVTHRLAGLLSRSGGVVKNNFVP-TNVGSKAF-NH2 

     hCT          CGNLSTCMLGTYTQDFNKFHTF------PQTAIGYGAP-NH2 

           sCT          CSNLSTCVLGKLSQELHKLQTY------PRTNTGSGTP-NH2 

     hAM(15-52)   GCRFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY-NH2 

 

 

 

     hAMY         KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

hαCGRP       ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF-NH2 

 

Figure 1.6 Amino acid sequence alignments of amylin and the CT family of peptides. (A) Sequence alignment of 

amylin across species, (B) the equivalent CT family of peptide sequences and (C) a direct comparison between 

human amylin and hαCGRP sequences. In these alignments, red residues are completely conserved across either 

the amylin species or between amylin/CT-family of peptides. The strongly conserved disulphide loop is displayed 

on the top peptide in red. The blue resides are strongly similar and only differ between two amino acid residues, 

shown for (A) only. 

In amylin the first two residues, Lys and Cys, are strongly conserved from goldfish to humans with the 

exception of the baboon, which has an Ile at position 1 (Figure 1.6 A). The Ala-Thr-Cys sequence in positions 5, 

6 and 7 are also highly conserved across species. Thr9, Gln10, a basic amino acid at position 11 (Arg or His in pig), 

Leu at position 12, Ala at position 13, Asn or Asp (goldfish) at 14, Phe at 15, Leu at 16, His/Arg/Pro at 18, Ser at 

19 and Asn at position 21 are all mostly conserved across species. Positions 3 and 4 are mostly Asn and Thr, 

respectively although this is not always the case as highlighted by cow and pig sequences. Position 8 is mainly 

Ala between species but is a Glu or Val in cow and goldfish, respectively. The mid-region of the peptide has the 

most divergence and the residues are less conserved. Nearing the C-terminal portion of the peptide, the most 

highly conserved residues across species include Thr30, Gly33, Thr36 and the C-terminal aromatic Tyr37. Small, 

nonpolar residues occupy position 26 (Ile or Val) and prolines are common at position 29, but are replaced by a 

serine in humans and primates. Residue 32 is a small nonpolar valine except in bovine amylin, replaced with a 

(A) 

(B) 

(C) 
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larger nonpolar methionine. The most closely-related peptide to amylin is CGRP (Figure 1.6 B). It is particularly 

useful for comparing structure/function relationships to amylin given the ~50% sequence identity between them 

(Figure 1.6 C).  

1.5.3 Fragments 

N-terminal deletions result in antagonists for all peptides in this family including human amylin8-37, CGRP8-37 and 

AM22-52, (Figure 1.2) supporting the notion of the importance of the N-terminus for receptor activation (Barwell et 

al., 2012). Although binding affinity of all of these peptides is lower for each of these fragments compared to the 

parent peptide, this appears to be particularly the case for amylin8-37. It has very low affinity for amylin receptors 

and is rarely used (Bailey et al., 2012), however the reasons for this are not known. In agreement with the two-

domain model, a small 11mer fragment hαCGRP27-37 retains binding affinity in competition binding assays against 

receptor/RAMP ECD complexes (Moad and Pioszak et al., 2013). Conversely, there is also some evidence that 

the ‘antagonist’ fragment hCGRP8-37 in LLC-PK1 cells purportedly expressing the CTR acted as a partial agonist; 

stimulating cAMP without antagonist activity against hCT and hCGRP (Chiba et al., 1989). The rat variant 

rαCGRP8-37 was also a partial agonist stimulating gastric acid secretion in rats, though with reduced potency to the 

full-length peptide (Rossowski et al., 1997). However, defined receptor subtypes were not inspected warranting 

further investigation.  

N-terminal ring fragments of AM15-22, αCGRP1-8 and amylin1-8 have been tested and are reportedly 

biologically active, inhibiting gastric acid secretion in rats, although with marked reductions in potency compared 

to their full-length equivalents (Rossowski et al., 1997).  Some activity of N-terminal fragments was preserved with 

cyclised fragments of human amylin1-8, which retained the ability to stimulate rat foetal osteoblast proliferation and 

increase bone volume, albeit at very high concentrations (Kowalczyk et al., 2012). N-terminal fragments of  CGRP1-

12, CGRP1-15 and CGRP1-22 retained vasodilatory effects in rats with lower potency than the WT peptide (Maggi et 

al., 1990), suggesting that the C-terminus needs to be present for full bioactivity. However, the N terminal 

fragments with some activity could act as leads for further development. For example, there has been success 

with GLP-1 N-terminal fragments. This peptide, which mirrors many of the physiological effects of amylin on 

glucoregulation and satiety, is also a family B GPCR ligand. Modified N-terminal GLP-1 fragments have now been 

developed, which are very potent (Mapelli et al., 2009, Hoang et al., 2015).  

1.5.4 Disulphide Loop / Amidated C-terminus 

Two biologically critical post-translational modifications in the CT family of peptides are evident in amylin; the 

strongly conserved N-terminal disulphide loop between two cysteine residues, and the amidated C-terminus 

(Figure 1.4). These have distinctive roles in terms of receptor binding and activation.  

The N-terminal disulphide loop, which has been termed the “activation loop” (Neumann et al., 2008) is 

considered essential for receptor activation (Barwell et al., 2012). Accordingly, linearised rat amylin with the C-

terminal amide was 100-fold less potent at inhibiting glycogen synthesis in rat soleus muscle in vitro compared to 

the native peptide. The linear peptide also lacking the C-terminal amide abolished any biological activity in this 

model (Roberts et al., 1989). This finding was further reinforced using a rat foetal osteoblast proliferation assay, 

normally stimulated by WT rat amylin in the sub-nanomolar range. The peptide lacking both post-translational 

modifications was ineffective at eliciting osteoblast proliferation and analogues with only one of these modifications 

behaved as antagonists in this system (Cornish et al., 1998a). Rat amylin-amide but not the free acid can displace 

radiolabelled CGRP at CGRP receptors in rat liver membranes. The free acid C-terminal variant was also not able 

to stimulate cAMP at these receptors, unlike the amidated WT form (Morishita et al., 1990). In CGRP, breaking 
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the disulphide resulted in a linear peptide that failed to increase blood flow or inhibit osteoclast resorption, whilst 

the intact full-length peptide retained these functions (Zaidi et al., 1990). Destruction of the disulphide loop in 

hαCGRP also abolished bioactivity in rat atrial stimulation assays, further substantiating the importance of these 

features to the functionality of these peptides (Tippins et al., 1986). Nevertheless, linear analogues of hαCGRP 

have been synthesised that challenge the paradigm of the unequivocal importance of the N-terminal disulphide 

“activation loop”. In some assays, these analogues have been shown to retain binding affinity and/or activity either 

as full or partial agonists (Bailey & Hay, 2006; Dennis et al., 1989; Hay et al 2005; Rossowski et al., 1997).  

Synthesis of fragments of hαCGRP27-37 and AM37-52 lacking the C-terminal amide abolished binding of the 

peptide to their respective ECD complexes (Moad and Pioszak, 2013). In crystal structures of these peptides 

bound to their receptor ECDs, the importance of this C-terminal amide is clearly evident (Booe et al., 2015). Binding 

to CTR/RAMP1 ECD’s was also diminished when the C-terminal amide of sCT was mutated to it free-acid form 

(Lee et al., 2016). Similarly, when hCT is synthesised without its C-terminal amide or there is disruption of the N-

terminal disulphide loop, drastic reductions in biological activity to induce hypocalcaemic effects are seen in rats 

(Rittel, et al., 1976). In the recently solved crystal structure of the CTR ECD bound with analogue [BrPhe22]sCT8-

32, the Pro32-amide contributed to a hydrogen bond between the peptide and the ECD (Johansson et al., 2016), 

indicating its importance in receptor interaction.  

These structural features in the amylin peptide have not recently been disrupted and then assayed using 

more classical physiological systems amylin is now known to act through, particularly their impact on producing 

glycaemic or gastric emptying effects, or at defined receptors. However, these data suggest that both post-

translational modifications have a strong influence on the affinity and efficacy of this family of peptides at their 

receptors. Alongside these elements, the secondary structures of these peptides also play an important role in 

receptor recognition and activation. 

1.5.5 Secondary structure 

Amylin is considered an intrinsically disordered peptide lacking a structurally defined shape to perform its biological 

functions (He et al., 2015). It has often been studied in the presence of sodium dodecyl sulfate (SDS) micelles and 

with other detergents in NMR spectroscopy for structural information on association with these membranes as a 

mimic for how it would act in vivo at a cellular and receptor interface (Watkins et al, 2012 - see table therein). A 

caveat in interpreting these data is that SDS micelles and detergents potentially confound results given that they 

naturally induce alpha helical secondary structures in favour of the native structure (Watkins et al., 2012). 

In the presence of dodecylphosphocholine (DPC) micelles using solution NMR, rat amylin was shown to 

have an N-terminal helix spanning residues 5-17, a short helix from 20-23 and a long flexible disordered loop from 

24-37 (Nanga et al., 2009); human amylin had a similar 1-17 residue helix (Nanga et al., 2011, Figure 1.7 A). A 

micelle-bound human amylin solution NMR structure displayed a 20-residue helix followed by a disordered C-

terminus from residues 27 – 35 (Patil et al., 2009, Figure 1.7 B). NMR and molecular dynamics simulation studies 

of the amyloidogenic and non-amyloidogenic sequences of human and rat amylin respectively, suggested slightly 

different structural features with more α-helical content and fewer β sheets in rat amylin. The three main structural 

superfamilies observed in amyloidogenic amylin included β-hairpin, helix-hairpin and helix-coil structures. Non-

amyloidogenic sequences occupied only two of these superfamily structures including the helix-hairpin and helix-

coil. The most dominant non-amyloidogenic structure was the helix-coil, whereby residues 1-7 formed a short turn-

coil, an 8-17 alpha helix and a long turn coil from 18-37. The helix-hairpin fold had a 1-7 turn-coil followed by an 

8-37 helix and a short β-hairpin. The structure only seen in amyloidogenic amylin was the β-hairpin motif 
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comprising a β-strand from residues 9-17, a turn from 18-22 and another β-strand from 23-33 (Wu and Shea, 

2013). Another molecular dynamics simulation study of both peptides in solution also indicated differences in 

secondary structure conformations with rat amylin adopting an N-terminal α helix and unstructured coil and human 

amylin with three conformations including an N-terminal α helix, β-hairpin and an unstructured coil (Chiu et al., 

2013).  

NMR spectroscopy in zwitterionic DPC micelles of fragments of rat amylin1-18 and human amylin1-18 show 

that they have similar secondary structures with a 1-17 helix with a turn from Cys7 to the N-terminus. These 

fragments only differ at position 18 (His, Arg in rat). Regardless, these fragments adopt different orientations with 

rat amylin staying at the membrane surface whilst human amylin buries deeper within the membrane. In acidic 

environments protonating the His18 of human AMY1-19 changes it membrane orientation to mimic that of rat amylin, 

suggesting the deprotonated state of His18 in neutral pH conditions may play a role in cell membrane or receptor 

interactions (Nanga et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 
 F 
 

 

 

Figure 1.7 Key structural elements of selected available structures of the amylin peptide. (A) Solution structure of 

human amylin in SDS micelles (PDB code 2KB8; Nanga et al., 2011) with the N-terminal disulphide loop 

highlighted in red followed by the amphipathic α helix in blue, a turn residue in green and another smaller α helix 

in magenta and a largely disordered C-terminus in orange. (B) Micelle-bound human amylin (PDB code 2L86; Patil 

et al., 2009) with the same colour coding, with no detection of a second helix at the C-terminus of the peptide. 

The helix-turn-disorder structures seem to be a theme throughout the CT family of peptides. Circular 

dichroism (CD) spectroscopy of human amylin and hαCGRP in aqueous solution reveal largely unstructured 

conformations. When SDS micelles were added, helical content and overall secondary structure of both peptides 

increased (Saldanha and Mahadevan, 1991). Introducing solvents such as TFE also cause alpha helical 

secondary structure increases from 20% to 70% for hαCGRP and hβCGRP. The fragment hαCGRP8-37 had less 

helix content under both aqueous and TFE conditions compared to full length hαCGRP suggesting that the first 7 

N-terminal residues may stabilise the helix (Hubbard et al., 1991).  

(A) (B) 
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Amylin appears to be intrinsically disordered in aqueous solution, which suggests that it likely samples 

several different secondary conformations in physiological fluids with perhaps a more defined structure when 

interacting with its receptors. We must be mindful of the limitations of CD and NMR structural information 

considering solvent and artificial membrane influences on secondary structure. Also, the majority of the data 

available are from related peptides in the family as opposed to amylin itself, given its insolubility and fibrillogenic 

properties. Until crystal structures of the amylin peptide bound to one of its receptors become available, mere 

inferences can be made on the data available regarding its native secondary structure. 

Crystal structures of family B GPCR ECDs with peptide ligands modelled in suggest that these peptides 

predominantly adopt alpha helical secondary structures as shown for GIP1-42 (Parthier et al., 2007), GLP-17-37 

(Underwood et al., 2009), PACAP12-27 (Kumar et al., 2011), PTH15-34 (Pioszak and Xu, 2007), and urocortin26-41 (Pal 

et al., 2010). However, crystal structures of AM35-52, CGRP27-37[D31, P34, F35] analogues bound to CLR/RAMP 

ECD’s (Moad and Pioszak, 2013) and a sCT analogue [BrPhe22]sCT8-32 bound to the ECD of the hCT(a) 

(Johansson et al., 2016) deviated from this trend with largely disordered C-terminally-bound structures. This is 

consistent with structures of the CT family of peptides that show alpha helices in the N-terminal portion of the 

peptide with a largely unstructured C-terminus. For hαCGRP the helix is proposed to fall between residues 8-18 

(Breeze et al., 1991), residues 1-17 in human amylin (Nanga et al., 2008) and 22-34 in hAM (Perez-Castells et al., 

2012). Therefore, the truncated fragments present in the crystal structures lack the regions proposed to adopt the 

alpha helical formation. It is possible the alpha helical N-terminal residues are important for JM interactions with 

the receptor interface rather than with the receptor/RAMP ECD’s.  

1.5.6 Loop residues 1-7 

An alanine scan of the non-cysteine residues in the N-terminal loop of rat amylin was undertaken whereby Lys1, 

Asn3, Thr4 and Thr6 within the loop were individually replaced, creating four alanine analogues. Each was tested 

for binding in rat nucleus accumbens membranes and for in vivo activity in fasted mice to reduce food intake. 

Alanine analogues 1, 3, and 4 retained binding and their in vivo anorexigenic activity. However, whilst Thr6 retained 

its binding ability, this analogue was no longer able to reduce food intake (Roth et al., 2008). Initial modification of 

rat amylin Lys1 by iodination was not well tolerated, resulting in large reductions in binding affinity in rat liver plasma 

membranes, possibly due to steric interruption of interactions between the peptide N-terminus and its receptor. 

However, modification of Lys1 with the addition of a biotin moiety was accommodated when an 8-atom spanning 

bridge was included between the Lys-NH2 group and the biotin C-terminus. The resulting analogue retained similar 

activity to rat amylin (Chantry et al., 1992). The activity of any of these analogues at defined amylin receptor 

subtypes is not known.  

Nevertheless, the limited data have parallels with CGRP. Residue mutations at positions 1, 3 and 4 to 

alanine were also unremarkable, with modest effects on binding or receptor activation. However, substitution of 

residues Ala5 or Thr6 within the disulphide loop with other amino acids were detrimental. This is perhaps 

unsurprising given the strong conservation of these residues across species in CGRP and the absolute 

conservation of Thr6 across the CT family of peptides (Hay et al., 2014). Further details on the structure-function 

of this region of CGRP has recently been reviewed and should be consulted for more detailed information on 

modifications to the CGRP N terminus (Watkins et al., 2013).   

These findings seem to challenge a strict two-domain model paradigm. Only one of the proposed 

“activation loop” residues in rat amylin affected in vivo activity (Thr6), and only two resulted in potency reductions 
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for hαCGRP (Ala5, Thr6), but there is still limited data. These finding suggest that residues beyond this loop are 

also important for function, perhaps within the helical region. 

1.5.7 Helix residues 8-18 

All CT family peptides are proposed to possess an amphipathic helix comprising approximately 10 amino acids. 

Molecular dynamics simulations of sCT predicts a helix spanning residues 9-19 (Amodeo et al., 1999). Helical 

analogues of a rat amylin/sCT chimera were synthesised to ascertain the role of the amphipathic helix in peptide 

activity. Shortening of the helix resulted in a loss of efficacy to reduce food intake in mice in vivo. Conversely, 

lengthening the helix tended to retain or even enhance the potency of these analogues and increasing the number 

of hydrophobic residues on one face of the helix increased peptide efficacy in vivo (Roth et al., 2008). It is possible 

that these effects are due to increasing α-helical contacts with the peptide at the receptor interface or cause 

stabilisation of the peptide secondary structure.  

Deletion of Leu16 from sCT resulted in large reductions in potency in hypocalcaemic assays and adenylate 

cyclase stimulation in T47D human breast cancer cells. Des-Leu16-sCT partially retained binding but the 

corresponding deletion analogue (Phe16) of hCT nearly abolished binding. In most CT species, position 16 is a 

Leu with the exception of hCT, which is a Phe. In the CGRP family, amylin and CGRP have a strongly conserved 

Leu16, across species. Deletion of this residue in CT perhaps has structural consequences on the stability of the 

amphipathic helix, and the ability of the peptide to effectively interact with the receptor (Findlay et al., 1983).  

CGRP is proposed to possess an amphipathic helix spanning residues 8-18 (Lynch and Kaiser, 1988). 

Single-residue alanine analogues at positions 8 and 9 for Val, and Thr, respectively, only resulted in small 

reductions in potency (Hay et al., 2014). Whilst conserved across CGRP species, these residues are much more 

divergent in the CGRP family as a whole. Mutation of Arg11 or Leu12 to alanine in hαCGRP8-37 had more substantial 

effects on affinity, perhaps due to reduced α helical content. In amylin sequences, Arg11 is highly conserved with 

only the pig possessing a histidine at this position (subsection 1.5.2, Figure 1.6 A). Position 12 is conserved as 

Leu across the CGRP family, indicating it likely plays an important role in structure/function relationships within the 

family (Howitt et al., 2003). 

It is evident that residues important for binding are present in N-terminal regions of these peptides and are 

not confined to the C-terminus. Mutations to the mid-peptide amphipathic helical regions may interrupt this 

important secondary structure and impact affinity and/or efficacy (Mimeault et al., 1992). Unfortunately at this time 

there is no analogous data for human amylin.  

1.5.8 Small helix residues 19 – 24: The “amyloidogenic core” 

Many analogues of amylin in this region of the peptide have been studied in order to investigate their role in amyloid 

formation in vitro (e.g. Westermark et al., 1990, Akter et al., 2016). Unfortunately, they have not been interrogated 

for their contribution to the biological activity of amylin and thus will not be discussed. Structure/function 

relationships will be analysed according to experiments performed on related peptides where data are available.  

Alanine analogues of hαCGRP8-37 replacing Ser17, Gly20 and Gly21 were well tolerated (Boulander et al., 

1996). When Arg11 or Arg18 of hαCGRP8-37 were replaced with serines, only minimal reductions in binding affinity 

were observed. In the double-mutant, affinity was reduced by 1000-fold.  Replacement with positively charged 

residues (Glu11 or Glu18) in hαCGRP8-37 also significantly impacted binding (Howitt et al., 2003). Therefore, at least 

one of the negatively charged Arg residues in this region of the peptide is needed for presumably important binding 

contacts with the receptor. In amylin species, the residue at position 18 is less conserved, and is an Arg with the 

exception of the human variant (His18) and the cow (Pro18).  
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1.5.9 Flexible loop residues 25 – 37 

Structure/function relationships of the C-terminal-most residues of amylin have not been extensively investigated. 

However, a recent study investigated C-terminal fragments of sCT and a rat amylin/sCT chimera (AC413) in 

binding to the ECDs of CTR and amylin receptors (Lee et al., 2016).  Alanine replacements highlighted residues 

important for binding. In the AC413 fragment, critical residues for binding were the amylin residues Thr30, Val32 

and Gly33. The aromatic Tyr37 did not seem to be particularly important. 

The crystal structures for C-terminal fragment peptides, a CGRP27-37 analogue and AM25-52, bound to their 

equivalent RAMP and CLR ECDs, combined with alanine scanning and residue swapping between the peptides 

have revealed additional helpful structure/function information for peptide-receptor binding. Important residues for 

CGRP27-37 binding included Thr30, Val32 and Phe37 in addition to the C-terminal amide. The recent AC413 data 

from Lee et al, illustrate the conservation of mechanism for Thr30 and Val32, which are conserved between CGRP 

and amylin (Figure 1.6 C).  Position 30 and 32 are also identical threonine and valine residues across amylin 

species (apart from cow, which is a methionine at position 32). The C-terminal most residue in all amylin species 

is an aromatic tyrosine, similar to the bulky hydrophobic character of CGRP’s phenylalanine. This suggests that 

these both may make important hydrophobic interactions with receptor ECDs but alanine substitution did not 

greatly impact amylin affinity, unlike the equivalent mutation for CGRP (Booe et al., 2015; Lee et al., 2016; Moad 

& Pioszak 2013). Other studies have also shown the importance of the C-terminal phenylalanine in CGRP (Dumont 

et al., 1997; Smith et al., 2003; Moad & Pioszak, 2013; Watkins et al., 2014).  

For AM25-52, residues Pro43, Lys46, Ile47, Gly51, Tyr52 and the C-terminal amidation were critical for activity, 

further reinforcing the importance of the C-terminal aromatic residue. In sCT, the C-terminal proline was also critical 

(Lee et al., 2016; Johansson et al., 2016). It is possible that there are subtly different mechanisms at play in 

receptor binding between CGRP/AM/CT and amylin. With regard to secondary structure, both AM and CGRP C-

terminal fragments were largely disordered in the crystal structures with only AM25-52 displaying a small α helical 

turn (Booe et al., 2015).  These data agree with NMR and CD structural determinations at the C-terminus for 

hαCGRP and hAMY, as previously described. These structural features are those observed from truncated 

peptides. The remaining residues of CGRP and AM could potentially impact the secondary structure of these 

peptides. Important residue interactions that may impart and influence secondary structure and peptide folding 

cannot be ruled out from the existing data. 

 

1.6 Translating structure-function information into novel peptides 

Structural manipulations and investigations have provided some clues into important residues and regions for 

amylin peptide/receptor interactions. However, to further guide the design of novel and improved amylin mimetics, 

information concerning the physiological half-life of amylin and break-down mechanisms must be considered for 

further exploitation.   

1.6.1 Amylin metabolism 

Amylin metabolism appears to be via a combination of renal clearance and proteolysis to generate a variety of 

metabolites, such as a des-Lys1 metabolite, which is active and other cleavage products that are unlikely to 

generate active peptide fragments (Leckstrom et al., 1997; Nakazato et al., 1990, Vine et al., 1998a; Watschinger 

et al., 1990). Patients with renal failure had elevated plasma amylin levels, suggested impaired clearance via renal 

mechanisms (Ludvik et al., 1994). Amylin has a circulating plasma half-life of approximately 13 minutes in rats 

following an intravenous bolus injection (Young, 2005). 
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Radioimmunoassay on homogenised human pancreatic tissue contained human amylin1-37 as the major 

molecular form with two additional C-terminal fragments: amylin17-37 and amylin24-37 (Miyazato et al., 1994). This 

suggests that human amylin processing may occur between residues Leu16 and Val17 and between residues Phe23 

and Gly24 forming these major by-products. In rats, mice and cats, amylin1-37 and amylin19-37 were detected, with 

the latter as the major form identified. Therefore processing occurs between Arg18 and Ser19, differential to the 

processing in humans (Miyazato et al., 1992). In rat plasma and pancreas, N-terminal fragments were also 

detected along with full-length amylin; amylin1-16, amylin1-17. Interestingly, these N-terminal fragments were not 

present in human pancreatic tissue (Miyazato et al., 1994). The data available for amylin clearance are limited 

however some data suggest it is able to be processed by insulin-degrading enzyme (IDE) between amino acids 

Phe15/Leu16, and His18/Leu19 (Guo et al., 2010), the latter of which is consistent with the presence of amylin 

fragments 19-37 in cats, rats and mice. Other cleavage sites of human amylin by IDE were revealed between 

residues Arg11/Leu12 and Asn31/Val32 (Shen et al., 2006). Also, injecting obese and lean mice with selective IDE 

inhibitors resulted in increased plasma amylin levels and slowed gastric emptying compared to control animals 

(Maianti et al., 2014; Bellia and Grasso, 2014). CGRP is cleaved at position 16 yielding the 17-37 fragment, which 

has been shown to weakly antagonise the actions of the parent peptide (Miyazato et al., 1994).  

In humans, amylin circulates in both glycosylated and non-glycosylated forms, with the latter considered 

the biologically active species (Fineman et al., 1997). Naturally occurring O-linked glycosylation is found on N-

terminal threonine residues, Thr6 and/or Thr9, completely abolishing agonist activity in rat soleus muscle. The 

modification of Thr6 in particular given its conservation and location within the N-terminal “activation loop”, may 

explain the loss of activity. Given the importance of understanding amylin metabolism, further studies using modern 

analytical techniques, such as sensitive mass spectrometry, would provide further insight into peptide residues to 

focus on in attempts to prolong plasma half-life or the half-life of amylin analogues. Improvements to the half-life 

of amylin and amylin mimetics could be clinically-beneficial and a range of strategies are being employed to 

generate modified peptides either with a longer duration of action, greater solubility or increased efficacy as 

outlined below. 

1.6.2 Pramlintide  

Due to their kinked nature, proline residues are secondary structure-disrupting; disfavouring peptide self-

association and aggregation. Exploiting the advantageous properties of the prolines found in the rat amylin 

sequence resulted in the creation of the amylin mimetic, pramlintide (Chiu et al., 2013). Pramlintide is a chimeric 

peptide comprised of the human amylin primary sequence with three proline substitutions from the rat amylin 

primary sequence: Ala25Pro, Ser28Pro and Ser29Pro (Figure 1.8). Pramlintide retains all of the beneficial actions of 

native amylin without the disadvantages of amyloid formation and cytotoxicity (Schmitz et al., 1997). Pramlintide 

is a FDA-approved adjunctive treatment to insulin for type 1 and type 2 diabetes, with further scope as an anti-

obesity therapy (Hay et al., 2015; Hinshaw et al., 2016). Unfortunately, pramlintide must be buffered at an acidic 

pH of 4 in order to retain solubility. Since insulin is buffered at a neutral pH, the two cannot be mixed in a single 

formulation (Nonoyama et al., 2008). Therefore, patients receiving both pramlintide and insulin require two 

separate injections pre-meal, which limits compliance. Considerable efforts have been employed to improve both 

the pharmacokinetics and/or formulation limitations of pramlintide. 

1.6.3 Glycosylated pramlintide 

A common technique to improve drug half-life is by introducing oligosaccharides onto peptide residues (Moradi et 

al., 2016, Figure 1.8). Asparagine-linked glycosylation is possible at the six Asn residues present on the pramlintide 
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peptide: Asn3, Asn14, Asn21, Asn22, Asn31 and Asn35. Three sugars of increasing size (GlcNac, penta and 

undecasaccharides) were enzymatically added at each Asn and screened for retention of biological activity in Cos-

7 cells transfected with hAMY1(a) or hAMY3(a) receptors for cAMP production. An example analogue is illustrated in 

Figure 1.8. The analogues with glycosylation closer to the C-terminus were better tolerated with only moderate 

reductions in potency at both receptors (Kowalczyk et al., 2014). Enzymatically added GlcNAc residues on Asn3 

and Asn21 were also biologically active in CHO-K1 cells at calcium signalling however, even a GlcNAc on Asn3 

reduced efficacy and penta/undeca-saccharides had 10 and 20-fold losses in activity, respectively. Pramlintide 

glycosylated at Asn21 with GlcNAc or the pentasaccharide were effective in an oral glucose tolerance test in vivo 

in rats. This illustrates that glycosylated pramlintide is active but supports the notion that larger sugars may disrupt 

secondary structure and/or sterically interfere with peptide activity (Tomabechi et al., 2013), at least with the 

positions utilised and synthetic approach used thus far. 
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Figure 1.8 Amylin and amylin mimetic peptides, including examples of (A) chimeras, (B) peptide modification and 

(C) phybrids. 
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1.6.4 N-Methylation 

The addition of methyl groups to amines in peptides (N-methylation) is also a technique employed to improve 

peptide pharmacokinetics and/or formulation, with an example shown in Figure 1.8. N-methylated derivatives of 

human amylin with methylation at positions Gly24 and Ile26 had improved solubility. They also retained receptor 

activation, although with reductions in binding and potency when tested in MCF-7 cells expressing amylin-

responsive receptors. Whilst MCF-7 cells are commonly used models for amylin receptor pharmacology, the exact 

composition of receptor and RAMP expression is currently undefined. To improve potency and binding parameters, 

derivatives were created with methylation at position Ala25 and Leu27, Phe23 and Ala25, or Ile26 and Leu27, which all 

had full-agonist activity for cAMP production in MCF-7 cells. The peptide with methylation at Ala25 and Leu27 was 

three-fold more potent than human amylin while the other analogues were equipotent. All derivatives also 

displayed improved half-lives over human amylin and pramlintide (Yan et al., 2013).  

1.6.5 PEGylation 

PEGylation is the covalent attachment of polyethylene glycol (PEG) polymers to peptides or proteins and is used 

to improve the pharmacokinetic profiles of peptides by potentially increasing the half-life by inhibiting renal 

clearance and/or protease degradation, reducing immunogenicity and/or increasing solubility (Pisal et al., 2010).  

Methoxyl MonoPEGylated and diPEGylated murine amylin were synthesised with the PEGylated residue 

being the N-terminal lysine at position 1 due to the availability of its two free amino groups (Figure 1.8). 

Subcutaneous administration of murine amylin and both of its PEGylated derivatives in mice caused equivalent 

reductions in blood glucose levels. However, both derivatives displayed a prolonged duration of action, reaching 

maximal effect at 5 hours post-administration compared to 2 hours for unmodified amylin. The hypoglycaemic 

actions of unmodified amylin lasted a total of 5 hours whereas both PEGylated amylin derivatives lasted a full 24 

hours (Guterres et al., 2013). The retained bioactivity of both PEGylated conjugates reveals that these 

modifications did not hinder the ability of the peptide to activate its receptor(s), despite the additions of large PEG 

groups at Lys1. The longer duration of action of these conjugates also validate this technique in improving the half-

life of amylin (Guterres et al., 2013). These conjugates were also effective in reducing glycaemia when 

subcutaneously administered in rats with consistently prolonged durations of action over that of unmodified amylin 

(Guerrero et al., 2013). 

Davalintide is a potent amylin mimetic agonist retaining the favourable biological effects of amylin. It is a 

chimera of the primary sequences of rat amylin and sCT (Figure 1.8). Davalintide is 32 amino acids in length and 

also contains the conserved disulphide bridge between Cys2 and Cys7 with an amidated C-terminus. Competition  

binding assays in rat nucleus accumbens membranes and production of cAMP in rat insulinoma cells revealed 

that davalintide remained equipotent with rat amylin, however the exact receptor subtype(s) these acted at remain 

unknown  (Mack et al., 2010). Acute and prolonged administration of davalintide in rodents produced dose-

dependent reductions of food intake and fat pad-specific weight loss with reductions in gastric emptying rates and 

glucagon production (Mack et al., 2011). Like amylin, these effects were not due to increased locomotor activity, 

suggesting activation of similar centrally-mediated metabolic pathways. Lesioning of the AP further confirmed this, 

as the food-suppressive and weight loss effects of both davalintide and rat amylin were abolished. Expression of 

c-fos overlapped in the same brain regions for rat amylin and davalintide, however, expression was prolonged for 

davalintide, lasting 8 hours compared to 2 hours with rat amylin (Mack et al., 2010). 

 With a half-life of 26 minutes for davalintide compared to 17 minutes for rat amylin, a reduced rate of renal 

clearance was considered unlikely to be the reason for this longer half-life. This disparity was attributed to reduced 
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dissociation rates of the davalintide observed in membrane preparations, as their association rates were similar 

(Mack et al., 2011). This effect is likely to be attributable to the sCT sequence within the peptide, where the degree 

of helical secondary structures in sCT, appears to influence peptide binding kinetics (Hilton et al., 2000). 

1.6.6 Phybrids  

The concept of combination therapies has been brought a step further with peptide hybrids, or “phybrids”; 

combining two distinct peptides with beneficial metabolic effects that may additively influence weight loss and/or 

glucoregulation by targeting two distinct receptors with complementary biological activity. Two such compounds, 

AC164204 and AC164209, produced by Trevaskis and colleagues (2013) have achieved this. The C-terminus of 

the GLP-1 receptor agonist exenatide analogue, AC3082, was linked covalently to the N-terminus of amylin 

chimera des-Lys1-davalintide (Figure 1.8). AC164204 and AC164209 differ by the type of linker used between 

peptides with a β-Ala-β-Ala and Gly-Gly-Gly spacer, respectively. Davalintide was C-terminally amidated and after 

ligation was oxidised to produce the N-terminal 2-7 disulphide loop (Trevaskis et al., 2013). In vitro, HEK293 cells 

transfected with hCT(a) or rat thyroid carcinoma cells expressing the GLP-1 receptor were used to measure cAMP 

production. Both phybrids acted as agonists at these receptors with potencies similar to their parent peptides, 

albeit with blunted potency at the hCT(a) likely due to the N-terminal linker attachment to davalintide and/or other 

potential steric hindrance imposed by this modification. The hAMY receptor(s) themselves were not explored here 

and require further analysis. Both acute intraperitoneal administration and sustained infusions of both analogues 

dose-dependently improved HbA1c levels after an oral glucose tolerance test in normal, obese and diabetic mice. 

Compared to parent peptides administered alone, sustained infusions resulted in greater appetite suppression and 

weight loss in ob/ob mice and diet-induced obesity (DIO) rats. Fat pad analysis of DIO rats revealed smaller fat 

pads with a maintenance of lean mass (Trevaskis et al., 2013). 

1.6.7 PEGylated hybrids 

To further improve the half-life and stability of the phybrids outlined in section 1.6.6, The C-terminus of exenatide 

analogue AC3174 was linked to the N-terminus of davalintide, with a 40 kD PEG between the two peptides (Figure 

1.8). Activity was analysed in vitro at the CTR by measuring cAMP accumulation in transfected HEK293 cells and 

at rat thyroid C-cells, which endogenously express GLP-1 receptors. This PEGylated hybrid activated both 

receptors in the low-nM concentration range (Sun et al., 2013).  In vivo, dose-dependent reductions in blood-

glucose levels and weight loss were seen following subcutaneous injections in female rats with longer-lasting 

effects compared with rat amylin; sustained for up to 4-5 days. In DIO rats the conjugated analogue dose-

dependently reduced food intake and body weight with a half-life of 27 hours. The estimated human half-life 

calculated from this was determined to be approximately 100 hours and amenable to a once-weekly dosing 

regimen (Sun et al., 2013).   

1.7 Introduction summary 

From available data thus far, it is becoming increasingly apparent that whilst the two-domain model of binding and 

activation for family B receptor peptide ligands is useful, this is only to a limiting degree. N-terminal ring fragments 

retain biological activity (Rossowski et al., 1997) and C-terminal fragments are often antagonists and retain binding 

to receptors (Barwell et al., 2012) validating these facets of the model. However, the data are not always so cleanly 

defined. Also questionable is the degree of importance of the disulphide “activation loop” and C-terminal tyrosine 

amide in the amylin peptide. The studies for amylin investigating their roles have not been done in biological assays 

with defined amylin receptors or in measuring canonical amylin-mediated physiological actions (Roberts et al., 
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1989). With CGRP, breaking the N-terminal disulphide still resulted in partial agonists in some biological assays.  

There are suitable suggestions as to the secondary structure the native amylin peptide adopts, however in solution 

it is likely to be disordered and capriciously change structure (He et al., 2015). Information from CD and NMR 

studies utilise detergent membranes to mimic cellular membrane/peptide interactions that are not ideal as they 

naturally instigate helical conformations and these vary depending on solvent used and/or micellar composition 

(Watkins et al., 2012). In order to be certain, crystal structures of amylin or pramlintide bound to an amylin receptor 

are needed. The crystal structures for a CGRP27-37 analogue, AM37-52 bound to their receptor ECD’s (Booe et al., 

2015) offer useful insights however fragments only tell part of the story and N-terminal interactions with receptor 

juxtamembrane regions are excluded in these models.  

The pharmacokinetic profile of pramlintide and its formulation requirements make it a suboptimal drug 

(Weyer et al., 2001). In particular, the additional beneficial effects of amylin/pramlintide in reducing body weight 

and their synergistic actions with other metabolic hormones are unlikely to translate into drugs for obesity without 

further improvement to the molecule or formulation. Therefore, there is considerable scope to improve upon amylin 

and existing amylin mimetics to optimise their therapeutic potential. Insight into how this may be achieved requires 

unlocking the mechanisms of amylin peptide binding and activation of its receptor(s) and hence, how the amino 

acid sequence and structure of this peptide translates into function. 

 

1.8 Aims/Objectives 

This thesis aims to tease apart the importance of N-terminal residues and the disulphide loop of human amylin in 

receptor activation and peptide binding. This was done by synthetically synthesising truncated analogues or single 

alanine, glycine or serine analogues of the first 17 amino acids of human amylin using an Fmoc solid-phase peptide 

synthesis approach. The peptides were characterised for pharmacological activity at the hCT(a), hAMY1(a) and 

hAMY3(a) receptors for their ability to produce cAMP and compared to the WT peptide. The hCT(b) isoform was not 

investigated, as this variant has incomplete coupling to G proteins and AC, and is the less-expressed variant in 

the body (Moore et al., 1995). The hAMY2(a) receptor was not characterised because amylin-receptor phenotype 

indicated by the shift of pEC50 compared to the CTR alone does not occur with this receptor in Cos-7 cells (Gingell 

et al., 2014). Analogues with statistically significant decreases or with increases in potency when tested in at least 

one of these receptors were assayed for their binding capacity to displace [125I]-hαCGRP in Cos-7 cells expressing 

the hAMY1(a) receptor. The information obtained within this thesis will provide important novel information on how 

the amylin peptides sequence and structural elements translate into receptor activation, with the objective of 

helping to guide more informed and targeted drug design for amylinmimetic drugs in the future. This thesis had 

the following specific objectives: 

 

Chapter 3 – Investigating the role of the N-terminal disulphide loop structure for receptor activation. 

The precise role of the N-terminal disulphide “activation loop” at defined amylin receptors has not been investigated 

for the human amylin peptide. An early study using rat amylin indicated that the potency of a linearised analogue 

was greatly diminished (Roberts et al., 1989). Since then, the biological activity of amylin has been better 

characterised and these structural analogues have not been tested in now-established canonical amylin-activated 

biological pathways. Therefore, an N-terminally truncated variant (hAMY8-37) and two linear analogues will be 

synthesised and tested for biological activity for cAMP production at hCT(a), hAMY1(a) and hAMY3(a) receptors. 

Binding will be investigated at hAMY1(a) receptors where appropriate. 
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Chapter 4 – Identifying residues within the N-terminal disulphide loop of human amylin important for 

receptor activation. 

After establishing the importance of the disulphide “activation loop” structure, single alanine or glycine replacement 

analogues will be synthesised and tested for biological activity at hCT(a), hAMY1(a), and hAMY3(a) receptors to 

ascertain individual residue contributions towards receptor activity. Residues with statistically significant impacts 

on potency will be further tested for binding at hAMY1(a) receptors.  

Chapter 5 – Identifying residues within the proposed 8-17 amphipathic helical regions of human amylin 

that are important for receptor activation.  

Single alanine or glycine replacement analogues will be synthesised and tested along the proposed 8-17 residue 

amphipathic helix (Nanga et al., 2009) and tested for biological activity at hCT(a), hAMY1(a), and hAMY3(a) receptors 

to ascertain individual residue contributions towards receptor activity in this region. Residues with statistically 

significant impacts on potency will be further characterised for binding at hAMY1(a) receptors.  

Chapter 6 - Investigating further sequence or structurally modified analogues and their impact on 

receptor activation 

After full characterisation of the first 17 N-terminal residues of human amylin, a targeted amino acid-substitution 

analogue will be synthesised in attempts to delineate possible selectivity mechanisms between CTR and amylin 

receptors. Also one increased-potency alanine analogue found in the human amylin sequence will be substituted 

into pramlintide to test if increased activity was translated into an already FDA-approved therapeutic peptide. 

Finally, a 17-residue N-terminal fragment will be synthesised to test if the N-terminus of the human amylin peptide 

is sufficient for receptor activation.
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Chapter 2 Materials and Methods 
2.1 Materials 

2.1.1 Machines 

 Liberty Microwave Peptide Synthesiser: CEM Corporation (Mathews, NC, USA) 

 PS3™ Peptide Synthesiser: Protein Technologies Inc. (Tucson, AZ, USA) 

 Biotage® Initiator + Alstra™ Microwave Peptide Synthesiser: Biotage (Uppsala, Sweden) 

 Dionex UltiMate 3000 HPLC system (Thermo Fisher Scientific (Sunnyvale, CA, USA) 

 Finnigan Surveyor MSQ Plus mass spectrometer Thermo Fisher Scientific (MA, USA) 

 Agilent 1120 Compact LC system with a Hewlett Packard Series 1100 MSD mass spectrometer: Agilent 

Technologies (Santa Clara, CA, USA) 

 Tribute® Peptide Synthesiser: Protein Technologies, Inc. (Tucson, AZ, USA) 

 Platform Mixer: Ratek (Boronia Victoria, Australia) 

 Sonicator: Soniclean® (Thebarton, South Australia) 

 Analytical RP-HPLC Dionex 3000 Ultimate: Thermo Fisher Scientific (Waltham, MA, USA)  

 Agilent Hewlett Packard 1100 MSD Mass Spectrometer: Agilent Technologies (Santa Clara, CA, USA) 

 Alpha 1-2 LDplus Freeze Dryer: Martin Christ Freeze Dryers (Osterode, Germany) 

 Envision Multilabel Plate Reader:  Product # 2104-0010A, PerkinElmer (Shelton, CT, USA)  

 Liquid Handling Robot: JANUS® PerkinElmer (Shelton, CT, USA)  

 Waterbath: Sub Aqua 18 Plus, GRANT Instruments (UK) 

 Inverted Microscope with LED Illumination: Leica DM IL LED 

 HeracellTM 150i CO2 Incubator: ThermoScientificTM, (USA) 

 Countess® Automated Cell Counter: Invitrogen (Carlsbad, CA, USA)  

 Nanodrop® ND-1000 Spectrophotometer: Nanodrop Technologies (Sunnyvale, CA, USA) 

 Wizard 2 Gamma Counter: PerkinElmer (Shelton, CT, USA) 

2.1.2 Peptide chemistry reagents 

All reagents used for peptide synthesis, oxidation and purification were of synthesis grade and used without further 

purification. They are listed as abbreviations for brevity, see abbreviations for full chemical name. 

2.1.2.1 Amino Acids 

All standard Fmoc-D-amino acids were purchase from GL Biochem Ltd (Shanghai, China) with the following side 

chain protection: Fmoc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Asn(Trt)-OH, Fmoc-Cys(Trt)-OH, Fmoc-Gln(Trt)-OH, 

Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Fmoc-Phe-OH, Fmoc-Pro-

OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH. Pseudoproline amino acids 

Fmoc-Ala-Thr(ѱMe,Mepro)-OH and Fmoc-Ser(tBu)-Ser(ѱMe,Mepro)-OH were purchased from Aapptec 

(Louisville, KY, USA).  

2.1.2.2 Resins and Linkers 

 ChemMatrix aminomethyl® resin: PCAS Biomatrix Inc. (Quebec, Canada, loading 0.69 mmol/g) 

 Aminomethyl polystyrene NH2 resin: RAPP Polymere GmbH (Tuebingen Germany, loading 0.91 mmol/g) 

 Fmoc-RINK linker: CS Bio Ltd (Shanghai, China) 
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2.1.2.3 Activating and coupling reagents 

 HATU: ChemPep® (Wellington, FL, USA) 

 HCTU: GL Biochem Ltd (Shanghai, China) 

 NMM: Sigma-Aldrich (St. Louis, MO, USA, Cat.# M56557) 

 DIPEA: Sigma-Aldrich (Cat.# 387649) 

 6-Cl-Hobt: Aapptec (Louisville, KY, USA, Cat.# CXZ096) 

2.1.2.4 Kaiser Test reagents 

 Kinhydrin, 100 mL ethanol 

 80 g phenol, 0 mL ethanol 

 2 mL 0.001 M KCN, 98 mL pyridine 

2.1.2.5 Oxidising agents 

 DTNP: Sigma-Aldrich (Cat# 158194) 

 DTP – Sigma Aldrich (Cat.# D5767) 

2.1.2.6 Solvents and Acids 

 DMF: Scharlau (Gillman, SA, Australia, Cat.# DI1061005P) 

 DCM: Scharlau (Cat.# CL0340) 

 Acetonitrile (HPLC-Grade): Scharlau (Cat.# AC03334000) 

 Lichrosolv® Acetonitrile (Hypergrade): EMD Millipore (Radnor, PA, USA, Cat.# EM1.00029.1000) 

 J.T. Baker® DMSO: Avantor (Centre Valley, PA, USA, Cat.# 9224-03) 

 Diethyl ether: Scharlau (Cat.# ET00741000) 

 Piperidine: Sigma-Aldrich (Cat.# 104094) 

 DIC: Sigma-Aldrich (Cat.#: D125407) 

 DoDT: Sigma-Aldrich (Cat.# 465178) 

 Absolute Ethanol: Merck & Co. (Cat.# 100983) 

 Methanol: Merck & Co. (Cat.# 106035) 

 TIPS: Alfa Aesar (Heysham, Lancashire, UK, Cat.#: L09585) 

 TFA (Synthesis-grade): Scharlau (Cat.#: AC31421000) 

 Formic Acid: Sigma-Aldrich (Cat.# 94318) 

2.1.2.7 HPLC Columns 

2.1.2.7.1 Semiprep 

 C18 Gemini (5 µm, 10.0 x 250 mm) 

 Grace Vydac 217TP Diphenyl  (5 µm, 4.6 x 250 mm) 

 Grace Vydac 219TP Diphenyl (10 µm, 10.0 x 250 mm) 

 Grace Vydac C4 (10 µm, 10.0 x 250 mm)  

 C18  Xterra® (10 µm, 19.0 x 300 mm) 

2.1.2.7.2 Analytical 

 Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm) 

 Grace Vydac 217TP Diphenyl  (5 µm, 4.6 x 250 mm) 
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2.1.3 Cell culture reagents & consumables 

 Complete DMEM: DMEM (high-glucose with 0.11 g/L Na Tyr and L-glutamine (Gibco®, CA, USA, Cat.# 

11995-065, 500mL) and 40 mL heat-inactivated FBS (approximately 8%, Moregate Biotech, QLD, 

Australia, heat-inactivated at 56°C for 30 min) 

 TrypLE™ Express: Gibco (Cat.# 12605) 

 DPBS: 1 x no calcium, no magnesium, Gibco® Themofisher Scientific (Cat.# 14190250, 500 mL), CA, 

USA 

 Glucose (dextrose monohydrate): Sigma-Aldrich (Cat.# 1-1910) 

 PEI: Sigma-Aldrich (Cat.# 40872-7, 25kD) 

 96-well tissue culture spectraplate: Perkin Elmer Life and Analytical Sciences (Boston, MA, USA, Cat.# 

6005680) 

 48-well tissue culture-treated plates: BD Falcon® (Cat.# 353078), NJ, USA 

 ELISA 1.2 mL microdilution tubes: Scientific Specialties, Inc.  

 T-25 cm2 cell culture flasks: Cellstar® Greiner Bio-one, Frickenhausen, Germany  

 T-75 cm2 cell culture flasks: Corning® (Cat.# 430641), Tewksbury, MA, USA 

 T-175 cm2 cell culture flasks: Corning® (Cat.# 431080), Corning, NY, USA 

 Trypan Blue 0.4%: (Cat.# T10282) InvitrogenTM, Eugene, OR, USA 

 Serological pipettes (5 mL, 10 mL, 25 mL): Costar® (Cat.#s 4487, 4488, 4489), Corning Inc, Corning NY, 

USA 

 Plate sealers: Excel Scientific, Inc., SealPlate® (Cat.# 100sealplt) 

 Polystyrene Reagent Reservoir (50 mL): Costar®, Corning Inc., Corning, NY, USA 

 CountessTM Slides: (Cat.# C10312), Invitrogen™, USA 

2.1.4 Mammalian cell lines 

Cos-7 cells (kindly provided by Associate Professor Nigel Birch, School of Biological Sciences, The University of 

Auckland, Auckland, New Zealand) derived from African green monkey kidney cells used for transfections, binding 

and LANCE cAMP assays. Cells were chosen due to their lack of expression of the CTR, CLR or RAMP proteins 

(Bailey et al., 2006; Hay and Pioszak, 2016).  

2.1.5 DNA constructs 

All DNA constructs used in this thesis were in pcDNA3.1 vectors (Life Technologies). The insert-negative human 

CTR with leucine at the polymorphic amino acid position 447 with an N-terminal haemagglutinin (HA) tag (HA-

hCTR) and myc-tagged hRAMP1 were kindly provided by Professor Patrick Sexton from The Monash Institute of 

Pharmaceutical Science, Australia. HA-hCLR and untagged hRAMP2 and hRAMP3 were kindly provided by 

Steven M. Foord (GlaxoSmithKline, Stevenage, UK). The HA-tag has been shown not to adversely affect receptor 

function (Qi et al., 2008).  

2.1.6 Peptides 

Human amylin was purchased from American Peptide (Sunnyvale, CA, USA) as a control to compare our in-house 

synthesised human amylin, and was also synthesised by Paul Harris. Pramlintide was synthesised by Renata 

Kowalczyk. 
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125I-hαCGRP – 50 µCi (1 mL): PerkinElmer (Cat.# NEX354050UC). 

2.1.7 Making up peptide solutions 

Amylin peptides and analogues thereof were made up as 1 or 10 mM stock solutions in DMSO based on their 

corresponding molecular weights. These were aliquoted to prevent more than three freeze-thaws for assays into 

Protein LoBind microcentrifuge tubes, and stored at -30°C. Peptide content was assumed to be 80% of the final 

mass.  

2.1.8 cAMP LANCE assays 

 LANCE kit: PerkinElmer (Cat.# AD0263), Shelton, CT, USA  

 384-well optiplates: Perkin Elmer (Cat.# 6007680) 

 Absolute Ethanol: EMSURE® (Cat.# 100982) Merck, Germany 

2.1.9 Other 

 Ampicillin: Sigma-Aldrich (Cat.# A0166-5G), prepared at 10 mg/mL 

 Phenex Syringe Filters (0.45µm pore size): Phenomenex Inc,  

 Bovine Serum Albumin (BSA): ICP Bio (Cat.# ABRE-100G) 

 HEPES 1M: (Cat #. 15630080) Gibco®, Invitrogen, USA 

 Forskolin: Tocris BioScience (Bristol, UK, Cat.# 1099) 

 Isobutylmethyxanthine (IBMX): Sigma-Aldrich (Cat.# 15879) 

 Liquid Nitrogen: School of Chemical Sciences, University of Auckland 

 Maxiprep kit: NucleoBond® Xtra Maxi, (Cat.# 740414050) Macherey Nagel, Duren, Germany 

 Petri Dishes: Cellstar® (Cat.# P7487) Greiner Bio-one, SigmaAldrich 

 FalconTM 15mL, 50mL Conical Centrifuge Tubes: (Cat.#s 352096, 352070), ThermoFisher Scientific  

 XL10-Gold® Ultracompetent E.coli cells: Stratagene, La Jolla, CA, USA 

 Safe Lock Eppendorf Tubes 1.5 mL: Eppendorf (Hamburg, Germany) 

 Protein LoBind microcentrifuge tubes: Eppendorf (Hamburg, Germany) 
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2.2 Methods 

2.2.1 Peptide chemistry 

All peptides made in this thesis were synthesised at the School of Chemical Sciences in the peptide chemistry 

laboratory (The University of Auckland, Auckland, New Zealand). Human amylin is a relatively challenging peptide 

to synthesise, given its hydrophobicity and self-aggregating nature. Therefore, the approach to synthesis was 

derived from techniques that had previously been successful in the literature. 

2.2.1.1 Peptide synthesis 

There are two major methods for the chemical generation of synthetic peptides: solution-phase peptide synthesis 

and solid-phase peptide synthesis (SPPS). Solution-phase peptide synthesis is carried out with the peptide 

dissolved in organic solvents whilst solid-phase involves a solid support resin covalently linked to the growing 

peptide chain. The disadvantages of solution-phase peptide synthesis include the limited solubility of protected 

peptides in solution, the increased likelihood of racemisation and the laborious and expensive nature of the 

technique. These limitations are overcome by the solid support resin, which improves peptide solubility, reduces 

racemisation and is more cost-effective and easier to perform (Kent, S.B., 1988). Human amylin has been 

successfully synthesised by solid-phase peptide synthesis by several independent laboratories (Harris et al., 2013; 

Abedini & Raleigh, 2005; Muthusamy et al., 2010; Marek et al., 2010; Yonemoto et al., 2008; Page et al., 2007; 

Hood et al., 2008), and therefore has been employed here.  

2.2.1.2 Solid-support resin and Nα-protecting groups 

The C-terminal amidation of native human amylin guided our selection for appropriate resins to attain the final 

biologically-active peptide. Initially, an aminomethyl polystyrene (AMPS) resin was used, similar to that of Harris 

and colleagues (2013) but later was switched to Aminomethyl-Chemmatrix® resin based on its robust stability, its 

capacity to better accommodate the synthesis of longer, hydrophobic peptide sequences, and its high loading 

characteristics (Garcia-Ramos et al., 2010). Aminomethyl-Chemmatrix® was also successfully employed for 

human amylin synthesis by Muthusamy and colleagues (2010).  

The second concern was to address the type of chemical synthesis to perform based on the chemistry of 

the Nα-protecting groups. There are two main protecting groups on the Nα amino acids available for synthetic 

peptide synthesis using the SPPS strategy: Fluorenylmethoxycarbonyl chloride (Fmoc) and tert-butyloxycarbonyl 

(Boc). For human amylin, Fmoc was chosen as the preferred protecting group, as it does not necessitate the use 

of costly volumes of trifluoroacetic acid (TFA) for deprotection during chain-assembly or the use of potentially fatal 

anhydrous hydrogen fluoride for the final deprotection step. The Nα Fmoc-protected amino acids require acid-

labile side chain protecting groups, which are not sensitive to base-mediated Fmoc deprotection (Kent, S.B., 1988; 

Pederson et al., 2012). The Fmoc synthesis strategy was also successfully employed by several groups prior 

(Harris et al., 2013, Abedini & Raleigh, 2005, Yonemoto et al., 2008; Page et al., 2007, Muthusamy et al., 2010; 

Marek et al., 2010).  

2.2.1.3 Linkers 

The first step in peptide synthesis on-resin is to covalently attach a linker molecule that connects the growing 

peptide chain to the resin. Choice of linkers is important, and plays a role in the production of a final C-terminal 

acid or amidation (Bacsa et al., 2008). Since amylin is C-terminally amidated, the Fmoc-RINK-amide linker was 
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chosen for the synthesis of all peptides and was attached to an in-house aminomethyl resin (Harris et al., 2011). 

This linker was also used successfully by other laboratories (Harris et al., 2013; Page et al., 2007). Confirmation 

of linker attachment was performed by Kaiser Test, whereby a small amount of resin/linker is combined with 3 

Kaiser test reagents (further details in subsection 2.1.2.4) for 5 minutes at 100°C, which produces a blue dye 

(positive Kaiser test) upon interaction with primary amines, indicating the linker has not attached sufficiently. A 

negative test is clear or yellow-coloured and indicates that the linker has attached successfully (Kaiser et al., 1970).  

2.2.1.4 Amino acid deprotection  

Since Fmoc is a temporary secondary base-labile protecting group, deprotection is achieved by the use of a base 

such as piperidine (20%) in DMF (Kent, S.B., 1988). The mechanism of Fmoc deprotection by piperidine is outlined 

in Scheme 2.1. First, piperidine deprotonates the fluorine ring in Fmoc, forming a cyclopentiadiene-like 

intermediate and the formation of dibenzofulvene. Piperidine then captures dibenzofulvene producing an adduct. 

Finally, a decarboxylation step produces the final deprotected amino acid ready for coupling of the next amino 

acid. 

 

Scheme 2.1 Scheme of Fmoc deprotection by piperidine.  

2.2.1.5 Amino acid coupling reagents  

Since peptide bond formation between a carboxylic acid and an amine will not occur spontaneously, coupling 

reagents (also called activators) are needed. Both 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HCTU) and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 

hexafluorophosphate (HATU) were chosen for this project for their superior coupling efficiency and were also 

employed with success for the synthesis of amylin by others (Harris et al., 2013; Hood et al., 2008). HATU and 

HCTU activate the carbonyl group of an incoming Nα Fmoc-protected amino, creating an active ester intermediate 

in situ that can then readily react with the Fmoc-deprotected Nα amine on the resin-bound peptide to form a new 

peptide bond (Valeur and Bradley, 2008). A general scheme of this process is provided in Scheme 2.2, with the 

structures of HATU and HCTU. Briefly, the Nα Fmoc-protected and carboxyl deprotonated amino acid reacts first 

with HATU to form an activated ester intermediate, releasing the 1-Hydroxy-7-azabenzotriazole (HOAt) moiety. 

HOAt then reacts with the activated acid species for form an OAt ester followed by aminolysis and amide bond 
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formation releasing urea as a by-product. The HCTU-mediated amide bond formation occurs in a similar fashion 

to HATU but 1-Hydroxy-6-chloro-benzotriazole (6-Cl-HOBt) is formed instead of HOAt.  

 

Scheme 2.2 HATU and HCTU-mediated activation of the incoming Nα Fmoc-protected amino acid enabling amide 

bond formation with the free Nα-amino group of the growing resin-bound peptide chain. The structure of activator 

6-Cl-HOBt is also shown, the by-product for HCTU-mediated coupling.  

2.2.1.6 Pseudoprolines  

A common complication when synthesising peptides it the potential for the lengthening peptide chain to self-

aggregate and become insoluble. This is particularly problematic with the amyloidogenic human amylin sequence, 

and various methods were used to mitigate these effects. Where possible, microwave peptide synthesisers were 

used, which speeds up amino acid coupling and deprotection steps making them more efficient (Bacsa et al., 

2008; Pederson et al., 2012). In addition to this, the use of pseudoprolines were employed, which are proline-like 

synthetic dipeptides that behave much like a native proline, inhibiting the aggregation ability of the growing peptide 

chains by the bulky nature of its side-chain. In addition, they mimic the proline moiety, introducing natural “turns” 

within the peptide chain and minimising aggregate formation. Pseudoprolines are cleavable by TFA, resulting in 

an unmodified final product on peptide cleavage from the resin with TFA (Wohr et al., 1996). Psuedoprolines were 

also routinely used by other laboratories synthesising human amylin, or other amyloidogenic sequences (Adebini 

& Raleigh, 2005; Yonemoto et al., 2008; Page et al., 2007; Hood et al., 2008). Chemical structures of 

pseudoproline dipeptides used for this thesis Fmoc-Ala-Thr(ψMe,MePro)-OH at position 8/9 and Fmoc-Ser-

Ser(ψMe,Me-Pro)-OH at positions 19/20 and 28/29 in human amylin and its analogues before and after TFA 

treatment are shown in Scheme 2.3.  
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Scheme 2.3 Ser-Ser and Ala-Thr pseudoproline before and after cleavage with TFA.  

2.2.1.7 Cleavage 

The last step in SPPS is peptide detachment from the solid support and removal of amino acid side-chain 

protecting groups. This was achieved using TFA, which simultaneously cleaves the peptide from the resin and 

removes side-chain protecting groups. To minimise side-chain reactions occurring during this process, scavengers 

such as water, triisopropylsilane (TIPS) and 3,6-dioxa-1,8-octanedithiol (DODT) were added to the cleavage 

cocktail.  

2.2.1.8 Oxidising reagents  

In order to form the disulphide bond between cysteine residues 2 and 7, which are required for biological activity 

of the human amylin peptide (Roberts et al., 1989), an oxidation step was performed after synthesis of amylin and 

its analogues. Several methods had been previously employed to achieve a disulphide bond formation for human 

amylin including air oxidation in DMSO for 24 hours (Abedini & Raleigh), iodine oxidation (Muthusamy et al., 2010), 

or 2,2'-dithiodipyridine (DTP) (Harris et al., 2013). For this project two different oxidising agents were employed for 

the formation of the Cys2-Cys7 disulphide bond of human amylin: DTP and 2,2'-dithiobis(5-nitropyridine), (DTNP). 

They were selected as they proved to be very efficient with reaction times, of less than 1 hour to complete 

cyclisation (Schroll et al., 2012). Since the reaction with DTNP was more efficient (0.5 eq) compared to the use of 

DTP (3 eq), DTNP was utilised for disulphide formation for most of the human amylin analogues in this project. A 

mechanism of action of DTNP is shown in Scheme 2.4. 
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Scheme 2.4 DTNP-mediated disulphide bond formation. 

2.2.1.9 General summary of Fmoc SPPS of human amylin 

Solid phase peptide synthesis is carried out on-resin with the peptide built from the C-terminus to the N-terminus, 

outlined in Scheme 2.1. The first step is to covalently attach a linker (ie: Fmoc-RINK-Amide) to the selected resin 

followed by attachment of the first C-terminal amino acid. The Nα Fmoc protecting group of the resin bound C-

terminal amino acid is then deprotected with piperidine followed by coupling of the next Nα Fmoc-protected amino 

acid using a coupling reagent (HATU, HCTU) and a tertiary base such as DIPEA. Cycles of coupling and 

deprotection steps are repeated until the desired amino acid sequence is achieved. Given the repetitive steps of 

synthesis, the protocol is automatable and therefore, various peptide synthesiser machines were utilised. Final 

Fmoc group deprotection is done with piperidine, and cleavage from the resin was achieved with TFA, which 

removes the peptide from the resin while simultaneously deprotecting the individual amino acid side chains 

(Scheme 2.5). 
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Scheme 2.5 Solid-phase peptide synthesis. The final peptide derived from the resin shown is C-terminally 

amidated.  
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2.2.1.9 Synthesis of linear peptides 

All linear peptides were synthesised using Fmoc/tBu SPPS methods using one of four peptide synthesisers: a 

Liberty Microwave Peptide Synthesiser, a PS3™ Peptide Synthesiser, a Biotage® Initiator + Alstra™ Microwave 

Peptide Synthesiser or a Tribute® Peptide Synthesiser. The peptides were made on either a 0.05 or 0.1 mM scale 

and used either aminomethyl polystyrene resin (0.85 g/mmol loading) or Chemmatrix® aminomethyl resin (0.66 

g/mmol loading), using an Fmoc-RINK amide linker. 

2.2.1.9.1 Fmoc-RINK amide linker attachment  

Resin was suspended in DCM (5 mL) and shaken at room temperature for 30 minutes to achieve adequate swelling 

prior to linker attachment. Subsequently the resin was filtered, washed three times with DMF (5 mL) and drained. 

The Fmoc-RINK linker (215 mg, 0.4 mmol, 4 eq) was dissolved in a mixture of DIC (62 µl, 0.4 mmol, 4 eq) and 6-

Cl-HOBt (67.8 mg, 0.4 mmol, 4 eq) in DMF (3 mL). The solution was added to the resin and allowed to incubate 

for 2.5 hours on a shaker at room temperature. Linker attachment was confirmed with a negative clear Kaiser test 

(Kaiser et al., 1970), the resin was then drained and washed three times with DMF (5 mL) and then DCM (5 mL). 

In the event that the Kaiser test result was positive (blue in colour), the resin was washed with DMF (5 mL) three 

times and linker attachment procedure repeated until a negative Kaiser test result (clear or yellow colour) was 

obtained.  

2.2.1.9.2 Liberty Microwave Peptide Synthesiser 

All peptides synthesised on this machine were made using Fmoc-RINK amino-methyl polystyrene (AMP) resin. 

Prior to synthesis, the resin (120 mg, 0.1 mmol or 60 mg, 0.05 mmol) was transferred to a reaction vessel. The 

Fmoc-protected amino acids and HCTU were dissolved to 0.2 M and 0.45 M in DMF, respectively. DIPEA was 

dissolved to 2 M concentration in NMP and 20% piperidine solution in DMF (80%) was used for the Nα-Fmoc 

protecting group removal. Peptide synthesis was completed under the following parameters: Nα-Fmoc protecting 

groups were removed using 30 seconds then 3 minute deprotection cycles at 60 W with a maximum temperature 

of 75°C. Fmoc amino acids (2.5 mL, 5 eq) couplings were achieved using HCTU (1 mL, 4.5 eq) and DIPEA (0.5 

mL, 4.5 eq) for 5 minutes at 25 W with a maximum temperature of 75°C with the exception of the following: Fmoc-

Arg(Pbf)-OH, Fmoc-Cys(Trt)-OH and Fmoc-His(Trt)-OH were coupled at room temperature for (25 minutes for 

Arg, 10 minutes for His/Cys) followed by 5 minutes at 25 W with a maximum temperature of 47°C. Coupling of the 

Fmoc-Ser-Ser(ѱMe,MePro)-OH at position 28/29 of the peptide sequence was undertaken via manual addition of 

reagents. Therefore, Fmoc-Ser-Ser(ѱMe,MePro)-OH (205 mg, 0.4 mmol, 4 eq) was dissolved in a solution of HCTU 

(159 mg, 0.4mmol, 3.8 eq) in 4 mL DMF and added to the reaction vessel. Finally, DIPEA (140 µl, 0.8 mmol, 8 eq) 

was added directly to the reaction vessel and swirled to mix for approximately 30 seconds. Fmoc-Ser-

Ser(ѱMe,MePro)-OH coupling was performed for 20 minutes at 25 W with a maximum temperature of 75°C. Upon 

successful completion of the sequence, the resin was washed three times with DMF. Subsequent syntheses on 

this machine were undertaken using the same conditions described.  

2.2.1.9.3 Biotage® Initiator + Alstra™ Microwave Peptide Synthesiser 

All peptides synthesised on this machine were made using AMP resin. Prior to synthesis, the resin (120 mg, 0.1 

mmol) was transferred to a Liberty reaction vessel. The Fmoc-protected amino acids and HCTU were dissolved 

to 0.2 M and 0.45 M in DMF, respectively. DIPEA was dissolved to 2 M concentration in NMP and 20% piperidine 

solution in DMF (80%) was used for the Nα-Fmoc protecting group removal. Peptide synthesis was completed 

under the following parameters: Nα-Fmoc protecting groups were removed using 1 minute then 3 minute 
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deprotection cycles at 60 W with a maximum temperature of 75°C. Fmoc amino acids (2.6 mL, 5 eq) couplings 

were achieved using HCTU (1 mL, 4.5 eq) and DIPEA (0.5 mL, 4.5 eq) for 5 minutes at 25 W with a maximum 

temperature of 75°C with the exception of the following: Fmoc-Arg(Pbf)-OH was coupled for 25 minutes at 75°C 

followed by 5 minutes at 72°C. Fmoc-Cys(Trt)-OH and Fmoc-His(Trt)-OH were coupled at room temperature for 

15 minutes followed by 5 minutes at 25 W with a maximum temperature of 47°C. Coupling of the Fmoc-Ser-

Ser(ѱMe,MePro)-OH at position 28/29 of the peptide sequence was undertaken via manual addition of reagents. 

Therefore, Fmoc-Ser-Ser(ѱMe,MePro)-OH (205 mg, 0.4 mmol, 4 eq) was dissolved in a solution of HCTU (159 mg, 

0.4mmol, 3.8 eq) in 4 mL DMF and added to the reaction vessel. Finally, DIPEA (140 µl, 0.8 mmol, 8 eq) was 

added directly to the reaction vessel and swirled to mix for approximately 30 seconds. Fmoc-Ser-Ser(ѱMe,MePro)-

OH coupling was performed for 20 minutes at 25 W with a maximum temperature of 75°C. Upon successful 

completion of the sequence, the resin was washed three times with DMF.  

2.2.1.9.4 Tribute® Peptide Synthesiser 

Peptides made on this machine were made using AMP resin or Chemmatrix® resin. Fmoc-amino acids were 

weighed out in single vials and not predissolved. Prior to synthesis, the resin (145 mg, 0.1 mmol) was transferred 

to a reaction vessel. The Fmoc-protected amino acids were weighed for a final solvation to 0.2 M (5 eq) in HCTU 

(2 mL, 0.23 M, 4.6 eq). NMM was dissolved to 2 M concentration in NMP and 20% piperidine solution in DMF 

(80%) was used for the Nα-Fmoc protecting group removal. Peptide synthesis was completed under the following 

parameters: Nα-Fmoc protecting groups were removed using two subsequent 3 minute deprotection cycles with 

N2 vortex-mixing. Fmoc amino acids were double-coupled for 10 minutes per coupling with the exception of Fmoc-

Arg(Pbf)-OH, which was triple-coupled. Coupling of two Fmoc-Ser-Ser(ѱMe,MePro)-OH amino acids at positions 

19/20 and 28/29 of the peptide sequence was undertaken via manual addition of reagents in a CEM manual 

microwave with an open vessel. Therefore, Fmoc-Ser-Ser(ѱMe,MePro)-OH (205 mg, 0.4 mmol, 4 eq) was dissolved 

in a solution of HCTU (159 mg, 0.4 mmol, 3.8 eq) in 4 mL DMF and added to the reaction vessel. Finally, DIPEA 

(140 µl, 0.8 mmol, 8 eq) was added directly to the reaction vessel and swirled to mix for approximately 30 seconds. 

Fmoc-Ser-Ser(ѱMe,MePro)-OH coupling was performed for 10 minutes at 25 W with a maximum temperature of 

75°C. Once pseudoprolines were added, the remainder of the sequence was completed on the Tribute® peptide 

synthesiser. Upon successful completion of the sequence, the resin was washed three times with DMF.  

2.2.1.9.4 PS3™ Peptide Synthesiser 

Peptides made on this machine were made using AMP resin or Chemmatrix® resin. Prior to synthesis, the resin 

(145 mg, 0.1 mmol) were transferred to a PS3 reaction vessel. The Fmoc-protected amino acids (5 eq) were 

weighed into single vials for a final solvation to 0.2 M (5 eq) with HATU (175 mg, 0.4 mmol, 3.8 eq) and not 

predissolved. Peptide synthesis was completed under the following parameters: Two subsequent 5 minute 

deprotection cycles with 20% piperidine in DMF (80%) were used for the Nα-Fmoc protecting group removal. Fmoc 

amino acids (5 eq) couplings were achieved will the addition of NMM in DMF (3 mL, 0.4 M) to the amino acid/HATU 

powder, which was then added to the resin in the reaction vessel with DMF (3 mL) and left to couple at room 

temperature for 10 minutes. Three pseudoprolines were incorporated into peptide synthesised on this machine 

due to it not being a microwave synthesiser. Coupling of the pseudoprolines was done under the same conditions 

as the other amino acids, including Fmoc-Ala-Thr(ѱMe,MePro)-OH at position 8/9 and Fmoc-Ser-Ser(ѱMe,MePro)-OH 

at positions 19/20 and 28/29. Upon successful completion of the sequence, the resin was washed three times with 

DMF.  
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2.2.1.10 Large-scale cleavage of peptides from resin 

Cleavage was performed using TFA/TIS/MQ-H2O/DODT (94/1/2.5/2.5, v/v/v/v) on a shaker at room temperature 

for 3 hours. The resin was drained, washed with ~2 mL of TFA and filtrates were collected and concentrated under 

a stream of nitrogen gas. Precipitation of peptides was achieved by three sequential washes with ice-cold diethyl 

ether (4°C, 35 mL), and isolated by centrifugation. Following the final centrifugation step, ether was decanted 

leaving the crude peptide pellet, which was allowed to dry for 5 minutes under a stream of nitrogen gas. The pellet 

was then dissolved in 30 mL 1:1 v/v (ACN + 0.1% TFA: MQ-H2O + 0.1%TFA), warmed in a sonicator for 1 hour 

and lyophilised for 48-72 hours to yield the crude product. Confirmation of the correct peptide was achieved using 

MS and RP-HPLC. 

2.2.1.11 Oxidation of linear peptides 

To generate the cyclic Cys2-Cys7 N-terminal disulphide loop, approximately 50 mg of crude peptide was weighed 

and dissolved in 4 mL DMSO. DTP (3 eq.) or DTNP (0.5 eq.) was dissolved in 1 mL DMSO and the 1 mL solution 

added to the peptide/DMSO to produce a solution of approximately 10 mg/ml. Oxidation was initially tested at room 

temperature for 20 minutes, however cyclisation was optimal after 1 hour at room temperature on a shaker. 

Oxidation was confirmed by MS and RP-HPLC analysis, which indicated m/z ratio changes and retention time (RT) 

shifts, so 1 hour was used throughout. 

2.2.1.12 Peptide purification and analysis 

Purification was achieved by semi-preparative RP-HPLC using a Vydac diphenyl, C4 or C18 column as specified 

in Chapter 2, section 2.1.2.6, with detection at 210, 254, and 280 nm. Crude or oxidised peptides were loaded on 

the column at 1% B and a linear gradient of 1 – 10% B at 2% B per minute, then 10 – 50% B at 0.25% B per minute 

with a flow of 5 ml/min at 50°C was used for purification. If a second purification was necessary (peptide purity < 

90%), a gradient of 1 – 8% B at 1% B per minute followed by 8 – 50% B at 0.1% B per minute with a flow of 5 

ml/min at 50°C was employed. Collected fractions (2.5 mL) were analysed (ESI-MS, LCMS), pooled and 

lyophilised. On occasions where a third purification was required, a gradient of 1 – 8% B per minute at 1% B per 

minute, then 8 – 50% B at 0.1% B per minute was used with a flow rate of 1 mL/min at 50°C using the column 

Grace Vydac 217TP Diphenyl  (5 µm, 4.6 x 250 mm). Collected fractions (0.5 mL) were analysed (ESI-MS, LCMS), 

pooled and lyophilised to yield the final product (purities >90%). Purity was confirmed by a single major peak in 

the HPLC chromatogram and the purity percentage was estimated from the area under the major peak. This 

validates that there is one major product with few contaminating impurities such as deletion sequence peptides, 

or other peptide impurities that absorb at 210 nm.  

2.2.2 DNA methods and bacterial culture 

2.2.2.1 Bacterial transformation 

All bacterial work in this thesis was performed using aseptic technique and XL10-gold® Ultracompetent cells were 

used for transforming plasmids. The selection marker was ampicillin, used at a final concentration of 0.1 mg/ml in 

Luria Broth agar plates or in Luria broth media. Cells (9 µl) were thawed on ice and 1 µl (10 ng) of DNA was added 

and incubated on ice for 30 minutes. The cells were then heat-shocked at 42°C for 30 seconds and then incubated 

on ice for 2 minutes. Cells were then streaked onto Luria Broth agar plates containing ampicillin and incubated at 

37°C overnight for approximately 16 hours.  
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2.2.2.2 Bacterial glycerol stocks 

Some transformed XL10-gold® Ultracompetent cells with desired DNA constructs were frozen down into glycerol 

stocks in -80°C storage. These stocks were prepared from a single colony of bacterial cells that had produced 

plasmid DNA sequences, which were verified by sequencing techniques and can be stored for up to 3 years at -

80°C. To make these stocks, cells (850 µl) were mixed with 150 µl of 100% sterile glycerol and stored at - 80°C in 

cryovials. To use them, cells were removed from the freezer and kept over ice, then a sterile inoculation loop was 

scraped over the frozen cell stock and subsequently streaked onto Luria Broth agar plates with ampicillin and 

incubated at 37°C for approximately 16 hours. 

2.2.2.3 Plasmid isolation and purification using Maxiprep kits 

Plasmids containing the DNA constructs described in Chapter 2 (subsection 2.1.4) were isolated from E.coli using 

NucleoBond® Xtra Maxi kits. Plasmid isolation and purification was performed as per manufacturer’s instructions. 

Briefly, after transformation with the appropriate plasmid and overnight incubation on a Luria Broth agar plate with 

ampicillin, a single colony of XL10-gold® Ultracompetent cells was selected for a starter culture. This colony was 

used to inoculate 3 mL of Luria Broth media containing ampicillin, and left at 37°C on a rotating mixer (200 rpm) 

for 8 hours. After 8 hours, 3 mL of starter culture was used to inoculate 600 mL Luria Broth media with ampicillin 

and left overnight at 37°C on a shaking mixer (160 rpm). The next day, the cells in Luria broth media were 

centrifuged (4000 g, 20 min, 4°C) and the supernatant carefully decanted. The bacterial pellet was resuspended 

in cold resuspension buffer with RNase A (15 mL) until the mixture was homogenous. The cells were then lysed 

with lysis buffer (15 mL), mixed by inversion and left at room temperature for 5 minutes. Neutralisation buffer (15 

mL) was added and after inversion mixing, the precipitate was centrifuged (3000 g, 10 min, 4°C). The supernatant 

was poured onto an equilibrated filter column and left to drain by gravity flow. The column was then washed with 

equilibration buffer (15 mL), drained, and the filter discarded. The column was washed with wash buffer (25 mL) 

prior to elution whereby elution buffer (15 mL) was added to the column and the eluent with DNA collected. DNA 

was precipitated out with isopropanol (10.5 mL) and centrifuged (15,000 g, 30 min, 4°C). The supernatant was 

decanted and the DNA pellet left to air-dry for 10-15 minutes. The pellet was then resuspended in 600 µl of sterile 

water (DNAse/RNAse-free). The plasmid DNA concentration and purity (260/280 nm ratio) were quantified using 

a Nanodrop® ND-1000 Spectrophotometer. DNA concentrations generally ranged from 1000 ng/µl to 2500 ng/µl 

and purity (260/280 nm ratios) between 1.80 and 2.00.  

2.2.3 Mammalian cell culture 

All cell culture work in this thesis was performed under UV and ethanol-sterilised conditions in a Class II biohazard 

safety cabinet. All reagents were pre-warmed to 37°C before use. 

2.2.3.1 Subculture  

Cos-7 cells were grown and divided to passage 30 in T75 cm3 or T175 cm3 culture flasks in complete DMEM with 

heat-inactivated FBS. FBS was heat-inactivated at 56°C for 30 minutes to reduce complement and sterilise the 

serum (Soltis et al., 1979). Cells were cultured when they reached ~90% confluency, every 3-4 days. First, old 

media was removed from the flask and the cells were washed once with 5 mL or 10 mL DPBS, depending on flask 

size. DPBS was removed and TrypLE (5 mL or 10 mL) was used to detach cells and left for up to 5 minutes. Cells 

were then agitated to resuspend and DMEM (5 mL or 10 mL) was added to neutralise TrypLE activity. For 

subculture, 1 mL or 2 mL of cells was added to a fresh T75 cm3 flask with 12 mL DMEM for a 1:5 or a 1:10 split, 
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respectively. For T175 cm3 flasks, 2 mL cells for a 1:5 or 4 mL cells for a 1:10 split were used in 24 mL DMEM. 

Cells were left to grow in a 37°C humidified 95% air/5% CO2 incubator. 

2.2.3.2 Plating: LANCE assays 

For cell plating, the cells were detached as described, and 1 mL of cells was transferred to a 50 mL falcon tube 

with 6 mL DMEM for an initial 1:7 dilution. Two 10 µl samples were taken for cell counting by a Countess® 

Automated Cell Counter to determine the number of cells/mL. Calculations were done to ensure approximately 

18,000 – 20,000 cells/well (depending on cell passage number) to a 96-well culture plate. These cells at earlier 

passages tend to grow more slowly than those at a later passage, therefore early passage cells were plated at a 

higher cell density (20,000 cells/well) than at later passages (18,000 cells/well) to account for the difference in 

growth rate. This ensured that cAMP values were on the standard curve. Plated cells were then returned to the 

37°C humidified 95% air/5% CO2 incubator for approximately 18-24 hours. 

2.2.3.3 Plating: binding assays 

Cells were detached as described, and 1 mL cells transferred to a 50 mL falcon tube with 6 mL DMEM for an initial 

1:7 dilution. Two 10 µl samples were taken for cell counting by a Countess® Automated Cell Counter to determine 

cells/mL. Calculations were done to ensure approximately 50,000 cells/well in a 48-well culture plate. Plated cells 

were then returned to the 37°C humidified 95% air/5% CO2 incubator for approximately 18-24 hours. 

2.2.3.4 Transient transfections 

Cos-7 cells were transiently transfected using polyethyleneimine (PEI), (Boussif et al., 1995) as described 

previously (Bailey et al., 2006) in multiwell plates. As required, both heterodimer components of the receptors were 

transfected (HA-hCT(a) and one of three RAMPs) in a 1:1 ratio. Where this wasn’t required, a 1:1 mix of the receptor 

(HA-hCT(a)) with empty vector (pcDNA3.1) were transfected to ensure consistent receptor expression and DNA 

levels. Transfection mixes consisted of filter-sterilised 5% glucose (10% of final volume), 0.25 µg for 96-well plates 

or 0.50 µg plasmid DNA per well for 48-well plates, PEI (3 µl x total µg DNA per well), and DMEM complete media 

(90% final volume) following that order of addition. PEI was added in a drop-wise manner to the DNA/glucose 

mixture, gently mixed and left to incubate at room temperature for 10 minutes and followed by addition of DMEM. 

Cells plated the day prior were aspirated of old media and 100 µl of transfection mix for 96-well plates or 200 µl 

for 48-well plates were added per well. The transfected plates were then returned to their 37°C humidified 95% 

air/5% CO2 incubator for 36 – 48 hours.  

2.2.4 Biological cAMP assays Cos-7 cells 

2.2.4.1 Stimulation with peptides 

After 36-48 hours incubation, plates were aspirated of transfection media and replaced with 90 µl serum-free 

DMEM media with 0.1% BSA and 1 mM IBMX (in DMSO) and left to serum-starve for 30 minutes in a 37°C 

incubator to reduce basal cAMP production. The agonists, human amylin and its analogues (1 mM or 10 mM 

stocks), were serially diluted in a 10-fold dilution series at 10 times their final concentration to give final 

concentrations per well ranging from 1 µM to 1 pM or 10 µM to 10 pM. In some assays, a Janus® liquid handling 

robot (Perkin Elmer) performed the serial drug dilutions, which then were manually added to the plates; an 

approach previously validated in our laboratory. Forskolin (50 µM) was used as a positive control, also prepared 

in the same media. After serum-starving, 10 µl of serially diluted agonists were added per well for a final volume 

of 100 µl/well. Forskolin control wells were aspirated of 40 µl media and 50 µl forskolin added to two wells/plate. 
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Wells with no peptide were delivered 10 µl of media and used as a negative control. Plates were then placed in a 

37°C incubator for 15 minutes, then the media was thoroughly aspirated and 50 µl of ice-cold absolute ethanol 

added to each well. Plates were then placed in a -30°C freezer for 10 minutes or overnight prior to assay, then 

removed and allowed to air dry in a fume hood for 1-2 hours.  

 

2.2.4.2 LANCE® cAMP assay 

General Principle: LANCE® cAMP Assay: 

This assay is a time-resolved resonance energy transfer (TR-FRET) immunoassay whereby a streptavidin-

europium (Eu) chelate bound to biotinylated cAMP (bcAMP) competes with the cellular cAMP produced in the cell 

sample for binding to an Alexa-fluor®647 antibody. Ordinarily, the bcAMP on the Eu-streptavidin complex interacts 

with the Alexa-fluor antibody. Excitation of Eu with a 340 nm wavelength transfers energy from Eu-streptavidin to 

the Alexa-fluor antibody, emitting light at 665 nm (Figure 2.1).  However, when there are high levels of cAMP in 

the cell sample, this cAMP binds the Alexa-fluor dye in place of the bcAMP-bound Eu-streptavidin and no energy 

transfer can occur, reducing light emission. Therefore, a high emission signal in this assay corresponds to low 

cellular cAMP levels and a low emission signal indicates higher levels of cellular cAMP competing for binding to 

the Alexa-fluor antibody (Figure 2.1).
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Figure 2.1 The basic principle outlining the mechanisms of the LANCE assay in measuring production of cAMP. 
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2.2.4.3 cAMP Measurement: LANCE® cAMP kit 

After ethanol evaporated from the plates, 20 - 50 µl (depending on cell confluency) of LANCE detection buffer 

(lysis buffer, 0.35% Triton X-100, 50 mM HEPES and 10 mM calcium chloride in ddH2O, pH 7.4) was added per 

well and left on a plate shaker for 10-15 minutes at room temperature. Meanwhile, a cAMP standard curve was 

generated using LANCE detection buffer and a serially diluted cAMP standard (50 µM) ranging from 1 µM to 10 

pM. The serially diluted cAMP standards (5 µl) and cell lysates (5 µl) were transferred into 384-well opti-plates and 

sealed with a Sealplate®-A-384-well microplate adhesive film and briefly centrifuged (10 seconds, 500 rpm, 23°C). 

A 1:200 dilution of LANCE assay Alexa Fluor® 647 anti-cAMP antibody was prepared in detection buffer and 5 µl 

added to each well. Plates were sealed and briefly centrifuged again (10 seconds, 500 rpm, 23°C) and left to 

incubate, sealed for 30 minutes at room temperature. During this incubation, detection mix was made up consisting 

of detection buffer, Europium-W8044 labelled streptavidin (1:4500) and biotin-cAMP (1:1500). After 30 minutes 

incubation, 10 µl of detection mix was added to each well, plates were centrifuged (30 seconds, 500 rpm, 23°C), 

sealed and left to incubate for 1 hour at room temperature. Plates were read after 1 hour or overnight on an 

Envision plate reader. A standard curve was included in each experiment to ensure accurate quantification of 

cAMP.  

2.2.5 Receptor binding 

Due to lack of availability of a functioning radiolabelled human or rat amylin peptide, radiolabelled I[125]-CGRP was 

used, as it binds and activates the hAMY1(a) receptor with equal potency to WT human amylin as shown previously 

(Gingell et al., 2016; Kuwasako et al., 2004). Prior to conducting binding assays, control experiments were 

completed to ensure that the radiolabel was functional and behaved as expected with binding to the CGRP and 

hAMY1(a) receptors (Figure 2.2). Specific binding was present at the hCGRP (comprised of hCLR and RAMP1) and 

hAMY1(a) receptors, but was mostly undetectable at the hCT(a), hAMY2(a) and hAMY3(a) receptors, with no specific 

binding in vector transfected cells. These results validated our approach in using [125]I-hαCGRP for binding, and is 

the reason only the hAMY1(a) receptor was investigated for binding. Non-specific binding was measured in the 

presence of 3 µM hAMY or hαCGRP (Figure 2.2). This binding analysis followed the protocol outlined below. 

Select analogues that presented with statistically significant increases or reductions in potency in cAMP 

assays were assessed for binding at the hAMY1(a) receptor transfected into Cos-7 cells, with the exception of L16A 

human amylin, which presented large variability in cAMP assays, so was tested for binding to confirm its activity. 

Twenty-four hours following transfection, plates were removed from the incubator, old media was removed and 

the wells were washed once in binding media composed of DMEM and 0.1% BSA (250 µl/well). Binding buffer 

was aspirated and 100 µl of binding buffer was added per well followed by 50 µl radiolabelled I[125]-hαCGRP at 

30,000 cpm/well and finally 50 µl cold peptide, which was serially diluted at concentrations ranging from 1 µM to 1 

pM or 10 µM to 10 pM. Total binding was obtained from 4 wells per plate in the absence of cold peptide, and non-

specific binding was attained in 2 wells per plate with radiolabel and very high concentrations (3 µM) of the control, 

WT human amylin. The plates were incubated at room temperature for one hour. After which, plates were aspirated 

and 250 µl of 1x ice-cold PBS was added per well. The PBS was aspirated and 0.2 M NaOH (200 µl) was added 

to each well to lyse the cells. The lysates were then transferred to 1.2 mL microdilution tubes and read on a gamma 

counter (Perkin Elmer) for I[125]-CGRP signals.   
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Figure 2.2 [125I]-hαCGRP binding (CPM) at five receptors in Cos-7 cells. Shows total and nonspecific (NS) binding: 

(A) hCGRP, (B), hAMY1(a), (C) hCT(a), (D) hAMY2(a) and (E) hAMY3(a) and (F) vector transfected (PCDNA) cells; 

data are from a single experiment performed in triplicate replicates. The experiment was repeated on two other 

occasions with similar results.  
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2.2.6 Data analysis  

The software used for data analysis and for graphical representation of the data was GraphPad Prism 6.0 

(GraphPad Software Inc, San Diego, CA, USA). Data are derived from at least three independent experiments for 

statistical analysis and all experiments were performed with two or three technical replicates. 

Quantification of cAMP was obtained from a standard curve included in each experiment and cross-

checked with the raw data. Data were extrapolated from the standard curve, anti-logged to obtain molar values 

and then converted into nM concentrations of cAMP. These data were plotted using a non-linear regression 3-

parameter logistic equation derived from the maximal values, minimal values and EC50 with a Hill Slope of 1. pEC50 

values from the fits were combined from different experimental days and statistically tested for difference from the 

WT peptide using the unpaired Student’s t-test with statistical significance defined as * p < 0.05, ** p < 0.01, *** p 

< 0.001. The unpaired Students t-test was chosen because data were being compared between two different 

variables (wild-type/control and analogue). The Q10A Pramlintide pEC50 values were combined and tested for 

significant differences to the pramlintide peptide.  

Due to variability in amount of cAMP produced between experimental days, data were normalised to the 

control peptide for each experiment to obtain Emax values. For each analogue, data were normalised to the 

maximum (Emax) and minimum (Emin) responses of WT human amylin, with the exception of Q10A Pramlintide, 

which was normalised to pramlintide. Normalised data for each experiment were combined and statistically tested 

for differences between analogues and the WT peptide by an unpaired Students t-test with statistical significance 

defined as * p < 0.05, ** p < 0.01, *** p < 0.001. Combined normalised data were graphed and are presented in 

this thesis. WT data were combined and statistically tested  by one-way ANOVA followed by Dunnett’s multiple 

comparison test to determine if there was induction of amylin receptor phenotype by human amylin between hCT(a) 

and the hAMY1(a)/hAMY3(a) receptors. One-way ANOVA and Dunnett’s multiple comparison test was chosen as the 

amylin receptors were individually compared only to hCT(a) alone.  

For analogues tested for binding, mean non-specific binding was subtracted from the raw data, and data 

were normalised with specific binding calculated as a % of total binding. Inhibitor-response curves were fitted with 

a non-linear regression three-parameter logistic equation with Hill Slope fixed to 1, to obtain pIC50 values, which 

were compared by unpaired Students t-test. If the data points on a graph were insufficient to accurately fit a curve, 

as was the case with analogue C2S-C7S, the bottom of the curve was constrained to the mean of the minimum of 

the control peptide. Normalised values were averaged across replicates from individual experiments, combined 

and statistically tested for differences between analogue and WT peptide by an unpaired Students t-test with 

statistical significance defined as * p < 0.05, ** p < 0.01, *** p < 0.001. Normalised combined data were graphed 

and presented in this thesis.
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Chapter 3 Investigating the role of the N-terminal disulphide loop 
structure for receptor activation 
3.1 Introduction 

Amylin is a 37-residue polypeptide with two post-translational modifications including the N-terminal disulphide 

loop and a C-terminal amidation (Figure 3.1). The completely conserved N-terminal disulphide loop structure found 

in the CGRP family of peptides is considered crucial for receptor activation. This structure has been termed the 

“activation loop” due to its proposed importance in positioning amino acid side-chains optimally to achieve receptor 

activation (Watkins et al., 2012). The importance of this part of the peptide has previously been shown for amylin 

(Roberts et al., 1989), CGRP (Zaidi et al., 1990), and CT (Stroop et al., 1996). For example, linearised human 

amylin was 100-fold less potent at inhibiting glycogen synthesis in rat soleus muscle in vitro compared with the 

native peptide (Roberts et al., 1989). This finding was reinforced in a rat osteoblasts where WT rat amylin 

stimulated osteoblast proliferation at sub-nanomolar concentrations. In contrast, the linearised peptide acted as 

an antagonist when applied in this assay (Cornish et al., 1998a). In CGRP, broken ring analogue 

Cys(ACM2,7)CGRP failed to elicit a cAMP response in SK-N-MC or CGRP-receptor transfected HEK293 cell lines 

(Aiyar et al., 1996) but was a partial agonist in other studies (Bailey & Hay, 2006; Hay et al., 2005). Destruction of 

the disulphide loop in hαCGRP also abolished bioactivity in rat atrial stimulation assays, further substantiating the 

importance of this structural feature for the functionality of these peptides (Tippins et al., 1986). While useful, these 

studies pre-date the discovery of specific amylin receptor subtypes. Therefore, the role the disulphide loop 

specifically plays in receptor activation for human amylin at defined amylin receptors has not previously been 

explored. 

To begin investigating the role of the N-terminus of human amylin, I first set out to explore the importance 

of this loop structure in receptor activation at three defined receptors: hCT(a), hAMY1(a) and hAMY3(a). This was 

achieved by synthesising two broken loop analogues and testing their biological activity at the aforementioned 

receptors (Figure 3.1), as well as their binding affinity at the hAMY1(a) receptor. To further examine the role of the 

loop, a truncated analogue hAMY8-37, the rat equivalent of which is reported to be an antagonist peptide (Hay et 

al., 2005; Bailey et al., 2012), was synthesised and tested as above.  

Human amylin (WT):                  KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Linear human amylin:                 KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Cys2Ser/Cys7Ser:                       KSNTATSATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

        Human amylin8-37:                       -------ATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Figure 3.1 Amino acid sequences of WT human amylin and disulphide loop analogues. Mutated residues 

highlighted in red. 

3.2 Peptide Synthesis Methodology – Overview 

Peptides were made using Fmoc solid-phase peptide synthesis methodologies on a 0.1 mM scale with a 

microwave Liberty or non-microwave PS3 peptide synthesiser. Specifications for each peptide are listed in Table 

3.1. An Fmoc-rink-amide linker was attached to a Chemmatrix®, Pal-PEG, or AMP resin. Pseudoprolines were 

incorporated to prevent on-resin aggregation and to improve solubility. Crude WT human amylin was oxidised to 

ensure cyclisation of the disulphide loop, implied by retention time shifts and m/z ratio changes before and after 
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the oxidation step. The linear or truncated loop analogues were not oxidised. Purification was achieved using RP-

HPLC to yield a final product with a purity of 90% or greater, sometimes necessitating up to three consecutive 

purification steps. Composition of buffers for purification were as follows: Buffer A: 0.1% TFA/MQ-H2O, Buffer B: 

0.1% TFA/ACN, and UV emission observed at 210 nm. 

Table 3.1 Synthesis specifications for WT human amylin and disulphide loop analogues. Table includes the scale 

of synthesis, machine used, the number and positions of pseudoprolines incorporated into the sequence, the type 

of resin used, the number of purifications required to reach adequate purity and the column(s) used for 

purification(s).  

Peptide/Analogue Scale Machine Pseudoprolines Resin Purifications Column 

Human 
Amylin (WT) 0.1mM Liberty Ser28-Ser29 Polystyrene 

Aminomethyl 1 Vydac 
Diphenyl 

Linear 
Human Amylin 0.1mM PS3 

Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 2 C4/C18 

*Cys2Ser/Cys7Ser 0.1mM Liberty 
Ala8-Thr9 

Ser19-Ser20 

Leu27-Ser28 
Pal PEG 2 C18 

Human 
Amylin8-37 0.1mM PS3 

Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 3 C18 

*Human 
Amylin8-37(DR) 0.1mM Liberty 

Ala8-Thr9 

Ser19-Ser20 

Leu27-Ser28 
Pal PEG 2 C18 

*Peptide was kindly provided by Professor Daniel Raleigh from Stony Brook University, NY, USA 

3.3 Pharmacological Characterisation Methodology – Overview 

All peptides were dissolved in DMSO creating 10 mM or 1 mM stock solutions. They were tested in Cos-7 cells 

with transfected receptors (hCT(a), hAMY1(a) or hAMY3(a)) at concentrations ranging from 10 µM – 10 pM or 1 µM – 

1 pM to generate production of cAMP. The hAMY2(a) receptor was not included in this thesis due to previous 

characterisation failing to induce amylin receptor pharmacology in Cos-7 cells (Gingell et al., 2014). A Lance 

Detection kit® (PerkinElmer) was used to determine cAMP concentrations; pEC50 and Emax values were obtained 

from the concentration-response curves to allow comparisons of receptor activity. The affinity of the peptides was 

also investigated by analysing the displacement of a radiolabelled peptide known to bind hAMY1(a) receptors 

transfected into Cos-7 cells with high affinity; [125I]-hαCGRP (Gingell et al., 2016). Select analogues that presented 

with statistically significant reductions in potency in cAMP assays were assessed for binding at the hAMY1(a) 

receptor transfected into Cos-7 cells. Peptides were added at increasing concentrations ranging from 10 µM – 10 

pM or 1 µM – 1 pM in the presence of 30,000 CPM per well of radiolabelled [125I]-hαCGRP. Signals were read from 

a gamma counter. pIC50 values were obtained from the displacement curves, as a measure of binding affinity. 
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3.4 Results: WT human amylin 

3.4.1 Peptide synthesis and oxidation 

The crude material for WT human amylin eluted with two main peaks. The peak corresponding to human amylin 

had a retention time of 15.23 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 3.2 A). ESI-

MS confirmed the identity of the main peak as WT linear human amylin (Figure 3.2 C). Oxidation of WT human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 3 equivalents of DTP 

dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of the 

disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTP) were used to 

assess RT and m/z ion mass number shifts. Peaks eluted at 15.89 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 3.2B). ESI-MS confirmed the 

identity of the main peak as WT human amylin (Figure 3.2 D). Another synthesis of human amylin was made when 

stocks of the initial peptide were depleted; further details can be found in Appendix A1.
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Figure 3.2 RP-HPLC chromatogram traces for WT human amylin before (A) and after (B) oxidation. RT before: 15.23 minutes, RT after: 15.89 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for crude WT 

human amylin prior to oxidation [MW=3905.3 g/mol]. [M + 5H]5+ ion mass observed: 781.8, mass required: 782.1; [M + 4H]4+ ion mass observed: 976.9, mass required: 

977.3; [M + 3H]3+ ion mass observed: 1302.3, mass required: 1302.8. (D) ESI-MS trace for oxidised WT human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 781.8/781.3; [M + 4H]4+: 976.9/976.5; [M + 3H]3+: 1302.3/1301.5. All human amylin ion mass numbers are indicated in red.
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3.4.2 Peptide purification 

Oxidised human amylin required one purification at a gradient of 1 – 10% B at 2% B per minute followed by 10 – 

50% B at 0.25% B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 x 

250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 4.02 mg. A summary 

of chemistry data can be found in Table 3.11. Analysis of the purest fractions yielded a single peak, which eluted 

on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 98% was achieved as judged by the peak area 

of RP-HPLC at 210 nm (Figure 3.3). ESI-MS confirmed the identity of the purified material as human amylin (Figure 

3.4). A summary of final yield and purity can be found in the summary section in Table 3.11.  

 

Figure 3.3 Analytical RP-HPLC trace for purified WT human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 31.68 minutes.  

  

Figure 3.4 ESI-MS trace for purified WT human amylin [MW= 3905.3 g/mol]. Ion mass numbers corresponding to 

human amylin: 781.5 [M + 5H]5+, 976.7 [M + 4H]4+, and 1301.7 [M + 3H]3+. 
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3.4.3 Biological characterisation 

Before proceeding with further peptide synthesis, human amylin was validated at hCT(a), hAMY1(a) and hAMY3(a) 

receptors in cAMP assays to confirm biological activity. Initial experiments confirmed activity. I have presented 

overall mean data for this peptide across the thesis (Figure 3.5). The pEC50 values obtained for WT human amylin 

were consistent with those found in the literature (Chapter 1, Receptor Pharmacology (Table 1.2), and see Chapter 

3 discussion). Over time, a notable variation in human amylin potencies were observed at each receptor, with the 

most variability at the hAMY1(a) receptor (Figure 3.6). Induction of amylin receptor phenotype was implied as an 

increase in amylin pEC50 in the presence of RAMPs compared to hCT(a) alone (Table 3.2). Maximum responses 

between receptors were similar. Overall, human amylin was a potent peptide, causing increases in cAMP 

production at all three receptors. It was significantly more potent at hAMY1(a) and hAMY3(a) than hCT(a), highlighted 

by increased pEC50 values.  
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Figure 3.5 Concentration-response curves for cAMP production by unmodified WT human amylin (hAMY) at three amylin-responsive receptors: (A) hCT(a), (B) hAMY1(a), and 

(C) hAMY3(a), expressed in Cos-7 cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production at each receptor and data points are the mean ± 

SEM of at least 35 independent experiments. 

Table 3.2 pEC50 values for WT human amylin at three amylin-responsive receptors expressed in Cos-7 cells. Values are the mean ± SEM. The pEC50 for human amylin at 

hAMY1(a) and hAMY3(a) was statistically different from the hCT(a) receptor by one-way ANOVA followed by Dunnett’s test; (*** p < 0.001). 

Receptor pEC50 Fold-change n 

hCT(a) 8.55 ± 0.08 - 43 

hAMY1(a) 9.33 ± 0.08 5.6*** 50 

hAMY3(a) 9.07 ± 0.08 3.3*** 35 
 

 

(B) (C) (A) 
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Figure 3.6 (A-C) Scatter plots of pEC50 values obtained for human amylin at the three amylin-responsive receptors. (D-F) Shows the variation in human amylin pEC50 values 

across time at the three receptors. The mean pEC50 is indicated with a dotted line. A collection of representative assays over time have been included. 

(E) 

(A) (B) (C) 
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3.4.4 Receptor binding 

Human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). Human amylin displaced 

[125I]-hαCGRP with a mean pIC50 of 8.21 (Figure 3.7, Table 3.3), in line with literature values (Kuwasako et al., 

2004; Gingell et al., 2016). In light of the high affinity binding and activation of amylin-responsive receptors, further 

modified and truncated peptide synthesis and testing could proceed.  

 

Figure 3.7 Competition of hAMY for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the hAMY1(a) 

receptor. Data are mean ± SEM of nine separate experiments in duplicate. 

 

Table 3.3 pIC50 for WT human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Receptor pIC50 n 

hAMY1(a) 8.21 ± 0.14 9 
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3.5 Results: Linear human amylin   

3.5.1 Peptide synthesis 

First, linear human amylin was synthesised to directly test the role of the N-terminal disulphide loop structure.  A 

single main peak eluted from the crude material. The peak corresponding to linear human amylin had a retention 

time of 15.58 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 3.8). ESI-MS confirmed the 

identity of the main peak as WT linear human amylin (Figure 3.9). 

 

Figure 3.8 RP-HPLC trace for crude linear human amylin. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 

mm), flow rate: 0.3 ml/min, temperature: 40°C, RT: 15.58 minutes. 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 ESI-MS trace for crude WT linear human amylin [MW= 3905.3 g/mol]. [M + 5H]5+ ion mass observed: 

781.8, mass required: 782.0; [M + 4H]4+ ion mass observed: 977.2, mass required: 977.3; [M + 3H]3+ ion mass 

observed: 1302.3, mass required: 1302.8. All linear human amylin ion mass numbers are indicated in red.  
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3.5.2 Peptide purification 

Linear human amylin required two purifications; one at a gradient of 1 - 10% B at 2% B per minute followed by 10 

– 50% B at 0.025% B per minute and the second on a gradient of 1 – 10% B at 1% per minute, followed by 10 – 

50% B at 0.01% B per minute to achieve adequate purity. Column(s): C4 (10 µm, 10.0 x 250 mm) then C18 (10 

µm, 10.0 x 250 mm); flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 1.25 mg 

with 94% purity judged by the peak area of RP-HPLC at 210 nm. Analysis of the purest fractions yielded a single 

peak, which eluted at 26.34 minutes on a linear gradient of 5 – 65% B at 1% B per minute (Figure 3.10). ESI-MS 

confirmed the identity of the purified material as human amylin (Figure 3.11). ). A summary of final yield and purity 

can be found in the summary section in Table 3.11. 

 

Figure 3.10 Analytical RP-HPLC trace for purified linear hAMY. Column: Grace Vydac 217TP Diphenyl (5 µm, 4.6 

x 250 mm), flow rate: 1 ml/min, temperature: 23°C, RT: 26.34 minutes. 

 

Figure 3.11 ESI-MS trace for purified Linear hAMY [MW= 3905.3 g/mol]. Mass ion numbers corresponding to 

linear hAMY:  782.0 [M + 5H]5+, 977.1 [M + 4H]4+, and 1302.6 [M + 3H]3+. 
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3.5.3 Analysing spontaneous peptide oxidation 

To achieve solubility at 1 mM stock concentrations for biological assays, human amylin is dissolved in DMSO and 

stored at -30°C. Since DMSO is a natural oxidising agent, we needed to ensure that solvation and storage in 

DMSO did not cause oxidation of the linear peptide.  

The retention time for crude linear human amylin was 13.66 minutes (Figure 3.12), and following a 1 hour 

oxidation with DTNP, this shifts rightwards to 13.91 minutes, eluting on a linear gradient of 5 – 65% B at 3% B per 

minute at 210 nm (Figure 3.13). If linear human amylin oxidises in DMSO at room temperature, a similar shift in 

retention time would be expected with a gradual splitting to two peaks over time, indicating a mixed species of 

unoxidised and oxidised amylin. Therefore, a time course comparing linear human amylin in DMSO was conducted 

to observe how quickly it oxidised under these conditions (Figure 3.14). 

The retention time for linear human amylin in water was 13.66 minutes (Figure 3.12), and at time 0 in 

DMSO, the retention time was similar at 13.63 minutes (Figure 3.14 A), indicating that linear human amylin does 

not oxidise instantly in DMSO.  In DMSO at room temperature, the oxidised peptide begins to appear after 2 hours 

and the retention time shifts to 14.05 minutes (Figure 3.14 C).  Oxidation proceeds over the next 4 hours up to 

6hrs (Figure 3.14 D - E). Therefore, it appears that linear human amylin can be made up in DMSO for assays, 

provided it remains frozen prior to assaying as per our normal procedure. Since the drug-stimulation step in the 

cAMP functionality assay used to test these peptides is only 15 minutes, presumably the peptide should retain 

linearity in this time-frame. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 3: Loop Structure Analogues 

63 
 

 

Figure 3.12 RP-HPLC trace for crude linear human amylin in H2O/ACN. Column: Agilent Zorbax 300 SB-C3 (3 

µm, 3.0 x 150 mm), flow rate: 1 ml/min, temperature: 23°C, RT: 13.66 minutes. 

 

 

Figure 3.13 RP-HPLC trace for oxidised human amylin. Column: Agilent Zorbax 300 SB-C3 (3µm, 3.0 x 150mm), 

flow rate: 1 ml/min, temperature: 23°C, RT: 13.91 minutes
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        Crude linear hAMY DMSO- 0 hr              Crude linear hAMY in DMSO – 1 hr        Crude linear hAMY in DMSO – 2 hr 

 

Crude linear hAMY in DMSO – 4 hr             Crude hAMY in DMSO – 6 hr 

Figure 3.14 (A – E) Time course of crude human amylin oxidation. The major peak eluted with a retention time of (A) 13.63 minutes on a linear gradient of 5 – 65% B at 3% 

B per minute at 210 nm for linear human amylin in 50:50 water/ACN, (B) 13.60 minutes in DMSO for 1 hour, (C) 13.56 minutes in DMSO for 2 hours, which starts to divide 

into a second oxidised peak at 14.05 minutes indicated by red arrows (D) 13.55 minutes in DMSO for 4 hours splitting into an oxidised peak at 14.1 minutes and (E) 13.6 

minutes in DMSO for 6 hours splitting into an oxidised peak at 14.1 minutes. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 1 ml/min, temperature: 

23°C. 

(A) (B) (C) 

(D) (E) 
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3.5.4 Biological characterisation 

Apart from an increase in Emax at the hAMY3(a) receptor, the linear human amylin analogue unexpectedly presented 

WT pharmacology at the hCT(a), hAMY1(a) and hAMY3(a) receptors (Figure 3.15, Table 3.4). Due to concerns that 

the peptide was oxidising, only two experiments were conducted with this peptide.  

 

Figure 3.15 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with linear human amylin variant at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) expressed in Cos-7 cells. 

Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the 

mean ± SEM from two independent experiments. 

Table 3.4 WT human amylin and linear human amylin variant pEC50 values, fold-change and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a) compared to WT.  

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY Linear hAMY hAMY Linear hAMY hAMY Linear hAMY 
pEC50 8.51 ± 0.43 8.07 ± 0.15 9.72 ± 0.08 9.34 ± 0.29 9.20 ± 0.32 8.76 ± 0.09 

Fold-change 2.8 2.4 2.8 
Emax 100 116 ± 27.7 100 105 ± 7.23 100 156 ± 11.8 

n 2 2 2 

(A) (B) 

(C) 
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3.5.5 Confirming linearity of human amylin under cAMP assay conditions 

WT pharmacology of the linear variant was unexpected. Given the supposed importance of the activation loop, 

potency reductions were anticipated from the linear peptide. The results prompted further investigation into the 

linearity of the peptide as it could not be ruled out that the peptide may oxidise under assay conditions. The linear 

human amylin had been made up in DMSO and stored at -30°C two weeks prior to analysis. Analysis of this 

peptide confirmed that under the above conditions, the linear human amylin had not oxidised (Figure 3.16 A, C). 

However, after being made up in DMSO and added to assay media (serum-free media, IBMX and BSA) 

at a final concentration of 100 µM and incubated for 15 minutes at 37°C, there was a shift in retention time from 

15.57 minutes (Figure 3.16 A) to 15.96 minutes (Figure 3.16 B), which eluted on a linear gradient of 5 – 65% B at 

3% B per minute. The additional peaks observed in the LCMS trace correspond to other components that eluted 

from the cAMP media (Figure 3.16 B). The m/z ratios changes revealed that under these conditions, linear human 

amylin oxidises and cannot remain linear (Figures 3.16 C, D). Unfortunately, this outcome indicates that we are 

unable to test a linear variant of human amylin towards receptor activation under these assay conditions at this 

time.
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Figure 3.16 RP-HPLC chromatogram traces for linear human amylin in DMSO before (A) and after (B) a 15 minute incubation in cAMP assay media at 37 °C. RT before: 

15.57 minutes, RT after: 15.96 minutes. The desired peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 

ml/min, temperature: 40°C. (C) ESI-MS traces for linear human amylin prior to incubation in assay media [MW= 3905.3 g/mol]. [M + 5H]5+ ion mass observed: 781.8, mass 

required: 782.1; [M + 4H]4+ ion mass observed: 977.1, mass required: 977.3; [M + 3H]3+ ion mass observed: 1302.4, mass required: 1302.8. (D) ESI-MS trace for “linear” 

hAMY in DMSO in cAMP assay media following a 15 minute incubation at 37°C. Ion mass numbers before/after: [M + 5H]5+: 781.8/781.5; [M + 4H]4+: 977.1/976.6; [M + 

3H]3+: 1302.4/1301.8. All human amylin ion mass numbers are indicated in red.
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3.6 Results: Linear human amylin variant C2S-C7S 

Given that the linear human amylin peptide failed to remain linear under our assay conditions, we set out to 

investigate the role of the disulphide loop structure for receptor activation using a linearised Cys2Ser/Cys7Ser 

mutant, which was kindly provided by our collaborator overseas, Professor Dan Raleigh from the state University 

of New York at Stony Brook. To achieve linearity, serines were chosen as they possess a similar sized functional 

group (OH) to cysteine (SH) without the ability to form a disulphide bridge.  
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3.6.1 Peptide synthesis and purification 

Available information regarding peptide synthesis and purification for the linear C2S-C7S peptide is referenced in 

Table 3.1. On receiving the peptide and dissolving the purified material, the peptide purity was analysed (Figures 

3.17 and 3.18). Analysis of the pure peptide yielded a single peak, which eluted at 35.16 minutes on a linear 

gradient of 5 – 65% B at 1% B per minute. A purity of 90% was achieved as judged by the peak area of RP-HPLC 

at 210 nm (Figure 3.17). ESI-MS confirmed the identity of the purified material as linear C2S-C7S human amylin 

(Figure 3.18).  

 

Figure 3.17 Analytical RP-HPLC trace for purified linear C2S-C7S hAMY. Column: Grace Vydac 217TP Diphenyl 

(5 µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C. RT: 35.16 minutes 

 

Figure 3.18 ESI-MS trace for purified linear C2S-C7S human amylin [MW= 3873.2 g/mol]. [M + 5H]5+ ion mass 

observed: 775.5, mass required: 775.6; [M + 4H]4+ ion mass observed: 969.2, mass required: 969.3; [M + 3H]3+ 

ion mass observed: 1291.9, mass required: 1292.1). All linear C2S-C7S ion mass numbers are indicated in red. 
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3.6.2 Biological characterisation 

Serine substitution for the two native cysteines created an uncyclised analogue, which retained partial agonism at 

all receptors: hCT(a), hAMY1(a) and hAMY3(a). There were statistically significant reductions in both pEC50 and Emax, 

compared to WT human amylin (Figure 3.14, Table 3.5). Potency was reduced by at least 100-fold at each receptor 

(Table 3.5).  

 

Figure 3.19 (A - C) Concentration-response curves for cAMP production by unmodified WT human amylin 

compared with linear human amylin variant C2S-C7S at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) expressed in 

Cos-7 cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points 

are the mean ± SEM from 3-6 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and C2S-C7S. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT.  
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Table 3.5 WT human amylin and C2S-C7S variant pEC50 values, fold-change and Emax data from three receptors: 

hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from at 3-6 independent experiments, p < 0.05, **p < 

0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY C2S-C7S hAMY C2S-C7S hAMY C2S-C7S 

pEC50 8.89 ± 0.29 6.06 ± 0.10*** 9.21 ± 0.13 6.66 ± 0.32*** 9.27 ± 0.28 6.59 ± 0.07*** 

Fold-change 676 354 479 

Emax 100 65.5 ± 13.3* 100 49.5 ± 9.09*** 100 55.5 ± 9.90* 

n 6 6 3 
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3.6.3 Receptor binding  

Human amylin variant C2S-C7S had greatly reduced binding affinity at the hAMY1(a) receptor, with a pIC50 of 5.74; 

a 398-fold reduction from WT (Figure 3.20, Table 3.6). A human amylin control was included in each experiment. 

 

Figure 3.20 (A) Competition of C2S-C7S binding to displace [125I]-hαCGRP in Cos-7 cells transfected with the 

hAMY1(a) receptor. (B) pIC50 values at hAMY1(a) for human amylin and C2S-C7S. Data are mean ± SEM of three 

separate experiments. ** p < 0.01 by unpaired t-test compared to WT. 

 

Table 3.6 pIC50 values and fold-change for C2S-C7S at the hAMY1(a) receptor expressed in Cos-7 cells. ** p < 0.01 

by unpaired t-test compared to WT. 

 
hAMY1(a) 

hAMY C2S-C7S 
pIC50 8.34 ± 0.09 5.74 ± 0.05** 

Fold-change 398 
n 3 
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3.7 Results: Truncated human amylin8-37 

3.7.1 Peptide synthesis 

The major peak corresponding to human amylin8-37 eluted with a retention time of 14.94 minutes on a linear 

gradient of 5 – 65% B at 3% B per minute at 210 nm (Figure 3.21). ESI-MS confirmed the identity of the main peak 

as truncated human amylin8-37 (Figure 3.22).  

 

Figure 3.21 RP-HPLC trace for crude human amylin8-37. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), 

flow rate: 1 ml/min, temperature: 23°C, RT: 14.94 minutes. 

 

 

 

 

 

 

 

 

 

 

Figure 3.22 ESI-MS trace for crude truncated human amylin8-37 [MW=3183.5 g/mol]. [M + 5H]5+ ion mass 

observed: 637.7, mass required: 637.7; [M + 4H]4+ ion mass observed: 796.8, mass required: 796.9; [M + 3H]3+ 

ion mass observed: 1061.9, mass required: 1062.2; [M + 2H]2+ ion mass observed: 1592.3, mass required: 1592.7. 

All truncated amylin ion mass numbers are indicated in red. 
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3.7.2 Peptide purification 

Human amylin8-37 required two purifications; one at a gradient of 1 – 10% B at 2% B per minute followed by 10 – 

50% B at 0.025% B per minute; the second on a gradient of 1 – 10% B at 1% per minute followed by 10 – 50% B 

at 0.01% B per minute to achieve adequate purity. Column: C18 (10 µm, 10.0 x 250 mm); flow rate: 5 ml/min, 

temperature: 50°C. The final peptide yield for this synthesis was 0.43 mg with 85% purity judged by the peak area 

of RP-HPLC at 210 nm. Analysis of the purest fractions yielded a single peak, which eluted at 22.34 minutes on a 

linear gradient of 5 – 65% B at 1% B per minute (Figure 3.23). ESI-MS confirmed the identity of the purified material 

as truncated human amylin8-37. The additional masses that were not able to be purified away were 806.7 and 

1274.1 corresponding to a mass change of Δ+40 and and Δ- 636 g/mol, respectively (Figure 3.24). A summary of 

final yield and purity can be found in the summary section in Table 3.11. 

 

 

Figure 3.23 Analytical RP-HPLC trace for purified human amylin8-37. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C, RT: 22.34 minutes. 

 

Figure 3.24 ESI-MS trace for purified human amylin8-37 [MW= 3183.5 g/mol]. Mass ion numbers corresponding to 

human amylin8-37: 637.6 [M + 4H]4+, 796.8 [M + 3H]3+, and 1061.8 [M + 2H]2+. Masses not corresponding to hAMY8-

37 are circled in black.  
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3.7.3 Biological characterisation: human amylin8-37 

Truncated human amylin8-37 was a partial agonist at all three receptors; hCT(a), hAMY1(a) and hAMY3(a) with Emax 

reductions to 50 – 64% WT.  At all receptors, human amylin8-37 was less potent with statistically significant 

reductions in pEC50 compared to WT human amylin (Figure 3.25 A, C, E). The fold-changes compared to the WT 

human amylin are shown in Table 3.7. Due to the strong receptor agonism displayed by this peptide, antagonist 

experiments were not conducted. 

 

Figure 3.25 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with truncated human amylin variant hAMY8-37 at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) expressed in 

Cos-7 cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points 

represent the mean ± SEM from 5 or 6 independent experiments. (D – F) pEC50 values across all three receptors 

for human amylin and hAMY8-37. ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 3.7 WT human amylin and truncated human amylin8-37 variant pEC50 values, fold-change in pEC50 and Emax 

data from three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5 or 6 independent 

experiments, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY hAMY8-37 hAMY hAMY8-37 hAMY hAMY8-37 
pEC50 8.68 ± 0.16 6.26 ± 0.19*** 9.77 ± 0.07 7.07 ± 0.14*** 9.04 ± 0.14 6.68 ± 0.04 

Fold-change 263 501 229 
Emax 100 64.3 ± 7.77** 100 51.6 ± 6.44*** 100 55.5 ± 5.24*** 

n 5 5 6 
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3.7.4 Peptide purification: human amylin8-37(DR) (Stonybrook, NY)                                               

In light of the unexpected partial agonism of human amylin8-37 and the noted impurities, it was important to test an 

alternate source. An overseas collaborator kindly provided human amylin8-37 independently synthesised and 

purified from their laboratory at Stonybrook University, New York State, USA, which will be referred to as human 

amylin8-37(DR) On receipt of the peptide, I dissolved the peptide (0.43 mg) in DMSO to a final concentration of 10 

mM and analysed 1 µl of the peptide on RP-HPLC and ESI-MS. The chromatogram yielded a single peak, which 

eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 96% was confirmed by the peak area of 

RP-HPLC at 210 nm (Figure 3.26). ESI-MS confirmed the identity of the purified material as human amylin8-37(DR). 

Interestingly, additional masses were present that were the same as in the in-house human amylin8-37: 806.7 and 

1075.2, which both correspond to a mass change of Δ+40 and also a mass of 1274.1, which corresponded to a 

mass change of Δ- 636 g/mol. (Figure 3.27).   

 

Figure 3.26 Analytical RP-HPLC trace for purified human amylin8-37(DR). Column: Grace Vydac 217TP Diphenyl 

(5µm, 4.6 x 250mm), flow rate: 1 ml/min, temperature: 23°C, RT: 31.18 minutes. 

 

Figure 3.27 ESI-MS trace for purified human amylin8-37(DR) [MW= 3183.5 g/mol]. Mass ion numbers corresponding 

to human amylin8-37: [M + 4H]4+, [M + 3H]3+, and [M + 2H]2+. Masses not corresponding to hAMY8-37(DR) are circled 

in black. 
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3.7.5 Biological characterisation: human amylin8-37(DR) (Stonybrook, NY) 

Human amylin8-37(DR) was a partial agonist at all three receptors; hCT(a), hAMY1(a) and hAMY3(a). In all cases, it was 

less potent with statistically significant reductions in pEC50 compared to WT human amylin (Figure 3.28, Table 

3.8). The fold-changes compared to the WT human amylin are shown in Table 3.8. Due to the strong receptor 

agonism displayed by this peptide, antagonist experiments were not conducted. 

 

Figure 3.28 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with truncated human amylin8-37(DR) at (A) hCT(a), (C) hAMY1(a) and (E) hAMY3(a) expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 5-6 independent experiments. (B, D, F) Spread of pEC50 values across all three receptors 

for human amylin and hAMY8-37. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 3.8 WT human amylin and truncated human amylin8-37(DR) variant pEC50 values, fold-change in pEC50 and 

Emax data from three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are mean ± SEM from 5-6 independent 

experiments, * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY hAMY8-37(DR) hAMY hAMY8-37(DR) hAMY hAMY8-37(DR) 
pEC50 8.89 ± 0.29 5.89 ± 0.11*** 9.21 ± 0.13 6.81 ± 0.19*** 8.93 ± 0.09 6.18 ± 0.10*** 

Fold-change 1000 251 562 
Emax 100 56.1 ± 14.3* 100 53.5 ± 12.4** 100 36.5 ± 4.23*** 

n 6 6 5 
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3.7.6 Receptor binding 

Truncated variant hAMY8-37(DR) had greatly reduced binding affinity at the hAMY1(a) receptor; with a pIC50 of 6.34, 

a 138-fold reduction from WT human amylin (Figure 3.29, Table 3.9).  

 

Figure 3.29 (A) Competition of hAMY8-37(DR) binding to displace [125I]-hαCGRP in Cos-7 cells transfected with the 

hAMY1(a) receptor. (B) pIC50 values across at hAMY1(a) for human amylin and hAMY8-37(DR). Data are mean ± SEM 

of three separate experiments. ** p < 0.01 by unpaired t-test compared to WT.  

Table 3.9 pIC50 values and fold-change for hAMY8-37(DR) at the hAMY1(a) receptor expressed in Cos-7 cells. ** p < 

0.01 by unpaired t-test compared to WT. 

 
hAMY1(a) 

hAMY hAMY8-37(DR) 
pIC50 8.48 ± 0.11 6.34 ± 0.02** 

Fold-change 138 
n 3 

(A) 
(B) 
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3.8 Results: Chapter 3 summary  

Summary data for all N-terminal disulphide loop structure analogues including the biological activity by cAMP production and receptor binding (Table 3.10) and chemistry 

data for all analogues in (Table 3.11) to enable comparisons between peptides. “Linear” human amylin is not included (Section 3.5) because it was not linear.  

Table 3.10 Summarised data from WT human amylin and disulphide loop structure analogues including pEC50, Emax and pIC50 values. Values are the mean ± SEM from 

at least 3 independent experiments, * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
pEC50 Emax pIC50 

hCT(a) hAMY1(a) hAMY3(a) hCT(a) hAMY1(a) hAMY3(a) hAMY1(a) 

WT-hAMY 8.89 ± 0.29 9.21 ± 0.13 9.27 ± 0.28 100 8.34 ± 0.09 

Cys2Ser- Cys7Ser 6.06 ± 0.10*** 6.66 ± 0.32*** 6.59 ± 0.07*** 65.5 ± 13.3* 49.5 ± 9.09*** 55.5 ± 9.90* 5.74 ± 0.05** 

WT-hAMY 8.68 ± 0.16 9.77 ± 0.07 9.04 ± 0.14 100 
Not done 

hAMY8-37 6.26 ± 0.19*** 7.07 ± 0.14*** 6.68 ± 0.04*** 64.3 ± 7.77** 51.6 ± 6.44*** 55.5 ± 5.24*** 

WT-hAMY 8.89 ± 0.29 9.21 ± 0.13 8.93 ± 0.09 100 8.48 ± 0.11 

hAMY8-37(DR) 5.89 ± 0.11*** 6.81 ± 0.19*** 6.18 ± 0.10*** 56.1 ± 14.3* 53.5 ± 12.4** 36.5 ± 4.23*** 6.34 ± 0.02** 

 

Table 3.11 Summarised chemistry for WT human amylin and disulphide loop structure analogues. 

 
Molecular 

Weight 
(g/mol) 

Crude 
Yield (mg) 

Chemistry 

Purity 
Yield 
(mg) 

WT-hAMY 3905.3 209.3 98% 4.02 

Cys2Ser- Cys7Ser 3873.2 - 90% - 

Linear hAMY 3905.3 215.0 94% 1.25 

hAMY8-37(DR) 3183.5 - 96% - 

hAMY8-37 3183.5 203.6 85% 0.43 



 Chapter 3: Loop Structure Analogues 

82 
 

3.9 Discussion 

In this chapter, the structure/function contributions of the N-terminus of human amylin peptide have been 

investigated. First, the pharmacology of the WT peptide will be discussed followed by the overall experimental 

approach and finally the results from the analogue data.  

The aim of this chapter was to tease apart the importance of the “activation loop” of human amylin in 

receptor activation and binding. The first objective was to successfully synthesise, oxidise and purify the control 

peptide to be used in all experiments: WT human amylin. Once this was achieved, potency values for cAMP 

production were compared and confirmed as consistent with those found in the literature (Chapter 1, Table 1.2). 

Production of cAMP was measured as the CTR and amylin are known to signal via Gαs-coupling with downstream 

activation of AC (D’Santos et al., 1992). Whilst amylin can activate the CTR alone, when transfected alongside 

RAMPs, particularly RAMPs 1 and 3 in Cos-7 cells, amylin receptor phenotype is produced. This means that when 

compared to hCT(a) alone, amylin potency increased when RAMPs were transfected alongside the core GPCR. In 

this thesis, amylin potency increased 6-fold and 3-fold at the hAMY1(a) and hAMY3(a) receptors, respectively (Figure 

3.5, Table 3.2). Previous studies from our group (Gingell et al., 2014) have reported 10-fold increases in human 

amylin potency between the hCT(a) and hAMY1(a)/3(a) receptors; higher than those reported here, however this is 

likely due to the large variation in data over time outlined in this thesis. 

Induction of amylin receptor phenotype was variable across this thesis but followed no particular pattern 

(Figure 3.6). The pEC50 spread was most variable at the hAMY1(a) receptor. The reasons for this are unclear but 

may include variability in transfection efficiencies of the RAMPs, mixed populations of hCT(a) and amylin receptors 

contributing to cAMP production and/or cell density variations between experiments. The induction of amylin 

receptor phenotype was weak, with half a log unit changes between hCT(a) and hAMY3(a) and almost 1 log unit 

shifts at hAMY1(a). However, these data are consistent with other studies investigating the pharmacology of CTR 

and amylin receptors (Muff et al., 1999; Gingell et al., 2014). A one-way ANOVA analysis of all data was used to 

get a general overview of amylin receptor phenotype induction however, paired t-tests could also be used on 

individual data sets. The operational model of efficacy (Black and Leff, 1988) could also provide greater depth to 

the analysis between the pharmacology of WT human amylin at these different receptor subtypes, but for the 

purposes of this thesis separate parameters of Emax and pEC50 were chosen for analysis.  

Unlike the CLR, which cannot express at the cell surface without an associated RAMP, the CTR does not 

require RAMPs for cell-surface expression (Recently reviewed in Hay et al., 2016). Some variability in the data 

over time is likely contributed by the use of transient transfections to express the amylin receptor components. Cell 

lines stably expressing CTR with RAMPs would likely reduce data variability and also improve the induction of 

amylin receptor phenotype from hCT(a) transfected alone. Unfortunately, cell lines with both CTR and RAMPs are 

currently unavailable. Alternatively, bicystronic vectors expressing the CTR and RAMPs could also be utilised 

when they become available in future which could also improve these parameters. Following transfection, it is 

unclear how many CTRs are associating with RAMPs at the cell surface, creating mixed populations of CTR alone 

and amylin receptors. Therefore, it would also be useful in future to separate mixed populations of receptors 

ensuring that only the receptor of interest is present in biological assays, perhaps by fluorescence-activating cell 

sorting (FACS) or other cell-sorting approaches. Nonetheless, in a biological system it is possible that the 

pharmacological profile of the peptide is also the result of mixed expression of more than one receptor subtype 

because multiple RAMPs are commonly found together (McLatchie et al., 1998). Until specific antibodies for 

RAMPs are available to localise the expressed protein in relevant physiological tissues such as the AP, it is unclear 

if amylin receptor activity if mediated via the CTR alone, one particular amylin receptor, or a combination of CTR 
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and/or amylin receptors. Following from this, it will be necessary to confirm that the CTR and RAMP proteins are 

indeed interacting in a dimeric complex perhaps using bioluminescence resonance energy transfer or fluorescence 

resonance energy transfer techniques or derivations of these methods. It would also be useful if a tethered whole 

receptor CTR-RAMP complex could be generated and tested for their pharmacological profiles in vitro.  

For binding assays, hαCGRP was used as the radiolabelled peptide at the hAMY1(a) receptor because 

hαCGRP binds to the hAMY1(a) receptor with similar affinity to amylin with comparable pIC50s (Tilakaratne et al., 

2000; Zumpe et al., 2000, all see section 1.4.9, Table 1.3) as corroborated by the data herein. In this thesis, the 

mean pIC50 value obtained for human amylin displacing [125I]-hαCGRP was 8.21. This value is consistent to similar 

values found in the literature where Kuwasako and colleagues obtained a value pIC50 of 8.48 for rat amylin 

displacing [I125]-Try0hαCGRP in HEK293 cells. A similar pIC50 was observed in Cos-7 cells with rat amylin 

displacing [125I]-hαCGRP at the hAMY1(a) receptor (Gingell et al., 2016). Since hαCGRP binds with high affinity 

only to the hAMY1(a) receptor, only this receptor was analysed for binding by all analogues and others could not 

be explored.  

After confirming the pharmacological profile of the WT peptide, a linear unoxidised analogue was 

synthesised and tested for its ability to stimulate cAMP production. The peptide showed WT pharmacology, which 

was unexpected. A linearised variant of rat amylin was 100-fold less potent than WT at inhibiting glycogen 

synthesis in rat soleus muscle in vitro (Roberts et al., 1989) and another rat linear amylin variant also lacking the 

C-terminal amidation was rendered non-functional in stimulating foetal osteoblast proliferation (Cornish et al., 

1998a). These previous studies and the presence of this absolutely conserved structure across the CT family of 

peptides necessitated further investigation into whether or not linearity was maintained under our assay conditions 

or if oxidation was occurring. Therefore, the linear peptide was made up in assay media and left under assay 

conditions (37°C for 15 minutes) and subsequently analysed on LCMS for an oxidised profile. It was clear that 

under these conditions, the peptide was spontaneously oxidising in media. This was possibly due to the higher 

temperature, the fact human amylin requires solvation in DMSO (an oxidising agent) or due to interference from 

other components in the assay media. Consequently, I was unable to test a viable linear human amylin peptide 

under our assay conditions. The conditions could be further modified in the future to enable testing of a linearised 

peptide but it would require teasing out the precise cause. An alternative strategy would be to synthesise an amylin 

peptide with blocked cysteine residues, which are unable to form a disulphide bond as done for CGRP previously 

(Dumont et al., 1997; Dennis et al., 1989). However, additional modifications to the peptide could also influence 

the downstream effects on receptor activation or binding. 

As this linear peptide failed to remain linear experimentally, a broken loop analogue was obtained from an 

overseas collaborator with two serine substitutions for the N-terminal cysteines 2, and 7; the C2S-C7S analogue. 

The polar hydroxyl groups found in serine residues are similar in size to the sulfhydryl groups found on cysteine 

residues and thus enabled us to test a “linear” peptide with a sterically conservative replacement. The linearised 

C2S-C7S analogue had significant reductions in potency compared to the parent peptide: with 700-fold reduced 

potency at hCT(a) and approximately 300-fold reductions in potency at hAMY1(a) to produce cAMP. However, activity 

was not completely abolished with this variant as evidenced by its activity as a partial agonist in this system. Loss 

of activity was likely the result of reductions in binding affinity, as the analogue had a 400-fold reduction in the 

peptide’s ability to bind the hAMY1(a) receptor, which likely translated towards the potency reductions at the other 

two receptors. These results suggest that the N-terminal disulphide loop is not only important for receptor activation 

but also for binding to the receptor. Whilst other residues were still able to interact with the receptor to produce a 

partial agonist profile, the loop structure may make important receptor binding contacts or perhaps is important for 
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stabilising the secondary structure of the peptide to allow for binding upstream of the loop. The possibility also 

exists that the functional OH group of serine imparts chemical variations in the peptide that are not tolerated at the 

receptor binding interface.  

Finally, the truncated human amylin8-37 peptide also presented with partial agonism. The in-house hAMY8-

37 peptide had 500-fold reductions in cAMP production at the hAMY1(a) receptor while the peptide received from 

overseas had a 250-fold reduced potency at hAMY1(a). The difference between them is 2-fold and may be a 

consequence of differences in peptide purity and/or content, but the minimal shift did not mandate further analysis. 

Like the serine/cysteine variant, loss in potency appeared to be at least partially a consequence of reduced binding 

affinity with the truncated peptide having a 140-fold reduction in affinity. Interestingly, the in-house human amylin8-

37 as well as the overseas human amylin8-37(DR) both contained a contaminant. This was calculated to Δ- 636 g/mol, 

which could have contributed to the biological profile of the peptides when tested. It is possible that this 

contaminant was an impurity present on the column in the HPLC, which eluted with both peptides, or a by-product 

that forms during the synthetic synthesis and processing of this particular peptide. Unfortunately, it cannot be 

concluded with certainty that the contaminant does not influence activity, nor is it straightforward to determine the 

identity of the contaminant. An additional contaminant in the human amylin8-37(DR) peptide presented with a Δ+ 40 

g/mol mass, corresponding to an uncleaved pseudoproline, possibly impacting upon function. 

The large potency and affinity reductions from the C2S-C7S and truncated human amylin8-37 analogues 

confirms that the N-terminal loop structure plays an important role in receptor activation, which has not previously 

been investigated in the human amylin peptide. However, biological activity via the production of cAMP was not 

completely abolished with either analogue. Interestingly, complete removal of the N-terminal loop yielded similar 

potency reductions as linearising the peptide with the double-serine mutant suggesting that the loop structure itself 

is of importance, rather than the primary amino acid sequence of this region. Binding appeared to be better retained 

by the truncated analogue, compared to the C2S-C7S variant, although this difference is only 3-fold. This suggests 

that the native cysteines, or the loop structure play an important role in binding that likely translates to receptor 

activation. Retention of some receptor activity suggests that residues beyond the loop are also playing a role in 

receptor activation and/or binding. Before investigating beyond the loop, it is important to investigate the role of 

the individual loop residues to receptor function to determine if it is likely the loop structure itself or the residues 

within the loop that contribute towards receptor function and activity.
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Chapter 4 Identifying residues within the N-terminal disulphide loop of 
human amylin important for receptor activation  
4.1 Introduction 

Based on the results from Chapter 3, it was important to consider the role of individual disulphide loop amino acids. 

There are numerous approaches to map peptide-receptor interactions including but not limited to receptor 

mutagenesis, receptor chimeras, crystallography, peptide mutations and molecular modelling. Where possible 

these techniques are combined to extract the maximum amount of information in order to further progress 

systematic drug design. Single alanine replacement in place of native residues within a peptide sequence is a 

technique commonly employed to characterise residues important for receptor binding and/or activation. Alanine 

residues are used as replacements due to the relatively inert activity of the functional methyl group and because 

the side chain does not enhance or restrict movement of the peptide backbone (Cunningham et al., 1989). Other 

family B GPCR peptide ligands have been modified with alanine replacement analogues including GLP-1 

(Adelhorst et al., 1994), GIP (Venneti et al., 2011), secretin (Dong et al., 2011), VIP (Nicole et al., 2000), glucagon 

(Prevost et al., 2012), and CGRP (Hay et al., 2014), providing useful insights into residues involved in how peptide 

and receptor structure translate to activity. Therefore it is logical to apply these same principles to the human 

amylin sequence. This approach will further drive the understanding of important structure/function relationships 

of each amino acid in the N-terminal disulphide loop.  

The two domain model of receptor binding and activation essentially divides the peptide into two distinct 

but ambiguous regions: the peptide N and C termini, the former of which is proposed to be important for receptor 

activation with the N-terminal loop structure called the “activation loop” and the latter for receptor binding (Barwell 

et al., 2012). Given human amylin has almost 150-fold reductions in binding affinity and up to 500-fold potency 

reductions when the N-terminal loop is truncated in human amylin8-37, this clearly establishes that for human amylin, 

the N-terminus plays a role in both binding and efficacy. Therefore, the two-domain model of binding and activation 

is likely an oversimplification of these molecular events, which has been similarly interpreted with the GLP-1 

peptide previously (Donnelly et al., 2012).  

An alanine scan of the N-terminal loop and absolute N terminal Lys1 residues of rat amylin was previously 

performed, where analogues were tested for retention of binding affinity at rat nucleus accumbens membranes 

and for their ability to induce anorexigenic effects in mice in vivo. Of the four analogues (Lys1, Asn3, Thr4 and Thr6), 

the only variant that had significantly impaired in vivo activity in reducing food intake but maintained binding affinity, 

was the alanine substitution at position 6, for threonine (Roth et al., 2008). Still, this study utilised the rat amylin 

sequence in mice at undefined receptors, with no information on the native human amylin sequence at human 

amylin-responsive receptors.  

In this chapter, native human amylin residues at positions 1, 3, 4, and 6 were replaced with alanine (Figure 

4.1). At position 5, which is a native alanine, substitution with a glycine residue was used instead to ascertain the 

function of the alanine functional group on receptor activation. Whilst glycine residues do impart enhanced flexibility 

in a peptide’s secondary structure, its position within the constraints of the disulphide loop would likely allow this 

substitution to be accommodated. Once synthesised, the alanine or glycine analogues were tested for biological 

activity to produce cAMP in Cos-7 cells transfected with one of three receptors: hCT(a), hAMY1(a) and hAMY3(a) as 

in Chapter 3. The sequences of human amylin and the loop-residue analogues are outlined in Figure 4.1. 

 

 



 Chapter 4: Loop Residue Analogues 

86 
 

 

 

Human amylin (wild-type):       KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

K1A human amylin               ACNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

N3A human amylin               KCATATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

T4A human amylin               KCNAATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

A5G human amylin               KCNTGTCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

T6A human amylin               KCNTAACATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Figure 4.1 Amino acid sequences of human amylin and N-terminal loop alanine/glycine analogues. 
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4.2 Peptide Synthesis Methodology – Overview 

Peptides were made using Fmoc solid-phase peptide synthesis methodologies on a 0.1 or 0.05 mM scale with a 

microwave Liberty or non-microwave PS3 peptide synthesiser. Specifications for each peptide are listed in Table 

4.1. An Fmoc-rink-amide linker was attached to a Chemmatrix® or AMP resin. Pseudoprolines were incorporated 

to prevent on-resin aggregation and to improve solubility. All analogues were oxidised to ensure cyclisation of the 

disulphide loop, implied by retention time shifts and m/z ratio changes before and after the oxidation step. 

Purification was achieved using RP-HPLC to yield a final product with a purity of 90% or higher, sometimes 

necessitating up to three consecutive purification steps. Composition of buffers for purification were as follows: 

Buffer A: 0.1% TFA/MQ-H2O, Buffer B: 0.1% TFA/ACN, and UV emission observed at 210 nm. WT human amylin 

was the same as that synthesised in Chapter 3.  

Table 4.1 Synthesis specifications for loop residue analogues tested including the scale of synthesis, the machine 

used, the number and type of pseudoprolines incorporated into the sequence, the type of resin used, the number 

of purifications required to reach adequate purity and the column(s) used for purification(s).  

Peptide/Analogue Scale Machine Pseudoprolines Resin Purifications Column 

K1A hAMY 0.1mM Liberty Ser28-Ser29 Polystyrene 
Aminomethyl 1 Vydac Diphenyl 

N3A hAMY 0.05mM Liberty Ser28-Ser29 Polystyrene 
Aminomethyl 2 Vydac Diphenyl 

T4A hAMY 0.1mM Liberty Ser28-Ser29 Polystyrene 
Aminomethyl 2 Vydac Diphenyl 

A5G hAMY  
0.1mM 

 
PS3 

Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 1 Vydac Diphenyl 

T6A hAMY 0.1mM Liberty Ala8-Thr9 

Leu27-Ser28 
Polystyrene 
Aminomethyl 1 Vydac Diphenyl 

 

4.3 Pharmacological Characterisation Methodology – Overview 

All peptides were made up in DMSO at 10 mM or 1 mM. They were tested in Cos-7 cells with transfected receptors 

(hCT(a), hAMY1(a) or hAMY3(a)) at concentrations ranging from 10 µM – 10 pM or 1 µM – 1 pM for production of 

cAMP. A Lance Detection kit® (PerkinElmer) was used to determine cAMP concentrations and pEC50 values were 

obtained from the concentration-response curves to indicate values of potency. Select analogues that presented 

with statistically significant reductions in potency in cAMP assays were assessed for binding at the hAMY1(a) 

receptor transfected into Cos-7 cells. The binding capacity of the peptides was investigated by analysing the 

displacement I-125hαCGRP as outlined in Chapter 3.  
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4.4 Results: K1A human amylin 

4.4.1 Peptide synthesis and oxidation 

The N-terminal most lysine was substituted with an alanine producing the analogue: K1A human amylin. The crude 

material for K1A human amylin eluted with one main peak. The peak corresponding to K1A human amylin had a 

retention time of 16.29 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 4.2 A). ESI-MS 

confirmed the identity of the main peak as linear K1A human amylin (Figure 4.2 C). Oxidation of K1A human amylin 

to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 3 equivalents of DTP 

dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of the 

disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTP) were used to 

assess RT and m/z ion mass number shifts. Peaks eluted at 16.80 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 4.2 B). ESI-MS confirmed the 

identity of the main peak as K1A human amylin (Figure 4.2 D). 
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Figure 4.2 RP-HPLC chromatogram traces for K1A human amylin before (A) and after (B) oxidation. RT before: 16.13 minutes, RT after: 16.83 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for 

K1A human amylin prior to oxidation [MW= 3848.2 g/mol]. [M + 5H]5+ ion mass observed: 770.5, mass required: 770.6; [M + 4H]4+ ion mass observed: 962.7, mass 

required: 963.1; [M + 3H]3+ ion mass observed: 1283.1, mass required: 1283.8. (D) ESI-MS trace for oxidised K1A human amylin. Ion mass numbers before/after oxidation: 

[M + 5H]5+: 770.5/770.1; [M + 4H]4+: 962.7/962.6; [M + 3H]3+: 1283.1/1282.6. All K1A human amylin ion mass numbers are indicated in red.
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4.4.2 Peptide purification 

Oxidised K1A human amylin required two purifications; the first with a gradient of 1 – 10% B at 2% B per minute 

followed by 10 – 50% B at 0.25% B per minute then, 1 – 10% at 1% B per minute followed by 10 – 50% B at 0.1% 

B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl column (10 µm, 10.0 x 250 mm), 

flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 2.60 mg. Analysis of the purest 

fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 96% 

was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 4.3) ESI-MS confirmed the identity of 

the purified material as K1A human amylin (Figure 4.4). A summary of final yield and purity can be found in the 

summary section in Table 4.10.  

 

Figure 4.3 Analytical RP-HPLC trace for purified K1A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C, RT: 30.65 minutes.  

 

Figure 4.4 ESI-MS trace for purified K1A human amylin [MW=3848.2 g/mol]. Mass ion numbers corresponding to 

K1A human amylin: 770.0 [M + 5H]5+, 962.3 [M + 4H]4+, 1282.8 [M + 3H]3+, and 1923.3 [M + 2H]2+.  
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4.4.3 Biological characterisation 

K1A human amylin retained full agonism at all three receptors (hCT(a), hAMY1a) and hAMY3(a)) and its activity was 

not significantly different to WT human amylin at the hCT(a) and hAMY1(a) receptors. There was a modest increase 

in potency at the hAMY3(a) receptor, which was statistically significant (Figure 4.5). The fold-changes compared to 

WT human amylin are shown in Table 4.2.  

  

Figure 4.5 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin compared 

with K1A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves 

are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± 

SEM from 5-6 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and 

K1A human amylin. * p < 0.05 by unpaired t-test compared to WT. 
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Table 4.2 WT human amylin and K1A human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-6 independent experiments “-

“indicates no change, * p < 0.05 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY K1A hAMY hAMY K1A hAMY hAMY K1A hAMY 

pEC50 8.60 ± 0.32 8.70 ± 0.18 9.49 ± 0.23 9.60 ± 0.25 9.08 ± 0.08 9.42 ± 0.10* 

Fold-change - - 2.2 

Emax 100 89.3 ± 10.8 100 113 ± 14.8 100 128 ± 16.8 

n 6 6 5 
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4.5 Results: N3A human amylin 

4.5.1 Peptide synthesis, purification and oxidation 

The asparagine at position 3 was substituted with an alanine producing the analogue: N3A human amylin. As an 

experiment, this peptide was purified prior to oxidation to determine if the final peptide yield could be improved by 

decreasing side-product accumulation during oxidation with a more pure starting product.  

The crude material for N3A human amylin eluted with one main peak. The peak corresponding to N3A 

human amylin had a retention time of 15.06 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 

4.6 A). ESI-MS confirmed the identity of the main peak as linear N3A human amylin. The first purification step was 

completed on a semi-preparative RP-HPLC at a gradient of 1 – 10% B at 2% B per minute followed by 10 – 50% 

B at 0.25% B per minute. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 x 250 mm), flow rate: 5 ml/min, 

temperature: 50°C. 

Following purification, the oxidation of N3A human amylin to cyclise the N-terminal cysteine-cysteine 

disulphide loop was completed by reacting 3 equivalents of DTP dissolved in DMSO with 2.5 mg purified peptide 

(10 mg/ml) at room temperature for 1 hour. To ensure formation of the disulphide bond, LCMS before oxidation 

(peptide in DMSO) and after oxidation (1 hour with DTP) were used to assess RT and m/z ion mass number shifts. 

Peaks eluted at 16.38 minutes on a linear gradient of 5 – 65% B at 3% B per minute confirming oxidation via the 

rightward shift in retention time (Figure 4.6 B). ESI-MS confirmed the identity of the main peak as N3A human 

amylin (Figure 4.6 D). Another syntheses of N3A human amylin were made when stocks of the initial peptide were 

depleted; further details can be found in Appendix A1. 
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Figure 4.6 RP-HPLC chromatogram traces for N3A human amylin before (A) and after (B) oxidation. RT before: 15.06 minutes, RT after: 16.38 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for N3A human 

amylin prior to oxidation [MW= 3862.3 g/mol]. [M + 5H]5+ ion mass observed: 773.3, mass required: 773.5; [M + 4H]4+ ion mass observed: 966.3, mass required: 966.6; [M + 

3H]3+ ion mass observed: 1287.9, mass required: 1288.4. (D) ESI-MS trace for oxidised N3A human amylin after one purification. Ion mass numbers before/after oxidation: 

[M + 5H]5+: 773.3/772.8; [M + 4H]4+: 966.3/966.0; [M + 3H]3+: 1287.9/1287.5. All N3A human amylin ion mass numbers are indicated in red.
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4.5.2 Peptide purification (after oxidation) 

Although already purified once prior to oxidation, oxidised N3A human amylin still required 2 further purification 

steps; the first with a gradient of 1- 10% B at 2% B per minute followed by 10-50% B at 0.25% B per minute then, 

1-10% at 1% B per minute followed by 10-50% B at 0.1% B per minute to achieve adequate purity. Column: Grace 

Vydac 219TP Diphenyl column (10 µm, 10.0 x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide 

yield for this synthesis was 0.34 mg with 98% purity. Analysis of the purest fractions yielded a single peak, which 

eluted at 29.42 minutes on a linear gradient of 5 – 65% B at 1% B per minute (Figure 4.7). ESI-MS confirmed the 

identity of the purified material as N3A human amylin (Figure 4.8). The purification before oxidation method did 

not improve final peptide yield or purity so was not repeated for the remaining peptides.  

 

Figure 4.7 Analytical RP-HPLC trace for purified N3A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 29.42 minutes.  

 

Figure 4.8 ESI-MS trace for purified N3A human amylin [MW= 3862.3 g/mol]. Mass numbers corresponding to 

N3A human amylin: 772.7 [M + 5H]5+, 965.8 [M + 4H]4+, and 1287.3 [M + 3H]3+.
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4.5.3 Biological characterisation 

N3A human amylin retained full agonism at all receptors (hCT(a), hAMY1(a) and hAMY3(a)) and it was not significantly 

different to WT human amylin at the two amylin receptors: hAMY1(a) or hAMY3(a) (Figure 4.9). The peptide was 

significantly less potent at the hCT(a) receptor, albeit only 2-fold (Figure 4.9). The fold-changes compared to the 

WT human amylin are shown in Table 4.3. It is unclear why the variance in the hAMY3(a) data were so large.  

 

Figure 4.9 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin compared 

with N3A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves 

are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± 

SEM from 6-7 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and 

N3A human amylin. * p < 0.05 by unpaired t-test compared to WT. 
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Table 4.3 WT human amylin and N3A human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). ). Values are the mean ± SEM from 6-7 independent experiments, * p < 

0.05 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY N3A hAMY hAMY N3A hAMY hAMY N3A hAMY 
pEC50 8.86 ± 0.11 8.56 ± 0.07* 9.45 ± 0.08 9.27 ± 0.12 9.58 ± 0.18 9.17 ± 0.27 

Fold-change 2 1.5 2.6 
Emax 100 103 ± 8.65 100 111 ± 7.25 100 8.88 ± 7.59 

n 7 6 6 
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4.6 Results: T4A human amylin 

4.6.1 Peptide synthesis and oxidation 

The threonine at position 4 was substituted with an alanine producing the analogue: T4A human amylin. The crude 

material for T4A human amylin eluted with one main peak. The peak corresponding to T4A human amylin had a 

retention time of 15.36 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 4.10 A). ESI-MS 

confirmed the identity of the main peak as linear T4A human amylin (Figure 4.10 C). Oxidation of T4A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 3 equivalents of DTP 

dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of the 

disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTP) were used to 

assess RT and m/z ion mass number shifts. Peaks eluted at 15.55 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 4.10 B). ESI-MS confirmed 

the identity of the main peak as T4A human amylin (Figure 4.10 D). Another synthesis of T4A human amylin were 

made when stocks of the initial peptide were depleted; further details can be found in Appendix A1. 
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Figure 4.10 RP-HPLC chromatogram traces for T4A human amylin before (A) and after (B) oxidation. RT before: 15.36 minutes, RT after: 15.55 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for T4A human 

amylin prior to oxidation [MW= 3875.3 g/mol]. [M + 5H]5+ ion mass observed: 775.7, mass required: 776.1; [M + 4H]4+ ion mass observed: 969.6, mass required: 969.8; [M + 

3H]3+ ion mass observed: 1292.3, mass required: 1292.8. (D) ESI-MS trace for oxidised T4A human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 775.7/775.5; 

[M + 4H]4+: 969.6/968.9; [M + 3H]3+: 1292.3/1291.7. All T4A human amylin ion mass numbers are indicated in red.
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4.6.2 Peptide purification 

Oxidised T4A human amylin required three purifications; the first with a gradient of 1 - 10%B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then, 1 - 10% at 1% B per minute followed by 10 - 50% B at 0.1% 

B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 x 250 mm), flow 

rate: 5ml/min, temperature: 50°C. The third purification was done on a gradient of 1 – 10% B at 1% B per minute 

followed by 10 – 50% B at 0.1% B per minute. Column: Grace Vydac 217TP Diphenyl (5 µm, 4.6 x 250 mm), flow 

rate: 1 ml/min, temperature: 23°C. The final peptide yield for this synthesis was 0.45 mg. Analysis of the purest 

fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 96% 

was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 4.11) ESI-MS confirmed the identity of 

the purified material as T4A human amylin (Figure 4.12). A summary of final yield and purity can be found in the 

summary section in Table 4.10.  

 

Figure 4.11 Analytical RP-HPLC trace for purified T4A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 31.80 minutes.  

 

 

Figure 4.12 ESI-MS trace for purified T4A human amylin [MW=3875.3 g/mol]. Mass ion numbers corresponding 

to T4A human amylin 775.3 [M + 5H]5+, 969.1 [M + 4H]4+, and 1291.9 [M + 3H]3+. 
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4.6.3 Biological characterisation  

T4A human amylin retained agonism at all three receptors (hCT(a), hAMY1(a) and hAMY3(a)) and it was not 

significantly different to WT human amylin at the hAMY3(a) receptor (Figure 4.13). However, the pEC50 was 

significantly less potent at the hCT(a) and hAMY1(a) receptors with approximately 3-fold and 4-fold reductions, 

respectively. There was also a significant reduction in Emax at the hAMY1(a) receptor (Figure 4.13 B, Table 4.4). 

The fold-changes compared to the WT human amylin are shown in Table 4.4. 

 

Figure 4.13 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with T4A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. 

Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the 

mean ± SEM from 7-8 independent experiments. (D – F) pEC50 values across all three receptors for human amylin 

and T4A human amylin. * p < 0.05 by unpaired t-test compared to WT. 
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Table 4.4 WT human amylin and T4A human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 7-8 independent experiments, * p < 

0.05 by unpaired t-test compared to WT. 

 hCT(a) hAMY1(a) hAMY3(a) 

hAMY T4A hAMY hAMY T4A hAMY hAMY T4A hAMY 
pEC50 8.65 ± 0.18 8.04 ± 0.08* 9.14 ± 0.16 8.63 ± 0.13* 8.86 ± 0.14 8.71 ± 0.20 

Fold-change 4.1 3.2 1.5 
Emax 100 92.3 ± 6.45 100 87.6 ± 5.59* 100 107 ± 16.4 

n 7 8 8 
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4.6.4 Receptor binding  

T4A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). T4A human amylin 

displaced [125I]-hαCGRP with a 26-fold reduced affinity compared to WT with a mean pIC50 of 6.83 (Figure 4.14, 

Table 4.5).  

 

Figure 4.14 (A) Competition of T4A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with 

the hAMY1(a) receptor. (B) pIC50 values at hAMY1(a) for human amylin and T4A human amylin. Data are mean ± 

SEM of three separate experiments. *** p < 0.001 by unpaired t-test compared to WT. 

Table 4.5 pIC50 values and fold-change for T4A human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Values are the mean ± SEM from 3 independent experiments, *** p < 0.001 by unpaired t-test. 

 
hAMY1(a) 

hAMY T4A hAMY 
pIC50 8.25 ± 0.01 6.83 ± 0.06*** 

Fold-change 26 
n 3 
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4.7 Results: A5G human amylin 

4.7.1 Peptide synthesis and oxidation 

The alanine at position 5 was substituted with a glycine producing the analogue: A5G human amylin. The crude 

material eluted with one main peak. The peak corresponding to A5G human amylin had a retention time of 14.59 

minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 4.15 A). ESI-MS confirmed the identity of 

the main peak as linear A5G human amylin (Figure 4.15 C). Oxidation of A5G human amylin to cyclise the N-

terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of DTNP dissolved in DMSO 

with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of the disulphide bond, LCMS 

before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used to assess RT and m/z ion 

mass number shifts. Peaks eluted at 14.75 minutes on a linear gradient of 5 – 65% B at 3% B per minute confirming 

oxidation via the rightward shift in retention time (Figure 4.15 B). ESI-MS confirmed the identity of the main peak 

as A5G human amylin (Figure 4.15 D). 
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Figure 4.15 RP-HPLC chromatogram traces for A5G human amylin before (A) and after (B) oxidation. RT before: 14.59 minutes, RT after: 14.75 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for 

A5G human amylin prior to oxidation [MW= 3891.3 g/mol]. [M + 5H]5+ ion mass observed: 779.2, mass required: 779.3; [M + 4H]4+ ion mass observed: 973.5, mass 

required: 973.8; [M + 3H]3+ ion mass observed: 1297.7, mass required: 1298.1. (D) ESI-MS trace for oxidised A5G human amylin. Ion mass numbers before/after oxidation: 

[M + 5H]5+: 779.2/778.7; [M + 4H]4+: 973.5/973.0; [M + 3H]3+: 1297.7/1296.9. All A5G human amylin ion mass numbers are indicated in red.
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4.7.2 Peptide purification 

Oxidised A5G human amylin required one purification at a gradient of 1 - 10% B at 2% B per minute followed by 

10 - 50% B at 0.25% B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 

10.0 x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 2.38 mg. 

Analysis of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per 

minute. A purity of 97% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 4.16) ESI-MS 

confirmed the identity of the purified material as A5G human amylin (Figure 4.17). A summary of final yield and 

purity can be found in the summary section in Table 4.10.  

 

Figure 4.16 Analytical RP-HPLC trace for purified A5G human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 26.9 minutes.  

 

Figure 4.17 ESI-MS trace for purified A5G human amylin [MW = 3891.3 g/mol]. Mass ion numbers corresponding 

to A5G human amylin: 778.5 [M + 5H]5+, 973.1 [M + 4H]4+, and 1297.3 [M + 3H]3+. 

 

[M+3H]3+ 

[M+4H]4+ 
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4.7.3 Biological characterisation 

A5G human amylin retained full agonism at all three receptors (hCT(a), hAMY1(a) and hAMY3(a)) and it was not 

significantly different to WT human amylin at any of the receptors (Figure 4.18, Table 4.6). There was a trend 

towards reduced potency and Emax at the hAMY1(a) receptor but due to high variability this did not reach statistical 

significance. The fold-changes compared to the WT human amylin are shown in Table 4.6. 

 

Figure 4.18 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with A5G human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) expressed in Cos-7 cells. Curves 

are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± 

SEM from 5-7 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and 

A5G human amylin. 
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Table 4.6 WT human amylin and A5G human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-7 independent experiments. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY A5G hAMY hAMY A5G hAMY hAMY A5G hAMY 
pEC50 8.12 ± 0.17 7.97 ± 0.19 9.46 ± 0.34 8.94 ± 0.27 8.97 ± 0.12 9.03 ± 0.10 

Fold-change 1.4 3.3 1.1 
Emax 100 118 ± 28.7 100 84.8 ± 7.64 100 109 ± 14.5 

n 5 6 7 
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4.8 Results: T6A human amylin 

4.8.1 Peptide synthesis and oxidation 

T6A human amylin was kindly synthesised, oxidised and purified by Paul Harris from the School of Chemical 

Sciences, University of Auckland. The threonine at position 6 was substituted with an alanine producing the 

analogue: T6A human amylin. Oxidation was completed by dissolving 25 mg crude peptide in DMSO with 3 

equivalents of DTP for 1 hour at room temperature.  

4.8.2 Peptide purification 

Oxidised T6A human amylin required 1 purification with a gradient of 5 – 20% B at 2% B per minute followed by 

20 - 40% B at 0.25% B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 

10.0 x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 3.14 mg with 

95% purity. Analysis of the purest fractions yielded a single peak, which eluted at approximately 15.50 minutes on 

a linear gradient of 5 – 65% B at 1% B per minute (Figure 4.19). ESI-MS confirmed the identity of the purified 

material as T6A human amylin (Figure 4.20).  

 

Figure 4.19 Analytical RP-HPLC trace for purified T6A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C, RT: 15.50 minutes.  

 

Figure 4.20 ESI-MS trace for purified T6A human amylin [MW = 3875.3 g/mol]. Mass ion numbers corresponding 

to T6A human amylin: 969.2 [M + 4H]4+ and 1291.9 [M + 3H]3+. 
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4.8.3 Biological characterisation 

T6A human amylin was a partial agonist at all three receptors (hCT(a), hAMY1(a) and hAMY3(a)) with both the pEC50 

and Emax values being statistically lower than WT human amylin. There were 15, 21, and 12-fold reductions in 

potency at the hCT(a), hAMY1(a) and hAMY3(a) receptors, respectively. The Emax’s were approximately 40% that of 

WT at all three receptors (Figure 4.21, Table 4.7). The fold-changes compared to the WT human amylin are shown 

in Table 4.7. 

  

Figure 4.21 Concentration-response curves of cAMP production by unmodified WT human amylin compared with 

T6A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves are 

plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± SEM 

from 5-7 independent experiments. (D – F) pEC50 values across all three receptors for human amylin T6A human 

amylin. *** p < 0.001 by unpaired t-test compared to WT.  
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Table 4.7 WT human amylin and T6A human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-7 independent experiments, *** p < 

0.001 by unpaired t-test compared to WT.  

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY T6A hAMY hAMY T6A hAMY hAMY T6A hAMY 
pEC50 8.23 ± 0.13 7.04 ± 0.17*** 8.83 ± 0.21 7.50 ± 0.15*** 8.95 ± 0.12 7.87 ± 0.10*** 

Fold-change 15 21 12 
Emax 100 41.8 ± 3.64*** 100 41.6 ± 5.89*** 100 43.2 ± 11.2*** 

n 5 5 7 
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4.8.4 Receptor binding 

T6A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). T6A human amylin 

had a 9-fold reduction in affinity compared with WT, displacing [125I]-hαCGRP with a mean pIC50 of 7.16 (Figure 

4.22, Table 4.8). 

 

Figure 4.22 (A) Competition of T6A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with 

the hAMY1(a) receptor. (B) pIC50 values across at hAMY1(a) for human amylin and T6A human amylin. Data are 

mean ± SEM of three separate experiments. * p < 0.05 by unpaired t-test  

Table 4.8 pIC50 values and fold-change for T6A human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

* p < 0.05 by unpaired t-test compared to WT. 

 
hAMY1(a) 

hAMY T6A hAMY 
pIC50 8.13 ± 0.28 7.16 ± 0.07* 

Fold-change 9 
n 3 
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4.9 Results: Chapter 4 summary 

Summary data for all N-terminal disulphide loop residue analogues including the biological activity by cAMP production and receptor binding and chemistry data for all 

analogues in tables 4.9 and 4.10, to enable comparisons between peptides.  

Table 4.9 Summarised data from WT human amylin and disulphide loop residue analogues including pEC50, Emax and pIC50 values. * p < 0.05, ** p < 0.01, *** p < 0.001 by 

unpaired t-test compared to WT. 

 
pEC50 Emax pIC50 

hCT(a) hAMY1(a) hAMY3(a) hCT(a) hAMY1(a) hAMY3(a) hAMY1(a) 

WT hAMY 8.60 ± 0.32 9.49 ± 0.23 9.08 ± 0.08 100 
Not Done 

K1A hAMY 8.70 ± 0.18 9.60 ± 0.25 9.42 ± 0.10* 89.3 ± 10.8 113 ± 14.8 128 ± 16.8 

WT hAMY 8.86 ± 0.11 9.45 ± 0.08 9.58 ± 0.18 100 
Not Done 

N3A hAMY 8.56 ± 0.07* 9.27 ± 0.12 9.17 ± 0.27 103 ± 8.65 111 ± 7.25 88.8 ± 7.60 

WT hAMY 8.65 ± 0.18 9.14 ± 0.16 8.86 ± 0.14 100 8.25 ± 0.01 

T4A hAMY 8.04 ± 0.08* 8.63 ± 0.13* 8.71 ± 0.20 92.3 ± 6.45 87.6 ± 5.59* 107 ± 16.4 6.83 ± 0.06*** 

WT hAMY 8.12 ± 0.17 9.46 ± 0.34 8.97 ± 0.12 100 
Not Done 

A5G hAMY 7.97 ± 0.19 8.94 ± 0.27 9.03 ± 0.10 118 ± 28.7 84.8 ± 7.64 109 ± 14.5 

WT hAMY 8.23 ± 0.13 8.83 ± 0.23 8.95 ± 0.12 100 8.13 ± 0.28 

T6A hAMY 7.04 ± 0.17*** 7.50 ± 0.15*** 7.87 ± 0.10*** 41.8 ± 3.64*** 41.6 ± 5.89*** 43.2 ± 11.2*** 7.16 ± 0.07* 
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Table 4.10 Summarised chemistry for human amylin disulphide loop residue analogues.

 Amino Acid Substitution 
Molecular 

Weight 
(g/mol) 

Crude 
Yield (mg) 

Chemistry 

Purity 
Yield 
(mg) 

K1A hAMY Lysine (K) 3848.2 130.7 96 2.60 

N3A hAMY Asparagine (N) 3862.3 82.2 98 0.34 

T4A hAMY Threonine (T) 3875.3 74.9 96 0.45 

A5G hAMY Alanine (A) 3891.3 218.27 96 2.38 

T6A hAMY Threonine (T) 3875.3 201.72 95 3.14 



 Chapter 4: Loop Residue Analogues 

115 
 

4.10 Discussion 

Following from the results obtained in Chapter 3, which clearly outlined that the loop structure is important for 

receptor binding and activation, ascertaining the role of individual amino acids for receptor activation within the 

loop was the next logical step. Whilst the linearised peptide, C2S-C7S displayed substantial reductions in potency, 

efficacy and affinity, it was unclear whether these effects were due to the introduction of the hydroxyl moieties in 

place of the native cysteines, or due to the linearity of the peptide, or a combination of the two. Single alanine or 

glycine analogues of full-length human amylin were therefore synthesised to investigate the individual amino acid 

residue contributions in the loop towards peptide function.  

The first N-terminal amino acid tested that is not within the disulphide loop is a basic lysine residue 

comprising a 5 carbon chain with a primary amine that can hydrogen bond or form electrostatic interactions with 

other amino acids. The bulky functional group and hydrophilic properties of this residue suggested it could play an 

important role either sterically for peptide-receptor interactions or directly in hydrogen-bonding within the receptor 

binding pocket. The N-terminal lysine is highly conserved in the amylin peptide across species (Introduction 

Section 1.5.2, Figure 1.6 A) with the exception of baboons, which possess an isoleucine in its place. Surprisingly, 

replacement with a small hydrophobic methyl group found in alanine was well tolerated at all receptors and even 

increased the potency at the hAMY3(a) receptor, albeit modestly.  There was also a trend towards increased potency 

and efficacy at the hAMY1(a) receptor but it did not reach statistical significance. This suggests that this residue is 

not important for receptor activity, which could potentially be improved on its removal. It is possible that the small 

hydrophobic side chain of alanine fits better within the hydrophobic binding pocket of the receptor interface, or 

removal of the charged primary amine results in removal of an opposing positive charge. The N-terminal lysine is 

likely involved with preprohormone processing, which often occurs between basic residues, so its lack of a 

functional role in receptor activation would be expected if its primary role is to designate a cleavage site for 

processing into the mature peptide. An alanine analogue at position 1 in rat amylin was synthesised and found to 

retain its binding affinity in rat nucleus accumbens membranes and its in vivo anorexigenic activity in mice (Roth 

et al., 2008). Other modifications to the N-terminal lysine in rat amylin include iodination and biotinylation, the 

former of which lost all binding affinity in rat liver plasma membranes with the latter being better tolerated when a 

linker was added between the biotin moiety and the lysine residue (Chantry et al., 1992). Addition of a large PEG 

group onto the N-terminal lysine residue of pramlintide, a human/rat hybrid, resulted in an analogue with much 

lower potency but an albumin moiety retained similar potency and affinity to pramlintide (Hansen et al., 2007), 

suggesting that N-terminal extensions of this family of peptides can sometimes be tolerated. Indeed, in AM the 

first 13 residues preceding the conserved disulphide loop are not required for binding or receptor activation with 

the 15-52 equivalent retaining WT pharmacology in rat vascular smooth muscle cells. Therefore, the extension of 

13 residues in the N-terminus that are not involved in these processes is tolerated in this related peptide (Eguchi 

et al., 1994). In hαCGRP, the N-terminal-most residue is an alanine, which perhaps makes sense as hαCGRP can 

bind and activate the hAMY1(a) receptor with equal potency to human amylin, suggesting an alanine in this position 

would not be detrimental towards receptor activity. The same is true for human and salmon CT, which do not 

possess an N-terminal residue preceding the disulphide loop, both of which bind and activate amylin-responsive 

receptors because the core GPCR is CTR. Therefore, the N-terminal lysine is not required for binding or activation 

and also does not appear to confer specificity of amylin at these amylin-responsive receptors in Cos-7 cells.  

Position 3 of human amylin is an asparagine residue, which possesses a carboxyamide group and can 

hydrogen-bond with other residues. Its presence within the ring and its polar properties suggest it could make 

important connections at the peptide-receptor interface and therefore be important for receptor activity. However, 
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when replaced with alanine, there was only a significant reduction in potency at the hCT(a) receptor, and the 

reduction was very minimal. The asparagine at position 3 is highly conserved for amylin across species apart from 

bovine amylin, which has a glycine in this position (Introduction Section 1.5.2, Figure 1.6 A), indicating that it is 

possible for a smaller side-chain residue to be tolerated. The equivalent alanine analogue in rat amylin also 

retained binding affinity in rat nucleus accumbens membranes and in vivo anorexigenic activity in mice (Roth et 

al., 2008), which is consistent with the results presented here. Human and salmon CT also have a highly conserved 

asparagine at the corresponding position within the disulphide loop. In hαCGRP, the residue is an aspartic acid, 

which carries a negative charge however, a cysteine residue replacement in hαCGRP with a shorter sidechain 

sulfhydryl group had a very modest impact on cAMP accumulation in SK-N-MC cells (Hay et al., 2014), suggesting 

that this residue or position in general is not critical to conferring receptor activity at either CGRP or amylin-

responsive receptors in vitro.  

Threonine is polar due to its hydroxyl group, which can hydrogen-bond with other polar molecules. 

Threonine is also unique in that it is β-branched with two carbons attached to its β-carbon, making it bulkier towards 

the peptide backbone. The threonine at position 4 of amylin is highly conserved in all species with the exception 

of porcine amylin, which has a methionine at position 4 (Introduction Section 1.5.2, Figure 1.6 A). There is also a 

threonine within the disulphide loop of hαCGRP that is also strongly conserved, suggesting an important role in 

receptor activation and/or binding. Again, only modest potency reductions resulted when the native threonine was 

replaced with an alanine, reaching statistical significance at the hCT (a) and hAMY1(a) receptors. However, binding 

to the hAMY1(a) receptor was reduced 26-fold compared to WT human amylin. Therefore, the reductions in potency 

are likely a result of altered binding capacity of this analogue. Although the larger binding effect suggests a 

redundancy in the functional response, possibly due to receptor reserve, which is important for interpreting binding 

versus functional effects. The Ala4 replacement in rat amylin interestingly did not impact binding in rat nucleus 

accumbens membranes or affect in vivo food intake (Roth et al., 2008), which contrasts to what we present herein. 

This could be due to the differences in systems tested and/or the species of peptide. Interestingly, replacement of 

the native threonine at position 4 in hαCGRP resulted in modest 6 to 10-fold reductions in potency in both SK-N-

MC and Cos-7 cells to produce cAMP at CGRP and hAMY1(a) receptors, respectively with no changes in affinity at 

CGRP receptors. Binding to amylin receptors was not investigated, indicating that Thr4 is more important for affinity 

at amylin receptors than CGRP receptors (Hay et al., 2014).  

    The alanine at position 5 was replaced with a glycine to create the A5G human amylin analogue. This 

alanine is tightly conserved across species and also in hαCGRP. Alanine replacement with a glycine in human 

amylin did not affect the potency or efficacy of the peptide at any of the three receptors tested. Variability in the 

data was apparent especially at the hAMY1(a) receptor with modest trends towards potency reductions. While 

glycines impart increased backbone flexibility in a peptide, its position within the constrained disulphide loop likely 

mitigated these effects. These results are in stark contrast to an analogue of hαCGRP synthesised with a cysteine 

in place of its native alanine at position 5, which displayed 100-fold reductions in potency to stimulate cAMP 

production in both SK-N-MC cells expressing CGRP receptors and Cos-7 cells with transfected hAMY1(a) receptors 

with only partial agonism (Hay et al., 2014). However in this case, the cysteine mutation in place of an alanine is 

a much less conservative replacement and likely imposed other backbone alterations in the peptide that were not 

accepted within in the ring.    

 Finally, the last residue within the loop was threonine at position 6, an absolutely conserved residue not 

only within amylin across species but indeed across the entire CT family of peptides (Introduction Section 1.5.2, 

Figure 1.6 A). Not surprisingly, replacing this with an alanine imparted substantial potency and efficacy reductions 
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at all three receptors accompanied by a reduction in affinity. Combined, the larger effect on efficacy than potency 

and affinity suggests that the peptide is still binding its receptors but is impaired at activating its receptors. Thus, 

the peptide has principally lost efficacy. These findings are in line with those reported by Roth and colleagues 

(2008) who synthesised a rat amylin alanine analogue at position 6 which retained its ability to bind rat nucleus 

accumbens membranes but was no longer efficacious at reducing food intake in vivo in mice. Similarly, a alanine 

substitution of Thr6 in hαCGRP was a partial agonist with 100-fold reduced potency to produce cAMP in SK-N-MC 

cells and a 30-fold reduction in binding affinity, with the impact on binding remaining secondary to the impact on 

efficacy of the peptide. Surprisingly, activity was not rescued by a more conservative serine replacement at position 

6 in hαCGRP, suggesting that the β-branched nature of threonine and/or the additional methyl group not present 

in serine residues may be important for receptor-peptide interactions for this family of peptides (Hay et al., 2014).  

 Clearly, the loop structure is important for receptor activation and binding as outlined in Chapter 3. 

However, the residues within the disulphide loop play a far less important role in bestowing receptor activity and 

binding than was expected. The only residue within the loop that was not tolerated by alanine replacement was 

the threonine at position 6, perhaps unsurprising given its absolute conservation across the entire CT family of 

peptides. The limited contribution of loop residues towards receptor activation and binding begs the question as 

to the contribution of other upstream residues in the N-terminal half of the peptide to these processes.
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Chapter 5 Identifying residues within the proposed 8-17 amphipathic 
alpha helical region of human amylin that are important for receptor 
activation  
5.1 Introduction 

In order to fully utilise the amylin system and create amylinmimetic drugs with modifications to improve upon the 

physiological and physicochemical capacities of the peptide, it is important to establish which amino acid residues 

are important for receptor activation and binding to help further systematic drug design. It has been established 

that the N-terminal disulphide loop is important for receptor activation and binding, however the limited impact of 

residues within the disulphide loop structure suggests that residues beyond the loop may be important as well. An 

in-depth look into this area of the peptide has not previously been done for human amylin. Whilst alanine analogues 

of human amylin have been synthesised previously, the substitutions are usually within the “amyloidogenic region” 

of the peptide or fragments from this region testing for single-residue effects on amyloidogenesis, which have not 

investigated their impact on receptor activity (Azriel and Gazit, 2001; Zanuy et al., 2004). NMR in detergent 

micelles has shown that human amylin adopts an amphipathic alpha helical region spanning residues 8-17 (Nanga 

et al., 2011). Therefore, I synthesised single alanine or glycine analogues up to residue 17 of human amylin 

corresponding to the 8-17 amphipathic helical region of this model. Once synthesised, the alanine or glycine 

analogues were tested for biological activity to produce cAMP in Cos-7 cells transfected with one of three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Select analogues that presented with statistically significant increases 

or reductions in potency in cAMP assays were assessed for binding at the hAMY1(a) receptor transfected into Cos-

7 cells. The structures of human amylin and the alpha helical loop analogues are outlined in Figure 5.1. 

Human amylin (WT):                KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

A8G human amylin               KCNTATCGTQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

T9A human amylin               KCNTATCAAQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Q10A human amylin              KCNTATCATARLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

R11A human amylin              KCNTATCATQALANFLVHSSNNFGAILSSTNVGSNTY-NH2 

L12A human amylin              KCNTATCATQRAANFLVHSSNNFGAILSSTNVGSNTY-NH2 

A13G human amylin               KCNTATCATQRLGNFLVHSSNNFGAILSSTNVGSNTY-NH2 

N14A human amylin              KCNTATCATQRLAAFLVHSSNNFGAILSSTNVGSNTY-NH2 

F15A human amylin              KCNTATCATQRLANALVHSSNNFGAILSSTNVGSNTY-NH2 

L16A human amylin              KCNTATCATQRLANFAVHSSNNFGAILSSTNVGSNTY-NH2 

V17A human amylin              KCNTATCATQRLANFLAHSSNNFGAILSSTNVGSNTY-NH2 

Figure 5.1 Amino acid sequences of human amylin and the 8-17 amphipathic helical alanine/glycine analogues. 

5.2 Peptide Synthesis: Methodology – Overview 

Peptides were made using Fmoc solid-phase peptide synthesis methodologies on a 0.1 or 0.05 mM scale with a 

microwave Liberty, Biotage or non-microwave Tribute or PS3 peptide synthesisers. Specifications for each peptide 

are listed in Table 5.1.  An Fmoc-rink-amide linker was attached to a Chemmatrix® or AMP resin. Pseudoprolines 
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were incorporated to prevent on-resin aggregation and to improve solubility. All analogues were oxidised to ensure 

cyclisation of the disulphide loop, implied by retention time shifts and m/z ratio changes before and after the 

oxidation step. Purification was achieved using RP-HPLC to yield a final product with a purity of 90% or higher, 

sometimes necessitating up to three consecutive purification steps. Composition of buffers for purification were as 

follows: Buffer A: 0.1% TFA/MQ-H2O, Buffer B: 0.1% TFA/ACN, and UV emission observed at 210 nm. 

Table 5.1 Synthesis specifications for 8-17 single residue analogues tested including the scale of synthesis, the 

machine used, the number and type of pseudoprolines incorporated into the sequence, the type of resin used, the 

number of purifications required to reach adequate purity and the column(s) used for purification(s).  

Analogue Scale Machine Pseudoprolines Resin Purifications Column 

A8G hAMY 0.1mM PS3 Ser19-Ser20 

Ser28-Ser29 Chemmatrix® 2 C4, Vydac 
Diphenyl 

T9A hAMY 0.05mM Liberty Ser28-Ser29 Polystyrene 
Aminomethyl 3 Vydac 

Diphenyl 

Q10A hAMY 0.1mM Biotage 
Ala8-Thr9 

Ser28-Ser29 Chemmatrix® 1 C18 

R11A hAMY 0.1mM 
Tribute + 

CEM Manual 
Microwave 

Ser19-Ser20 

Ser28-Ser29 
Polystyrene 

Aminomethyl 
2 Vydac 

Diphenyl 

L12A hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 2 C4 

A13G hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 1 C4 

N14A hAMY 0.1mM 
Tribute + 

CEM Manual 
Microwave 

Ser19-Ser20 

Ser28-Ser29 
Polystyrene 

Aminomethyl 
2 Vydac 

Diphenyl 

F15A hAMY 0.1mM 
Tribute + 

CEM Manual 
Microwave 

Ser19-Ser20 

Ser28-Ser29 
Polystyrene 

Aminomethyl 
2 Vydac 

Diphenyl 

L16A hAMY 0.1mM Tribute Ser19-Ser20 

Ser28-Ser29 
Polystyrene 

Aminomethyl 
2 Vydac 

Diphenyl 

V17A hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 1 Vydac 

Diphenyl 

 

5.3 Pharmacological Characterisation Methodology – Overview 

All peptides were made up in DMSO at 1 mM stock concentrations. They were tested in Cos-7 cells with transfected 

receptors (hCT(a), hAMY1(a) or hAMY3(a)) at concentrations ranging from 10 µM – 10 pM or 1 µM – 1 pM for 

production of cAMP. A Lance Detection kit® (PerkinElmer) was used to determine cAMP concentrations and pEC50 

values were obtained from the concentration-response curves to indicate values of potency. Select analogues that 

presented with statistically significant increases or reductions in potency in cAMP assays were assessed for 

binding at the hAMY1(a) receptor transfected into Cos-7 cells. L16A human amylin was also assayed for binding 

due to the large variation in cAMP data. The binding capacity of the peptides was investigated by analysing the 

displacement of I-125hαCGRP as outlined in Chapters 3 and 4.  
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5.4 Results: A8G human amylin 

5.4.1 Peptide synthesis and oxidation 

The alanine at position 8 was substituted with a glycine producing the analogue: A8G human amylin. The crude 

material A8G human amylin eluted with one main peak. The peak corresponding to A8G human amylin had a 

retention time of 14.71 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.2 A). ESI-MS 

confirmed the identity of the main peak as linear A8G human amylin (Figure 5.2 C). Oxidation of A8G human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 14.74 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.2 B). ESI-MS confirmed the 

identity of the main peak as A8G human amylin (Figure 5.2 D). 
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Figure 5.2 RP-HPLC chromatogram traces for A8G human amylin before (A) and after (B) oxidation. RT before: 14.71 minutes, RT after: 14.74 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for A8G human 

amylin prior to oxidation [MW= 3891.3 g/mol]. [M + 5H]5+ ion mass observed: 779.0, mass required: 779.3; [M + 4H]4+ ion mass observed: 973.5, mass required: 973.8; [M + 

3H]3+ ion mass observed: 1297.7, mass required: 1298.1. (D) ESI-MS trace for oxidised A8G human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 779.0/778.7; 

[M + 4H]4+: 973.5/973.0; [M + 3H]3+: 1297.7/1296.9. All A8G human amylin ion mass numbers are indicated in red.
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5.4.2 Peptide purification 

Oxidised A8G human amylin required two purifications; the first with a gradient of 1 - 10%B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute on a Grace Vydac C4 column (10 µm, 10.0 x 250 mm) flow rate: 5 

ml/min, temperature: 50°C then, 1 - 10% at 1% B per minute followed by 10 - 50% B at 0.1% B per minute to 

achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 x 250 mm), flow rate: 5 ml/min, 

temperature: 50°C. The final peptide yield for this synthesis was 4.08 mg. Analysis of the purest fractions yielded 

a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 96% was achieved 

as judged by the peak area of RP-HPLC at 210 nm (Figure 5.3) ESI-MS confirmed the identity of the purified 

material as A8G human amylin (Figure 5.4). A summary of final yield and purity can be found in the summary 

section in Table 5.22.  

 

Figure 5.3 Analytical RP-HPLC trace for purified A8G human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 25.0 minutes.  

 

Figure 5.4 ESI-MS trace of purified A8G human amylin [MW= 3891.3 g/mol]. Ion mass numbers corresponding to 

human amylin: 778.8 [M + 5H]5+, 973.3 [M + 4H]4+, and 1297.3 [M + 3H]3+. 

 

[M+4H]4+ 

[M+3H]3+ [M+5H]5+ 
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5.4.3 Biological characterisation 

A8G human amylin retained full agonist activity at the hAMY1(a) and hAMY3(a) receptors, with a modest reduction in 

Emax at hCT(a) that was 80% that of WT. There were approximately 10-fold reductions in potency at all three 

receptors, which all reached statistical significance (Figure 5.5, Table 5.2). The fold-changes compared to the WT 

human amylin are shown in Table 5.2. 

  

Figure 5.5 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin compared 

with A8G human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves 

are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± 

SEM from 7-8 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and 

A8G human amylin. ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.2 WT human amylin and A8G human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 7-8 independent experiments, ** p < 

0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY A8G hAMY hAMY A8G hAMY hAMY A8G hAMY 
pEC50 8.58 ± 0.24 7.57 ± 0.13** 9.22 ± 0.14 8.29 ± 0.18** 9.40 ± 0.20 8.34 ± 0.13*** 

Fold-change 10 8.5 11.5 
Emax 100 79.2 ± 6.27** 100 96.2 ± 13.8 100 92.3 ± 5.44 

n 7 8 7 
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5.4.4 Receptor binding 

A8G human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). A8G human amylin 

had a 30-fold reduction in affinity compared to WT in displacing [125I]-hαCGRP, with a mean pIC50 of 6.75 (Figure 

5.6, Table 5.3).  

 

Figure 5.6 Competition of A8G human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. *** p < 0.001 by unpaired t-test compared 

to WT. 

Table 5.3 pIC50 values and fold-change for A8G human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Values are the mean ± SEM from three independent experiments, *** p < 0.001 by unpaired t-test compared to 

WT. 

 
hAMY1(a) 

hAMY A8G hAMY 
pIC50 8.23 ± 0.01 6.75 ± 0.11*** 

Fold-change 30 
n 3 
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5.5 Results: T9A human amylin 

5.5.1 Peptide synthesis and oxidation 

The threonine at position 9 was substituted with an alanine producing the analogue: T9A human amylin. The crude 

material of T9A human amylin eluted with one main peak. The peak corresponding to T9A human amylin had a 

retention time of 16.11 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.7 A). ESI-MS 

confirmed the identity of the main peak as linear T9A human amylin (Figure 5.7 C). Oxidation of T9A human amylin 

to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of DTNP 

dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of the 

disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used to 

assess RT and m/z ion mass number shifts. Peaks eluted at 16.49 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.7 B). ESI-MS confirmed the 

identity of the main peak as T9A human amylin (Figure 5.7 D). Another synthesis of T9A human amylin were made 

when stocks of the initial peptide were depleted; further details can be found in Appendix A1.
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Figure 5.7 RP-HPLC chromatogram traces for T9A human amylin before (A) and after (B) oxidation. RT before: 16.11 minutes, RT after: 16.49 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for T9A human 

amylin prior to oxidation [MW= 3875.3 g/mol]. [M + 5H]5+ ion mass observed: 776.0, mass required: 776.1; [M + 4H]4+ ion mass observed: 969.5, mass required: 969.8; [M + 

3H]3+ ion mass observed: 1292.1, mass required: 1292.8. (D) ESI-MS trace for oxidised T9A human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 776.0/775.7; 

[M + 4H]4+: 969.5/969.1; [M + 3H]3+: 1292.1/1291.4. All T9A human amylin ion mass numbers are indicated in red. 
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5.5.2 Peptide purification 

Oxidised T9A human amylin required three purifications; the first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then, 1 - 10% at 1% B per minute followed by 10 - 50% B at 0.1% 

B per minute. Column: Grace Vydac 219TP Diphenyl column (10 µm, 10.0 x 250 mm), flow rate: 5 ml/min, 

temperature: 50°C. The third purification was done at a gradient of 1 – 10% at 1% B per minute followed by 10 – 

50% B at 0.1% B per minute to achieve adequate purity. Column: Grace Vydac 217TP Diphenyl (5µm, 4.6 x 

250mm), flow rate: 1 ml/min, temperature: 23°C. The final peptide yield for this synthesis was 0.40 mg. Analysis 

of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A 

purity of 96% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.8) ESI-MS confirmed 

the identity of the purified material as T9A human amylin (Figure 5.9). A summary of final yield and purity can be 

found in the summary section in Table 5.22.  

 

Figure 5.8 Analytical RP-HPLC trace for purified T9A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 32.67 minutes.  

 

Figure 5.9 ESI-MS trace for purified T9A human amylin [MW= 3875.3 g/mol]. Mass ion numbers corresponding to 

T9A human amylin: 969.2 [M + 4H]4+, and 1291.8 [M + 3H]3+. 

 

[M+3H]3+ 
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5.5.3 Biological characterisation 

T9A human amylin was a full agonist at the hCT(a) receptor, with modest reductions in Emax at the hAMY1(a) and 

hAMY3(a) receptors, the latter of which reached statistical significance. This analogue had statistically significant 

potency reductions of 15, 11 and 8-fold at the hCT(a), hAMY1(a) and hAMY3(a) receptors, respectively (Figure 5.10). 

The fold-changes compared to the WT human amylin are shown in Table 5.4. 

 

Figure 5.10 Concentration-response curves of cAMP production by unmodified WT human amylin compared with 

T9A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves are 

plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± SEM 

from 5-7 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and T9A 

human amylin. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.4 WT human amylin and T9A human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-7 independent experiments, * p < 

0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY T9A hAMY hAMY T9A hAMY hAMY T9A hAMY 
pEC50 8.83 ± 0.20 7.65 ± 0.23** 9.38 ± 0.17 8.32 ± 0.14*** 9.10 ± 0.08 8.21 ± 0.09** 

Fold-change 15 11 7.8 
Emax 100 98.9 ± 13.3 100 90.7 ± 11.8 100 79.5 ± 7.90* 

n 5 7 5 
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5.5.4 Receptor binding 

T9A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). T9A human amylin 

had 6-fold reduced affinity compared to WT in displacing [125I]-hαCGRP with a mean pIC50 of 7.40 (Figure 5.11, 

Table 5.5).  

 

Figure 5.11 Competition of T9A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. * p < 0.05 by unpaired t-test compared 

to WT. 

 

Table 5.5 pIC50 values and fold-change for T9A human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Values are the mean ± SEM from 3 independent experiments, * p < 0.05 by unpaired t-test compared to WT. 

 
hAMY1(a) 

hAMY T9A hAMY 
pIC50 8.20 ± 0.04 7.40 ± 0.27* 

Fold-change 6 
n 3 
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5.6 Results: Q10A human amylin 

5.6.1 Peptide synthesis and oxidation 

The glutamine at position 10 was substituted with an alanine producing the analogue Q10A human amylin. The 

crude material of Q10A human amylin eluted with one main peak. The peak corresponding to Q10A human amylin 

had a retention time of 15.11 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.12 A). ESI-

MS confirmed the identity of the main peak as linear Q10A human amylin (Figure 5.12 C). Oxidation of Q10A 

human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 

equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure 

formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) 

were used to assess RT and m/z ion mass number shifts. Peaks eluted at 15.47 minutes on a linear gradient of 5 

– 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.12 B). ESI-MS 

confirmed the identity of the main peak as Q10A human amylin (Figure 5.12 D). Another synthesis of Q10A human 

amylin were made when stocks of the initial peptide were depleted; further details can be found in Appendix A1.
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Figure 5.12 RP-HPLC chromatogram traces for Q10A human amylin before (A) and after (B) oxidation. RT before: 15.11 minutes, RT after: 15.47 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for Q10A 

human amylin prior to oxidation [MW= 3848.3 g/mol]. [M + 5H]5+ ion mass observed: 770.3, mass required: 770.7; [M + 4H]4+ ion mass observed: 962.9, mass required: 

963.1; [M + 3H]3+ ion mass observed: 1283.5, mass required: 1283.8. (D) ESI-MS trace for oxidised Q10A human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 770.3/770.2; [M + 4H]4+: 962.9/962.5; [M + 3H]3+: 1283.5/1282.9. All Q10A human amylin ion mass numbers are indicated in red. 
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5.6.2 Peptide purification 

Oxidised Q10A human amylin required one purification with a gradient of 1 - 10% B at 2% B per minute followed 

by 10 - 50% B at 0.25% B per minute to achieve adequate purity. Column: C18 Gemini (5 µm, 10.0 x 250 mm), 

flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.26 mg. Analysis of the purest 

fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 98% 

was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.13). ESI-MS confirmed the identity of 

the purified material as Q10A human amylin (Figure 5.14). A summary of final yield and purity can be found in the 

summary section in Table 5.22.  

 

Figure 5.13 Analytical RP-HPLC trace for purified Q10A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 28.81 minutes. 

 

Figure 5.14 ESI-MS trace for purified Q10A human amylin [MW= 3848.3 g/mol]. Mass ion numbers corresponding 

to Q10A human amylin: 962.3 [M + 4H]4+, and 1282.8 [M + 3H]3+. 
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5.6.3 Biological characterisation 

Q10A human amylin had significant 15-fold and 10-fold increases in potency at the hCT(a) and hAMY1(a) receptors, 

respectively but not at the hAMY3(a) receptor. However, at all three receptors there was a statistically significant 

increase in Emax with this analogue (Figure 5.15). The fold-changes compared to the WT human amylin are shown 

in Table 5.6. 

  

Figure 5.15 Concentration-response curves of cAMP production by unmodified WT human amylin compared with 

Q10A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves are 

plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± SEM 

from 8-9 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and Q10A 

human amylin. ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.6 WT human amylin and Q10A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 8-9 independent experiments, 

** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY Q10A hAMY hAMY Q10A hAMY hAMY Q10A hAMY 
pEC50 8.71 ± 0.15 9.88 ± 0.28** 9.38 ± 0.13 10.4 ± 0.29** 9.14 ± 0.17 9.42 ± 0.20 

Fold-change 15 10.5 1.9 
Emax 100 169 ± 18.5** 100 154 ± 15.2** 100 134 ± 5.89*** 

n 8 8 9 
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5.6.4 Receptor binding 

Q10A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). Q10A human 

amylin had a 9-fold increase in affinity compared to WT, displacing [125I]-hαCGRP with a mean pIC50 of 9.08 (Figure 

5.16, Table 5.7).  

 

Figure 5.16 Competition of Q10A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. * p < 0.05 by unpaired t-test compared 

to WT. 

 

Table 5.7 pIC50 values and fold-change for Q10A human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Values are the mean ± SEM from 3 independent experiments, * p < 0.05 by unpaired t-test compared to WT. 

 
hAMY1(a) 

hAMY Q10A hAMY 
pIC50 8.13 ± 0.28 9.08 ± 0.03* 

Fold-change 9 
n 3 
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5.7 Results: R11A human amylin 

5.7.1 Peptide synthesis and oxidation 

The arginine at position 11 was substituted with an alanine producing the analogue R11A human amylin. The 

crude material of R11A human amylin eluted with one main peak. The peak corresponding to R11A human amylin 

had a retention time of 17.22 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.17 A). ESI-

MS confirmed the identity of the main peak as linear R11A human amylin (Figure 5.17 C). Oxidation of R11A 

human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 

equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure 

formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) 

were used to assess RT and m/z ion mass number shifts. Peaks eluted at 17.47 minutes on a linear gradient of 5 

– 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.17 B). ESI-MS 

confirmed the identity of the main peak as R11A human amylin (Figure 5.17 D).
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Figure 5.17 RP-HPLC chromatogram traces for R11A human amylin before (A) and after (B) oxidation. RT before: 17.22 minutes, RT after: 17.47 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for R11A 

human amylin prior to oxidation [MW= 3820.2 g/mol]. [M + 5H]5+ ion mass observed: 764.8, mass required: 765.0; [M + 4H]4+ ion mass observed: 955.7, mass required: 

956.1; [M + 3H]3+ ion mass observed: 1274.1, mass required: 1274.4. (D) ESI-MS trace for oxidised R11A human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 764.8/764.4; [M + 4H]4+: 955.7/955.1; [M + 3H]3+: 1274.1/1273.2. All R11A human amylin ion mass numbers are indicated in red. 
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5.7.2 Peptide purification 

Oxidised R11A human amylin required two purifications, first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 

10 – 50%B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl column (10 µm, 

10.0 x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 1.92 mg. 

Analysis of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per 

minute. A purity of 91% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.18). For 

unknown reasons there were difficulties synthesising this analogue, so 91% purity was accepted for testing 

provided drastic activity reductions were not observed in biological assays. ESI-MS confirmed the identity of the 

purified material as R11A human amylin (Figure 5.19). A summary of final yield and purity can be found in the 

summary section in Table 5.22.  

 

Figure 5.18 Analytical RP-HPLC trace for purified R11A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 30.50 minutes. 

 

Figure 5.19 ESI-MS trace for purified R11A human amylin [MW= 3820.2 g/mol]. Mass ion numbers corresponding 

to R11A human amylin: 764.5 [M + 3H]3+, 955.3 [M + 4H]4+, 1273.4 [M + 3H]3+, and 1909.8 [M + 2H]2+.  
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5.7.3 Biological characterisation 

R11A human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). However, 

there were significant reductions in potency at the hAMY1(a) and hAMY(a) receptors of 6-fold and 7-fold, 

respectively. There was also a statistically significant increase in Emax at the hAMY1(a) receptor (Figure 5.20, Table 

5.8), with no change at hCT(a). The fold-changes compared to the WT human amylin are shown in Table 5.8. 

  

Figure 5.20 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with R11A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 5-7 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and R11A human amylin. * p < 0.05, ** p < 0.01 by unpaired t-test compared to WT. 
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Table 5.8 WT human amylin and R11A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-7 independent experiments,* 

p < 0.05, ** p < 0.01 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY R11A hAMY hAMY R11A hAMY hAMY R11A hAMY 
pEC50 8.55 ± 0.31 8.02 ± 0.21 9.26 ± 0.17 8.48 ± 0.15** 9.26 ± 0.18 8.43 ± 0.21* 

Fold-change 3.4 6.0 6.8 
Emax 100 113 ± 14.0 100 150 ± 17.4* 100 96.4 ± 8.71 

n 6 5 7 
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5.7.4 Receptor binding 

R11A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). R11A human 

amylin had 6-fold lower affinity in displacing [125I]-hαCGRP compared to WT, with a mean pIC50 of 7.46 (Figure 

5.21, Table 5.9).  

 

Figure 5.21 Competition of R11A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. * p < 0.05 by unpaired t-test compared 

to WT. 

Table 5.9 pIC50 values and fold-change for R11A human amylin at the hAMY1(a) receptor expressed in Cos-7 cells. 

Values are the mean ± SEM from 3 independent experiments,* p < 0.05 by unpaired t-test compared to WT. 

 hAMY1(a) 

hAMY R11A hAMY 

pIC50 8.23 ± 0.01 7.46 ± 0.24* 
Fold-change 6 

n 3 
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5.8 Results: L12A human amylin 

5.8.1 Peptide synthesis and oxidation  

The leucine at position 12 was substituted with an alanine producing the analogue L12A human amylin. The crude 

material of L12A human amylin eluted with one main peak. The peak corresponding to L12A human amylin had a 

retention time of 13.77 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.22 A). ESI-MS 

confirmed the identity of the main peak as linear L12A human amylin (Figure 5.22 C). Oxidation of L12A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 13.93 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.22 B). ESI-MS confirmed 

the identity of the main peak as L12A human amylin (Figure 5.22 D).
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Figure 5.22 RP-HPLC chromatogram traces for L12A human amylin before (A) and after (B) oxidation. RT before: 13.93 minutes, RT after: 13.77 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for L12A human 

amylin prior to oxidation [MW= 3863.2 g/mol]. [M + 5H]5+ ion mass observed: 644.9, mass required: 644.9; [M + 6H]6+ ion mass observed: 966.7, mass required: 966.8; [M + 

2H]2+ ion mass observed: 1932.9, mass required: 1932.6. (D) ESI-MS trace for oxidised L12A human amylin. Ion mass numbers before/after oxidation: [M + 6H]6+: 

644.9/644.7; [M + 4H]4+: 966.7/966.6. All L12A human amylin ion mass numbers are indicated in red. 
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5.8.2 Peptide purification 

Oxidised L12A human amylin required two purifications, first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 

10 – 50% B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac C4 (10 µm, 10.0 x 250 mm), 

flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 1.50 mg. Analysis of the purest 

fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 98% 

was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.23) ESI-MS confirmed the identity of 

the purified material as L12A human amylin (Figure 5.24). A summary of final yield and purity can be found in the 

summary section in Table 5.22.  

 

Figure 5.23 Analytical RP-HPLC trace for purified L12A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 24.74 minutes. 

 

Figure 5.24 ESI-MS trace for purified L12A human amylin [MW= 3863.2 g/mol]. Mass ion numbers corresponding 

to L12A human amylin: 773.0 [M + 5H]5+, 966.1 [M + 4H]4+, and 1287.7 [M + 3H]3+. 
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5.8.3 Biological characterisation 

L12A human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). However, 

there were significant reductions in potency at all three receptors of 44, 57 and 15-fold at hCT(a), hAMY1(a) and 

hAMY3(a) receptors, respectively (Figure 5.25, Table 5.10). There was a trend toward an increased Emax at the 

hCT(a) receptor and a reduced Emax at the hAMY3(a) receptor, however variability in the data prevented these from 

reaching statistical significance. The fold-changes compared to the WT human amylin are shown in Table 5.10. 

 

Figure 5.25 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with L12A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 5-6 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and L12A human amylin. ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.10 WT human amylin and L12A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-6 independent experiments, 

** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY L12A hAMY hAMY L12A hAMY hAMY L12A hAMY 
pEC50 8.73 ± 0.14 7.09 ± 0.10*** 9.30 ± 0.16 7.54 ± 0.11*** 8.74 ± 0.25 7.57 ± 0.17** 

Fold-change 44 57 15 
Emax 100 151 ± 28.4 100 97.4 ± 6.57 100 77.3 ± 15.0 

n 5 5 6 
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5.8.4 Receptor binding 

L12A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). L12A human amylin 

had a 91-fold reduction in affinity compared to WT at displacing [125I]-hαCGRP, with a mean pIC50 of 6.17 (Figure 

5.26, Table 5.11).  

 

Figure 5.26 Competition of L12A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. ** p < 0.01 by unpaired t-test compared 

to WT. 

 

Table 5.11 pIC50 values and fold-change for L12A human amylin at the hAMY1(a) receptor expressed in Cos-7 

cells. Values are the mean ± SEM from 3 independent experiments, ** p < 0.01 by unpaired t-test compared to 

WT. 

 
hAMY1(a) 

hAMY L12A hAMY 
pIC50 8.13 ± 0.28 6.17 ± 0.08** 

Fold-change 91 
n 3 
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5.9 Results: A13G human amylin  

5.9.1 Peptide synthesis and oxidation 

The alanine at position 13 was substituted with a glycine producing the analogue: A13G human amylin. The crude 

material A13G human amylin eluted with one main peak. The peak corresponding to A13G human amylin  had a 

retention time of 14.36 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.27 A). ESI-MS 

confirmed the identity of the main peak as linear A13G human amylin (Figure 5.27 C). Oxidation of A13G human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 14.96 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.27 B). ESI-MS confirmed 

the identity of the main peak as A13G human amylin (Figure 5.27 D). 
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Figure 5.27 RP-HPLC chromatogram traces for A13G human amylin  before (A) and after (B) oxidation. RT before: 14.36 minutes, RT after: 14.96 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for A13G 

human amylin  prior to oxidation [MW= 3891.3 g/mol]. [M + 5H]5+ ion mass observed: 779.0, mass required: 779.3; [M + 4H]4+ ion mass observed: 973.5, mass required: 

973.8; [M + 3H]3+ ion mass observed: 1297.7, mass required: 1298.1. (D) ESI-MS trace for oxidised A13G human amylin . Ion mass numbers before/after oxidation: [M + 

5H]5+: 779.0/778.8; [M + 4H]4+: 973.5/973.1; [M + 3H]3+: 1297.7/1297.1. All A13G human amylin  ion mass numbers are indicated in red. 
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5.9.2 Peptide purification 

Oxidised A13G human amylin  required one purification with a gradient of 1 - 10% B at 2% B per minute followed 

by 10 - 50% B at 0.25% B per minute to achieve adequate purity. Column: Grace Vydac C4 (10 µm, 10.0 x 250 

mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.99 mg. Analysis of the 

purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity 

of 97% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.28) ESI-MS confirmed the 

identity of the purified material as A13G human amylin  (Figure 5.29) A summary of final yield and purity can be 

found in the summary section in Table 5.22.  

 

Figure 5.28 Analytical RP-HPLC trace for purified A13G human amylin . Column: Grace Vydac 217TP Diphenyl 

(5 µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 25.55 minutes.  

 

Figure 5.29 ESI-MS trace of purified A13G human amylin  [MW= 3891.3 g/mol]. Ion mass numbers corresponding 

to human amylin: 778.5 [M + 5H]5+, 973.0 [M + 4H]4+, and 1297.1 [M + 3H]3+. 
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5.9.3 Biological characterisation 

A13G human amylin retained full agonist activity at all three receptors tested (hCT(a), hAMY1(a) and hAMY3(a)). 

However, this analogue had significant potency reductions of approximately 10-fold at all three receptors (Figure 

5.30, Table 5.12). The fold-changes compared to the WT human amylin are shown in Table 5.12. 

 

Figure 5.30 (A - C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with A13G human amylin  at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 5-6 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and A13G human amylin . ** p < 0.01 by unpaired t-test compared to WT. 
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Table 5.12 WT human amylin and A13G human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-6 independent experiments, 

** p < 0.01 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY A13G hAMY hAMY A13G hAMY hAMY A13G hAMY 
pEC50 8.62 ± 0.15 7.67 ± 0.18** 9.28 ± 0.14 8.26 ± 0.16** 9.00 ± 0.13 8.12 ± 0.05** 

Fold-change 9 10 7.6 
Emax 100 134 ± 26.6 100 133 ± 21.8 100 108 ± 7.04 

n 6 5 5 
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5.9.4 Receptor binding 

A13G human amylin  was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). A13G human 

amylin  had a 22-fold reduction in affinity compared with WT, displacing [125I]-hαCGRP with a mean pIC50 of 7.04 

(Figure 5.31, Table 5.13).  

 

Figure 5.31 Competition of A13G human amylin  for [125I]-hαCGRP binding sites in Cos-7 cells transfected with 

the hAMY1(a) receptor. Data are mean ± SEM of three separate experiments. ** p < 0.01 by unpaired t-test 

compared to WT. 

Table 5.13 pIC50 values and fold-change for A13G human amylin  at the hAMY1(a) receptor expressed in Cos-7 

cells. Values are the mean ± SEM from 3 independent experiments, ** p < 0.01 by unpaired t-test compared to 

WT. 

 

 

 

 

 

 

 

 

 
hAMY1(a) 

hAMY A13G hAMY 
pIC50 8.39 ± 0.13 7.04 ± 0.16** 

Fold-change 22 
n 3 
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5.10 Results: N14A human amylin 

5.10.1 Peptide synthesis and oxidation 

The asparagine at position 14 was substituted with an alanine producing the analogue N14A human amylin. The 

crude material of N14A human amylin eluted with one main peak. The peak corresponding to N14A human amylin 

had a retention time of 15.80 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.32 A). ESI-

MS confirmed the identity of the main peak as linear N14A human amylin (Figure 5.32 C). Oxidation of N14A 

human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 

equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure 

formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) 

were used to assess RT and m/z ion mass number shifts. Peaks eluted at 16.13 minutes on a linear gradient of 5 

– 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.32 B). ESI-MS 

confirmed the identity of the main peak as N14A human amylin (Figure 5.32 D).
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Figure 5.32 RP-HPLC chromatogram traces for N14A human amylin before (A) and after (B) oxidation. RT before: 15.80 minutes, RT after: 16.13 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for N14A 

human amylin prior to oxidation [MW= 3862.3 g/mol]. [M + 5H]5+ ion mass observed: 772.7, mass required: 773.5; [M + 4H]4+ ion mass observed: 965.5, mass required: 

966.6; [M + 3H]3+ ion mass observed: 1287.2, mass required: 1288.4. (D) ESI-MS trace for oxidised N14A human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 772.7/772.1; [M + 4H]4+: 965.5/964.9; [M + 3H]3+: 1287.2/1286.3. All N14A human amylin ion mass numbers are indicated in red. 
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5.10.2 Peptide purification 

Oxidised N14A human amylin required two purifications, first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 

10 – 50% B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 

x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.65 mg. Analysis 

of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A 

purity of 98% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.33) ESI-MS confirmed 

the identity of the purified material as N14A human amylin (Figure 5.34). A summary of final yield and purity can 

be found in the summary section in Table 5.22.  

 

Figure 5.33 Analytical RP-HPLC trace for purified N14A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 28.94 minutes. 

 

Figure 5.34 ESI-MS trace for purified N14A human amylin [MW= 3862.3 g/mol]. Mass ion numbers corresponding 

to N14A human amylin: 965.8 [M + 4H]4+, and 1287.4 [M + 3H]3+.  
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5.10.3 Biological characterisation 

N14A human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). This analogue 

had statistically significant increases in Emax at all three receptors, and was more potent at the hCT(a) receptor with 

a 6-fold greater potency than WT. Trends towards increased potency at the hAMY1(a) and hAMY3(a) receptors did 

not reach statistical significance (Figure 5.35, Table 5.14). The fold-changes compared to the WT human amylin 

are shown in Table 5.14. 

  

Figure 5.35 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with N14A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from at least 9-13 independent experiments. (D – F) pEC50 values across all three receptors for 

human amylin and N14A human amylin. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.14 WT human amylin and N14A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 9-13 independent experiments,* 

p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY N14A hAMY hAMY N14A hAMY hAMY N14A hAMY 
pEC50 8.35 ± 0.15 9.16 ± 0.11*** 9.17 ± 0.12 9.60 ± 0.20 9.03 ± 0.15 9.53 ± 0.24 

Fold-change 6.5 2.7 3.2 
Emax 100 149 ± 21.0* 100 142 ± 9.31*** 100 136 ± 11.6** 

n 10 13 9 
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5.10.4 Receptor binding 

N14A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). N14A human 

amylin had a 2-fold increase in affinity compared to WT, displacing [125I]-hαCGRP with a mean pIC50 of 8.64, but 

did not reach statistical significance (Figure 5.36, Table 5.15).  

 

Figure 5.36 Competition of N14A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments.  

 

Table 5.15 pIC50 values and fold-change for N14A human amylin at the hAMY1(a) receptor expressed in Cos-7 

cells. Values are the mean ± SEM from 3 independent experiments. 

 
hAMY1(a) 

hAMY N14A hAMY 
pIC50 8.35 ± 0.08 8.64 ± 0.14 

Fold-change 2 
n 3 
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5.11 Results: F15A human amylin 

5.11.1 Peptide synthesis and oxidation 

The phenylalanine at position 15 was substituted with an alanine producing the analogue F15A human amylin. 

The crude material of F15A human amylin eluted with one main peak. The peak corresponding to F15A human 

amylin had a retention time of 13.95 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.37 

A). ESI-MS confirmed the identity of the main peak as linear F15A human amylin (Figure 5.37 C). Oxidation of 

F15A human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 

equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure 

formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) 

were used to assess RT and m/z ion mass number shifts. Peaks eluted at 14.38 minutes on a linear gradient of 5 

– 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.37 B). ESI-MS 

confirmed the identity of the main peak as F15A human amylin (Figure 5.37 D)
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Figure 5.37 RP-HPLC chromatogram traces for F15A human amylin before (A) and after (B) oxidation. RT before: 13.95 minutes, RT after: 14.38 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for F15A 

human amylin prior to oxidation [MW= 3829.2 g/mol]. [M + 5H]5+ ion mass observed: 766.6, mass required: 766.8; [M + 4H]4+ ion mass observed: 958.0, mass required: 

958.3; [M + 3H]3+ ion mass observed: 1276.9, mass required: 1277.4. (D) ESI-MS trace for oxidised F15A human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 766.6/766.2; [M + 4H]4+: 968.0/967.8; [M + 3H]3+: 1276.9/1276.3. All F15A human amylin ion mass numbers are indicated in red.
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5.11.2 Peptide purification 

Oxidised F15A human amylin required two purifications first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 

10 – 50% B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 

x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.26 mg. Analysis 

of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A 

purity of 97% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.38). ESI-MS confirmed 

the identity of the purified material as F15A human amylin (Figure 5.39). A summary of final yield and purity can 

be found in the summary section in Table 5.22.  

 

Figure 5.38 Analytical RP-HPLC trace for purified F15A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 25.61 minutes.  

 

Figure 5.39 ESI-MS trace for purified F15A human amylin [MW= 3829.2 g/mol]. Mass ion numbers corresponding 

to F15A human amylin: 766.2 [M + 3H]3+, 957.6 [M + 4H]4+, and 1276.4 [M + 3H]3+. 
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5.11.3 Biological characterisation 

F15A human amylin was an agonist at all three receptors tested: hCT(a), hAMY1(a), and hAMY3(a). However, Emax 

reductions at the hCT(a) and hAMY1(a) indicate it may act as a partial agonist at these receptors, although the 

reductions were small. There was a statistically significant reduction in potency at the hAMY3(a) receptor with trends 

towards reduced potency at hCT(a) and hAMY1(a), but they did not reach statistical significance due to the variable 

spread in data (Figure 5.40, Table 5.16). The fold-changes compared to the WT human amylin are shown in Table 

5.16.  

  

Figure 5.40 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with F15A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 6-7 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and F15A human amylin. * p < 0.05, ** p < 0.01 by unpaired t-test compared to WT. 
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Table 5.16 WT human amylin and F15A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 6-7 independent experiments,* 

p < 0.05, ** p < 0.01 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY F15A hAMY hAMY F15A hAMY hAMY F15A hAMY 
pEC50 8.69 ± 0.33 7.93 ± 0.10 9.29 ± 0.20 8.70 ± 0.19 8.93 ± 0.16 8.35 ± 0.12* 

Fold-change 5.7 3.9 3.8 
Emax 100 74.1 ± 7.31* 100 86.1 ± 6.03* 100 87.6 ± 6.93 

n 6 7 6 
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5.12 Results: L16A human amylin 

5.12.1 Peptide synthesis and oxidation 

The leucine at position 16 was substituted with an alanine producing the analogue L16A human amylin. The crude 

material of L16A human amylin eluted with two main peaks. The peak corresponding to L16A human amylin had 

a retention time of 14.72 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 5.41 A). ESI-MS 

confirmed the identity of the main peak as linear L16A human amylin (Figure 5.41 C). Oxidation of L16A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 15.16 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 5.41 B). ESI-MS confirmed 

the identity of the main peak as L16A human amylin (Figure 5.41 D).
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Figure 5.41 RP-HPLC chromatogram traces for L16A human amylin before (A) and after (B) oxidation. RT before: 14.72 minutes, RT after: 15.16 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for L16A human 

amylin prior to oxidation [MW= 3863.2 g/mol]. [M + 5H]5+ ion mass observed: 773.5, mass required: 773.6; [M + 4H]4+ ion mass observed: 966.5, mass required: 966.8; [M + 

3H]3+ ion mass observed: 1288.3, mass required: 1288.8. (D) ESI-MS trace for oxidised L16A human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 

773.5/773.0; [M + 4H]4+: 966.5/966.3; [M + 3H]3+: 1288.3/1287.8. All L16A human amylin ion mass numbers are indicated in red. 
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5.12.2 Peptide purification 

Oxidised L16A human amylin required two purifications first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 

10 – 50% B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 10.0 

x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.23 mg. Analysis 

of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A 

purity of 97% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.42) ESI-MS confirmed 

the identity of the purified material as L16A human amylin (Figure 5.43). A summary of final yield and purity can 

be found in the summary section in Table 5.22.  

 

Figure 5.42 Analytical RP-HPLC trace for purified F15A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 24.24 minutes  

 

Figure 5.43 ESI-MS trace for purified L16A human amylin [MW= 3863.2 g/mol]. Mass ion numbers corresponding 

to L16A human amylin: 773.0 [M + 3H]3+, 966.0 [M + 4H]4+, and 1287.6 [M + 3H]3+. 
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5.12.3 Biological characterisation 

L16A human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). There were 

no significant shifts in pEC50, due to the large variability in data obtained, especially for hAMY1(a) (Figure 5.44, 

Table 5.17). The fold-changes compared to the WT human amylin are shown in Table 5.17. 

  

Figure 5.44 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with L16A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 8-9 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and L16A human amylin.  
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Table 5.17 WT human amylin and L16A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 8-9 independent experiments. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY L16A hAMY hAMY L16A hAMY hAMY L16A hAMY 
pEC50 8.33 ± 0.16 8.02 ± 0.35 9.17 ± 0.10 8.29 ± 0.30 9.19 ± 0.20 8.59 ± 0.43 

Fold-change 2 8 4 
Emax 100 119 ± 14.7 100 127 ± 9.70 100 122 ± 12.7 

n 8 9 8 
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5.12.4 Receptor binding 

L16A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). L16A human amylin 

displaced [125I]-hαCGRP with a mean pIC50 of 8.59 and was not statistically different to WT (Figure 5.45, Table 

5.18).  

 

Figure 5.45 Competition of L16A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments.  

Table 5.18 pIC50 values and fold-change for L16A human amylin at the hAMY1(a) receptor expressed in Cos-7 

cells. Values are the mean ± SEM from 3 independent experiments. 

 hAMY1(a) 

hAMY L16A hAMY 

pIC50 8.36 ± 0.08 8.59 ± 0.12 
Fold-change 1.7 

n 3 
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5.13 Results: V17A human amylin 

5.13.1 Peptide synthesis and oxidation 

The valine at position 17 was substituted with an alanine producing the analogue V17A human amylin. The crude 

material of V17A human amylin eluted with two main peaks, likely because the synthesiser used to make this 

peptide was a non-microwave synthesiser, producing a crude peptide with more contaminants. The peak 

corresponding to V17A human amylin had a retention time of 14.72 minutes on a linear gradient of 5 – 65% B at 

3% B per minute (Figure 5.46 A). ESI-MS confirmed the identity of the main peak as linear V17A human amylin 

(Figure 5.46 C). Oxidation of V17A human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was 

completed by reacting 0.5 equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room 

temperature for 1 hour. To ensure formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) 

and after oxidation (1 hour with DTNP) were used to assess RT and m/z ion mass number shifts. Peaks eluted at 

15.16 minutes on a linear gradient of 5 – 65% B at 3% B per minute confirming oxidation via the rightward shift in 

retention time (Figure 5.46 B). ESI-MS confirmed the identity of the main peak as V17A human amylin (Figure 

5.46 D).
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Figure 5.46 RP-HPLC chromatogram traces for V17A human amylin before (A) and after (B) oxidation. RT before: 14.72 minutes, RT after: 15.16 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for V17A 

human amylin prior to oxidation [MW= 3877.3 g/mol]. [M + 4H]4+ ion mass observed: 970.3, mass required: 970.3; [M + 3H]3+ ion mass observed: 1293.3, mass required: 

1293.4. (D) ESI-MS trace for oxidised V17A human amylin. Ion mass numbers before/after oxidation:  [M + 4H]4+: 970.3/969.6; [M + 3H]3+: 1293.3/1292.5. All V17A human 

amylin ion mass numbers are indicated in red. 
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5.13.2 Peptide purification 

Oxidised V17A human amylin required one purification with a gradient of 1 - 10% B at 2% B per minute followed 

by 10 - 50% B at 0.25% B per minute to achieve adequate purity. Column: Grace Vydac 219TP Diphenyl (10 µm, 

10.0 x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 2.41 mg. 

Analysis of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per 

minute. A purity of 96% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 5.47) ESI-MS 

confirmed the identity of the purified material as V17A human amylin (Figure 5.48). A summary of final yield and 

purity can be found in the summary section in Table 5.22.  

 

Figure 5.47 Analytical RP-HPLC trace for purified V17A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 27.66 minutes. 

 

Figure 5.48 ESI-MS trace for purified V17A human amylin [MW= 3877.3 g/mol]. Mass ion numbers corresponding 

to V17A human amylin: 775.8 [M + 3H]3+, 969.5 [M + 4H]4+, and 1292.3 [M + 3H]3+. 
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5.13.3 Biological characterisation 

V17A human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). This analogue 

had statistically significant increases in potency and Emax at the hCT(a) and hAMY1(a) receptors with a trend towards 

increased potency at the hAMY3(a), which did not reach statistical significance (Figure 5.49, Table 5.19). The fold-

changes compared to the WT human amylin are shown in Table 5.19. 

  

Figure 5.49 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin 

compared with V17A human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 

cells. Curves are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent 

the mean ± SEM from 7-10 independent experiments. (D – F) pEC50 values across all three receptors for human 

amylin and V17A human amylin. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 5.19 WT human amylin and V17A human amylin pEC50 values, fold-change in pEC50 and Emax data from 

three receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 7-10 independent experiments,* 

p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY V17A hAMY hAMY V17A hAMY hAMY V17A hAMY 
pEC50 8.40 ± 0.16 9.33 ± 0.26** 9.19 ± 0.12 9.94 ± 0.26* 8.99 ± 0.15 9.49 ± 0.18 

Fold-change 12 5.6 3.1 
Emax 100 164 ± 26.7* 100 139 ± 9.10*** 100 121 ± 13.2 

n 10 10 7 
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5.13.4 Receptor binding 

V17A human amylin was tested for its ability to displace radiolabelled I-125hαCGRP at hAMY1(a). V17A human 

amylin displaced [125I]-hαCGRP with a mean pIC50 of 8.76 and was not statistically different to WT (Figure 5.50, 

Table 5.20).  

 

Figure 5.50 Competition of V17A human amylin for [125I]-hαCGRP binding sites in Cos-7 cells transfected with the 

hAMY1(a) receptor. Data are mean ± SEM of three separate experiments.  

 

Table 5.20 pIC50 values and fold-change for V17A human amylin at the hAMY1(a) receptor expressed in Cos-7 

cells. Values are the mean ± SEM from 3 independent experiments. 

 
hAMY1(a) 

hAMY V17A hAMY 
pIC50 8.48 ± 0.11 8.76 ± 0.13 

Fold-change 2 
n 3 
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5.14 Results: Chapter 5 summary 

Summary data for all 8-17 single residue analogues including the biological activity by cAMP production and 

receptor binding and chemistry data for all analogues in table 5.21 and 5.22, to enable comparisons between 

peptides.  

Table 5.21 Summarised data from WT human amylin and 8-17 single residue analogues including pEC50, Emax and 

pIC50 values. * p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
pEC50 Emax pIC50 

hCT(a) hAMY1(a) hAMY3(a) hCT(a) hAMY1(a) hAMY3(a) hAMY1(a) 

WT hAMY 8.58 ± 0.24 9.22 ± 0.14 9.40 ± 0.20 100 8.23 ± 0.01 

A8G hAMY 7.57 ± 0.13** 8.29 ± 0.18** 8.34 ± 5.44*** 79.2 ± 6.27** 96.2 ± 13.8 92.3 ± 5.44 6.75 ± 0.11*** 

WT hAMY 8.83 ± 0.20 9.38 ± 0.17 9.10 ± 0.08 100 8.20 ± 0.04 

T9A hAMY 7.65 ± 0.23** 8.32 ± 0.14*** 8.21 ± 0.09** 98.9 ± 13.3 90.7 ± 11.8 79.5 ± 7.90* 7.40 ± 0.27* 

WT hAMY 8.71 ± 0.15 9.38 ± 0.13 9.14 ± 0.17 100 8.13 ± 0.28 

Q10A hAMY 9.88 ± 0.28** 10.4 ± 0.29** 9.42 ± 0.20 169 ± 18.5** 154 ± 15.2** 134 ± 5.89*** 9.08 ± 0.03* 

WT hAMY 8.55 ± 0.31 9.26 ± 0.17 9.26 ± 0.18 100 8.23 ± 0.01 

R11A hAMY 8.02 ± 0.21 8.48 ± 0.15** 8.43 ± 0.21* 113 ± 14.0 150 ± 17.4* 96.4 ± 8.71 7.46 ± 0.24* 

WT hAMY 8.73 ± 0.14 9.30 ± 0.16 8.74 ± 0.25 100 8.13 ± 0.28 

L12A hAMY 7.09 ± 0.10*** 7.54 ± 0.11*** 7.57 ± 0.17** 151 ± 28.4 97.4 ± 6.57 77.3 ± 15.0 6.17 ± 0.08** 

WT hAMY 8.62 ± 0.15 9.28 ± 0.14 9.00 ± 0.13 100 8.39 ± 0.13 

A13G hAMY 7.67 ± 0.18** 8.26 ± 0.16** 8.12 ± 0.05*** 134 ± 26.6 133 ± 21.8 108 ± 7.04 7.04 ± 0.16** 

WT hAMY 8.35 ± 0.15 9.17 ± 0.12 9.03 ± 0.15 100 8.35 ± 0.08 

N14A hAMY 9.16 ± 0.11*** 9.60 ± 0.20 9.53 ± 0.24 149 ± 21.0* 142 ± 9.31*** 136 ± 11.6** 8.64 ± 0.14 

WT hAMY 8.69 ± 0.33 9.29 ± 0.20 8.93 ± 0.16 100 
Not Done 

F15A hAMY 7.93 ± 0.10 8.70 ± 0.19 8.35 ± 0.12* 74.1 ± 7.31 86.1 ± 6.03* 87.6 ± 6.93 

WT hAMY 8.33 ± 0.16 9.17 ± 0.10 9.19 ± 0.20 100 8.36 ± 0.08 

L16A hAMY 8.02 ± 0.35 8.29 ± 0.30 8.59 ± 0.43 119 ± 14.7 127 ± 9.70 122 ± 12.7 8.59 ± 0.12 

WT hAMY 8.40 ± 0.16 9.19 ± 0.12 8.99 ± 0.15 100 8.48 ± 0.11 

V17A hAMY 9.33 ± 0.26** 9.94 ± 0.26* 9.49 ± 0.18 164 ± 26.7* 139 ± 9.10*** 121 ± 13.2 8.76 ± 0.13 
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Table 5.22 Summarised chemistry for WT human amylin and 8-17 single residue analogues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Amino Acid 
Substitution 

Molecular 
Weight 
(g/mol) 

Crude 
Yield (mg) 

Chemistry 

Purity 
Yield 
(mg) 

A8G hAMY Alanine 3891.3 207.5 96 4.08 

T9A hAMY Threonine 3875.3 92.2 96 0.40 

Q10A hAMY Glutamine 3848.3 63.2 98 0.26 

R11A hAMY Arginine 3820.2 49.3 91 1.92 

L12A hAMY Leucine 3863.2 240.2 98 1.50 

A13G hAMY Alanine 3891.3 165.0 97 0.99 

N14A hAMY Asparagine 3862.3 52.5 98 0.65 

F15A hAMY Phenylalanine 3829.2 57.1 97 0.26 

L16A hAMY Leucine 3863.2 202.8 97 0.23 

V17A hAMY Valine 3877.3 209.6 96 2.41 
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5.15 Discussion 

This chapter aimed to investigate individual residue contributions from positions 8-17 within the proposed 

amphipathic alpha helical region of human amylin (Nanga et al., 2011). For brevity, analogues with similar effects 

on activity and binding will be grouped and discussed together. Specifically, residues with reduced potency and 

affinity at their receptors will be discussed, followed by residues with increased potency. 

Replacing native alanine residues with glycines at positions 8 and 13 resulted in analogues with 

approximately 10-fold reduced potencies at all three receptors accompanied by reduced affinity. If the predominant 

fold of the peptide on receptor binding is alpha helical, the glycine in place of the alanine may interrupt the helical 

secondary structure by imparting increased movement about the peptide backbone. This increased flexibility could 

have resulted in the reduced binding and potency of these analogues. The carbon in the native alanine residue 

could also contact the peptide-receptor interface, which cannot occur with the hydrogen side chain in glycine. The 

larger effects on binding are possibly due to receptor reserve and redundancy in the functional response. Position 

8 is a small hydrophobic group in hαCGRP. When replaced with an alanine, there were only small effects at CGRP 

and hAMY1(a) receptors in producing cAMP (Hay et al., 2014). This residue is not strictly conserved in all species, 

with variations in the bovine sequence as a larger negatively charged glutamic acid. Goldfish and ferret amylin 

also vary at this position but possess a valine, as found in hαCGRP. The alanine residue at position 13 is 

completely conserved in all amylin species and is also found in hAM and hαCGRP. They are small polar threonine 

and serine residues in hCT and sCT, respectively (Introduction Section 1.5.2, Figure 1.6 B). The modest effects 

on potency of A8G and A13G human amylin indicates that most of the peptide interactions with the receptor are 

maintained regardless of these mutations. Therefore, these residues are not critical for receptor-peptide 

interactions but likely play a structural role in amylin. 

The polar threonine at position 9, basic and charged arginine at position 11, hydrophobic leucine at 

position 12 and aromatic hydrophobic phenylalanine at position 15 all produced alanine analogues with potency 

and affinity reductions, though to differing degrees. The T9A analogue in place of the native threonine had 

approximately 10 to 15-fold potency reductions at all three receptors accompanied by a modest reduction in affinity. 

The Emax was significantly reduced at hAMY3(a) with trends towards reduced Emax at hCT(a) and hAMY1(a). 

Substituting this polar side chain to alanine may be less tolerated due to the disruption of the hydrophilic face of 

the proposed helix in this region. Thr9 may make important contacts via hydrogen-bond interactions of its polar OH 

group to the receptor, which appear to be slightly more important at hCT(a). Interestingly, the threonine at position 

9 is very tightly conserved across all species and is also found in hαCGRP so its modest impact on receptor activity 

was somewhat surprising (Introduction Section 1.5.2, Figure 1.6 B). A T9A substitution in hαCGRP did not 

significantly reduce binding to SK-N-MC cells, but had approximately 10-fold potency reductions in stimulating 

cAMP at CGRP receptors in SK-N-MC cells and hAMY1(a) receptors in Cos-7 cells (Hay et al., 2014), in agreement 

to the data presented here. 

Arginine has a long, positively charged guanidinium side chain that can form salt-bridges with negatively 

charged residues. Given its charge and size it seemed that this residue would be important for interactions at the 

peptide-receptor interface. Surprisingly, alanine replacement at position 11 had minimal potency and affinity 

reductions. There was a statistically significant increase in Emax at the hAMY1(a) receptor with a trend towards an 

increased Emax at the hCT(a) receptor. This analogue therefore retains full or even increased agonism though higher 

concentrations are required to achieve this. While this residue is not conserved across all amylin species, it is a 

strictly conserved basic residue in all amylin sequences, in hαCGRP and hCT/sCT (Introduction Section 1.5.2, 
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Figure 1.6 B). The only species variation in amylin sequences is found in the pig, which has a histidine, and the 

basic residue lysine is found in hCT and sCT.  

Position 12 in human amylin is a hydrophobic leucine residue with a branched β-carbon. Substitution to a 

smaller alanine remained a full agonist but resulted in substantial potency reductions at all three receptors with 

large affinity reductions indicating that the potency reductions were likely a result of insufficient binding. Alanine 

substitution was detrimental to activity, possibly due to the removal of the large branched β-carbon side chain of 

leucine. The branched structure is more bulky towards the peptide backbone and restricts movement to a greater 

degree than non-branched residues; a structural feature that would be lost in place of an alanine that may have 

imparted greater flexibility in the peptide backbone. It is also possible that the steric differences between side-

chains were unfavourable with the small methyl group unable to make important connections that are better filled 

with a larger residue. Both side-chains are hydrophobic and favour helical formations so it is unlikely the secondary 

structure was altered with this amino acid replacement although this was not investigated. hAMY3(a) appeared to 

be the least affected with only a 15-fold potency shift, suggesting that differences in the binding interface between 

the CTR and RAMP3 or allosteric influences with RAMP3 association could render this residue less important for 

receptor interactions. Leucine 12 is strongly conserved across all amylin species, is found in hαCGRP, sCT and 

hAM but not hCT (Introduction Section 1.5.2, Figure 1.6 B), which could partially explain why salmon but not human 

CT can bind and activate amylin receptors. Therefore, leucine at this position in human amylin is important for 

efficacy at amylin-responsive receptors.  

Position 15 is a phenylalanine described by its name: an alanine with a large phenyl aromatic sidechain. 

This large hydrophobic residue interacts with other hydrophobic residues and often occupies regions buried within 

a protein. Substituting this large hydrophobic amino acid with alanine only modestly reduced potency at all 

receptors reaching statistical significance only at hAMY3(a). This residue is strongly conserved in all amylin species 

but varies in other related peptides. There is a nonpolar leucine in hαCGRP, a glutamic acid in sCT and a glutamine 

in hAM, so tends to be a larger or charged residue (Introduction Section 1.5.2, Figure 1.6 B). An alanine scan of 

antagonist fragment AC4136-25 binding to fused ECD’s of the CTR and RAMPs revealed that binding was only 

moderately affected when an alanine replaced the native phenylalanine (Lee et al., 2016). Therefore, this residue 

does not appear to be critical for receptor activity in human amylin. 

 Unexpectedly, some alanine analogues increased the potency and/or binding affinity at amylin-responsive 

receptors. The polar residues Gln10 and Asn14 and hydrophobic residues Leu16 and Val17 were well-tolerated by 

alanine replacement. Glutamine and asparagine residues possess large polar side-chains, which interact with 

other polar or charged residues. Replacing these residues with alanine unexpectedly resulted in analogues with 

increased activity and at position 10, increased binding affinity. The increased potencies are likely a result of 

enhanced affinity of the peptide for the receptor, at least in the case of Q10A. The smaller alanine may fit more 

snugly into a hydrophobic binding pocket on the receptor than the large polar sidechains of asparagine and 

glutamine. It is also possible that the increased binding and potencies of these analogues could result from 

increasing the hydrophobicity on one face of the amphipathic helix. Gln10 is tightly conserved in all amylin species, 

but diverges as a histidine or glycine in hαCGRP or hCT, respectively (Introduction Section 1.5.2, Figure 1.6 B). 

hαCGRP equipotently activates the hAMY1(a) receptor, indicating that the basic histidine at this position does not 

appear to negatively impact receptor activity, though both residues are larger than alanine. The radiolabelled 

hαCGRP utilised in this thesis is iodinated at its His10 position without negatively impacting peptide binding 

indicating that the histidine in CGRP and the glutamine in human amylin are not required for receptor activity. 

Asn14 is not completely conserved in all amylin species. Goldfish have an aspartate, which is a similar residue to 
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asparagine with a negative charge. The corresponding residue in hαCGRP is a glycine contrasting starkly from 

the asparagine in human amylin (Introduction Section 1.5.2, Figure 1.6 B). In hCT and hAM the corresponding 

amino acids are a polar glutamine and basic histidine, respectively.  The variances at this position within the family 

could impart peptide selectivity at their receptors and this could be tested in future studies.  

Hydrophobic residues Leu16 and Val17 were also well-tolerated when mutated to an alanine. When Leu16 

was replaced with the alanine, there were such large variations in the data that no apparent trend on increasing, 

decreasing or WT potency could be inferred. Binding assays helped shed light on this, with no change to WT at 

the hAMY1(a) receptor, if not a very minute increase in affinity. Whilst this does not indicate that the potency is 

unchanged, binding tended to correlate with potency trends in other residues. Leucine 16 is strongly conserved 

for amylin across species and is also a leucine in hαCGRP and sCT (Introduction section 1.5.2, Figure 1.6 B). 

Deletion of Leu16 in sCT resulted in large potency reductions in hypocalcaemic assays and adenylate cyclase 

stimulation in T47D human breast cancer cells (Findlay et al., 1983). This analogue retained some affinity but the 

corresponding deletion analogue (Phe16) of hCT lost nearly all binding. Deleting this residue in CT could impact 

the alpha helix proposed to occupy this region and disrupt receptor binding. For human amylin the Leu16 functional 

group does not appear to play an important role in receptor activity. Substituting Val17 for alanine increased peptide 

potency at the hCT(a) and hAMY1(a) receptors trending towards increased potency at the hAMY3(a) receptor. There 

is a lot of variability at this position in amylin species, which is a native alanine in bovine amylin, a large negatively 

charged aspartic acid in porcine amylin and an isoleucine in cat amylin (Introduction section 1.5.2, Figure 1.6 B). 

There are also greater variations within the CT family as a serine in hαCGRP, a histidine in sCT and a tyrosine in 

hAM. An alanine mutation at this position in AC4136-25 resulted in moderate reductions in binding affinity 

approximately 30% total binding compared to AC4136-25 at CTR and CTR/RAMP1 ECD complexes (Lee et al., 

2016). This was in contrast to the data presented in this thesis, where V17A had increased potency and a trend 

towards increased affinity at the hAMY1(a) receptor. This residue could impart some peptide selectivity between 

receptors but in the case of human amylin, the valine functional group is not imperative for receptor binding or 

activation.  

 In summary, residues beyond the “activation loop” encompassing the proposed amphipathic helix in 

human amylin were important for receptor activation and binding. Most analogues resulted in potency reductions 

but unexpectedly some analogues had increased potencies or trended towards increased potency.
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Chapter 6  Investigating further sequence or structurally modified 
analogues and their impact on receptor activation 
6.1 Introduction 

After characterising the N-terminal residues of human amylin by systematically replacing native residues with 

alanine or glycine and investigating broken-ring and C-terminal analogue human amylin8-37, a small group of 

modified analogues were synthesised to further investigate structure/activity of these peptides.  

The native residue at position 5 in human and salmon CT is a serine, and an alanine in human amylin and 

hαCGRP (Introduction subsection 1.5.2, Figure 1.6 B). In attempts to tease apart mechanisms of selectivity 

between receptors, the A5S human amylin analogue was synthesised and tested at amylin-responsive receptors. 

Its position within the proposed activation loop suggests that it may be important for activation and possibly 

selectivity between peptides of the CT family (Chapter 1, section 1.5, Table 1.5.2 B). Presumably, this serine 

analogue will not detrimentally affect the peptides activity, given the strong potency of sCT at these receptors. 

However, the A5S analogue is predicted to impart increased potency at the hCT(a) receptor alone over and above 

the amylin receptors and shed light on important structure/function mechanisms between peptides of this family, 

potentially allowing for more targeted drug design. 

Due to the increased potency and binding of analogue Q10A human amylin I decided to test if the 

corresponding substitution in pramlintide retained increased potency at amylin-responsive receptors. Pramlintide 

is a chimeric peptide of the rat and human amylin sequences, which is non-aggregative. Increasing the potency of 

an already FDA-approved drug could produce an analogue with lower concentrations required for dosing in 

diabetic patients, and consequently, cheaper production costs (Hay et al., 2015).  

Finally, to ascertain if the N-terminal 17 residues comprising the proposed amphipathic helix and 

“activation loop” are sufficient in eliciting a biological response, a truncated N-terminal fragment was synthesised: 

human amylin1-17. To ensure the behaviour of this fragment was a reflection of the N-terminal residues and not 

confounded by the absence of the C-terminal amidation, this post-translational modification was also included in 

the final sequence. N-terminal fragments of the CT peptide family have previously been synthesised including 

AM15-22, αCGRP1-8 and amylin1-8, which were reportedly active in inhibiting gastric acid secretion in rats, although 

with marked potency reductions (Rossowski et al., 1997), however inclusion of the C-terminal amidation was not 

mentioned. A cyclised fragment of amylin1-8 also retained agonist activity in stimulating rat foetal osteoblast 

proliferation however supraphysiological concentrations were required (Kowalcyzk et al., 2012). N-terminal 

fragments of another family B GPCR peptide ligand, GLP-1, with similar biological actions to amylin, have retained 

potency although these were C-terminally modified (Mapelli et al., 2009, Hoang et al., 2015). The sequences of 

human amylin and the additional analogues are outlined in Figure 6.1. 
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Human amylin (wild-type):       KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

        A5S human amylin                KCNTSTCATQRLANFLVHSSNNFGAILSSTNVGSNTY-NH2 

Pramlintide                                KCNTATCATQRLANFLVHSSNNFGPILPPTNVGSNTY-NH2 

       [Q10A]Pramlintide                  KCNTATCATARLANFLVHSSNNFGPILPPTNVGSNTY-NH2 

        Human amylin1-17                  KCNTATCATQRLANFLV-NH2 

Figure 6.1 Amino acid sequences of additional peptide analogues 

 

6.2 Peptide Synthesis Methodology – Overview 

Peptides were made using Fmoc solid-phase peptide synthesis methodologies on a 0.1 mM scale with a PS3 

peptide synthesiser. Specifications for each peptide are listed in Table 6.1.  An Fmoc-rink-amide linker was 

attached to a Chemmatrix® resin. Pseudoprolines were incorporated to prevent on-resin aggregation and to 

improve solubility. All analogues were oxidised to ensure cyclisation of the disulphide loop, implied by retention 

time shifts and m/z ratio changes before and after the oxidation step. Purification was achieved using RP-HPLC 

to yield a final product with a purity of 90% or higher, sometimes necessitating up to two consecutive purification 

steps. Composition of buffers for purification were as follows: Buffer A: 0.1% TFA/MQ-H2O, Buffer B: 0.1% 

TFA/ACN, and UV emission observed at 210 nm. 

Table 6.1 Synthesis specifications for peptides tested including the scale of synthesis, the machine used, the 

number and type of pseudoprolines incorporated into the sequence, the type of resin used, the number of 

purifications required to reach adequate purity and the column(s) used for purification(s).  

Peptide/Analogue Scale Machine Pseudoprolines Resin Purifications Column 

A5S hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 2 Vydac 

Diphenyl 

Q10A Pramlintide 0.1mM PS3 Ala8-Thr9 Chemmatrix® 2 C4 

hAMY1-17 0.1mM PS3 
 

Ala8-Thr9 

 
Chemmatrix® 2 C4/C18 

 

6.3 Pharmacological Characterisation Methodology – Overview 

All peptide drugs were made up in DMSO at 10 mM or 1 mM. They were tested in Cos-7 cells with transfected 

receptors hCT(a), hAMY1(a) or hAMY3(a) at concentrations ranging from 10 µM – 10 pM or 1 µM – 1 pM for production 

of cAMP. A Lance Detection kit® (PerkinElmer) was used to determine cAMP concentrations and pEC50 values 

were obtained from the concentration-response curves to indicate values of potency.  
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6.4 Results: A5S human amylin 

6.4.1 Peptide synthesis and oxidation 

The alanine at position 5 was substituted with a serine residue, producing the analogue A5S human amylin. The 

crude material for A5S human amylin eluted with one main peak. The peak corresponding to A5S human amylin 

had a retention time of 14.57 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure 6.2 A). ESI-

MS confirmed the identity of the main peak as WT linear human amylin (Figure 6.2 B). Oxidation of A5S human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 15.09 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure 6.2 C). ESI-MS confirmed the 

identity of the main peak as A5S human amylin (Figure 6.2 D). 
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Figure 6.2 RP-HPLC chromatogram traces for A5S human amylin before (A) and after (B) oxidation. RT before: 14.57 minutes, RT after: 15.09 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for A5S human 

amylin prior to oxidation [MW= 3921.3 g/mol]. [M + 6H]6+ ion mass observed: 654.4, mass required: 654.6; [M + 5H]5+ ion mass observed: 785.1, mass required: 785.3; [M + 

4H]4+ ion mass observed: 981.0, mass required: 981.3; [M + 3H]3+ ion mass observed: 1307.5, mass required: 1308.1. (D) ESI-MS trace for oxidised A5S human amylin. Ion 

mass numbers before/after oxidation: [M + 5H]5+: 785.1/784.7; [M + 4H]4+: 981.0/980.8; [M + 3H]3+: 1307.5/1307.1. All A5S human amylin ion mass numbers are indicated in 

red.
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6.4.2 Peptide purification 

Oxidised A5S human amylin required two purification steps, first on a gradient of 1 – 10% B at 2% B per minute 

followed by 10 – 50% B at 0.25% B per minute. The second purification was completed on a gradient of 1 – 8% B 

at 1% B per minute followed by 8 – 50% B at 0.1% B per minute on a Grace Vydac Diphenyl column (10 µm, 10.0 

x 250 mm), flow rate: 5 ml/min, temperature: 50°C. The final peptide yield for this synthesis was 1.99 mg. Analysis 

of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A 

purity of 95% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 6.3). ESI-MS confirmed 

the identity of the purified material as A5S human amylin (Figure 6.4). A summary of final yield and purity can be 

found in the summary section in Table 6.5.  

 

Figure 6.3 Analytical RP-HPLC trace for purified A5S human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 27.00 minutes.  

 

Figure 6.4 ESI-MS trace for purified A5S human amylin [MW= 3921.3 g/mol]. Ion mass numbers corresponding 

to A5S human amylin: 784.8 [M + 5H]5+, 980.6 [M + 4H]4+, and 1306.9 [M + 3H]3+. 
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6.4.3 Biological characterisation 

A5S human amylin was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). This analogue 

had statistically significant increases in potency at the hCT(a) and hAMY3(a) receptors, with a trend towards 

increased potency at the hAMY1(a), which did not reach statistical significance. Increases in Emax were statistically 

significant at the hCT(a) and hAMY1(a) receptors (Figure 6.5, Table 6.2). The fold-changes compared to the WT 

human amylin are shown in Table 6.2 

  

Figure 6.5 (A – C) Concentration-response curves of cAMP production by unmodified WT human amylin compared 

with A5S human amylin at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves 

are plotted as a percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± 

SEM from 7-9 independent experiments. (D – F) pEC50 values across all three receptors for human amylin and 

A5S human amylin. ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 6.2 WT human amylin and A5S human amylin pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 7-9 independent experiments,* p < 

0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY A5S hAMY hAMY A5S hAMY hAMY A5S hAMY 
pEC50 8.44 ± 0.16 9.58 ± 0.17** 9.48 ± 0.26 9.80 ± 0.23 8.92 ± 0.14 9.88 ± 0.16*** 

Fold-change 14 2.1 11 
Emax 100 157 ± 18.0** 100 128 ± 8.80** 100 125 ± 20.4 

n 7 9 8 
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6.5 Results: Q10A Pramlintide 

6.5.1 Peptide synthesis and oxidation 

The glutamine at position 10 was substituted with an alanine producing the analogue Q10A Pramlintide. As there 

are secondary structure-disrupting prolines in the latter half of this sequence, only a single pseudoproline was 

incorporated into the sequence. The crude material of Q10A Pramlintide eluted with two main peaks. The peak 

corresponding Q10A Pramlintide had a retention time of 15.46 minutes on a linear gradient of 5 – 65% B at 3% B 

per minute (Figure 6.6 A). ESI-MS confirmed the identity of the main peak as linear Q10A Pramlintide (Figure 6.6 

C). Oxidation of Q10A Pramlintide to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by 

reacting 0.5 equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 

hour. To ensure formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation 

(1 hour with DTNP) were used to assess RT and m/z ion mass number shifts. Peaks eluted at 15.91 minutes on a 

linear gradient of 5 – 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure 

6.6 B). ESI-MS confirmed the identity of the main peak as Q10A Pramlintide (Figure 6.6 D).
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Figure 6.6 RP-HPLC chromatogram traces for Q10A Pramlintide before (A) and after (B) oxidation. RT before: 15.46 minutes, RT after: 15.91 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for Q10A 

Pramlintide prior to oxidation [MW= 3894.4 g/mol]. [M + 5H]5+ ion mass observed: 779.5, mass required: 779.9; [M + 4H]4+ ion mass observed: 974.3, mass required: 974.6; 

[M + 3H]3+ ion mass observed: 1298.8, mass required: 1299.1. (D) ESI-MS trace for oxidised Q10A Pramlintide. Ion mass numbers before/after oxidation: [M + 5H]5+: 

779.5/779.5; [M + 4H]4+: 974.3/973.9; [M + 3H]3+: 1298.8/1297.9. All Q10A Pramlintide ion mass numbers are indicated in red.
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6.5.2 Peptide purification 

Oxidised Q10A Pramlintide required two purifications first with a gradient of 1 - 10% B at 2% B per minute followed 

by 10 - 50% B at 0.25% B per minute then with a gradient of 1 – 10% B at 1% B per minute followed by 10 – 50% 

B at 0.1% per minute to achieve adequate purity. Column: Grace Vydac C4 (10 µm, 10.0 x 250 mm), flow rate: 5 

ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.45 mg. Analysis of the purest fractions 

yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 99% was 

achieved as judged by the peak area of RP-HPLC at 210 nm (Figure 6.7). ESI-MS confirmed the identity of the 

purified material as Q10A Pramlintide (Figure 6.8). A summary of final yield and purity can be found in the summary 

section in Table 6.5.  

 

Figure 6.7 Analytical RP-HPLC trace for purified Q10A Pramlintide. Column: Grace Vydac 217TP Diphenyl (5 µm, 

4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 28.22 minutes. 

 

Figure 6.8 ESI-MS trace for purified Q10A Pramlintide [MW= 3894.4 g/mol]. Ion mass numbers corresponding to 

Q10A Pramlintide: 779.3 [M + 5H]5+, 973.8 [M + 4H]4+, and 1298.1 [M + 3H]3+. 
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6.5.3 Biological characterisation 

Q10A Pramlintide was a full agonist at all three receptors tested (hCT(a), hAMY1(a), and hAMY3(a)). This analogue 

had statistically significant increases in Emax at the hAMY1(a) and hAMY3(a) receptors with a trend towards increased 

Emax at the hCT(a) that did not reach statistical significance (Figure 6.9, Table 6.3). The fold-changes compared to 

the pramlintide are shown in Table 6.3. The control pramlintide was synthesised in-house by senior research fellow 

Renata Kowalczyk from the School of Chemical Sciences, University of Auckland, and has been previously 

characterised by our laboratory, with a purity of 99% (Kowalczyk et al., 2014).  

  

Figure 6.9 (A – C) Concentration-response curves of cAMP production by pramlintide compared with Q10A 

Pramlintide at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves are plotted as 

a percentage of maximal pramlintide-stimulated cAMP production and data points represent the mean ± SEM from 

5-7 independent experiments. (D – F) pEC50 values across all three receptors for pramlintide and Q10A 

Pramlintide. * p < 0.05 by unpaired t-test compared to pramlintide. 
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Table 6.3 Pramlintide and Q10A Pramlintide pEC50 values, fold-change in pEC50 and Emax data from three 

receptors: hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 5-7 independent experiments,* p < 

0.05 by unpaired t-test compared to pramlintide. 

 
hCT(a) hAMY1(a) hAMY3(a) 

Pramlintide Q10A 
Pramlintide Pramlintide Q10A 

Pramlintide Pramlintide Q10A 
Pramlintide 

pEC50 8.82 ± 0.23 9.29 ± 0.16 9.74 ± 0.13 9.46 ± 0.19 9.75 ± 0.19 9.89 ± 0.20 
Fold-change 3.0 1.9 1.4 

Emax 100 139 ± 20.1 100 129 ± 9.84* 100 129 ± 11.4* 
n 6 7 5 
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6.6 Results: hAMY1-17 

6.6.1 Peptide synthesis and oxidation 

A C-terminally truncated peptide was synthesised: human amylin1-17. The crude material of human amylin1-17 eluted 

with one main peak. The peak corresponding human amylin1-17 had a retention time of 14.30 minutes on a linear 

gradient of 5 – 65% B at 3% B per minute (Figure 6.10 A). ESI-MS confirmed the identity of the main peak as 

linear human amylin1-17 (Figure 6.10 C). Oxidation of human amylin1-17 to cyclise the N-terminal cysteine-cysteine 

disulphide loop was completed by reacting 0.5 equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 

mg/ml) at room temperature for 1 hour. To ensure formation of the disulphide bond, LCMS before oxidation 

(peptide in DMSO) and after oxidation (1 hour with DTNP) were used to assess RT and m/z ion mass number 

shifts. Peaks eluted at 14.70 minutes on a linear gradient of 5 – 65% B at 3% B per minute confirming oxidation 

via the rightward shift in retention time (Figure 6.10 B). ESI-MS confirmed the identity of the main peak as human 

amylin1-17 (Figure 6.10 D).
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Figure 6.10 RP-HPLC chromatogram traces for human amylin1-17 before (A) and after (B) oxidation. RT before: 14.30 minutes, RT after: 14.70 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for human 

amylin1-17 prior to oxidation [MW= 1853.2 g/mol]. [M + 4H]4+ ion mass observed: 464.1, mass required: 464.3; [M + 3H]3+ ion mass observed: 618.6, mass required: 618.7; 

[M + 2H]2+ ion mass observed: 927.0, mass required: 927.6. (D) ESI-MS trace for oxidised human amylin1-17. Ion mass numbers before/after oxidation: [M + 3H]3+: 618.6/618.0; 

[M + 2H]2+: 927.0/926.1. All human amylin1-17 ion mass numbers are indicated in red. 

(A) 

(B) 

(C)

)  (A) 

(D)

)  (A) 

[M+2H]2+ 

[M+4H]4+ 

[M+3H]3+ 

[M+2H]2+ 

[M+3H]3+ 



 Chapter 6: Additional Analogues 

198 
 

6.6.2 Peptide purification 

Oxidised human amylin1-17 required two purification steps first on a gradient of 1 – 10% B at 2% B per minute 

followed by 10 – 50% B at 0.25% B per minute on a Grace Vydac C4 (10 µm, 10.0 x 250 mm), flow rate: 5 ml/min, 

temperature: 50°C . The second purification was completed on a gradient of 1 – 8% B at 1% B per minute followed 

by 8 – 50% B at 0.1% B per minute on a C18 Gemini (5 µm, 10.0 x 250 mm), flow rate: 5 ml/min, temperature: 

50°C. The final peptide yield for this synthesis was 3.57 mg. Analysis of the purest fractions yielded a single peak, 

which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 99% was achieved as judged by 

the peak area of RP-HPLC at 210 nm (Figure 6.11). ESI-MS confirmed the identity of the purified material human 

amylin1-17 (Figure 6.12). A summary of final yield and purity can be found in the summary section in Table 6.5.  

 

Figure 6.11 Analytical RP-HPLC trace for purified human amylin1-17. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 19.59 minutes.  

 

Figure 6.12 ESI-MS trace for purified human amylin1-17 [MW= 1853.2 g/mol]. Ion mass numbers corresponding to 

human amylin1-17: 617.9 [M + 3H]3+, and 926.1 [M + 2H]2+. 
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6.6.3 Biological characterisation 

The C-terminally truncated fragment human amylin1-17 was a partial agonist at all receptors: hCT(a), hAMY1(a) and 

hAMY3(a) with statistically significant reductions in both pEC50 and Emax, compared to WT human amylin (Figure 

6.13, Table 6.4). Potency was reduced by at least 100-fold at each receptor with the most drastic being a 900-fold 

reduction at the hAMY1(a) receptor (Table 6.4).  

 

Figure 6.13 (A – C) Concentration-response curves of cAMP production by WT hAMY compared with human 

amylin1-17 at (A) hCT(a), (B) hAMY1(a) and (C) hAMY3(a) receptors expressed in Cos-7 cells. Curves are plotted as a 

percentage of maximal hAMY-stimulated cAMP production and data points represent the mean ± SEM from 3-5 

independent experiments. (D – F) pEC50 values across all three receptors for WT hAMY and hAMY1-17. * p < 0.05, 

** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 
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Table 6.4 WT human amylin and hAMY1-17 pEC50 values, fold-change in pEC50 and Emax data from three receptors: 

hCT(a), hAMY1(a) and hAMY3(a). Values are the mean ± SEM from 3-5 independent experiments, * p < 0.05, ** p < 

0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
hCT(a) hAMY1(a) hAMY3(a) 

hAMY hAMY1-17 hAMY hAMY1-17 hAMY hAMY1-17 
pEC50 8.84 ± 0.19 6.72 ± 0.27** 9.72 ± 0.06 6.76 ± 0.15*** 9.27 ± 0.28 6.82 ± 0.14** 

Fold-change 132 912 282 
Emax 100 65.0 ± 6.27** 100 68.2 ± 5.34*** 100 49.3 ± 11.3* 

n 3 5 3 
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6.7 Results: Chapter 6 summary 

Summary data for all additional analogues including the biological activity by cAMP production and receptor 

binding and chemistry data for all analogues in table 6.5 and 6.6, to enable comparisons between peptides.  

Table 6.5 Summarised data from WT human amylin and additional analogues including pEC50 and Emax values. * 

p < 0.05, ** p < 0.01, *** p < 0.001 by unpaired t-test compared to WT. 

 
pEC50 Emax 

hCT(a) hAMY1(a) hAMY3(a) hCT(a) hAMY1(a) hAMY3(a) 

WT-hAMY 8.44 ± 0.16 9.48 ± 0.26 8.92 ± 0.14 100 

A5S hAMY 9.58 ± 0.17** 9.80 ± 0.23 9.88 ± 0.16*** 157 ± 18.0** 128 ± 8.80** 125 ± 20.4 

Pramlintide 8.82 ± 0.23 9.74 ± 0.13 9.75 ± 0.19 100 

[Q10A]Pramlintide 9.29 ± 0.16 9.46 ± 0.19 9.89 ± 0.20 139 ± 20.1 129 ± 9.84* 129 ± 11.4* 

WT-hAMY 8.84 ± 0.19 9.72 ± 0.06 9.27 ± 0.28 100 

hAMY1-17 6.72 ± 0.27** 6.76 ± 0.15*** 6.82 ± 0.14** 65.0 ± 6.27** 68.2 ± 5.34*** 49.3 ± 11.3* 

 

Table 6.6 Summarised chemistry for WT human amylin and additional analogues. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Amino Acid 
Substitution 

Molecular 
Weight 
(g/mol) 

Crude 
Yield (mg) 

Chemistry 

Purity 
Yield 
(mg) 

A5S hAMY Alanine (A) 3921.3 251.7 95 1.99 

[Q10A]Pramlintide Glutamine 3894.4 242.3 99 0.45 

hAMY1-17 - 1853.2 184.2 99 3.57 
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6.8: Discussion 

The loop residue in human and salmon CT is a serine in position 5 (Introduction Section 1.5.2, Figure 1.6 B). This 

residue was substituted into the human amylin sequence to determine whether it imparts specificity toward hCT(a) 

receptors over amylin receptors. The A5S analogue had increased potency at all receptors with increased Emax. 

As expected, the potency increase was most pronounced at the hCT(a) receptor but also unexpectedly at the 

hAMY3(a) receptor suggesting that RAMP3 association may influence the binding pocket more favourably for this 

side chain over RAMP1. Residues within the disulphide loop have been reported to affect selectivity in the CT 

family of peptides previously. The loop residue Phe18 in hAM corresponding to amylin residue Thr4, appears to 

convey some specificity and preference for the AM1 receptor over the AM2 receptor. Mutation to an alanine 

rendered hAM a partial agonist with reduced potency at the AM1 receptor but remained a full agonist at the AM2 

receptor, suggesting that loop residues may be important for receptor selectivity in these peptides (Watkins et al., 

2016). Perhaps the juxtaposition of this serine to the vital Thr6 is important as the OH group of the latter is critical 

for receptor activation. Introducing another OH adjacent to this threonine could result in additional polar interactions 

at the binding interface, which may strengthen peptide-receptor interactions. The potency increases are unlikely 

the result of structural changes due to their location within the rigid disulphide loop structure, so direct side-chain 

or backbone contacts are likely affected with this mutation. The alanine to glycine substitution at position 5 did not 

negatively impact receptor activity indicating that the methyl group of alanine is not making important connections 

with the receptor although there were trends towards reduced potency at hAMY1(a), so may play a small role at this 

receptor (see Chapter 4, section 4.7.3). In addition to testing these analogues for binding at amylin-responsive 

receptors it would also be apt to synthesise a serine to alanine swap in the hCT and sCT sequences and test to 

see if there are reductions in potency and/or binding to try to further tease apart selectivity profiles.  

Substitution with alanine at position 10 in human amylin for the native glutamine residue resulted in a more 

potent analogue (see Chapter 5, subsection 5.6.3). It was of interest to explore whether or not this increase in 

potency translated to pramlintide, the FDA-approved drug that lowers blood-glucose in conjunction with 

administered insulin. The Q10A Pramlintide analogue had very minimal increases in potency at all receptors tested 

with increases in Emax at all receptors, reaching statistical significance at hAMY1(a) and hAMY3(a).  This could be 

due to pramlintide already having increased potency over human amylin at amylin receptors transfected into Cos-

7 cells (Gingell et al., 2014), which is consistent with the potency data in this thesis. Or perhaps the structural 

differences between human amylin and pramlintide impacted the ability of this analogue to further increase 

potency. The three prolines present in the pramlintide sequence are thought to be secondary structure-disrupting 

and may therefore orient this residue differently than it does in the native sequence (Chiu et al., 2013). Due to the 

near WT pharmacology, the other single alanine analogues that had increased potency in human amylin were not 

substituted into pramlintide, though it would be interesting to look into this in future. 

Lastly, to further consider the impact of the 17 N-terminal amino acids in human amylin to receptor 

activation, a truncated N-terminal fragment human amylin1-17 was synthesised and tested for activity at amylin-

responsive receptors. Deleting the C-terminal 20 amino acids resulted in substantial potency and Emax decreases 

at all three receptors. Therefore, C-terminal amino acids play an important role in receptor activation and are 

certainly needed to induce full agonism. Despite the fact that the C-terminal amidation was present in this N-

terminal fragment, it likely was unable to reach important contacts due to the drastic shortening of the peptide.  

This truncated fragment retained a very similar pEC50 at all receptors of approximately 6.7. Due to the lack of 

amylin receptor phenotype induction, it is plausible that this N-terminal fragment interacts in a similar binding 
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pocket regardless of RAMP association. When a RAMP associates with the CTR, important C-terminal contacts 

of the full-length peptide may impart selectivity, which would be lost upon their removal.  

N-terminal fragments have been synthesised previously, and tested in models for bone formation or 

resorption in the form of an octapeptide: amylin1-8. There are conflicting reports with regards to the proposed 

activity of this peptide in these systems, however. In ovariectomised rats with osteopenia, high doses of amylin1-8 

failed to improve bone mineral densities or increase bone formation. The fragment was also ineffective in vitro at 

stimulated cAMP production in HEK293T or MCF-7 cells expressing amylin receptors, unlike the WT peptide 

(Ellegaard et al., 2010). Contrastingly, the 1-8 fragment stimulated chondrocyte proliferation at 10-fold higher 

concentrations than the WT peptide, and increased trabecular bone volume in mice (Cornish et al., 2000). The 

disparity of these results is unclear but could be due to different animal models, storage conditions of the synthetic 

peptides or differences in assays used. Amylin fragment1-8 was a partial agonist at inhibiting gastric acid secretion 

in rats but required higher dosing than the WT peptide (Rossowski et al., 1997). In the same assay for inhibition 

of gastric acid secretion, fragments of CGRP1-8, and AM15-22 were also efficacious but required doses 10-1000-fold 

higher than their parent peptides, and were partial rather than full agonists (Rossowski et al., 1997).  

Several other fragments of hαCGRP have also been generated with varying reported activity. N-terminal 

fragments of hαCGRP1-12, hαCGRP1-15 and hαCGRP1-22 were all biologically active, with the most effective 

fragment hαCGRP1-15 lowering blood pressure in anesthetised rats with 100-fold reduced potency to its WT 

equivalent (Maggi et al., 1990). Contrastingly, in rat atrial preparations hαCGRP1-11 and hαCGRP1-18 fragments 

displayed no activity in isolated rat atrial preparations (Tippins et al., 1989). Cyclo2,7hαCGRP1-7 also had very low 

affinity in rat brain and spleen membrane preparations with antagonist activity in guinea pig atria (Dennis et al., 

1989). An acetylated N-terminal analogue of AM has also been synthesised, Ac-AM16-21, which retained its strong 

vasopressor activity in anaesthetised rats (Watanabe et al., 1996). Variability in activity is likely due to 

concentrations of peptide investigated, the experimental system assayed, and the source of the fragmented 

analogues. For instance, the inactive fragments from Tippins and colleagues (1989) were generated by an 

enzymatic tryptic digestion where others were synthetically synthesised. Many of these studies are conducted in 

membrane preparations, and not at defined receptor subtypes. Our data for human amylin is similar to that of 

Maggi et al. (1990) testing N-terminal fragments of CGRP, where biological activity was present however greatly 

reduced and with partial agonist profiles.  

In summary, with regards to amylinmimetic drug development strategies, the peptide C-terminus is clearly 

needed for retention of full agonism, at least to some degree. At present, it is unclear which residues of the full-

length human amylin peptide are important for receptor activation and binding, and would be worth investigating 

further by conducting a complete alanine scan of the C-terminal residues. Single residue swaps between the CT 

family were sufficient to begin unveiling some methods of selectivity between peptides, as shown with the A5S 

variant. This would be worthwhile to further explore, possibly providing information to help tailor the design of more 

specific peptides towards specific receptors and reduce cross-reactivity between them. Residues of the human 

amylin analogues with increased potency may not translate to pramlintide, as demonstrated by Q10A Pramlintide. 

This could also be the case for reduced activity analogues as well, and must be considered carefully before relating 

the data to pramlintide. These peptides are different molecules that may act variably in different biological systems. 

However, it would still be worthwhile to explore if the other increased activity analogues of human amylin translate 

to pramlintide, and to create a triple alanine mutant to ascertain if these affects are additive in both human amylin 

and pramlintide.
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Chapter 7 General discussion and conclusion 
The main goal of this thesis was to investigate the role of the N-terminus of human amylin in receptor activation. 

This information will help guide further amylinmimetic drug development, as knowledge of the peptide 

structure/function allows targeted decisions to be made regarding residue mutation or modification. This discussion 

will review the key findings of the research presented in this thesis, followed by an analysis of how this information 

correlates or deviates from what is currently known about related family B GPCR peptide ligands or other members 

of the CT family of peptides and their receptors. How this information can be used to help guide systematic drug 

design in the amylinmimetic realm will be discussed and finally, future directions of peptide drug development and 

current gaps in knowledge will be covered.  A summary of the fold-changes in pEC50 and Emax for the single-residue 

replacement analogues are provided in Figure 7.1.  
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Figure 7.1 Mean fold-change in pEC50 of each alanine or glycine analogue up to residue 17 in comparison to the WT human amylin control at (A) hCT (a), (B) hAMY1(a) and 

(C) hAMY3(a). % Emax change compared to WT hAMY for all analogues at the (D) hCT(a) (E) hAMY1(a) and (F) hAMY3(a) receptors. * p < 0.05, ** p < 0.01, *** p < 0.001 by 

unpaired t-test.
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7.1 Characterisation of the N-terminus of human amylin  

7.1.1 The N-terminal disulphide loop structure is important for receptor binding and activation 

The N-terminal ‘activation loop’ was compromised to ascertain its (structural/functional) role in receptor activation. 

The data confirmed its importance, as shown by the significant potency and Emax reductions of the truncated 

hAMY8-37 fragment and the linearised C2S-C7S analogue at all three receptors. These results are consistent with 

those in the literature investigating the importance of the N-terminal disulphide loop in rat amylin (Roberts et al., 

1989) and related peptides (Dennis et al., 1989; Tippins et al., 1989; Zimmerman et al., 1995) however, it is the 

first investigation into the human amylin sequence at defined receptor subtypes. The loop structures of human 

amylin are shown in Figure 7.2. 

  

Figure 7.2 (A) Micelle-bound human amylin (PDB code 2L86) and (B) solution structure of human amylin in SDS 

micelles (PDB code 2KB8) showing residues 1-17 highlighting the disulphide loop (red).  

7.1.2 C-terminal residues are also required for full amylin agonism and possibly receptor subtype 

selectivity 

For human amylin, both the N-terminal loop and residues within the C-terminus are crucial to impart full agonism 

of the peptide. Similar potency and Emax reductions occurred following the truncation of the first 7 amino acids 

(hAMY8-37) compared with the truncated C-terminal 20 amino acids analogue, hAMY1-17. This is unsurprising given 

the highly conserved residues at both ends of the peptide (Introduction Section 1.5.2, Figure 1.6 A). However, 

residue conservation did not always translate to a critical role of those residues for activation with the example of 

Thr4; a residue strongly conserved across species for amylin and CGRP but with minimal potency reductions when 

mutated to an alanine (Hay et al., 2014). The fact that hAMY1-17 displayed the same potency across all three 

receptors with no induction of amylin receptor phenotype, indicates that this fragment may interact with CTR 

eliciting an agonist response, but with no selectivity differences between receptors. This makes sense if this region 

of the peptide principally contacts the JM regions of the receptor interface, which is consistent with a model of AM 

bound into the AM1 and AM2 receptors. The first 17 residues of hAM comprising the N-terminal disulphide loop 

residues 15-21 and helical residues spanning 22-31 buried deeper within the receptor, interacting the JM regions 

of CLR (Watkins et al., 2016). The peptide C-terminus could dictate receptor specificity perhaps by making direct 

contacts with the CTR/RAMP ECD’s or by RAMPs allosterically modifying the binding site of CTR so as to allow 

specific C-terminal contacts of the peptide to be made with the receptor (Hay and Pioszak, 2016). See section 7.3 

for further coverage of selectivity.  

(A) 
(B) 
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7.1.3 Thr6 is the only N-terminal disulphide loop residue critical for receptor activity 

Amino acid replacements with alanine or glycine were done to determine individual residue contributions within 

the N-terminal “activation loop”. Surprisingly, the only residue within the loop that was crucial for receptor activity 

was Thr6. For hαCGRP, two loop residues were crucial including Thr6, but also Ala5, which is also an alanine in 

amylin. However, in hαCGRP Ala5 was replaced with a cysteine, which could disrupt the C-terminal loop structure 

due to steric influence or chemical activity of the sulfhydryl functional group. Therefore it is difficult to determine if 

the native alanine is indeed important for activity at the CGRP receptor and may influence selectivity profiles 

between receptors or if the substitution was poorly tolerated due to the less conservative replacement of a cysteine 

residue (Hay et al., 2014). Overall, the loop structure itself is necessary for both binding and activation as shown 

by the truncated and linear analogues. However, the loop structure could function to correctly orientate the Thr6 

residue within the loop into a defined binding pocket where important hydrogen bonding could occur between the 

polar OH of the threonine residue with receptor residues. This structural feature would also be lost in the linear 

analogue, C2S-C7S, which could disrupt peptide binding contacts with the receptor. The five residues within the 

loop of two available structures of human amylin are shown in Figure 7.3. The colours of the highlighted residues 

are consistent with those displayed in the graphs of Results Chapter 4. Whilst these two models are very similar 

in the orientation of residues in the loop, there are some subtle differences. In particular, Lys1, which adopts an 

orientation projecting further outward from the loop structure in the SDS-micelle-bound model. The N-terminal 

lysine is likely involved with preprohormone processing, which often occurs between basic residues (Higham et 

al., 2000). The lack of a functional role in receptor activation would be expected if its role is to designate a cleavage 

site for processing into the mature peptide. Unfortunately at this time there is no model for peptides bound to the 

CTR to augment the results interpretations. Speculations can be inferred from the model of hAM bound into AM1 

and AM2 however, which show the disulphide loop bound within the JM regions of the CLR (Watkins et al., 2016). 

 

Figure 7.3 (A) Micelle-bound human amylin (PDB code 2L86; Patil et al., 2009) and (B) solution structure of human 

amylin in SDS micelles (PDB code 2KB8; Nanga et al., 2011). Both show residues 1-17, highlighting the six loop 

residues: Lys1, Asn3, Thr4, Ala5 and Thr6. The mean fold-change in potency of the corresponding alanine analogue 

across all three receptors is shown in red in (A). 

7.1.4 Residues 8-17 comprising the proposed amphipathic helix have disproportionate effects 

on receptor binding and activation 

In the proposed helical region spanning residues 8-17, mutating any single individual residue often resulted in 

analogues with approximately 10-fold reductions in potency with the exception of Leu12. The residues with reduced 

activity are shown in Figure 7.4 with colours of the highlighted residues consistent with those displayed in the 

graphs of Results Chapter 5. The residues with minimal changes to potency when mutated to an alanine are shown 
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in Figure 7.4 (A) and (B), and in both models fall on a similar face of the helix. It is intriguing that two resides with 

very distinctive chemical side-chains do not contribute to the potency of the peptide more substantially. The large 

aromatic hydrophobic Phe15 and large basic hydrophilic Arg11 clearly do not make critical contacts with receptor 

residues as one might expect. In both structures of human amylin, Leu12 was present on the hydrophobic face of 

the helix (Patil et al., 2009; Nanga et al., 2011). Mutation of this residue to an alanine severely affected the 

functionality of the peptide, possibly due to loss of important hydrophobic interactions in the binding pocket of the 

receptor.  

 

 

Figure 7.4 (A, C) Micelle-bound human amylin (PDB code 2L86; Patil et al., 2009) and (B, D) solution structure of 

human amylin in SDS micelles (PDB code 2KB8; Nanga et al., 2011) showing residues 1-17 highlighting the helical 

residues with reduced activity: Ala8, Thr9, Arg11, Leu12, Ala13, and Phe15. The mean fold-change of the 

corresponding alanine analogue across all three receptors is shown in red in (A) and (C). 
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In general, residues that are absolutely conserved across all amylin species in the 8-17 region of the 

peptide resulted in potency reductions when mutated to an alanine at all three receptors, with few exceptions. 

Some single-residue analogues such as Q10A, N14A and V17A resulted in increased potency and/or efficacy and 

sometimes affinity of the peptide at amylin-responsive receptors, as discussed in more detail in the individual 

results chapters. It is interesting that Gln10 and Asn14 do not play a critical role in receptor-activity given their distinct 

large polar sidechains, since alanine replacement improved rather than reduced the activity of the peptide. In 

structures of human amylin, Gln10, Asn14 and Val17 form part of a hydrophilic face of an amphipathic alpha helix 

that is exposed to solvent, rather than being buried within the hydrophobic interior Figure 7.5 (Patil et al., 2009; 

Nanga et al., 2011). Colours of the highlighted residues consistent with those displayed in the graphs of Results 

Chapter 5. The models are not necessarily the conformation the peptide adopts upon interaction with a receptor 

but offer insight into how this peptide may fold under certain conditions. The solved crystal structures of the family 

B GPCRs glucagon and CRF lacking their ECDs revealed a uniquely larger and deeper binding pocket not 

previously seen in any solved family A GPCR crystal structures, which may also translate to the CTR, awaiting 

confirmation via crystal structure availability (Siu et al., 2013; Hollenstein et al., 2013). It is possible that mutating 

these residues to an alanine allowed for a better “fit” into a deeper hydrophobic pocket in the receptor.  

 

Figure 7.5 (A) Micelle-bound human amylin (PDB code 2L86; Patil et al., 2009) and (B) solution structure of human 

amylin in SDS micelles (PDB code 2KB8; Nanga et al., 2011) showing residues 1-17 highlighting the three helical 

residues that when mutated to an alanine had increases in potency: Gln10, Asn14, and Val17, which adopt a similar 

orientation on one face of the proposed alpha helix in both models. The mean fold-change of the corresponding 

alanine analogue across all three receptors is shown in green in (A).  

Interestingly, amino acid modifications appeared to more dramatically impact the hCT(a) and hAMY1(a) 

receptors in comparison to the hAMY3(a) receptor, regardless of whether the effect was an increase or decrease in 

potency (Figure 7.1). The increased potency of analogues did not reach significance at the hAMY3(a) receptor and 

the L12A analogue with dramatic losses in potency at the hCT(a) and hAMY1(a) receptors only had a minor potency 

reduction at the hAMY3(a) receptor. It may be that RAMP3 imparts a distinct binding interface for the peptide 

whereas the binding pockets of hCT(a) and hAMY1(a) may be more alike. This could also help explain why hαCGRP 
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equipotently activates the hAMY1(a) receptor but not the hAMY3(a) receptor as RAMP1 could impart a favourable 

receptor conformation for hαCGRP, and could also explain its lower potency at hCT(a) alone. This is discussed 

further in section 7.3. Alanine favours helical secondary structure, so its introduction is unlikely to strongly disrupt 

helical folding, although glycine is less forgiving and could explain the larger binding reductions of the A8G and 

A13G mutants. The most probable scenario is one where the contribution of residues towards binding and 

activation are additive and work synergistically with proximal residues, with some contributing to helical integrity 

and others directly contributing to receptor interactions. 

At this time, investigations into structural changes in the replacement analogues via methods such as CD 

were not performed. Similar investigations have been done for analogues of CGRP and AM whereby notable 

changes in affinity or selectivity did not correlate with changes or differences in peptide secondary structure 

(Robinson et al., 2009). CD analysis of alanine analogues of the AM22-52 antagonist fragment also did not indicate 

any remarkable changes in secondary structure compared to the unmodified peptide, even with less conservative 

residue replacements (Au, M., 2015). Furthermore, analogues of GLP-1, which had the largest impacts on GLP-1 

receptor binding and activation were analysed for disruptions of secondary structure by CD. The analogues did 

not differ substantially from WT GLP-1 with the exception of two C-terminal residues, which had moderate 

reductions in alpha helical secondary structure (Adelhorst et al., 1993).  This could be an interesting avenue to 

pursue in future studies if less conservative amino acid substitutions are incorporated into a native sequence 

followed by drastic changes in receptor affinity or activity. The 17 amino acids of the N-terminus of human amylin 

are shown in Figure 7.6 highlighting the general trends of residue importance.  

7.2 Comparisons and deviations to the 2-domain model of binding and activation 

The data in this thesis both support and refute the 2-domain model of binding and activation which broadly states 

that the N and C-termini of the peptide are important for activation and binding, respectively. However, the two 

phenomena are not necessarily mutually exclusive. Where there is activation, there is binding, and it cannot be 

cleanly defined between N-terminal “activating” residues and C-terminal “binding” residues, at least for human 

amylin. In fact, the hAMY8-37 analogue retained partial agonism, as did hAMY1-17. Therefore, the residues that 

continue to bind the receptor are therefore still able to activate it and there does not appear to be a clearly defined 

line across half of the peptide to account for these actions. Nevertheless, it is possible that contributing residues 

toward binding and activation still fell between residues 9-17 in the hAMY8-37 analogue, as the minimal activating 

N-terminal amylin fragment was not determined; perhaps an area of future investigation though there is some data 

to suggest an N-terminal amylin analogue (hAMY1-8) retained activity in a rat foetal osteoblast assay (Cornish et 

al., 1998a), though this has not been investigated in other biological systems. The ‘activation loop’ hypothesis is 

also both accurate and inaccurate; since activation still occurs with the hAMY8-37 peptide, though is greatly reduced. 

The two domain model may be an oversimplification of peptide-receptor activation and interaction. The precise 

location of “activating” and/or “binding” residues within a peptide sequence are likely unique and similar to a 

fingerprint or ‘lock and key’ to the peptides overall function and not always subject to defined N or C-terminal 

locations.  
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Figure 7.6 Residues of the first 17 amino acids of human amylin. Residues with less than a 10-fold reduction in potency in at least one of the three receptors tested when 

replaced with an alanine or glycine are boxed in black. Residues with more than a 10-fold potency reduction when replaced with an alanine or glycine in at least one receptor 

tested are boxed in orange. Residues with more than a 20-fold potency reduction when replaced with an alanine in at least one receptor are boxed in red. Residues with an 

increase in potency in at least one receptor are boxed in green. The red circle highlights the importance of the N-terminal disulphide loop structure.
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7.3 Receptor and Peptide Selectivity  

7.3.1 Receptor Selectivity and RAMPs 

Ascertaining the role of particular receptor residues involved in selectivity between peptides in the CT family is 

somewhat complicated by the sharing of common GPCR receptors; amylin and CT share the CTR while CGRP 

and AM share CLR. Therefore, changes imparted by the association of RAMPs either allosterically or directly must 

influence the selectivity profiles between receptors, given their altered ligand phamacologies upon association. 

Extensive modelling and mutagenesis studies have set out to tease apart these relationships in addition to the 

solved crystal structures of receptor ECDs with their associated RAMP ECDs.   

Crystal structures of CLR and RAMP1 ECD fusion proteins in complex with a C-terminal CGRP analogue 

revealed that residue Trp84 of RAMP1 made an important contact directly with Phe37 in CGRP (Booe et al., 2015). 

This was supported with mutagenesis studies of the RAMP1 Trp84 residue to alanine, resulting in reduced binding 

of C-terminal CGRP analogue to CGRP receptors (Lee et al., 2016). Therefore, RAMP1 in the CGRP receptor 

appears to directly play a role in peptide interactions.  However, an additional allosteric influence cannot be ruled 

out. Mutagenesis and molecular modelling data from CGRP and AM receptors comprised of the common CLR 

and RAMPs 2 and 3, respectively, indicate that RAMP association alters the JM bundle of CLR such that the 

resulting binding pockets are subtly but importantly altered (Watkins et al., 2016).  

 A crystal structure of the CTR ECD is now available with a sCT analogue bound (Johansson et al., 2016), 

however there is currently no crystal structure of this in complex with a RAMP ECD. CTR and RAMP1 ECDs have 

successfully been linked and purified together with binding profiles very closely paralleling their full-length 

equivalents (Lee et al., 2016). To tease apart mechanisms of selectivity, extensive mutagenesis of receptor and 

peptide residues have revealed important binding residues to these ECD complexes. Analogues used in the CTR 

crystal structure (Johansson et al., 2016) and the combined mutagenesis and modelling studies (Lee et al., 2016), 

were derived from sCT, which is presumed to bind closer to the profile of amylin over CT. This makes it difficult to 

interpret these data as a means of comparing differences in CT and amylin selectivity for CTR using these models. 

However, there were some important differences when comparing selectivity between CGRP binding at 

CLR/RAMP1 ECDs with rat amylin binding at CTR/RAMP1 ECDs with regards to their association with RAMPs. 

The equivalent RAMP1 mutation of the Trp84 residue to alanine did not impact rat amylin binding affinities at 

CTR/RAMP1 ECDs (Lee et al., 2016). Furthermore, mutating rat amylins C-terminal tyrosine to an alanine also 

did not affect binding to these complexes, suggesting that a direct contact with a RAMP is not an important feature 

of amylin interaction with the hAMY1(a) receptor ECDs, unlike with CGRP (Lee et al., 2016). However, in another 

study, a Trp84 mutation to alanine in RAMP1 in the hAMY1(a) receptor reduced rat amylin agonist potency and 

detrimentally impacted cell-surface expression of RAMP1, thereby suggesting that this residue may be important 

for RAMP1 translocation to the cell membrane and/or inducing an allosteric effect for peptide binding and activation 

(Gingell et al., 2010). 

A homology model of the CTR ECD in complex with RAMP1 and the rat amylin peptide was derived from 

the solved CLR/RAMP1 ECD crystal structures with a CGRP analogue bound (Booe et al., 2015; Gingell et al., 

2016). Complemented with CTR mutagenesis data, key residues in the ECD’s of CLR and CTR were found to be 

highly conserved between receptors with analogous contacts with CGRP and amylin, making it difficult to discern 

how the ECD’s of these complexes bestow specificity between these peptides (Gingell et al., 2016). The lack of 

direct binding of amylin to RAMP1 could help explain why hαCGRP is equipotent to human amylin at the hAMY1(a) 

where RAMP1 is present, but not the hCT(a) or hAMY3(a) receptors. This could also explain why human amylin 

cannot equipotently activate CGRP receptors. (Lee et al., 2016). Identifying how each individual RAMP alters the 
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peptide binding pocket could be crucial for designing highly selective agonist or antagonist molecules to fine-tune 

therapeutics. However, fully unlocking this potential necessitates crystal structures of the full-length receptors with 

and without RAMPs associated, something which has yet to be achieved with family B GPCRs.  

7.3.2 Peptide Selectivity 

With respect to the peptide itself, in combination with the effects of allostery and unique receptor conformations, 

the peptide primary and secondary structures also play a role in selectivity. Unique peptide sequences likely 

stabilise particular receptor conformations important for their specific activity (Wootten et al., 2016).  

Paradoxically, hαCGRP has the highest degree of sequence identity with the most N and C-terminal 

residues of human amylin, diverging to the greatest degree between residues 20-29 (see Chapter 1, section 1.5.2), 

suggesting that specificity between these peptides must lie in this region. However, this is clearly not the case as 

evidenced by analogues such as pramlintide, where non-conservative proline substitutions in this region do not 

negatively impact receptor activity so unlikely play important roles in selectivity. Crystal structures of receptor 

ECD’s with or without RAMP ECD’s with peptide analogues bound add to this conundrum, since highly conserved 

residues within the CT family were important for binding. In particular, residues corresponding to Thr30 and Val32 

in CGRP27-37 and AC4136-25 were important for binding at CGRP or hAMY1(a) ECD’s, respectively (Lee et al., 2016; 

Booe et al, 2015). In AC4136-25 and [BrPhe22]sCT8-32 the residues corresponding to Gly33 in human amylin also 

impacted binding, possibly due to imparting important structural turns in the peptide, optimally orientating the 

peptide for binding (Lee et al., 2016; Johansson et al., 2016). In [BrPhe22]sCT8-32 and CGRP27-37, the C-terminal-

most amidation made important receptor contacts, which was not seen for AC4136-25 (Johansson et al., 2016). 

The similarities in important residues or structural features between these peptides makes it difficult to ascertain 

distinct mechanisms of selectivity between peptides. The N-terminus of the peptide is perhaps important for 

selectivity between CT peptide family, supported by A5S data. Single residue variations in the N and C-termini 

may elicit selectivity, or slight structural differences between peptides, however it is likely a combination of these 

factors in addition to RAMP allostery that contributes to these outcomes.   

Identifying residues that contribute towards selectivity is of interest to develop more specific drugs. In 

attempts to investigate the selective contributions of a particular “activation loop” residue, the A5S human amylin 

analogue was synthesised and tested at the CTR and amylin receptors. This residue is a serine in CT, and an 

alanine in amylin and CGRP. The results do suggest that the serine within CT at least partially increases peptide 

selectivity for the hCT(a), with the largest potency and Emax increases seen at this receptor. The potency increase 

observed at the hAMY3(a) receptor could indicate that important residues contacts within the CTR binding pocket 

are better exposed on interaction with RAMP3 but not as well with RAMP1. This information could be used to 

design a drug with higher specificity for the hCT(a) receptor. Another residue of human amylin that may be important 

for imparting selectivity was Leu12. When mutated to an alanine, there were much larger potency reductions at 

hCT(a) and hAMY1(a) but not hAMY3(a). It could be interesting to create an L12A-modified antagonist fragment and 

test if it was more specific towards the hAMY3(a) receptor binding since there are currently no antagonists that are 

selective against amylin receptor subtypes, which would provide a useful tool in determining which variant(s) are 

responsible for the endogenous activity of amylin. With a functional radiolabelled amylin peptide it would be 

pertinent to investigate analogue binding at the hAMY3(a) receptor, which we were not able to explore at this time.  

Without reliable antibodies against different RAMPs it is difficult to determine the importance of different 

receptor subtypes to the role of endogenous amylin. The mRNA expression of RAMPs in mice (Ueda et al., 2001) 

and CTR in humans has been investigated although the presence of mRNA does not always correspond to its 
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translation into a functional protein. Discovering the receptor(s) most relevant to the physiological outcomes of 

amylin can lead to the development of selective drugs targeting these specific receptors. This necessitates the 

development of specific and reliable antibodies targeting the three different RAMP proteins or selective 

pharmacological tools such as specific antagonists, which the data herein can further help guide. 

7.4 Biased agonism  

Other areas of interest with regards to human amylin is agonist signalling pathway bias. Biased agonism is the 

preferential stimulation of certain downstream signalling pathways specific to which peptide or small molecule is 

interacting with the receptor (reviewed in Wootten et al., 2016a). The pathway investigated in this thesis was Gαs-

coupled AC signalling and cAMP production. However, there is evidence that amylin can also activate the ERK 

1/2 pathway, increase cGMP and Ca2+ signalling (Morfis et al., 2008; Riediger et al., 2001). Despite this, signalling 

bias of the amylin system has yet to be explored and has the potential to fine-tune drug development by targeting 

specific signalling pathways linked to desired physiological outcomes. There have been considerable advances in 

this area for the related family B GPCR peptide ligand, GLP-1 (Wootten et al., 2016b). This is an area of sizeable 

interest as peptide modifications can also alter downstream signalling bias as described for GLP-1, an emerging 

and exciting new layer to consider in drug development efforts (Wootten et al., 2016a; Mäde et al., 2014). Future 

work could investigate how these modified amylin analogues influence bias, or other signalling pathways.  

7.5 Other family B GPCRs and their peptide ligands  

Though limited in number, some inferences can be drawn from solved family B GPCR structures. Crystal structures 

of the glucagon (GCGR) and corticotrophin-releasing factor-1 (CRFR) receptors have been solved without the 

large N-terminal ECD. Both structures contain a large “open chalice” cavity created between the 7 TM helices; this 

is larger than those previously described for family A GPCR’s and is thought to form the peptide binding pocket 

(Hollenstein et al., 2013; Siu et al., 2013). Mutagenesis and the solved GCGR structure allowed for modelling of 

the GCGR ECD and the glucagon peptide bound to the receptor. Bound glucagon adopted an alpha helical 

structure from residues upstream of Thr7, with the N-cap motif spanning from approximately Phe6/Thr7 to Tyr10. 

Important side-chain/receptor contacts with the TM regions included: His1, Gln3, Phe6, Thr7, Tyr10, Tyr13, Leu14 and 

Arg17. C-terminal residues Phe22 and Leu26 made important contacts with the GCGR ECD. Residues both 

preceding and following the N-cap motif were involved in contacting the GCGR. This is consistent with a systematic 

alanine scan of glucagon, which showed N-terminal residues His1, Gln3, Gln4, Phe6, Thr7, Ser8, Asp9, Tyr10, Lys12 

and Leu14 to have drastic affinity reductions when substituted with alanine (Chabenne et al., 2014). These data 

are very similar to an alanine scan of GLP-17-36, which demonstrates that equivalent residues His7, Gly10, Phe12, 

Thr13 and Asp15 were important for binding with residues His7, Gly10 and Asp15 important for receptor activation via 

adenylyl cyclase activation. Since these residues align almost completely with glucagon residues for binding and 

activation it was postulated that the differences in C-terminal residues may impart receptor selectivity between 

these related hormones (Adelhorst et al., 1993). Indeed, this appears to be a similar case with the amylin peptide 

as the 1-17 analogue displayed similar potencies across all three receptors. It is also interesting that residues 

across the entire N-terminal region of glucagon and GLP-1 appear to be important for both receptor binding and 

activation. This is also observed with family B GPCR peptide ligand secretin, where residues spanning the length 

of the peptide were important for both binding and activity (Dong et al., 2011). In the case of human amylin, 

residues found to be imperative for adequate function do not display any obvious trends, similar to secretin and 

GLP-1. Ultimately, the loop structure, Thr6 within the loop, Leu12, and to some degree Ala13 cannot be replaced, 
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differing from GLP-1 and glucagon as more residues in the N-terminal regions of GLP-1 and glucagon were 

important for binding, particularly within the N-cap.  

 Supported with mutagenesis data, models of AM bound to AM1 and AM2 receptors have been derived 

from other solved family B GPCR structures including GCGR and CRFR1 with the ECD’s of GLP-1, CGRP and 

AM receptors. Interestingly, compared to the GCGR crystal structure modelling glucagon bound that showed a 

principally helical peptide, AM binding to both of its receptors remained largely unstructured with only a small 10-

residue helix spanning residues 22-31 (Watkins et al., 2016). This is consistent with the length of the N-terminal 

helix in human amylin, spanning 10 residues 8-17 in SDS micelles (Nanga et al., 2011). Therefore, disparities 

likely exist within the family B GPCR peptide family on the structure peptides adopt on receptor interaction, and it 

is possible that largely unstructured peptides may be a factor in the CT family of peptides, specifically.  

Crystallisation of membrane proteins is unremittingly difficult and cumbersome, as evidenced by the fact 

that only 2 family B GPCRs have been successfully crystallised and have necessitated removal of the ECD 

domains or other regions of the receptor often requiring substantial modification (i.e. maltose binding protein to 

receptor ECD subunits) to successfully precipitate crystals. In the case of amylin and indeed the CT family of 

peptides, there is added complexity with the additional required RAMP associations in crystallisation efforts. The 

research in this area is ongoing and until crystal structures of the ligand-bound receptors for amylin are solved, 

only generalisations can be made from what is currently available in the knowledge pool.  

7.6 Implications for amylinmimetics  

The challenges in peptide therapeutics are many including half-life limitations due to proteolysis in the GI tract or 

renal and liver clearance, the potential for eliciting immune responses, and limited oral formulation capacities 

(Fosgerau and Hoffman, 2015). Efforts to tackle these shortcomings are currently under way with many peptide 

drugs in various stages of clinical trial (Muheem et al., 2014), and several already in clinical use (Kaspar and 

Reichert, 2013). There are numerous strategies aiming to overcome the unfavourable injectable route of peptide 

drugs. The “holy grail” would be an oral therapeutic that retains bioavailability by reducing enzymatic degradation 

and/or increasing absorption across the gut epithelia. A single injectable dosing regimen, semaglutide is entering 

phase III clinical trials. This peptide is a GLP-1 analogue synthesised by Novo Nordisk that improves blood-glucose 

excursions and induces weight-loss in type II diabetic patients (Nauck et al., 2016). Addressing the barrier of low 

bioavailability of oral peptide therapeutics, Novo Nordisk is also currently investigating an oral formulation of 

semaglutide, which is currently in their drug development pipeline. Another angle in addressing formulation barriers 

is the manufacture of mini pumps that can be implanted in a patient, which delivers the required drug for up to one 

year (Fosgerau and Hoffman, 2015).  

The big picture objective of the alanine/glycine scan was to help further guide systematic drug design of 

amylinmimetics. Clearly, the N-terminal disulphide loop structure with the Thr6 residue is critical for peptide 

efficacy, but residues within the C-terminus are also important and an alanine scan of this region must be done to 

completely map the structure/function information for the entire length of the peptide. Concentrated efforts to target 

amino acids for chemical modifications (discussed in Introduction Section 1.6, Figure 1.6), suggests those with 

increased or minimal changes to potency would be beneficial candidates including positions 10, 14, 16, and 17. A 

worthy investigation would be to create a quad-alanine mutant to determine if the alanine replacements in these 

positions are additive towards peptide potency and/or binding. Alanine residues favour alpha helical secondary 

structures, so these substitutions may be better tolerated than larger more sterically interfering residues, which 
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must be taken into consideration. Perhaps the more informing information obtained from the data in this thesis 

were residues to avoid modifying such as Leu12, which was found to be important for hCT(a) and hAMY1(a) activity.  

An obvious course which was initially looked at in this thesis with Q10A Pramlintide would be to investigate 

the activity of the other increased potency analogues of human amylin with corresponding alanine substitutions in 

pramlintide including N14A, V17A and possibly also L16A to see if these potency increases are additive in a 

clinically relevant FDA-approved therapeutic. Another future objective could be to test the amylin analogues with 

decreased or increased potencies at different receptor or RAMP mutants to try to tease apart which ones are 

binding at the different receptor subtypes. Both Gln10 and Asn14 are large hydrophilic amino acids and when 

replaced with alanine had improved activity profiles. Substituting these native residues with other small or branched 

hydrophobic residues or even hydrophobic unnatural amino acids could further improve peptide potency or 

receptor selectivity of the analogues (Li, 2015) and is a possible avenue to explore. 

The central region of the peptide is considered responsible for the amyloidogenic properties of the peptide 

between residues 20-29, although fragments throughout the length of the peptide independent of this region also 

produce amyloid-like fibrils (Nilsson and Raleigh, 1999). Nonetheless, it is clear that residues Ala25, Ser28 and 

Ser29 are well accommodated by secondary structure-disrupting proline substitutions as observed in the rat and 

pramlintide sequences so are not required for receptor activity. Currently there are no data on the impact on 

receptor activation or the graded importance of the individual residues in this variable mid-region of the peptide 

and this still needs investigating. Modifications to this region of the peptide are likely the ideal location so as to 

disrupt the self-aggregating nature of the peptide. For instance, peptide modifications targeting improved solubility, 

absorption or half-life parameters such as glycosylation, methylation, PEG-groups, and lipidation groups (Li, 2015) 

could be introduced in this region and potentially have minimal impact on the peptides ability to activate its 

receptor(s). In fact, glycosylation modifications on the pramlintide molecule are well-tolerated at asparagines 21 

and 22 with only modest reductions in peptide potency (Kowalczyk et al., 2014). Other modification approaches to 

this region that were well-tolerated in human amylin were methylation of dual residues within the 20-29 region, 

which retained full agonism producing cAMP in MCF-7 cells. Interestingly, the Ala25/Leu27 double-methylated 

analogue was three-fold more potent than WT, further suggesting that large group additions are tolerated within 

the amyloidogenic core (Yan et al., 2013). This could be due to direct interaction of the methyl groups at the 

receptor interface or perhaps the improved solubility profile of the analogue. Another possibility that has not been 

explored is the potential to create an amylinmimetic analogue retaining the important N-terminal and C-terminal 

residues and completely eliminate the mid-region of the peptide with a variable linker to improve solubility, such 

as a PEG linker. Linkers of differing lengths and chemical properties could improve formulation and allow co-

mixing with insulin and possibly also increase the half-life of the peptide and reduce production costs. 

  The prospect of human amylin N-terminal fragments as therapeutics can also not be ruled out as 

evidenced by the activity of the hAMY1-17 fragment. Whilst potency was were greatly reduced, various strategies 

could be employed to tackle this such as those discussed above. However, if specificity is defined by C-terminal 

residues this must first be determined. 

Physiologically, metabolism and metabolic diseases are complex multifaceted phenomena with a diverse 

interplay of genetic, hormonal, behavioural and environmental influences. Realistically, targeting these processes 

and their dysregulation in disease will likely require a combined multi-hormone or multi-molecule approach, which 

is an area of research undergoing rapid growth. The importance of these pathways is perhaps most pronounced 

when knocking out genes for metabolic hormones, where the resulting mice often present with unremarkable 
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phenotypes; suggesting redundancies in these processes and a vast interplay of a multitude of connecting factors 

(Barsh and Schwartz, 2002).  

The additive effects of amylin and leptin co-administration are now well-documented with combined 

feeding-inhibitory and weight-loss effects greater when administered together in normal rats (Osto et al., 2007) 

and obese rats (Roth et al., 2008b; Trevaskis et al., 2009). In humans, combining pramlintide and metreleptin, 

greater weight loss outcomes were observed than either therapy alone (Ravussin et al., 2009). Co-administration 

with other satiety-inducing hormones also have been shown to beneficial for appetite suppression and weight loss 

including PYY3-36 in an obese rat model (Roth et al., 2007), Combination therapies are not limited to peptides, with 

acute or chronic amylin administration together with phentermine or sibutramine, two monoaminergic weight-loss 

drugs, reducing food intake more than either agent administered alone in rats (Roth et al., 2008b). 

Combination therapies are gaining momentum, with new strategies for linking peptide hormones with 

similar biological activities. A proof-of-concept to this approach was the development of a rat amylin/sCT chimera 

(davalintide), which was conjugated via a linker to a GLP-1 agonist (exenatide analogue), creating a dual-acting 

analogue peptide hybrid, or phybrid. This retained agonist properties at both of its corresponding receptors 

(Trevaskis et al., 2013). Dual, triple or even quad-agonist poly-pharmacological approaches appear to be where 

peptide therapeutics are heading in future with a triple-agonist GLP-1-GIP-Glucagon causing beneficial weight and 

glucose-lowering effects in mice (Gault et al., 2013). Grouping these hormones together provide a single 

formulation comprised of multiple hormones with synergistic beneficial actions. At present, a pramlintide phybrid 

has not been synthesised but is an interesting avenue to explore in future. Peptide phybrids are on the rise but 

also peptides conjugated to different small molecule compounds could be in the future of peptidomimetics 

(Fosgerau and Hoffman, 2015). The potential for creating multi-hormone drugs targeting various aspects of 

dysregulated systems in metabolic disease opens the door for more personalised and targeted treatments, and 

the data presented herein will help inform this.  

 

7.6 Conclusions 

The findings in this thesis are a novel contribution to knowledge as single-alanine or glycine analogues of human 

amylin 1-17 have now been synthesised and tested for their contribution towards receptor activation and/or 

binding, revealing key residues. A truncated hAMY8-37 peptide was also synthesised for the first time and shown 

to possess partial agonist activity, indicating for the first time that the N-terminal disulphide loop is not critical for 

receptor activity for human amylin. A biologically active N-terminal fragment of human amylin has now been 

synthesised and characterised at three receptors. Interestingly some single-residue human amylin analogues that 

were synthesised had increases in potency or Emax, which has not been observed previously. The Ser5 residue 

has also been identified as possibly contributing towards CTR selectivity. This information can provide insights 

into the design and modification of future amylinmimetic peptides to further improve upon formulations and/or 

pharmacokinetic properties for drugs targeting diabetes and obesity.
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A1 Appendix  
A.1 Synthesis of additional analogues 

Due to insufficient amounts of the originally synthesised peptides, a few of the analogues needed to be re-made, 

oxidised and purified including WT, [N3A], [T4A], [T9A] and Q10A human amylin. Details of the second syntheses 

are outlined in Tables A.1 and A.2. Peptides were made using Fmoc solid-phase peptide synthesis methodologies 

on a 0.1mM scale with a non-microwave PS3 peptide synthesiser.  An Fmoc-rink-amide linker was attached to a 

Chemmatrix® resin and pseudoprolines were incorporated to prevent on-resin aggregation and to improve 

solubility. Peptides were oxidised to ensure cyclisation of the disulphide loop, implied by retention time shifts and 

m/z ratio changes before and after the oxidation step. Purification was achieved using RP-HPLC to yield a final 

product with a purity of 85% or greater, sometimes necessitating up to two consecutive purification steps. 

Composition of buffers for purification were as follows: Buffer A: 0.1% TFA/MQ-H2O, Buffer B: 0.1% TFA/ACN, 

and UV emission observed at 210 nm. All re-synthesised analogues were tested in vitro in biological assays as 

previously described. Comparisons between pEC50 and Emax values were made between the newly synthesised 

and formerly synthesised batches, and were not found to differ in all cases. 

Table A.1 Synthesis specifications for WT amylin and re-synthesised analogues. Table includes the scale of 

synthesis, machine used, the number and positions of pseudoprolines incorporated into the sequence, the type of 

resin used, the number of purifications required to reach adequate purity and the column(s) used for purification(s).  

Peptide/Analogue Scale Machine Pseudoprolines Resin Purifications Column 

Human 
Amylin (WT) 0.1mM PS3 Ser28-Ser29 Chemmatrix® 2 C18 

N3A hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Ser28-Ser29 
Chemmatrix® 2 C4 

T4A hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Leu27-Ser28 
Chemmatrix® 2 C4 

T9A hAMY 0.1mM PS3 Ser19-Ser20 

Ser28-Ser29 Chemmatrix® 1 C18 

Q10A hAMY 0.1mM PS3 
Ala8-Thr9 

Ser19-Ser20 

Leu27-Ser28 
Chemmatrix® 2 C4,C18 

 

Table A.2 Summarised chemistry for peptides requiring additional syntheses 

 
Molecular 

Weight 
(g/mol) 

Crude 
Yield (mg) 

Chemistry 

Purity 
Yield 
(mg) 

WT-hAMY 3905.3 315.0 98% 1.90 

N3A hAMY 3862.3 237.5 97% 0.92 

T4A hAMY 3875.3 243.7 95% 2.55 

T9A hAMY 3875.3 249.3 86% 0.66 

Q10A hAMY 3848.3 217.6 98% 0.64 
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A.1.1 WT-hAMY 

A.1.1.1 Peptide synthesis 

The crude material for WT human amylin eluted with one main peak. The peak corresponding to human amylin 

had a retention time of 15.76 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure A.1, A). ESI-

MS confirmed the identity of the main peak as WT linear human amylin (Figure A.1. B). Oxidation of WT human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 16.16 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure A.1, C). ESI-MS confirmed 

the identity of the main peak as WT human amylin (Figure A.1, D). 
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Figure A.1 RP-HPLC chromatogram traces for WT human amylin before (A) and after (B) oxidation. RT before: 15.76 minutes, RT after: 16.16 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for crude WT 

human amylin prior to oxidation [MW=3905.3 g/mol]. [M + 5H]5+ ion mass observed: 781.8, mass required: 782.1; [M + 4H]4+ ion mass observed: 977.0, mass required: 

977.3; [M + 3H]3+ ion mass observed: 1302.2, mass required: 1302.8. (D) ESI-MS trace for oxidised WT human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 781.8/781.5; [M + 4H]4+: 977.0/976.5; [M + 3H]3+: 1302.2/1301.6. All human amylin ion mass numbers are indicated in red.
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A 1.1.2 Peptide purification 

Oxidised human amylin required two purification steps first at a gradient of 1 – 10% B at 2% B per minute followed 

by 10 – 50% B at 0.25% B per minute, Column: C18 Gemini (5 µm, 10.0 x 250 mm), flow rate: 5 ml/min, 

temperature: 50°C, then 1-10% at 1% B per minute followed by 10-50% B at 0.1% B per minute, Column: C18 

Gemini (5 µm, 5.0 x 250 mm) to achieve adequate purity. The final peptide yield for this synthesis was 1.90 mg. 

Analysis of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per 

minute. A purity of 98% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure A.2). ESI-MS 

confirmed the identity of the purified material as human amylin (Figure A.3). A summary of final yield and purity 

can be found in Table A.2.  

 

Figure A.2 Analytical RP-HPLC trace for purified WT human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 28.11 minutes. 

 

Figure A.3 ESI-MS trace for purified WT human amylin [MW= 3905.3 g/mol]. Ion mass numbers corresponding to 

human amylin: 651.8 [M + 6H]6+, 782.0 [M + 5H]5+, 977.2 [M + 4H]4+, and 1302.6 [M + 3H]3+. 
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A.1.2 N3A hAMY 

A.1.2.1 Peptide synthesis and oxidation 

The asparagine at position 3 was substituted with an alanine producing the analogue: N3A human amylin. The 

crude material for N3A human amylin eluted with two main peaks. The peak corresponding to N3A human amylin 

had a retention time of 15.76 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure A.4, A). ESI-

MS confirmed the identity of the main peak as linear N3A human amylin (Figure A.4, B). Oxidation of T4A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 16.19 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure A.4, C). ESI-MS confirmed 

the identity of the main peak as N3A human amylin (Figure A.4, D).
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Figure A.4 RP-HPLC chromatogram traces for N3A human amylin before (A) and after (B) oxidation. RT before: 15.76 minutes, RT after: 16.19 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for 

N3A human amylin prior to oxidation [MW= 3862.3 g/mol]. [M + 5H]5+ ion mass observed: 773.4, mass required: 773.5; [M + 4H]4+ ion mass observed: 966.4, mass 

required: 966.6; [M + 3H]3+ ion mass observed: 1288.2, mass required: 1288.4. (D) ESI-MS trace for oxidised N3A human amylin after one purification. Ion mass numbers 

before/after oxidation: [M + 5H]5+: 773.4/773.0; [M + 4H]4+: 966.4/966.0; [M + 3H]3+: 1288.2/1287.5. All N3A human amylin ion mass numbers are indicated in red.
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A.1.2.2 Peptide purification  

Oxidised N3A human amylin required two purification steps; the first with a gradient of 1- 10% B at 2% B per 

minute followed by 10-50% B at 0.25% B per minute then, 1-10% at 1% B per minute followed by 10-50% B at 

0.1% B per minute to achieve adequate purity. Column: Grace Vydac C4 (10 µm, 10.0 x 250 mm), flow rate: 5 

ml/min, temperature: 50°C. The final peptide yield for this synthesis was 0.92 mg with 97% purity. Analysis of the 

purest fractions yielded a single peak, which eluted at 27.82 minutes on a linear gradient of 5 – 65% B at 1% B 

per minute (Figure A.5). ESI-MS confirmed the identity of the purified material as N3A human amylin (Figure A.6). 

A summary of final yield and purity can be found in Table A.2. 

 

Figure A.5 Analytical RP-HPLC trace for purified N3A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 27.82 minutes. 

 

Figure A.6 ESI-MS trace for purified N3A human amylin [MW= 3862.3 g/mol]. Mass numbers corresponding to 

N3A human amylin: 966.0 [M + 4H]4+, 1287.3 [M + 3H]3+, and 1931.1 [M +2H]2+. 
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A.1.3 T4A hAMY 

A.1.3.1 Peptide synthesis and oxidation 

The threonine at position 4 was substituted with an alanine producing the analogue: T4A human amylin. The crude 

material for T4A human amylin eluted with one main peak. The peak corresponding to T4A human amylin had a 

retention time of 15.76 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure A.7, A). ESI-MS 

confirmed the identity of the main peak as linear T4A human amylin (Figure A.7, B). Oxidation of T4A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 15.78 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the slight rightward shift in retention time (Figure A.7, C). ESI-MS 

confirmed the identity of the main peak as T4A human amylin (Figure A.7, D).
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Figure A.7 RP-HPLC chromatogram traces for T4A human amylin before (A) and after (B) oxidation. RT before: 15.78 minutes, RT after: 15.76 minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for T4A human 

amylin prior to oxidation [MW= 3875.3 g/mol]. [M + 5H]5+ ion mass observed: 776.0, mass required: 776.1; [M + 4H]4+ ion mass observed: 969.5, mass required: 969.8; [M + 

3H]3+ ion mass observed: 1292.1, mass required: 1292.8. (D) ESI-MS trace for oxidised T4A human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 776.0/775.8; 

[M + 4H]4+: 969.5/969.1; [M + 3H]3+: 1292.1/1291.8. All T4A human amylin ion mass numbers are indicated in red.
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A.1.3.2 Peptide purification 

Oxidised T4A human amylin required two purifications; the first with a gradient of 1 - 10%B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute then, 1 - 10% at 1% B per minute followed by 10 - 50% B at 0.1% 

B per minute, Column: Grace Vydac C4 (10 µm, 10.0 x 250 mm), flow rate: 5ml/min, temperature: 50°C to achieve 

adequate purity. The final peptide yield for this synthesis was 2.55 mg. Analysis of the purest fractions yielded a 

single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 95% was achieved as 

judged by the peak area of RP-HPLC at 210 nm (Figure A.8) ESI-MS confirmed the identity of the purified material 

as T4A human amylin (Figure A.9). A summary of final yield and purity can be found in Table A.2.  

 

Figure A.8 Analytical RP-HPLC trace for purified T4A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 27.37 minutes.  

 

Figure A.9 ESI-MS trace for purified T4A human amylin [MW=3875.3 g/mol]. Mass ion numbers corresponding to 

T4A human amylin 775.6 [M + 5H]5+, 969.1 [M + 4H]4+, and 1291.5 [M + 3H]3+. 
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A.1.4 T9A hAMY 

A.1.4.1 Peptide synthesis and oxidation 

The threonine at position 9 was substituted with an alanine producing the analogue: T9A human amylin. The crude 

material of T9A human amylin eluted with three main peaks. The peak corresponding to T9A human amylin had a 

retention time of 16.05 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure A.10, A). ESI-MS 

confirmed the identity of the main peak as linear T9A human amylin (Figure A.10, B). Oxidation of T9A human 

amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 equivalents of 

DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure formation of 

the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) were used 

to assess RT and m/z ion mass number shifts. Peaks eluted at 16.45 minutes on a linear gradient of 5 – 65% B at 

3% B per minute confirming oxidation via the rightward shift in retention time (Figure A.10, C). ESI-MS confirmed 

the identity of the main peak as T9A human amylin (Figure A.10, D). 
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Figure A.10 RP-HPLC chromatogram traces for T9A human amylin before (A) and after (B) oxidation. RT before: 16.05 minutes, RT after: 16.45minutes. The desired peptide 

peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for T9A human 

amylin prior to oxidation [MW= 3875.3 g/mol]. [M + 5H]5+ ion mass observed: 776.0, mass required: 776.1; [M + 4H]4+ ion mass observed: 969.6, mass required: 969.8; [M + 

3H]3+ ion mass observed: 1292.4, mass required: 1292.8. (D) ESI-MS trace for oxidised T9A human amylin. Ion mass numbers before/after oxidation: [M + 5H]5+: 776.0/775.7; 

[M + 4H]4+: 969.6/969.1; [M + 3H]3+: 1292.4/1291.8. All T9A human amylin ion mass numbers are indicated in red. 
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A.1.4.2 Peptide purification 

Oxidised T9A human amylin required one purification on a gradient of 1 - 10% at 1% B per minute followed by 10 

- 50% B at 0.1% B per minute, Column: C18 Xterra® (10 µm, 19.0 x 300 mm) to achieve adequate purity. The final 

peptide yield for this synthesis was 0.66 mg. Analysis of the purest fractions yielded a single peak, which eluted 

on a linear gradient of 5 – 65% B at 1% B per minute. A purity of 86% was achieved as judged by the peak area 

of RP-HPLC at 210 nm (Figure A.11). In this case, due to difficulties in synthesis, 86% purity was accepted for 

testing and behaved similarly when compared to the first batch of synthesised T9A hAMY. ESI-MS confirmed the 

identity of the purified material as T9A human amylin (Figure A.12). A summary of final yield and purity can be 

found in Table A.2. 

 

Figure A.11 Analytical RP-HPLC trace for purified T9A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 29.48 minutes.  

 

Figure A.12 ESI-MS trace for purified T9A human amylin [MW= 3875.3 g/mol]. Mass ion numbers corresponding 

to T9A human amylin: 646.5 [M = 6H]6+, 775.5 [M + 3H]3+, 969.2 [M + 4H]4+, and 1291.8 [M + 3H]3+.  
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A.1.5 Q10A hAMY 

A.1.5.1 Peptide synthesis and oxidation 

The glutamine at position 10 was substituted with an alanine producing the analogue Q10A human amylin. The 

crude material of Q10A human amylin eluted with one main peak. The peak corresponding to Q10A human amylin 

had a retention time of 15.97 minutes on a linear gradient of 5 – 65% B at 3% B per minute (Figure A.13, A). ESI-

MS confirmed the identity of the main peak as linear Q10A human amylin (Figure A.13, B). Oxidation of Q10A 

human amylin to cyclise the N-terminal cysteine-cysteine disulphide loop was completed by reacting 0.5 

equivalents of DTNP dissolved in DMSO with 50 mg peptide (10 mg/ml) at room temperature for 1 hour. To ensure 

formation of the disulphide bond, LCMS before oxidation (peptide in DMSO) and after oxidation (1 hour with DTNP) 

were used to assess RT and m/z ion mass number shifts. Peaks eluted at 16.18 minutes on a linear gradient of 5 

– 65% B at 3% B per minute confirming oxidation via the rightward shift in retention time (Figure A.13, C). ESI-MS 

confirmed the identity of the main peak as Q10A human amylin (Figure A.13, D). 
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Figure A.13 RP-HPLC chromatogram traces for Q10A human amylin before (A) and after (B) oxidation. RT before: 15.97 minutes, RT after: 16.18 minutes. The desired 

peptide peaks are indicated with red arrows. Column: Agilent Zorbax 300 SB-C3 (3 µm, 3.0 x 150 mm), flow rate: 0.3 ml/min, temperature: 40°C. (C) ESI-MS traces for Q10A 

human amylin prior to oxidation [MW= 3848.3 g/mol]. [M + 5H]5+ ion mass observed: 770.5, mass required: 770.7; [M + 4H]4+ ion mass observed: 962.9, mass required: 

963.1; [M + 3H]3+ ion mass observed: 1283.6, mass required: 1283.8. (D) ESI-MS trace for oxidised Q10A human amylin. Ion mass numbers before/after oxidation: [M + 

5H]5+: 770.5/770.1; [M + 4H]4+: 962.9/962.3; [M + 3H]3+: 1283.6/1283.0. All Q10A human amylin ion mass numbers are indicated in red.
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A.1.5.2 Peptide purification 

Oxidised Q10A human amylin required two purifications; the first with a gradient of 1 - 10% B at 2% B per minute 

followed by 10 - 50% B at 0.25% B per minute, Column: Grace Vydac C4 (10 µm, 10.0 x 250 mm), then, 1 - 10% at 

1% B per minute followed by 10 - 50% B at 0.1% B per minute. Column: C18 Gemini (5 µm, 10.0 x 250 mm), flow 

rate: 5 ml/min, temperature: 50°C to achieve adequate purity. The final peptide yield for this synthesis was 0.64 mg. 

Analysis of the purest fractions yielded a single peak, which eluted on a linear gradient of 5 – 65% B at 1% B per 

minute. A purity of 98% was achieved as judged by the peak area of RP-HPLC at 210 nm (Figure A.14) ESI-MS 

confirmed the identity of the purified material as Q10A human amylin (Figure A.15). A summary of final yield and 

purity can be found in Table A.2. 

 

Figure A.14 Analytical RP-HPLC trace for purified Q10A human amylin. Column: Grace Vydac 217TP Diphenyl (5 

µm, 4.6 x 250 mm), flow rate: 1 ml/min, temperature: 23°C.; RT: 27.76 minutes. 

 

 

Figure A.15 ESI-MS trace for purified Q10A human amylin [MW= 3848.3 g/mol]. Mass ion numbers corresponding 

to Q10A human amylin: 770.2 [M + 5H]5+, 962.4 [M + 4H]4+ and 1282.9 [M + 3H]3. 
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