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Abstract 

Adrenomedullin (AM) is a 52 amino acid peptide that belongs to the wider calcitonin peptide family. AM 

is expressed ubiquitously throughout the body, and plays a key role in the development and 

maintenance of the cardiovascular system. AM can activate three distinct receptors, all of which are 

comprised of a class B G protein-coupled receptor, the calcitonin receptor-like receptor (CLR), in 

complex with one of three receptor activity-modifying proteins (RAMPs). The different RAMPs exert 

influence over many aspects of CLR, ranging from defining its pharmacology to determining its fate 

following internalisation. These three receptors have an additional layer of complexity in that they can 

be activated by a number of related peptides, namely adrenomedullin 2 (AM2), α calcitonin gene-related 

peptide (αCGRP), and βCGRP. 

AM has shown promise as a therapeutic in the treatment of cardiovascular disorders, however at 

present AM has not been translated into a clinically useful drug. This failure to translate can be attributed 

to the negative side effects associated with AM administration. Developing an agonist based on AM 

which has high specificity for a single CLR:RAMP complex or which displays bias towards a clinically 

desired signalling pathway may improve its therapeutic utility by reducing side-effects.  

There are a number of areas that remain under-investigated in the field of AM pharmacology. Firstly, 

we lack information on the molecular determinants of AM activating its receptors. Secondly, we have 

little knowledge on how RAMPs affect the intracellular signalling cascades regulated by CLR. Lastly, 

we lack insight into how cellular contexts may affect the function of CLR. Thus, chapter 3 used alanine 

mutagenesis to investigate the role of an unexplored portion of CLR, the linker region. Chapter 4 

investigated whether RAMPs influence the repertoire of signalling molecules that CLR can regulate. 

Chapter 5 explored the role of the AM N-terminus in receptor activation. Chapter 6 investigated whether 

findings from previous chapters were retained in a physiologically relevant setting by characterising 

peptides in a vascular endothelial cell-line which natively expresses AM-responsive receptors. 

Mutagenesis of the linker region indicated that the different RAMPs had a conserved effect on the CLR 

linker region. In contrast, RAMPs differentially influenced the suite of intracellular signalling pathways 

activated by CLR following receptor activation. The alanine scan of the AM N-terminus gave insight into 

mechanisms involved in receptor activation, highlighting peptide residues which were required for 

receptor activation, while also finding residues that could tolerate substitution (making them prime 

candidates for future modifications). Importantly, G19 was a key determinant of peptide activity; 

substituting this residue with alanine (as found natively in CGRP) creates an analogue which displays 

signalling abilities previously restricted to CGRP (such as the ability to stimulate inositol phosphate 

signalling). Pharmacological characterisation of endogenous ligands in the endothelial cell-line defined 

the functional AM-responsive receptor expressed by these cells as likely to be CLR:RAMP2. Alanine-

substituted analogues retained their novel signalling profiles in endothelial cells, however signalling 

profiles were often exaggerated relative to the profiles seen in transfected cells, emphasising the value 

of translational studies. These findings will guide rational drug design, aiding the development of 

therapeutics based on AM for the treatment of cardiovascular disease.  
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1 Introduction 

1.1 The calcitonin peptide family 

The calcitonin (CT) peptide family comprises six structurally similar peptides found in humans; CT, α 

and β forms of CT gene-related peptide (α and βCGRP), amylin, adrenomedullin (AM) and 

adrenomedullin 2 (AM2). AM2 has been referred to as intermedin in a number of publications, however 

intermedin is also used as an alternative name for melanocyte-stimulating hormone. In this thesis 

adrenomedullin 2 will be referred to as AM2 as per current naming convention (Hay et al., 2018a). While 

these peptides have a diverse range of physiological effects and low sequence identity (Figure 1.1), 

there are key features which unite them as a family. These features are a disulfide bond between two 

cysteines in the N-terminal region of the peptide, creating a loop of 6-7 amino acid residues, and an 

amidated C-terminal residue, both of which are required for peptide function (Poyner et al., 2002). AM 

and AM2 have an N-terminal extension prior to the disulfide loop which does not appear to be required 

for peptide function (Hay et al., 2018a;). CT is shorter than all other peptides in this family, the additional 

residues found in other peptides appear to be inserted in the middle of the peptides (Figure 1.1). 

              1         10          20         30          40         50 

AM            YRQSMNNFQ GLRSFGC-RFG TCTVQKLAHQ IYQFTD-KDKD NVAPRSKISP QGY 

AM2           HSGPRRTQA QLLRVGC-VLG TCQVQNLSHR LWQLMGPAGRQ DSAPVDPSSP HSY 

AMY           --------- -----KC-NTA TCATQRLANF LVHSSN-NFGA ILSSTNVGSN -TY 

αCGRP         --------- -----AC-DTA TCVTHRLAGL LSRSGG-VVKN NFVPTNVGSK -AF 

βCGRP         --------- -----AC-NTA TCVTHRLAGL LSRSGG-MVKS NFVPTNVGSK -AF 

CT            --------- ------CGNLS TCMLGTYTQ- -----D-FNKF HTFPQTAIGV GAP 

              .          *   .*   . **    :.   :        .     : . ..   . 

Figure 1.1 Amino acid alignment of the CT peptide family. Sequence alignment generated using 

MAFFT algorithm with an iterative refinement method (https://myhits.isb-sib.ch/cgi-bin/mafft). * 

represents an identical residue, : a very similar residue, and . (period) a similar residue. All peptides are 

the full-length human sequences. AMY – amylin. 

The CT peptide family exert their biological effects through two class B G protein-coupled receptors 

(GPCRs), the CT receptor (CTR) and the CT receptor-like receptor (CLR). These receptors can 

associate with a second class of proteins, known as receptor activity-modifying proteins (RAMPs). 

There are three RAMPs in humans, designated RAMP1, RAMP2 and RAMP3. CTR is expressed on 

the cell surface in the absence of RAMPs, however co-expression of CTR with RAMP1, RAMP2 or 

RAMP3 alters the receptor’s pharmacological profile to create the AMY1, AMY2 and AMY3 receptors 

respectively. Alone, CLR is retained intracellularly; RAMP co-expression is required for translocation to 

the cell surface and receptor function. Co-expression with RAMP1, RAMP2 or RAMP3 creates the 

CGRP, AM1, and AM2 receptors respectively (Hay & Pioszak, 2016; Hay et al., 2018a). Amylin and CT 

have very low potency at the AM and CGRP receptors (Table 1.1), therefore they will not be discussed 

in further detail.  

  

https://myhits.isb-sib.ch/cgi-bin/mafft
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Table 1.1 Pharmacology of receptors created through CLR/CTR interactions with RAMPs. 

 CTR CLR 

Expressed Alone CT > amylin, αCGRP, βCGRP Not present on cell surface 

RAMP1 Amylin, αCGRP, βCGRP > CT βCGRP, αCGRP > AM, AM2 

RAMP2 Poorly defined AM > AM2, βCGRP, αCGRP 

RAMP3 Amylin > αCGRP, βCGRP AM, AM2 > βCGRP, αCGRP 

Potency is for human peptides (Hay et al., 2018b). While it is commonly reported that CT has 

appreciable potency at CTR:RAMP complexes, this is thought to be due CT stimulating free CTR on 

the cell surface rather than its ability to activate CTR:RAMP complexes because CT has low affinity at 

CTR:RAMP complexes in binding assays (Hay et al., 2018a). 

1.2 Expression 

1.2.1 AM 

AM was originally isolated from a human pheochromocytoma in 1993, and named because of the high 

concentrations present in this tumour of the adrenal medulla (Kitamura et al., 1993). Further research 

has since found AM expressed ubiquitously in humans, with notably high levels found in vascular 

endothelial cells (Iring et al., 2019; Karpinich et al., 2011) and lower levels in cardiomyocytes, cardiac 

fibroblasts and smooth muscle cells in the coronary vessel of the heart (Champion et al., 1999; Ueda 

et al., 2005). Outside of the cardiovascular system, AM is also expressed in the thyroid, pancreas, lung, 

kidney, reproductive system, and central nervous system (Asada et al., 1999; Ichiki et al., 1994; 

Schönauer et al., 2017). AM clearance from the body occurs primarily through the lung, and by 

proteolytic degradation (Dschietzig et al., 2002; Lewis et al., 1997). 

The human AM gene is found on chromosome 11 and encodes a prepro-protein of 185 amino acids in 

length. This prepro-protein undergoes multiple post-translational modifications, resulting in the 

circulating mature AM, 52 amino acids in length (Ruzicska et al., 2001). Circulating levels in the 

bloodstream of a healthy human typically range between 1 and 10 pM (Hinson et al., 2000), however 

this is potentially an underestimate as AM can be bound by AM binding protein-1 in the blood stream 

which might interfere with AM detection (Zhou et al., 2004). 

1.2.2 AM2 

AM2 was identified in 2004 by two independent research groups (Roh et al., 2004; Takei et al., 2004b). 

AM2 is found in a diverse range of human tissues, with expression being noted in the cardiovascular 

system, lungs, kidneys, the reproductive system, the digestive system, and various brain regions 

(Chauhan et al., 2016; Morimoto et al., 2007; Roh et al., 2004; Zhang et al., 2018b). Circulating plasma 

levels have been recorded to be approximately 10 pM (Morimoto et al., 2007). 

In humans AM2 is encoded on chromosome 22. There are theoretically three bioactive peptide 

fragments AM2-53, AM2-47, and AM2-40 (also referred to as AM28-47) in humans (Holmes et al., 2013). 

These fragments are generally thought to have similar effects, though the relative ability of the 

fragments to cause effects differs from tissue to tissue (Ren et al., 2006; Taylor et al., 2005; Zhang et 
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al., 2018b). AM2-40 is the most similar in length to the other peptides in this family, while AM2-53 is 

similar in length to the full-length AM. To my knowledge, AM2-53 has never been tested at defined 

receptors, however AM2-47 and AM2-40 have been shown to be equivalent at all three CLR based 

receptors transfected into Cos7 cells (Musa et al., 2019). As current antibodies cannot differentiate 

between the three fragments, information on tissue distribution is elusive. AM2-47 has been identified 

through gel filtration and high performance liquid chromatography, but so far there is no information on 

the presence of other fragments in humans (Zhang et al., 2018b). There is evidence of a genetic 

polymorphism in the Japanese population which impairs the production of AM2-53 but leaves other 

AM2 fragments intact; individuals carrying this polymorphism have a higher incidence of hypertension 

and renal dysfunction, possibly indicating that AM2-53 may perform roles which cannot be compensated 

by shorter fragments (Hirose et al., 2011).  

AM2-53      HSGPRRTQAQLLRVGCVLGTCQVQNLSHRLWQLMGPAGRQDSAPVDPSSPHSY 

AM2-47      ------TQAQLLRVGCVLGTCQVQNLSHRLWQLMGPAGRQDSAPVDPSSPHSY 

AM2-40      -------------VGCVLGTCQVQNLSHRLWQLMGPAGRQDSAPVDPSSPHSY 

Figure 1.2 Amino acid alignment of the three AM2 fragments theorised to exist in the human system. 

1.2.3 CGRP 

CGRP is a 37 amino acid peptide which exists in two forms in humans. The α-peptide is produced 

through differential splicing of the CT mRNA, CALCA, encoded on chromosome 11. This splicing occurs 

in a tissue dependent manner, with αCGRP predominantly being expressed in the nervous system, and 

CT in the thyroid gland (Wimalawansa, 1996). βCGRP is encoded by a separate gene on chromosome 

11, and is thought to be the result of gene duplication (Rezaeian et al., 2008). Human βCGRP differs 

from αCGRP by three amino acids (Figure 1.3). 

The currently accepted paradigm has αCGRP expressed at the highest concentrations in the central 

nervous system, and βCGRP primarily expressed in the enteric nervous system, (Brain & Grant, 2004; 

Mulderry et al., 1988), however it is vital to stress that both forms are expressed throughout the entire 

nervous system, albeit at differing levels (Amara et al., 1985; Russell et al., 2014). There is a body of 

evidence which suggests that αCGRP and βCGRP have different effects both in vitro and in vivo (Bailey 

& Hay, 2006; Beglinger et al., 1991; Gardiner et al., 1989; Hasbak et al., 2001; Hirt & Bernard, 1997; 

Sarasa et al., 1996; Tsujikawa et al., 2007) however the mechanism behind these differences has not 

been well explored. 

αCGRP      ACDTATCVTHRLAGLLSRSGGVVKNNFVPTNVGSKAF 

βCGRP      ACNTATCVTHRLAGLLSRSGGMVKSNFVPTNVGSKAF 

           **:******************:**.************ 

Figure 1.3 Sequence alignment of α and β forms of human CGRP. Alignment created using Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). * (asterisk) denotes same residue, : (colon) 

indicates very similar residue and . (period) indicates a somewhat similar residue. 

https://www.ebi.ac.uk/Tools/msa/clustalo/
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1.3 AM family peptide function 

1.3.1 AM 

1.3.1.1 Cardiovasculature 

AM administration causes vasodilation across a wide range of tissues (Wong et al., 2012a). The 

vasodilatory effect of AM is thought to be mediated through interacting with endothelial cells which then 

modulate the surrounding vascular smooth muscle cells (VSMCs) (De Matteo & May, 2003; Feng et al., 

1994; Xu & Krukoff, 2007), as well as by directly interacting with VSMCs (Hayakawa et al., 1999; 

Shimekake et al., 1995). AM is also reported to have positive inotropic effects on the atrial myocardium 

(Bisping et al., 2007; Mittra & Bourreau, 2006). The combination of decreasing vascular resistance and 

increasing myocardial contractility leads to AM being a powerful regulator of cardiac output. 

In addition to its regulatory effects on haemodynamics, AM also plays an important role in the growth 

and maintenance of the cardiovascular system. Genetic knockout of AM or AM1 receptor components 

yields an embryonic lethal phenotype; mice lacking AM, CLR or RAMP2 die at midgestation with 

extreme hydrops fetalis, thin vascular walls, and disorganised cardiac tissue (Dackor et al., 2006; 

Gibbons et al., 2007; Shindo et al., 2001). Haploinsuficeincy of AM is not a lethal phenotype, however 

AM+/- mice which survive to adulthood have elevated blood pressure (Shindo et al., 2001).  

AM prevents adverse cardiac remodelling following myocardial infarct by inhibiting the proliferation and 

migration of VSMCs to prevent fibrosis (Baliga et al., 2013; Horio et al., 1995), while simultaneously 

promoting proliferation, migration, and stability of blood vessels through actions on endothelial cells 

(Guidolin et al., 2008; Hippenstiel et al., 2002; Kim et al., 2003; Miyashita et al., 2003). The seemingly 

opposite nature of effects between cell-types likely arise due to differences in the intra- and extra-

cellular milieu of the different cells (Costa-Neto et al., 2016). 

1.3.1.2 Lymphatic System 

AM is a critical regulator of lymphangiogenesis and lymphatic function. As previously mentioned, lack 

of AM and AM1 receptor components leads to embryonic death. In addition to the effects on the 

cardiovascular system, these knock-out mice also experience severe lymphedema resulting from 

impaired lymphangiogenesis and highly permeable lymphatic vessels (Fritz-Six et al., 2008; Klein & 

Caron, 2015). Transgenic mice which have RAMP2 selectively expressed in vascular endothelial cells 

occasionally make it to term (~30% birthing rate), however the mice which survive display high levels 

of fluid accumulation resulting from lymphatic dysregulation (Mackie et al., 2018). Haploinsufficiency of 

AM is linked to increased incidence of lymphedema following injury (Nikitenko et al., 2013). AM 

promotes lymphatic wound healing in vitro (Yamauchi et al., 2014), and AM administration decreases 

wound-induced lymphedema in vivo (Jin et al., 2008). In both mice and cellular models, AM is able to 

increase lymphatic endothelial cell adhesion to preserve the vessel wall and regulate the permeability 

of the lymphatic vasculature (Dunworth et al., 2008). Additionally, AM is thought to exert a 

cardioprotective effect post-myocardial infarction by promoting cardiac lymphangiogenesis to improve 

fluid removal from the heart, thereby reducing cardiac edema (Trincot et al., 2019). 



5 
 

1.3.1.3 Reproductive System 

AM has been implicated in a number of pathways relevant to the reproductive system. AM levels are 

typically elevated in pregnant women (Gibbons et al., 2007; Lenhart & Caron, 2012), and low circulating 

levels are associated with increased frequency and severity of pregnancy-related complications such 

as preeclampsia (Li et al., 2013; Whigham et al., 2019). Female mice with AM haploinsufficiency have 

lower conception rates and smaller litter sizes than their wild-type (WT) counterparts, however AM’s 

role in conception appears to be limited to females, as male AM+/- mice are reported to father litters with 

the same size and frequency as WT males (Dackor et al., 2007; Mackie et al., 2018). In humans, 

heterozygotic inheritance of a mutation in the CLR gene which renders the protein non-functional has 

been linked to subfertility and spontaneous miscarriage (Mackie et al., 2018). 

AM is secreted from the developing foetus where it is able to stimulate vascular remodelling through 

recruitment of maternal uterine natural killer cells. In rodents, AM-/- foetuses are unable to stimulate 

vascular remodelling, and mothers carrying these litters often develop preeclampsia-like symptoms 

regardless of their own AM phenotype (Li et al., 2013). Additionally, lower levels of AM expression are 

linked to decreased embryo implantation in mice with stromal knockout of hypoxia-inducible factor 

(HIF)-2α (Matsumoto et al., 2018). 

1.3.1.4 Tumour Formation 

While not intrinsically a cancer-inducing molecule, AM’s properties are conducive to tumour growth 

(Chen et al., 2012b). The combination of increased cell proliferation (Chen et al., 2014), neo-

vascularization (Nikitenko et al., 2006), and anti-apoptotic effects (Cheung & Tang, 2012) result in 

quicker tumour-cell growth, increased oxygenation and nutrient delivery to the tumour, and an impaired 

activity of the body’s natural anti-tumour defences, respectively (Zudaire et al., 2003). This, combined 

with evidence suggesting that AM levels are elevated in a number of tumours (Miller et al., 1996), has 

led some to hypothesize that negative modulators of AM activity may have beneficial effects as anti-

tumour agents. 

A variety of different approaches aimed at reducing AM activity, including anti-AM antibodies 

(Berenguer-Daize et al., 2013), anti-AM receptor antibodies (Kaafarani et al., 2009), AM gene silencing 

(Li et al., 2014a), and peptide antagonists of AM receptors (Gao et al., 2016), have been reported to 

reduce tumour growth in a number of rodent cancer models. 

Conversely, loss of AM activity has also been linked to increased cancer metastasis (Tanaka et al., 

2016) and tumour growth (Ochoa-Callejero et al., 2017). This is thought to be due to the general malaise 

of AM deficient tissue (Ochoa-Callejero et al., 2017). 

1.3.2 AM2 

1.3.2.1 Cardiovasculature 

Peripheral administration of AM2 increases cardiac output through a number of mechanisms. AM2 has 

a positive inotropic effect both in vivo (Charles et al., 2006) and ex vivo (Yang et al., 2005). AM2 is also 

a powerful vasodilator, in a similar fashion to AM. AM2 exerts its vasodilatory effects through a similar 
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mechanism to AM, that is, by interacting with both endothelial cells and VSMCs to stimulate 

vasorelaxation (Grossini et al., 2009; Kandilci et al., 2008; Tam et al., 2006). Central administration of 

AM2 causes an increase in blood pressure and elevates heart rate in a dose-dependent manner (Taylor 

et al., 2005). 

Similar to AM, AM2 may play a role in cardiovascular growth, however, unlike AM, AM2 deficiency is 

not an embryonic lethal condition. AM2-/- mice are viable, fertile, and have similar blood pressure to 

their WT counterparts, however their vascular walls are reportedly thinner and leakier than WT mice. 

Additionally, AM2-/- mice experience more blood vessel branching, but the average size of these vessels 

is smaller than seen in WT mice (Wang et al., 2018; Xiao et al., 2018). As such, AM2 is thought to play 

a regulatory role in the organization and development of neo-vessels, and to promote the proliferation 

of endothelial cells to increase the diameter of newly sprouted vessels.  

AM2 has similar effects to AM in that it prevents adverse vascular remodelling during hypoxia by 

inhibiting VSMC proliferation and migration (Mao et al., 2014). Again similar to AM, AM2 is generally 

thought to have beneficial effects on the vascular endothelium by enhancing proliferation, migration, 

and vessel stability (Bell et al., 2012; Chen et al., 2017; Pfiel et al., 2009; Wang et al., 2013; Zhang et 

al., 2012), although there is one report which found that AM2 decreases the vessel stability of rat 

coronary microvascular endothelial cells (Aslam et al., 2011). 

1.3.2.2 Renal effects 

AM2 mRNA is found at its highest concentrations in the kidney (Hay et al., 2018a). In humans, AM2 is 

found in the renal tubular cells of both the cortex and medulla (Takahashi et al., 2006). AM2 mRNA and 

protein levels were reportedly decreased in simulated end-stage renal failure in rats (5/6 

nephrectomized rats) and spontaneously hypertensive rats (Hirose et al., 2010). Exogenous 

administration of AM2 is reported to be protective due to its ability to attenuate renal fibrosis and reduce 

oxidative stress (Hagiwara et al., 2008; Qiao et al., 2017).  

1.3.3 CGRP 

1.3.3.1 Cardiovasculature 

Like the AMs, CGRP is also a potent regulator cardiovascular function. Peripheral administration of low 

concentrations of CGRP induce microvascular blood vessel dilation and increase blood flow through 

activity through both the endothelium and VSMCs (Brain et al., 1985; Edvinsson et al., 1985). These 

effects are long lasting (Brain et al., 1986) and have been seen across a range of species in both healthy 

and disease states (Itabashi et al., 1998; Preibisz, 1993). The perivascular localization of CGRP 

containing fibres suggests CGRP may elicit powerful but localized vascular responses in vivo (Russell 

et al., 2014). Peripheral CGRP administration causes positive inotropic and chronotropic effects, 

possibly as a compensatory response to reduced blood pressure (Ando et al., 1990). In contrast, central 

administration of CGRP causes hypertension though activation of noradrenergic sympathetic neurons 

(Fisher et al., 1983). While work in cardiovasculature has predominantly focussed on αCGRP, there is 

evidence to suggest βCGRP is released alongside αCGRP in the cardiovascular system (Li et al., 

2009). 
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1.3.3.2 Sensory neuropeptide 

CGRP is present in sensory nerves, most notably in C and Aδ nerve fibres. These fibres innervate 

targets throughout the body, with a large proportion of the fibres being present near the vasculature 

(Rosenfeld et al., 1983). CGRP is thought to play a role in nociception, as exogenous administration of 

capsaicin stimulates co-ordinated release of both CGRP and substance P (a sensory peptide which is 

strongly linked to pain pathways (Zieglgansberger, 2019)). Release of CGRP through capsaicin 

treatment is associated with redness and pain in the exposed area (Lundberg et al., 1985). Additionally, 

exogenous administration of CGRP is associated with inducing headaches and migraines (Lassen et 

al., 2002; Petersen et al., 2005), and CGRP release from bone marrow is associated with oncologic 

bone pain (Pennington et al., 2019). 

1.3.3.3 Metabolism 

CGRP has been implicated in various steps in the regulation of metabolism, such as modulating free 

fatty acid levels (Walker et al., 2014a), energy homeostasis, and food intake (Sanford et al., 2019). The 

results of multiple studies are inconclusive and occasionally contradictory. Peripheral administration of 

CGRP has been linked to both increasing and decreasing body weight depending on the experimental 

paradigm used (Gram et al., 2005; Krahn et al., 1984; Nilsson et al., 2016).  

1.4 AM family peptides as therapeutic targets 

1.4.1 AM 

1.4.1.1 Cardiovasculature 

There is evidence that both acute and chronic AM administration could be useful in the treatment of 

myocardial infarction. In humans, acute intravenous administration in conjunction with angioplasty has 

been shown to reduce the size of the infarct at three months post-treatment (Kataoka et al., 2010), while 

chronic AM administration post-insult causes an increase in cardiac output and a reduction in infarct 

size (Rademaker et al., 2002). There are numerous rodent models of myocardial infarction in which AM 

administration is linked to protective effects through a number of mechanisms, including anti-fibrotic 

mechanisms, decreased cellular necrosis, and improved cardiac lymphatics (Trincot et al., 2019).  

An anti-AM antibody which partially inhibits the ability of AM to signal is currently in Phase II clinical 

trials for the treatment of congestive heart failure (Voors et al., 2019). The proposed mechanism of 

action is to sequester AM within the blood vessel thereby increasing its interactions with endothelial 

cells and decreasing its interactions with VSMCs. This combination of effects would theoretically retain 

the positive effects of AM, such as maintaining endothelial integrity, while at the same time, minimising 

vasodilation (Geven & Pickkers, 2018). This space is also being investigated by Nagata et al., who have 

expanded upon this idea by creating an injectable treatment consisting of AM pre-bound to an AM 

antibody (Nagata et al., 2019). There is key knowledge gap in this area, as these antibodies have very 

little pharmacological characterisation. The AdrenoMed antibody reported by Voors and Geven has only 

been tested at defined AM2 receptors, where it partially inhibited AM activity (Struck et al., 2013). 

Similarly, the antibody-conjugated AM has only been tested at defined AM1 receptors, and only at a 

single concentration. so there are no pharmacological parameters available for this compound (Nagata 
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et al., 2019). This has implications for the mechanism of action, for if the antibody interferes with AM 

function to different extents at the different CLR:RAMP complexes, then it instead of sequestering AM 

in the blood vessels, these antibodies may be causing AM to be biased towards one receptor over 

another. If so, this would have implications for receptor physiology, as it would give insight into the 

relative role of CLR:RAMP complexes in vasodilation. Further characterisation of these antibodies are 

needed to understand their mechanism of action.  

A study into idiopathic pulmonary hypertension found that inhalation of an aerosol form of AM had 

beneficial effects on pulmonary haemodynamics and exercise capacity in mice. This beneficial effect 

on the pulmonary system has also been noted in a study using intravenous administration of AM into 

human patients with pulmonary hypertension, and also in surfactant-depleted piglets which were used 

as a model of pulmonary hypertension. Thus AM holds potential as a therapeutic in the treatment of 

pulmonary vascular as well as cardiac vascular disorders (Kandler et al., 2003; Nagaya & Kangawa, 

2004). 

1.4.1.2 Wound healing 

The combination of anti-apoptotic properties with increased vascular growth means AM can accelerate 

wound healing. AM administration through sustained-release ointments has shown potential in the 

treatment of pressure ulcers in mouse models (Harada et al., 2011), and it is expected these findings 

can be extrapolated to other cutaneous wounds (Idrovo et al., 2015). AM has also shown promise in 

murine models of ulcerative inflammatory bowel disease, and has been trialled in humans as a 

treatment for ulcerative colitis and Crohn’s disease (Ashizuka et al., 2016; Ashizuka et al., 2019; 

Kinoshita et al., 2019). 

1.4.1.3 Cancer therapy 

Antibodies which neutralise AM or AM receptors have been trialled in vitro and in vivo, with work 

primarily spearheaded by the Laboratoies de Cancerologie Experimentale and Transert d’Oncologie 

Biologique in France. Reports suggest that reducing CLR-mediated AM activity can prevent tumour 

vascularisation, decrease tumour growth, and increase tumour cell death in murine models (Berenguer-

Daize et al., 2013; Kaafarani et al., 2009; Li et al., 2014a). This work has primarily used antibodies 

directed at receptor components to decrease receptor activity. A key drawback with their work is that 

the characterization of these antibodies at defined receptors is lacking. Additionally, in these 

experiments the authors tend to use a cocktail of anti-CLR, anti-RAMP2 and anti-RAMP3 antibodies 

meaning that the contribution of each CLR based receptor is unknown. Thus, there is scope to improve 

on these therapies by creating antibodies which target defined receptors. 

AM antagonists have also been shown to have some efficacy as anti-tumour agents. AM22-52 can slow 

the growth of renal cell carcinomas and pancreatic cancer cells xenografted into mice (Gao et al., 2016; 

Ishikawa et al., 2003), while an unspecified AM antagonist can prevent the recruitment and attachment 

of myelomonocytotic cancer cells to the endothelium (Xu et al., 2016). Thus, interrupting the function of 

AM is a possible way to slow or halt the growth of tumours.  
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1.4.1.4 Diagnostic Tool 

AM is upregulated in a number of pathophysiological conditions, where its expression can correlate to 

severity of the disease. AM or AM derivatives (such as mid-regional pro-AM, a protein created during 

the production of AM) are being investigated as prognostic markers for a number of conditions, including 

sepsis, cancer, pulmonary disorders, and chronic heart failure (Hata et al., 2000; Kim et al., 2019; Lopes 

& Falcão, 2016; Meng et al., 2014; Valenzuela-Sánchez et al., 2015) 

Additionally, a radioloabelled derivative of AM22-52 (known as PulmoBind) has shown promise in the 

diagnosis of pulmonary hypertension, a disease associated with reduced vascularisation of the 

pulmonary tissue. PulmoBind takes advantage of AM’s high clearance rate through the lung and its 

ability to tightly bind to receptors present on endothelium. Following administration, the radiolabel can 

be detected to measure abnormalities in the pulmonary vasculature (Letourneau et al., 2013). 

PulmoBind has progressed through phase II trials with the ability to detect pulmonary abnormalities and 

a favourable safety profile (Harel et al., 2017). 

1.4.1.5 Septic Shock 

AM can be thought of as a double-edged sword in sepsis. Upregulation of AM during sepsis is thought 

to improve vascular integrity, however the vasodilatory properties of AM exacerbate (or partly cause) 

the dangerous hypotension associated with the condition. AdrenoMed have developed an antibody 

which limits the vasodilatory effects of AM while apparently retaining the protective capabilities. This 

antibody has reduced the mortality of sepsis in rodent models (Geven et al., 2018b), and has now 

moved through phase I and II clinical trials (Geven et al., 2018c). This is the same antibody as discussed 

in Section 1.4.1.1. 

1.4.2 AM2 

1.4.2.1 Cardiovasculature 

AM2 is thought to have potential beneficial effects in cases of transient ischemic attacks. AM2 has been 

shown to prevent hypoxia-induced adverse vascular remodelling in the pulmonary vascular system in 

rodent models (Mao et al., 2014), as well as exerting protective effects in vitro on a number of cell-types 

derived from the cardiovascular system (Bell et al., 2012; Bell et al., 2016). 

1.4.2.2 Sepsis 

Mice lacking the AM2 gene exhibited higher levels of vascular leakage in basal conditions, and suffered 

exacerbated leakage when challenged with exogenous vascular endothelial growth factors (VEGF). 

Co-administration of AM2 to AM2 deficient mice was able reduce this VEGF-induced permeability to 

WT levels (Xiao et al., 2018). This was achieved by promoting formation of cell contacts, and by 

dynamically restoring disrupted contacts. The antagonist, AM217-47, was able to exacerbate vascular 

leakage in LPS and cecal-puncture induced rodent models of sepsis, hinting that the endogenous 

peptide plays a protective role in rats (Xiao et al., 2018). AM2 also reduced the classic inflammatory 

hallmarks of sepsis which include TNF-α, interleukin-Iβ, and interleukin-6 by reducing the number of 
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macrophages which are able to infiltrate organs from the bone marrow (Xiao et al., 2018). As such, 

AM2 may be a target for the treatment of sepsis. 

1.4.3 CGRP 

1.4.3.1 Migraine 

CGRP has long been implicated in the pathology of migraine. First, it was shown that migraine was 

associated with increased levels of circulating vasoactive peptides such as CGRP being released from 

the trigeminovascular system (Goadsby et al., 1990). Next, it was shown that early drugs used in the 

treatment of migraine (dihydroergotamine and sumitriptan) reduced the level of circulating CGRP during 

migraine (Goadsby & Edvinsson, 1993). Cementing the importance of CGRP in migraine, it was shown 

that administration of CGRP to migraneurs caused migraine-like symptoms (Lassen et al., 2002). 

However, it was also shown that intravenous administration to people who had no history of migraines 

did not elicit the same migraine-like response, instead causing a mild headache (Petersen et al., 2005). 

This suggested that migraneurs had an intrinsic hypersensitivity to CGRP, and thus modulation of 

CGRP activity was proposed as a mechanism for the treatment of migraine.  

Early pharmaceutical investigations resulted in telcagepant and olcagepant, a pair of small molecule 

antagonists of the CGRP receptor which showed promise in early stage clinical trials, but which were 

later discontinued due to side effects such as hepatotoxicity (Gottschalk, 2016; Rudolf et al., 2005). 

Continuing down this path, more orally bioavailable small molecule antagonists of the –gepant family 

have shown success in treating or preventing migraines, though there is still the lingering concern of 

hepatotoxicity (Allergan, 2018; BioHaven, 2018). Very recently, two small molecule antagonists of the 

CGRP receptor (rimegepant and ubrogepant) have been approved by the FDA for the acute treatment 

of migraine (Dubowchik et al., 2020). 

Additionally, antibodies targeting both the CGRP peptide and CGRP receptors have been developed, 

with three antibodies targeting CGRP (eptinezumab, fremanezumab, galcanezumab) and one antibody 

targeting the CGRP receptor (erenumab) now being FDA approved drugs for the prevention of migraine. 

As these antibodies are large they are unable to cross the blood-brain barrier into the central nervous 

system, indicating that reducing peripheral CGRP activity is sufficient to reduce the incidence of 

migraine attacks, possibly through preventative action on sites as meningeal vessels or the trigeminal 

ganglion (Hutchings et al., 2017; Marcelo et al., 2015; Ohlsson et al., 2018).  

1.4.3.2 Cardiovasculature 

αCGRP is a potent vasodilator which also has powerful cardio-protective effects. Infusion of αCGRP to 

patients with chronic congestive heart failure improves cardiac performance (Gennari et al., 1990; 

Shekhar et al., 1991). Long-lasting analogues of αCGRP have been theorised as useful in the treatment 

in a number of chronic cardiovascular diseases (Danser & MaassenVanDenBrink, 2017); recent work 

has shown that chronic administration of long-lasting fatty-acid conjugated αCGRP analogue can 

protect against progression and end-organ damage in murine models of established hypertension and 

heart failure (Aubdool et al., 2017).  
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There are concerns that antibodies targeting CGRP or the CGRP receptor for the treatment of migraine 

may increase the risk of vascular disorders by interfering with the physiological function of CGRP, as 

antibodies which target this system have been shown to inhibit CGRP-induced vasorelaxation in 

isolated human arteries from a number of organs (Ohlsson et al., 2018). At present, there have been 

no reports of major adverse effects on the vasculature in clinical trials or laboratory experiments 

(Tepper, 2018; Walter et al., 2014), however there are concerns that these antibodies could increase 

the severity of cardiovascular and cerebrovascular insults, rather than increasing the incidence of such 

insults in the population (MaassenVanDenBrink et al., 2016). Additionally, in humans there is evidence 

linking fremanezumab, galcanezumab, and erenumab to either the worsening or development of 

Raynaud’s phenomenon, a medical condition defined by impaired blood flow to extremities in response 

to emotional stress or cold (Evans, 2019). Although there is not a conclusive link between antibody 

administration and worsening of this condition, further case studies will be of interest. 

1.4.3.3 Metabolism 

An αCGRP analogue conjugated to a fatty acid moiety with a long (>7 hour) half-life has been linked to 

positive metabolic effects and stimulating glucagon-like peptide 1 (GLP-1) release in mice suffering 

from diabetes mellitus. This suggests that αCGRP may be beneficial in the treatment of diabetes and 

obesity (Nilsson et al., 2016). This antibody is the same as the one described above in Section 1.4.3.2. 

As obesity and cardiovascular disease are commonly linked (Poirier et al., 2006), this combination of 

protective effects in both conditions makes this αCGRP analogue a promising drug for investigation. 

1.5 GPCRs 

AM and its related peptides signal through CLR, which belongs to a superfamily of receptors known as 

GPCRs. GPCRs are a large family of receptors which convert a diverse range of extracellular stimuli 

into intracellular signals. Their ability to recognise a wide variety of stimuli allows them to be involved in 

a range of physiological pathways. Although these receptors are spread across many different tissue 

types and have diverse effects on cell function, they are linked by key features, namely, an extracellular 

N-terminus, seven transmembrane (TM) helices, a short intracellular alpha-helical structure which 

follows TM7 (this stretch is often referred to as helix 8), and an intracellular C-terminus (Mustafi & 

Palczewski, 2009; Rosenbaum et al., 2009). This large family can be divided into 5 smaller families, 

being the class A (rhodopsin-like), class B (secretin-like), class C (metabotropic glutamate/pheromone 

receptors), frizzled receptors, and adhesion receptors (Fredriksson et al., 2003).  

GPCR activation generally involves a ligand interacting with the receptor. Larger molecules (such as 

peptide hormones) interact with the extracellular N-terminus of the receptor, while smaller molecules 

tend to bind a pocket within the TM helix bundle. The wide range of ligands these receptors interact 

with necessitate that extracellular facing regions of receptors have low sequence and structural 

homology (Katrich et al., 2013). Comparatively, the intracellular regions have higher sequence identity 

and structural homology, which explains the ability of different GPCRs to interact with the structurally 

conserved G protein family (Culhane et al., 2015). There is little sequence identity across the different 

classes of receptors, but when structurally aligned, current crystal structures point to TM domains and 
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activation mechanisms being structurally conserved across GPCR families (Cvicek et al., 2016; 

Sanchez-Reyes et al., 2017). 

1.5.1 Current knowledge on GPCR signalling 

Current knowledge posits that GPCRs exist in a dynamic equilibrium between active and inactive 

conformations. In the canonical view, when the receptor is in an active conformation, the intracellular 

portion of the receptor is able to bind a GDP bound heterotrimeric G protein complex. This interaction 

facilitates the exchange of GDP for GTP, causing the G protein to dissociate into the membrane-bound 

α subunit and freely mobile β-γ dimer, which are then able to interact with downstream signalling 

molecules (Moreira, 2014). More recently, there has been speculation that the G protein is constantly 

sampling GDP-bound and “empty” states, and that the active-state GPCR interacts with the empty G 

proteins rather than GDP-bound G proteins. Upon binding to the active state GPCR, the empty GDP 

protein undergoes a conformational change which allows GTP to bind the G protein. This binding is 

then thought to drive uncoupling of the G protein from the receptor (Mahoney & Sunahara, 2016). There 

is a wide range in diversity encoded in the G protein system, with 18 distinct Gα proteins, 5 distinct Gβ 

proteins, and 12 distinct Gγ proteins (Syrovatkina et al., 2016). At present, the Gα sub-group is the best 

defined with regards to differences in signalling outcomes following activation. GPCRs can also interact 

with other intracellular molecules such as GPCR-kinases and arrestins, which are able to control 

receptor activation (Ritter & Hall, 2009), while also mediating G protein independent signalling (Zhou et 

al., 2017). For a general scheme of the diverse signalling outcomes regulated by GPCR activation, see 

Figure 1.4.  
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Figure 1.4 A general scheme of the diverse methods by which signalling pathways are activated 

through both G protein dependent and independent mechanisms following GPCR activation. The figure 

shows a GPCR (grey) in a lipid bilayer (blue) representing a GPCR on the cell surface. This figure is 

illustrative only, as canonically the binding of β-arrestin to a GPCR impairs the ability of G proteins to 

interact with the receptor. While there is evidence for super-complexes comprising GPCR:G proteins:β-

arrestins, the prevalence and functional consequences of these super-complexes are not well defined 

for all GPCRs (Thomsen et al., 2016).  An arrow (↑) indicates that the signalling molecule stimulates 

activity of the indicated molecule, while a flat-headed arrow (T) indicates that the signalling molecule 

inhibits the activity of the indicated molecule. Signalling molecules in orange boxes are those which 

have been investigated in this thesis (Delghandi et al., 2005; Faure et al., 1994; Luttrell et al., 2018; 

Mao et al., 2007; Nishimatsu et al., 2001; Rees, 2017; Routledge et al., 2017; Syrovatkina et al., 2016). 

AC – adenylate cyclase, cAMP – cyclic adenosine monophosphate, cGMP – cylic guanosine 

monophosphate, CREB – cAMP response element-binding protein, DAG – diacylglycerol, ERK – 

extracellular signal-regulated kinase, GEF – guanine nucleotide exchange factor, MEK – mitogen-

activated protein kinase kinase, NO – nitric oxide, IP – inositol phosphate, PI3K – phosphoinositide-3-

kinase, PKA – protein kinase A, PKC – protein kinase C, PLC – phospholipase C. 
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In the absence of external stimuli, most GPCRs preferentially adopt the inactive conformation. A number 

of receptors on the cell surface will be in the active state even in the absence of stimuli, causing basal 

signalling. Basal signalling can be mediated through both G protein-dependent and independent 

mechanisms (Yang et al., 2015a). Interaction with a ligand stabilises the receptor, reducing its ability to 

sample conformations. Agonists are ligands which cause the receptor to preferentially adopt the active 

state, thereby stimulating downstream signalling. Based on structural evidence, interaction with a G 

protein or other intracellular proteins in addition to the ligand is a requirement for stabilising the active 

conformation of GPCRs (Venkatakrishnan et al., 2013). Conversely, an inverse agonist stabilises the 

receptor in an inactive state, decreasing signalling below the basal rate. Antagonists do not shift the 

equilibrium either way, but because they occlude the binding location they prevent the receptor from 

interacting with other ligands thereby preventing receptor activation (Khilnani & Khilnani, 2011).  

In the past it was assumed that GPCRs functioned like a molecular switch, in the inactive state the 

receptor would be unable to interact with intracellular signalling proteins but upon introduction of an 

agonist the receptor would “turn on”, allowing interactions with intracellular proteins and thus stimulating 

intracellular signalling. All agonists were thought to activate the same signalling pathways, with 

differences in physiological effects thought to be the result of differences in ligand potencies (Baker et 

al., 2011). However, more thorough investigations into cellular signalling has led to a rapid paradigm 

shift and it is now commonly accepted that agonists are able stimulate signalling through multiple 

pathways, and that signalling outcomes can be altered by a number of different factors. This idea is 

known as signalling bias or functional selectivity (Kenakin, 2019; Luttrell et al., 2015; Wisler et al., 2014).  

Signalling bias is thought to be an amalgamation of three distinct components, outlined below: 

 Ligand bias is thought to result from the different receptor conformations stabilised through 

binding of different ligands. Bias is reported as a comparison to a reference ligand, with an 

endogenous agonist of the receptor often chosen as the reference (Smith et al., 2018). 

 Receptor bias refers to a modification (such as a mutation, or splice variant) which alters the 

ability of the receptor to couple to intracellular signalling pathways. Linked to receptor bias is 

protein bias, in which interactions with accessory proteins can alter the signalling profile of the 

receptor (Smith et al., 2018). RAMPs are a prime example of protein mediated bias, as they 

are able to alter both ligand selectivity and subsequent G protein coupling when complexed 

with CLR, CTR, or theoretically with a number of GPCRs (Christopoulos et al., 2003; Routledge 

et al., 2017; Weston et al., 2016; Wootten et al., 2013). 

 System bias arises due to differences in the cellular environment. Differences in receptor 

expression levels, effector molecule expression levels, pathways investigated, tissues chosen 

for models, and cellular outcomes chosen for investigation can all contribute to system bias. 

This is especially pertinent as experimental models may differ substantially from the 

physiological system which they are intended to model (Kenakin, 2019).  

Bias is encoded into endogenous receptor systems. For example, within the lysophosphatidic acid 

receptor system the different endogenous circulating forms of lysophosphatidic acid display differential 
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activity between Ca2+ mobilization and ERK phosphorylation in lung fibroblasts (Sattikar et al., 2017). 

Similarly, the multiple differentially processed version of GLP-1 bind to and stimulate signalling GLP-1 

receptor signalling in a biased manner (Furness et al., 2018). 

Bias is currently being investigated due to the therapeutic implications that this research could yield. 

Activation of individual signalling pathways can, to some degree, be linked to distinct physiological 

outcomes. This phenomenon is currently being exploited in the development of “biased agonists”, 

therapeutics which can preferentially activate one signalling pathway over another in order to maximise 

therapeutic utility while minimising harmful side-effects (Donthamsetti et al., 2018). An example of a 

biased ligand is oliceridine, a µ-opioid receptor agonist developped for the treatment of moderate to 

severe pain. In vitro, Oliceridine is biased towards G protein signalling over β-arrestin recruitment, a 

signalling profile which was hypothesised stimulate preferential activation of analgesic effects over 

negative side effects. However, the actual therapeutic utility has recently been called into question, with 

reports showing that this drug behaved similarly to classic μ-opioid receptor agonists such as 

oxycodone in vivo (Austin Zamarripa et al., 2018). It is possible that the simplistic duality of G protein – 

desirable, β-arrestin activation – undesirable which was the rationale for these drug discovery efforts 

did not accurately relate to what was seen in vivo (Michel & Charlton, 2018), as it has been shown that 

different β-arrestins fulfil different roles within the cell (Luttrell et al., 2018). As such, to maximise the 

chance of successful discovery, it is important to characterise drugs in physiologically relevant systems 

at a very early stage in development. 

Advances in structural biology have allowed a greater understanding of the mechanism behind 

signalling bias. Structures of GPCRs bound to different ligands have shown that ligands can stabilise 

subtly different conformations of the same receptor. These differences in receptor conformations are 

propagated from the ligand binding site and through the TM bundle to the intracellular portion of the 

receptor. This causes the intracellular face to adopt subtly different conformations as the receptor binds 

different ligands. This variation in intracellular landscapes influences the intracellular signalling 

molecules that are able to interact with the receptor, the conformation of the signalling molecules adopt 

as they interact with the receptor, and the relative rates at which these signalling molecules can interact 

with the receptor (Furness et al., 2016; Kenakin, 2015; Wingler et al., 2019a; Wingler et al., 2019b). 

These differences in transducer recruitment are thought to give rise to differences in downstream 

effector activation (Smith et al., 2018).  

1.5.2 Class B GPCRs 

Approximately 26-36% of current drugs target GPCRs (Garland, 2013; Rask-Andersen et al., 2011), 

the majority of which target aminergic GPCRs, a subclass of the Family A GPCRs (Garland, 2013). 

Approximately 70% of drugs targeted at GPCRs are based on the natural ligand of the receptor, which 

goes some way to explain why aminergic-based drugs are so prevalent; aminergic receptors bind small, 

low molecular weight ligands which provide a strong starting point for the development of therapeutically 

relevant drugs (Mason et al., 2012). In contrast, Class B GPCRs tend to have peptide hormones as 

ligands. These larger ligands do not easily lend themselves to therapeutics in unmodified forms - their 

large size makes synthesis expensive which, when combined with their often rapid metabolism, leads 
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to poor oral bioavailability (Bortolato et al., 2014), however there are a number of success stories in this 

family, with injectable drugs based on CT (Miacalcin), GLP-1 (Exanatide), parathyroid hormone 

(Teriparatide), and amylin (Pramlintide) being FDA approved therapeutics. As such, there is currently 

great scope for novel therapeutically relevant drugs based on this sub-class of GPCRs. 

The class B GPCR group is comprised of fifteen receptors, split into the glucagon receptor family, the 

corticotrophin-releasing hormone receptor family and the CT receptor family. Class B GPCRs are 

distinguished from other GPCR classes by their long (~150 amino acids) N-terminal extracellular 

domains (ECDs) which predominantly bind peptide hormones, and their propensity couple to Gαs 

(Hoare, 2005).  

The method of activation for this class is generally described as the “two domain model” (Figure 1.5). 

In this model, the N-terminal ECD of the receptor interacts with the C-terminus of the peptide to initiate 

binding. This brings the N-terminus of the peptide into close proximity to the juxtamembranous portion 

of the receptor, comprised of the extracellular loops (ECLs) and extracellular tips of the TM domains 

(Culhane et al., 2015; Hoare, 2005). Interaction between the N-terminus of the peptide and the 

juxtamembranous portion of the receptor is thought to drive receptor activation. 

Figure 1.5 Graphical representation of the two domain model. A) The GPCR (blue) is in an unbound 

state with ligand (orange) free in solution. B) The peptide C-terminal “binding domain” interacts with the 

receptor N-terminal ECD. C) The peptide N-terminal “activation domain” interacts with the receptor 

juxtamembranous domains, comprised of ECLs and the juxtamembranous portion of transmembrane 

domains. This interaction stabilises a conformational change in the receptor causing downstream 

signalling events. This image is illustrative only; the peptide generally adopts a single long alpha-helical 

structure when bound to receptors. See Figure 1.9 for cryo-EM structures of ligand-bound class B 

GPCRs. 

This model does well to capture the essence of interactions, however mounting evidence suggests that 

this model may be an oversimplification of reality. An alanine scan by Dong et al. (2011) indicated that 

rather than having distinct receptor binding and activating zones, secretin contained residues important 

for binding throughout the entire peptide. Similar results have been noted for GLP-1, in which an alanine 

substitution of the N-terminal G10 caused a 221-fold reduction in binding affinity for the GLP-1 receptor 

(Watanabe et al., 1994). Further, an 11 amino acid peptide based on GLP-11-11 has been shown to act 

with similar potency to GLP-1 indicating that it is possible to have receptor activation without the C-

A) C) B) 
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terminal “binding region” (Donnelly, 2012; Jazayeri et al., 2017; Mapelli et al., 2009). Thus it seems 

residues within the N-terminal region of the peptide interact with residues within the juxtamembranous 

and TM domains, and modifications to either the peptide or the receptor in these areas can have drastic 

effects on peptide binding affinity and efficacy (Yang et al., 2016). 

Another key piece of evidence which suggests that the two-domain model is an oversimplification is 

that the model overlooks the stretch of amino-acids which links the ECD and TM domains (referred to 

in this thesis as the linker region). The linker region is important as it joins these two domains, and has 

been shown to be highly flexible, allowing for multiple conformations of the ECD relative to the TM 

domain. It has also been shown that the different conformations of the ECD relative to the TM domain 

can exert control over receptor activation (Koth et al., 2012; Zhang et al., 2017a; Zhang et al., 2018a), 

and that this regulation occurs in a receptor specific manner (Zhao et al., 2016). Thus, it is important to 

characterise the linker region within each class B GPCR. 

1.5.3 Analytical pharmacology for analysing GPCR activity 

Analytical pharmacology has developed a number of models to understand the relationships between 

ligands, receptors, and pathway activation. A common tool is a concentration-response assay, in which 

cells are exposed to a range of peptide concentrations, and a functional response recorded. Using a 

logistic equation, a curve can be fit to these results. Two commonly reported parameters are the Emax 

(the maximum effect of stimulation) and the pEC50 (the concentration of ligand required to stimulate a 

response equal to 50% of the Emax). These two parameters are dependent on several factors, including 

ligand dependent factors such as the affinity of the ligand for the receptor (how powerfully a ligand can 

bind to the receptor), and the efficacy of the ligand at the receptor and pathway (how effectively the 

ligand can stimulate a response), as well as ligand independent factors, such as the expression level 

of the receptor, and how well the receptor can couple to the functional output within the system of 

interest (Kenakin, 2019).  

Recently, there has been a push within pharmacology to acquire system independent outputs from 

functional data. The most commonly used method for obtaining these outputs is the use of the 

operational model of agonism, which allows derivation of ligand affinity (KA) and efficacy (τ) (Black & 

Leff, 1983; Kenakin et al., 2012). The ratio of efficacy to affinity (τ/KA) removes ligand independent 

factors (such as receptor expression levels) leaving a system independent ratio of ligand activity for a 

pathway at a receptor (Kenakin, 2019). These ratios (referred to as transduction ratios) are often used 

to quantify biased signalling. To explore bias, one must have a reference ligand to compare other 

ligands to, typically an endogenous ligand of the receptor system is used as a reference. The 

transduction ratio of the reference ligand is subtracted from the transduction ratio of the ligand of interest 

– this gives a Δlog (τ/KA) value. A positive Δlog (τ/KA) value indicates that the ligand of interest is more 

active than the reference ligand through this particular pathway. By comparing the Δlog (τ/KA) of a single 

ligand across multiple pathways, it is possible to see whether this ligand of interest has different 

signalling abilities at different pathways. When there is a difference in the Δlog (τ/KA) values for the 

same ligand at different pathways, this indicates that the peptide is biased (Kenakin, 2019; van der 

Westhuizen et al., 2014). These outputs (pEC50, Emax, KA, τ, and (τ/KA) values) are the most commonly 
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used tool in analytical pharmacology. Throughout this thesis I largely focus on pEC50, Emax, and 

transduction ratios (τ/KA), however I will also present individual KA and τ values. 

1.6 AM family receptors 

1.6.1 The CLR:RAMP life-cycle 

Receptors for the AM peptide family are comprised of the core class B GPCR, CLR, in complex with 

one of three RAMPs. RAMPs comprise a single transmembrane domain, an extracellular N-terminus of 

approximately 90 amino acids, and a short intracellular C-terminal domain of approximately 10 amino 

acids. CLR and RAMPs are unable to reach the cell surface when expressed individually. CLR is found 

in the endoplasmic reticulum, while RAMP1 is found in the endoplasmic reticulum and the golgi 

apparatus. Expression in both the golgi and the endoplasmic reticulum is a feature common to 

chaperone proteins, and suggests that RAMP1 transports CLR to the golgi for post-translational 

modifications, then onwards to the cell surface (Hilairet et al., 2001). In the absence of CLR, RAMP1 is 

found as homodimers in the cell. This observation is based on western blotting experiments which 

detected two distinct bands when probing for myc-RAMP1, these bands had apparent molecular 

weights of ~17 kDa and ~34 kDa. These higher molecular weight bands were sensitive to reducing 

agents such as dithiothreitol, suggesting that these complexes were formed by disulfide bonds (Hilairet 

et al., 2001). Due to the high energy required to break disulfide bonds, CLR is predicted to interact with 

individual RAMP1 proteins before they homodimerise, rather than disrupting pre-formed homodimers 

(Hilairet et al., 2001). The CLR:RAMP complex undergoes its existence as a stable complex, starting 

with co-translocation to the cell surface, through to acting as a receptor, and finally, internalisation and 

recycling/degradation following ligand stimulation (Nag et al., 2015). The CGRP and AM1 receptors are 

degraded following chronic ligand stimulation, while the AM2 receptor is recycled to the cell surface 

following internalisation (Bomberger et al., 2005a). 

The stoichiometry of the CLR:RAMP complex is currently debated, with studies variously suggesting 

ratios of 1:1 (Hilairet et al., 2001; Kusano et al., 2012; Liang et al., 2018a), 2:1 (Heroux et al., 2007), or 

2:2 (Moad & Pioszak, 2013). While higher order oligerimisation cannot be ruled out, the 1:1 ratio is 

sufficient for peptides to bind to the receptor, as well as for the receptor to couple to G proteins meaning 

there is strong support for this ratio (Booe et al., 2015; Liang et al., 2018a). 

1.6.2 Expression of receptor components across the body 

Studies involving receptor localization have been hindered by the lack of available validated antibodies 

for CLR and RAMPs (Michel et al., 2009). mRNA expression, although less accurate than protein 

identification, is currently our best option for investigations into receptor localisation. It is important to 

note with this work that mRNA levels do not necessarily correlate with protein expression, and that in 

order for a functional receptor to be expressed, both CLR and RAMPs need to be present in the same 

individual cell, not just the same tissue. Figure 1.6 shows the diverse tissue distribution of the different 

receptor components and can be used as a guide for receptor expression across the body. 
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Figure 1.6 Distribution of CLR, RAMP1, RAMP2, and RAMP3 mRNA in humans. Data was derived 

from the human protein atlas RNA-seq normal tissue database (Fagerberg et al., 2014). RPKM – reads 

per kilobase per million of reads placed, a higher number represents more abundant mRNA in this 

tissue. There is no information on the gender or ethnicity of tissue donors. Data are the mean of 2-7 

independent tissue analyses. Data are publicly available on the NCBI Gene website using gene IDs 

10203 (CLR), 10267 (RAMP1), 10266 (RAMP2), and 10268 (RAMP3). No RNA of any receptor 

component was detected in bone marrow. 
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1.6.3 Expression of receptor components in the vasculature 

A key site of AM activity is the vasculature. Within the vasculature there is evidence for differential 

expression of AM receptor components, however, like above, the caveats are that mRNA work does 

not investigate expression in single cells, and where antibodies have been used, they have been poorly 

validated. The following tables (Table 1.2 and Table 1.3) show that receptor components and AM family 

peptides have been detected across various parts of the cardiovascular system. These tables highlight 

gaps in our knowledge. Do cells of the same cell-type but derived from different locations in the 

vasculature express a different complement of receptor components? Do individual cells of the same 

cell-type within a region express different receptors? Are multiple RAMPs expressed in the same cells? 

Does this differential expression affect the pharmacology and physiology of AM and its related 

peptides? A combination of immunohistochemistry with well validated antibodies combined with 

functional pharmacology investigations will allow us insight into the complexity that may be built into 

this signalling family.
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Table 1.2 Expression and binding of CLR, RAMPs, and AM family peptides across the rat vasculature. 

Y – reported in literature, D – multiple studies report different results, W – weak detection, N – no detection, - indicates that the receptor component/peptide 

has not been investigated in this tissue/cell type. Cells have been colour coded to facilitate comparisons. ND used when there is no data available on the 

specific cell type investigated. mRNA has been investigated using rt-PCR or northern blot analysis, protein has been investigated using western blots or 

immunohistochemistry techniques. Caution is needed when interpreting protein expression as many of the antibodies used in these studies have not been well 

validated. 1 (Autelitano & Ridings, 2001), 2 (Nagae et al., 2000), 3 (Owji et al., 1995), 4 (Totsune et al., 2000), 5 (Wong et al., 2012b), 6 (Chakravarty et al., 

2000), 7 (Cueille et al., 2002), 8 (Bell et al., 2007), 9 (Zhao et al., 2006), 10 (Sueur et al., 2005), 11 (Oie et al., 2000), 12 (Pfiel et al., 2009), 13 (Chang et al., 

2016). 

  

Expression Binding 

Tissue Cell Type CLR RAMP1 RAMP2 RAMP3 AM AM2 CGRP AM AM2 CGRP 

 mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein    

Heart ND Y1 - D1,2,3 -  Y1,2,3 - N2 - - - - - - - Y3 - Y3 

Ventricle ND Y4,5,6 - Y5,6,7 W7 Y4,5,6,7 - D5,6,7 W7 Y4,5 - - - - - Y6 - W6 

Left Ventricle Cardiomyocyte Y8,9 W9 Y8,9,10,11 W8,9 Y8,9,10 Y8,9 Y8,9,10 W8,9 Y8,9,11 Y8 Y8,9 Y8 - - Y8 - - 

Right Ventricle Cardiomyocyte Y9 - Y9
 - Y9 - Y9 - Y9,11 - Y9 - - - - - - 

Left Ventricle Microvascular 

Endothelium 

- - - - - - - - - Y11 - - - - - - - 

Atria ND Y4,5,6,7 - Y5,6,7 W4 Y4,5,6,7 - D5,6,7 W7 Y4,5,11 - - - - - Y5,6 - W6 

Atrioventricular valve ND Y12 Y12 Y12 - Y12 - W12 - Y12 Y12 W12 Y12 Y12 Y12 - - - 

Aorta ND Y13 W13 Y13 Y13 Y13 W13 Y13 W13 - - - - Y13 Y13 - - - 
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Table 1.3 Expression and binding of CLR, RAMPs, and AM family peptides across the human vasculature. 

Y – reported in literature, D – multiple studies report different results, W – weak detection, N – no detection, - indicates that the receptor component/peptide 

has not been investigated in this tissue/cell type. Cells have been colour coded to facilitate comparisons. ND used when there is no data available on the 

specific cell type investigated. mRNA has been investigated using rt-PCR or northern blot analysis, protein has been investigated using western blots or 

immunohistochemistry techniques. Caution is needed when interpreting protein expression as many of the antibodies used in these studies have not been well 

validated. 1 (Bell et al., 2012), 2 (Uhlen et al., 2015), 3 (Hagner et al., 2002), 4 (Kamitani et al., 1999), 5 (Pfeil et al., 2016), 6 (Iring et al., 2019), 7 (Chan et al., 

2010), 8 (Hagner et al., 2001), 9 (Edvinsson et al., 2014).

      
Expression 

         
Binding 

 

Location Cell Type CLR RAMP1 RAMP2 RAMP3 AM AM2 CGRP AM AM2 CGRP 

  
mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein 

   

Heart Cardiomyocyte Y1,2 W1,2 Y1,2 W1 Y1,2 Y1 Y1,2 W1 W1,2 Y1 Y1 D1,2 - - - - - 

Right Ventricle Capillaries - Y3 - - - - - - - - - - - - - - - 

Right Ventricle VSMC - W3 - - - - - - - - - - - - - - - 

Endocardium Endothelial - Y3 - - - - - - - - - - - - - - - 

Aorta Endothelial Y4 Y3 N4 - Y4 - N4 - - - - - - - Y4 - - 

Aorta VSMC - - N4 - W4 - N4 - - - - - - - W4 - - 

Aortic Valve ND Y5,6 Y5 Y5 - Y5 - W5 - Y5,6 - W5 - Y5 - - - - 

Coronary 
Artery 

VSMC - Y7 - Y7 - - - - - - - - - - - - - 

Lung ND Y2 Y2 W2 - Y2 - Y2 - Y2 - W2 - - - - - - 

Lung Vascular 
Endothelial 

- Y8 - - - - - - - - - - - - - - - 

Lung VSMC - N8 - - - - - - - - - - - - - - - 

Subcutaneous 
Artery 

Endothelial and 
VSMC 

- Y9 - Y9 - - - - - - - - -  - - - 
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1.6.4 Physiological differences associated with RAMPs 

Perhaps unsurprising given the wide and differential distribution of these receptor components, the 

different RAMPs have been implicated in a range of physiological processes. Knockout studies in mice 

have revealed that there are marked differences in the phenotypes seen following knock out of different 

receptor components, indicating that the different RAMPs are likely to play different functional roles in 

vivo. Mice lacking RAMP1 or RAMP3 survive until adulthood, with mice lacking RAMP1 showing 

increased blood pressure and inflammatory responses and lowered wound healing and 

lypmhangiogenesis (Kurashige et al., 2014; Li et al., 2014b; Tsujikawa et al., 2007), while mice lacking 

RAMP3 have lymphatic defects, and sex-dependent differences in the ability to adapt to cardiovascular 

disease (Barrick et al., 2012; Yamauchi et al., 2014). In contrast, knockout of CLR or RAMP2 leads to 

death in utero due to extreme hydrops fetalis arising from leaky and disorganised lymphatic and 

cardiovascular systems, a phenotype similar to genetic deletion of AM (Dackor et al., 2006; Gibbons et 

al., 2007; Kahn, 2008; Mackie et al., 2018). At present there is little information regarding whether these 

RAMP knock-out phenotypes translate between mice and humans, however as CLR mutation similarly 

affects humans and mice there is an argument for conservation of phenotypes between species (Mackie 

et al., 2018). There is little knowledge surrounding whether there are differences in the function of 

RAMPs under physiological conditions because we currently lack agonists or antagonists which are 

highly specific for single receptors. Because of the overlap in peptide activity at these receptors, and in 

some cases, overlap in RAMP expression within a tissue (Table 1.2 and Table 1.3), there may be some 

functional redundancy built into the signalling system. Studies using highly specific agonists or 

antagonists are needed to fully elucidate the function of each CLR:RAMP complex. 

There are also reported differences in how RAMPs are regulated in cases of physiological and 

pathophysiological challenges. Arterial ligation of rats resulted in upregulation of RAMP2 mRNA (Oie 

et al., 2000; Totsune et al., 2000), while chronic overload of the heart through aortic banding of rats led 

to upregulation of RAMP1 and RAMP3 mRNA, but not RAMP2 mRNA in the heart (Cueille et al., 2002). 

Understanding the distribution and regulation of receptor components may provide hints into their 

physiological roles, and future immunohistochemistry work should attempt to take this into account to 

further our understanding of the differential role of receptor components in physiology and 

pathophysiology. 

1.6.5 CLR:RAMP pharmacology 

As class B GPCRs are primarily coupled to Gαs, investigations of CLR based receptors have primarily 

measured cAMP production in response to peptide stimulation. Although the CLR:RAMP complexes 

have distinct pharmacology, there is substantial overlap in peptide activity through these receptors 

(Figure 1.7) which is likely to be behind the overlap in peptide function described in Section 1.3. 

Additionally, it is worth noting that CGRP is equally potent at receptors comprised of CLR:RAMP1 and 

CTR:RAMP1 (Hay, 2019; Walker et al., 2015).  

Removal of the disulfide loop creates antagonists which tend to bind in a manner which recapitulates 

the cAMP signalling profile of the full-length peptides. The exception to this rule is AM2; AM216-47 has 

similar affinity for all three CLR:RAMP complexes, with pKB(app) values approaching those of αCGRP8-
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37 at the CGRP receptor, and being of equal or higher affinity to AM22-52 at the AM1 and AM2 receptors 

(Roehrkasse et al., 2018). This finding is in clear contrast to the ability of AM2 to stimulate cAMP 

production at full length receptors where it is weaker than αCGRP at the CGRP receptor, equipotent to 

AM at the AM2 receptor, and weaker than AM at the AM1 receptor (Hay et al., 2018a). This suggests 

that AM2 is a high affinity, low efficacy agonist at CGRP and AM1 receptors, which could have 

pharmacologic and physiologic implications in systems of low receptor expression (Kenakin, 2014).  

 

Figure 1.7 Peptide potencies for cAMP production at defined CLR:RAMP complexes. The mean pEC50 

for a peptide at a given receptor is provided under the peptide name. Each point is a reported pEC50 

value from an independent publication which investigated human receptors in transfected Cos7, 

HEK293, HEK293S, HEK293T, or CHO-K1 cells. When a publication has investigated more than one 

cell-line, values derived from each cell-line have been shown as individual points on the graph. Values 

were compiled by me and published last year (Hay et al., 2018a); results shown here have been updated 

with recent literature (Booe et al., 2018; Chang & Hsu, 2019; Fischer et al., 2019; Garelja et al., 2018; 

Musa et al., 2019; Roehrkasse et al., 2018; Sheykhzade et al., 2018; Simms et al., 2018; Walker et al., 

2018; Williams et al., 2018; Yule et al., 2019). 

RAMPs influence CLR pharmacology by directly interacting with the CLR ECD, as well as by indirectly 

exerting effects on ECLs, TM domains, and intracellular protein coupling (Booe et al., 2015; Booe et 

al., 2018; Gingell et al., 2010; Kusano & Yokoyama, 2013; Roehrkasse et al., 2018; ter Haar et al., 

2010; Watkins et al., 2016; Weston et al., 2016; Woolley et al., 2017). RAMPs primarily alter CLR 

pharmacology through allosteric modulation, though there are key points where RAMPs directly interact 

with the peptide to drive receptor pharmacology (see section 1.6.7).  

1.6.6 Overview of signalling pathways activated by the peptide family 

Although best characterised through the cAMP pathway, AM, AM2, and both forms of CGRP have been 

shown to stimulate a variety of signalling pathways in a number of different cell types. These studies 

have identified pathway activation, but often do not compare multiple peptides or use multiple 

concentrations of a peptide, meaning that information about the receptor responsible for the reported 

signalling and effect is elusive. As such, Table 1.4 will list the signalling pathways which have shown 

to be regulated by the peptide family and the cell-type in which the effect were noted, but not define the 

receptor responsible for this effect. For further information surrounding activation of signalling pathways 

in vascular cells, refer to Chapter 4. Although we have a rudimentary understanding of physiological 

effects of different pathways, it is still difficult to absolutely define which pathways should be targeted 
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for therapeutic benefit. For further discussion of this point, and an attempt at defining pathways that 

could be target for therapeutic relevance, see Table 4.1 and Section 7.4. 

Table 1.4 Summary of signalling pathways and physiological responses activated by AM, AM2, and 

CGRP in a variety of cell types. 

Cell Type Signalling pathways Physiological effect 

Vascular 

endothelial cells 

Akt, Ca2+, cAMP, cGMP, 

ERK, NO 

Vasorelaxation of surrounding VSMCs. 

↑ survival, proliferation, migration, tubule formation. 

↓ apoptosis, monolayer permeability. 

VSMCs cAMP, Ca2+, ERK, MAPK, 

Akt 

Vasorelaxation. 

Regulation of vascular remodelling. 

↑ proliferation. 

Lymphatic 

endothelial cells 

cAMP, ERK ↑ proliferation, migration, invasion. 

Mesangial cells cAMP, ERK, MAPK ↑ apoptosis 

↓ proliferation 

Dental pulp cells CREB ↑ cell differentiation. 

Osteoblasts CREB, ERK, MEK, c-Src ↑ proliferation. 

↓ apoptosis. 

Tumour Cells ERK, JNK ↑ proliferation 

↑ - increase, ↓ - decrease. MAPK – mitogen activated protein kinase, JNK – c-Jun N-terminal kinase. 

(Aslam et al., 2011; Chauhan et al., 2015; Fritz-Six et al., 2008; Hayakawa et al., 1999; Hippenstiel et 

al., 2002; Jin et al., 2008; Kandilci et al., 2008; Nishimatsu et al., 2001; Ouafik et al., 2009; Pan et al., 

2007; Parameswaran et al., 2000b; Sata et al., 2000; Shichiri et al., 2003; Shimekake et al., 1995; Tian 

et al., 2013; Zhu et al., 2017). 

This inability to trace a signalling outcome to activation of a single receptor is a key gap in the current 

knowledge. It is currently thought that all three CLR:RAMP complexes can stimulate a similar pool of 

intracellular signalling pathways, however there has been little pharmacological characterisation of 

defined receptors through pathways other than cAMP production, Ca2+ flux, and G protein coupling 

(Weston et al., 2016). A key question remains – are all CLR:RAMPs able to activate all signalling 

pathways, or do RAMPs in some way restrict signalling outcomes? If some receptor complexes cannot 

activate the full complement of intracellular signalling pathways, then there could be bias built into the 

different complexes. This bias could be exploited for the development of agonists which target only the 

receptors able to activate the desired signalling pathway. 

1.6.7 Structure-function relationships: Insights from receptor structures and 

related peptides 

At present there is one full-length structure of a peptide-receptor complex from this peptide family, 

namely the cryogenic electron microscopy (cryo-EM) structure of αCGRP bound to the CGRP receptor 
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(pbd code 6E3Y). This structure shows that αCGRP can be broadly split into four interaction domains 

upon receptor binding. The extreme C-terminus is oriented to interact with the CLR:RAMP1 N-terminus. 

The stretch of amino acids from G21 to V28 appears to act as a hinge, having very little contact with 

the receptor, presumably functioning instead to facilitate the correct orientation of the peptide C- and 

N-termini to allow for proper receptor interactions. The next stretch of amino acids (G20 to V8) adopts 

an alpha-helical conformation which interacts with the CLR linker region, ECLs, and juxtamembranous 

portions of the TM bundle. The last stretch of amino acids, defined by the disulfide bond between 

αCGRP C2 and C7, adopts a circular loop structure due to the presence of the disulfide bond. This 

region of the peptide is largely buried in the TM bundle, interacting with CLR TMs 4, 5 and 6, as well as 

ECLs 2 and 3 (Liang et al., 2018a). 

 

Figure 1.8 Structure of αCGRP bound to the CGRP receptor (pdb code 6E3Y). In this image, CLR 

(grey) and RAMP1 (pink) have been represented as a transparent surface. αCGRP (green) has been 

represented as cartoon, with residues of interest labelled in black text, the disulfide bond between C2 

and C7 shown in stick format, and the C-terminal amide shown as a sphere. The dashed green line 

between T20 and V28 is where there was only low resolution data captured, and thus the residues have 

been omitted from the deposited structure (Liang et al., 2018a). 

In this structure there are very few direct contacts between CGRP and RAMP1, re-affirming the notion 

that RAMPs function mainly through allosteric modulation of CLR instead of offering direct interactions 

to the peptide. While this structure has been incredibly useful in understanding the broad mechanisms 

of receptor binding and activation, it is not without caveats. Firstly, because this is a snapshot of what 
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is an inherently dynamic complex, the reported structure cannot definitively capture all the nuances 

involved in peptide/receptor interactions. Additionally, this structure had poor resolution of the receptor 

ECD and the peptide. This suggests that these regions have flexibility to sample multiple states, 

highlighting the dynamic nature of the receptor. To combat this, the authors used a rigid body fit of the 

CGRP:CLR:RAMP1 isolated ECD crystal structure to guide their modelling (Booe et al., 2015). While 

providing a useful full-length structure, this approach does mean that any predictions based on this 

section of the structure must be taken with a grain of salt. While this structure is incredibly informative, 

without structures of other peptides and receptors in this family to compare this to we cannot begin to 

unravel the molecular determinants which direct pharmacology in this peptide/receptor family. The 

following section will combine the structure presented by (Liang et al., 2018a) with other available 

structures and structure-function studies of related peptides in order to evaluate our current 

understanding of how this peptide family interacts with CLR:RAMP complexes to stimulate a signalling 

response. 

1.6.7.1 The peptide C-terminus/CLR:RAMP ECD interaction interface 

The cryo-EM structure of the CGRP-bound CGRP receptor (Figure 1.8) is complemented by a number 

crystal structures of CLR:RAMP ECDs (Table 1.5). There are multiple structures for CLR:RAMP1 and 

CLR:RAMP2, however to date there are no reported crystal structures of the CLR:RAMP3 complex. 

Comparison of the CLR:RAMP1 and CLR:RAMP2 ECD complexes in the absence and presence of 

ligands shows that there is very little change in conformation between ligand bound and unbound ECD 

conformations.  

Table 1.5 Currently reported ECD complexes from the CLR/CTR receptor family 

Receptor ECD Bound Ligand Author 

CLR:RAMP1 No ligand (ter Haar et al., 2010) 

CLR:RAMP1 Small molecule antagonists (ter Haar et al., 2010) 

CLR:RAMP1 αCGRP27-37 N31D, S34P, K35F (Booe et al., 2015) 

CLR:RAMP1 AM2-4732-47 (Roehrkasse et al., 2018) 

CLR:RAMP1 AM37-52 S45W, K46L, Q50W, Y52F (Booe et al., 2018) 

CLR:RAMP2 No ligand (Kusano et al., 2012) 

CLR:RAMP2 AM35-52 (Booe et al., 2015) 

CLR:RAMP2 AM37-52 S45W, K46L, Q50W, Y52F (Booe et al., 2018) 

 

These structures have given us insight into CLR:RAMP complex formation and peptide binding 

mechanisms. The C-termini of AM, AM2, and αCGRP appear to bind a similar location on CLR, with 

specificity being directed primarily by allosteric modulation of CLR by the RAMP with which it complexes 

(Booe et al., 2015; Booe et al., 2018). However, while the C-termini of these peptides interact with a 

similar portion of the receptor, there are key differences between conformations adopted by the N-

terminal portion of the peptide fragments which may underlie some of the differences in pharmacology 

(Roehrkasse et al., 2018). 
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In all of the available structures, the peptides interact with a similar region on CLR defined by an 

aromatic patch (CLR W72, F92, F95, and Y124) and a binding pocket (CLR D70, G71, W72, W121, 

T122, Y124A). These regions are augmented by residues from the co-expressed RAMP. Structures of 

peptides bound to CLR:RAMP1 show that RAMP1 W84 and P85 augment the region in the CGRP 

receptor, while structures of CLR:RAMP2 show that RAMP2 R97, E101, E105, and P112 augment the 

region in the AM1 receptor. In all structures, the peptide C-terminal amide is able to hydrogen bond with 

CLR T122, and accordingly, alanine mutagenesis of this CLR T122 results in marked reductions in 

peptide potency (Booe et al., 2015). The importance of this hydrogen bond is re-emphasised in studies 

showing that peptides lacking the C-terminal amide have large reductions in potency or affinity at 

CLR/CTR:RAMP complexes (Bower et al., 2018; Eguchi et al., 1994; Moad & Pioszak, 2013). Alanine 

mutagenesis of all the CLR residues defined above have been shown to decrease peptide potency 

(Booe et al., 2015; Kusano et al., 2012; Roehrkasse et al., 2018) indicating their importance in 

receptor/ligand interactions. As well as these residues with conserved importance, there are also 

residues which displayed divergent importance for peptide activity. CLR D94 is critical for αCGRP 

activity, while being less important for AM and AM2 activity. This correlates with structures showing that 

there are key differences in the conformations of the peptides as they move further from their C-termini, 

with AM and AM2 being further away and αCGRP being in close proximity to this region of CLR (Booe 

et al., 2015; Roehrkasse et al., 2018).  

The RAMP residues that augment the binding region are also important for ligand interactions. Mutating 

RAMP1 W84 to alanine reduced the potency of αCGRP and AM2 at the CGRP receptor (Moore et al., 

2010; Roehrkasse et al., 2018), while also reducing the potency of αCGRP at the AMY1 receptor 

(Gingell et al., 2010), suggesting that RAMP1 exerts similar constraints on CLR and CTR. Similarly, 

mutating RAMP2 E101 to alanine has a drastic effect on AM potency at the AM1 receptor and a smaller 

effect on AM2 potency at the same receptor (Kusano et al., 2012; Watkins et al., 2014). Substituting 

the corresponding residue in rat RAMP1 with glutamic acid (rRAMP1 L74E) increases the potency of 

AM at the rat CGRP receptor (Halim & Hay, 2012) indicating the importance of a glutamic acid in this 

position for AM function. The mutant RAMP2, F111A, reduced AM2 signalling at the AM1 receptor, but 

had little-to-no impact on AM signalling, reaffirming the idea that peptides orient themselves differently 

when interacting with their receptors (Roehrkasse et al., 2018; Watkins et al., 2014) 

Alanine-substituted peptide analogues can also shed important light on how AM interacts with 

receptors. Y52, G51, and I47 are important for the interaction of AM22-52 with its receptors (Watkins et 

al., 2013a), while Y52, I47, K46 and P43 are the most important residues for AM37-52 binding (Moad & 

Pioszak, 2013). The case of this discrepancy is not clear, but may be due to the two fragments adopting 

different conformations on receptor binding. Similar alanine mutagenesis studies performed in amylin 

have shown that the extreme C-terminus of amylin is less important for peptide activity, as individual 

alanine substitutions in the peptide generally had minor effects on cAMP potency (Bower et al., 2018). 

1.6.7.2 Mid region – the peptide “linker” region 

In the structure of the CGRP-bound CGRP receptor, the region of αCGRP G21-N31 is relatively 

unstructured. This is a key difference between CGRP and other reported class B ligands. In other 
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reported class B GPCR structures, the peptides adopt entirely alpha-helical conformations during 

receptor interaction. Due to the presence of RAMP1 in the CGRP receptor structure the entire CLR 

ECD is positioned closer towards the TM bundle than in other class B GPCR structures, adopting a 

conformation perpendicular to, rather than parallel with, the receptor TM domain (Figure 1.9). This 

conformation of the ECD relative to the TM domain necessitates a flexible stretch of amino acids in 

CGRP which functions to allow the correct orientation of the C-terminus relative to the N-terminus to 

allow for the required peptide/receptor interactions (Figure 1.8). Accordingly, a similar flexible region is 

likely to be present in AM, stretching from roughly Q32 to P43. In the CGRP receptor structure there is 

especially poor definition between V23 and F27, indicating the highly flexible nature of this stretch of 

amino acids. The corresponding amino acids in AM are DKDKD, a sequence remarkable for its 

alternately charged amino acids, but which has not yet been investigated in detail. A chimera of AM and 

AM2 which introduces the AM2 “linker” sequence into the AM peptide displays a ~5-fold preference for 

the AM2 receptor over the AM1 receptor, suggesting that this portion of the peptide can have an impact 

on pharmacology (Robinson et al., 2009). 
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Figure 1.9 Comparison of ligand binding modes across class B GPCRs. The ligand is shown as green 

and receptor in grey. RAMP1 is shown in pink. A) human CGRP bound to the human CLR:RAMP1 

complex receptor (pbd code 6E3Y), B) human GLP-1 bound to the rabbit GLP1 receptor (pdb code 

5VAI), C) Exendin-P5 bound to the human GLP-1 receptor (pbd code 6B3J), D) human parathyroid 

hormone (PTH) bound to the human PTH receptor (pbd code 6FJ3), E) a long-lasting PTH analogue 

bound to the human PTH receptor (pbd code 6NBF), F) a glucagon analogue bound to the human 

glucagon receptor (pdb code 5YQZ). (Ehrenmann et al., 2018; Liang et al., 2018a; Liang et al., 2018b; 

Zhang et al., 2018a; Zhang et al., 2017c; Zhao et al., 2019). 

1.6.7.3 The alpha-helix 

As seen in Figure 1.9, ligands of class B GPCRs tend to adopt alpha-helical orientations when binding 

to receptors. αCGRP adopts an alpha-helical conformation between residues V8 and G20 when bound 

to its receptor (Liang et al., 2018a), a length that seems to directly correlate with the length of the alpha-

helix seen in micelle-bound structure of AM (Pérez-Castells et al., 2012). The propensity of AM to form 

helices appears to be independent of its ability to interact with receptors, as removing residues beyond 

the disulfide loop drastically reduces the helical content of the peptide while having less of an effect on 

receptor binding (Moad & Pioszak, 2013; Robinson et al., 2009), and forcing the region to adopt helical 

conformations using stapling techniques has very little impact on the ability of AM to stimulate cAMP 

production (Fischer et al., 2018). 
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αCGRP L12 and L16 (corresponding to L26 and I30 in AM) have previously been reported to have 

important roles in the function of αCGRP as their individual substitution with alanine results in peptides 

with dramatically reduced potencies (Simms et al., 2018). The structure of αCGRP bound to the CGRP 

receptor shows that these residues fill a hydrophobic pocket created by CLR TM1 and TM7 (Liang et 

al., 2018a). It is likely that these residues also exert steric hindrance, as alanine is also a hydrophobic 

residue but cannot compensate for the loss of either leucine (Howitt et al., 2003; Simms et al., 2018). 

Lending credence to this idea is the fact that these residues are conserved as bulky hydrophobic amino 

acids across the peptide family (these residues are leucine or isoleucine in AM, AM2, αCGRP, amylin 

and salmon CT, and tyrosine and phenylalanine in human CT). 

Substitution of individual amino acids within this region in amylin showed that each amino acid has a 

different role in receptor activation. Most substitutions were tolerated with little effect on signalling, 

however amylin A8G, T9A, and L12A were all between 10 and 100-fold less potent than unmodified 

amylin at CTR based receptors (Bower et al., 2018). Similarly, αCGRP V8 could tolerate alanine 

substitution, while αCGRP T9A was approximately ten-fold less potent than unmodified αCGRP at 

CGRP or AMY1 receptors (Hay et al., 2014). Conversely alanine substitution of amylin Q10, N14, or 

V17 resulted in modest increases in potency at CTR based receptors (Bower et al., 2018). 

Benzoylation or dienzoylation of H10 in CGRP8-37 is reported to increase the affinity of the peptide for 

the CGRP receptor (Smith et al., 2003). The equivalent residue in AM is Q24, which is similarly bulky 

and polar, indicating that this residue may make an attractive target for modifications. 

1.6.7.4 The AM disulfide loop 

The disulfide loop in AM is created by a disulfide bond between C16 and C21, and comprises a 6-

residue loop structure. Linearised analogues of AM (lacking the bond between C16 and C21) are unable 

to activate receptors, but have shown promise in the imaging of pulmonary vasculature (Dupuis et al., 

2009). Linearised versions of amylin, αCGRP, and CT have previously been reported, all showing 

reduced potency, but still some ability to stimulate cAMP production (Bower et al., 2018; Dumont et al., 

1997; Orlowski et al., 1987). Removal of the N-terminal loop region is the standard technique to create 

antagonists which partially recapitulate the binding profiles of these peptides, however there is evidence 

to suggest that at high concentrations these N-terminally truncated peptides still display partial agonism 

(Bower et al., 2018; Hay et al., 2018a). 

Within the disulfide loop there is a conserved threonine located immediately prior to the second 

cysteine. This threonine is conserved both across the peptide family, and across species (Hay et al., 

2018a; Schönauer et al., 2017). Modification of this residue has been linked to impaired ability to 

activate receptors with αCGRP, amylin, AM2, and AM itself (Bower et al., 2018; Hay et al., 2014; 

Kuwasako et al., 2011; Musa et al., 2019). 

The residue prior to this threonine is conserved across the family as a small amino acid (being glycine 

in AM and AM2, alanine in CGRP and amylin, and serine in CT). This residue has been shown to be 

important for receptor binding as well as activation; αCGRP A5C had impaired ability to activate CGRP 

or AMY1 receptors, while also having a lower affinity for the receptor than αCGRP8-37, a peptide fragment 
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which entirely omits the N-terminus (Hay et al., 2014). This residue may also play a role in receptor 

specificity, as substituting this residue in amylin with serine (making the resultant peptide more CT-like) 

increased its potency at all CTR based receptors, with the highest effect noted at the CTR alone (Bower 

et al., 2018). Substituting the corresponding residue in AM2 with alanine creates an analogue which 

has increased potency and trends for increased Emax at all CLR based receptors (Musa et al., 2019). 

Residue 18 in AM is conserved as phenylalanine across species, indicating its likely importance in the 

function of the peptide. Previous reports have shown that modifications to this residue can have 

differential importance on peptide activity across CLR based receptors, with modifications generally 

causing a larger decrease in Emax at the AM1 receptor relative to the CGRP or AM2 receptors (Fischer 

et al., 2018; Watkins et al., 2016). Compared to other peptides in this family, phenylalanine is larger 

than most other amino acids which occupy this region, the exception being AM2. AM2 L12A seemed to 

recapitulate the effect associated with modifying this residue in AM, namely, drastic reduction in Emax at 

the AM1 receptor, and less of an effect at CGRP and AM2 receptors (Musa et al., 2019). This has led 

some to speculate that this residue may play a role in the selectivity of peptides for AM1 and AM2 

receptors (Kuwasako et al., 2011). 

AM R17 correlates with D3 in αCGRP and L12 in AM2. Although these are large residues in close 

proximity to CLR ECL3 (Liang et al., 2018a), various modifications to this position in have been well 

tolerated with regards to cAMP production (Hay et al., 2014; Musa et al., 2019; Nielsen et al., 2011; 

Stangl et al., 1993; Yule et al., 2019). 

1.6.7.5 Pre-disulfide loop 

AM has a fifteen amino acid extension prior to its disulfide loop region. This is similar to AM2 which can 

exist as a peptide with a fifteen amino acid extension prior to its disulfide loop (Figure 1.1). In AM, this 

extension has no current known function, with removal having very little effect on signalling (Eguchi et 

al., 1994; Fischer et al., 2018; Schönauer et al., 2015), or effects in vivo (Champion et al., 1999; 

Santiago et al., 1994), though there are cases where there are small differences in the physiological 

responses between full-length and N-terminally truncated AM derivatives (Letourneau et al., 2013; Yang 

et al., 1996). This is similar to GLP-1, which can exist in an N-terminally extended form that can also 

activate the GLP-1 receptor, however this extension slightly alters the pharmacology of the peptide 

(Furness et al., 2018). 

Because AM2 can also retain full activity even after the removal of its N-terminal extension (Hong et al., 

2012; Musa et al., 2019), and the peptide lengths of AM15-52 and AM2-40 more closely align with the 

lengths of other peptides in this family, it is possible that this pre-disulfide extension has limited function. 

In the structure of αCGRP bound to the CGRP receptor, the first residue is projecting up and out of the 

TM bundle (Liang et al., 2018a), indicating that these N-terminal extensions in AM and AM2 may be 

floating freely in the extracellular space and not interacting with the receptor.  

1.6.7.6 Structure-function summary 

This section has highlighted that we have a wealth of knowledge surrounding the interactions occurring 

between the peptide C-terminus and the receptor ECD, with knowledge now sufficiently advanced to 



 

33 
 

rationally design peptide antagonists for CLR:RAMP complexes which display higher affinity than 

unmodified peptides (Booe et al., 2018; Roehrkasse et al., 2018). However, there is much less 

information on the N-terminal portion of AM i.e. the portion of peptide which is thought to be primarily 

responsible for interacting with the juxtamembranous portion of the receptor to stimulate a signalling 

response (Table 1.6). This is a clear gap in our knowledge, and one that needs to be rectified to allow 

us deeper understanding of how CLR:RAMP complexes differentiate between ligands. This portion of 

the peptide and receptor is likely to be flexible, and so structures may struggle to accurately capture 

their interactions with receptors. This makes structure-function investigations a necessity to obtain a full 

picture of how these ligands interact with their receptor to stimulate receptor activation, and to 

understand whether RAMPs influence the importance of individual residues on the peptide. 

Table 1.6 AM peptide regions and their proposed roles in stimulating a signalling response. 

Regions are defined based on αCGRP in the CGRP receptor structure (Liang et al., 2018a), the 

definition of each region is approximate. Residues labelled as important are those which have been 

previously investigated and found to have a large effect when modified (information from Section 1.6.7.1 

- 1.6.7.5). Residues in italic are predicted to be important based on results from other peptides in this 

family. ND – no functional data on this portion of the peptide. 

1.7 Aims 

An accumulating wealth of knowledge implicates AM, AM2 and the CGRPs in a range of physiological 

and pathophysiological roles, however, at present the only drugs on the market targeting these 

peptides, or their receptors, are anti-migraine drugs targeting CGRP or the CGRP receptor. This 

indicates that there is still great scope to utilize these peptides in a variety of clinical settings. In order 

to reach this point we need a greater understanding of how CLR:RAMP complexes interact with, and 

differentiate between, these ligands. The broad scope of this thesis was to understand how AM and its 

related peptides stimulate signalling through CLR based receptors, and how these interactions then 

propagate to signalling outcomes. 

Peptide region Residues Function Important residues 

C-terminus R44-Y52 Directly interacting with the CLR:RAMP 

ECD 

Y52, G51, I47, K46 

Mid-region 

“linker” 

Q32-P43 Linking peptide C-terminus and N-

terminus in a defined orientation? 

ND 

alpha-helix T22-Y31 alpha-helical structure presenting 

residues to the juxtamembranous 

portion of the receptor 

L26, I30 

Disulfide loop C16-C21 Activating and binding to receptor, 

truncation creates an antagonist 

F18, G19, T20 

Pre-disulfide 

loop 

Y1-G15 No known function, truncation does not 

affect peptide activity  

None 
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The aim of Chapter 3 was to determine the functional significance of the CLR linker region in receptor 

activity, aiming to characterise its role in receptor expression and ligand selectivity. This work involved 

alanine mutagenesis of individual amino acids within the CLR linker region. This thesis originally 

intended to expand upon this work, however the publication of the CGRP-bound CGRP receptor caused 

a change in the focus, with this thesis moving towards understanding signalling and peptide-structure 

function relationships instead. 

Chapter 4 sought to characterise CLR based receptor activation in response to AM, AM2, αCGRP, and 

βCGRP through a number of different signalling pathways at defined receptors in transfected Cos7 

cells. Signalling pathways were chosen based on reported physiological relevance. To further our 

knowledge surrounding the molecular basis of receptor activation, Chapter 5 characterised a series of 

analogues based on AM in which individual amino acids were sequentially replaced with alanine in 

transfected cell models. This chapter primarily aimed to define structure-function relationships in the N-

terminus of AM, while also investigating whether individual amino acids differentially contributed to the 

activation of signalling pathways. 

To explore the importance of system bias in this receptor family, AM was investigated in a cell-line 

representative of a physiological target in vivo. AM and its related peptides play critical roles in 

maintenance of the cardiovascular system with many reported effects on endothelial cells. Thus, 

Chapter 6 aimed to investigate signalling in human microvascular dermal endothelial cells, a 

physiologically relevant cell-line which endogenously expresses AM-responsive receptors. 

Endogenous peptides and AM analogues were tested in these cells lines to see whether there were 

differences in signalling profiles between transfected and endogenously expressing cell-lines.  

Chapter 7 then synthesised information from the previous four chapters, discussing this information 

with reference to the current literature. This chapter also sought to build upon this discussion to identify 

new avenues for investigation. 
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2 Materials and Methods 

2.1 Molecular Biology 

2.1.1 DNA Expression constructs 

 pcDNA3.1: Empty vector. 

 Human HA-CLR: HA-tag on the receptor N-terminus, this construct has comparable 

pharmacology to WT CLR (Qi et al., 2008). 

 Human RAMP1. 

 Human myc-RAMP1: myc-tag on the RAMP N-terminus, this construct has comparable 

pharmacology to WT RAMP1 (Qi et al., 2008) 

 Human RAMP2. 

 Human FLAG-RAMP2: FLAG-tag on the RAMP N-terminus, this construct has comparable 

pharmacology to WT RAMP2 (Qi et al., 2013). 

 Human RAMP3. 

 Human myc-RAMP3: myc-tag on the RAMP N-terminus, previous lab experience shows that 

this construct expresses at the cell surface without CLR co-expression. 

 Rat CLR 

 Rat RAMP1 

 Rat RAMP2 

 Rat RAMP3 

All human receptor components were in pcDNA3.1. Rat receptor components were obtained from 

Origene and were coded in pcMV6. 

2.1.2 Bacterial transformation and amplification of WT receptor constructs 

Plasmids containing receptor constructs used in experiments were prepared using XL10-Gold 

Ultracompetent E. coli (Cat# 200314, Agilent Technologies, CA, USA). E. coli were stored at -80 ˚C as 

aliquots in microfuge tubes. For transformation, E. coli were thawed on ice and 9 μL transferred to a 

new microfuge tube, the remaining cells were then immediately returned to the -80˚ C freezer. 10 ng of 

plasmid DNA was then added to the 9 μL of E. coli, the tube was then tapped gently to mix the reagents 

and then left to incubate on ice for 15 minutes. Following this the cells were heat shocked for 30 seconds 

at 42˚C, then placed on ice for 2 minutes. These cells were then spread on agar plates (Table 2.1) 

supplemented with 100 μg/mL ampicillin. The plates were wrapped with parafilm and left to incubate in 

room air at 37 ˚C for 16 hours to allow for colony formation. 
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Table 2.1 Composition of growth media for bacterial cultures 

Lyosgeny broth (1 L) Agar (1 L) 

10 g Tryptone 10 g Tryptone 

5 g Yeast Extract 5 g Yeast Extract 

10 g NaCl 10 g NaCl 

 2.5% Agar 

 

Large scale DNA preparations were made using the NucleoBond® Xtra Maxi kit (Cat #740414, 

Machery-Nagel, Germany). Briefly, a colony from the agar plate was transferred to a 15 mL centrifuge 

tube containing 3 mL of lysogeny broth (LB) supplemented with 100 µg/mL ampicillin. This culture was 

shaken at 37 °C for 8 hours. Following incubation, the entirety of the starter culture was added to a 2 L 

baffled conical flask containing 600 mL of LB broth supplemented with 100 µg/mL ampicillin. This culture 

was left to shake overnight at 37 °C, 180 rpm. 

The culture was then transferred to a 1 L centrifuge container. Cells were pelleted by centrifugation at 

4 °C, 4000 x g for 20 minutes. The supernatant was discarded. Cell preparation and DNA purification 

were performed in accordance with the NucleoBond Xtra Maxi protocol with slight modification. After 

the supernatant was removed, cells were resuspended in 15 mL resuspension buffer. The cells were 

then transferred to a 50 mL centrifuge tube, and 15 mL of lysis buffer added to the cells. The tube was 

inverted at least 5 times, and the solution left to incubate for 5 minutes at room temperature. During this 

incubation, the filters in the Maxiprep columns were pre-wet with 25 mL equilibration buffer. After the 

incubation, 15 mL of neutralisation buffer was added to the lysed cells, and the solution inverted at least 

10 times until the solution turned clear. This tube was then centrifuged at 3,800 x g for 10 minutes. The 

supernatant from the lysed cells was then poured into the pre-wet columns and the cell pellet discarded. 

After the supernatant had run through the column, 15 mL of equilibration buffer was added around the 

rim of the filter and left to run through. The filter was then discarded and 25 mL of wash buffer added to 

the column. Once this had dripped through, a 50 mL centrifuge tube was placed under the column and 

15 mL of elution buffer added to the column. Once the entirety of the buffer had dripped into the 50 mL 

centrifuge tube beneath, the column was discarded. 10.5 mL of isopropanol was added to the centrifuge 

tube and the solution mixed well by inverting. The tube was then centrifuged at 4,000 x g for 30 minutes.  

The supernatant was then poured off and the tube left to air dry. The resultant purified DNA was 

resuspended in 600 μL DNase/RNase free H2O (Cat# 15230-102, Life Technologies, New Zealand). 

The DNA quantity (determined by absorbance of the sample at 260 nm) and purity (determined by the 

Absorbance260/Absorbance280 value) were determined using a nanodrop ND-1000 Spectrophotometer 

(ThermoFisher, MA, USA) or a n60 Nanophotometer (Implen, Munich, Germany). Three separate 

samples of DNA were read for each maxiprep and the mean of these values used for subsequent 

calculations. DNA concentrations were between 1 – 2.5 μg/μL, and the ratio of Absorbance at 260 nm 

to Absorbance at 280 nm was between 1.8 and 2.0. If the DNA concentration was too high, more 

DNase/RNase free H2O was added to the tube in order to bring the final concentration to within the 
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desired concentration range (1 – 2.5 μg/μL). DNA was sequenced using T7 (forward) and BGH 

(reverse) primers to obtain the full insert sequence. All DNA sequencing in this thesis was performed 

by the DNA sequencing facility at the Centre for Genomics, Proteomics, and Metabolomics in the School 

of Biological Sciences. ClustalOmega was used to compare the purified DNA sequence to the known 

DNA sequence. 

Glycerol stocks were created for plasmids that were used regularly. Glycerol stocks were created by 

adding 150 μL of glycerol to 850 μL of the 600 mL cultured bacterial broth. Glycerol stocks were stored 

at -80˚ C in cryovials (Cat# 123280, Greiner Bio-one, Frickenhausen, Germany). These stocks were 

occasionally sequenced to make sure no mutations had been introduced over time. When growing from 

a glycerol stock, the initial bacterial transformation step was omitted, and glycerol stock E. coli were 

spread directly on to agar plates supplemented with 100 μg/mL ampicillin. 

2.1.3 Site-directed mutagenesis 

Site directed mutagenesis was performed using a method based on the Stratagene QuikChange kit. 

This involved using complementary primers encoding the mutation to amplify the template and introduce 

the mutation. The original DNA sequence was then digested by DpnI, a restriction enzyme which targets 

methylated DNA (Bailey & Hay, 2007). 

Complementary primers containing the desired mutations were created using PrimerX 

(www.bioinformatics.org/primerx) using the following specifications:  

 25-45 base pairs in length 

 Desired mutation in the middle of the primer, flanked by WT sequence 

 Melting point ≥ 78 °C 

 GC content between 40% and 60% 

 Starting and ending with at least one G or C 

Once primers were generated, they were ordered from Integrated DNA technologies (Coralville, IA, 

U.S.A). Primers were dissolved in sterile UltraPureTM DNas/RNase-free distilled H2O to a final 

concentration of 100 µM and stored at -30 °C. 

Reactions were performed using 10 ng of HA-CLR as a template, 0.75 µM of both forward and reverse 

primers, and 12.5 µL of Kapa HiFi Hotstart ReadyMix 2x (Cat# KK2601, Kapa Biosystems, MA, USA). 

Mutagenesis was performed as described below (Table 2.2) using a thermal cycler (Applied Biosystems 

GenAmp PCR System 9700, ThermoFisher). 

 

  

http://www.bioinformatics.org/primerx
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Table 2.2 Thermal cycling protocol for site-directed mutagenesis.  

Step Number of Cycles Temperature Time 

Initial Denaturation 1 95 °C 2 Minutes 

Denaturation  

16 

 

98 °C 20 Seconds 

Primer annealing 65 °C 20 Seconds 

Extension 72 °C 3 Minutes 

Final Extension 1 72 °C 5 Minutes 

 

Once cycling was complete, the reaction mix was cooled on ice and 1 µL of Dpn I (New England Biolabs, 

Cat# R0765) was added to the mixture. The solution was left to incubate at 37 °C for two hours. Bacteria 

were then transformed using plasmid DNA as described below (section 2.1.4). 

2.1.4 Bacterial transformation of receptor mutants using plasmid DNA 

To transform bacteria with mutant receptor constructs, 25 µL of E. coli cells were thawed on ice. Once 

thawed, cells were incubated with 2 µL β-mercaptoethanol for 10 minutes with occasional mixing. 2 µL 

of the product derived in Section 2.1.3 was added to this mix and the solution left to incubate on ice for 

30 minutes. Cells were heat shocked at 42 °C for 30 seconds, then cooled on ice for 2 minutes. After 

incubation, cells were spread on an agar plate supplemented with 100 µg/µL ampicillin, the plate was 

then sealed with parafilm and left to incubate in room air at 37 °C overnight. Agar plates were then 

stored at 4 °C for up to 3 weeks.  

2.1.5 DNA sequencing to check incorporation of the desired mutation 

To ensure that the desired mutation had been incorporated into the DNA, the plasmid DNA was checked 

using DNA sequencing. DNA amplification and extraction was performed using the TempliPhi protocol 

(Cat #2564001, GE Healthcare, UK). A bacterial colony from the Petri dish was selected and its position 

on the plate labelled. A small portion of the colony was transferred to a PCR tube containing 5 µL of 

sample buffer. The PCR tube was heated to 95 °C for 3 minutes, briefly centrifuged in a benchtop 

microfuge, then cooled on ice. 5 µL of master mix, comprised of 4.8 µL reaction buffer and 0.2 µL 

enzyme mix was added to the PCR tube containing the sample buffer. The solution was mixed gently, 

then incubated at 30 °C overnight. 

Following incubation, the solution was heated to 65 °C for 10 minutes to inactivate the TempliPhi 

enzyme mix. The tube was then cooled on ice. The solution was diluted to approximately 200 ng/µL in 

DNase/RNase free H2O (as determined by a Nanodrop ND-1000) and stored at -30 ˚C. The solution 

was then diluted to 10 ng/µL in DNase/RNase free H2O and submitted for sequencing. First round 

sequencing was performed using the forward (T7) primer. 

The mutant DNA sequence was compared to the HA-CLR template sequence using ClustalOmega 

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequencing data was then converted to an amino acid 

sequence using exPASy (http://web.expasy.org/translate/) and compared to the template amino acid 

sequence using ClustalOmega to check that the DNA corresponded to the correct mutation. 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://web.expasy.org/translate/
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2.1.6 DNA purification and complete sequencing of mutant receptor constructs 

If sequencing identified the desired mutation, a maxiprep protocol was performed as described in 

Section 2.1.2, using the colony identified above in section 2.1.5. 

Following purification, the DNA was then sequenced using both the T7 (forward) and BGH (reverse) 

primers to obtain the full insert sequence. The mutant DNA sequence was compared to the template 

using ClustalOmega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequencing data was then converted 

to an amino acid sequence using exPASy (http://web.expasy.org/translate/) and compared to the 

template amino acid sequence using ClustalOmega. If the desired mutation was present with no other 

changes to the sequence, then the construct was used in experiments.  

2.2 Mammalian cell culture 

All protocols for mammalian cell culture were performed in Class II biohazard cabinets which were kept 

sterile by using UV light and 70% ethanol. Utensils were bought sterile, or sterilised prior to use by 

autoclaving, by spraying with 70% ethanol, or by filter-sterilisation.  

2.2.1 Cell-lines 

 Cos7: Kindly gifted by Associate Professor Nigel Birch (University of Auckland, NZ), originally 

from the American Type Culture Centre. 

 HEK293S: Kindly gifted by Professor David Poyner (Aston University, UK). 

 HMEC-1: Kindly gifted by Dr Kathryn Askelund (University of Auckland, NZ). 

Cos7 and HEK293S cells were used for transient transfection of CLR/CTR:RAMPs as these cells have 

been shown to lack endogenous expression of receptor components (Bailey & Hay, 2006; Qi et al., 

2008; Qi et al., 2013). HMEC-1 cells are derived from human dermal microvascular endothelial cells. 

These cells have been shown to endogenously express AM-responsive receptors (Au, 2015). 

2.2.2 Cell culture reagents 

 Dulbecco’s modified Eagle media (DMEM), high-glucose with 0.11 g/L Na Tyr and L-glutamine 

(ThermoFisher, Cat# 11995065). 

 MCDB-131, no glutamine (Life Technologies, Cat# 10372019). 

 Fetal bovine serum (FBS; Gibco, Cat# 10091-148). FBS was heat inactivated by heating to 56 

°C for 30 minutes with occasional mixing. 

 TrypLeTM Express (Gibco, Cat# 12605) 

 Dulbecco’s phosphate-buffered saline, no calcium, no magnesium (DPBS; Gibco, Cat# 

14190250, 500 mL). 

 D-Glucose anhydrous (ThermoFisher, Cat# AJA783-500G). 

 Endothelial Cell Growth Supplement (ECGS; Abacus Dx Limited, Cat# MP02102). 

 Penicillin/streptomycin/glutamine (Gibco, Cat# 10378-016). 

 Dimethyl sulfoxide (DMSO; Sigma-Aldrich, Cat# D2438). 

 Hydrocortisone (Sigma-Aldrich, Cat# H0888-1G). 

 T-25 cm2 cell culture flasks (Greiner). 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://web.expasy.org/translate/
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 T-75 cm2 cell culture flasks (Corning, Cat# 430641). 

 T-175 cm2 cell culture flasks (Corning, Cat# 431080). 

 CountessTM slides (Invitrogen, Cat# C10312). 

 Trypan Blue 0.4% (Invitrogen, Cat# T10282). 

 Serological pipettes: 5 mL, 10 mL, 25 mL, 50 mL (Corning, Cat# 4487, 4488, 4489, 4490). 

 96 well Spectraplates, tissue-culture treated (PerkinElmer, Cat# 6005680). 

 96 well CellBind plates (Corning, Cat# COR3300). 

 96 well CellCarrier plates (PerkinElmer, now unavailable, previous Cat# PE6005550). 

 96 well CellCarrier Ultra-PDL coated (PerkinElmer, Cat# PE6055500). 

 48 well tissue culture-treated microplates (BD Falcon, Cat# 353078). 

 Polyethyleneimine (PEI; Sigma-Aldrich, Cat# 40872-7, 25kD). 

2.2.3 Passaging and plating 

2.2.3.1 Cos7 and HEK293S: routine passaging 

Cos-7 and HE293S cells were grown and passaged in complete DMEM (comprised of DMEM + 8% v/v 

heat-inactivated FBS) to a maximum passage number of 30. Cells were grown in T-75 or T-175 flasks 

until cells were ~90% confluent. For T-75 flasks, upon reaching 90% confluency the old media was 

removed from the flask and cells washed with 5 mL of DPBS. DPBS was removed and replaced with 5 

mL of TrypLE Express. Cells were incubated with TrypLE for 5 minutes at room temperature (HEK293S) 

or 37 ˚C (Cos7). The flask was knocked twice to re-suspend the cells, and then 5 mL complete DMEM 

was added to the flask. When passaging Cos7 cells, either 1 mL or 2 mL of cell solution were added to 

a fresh T-75 flask with 12 mL of complete DMEM in order for cells to be 90% confluent after 4 or 3 days 

respectively. For HEK293S cells, either 0.5 mL or 1 mL of cells were added to a fresh T-75 flask with 

12 mL of complete DMEM in order for cells to be 90% confluent after 4 or 3 days respectively (HEK293S 

cells have a faster growth rate than Cos7 cells). When using a T-175 flask volumes were doubled. Cells 

were grown in a 37 ˚C, 95% air/5% CO2 humidified incubator. 

2.2.3.2 Cos7 and HEK293S plating: Signalling and ELISA experiments 

For plating, cells were washed with DPBS, detached using TrypLE, and neutralised using complete 

DMEM as described above (Section 2.2.3). Cells (500 μL) were transferred to a sterile 1.5 mL centrifuge 

tube. Two 10 μL samples were taken from this tube, and 10 μL of Trypan Blue added to each tube. 

Cells were then counted on a Countess automated cell counter (Invitrogen, Carlsbad, CA, U.S.A). The 

original cell suspension was then diluted in complete DMEM based on the mean cell count in order to 

obtain a dilution of 200,000 cells/mL. Following dilution, 100 μL of the cell suspension was added to 

each well of either a 96-well Spectraplate (Cos7) or a 96-well CellBind plate (HEK293S) using an 

electronic multi-channel pipette, resulting in 20,000 cells being plated per well. Plates were returned to 

the 37 ˚C/5% CO2 humidified incubator for 18-24 hours before transfection. 
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2.2.3.3 Cos7 plating: Immunofluorescence experiments 

Cells were detached and counted as described above (Section 2.2.3.2) and plated at the same density 

into 96-well CellCarrier plates. Plated cells were then placed in a 37 ˚C/5% CO2 humidified incubator 

for 18-24 hours before transfection. 

2.2.3.4 Cos7 plating: Radioligand binding assays 

Cells were detached and counted as described above (Section 2.2.3.2) and plated at the same density 

but higher volume (250 μL) in uncoated 48-well Falcon polystyrene microplates, resulting in 

approximately 50,000 cells being plated per well. Plated cells were then placed in a 37 ˚C/5% CO2 

humidified incubator for 18-24 hours before transfection. 

2.2.3.5 HEK293S plating: Immunofluorescence experiments 

Cells were detached and counted as described above (Section 2.2.3.2). HEK293S cells were then 

diluted to 100,000 – 125,000 cells/mL in complete DMEM. Cells (100 μL) were then added to each well 

of a 96-well CellCarrier plate, or PDL coated CellCarrier-Ultra plate, depending on the stage of the PhD. 

This resulted in a plating density of approximately 10,000-12,500 cells/well. This lower density was 

chosen to avoid cell crowding for imaging purposes. Cells were placed in a 37 ˚C/5% CO2 humidified 

incubator for 36 hours before transfection. 

2.2.3.6 HEK293S plating: Membrane preparations 

When cells reached 90% confluency, the growth media was removed. Cells were then washed with 

DPBS, detached using TrypLe, and then neutralised using complete DMEM, all as described in Section 

2.2.3.1. Following this, 2 mL of cells were then added to a 15 cm dish containing 23 mL complete 

DMEM. Cells were then placed in a 37 ˚C/5% CO2 humidified incubator for 24 hours before transfection. 

2.2.3.7 Cos7 and HEK293S transfection: Multiwell plates 

After being left to grow in an incubator for the length of time described above, cells were transiently 

transfected with receptor components using polyethyleneimine (PEI) as described previously (Bailey & 

Hay, 2006). Receptor components were transfected in a 1:1 ratio (CLR:RAMP). Transfection mix 

consisted of 5% filter-sterilised glucose (10% final volume), 0.25 μg or 0.5 μg total DNA per well (96-

well or 48-well plates respectively), PEI (3 x total μg DNA per well), and complete DMEM (90% final 

volume). Transfection components were added to sterile 5 mL or 50 mL centrifuge tubes in the above 

order. PEI was added in a dropwise fashion with mixing. After PEI addition, the mixture was left to 

incubate at room temperature for 10 minutes. Complete DMEM was then added and the tube thoroughly 

mixed. Media from plates was aspirated using a vacuum pump and 100 μL or 200 μL transfection mix 

was added to each well of the plate (96-well or 48-well plates, respectively). Cells were then returned 

to the 37 ˚C/5% CO2 humidified incubator before being used in experiments. 

2.2.3.8 HEK293S transfection: Membrane preparations 

After being left to grow for 24 hours, cells were transfected essentially as above (Section 2.2.3.7). 

Transfection mix consisted of 5% filter-sterilised glucose (2.5 mL), 60 μg DNA, 180 μg PEI, and 

complete DMEM (22.5 mL), with components added in the above order. Transfection mix was made up 
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in a sterile 50 mL centrifuge tube. After adding PEI, the mixture was agitated thoroughly and then left 

to incubate at room temperature for 10 minutes. Following this incubation, complete DMEM was added 

to the tube, and the tube thoroughly mixed. Media was aspirated from the 15 cm dish, and replaced 

with the new transfection mix. The dish was then returned to the 37 ˚C/5% CO2 humidified incubator 

before being processed to obtain membrane preparations. 

2.2.3.9 HMEC-1: Routine passaging 

Cells were passaged when they reached 90% confluency. HMEC-1 cells were grown and passaged in 

complete MCDB-131 (comprised of MCDB-131 supplemented with 10% (v/v) heat-inactivated FBS, 50 

μg/mL ECGS, 1 μg/mL hydrocortisone [dissolved in DMSO] and 5% penicillin/streptomycin/glutamine). 

Cells were grown in T-75 or T-175 flasks until ~90% confluent. For T-75 cm flasks, upon reaching 90% 

confluency the old media was removed and cells washed with 5 mL DPBS. DPBS was removed and 

replaced with 5 mL TrypLE. The flask was incubated for 5 minutes at 37 ˚C before being agitated to 

suspend cells, then 5 mL of complete MCDB-131 was added to the flask. When passaging HMEC-1 

cells, either 1.5 or 3 mL of cells were added to a fresh T-75 flask containing 12 mL complete MCDB-

131, these cells were 90% confluent after 4 or 3 days respectively. Volumes were doubled when using 

T-175 flasks. Cells were grown in a 37 ˚C/5% CO2 humidified incubator. 

2.2.3.10 HMEC-1 plating: Signalling assays and immunofluorescence 

experiments 

Cells were plated when they reached 90% confluency. For plating, cells were detached using TrypLE 

and neutralised with complete MCDB-131 as described above (Section 2.2.3.9). Cells (500 μL) were 

transferred to a sterile 1.5mL Eppendorf tube. Two 10 μL samples were taken from this tube and 

counted on a Countess Automated Cell counter. The cell suspension was then diluted in complete 

MCDB-131 based on the mean value obtained during counting to obtain a dilution of 200,000 cells/mL. 

Following dilution, 100 μL of this cell suspension was added to each well of a 96-well Spectraplate using 

an electronic multi-channel pipette, resulting in 20,000 cells being plated per well. Plates were returned 

to the 37 ˚C/5% CO2 humidified incubator for 2 days before experiments. 

2.2.3.11 HMEC-1 plating: Membrane preparations 

When plating for membrane preparation, HMEC-1 cells were grown in T-175 flasks. Cells were 

detached using TrypLE and neutralised with complete MCDB-131 as described above (Section 2.2.3.9). 

Cells were not counted for this plating paradigm. Cells (3 mL) were added to a 15 cm sterile dish 

containing 22 mL complete MCDB-131. The cells reached 90% confluency after 4 days of growth, at 

which point they were processed to create membrane preparations used in western blotting 

experiments. At least two 15 cm dishes of HMEC-1 cells were grown for each preparation. 

2.2.4 Cryopreservation and thawing of cultured cells 

In order to expand stocks, cells were routinely cryopreserved. For cryopreservation, at least one T-175 

flask of cells were grown to confluence. Cells were washed, detached, and neutralised as described in 

sections 2.2.3.1 and 2.2.3.9 before being transferred to a sterile 50 mL centrifuge tube. The cell 
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suspension was centrifuged at 100 x g for 10 minutes. Media was then removed from the tube and 

replaced with 6 mL freezing media (consisting of 90% FBS and 10% DMSO). Cells were then aliquoted 

into cryovials, with 1 mL of cell suspension being transferred to each cryovial. The cryovials were then 

placed in a NalGene Mr. Frosty freezing container (Merck, Cat# C1562) which had been filled with 

isopropanol. Cells were then stored at -80 ˚C overnight before being placed in liquid nitrogen for long 

term storage. One vial from each procedure was thawed to make sure the cells had survived the 

cryopreservation process. 

Once cells had reached an upper limit of passaging (30 passages for Cos7 cells, 35 passages for 

HEK293S and HMEC-1 cells), that particular batch of cells was killed and a less passaged stock 

thawed. To thaw cells, the cryovial containing frozen cells was removed from liquid nitrogen, sprayed 

with 70% ethanol, then placed inside a sterile hood. The top of the cap was loosened slightly to release 

any built-up pressure, then retightened. The cells were then thawed in a 37 ˚C water bath with constant 

gentle swirling, making sure to keep the cap above the waterline so as to prevent contamination. Once 

the cells had almost fully thawed the cryovial was removed from the waterbath, sprayed with 70% 

ethanol, and placed in a hood. The thawed cells were then transferred to a T-75 flask. Subsequently, 2 

mL of complete media (see sections 2.2.3.1 and 2.2.3.9 for the appropriate media based on cell type) 

was added to the cells in a drop-wise manner. This slow addition prevented osmotic shock while the 

cryoprotectant equilibrated with the media. Following this addition, an additional 9 mL of complete media 

was added to the cells. The cells were left overnight in a 37 ˚C humidified incubator (95% air, 5% CO2).  

The day after seeding, the old media was removed from the cells, and cells washed once with 5 mL 

DPBS. This was to remove cryoprotectant from the cells. Following the removal of the old media, 12 

mL of appropriate complete media was added to the flask, and the cells returned to the incubator. 

2.3 Cos7 antibody work for CLR mutants 

2.3.1 Reagent list 

 PBS (Gibco, Cat# 14190250), bought as a 10x stock, diluted in milliQ H2O and pH adjusted to 

7.4. 

 Paraformaldehyde (PFA; Sigma, Cat# P6148). Diluted to 4% or 8% w/v in PBS, final pH 7.2. 

 Triton x-100 (Sigma-Aldrich, Cat# X100-500ML). 

 H2O2, 30% (Merck, Cat# 1072090500). 

 Goat Serum (Life Technologies, Cat# 16210064). 

 Mouse anti-HA antibody (Sigma-Aldrich, Cat# H9658). 

 Goat anti-mouse antibody conjugated to horse radish peroxidase (HRP; Sigma-Aldrich, Cat# 

A-4416). 

 SigmaFast O-phenylenediamine dihydrochloride (OPD) kit, which includes OPD and urea 

tablets (Sigma, Cat# P9187).  

 H2SO4 (ThermoFisher, Cat# AC124240010). 

 Cresyl Violet (Sigma, Cat# C1791-5G). 

 Glacial acetic acid (Merck, Cat# 1.00063.2500). 
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 Sodium acetate (Merck, Cat# 106268). 

 Sodium dodecyl sulphate (SDS; Sigma-Aldrich, Cat# L4059-100G). 

 Goat anti-mouse antibody conjugated to AlexaFluor 594 (ThermoFisher Scientific, Cat# A-

11032). 

 4’,6-diaminidino-2-phenylindole (DAPI; ThermoFisher Scientific, Cat# D1306). 

2.3.2 Cell surface expression by enzyme-linked immunosorbent assays 

(ELISA) 

Cell surface expression was evaluated by measuring the amount of HA-CLR present on the cell surface 

using an anti-HA antibody. Cells were plated and transfected as outlined above (Sections 2.2.3.2 and 

2.2.3.7). Two days after transfection, the transfection media was removed and replaced with 100 μL 

4% PFA in PBS. Cells were fixed for 10-15 minutes at room temperature with shaking. PFA was then 

aspirated off and cells were washed twice for 2 minutes with 100 μL PBS. At this point, plates could be 

stored in PBS at 4˚ C for up to two weeks before processing.  

On the experimental day, PBS was replaced with 100 μL of 0.6% H2O2 in PBS and the plate shaken at 

room temperature for 20 minutes. Following a wash with 100 μL PBS, cells were incubated with 50 μL 

of 10% goat serum in PBS for one hour at room temperature. This blocking agent was removed and 

immediately replaced with 50 μL mouse anti-HA (1:2000 in 1% goat serum in PBS), the plate was then 

incubated at 37 ˚C for 30 minutes. After this incubation, the primary antibody was removed and cells 

washed once with 100 μL PBS. The secondary antibody (goat anti-mouse conjugated to horse-radish 

peroxidase diluted 1:2000 in 1% goat serum in PBS) was then added to wells (50 μL per well) and the 

plate incubated for 1 hour at room temperature. 

After this incubation cells were washed twice with 100 μL PBS. OPD was prepared by dissolving one 

tablet of SigmaFast OPD and one tablet of urea buffer in 20 mL of milliQ H2O. The OPD solution was 

added to each well (50 μL per well) and the plate incubated in the dark at room temperature for 15 

minutes. The reaction was stopped by adding 50 μL of 0.5 M H2SO4. The absorbance was then read at 

wavelengths of 490 nm and 650 nm on an Envision (PerkinElmer) or iD3 (SpectraMax) plate reader. 

The absorbance at 490 nm was used as a measure of HRP activity, which is directly correlated with the 

level of HA-CLR on the cell surface. The absorbance at 650 nm was used as a background control. 

Cells were washed twice with 100 μL PBS for 5 minutes each wash. After washing, 50 μL of cresyl 

violet solution (250 μL 1% cresyl violet in PBS, 9 mL 0.6% glacial acetic acid, and 1 mL of 25 mM 

sodium acetate) was added to each well and the plate incubated at room temperature for 30 minutes. 

Wells were washed twice with PBS, then 1% SDS in PBS was added to the plate. The plate was 

incubated at room temperature for 15 minutes. The absorbance was then measured at 595 nm. 

Absorbance at this wavelength was used as an indirect measure of the cell number in each well. Results 

were calculated using the formula (Absorbance490–Absorbance650)/Absorbance595.  
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2.3.3 Total cell expression by ELISA  

Total cell expression ELISAs were performed essentially as described in Section 2.3.2. The key 

difference is that the PBS throughout the experiment was replaced with PBS containing 0.2% Triton X-

100 for all steps apart from the wash step between primary and secondary antibody additions, and the 

post-cresyl violet wash step. Inclusion of a detergent in this protocol permeabilised the cell membranes, 

allowing for detection of intracellular epitopes. 

2.3.4 Cos7 immunofluorescence 

Cell surface and total cell expression were also investigated using an immunofluorescence approach. 

These were performed essentially as above (Sections 2.3.2 and 2.3.3). The initial H2O2 step was 

omitted. The secondary antibody was replaced with goat anti-mouse conjugated to AlexaFluor 594 

(diluted 1:400 in 1% goat serum in PBS). After the secondary antibody was incubated for 1 hour at room 

temperature the plate was washed once with 100 μL PBS. After washing, 50 μL of DAPI (diluted to 300 

nM in PBS) was added to the wells. Cells were incubated at room temperature for 5 minutes, then the 

cells were washed once with 100 μL of PBS. Cells were then visualised using an Operetta high content 

imager (PerkinElmer; excitation filters 360-400 nm and 560-580 nm, emission filters 410-480 nm and 

590-640 nm) using both a 20x long working distance (LWD) lens and a 40x LWD lens. At least 4 fields 

of view were imaged per well for each magnification. Representative images are shown in figures. 

2.4 Signalling assays 

2.4.1.1 List of peptides and their origins 

 Human AM: Bachem or synthesised in-house (Andrew Siow). 

 Human AM15-52: Synthesised in-house (Paul Harris and Andrew Siow). 

 Human AM2-47: Bachem. 

 Human αCGRP: Bachem, or synthesised in-house (Lauren Yule and Andrew Siow). 

 Human βCGRP: Synthesised in-house (Paul Harris and Sung Yang).  

 Human AM15-52 analogues: Synthesised in-house (Paul Harris and Andrew Siow). 

 Human αCGRP analogues: Synthesised in-house (Andrew Siow). 

 αCGRP-I125: (PerkinElmer, Cat# NEX3540) 

All peptides were diluted in sterile H2O and stored at -30˚ C as 1 mM aliquots in Eppendorf LoBind 

microcentrifuge tubes (Eppendorf). Peptides experienced a maximum of 2 freeze-thaw cycles. Where 

peptide content was unavailable it was assumed to be 80%. Peptides synthesised in-house were 

synthesised using a Fmoc solid-phase synthesis approach (Garelja et al., 2018; Hay et al., 2014; Musa 

et al., 2019; Watkins et al., 2016). Peptides synthesised in-house were compared to those purchased 

from a commercial source to ensure bioequivalence (Figure 2.1). 
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Figure 2.1 Concentration-response curves comparing commercially bought peptides to peptides 

synthesised in-house. In each experiment the receptor of interest is expressed in Cos7 cells. Data are 

the mean ± standard error of the mean (SEM). Each graph is the result of an individual experiment 

performed in duplicate (AM) or triplicate (αCGRP). In this figure, and all subsequent graphs depicting 

results from concentration-response experiments, the “0” on the x-axis indicates cells stimulated with 

media alone. 

2.4.1.2 Signalling kits and reagents 

 Isobutylmethylxanthine (IBMX; Sigma-Aldrich, Cat# 15879): Diluted in DMSO and stored as 

500 mM aliquots. 

 LiCl (Sigma, Cat# L9650), Dissolved in milliQ H2O. 

 Bovine serum albumin (BSA; ICP Bio, Cat# ABRE-100G). 

 LANCE cAMP detection kit (PerkinElmer, Cat# AD0263). 

 LANCE Ultra cAMP detection kit: (PerkinElmer, Cat# TRF0263) 

 AlphaLISA SureFire Ultra p-ERK (Thr202/Tyr204) assay kit: (PerkinElmer, Cat# ALSU-PERK-

A10K) 

 AlphaLISA SureFire Ultra p-CREB (Ser133) assay kit: (PerkinElmer, Cat# ALSU-pCREB-

A10K) 

 AlphaLISA SureFire Ultra p-Akt (Ser473) assay kit: (PerkinElmer, Cat# ALSU-PAKT-10L) 

 IP1 Gq kit (CisBio, Codolet, France, Cat# 62IPAPEC). 

 Phospho-CREB (Ser133) assay kit (CisBio, Cat# 64CREPET). 

 Advance ERK phosphor-Thr202/Tyr204 assay kit (CisBio, Cat# 64AERPEG) 

 Forskolin (Tocris Bioscience, Bristol, UK, Cat# 1099). 

 Insulin (NovoNordisk, Denmark, Product Code:Actrapid). 

 Absolute Ethanol (EMSURE, Merck, Germany, Cat# 100982) 

 384 well white optiplate (PerkinElmer, Cat# 6007680) 

 Plate sealer (Excel Scientific Inc, Cat# 100sealplt) 

 LANCE lysis buffer: 0.35% Triton X-100, 50 mM 4-(2-hydroxyethyl)-1-
peperazineethanesulfonic acid (HEPES), 10 mM CaCl2 in ddH2O, pH adjusted to 7.4.  
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Table 2.3 Summary of signalling assays used in this thesis, and their positive controls. 

 

2.4.2 Generic overview of a signalling assay 

Signalling assays were performed two days after transfection (Cos7, HEK293S) or two days after plating 

(HMEC-1). For all assays, media was warmed to 37 ˚C before use. Initially, time-course experiments 

were performed to identify the optimal stimulation duration for subsequent concentration-response 

experiments. On the day of the experiment, transfection media was aspirated from the cells and 

replaced with 50 μL serum-free media, cells were then serum starved in this media for the duration 

appropriate for the pathway being measured (both serum-free media composition and serum starve 

duration are defined in the following sections). The cognate ligand of the receptor (αCGRP for the CGRP 

receptor, AM for the AM1 and AM2 receptors) was diluted to 2 μM in serum free media, this was to take 

into account the dilution that occurs when adding 50 μL of peptide to a well containing 50 μL serum free 

media. Following serum starvation, the diluted peptide, peptide-free media control, and positive control 

were added to the cells for defined time-periods. In practice, this involved removing the cells from the 

incubator, adding the stimulants, then returning the cells to the incubator; this was repeated multiple 

times to create a time-course experiment. For the zero minute time-point, peptide-free media control 

was added to all wells (Figure 2.2), media was then immediately aspirated from all wells using a vacuum 

pump and the plate processed in accordance with the following sections. The location of ligand and 

controls on the plate was changed between experiments, with location on the plate being randomly 

assigned each day. This was done to eliminate the possibility of position dependent effects. From these 

experiments, the stimulation duration for subsequent concentration-response experiments was selected 

based on considerations such as peak of stimulation relative to media controls, assay reproducibility, 

and the ability to compare the results of various assays (Klein Herenbrink et al., 2016). IBMX is a broad 

spectrum phosphodiesterase inhibitor; IBMX was included in cAMP signalling experiments to prevent 

the breakdown of cAMP within the cell. LiCl prevents the metabolism of IP1, causing the build-up of this 

compound within the cell. Inclusion of IBMX or LiCl in media is required for the successful detection of 

cAMP or IP1 respectively when using these signalling kits (Bdioui et al., 2018; PerkinElmer, 2019). 

Assay End-point measured Positive Control 

LANCE, LANCE Ultra cAMP production 50 µM Forskolin (Awad et al., 1983) 

IP-One IP1 production No Positive Control 

p-CREB CREB phosphorylation 50 µM Forskolin (Delghandi et al., 2005) 

p-ERK ERK phosphorylation 50% FBS (Thrane et al., 2001) 

p-Akt Akt phosphorylation 200 nU Insulin, 50% FBS (Murai et al., 2012) 
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Figure 2.2 Graphical representation of a time-course experiment in a 96-well format. After serum 

starvation, peptide and controls were added to the left hand column. Following a fifteen minute 

incubation at 37 ˚C, peptide and controls were added to the next column. This pattern was repeated 

until the 0 minute time-point, when only media control was added to the last column. Ligand is blue, 

positive control is grey, and media control is pale orange. 

For concentration-response assays, transfection mix was aspirated from the wells and replaced with 50 

µL of serum free media (with serum free media being defined below for each assay). Cells were serum-

starved for the length of time defined in each section. Peptides (or positive controls) were serially diluted 

in the relevant serum free media to obtain a concentration range. In all cases, 50 μL of serial diluted 

peptides were added to wells containing 50 μL of serum free media, therefore, peptides were made up 

a concentration double their desired final concentration to take into account the dilution that occurs on 

peptide addition to a well. Cells were stimulated with peptides, with each concentration of each peptide 

being added in duplicate or triplicate. Stimulation durations are defined in the following sections. A 

positive control was included in singlicate or duplicate on each plate (Figure 2.3). Peptide locations 

were randomised between and within assay plates to remove the possibility of position-specific effects 

(Bower et al., 2018). 
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Figure 2.3 Graphical representation of a typical concentration-response experiment being performed 

in a 96-well format. Peptide positions on the plate were randomly assigned for each experiment.  

2.4.2.1 Cos7 and HEK293S: LANCE assay 

LANCE assay serum-free media consisted of DMEM supplemented with 0.1% BSA and 1 mM IBMX. 

Two days after transfection, the transfection mix was aspirated from the wells and replaced with 50 µL 

of LANCE assay media. Cells were serum starved for 30 minutes at 37 °C in room air. Peptide dilutions 

were performed in LANCE assay media. Cells were stimulated with peptide for 15 minutes at 37 °C in 

room air. Wells were then aspirated and 50 µL of ice cold ethanol added to each well. Cells were then 

placed in a -30 °C freezer for at least 15 minutes and up to two weeks.  

Ethanol was evaporated from the wells in a fume hood and 50 µL of LANCE lysis buffer was added to 

each well. Plates were gently shaken for 15 minutes on an orbital shaker. Lysate (5 µL) was transferred 

to a 384 well white OptiPlate (PerkinElmer, MA, USA) using a multichannel pipette or a Janus liquid 

handling robot (PerkinElmer). In parallel, a standard curve was created by serially diluting a stock 

preparation of cAMP in LANCE lysis buffer. The standard was transferred in duplicate (5 µL/well) to a 

separate 384 well white OptiPlate. 

The LANCE anti-cAMP antibody was diluted 1:200 in LANCE lysis buffer (Walker et al., 2018). 5 µL of 

antibody mix was added to each well of the OptiPlate, the plate was then sealed with a plate-sealer, 

centrifuged at 400 x g for ten seconds, then left to incubate for 30 minutes. After this incubation, 10 µL 

of LANCE detection reagent (comprised of Eu-W8044 labelled streptavidin and Biotin-cAMP diluted 

1:4500 and 1:1500 in LANCE lysis buffer respectively) was added to each well. The plate was again 

sealed, centrifuged at 400 x g for ten seconds, and then incubated at room temperature for 4 hours. 

The plate was read on an EnVision microplate reader or BMG Clariostar plate reader (BMG Labtech 

Germany) with excitation at 340 nm and emission detected at 665 nm. 
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2.4.2.2 Cos7 and HEK293S: AlphaLISA assay 

AlphaLISA assay media consisted of DMEM supplemented with 0.1% BSA. Two days after the 

transfection, transfection mix was aspirated from wells and replaced with 50 µl of AlphaLISA assay 

media. Cells were serum starved for 4 hours at 37 °C, 5% CO2 in a humidified incubator. Peptides were 

serially diluted in AlphaLISA assay media. Cells were stimulated with peptides for 10 minutes at 37 °C 

in room air. Wells were aspirated and cells lysed with 25 µL of kit lysis buffer (prepared in milliQ H2O) 

for 20 minutes on an orbital shaker. While cells were lysing, the kit activation buffer (aliquoted into 

single-use tubes) was warmed in a 37 °C water bath. 

All work involving AlphaLISA beads was performed under reduced light conditions. Acceptor mix was 

created using the ratio of 47:47:2:4 (reaction buffer 1: reaction buffer 2: acceptor beads: activation 

buffer), taking care to thoroughly warm and mix the provided activation buffer. 10 µL of lysate was 

transferred a 384 well white OptiPlate. 5 µL of acceptor mix was added to each well, the plate was 

sealed, centrifuged for ten seconds at 400 x g, and left to incubate in the dark at room temperature for 

1 hour. Because only 10 µL of lysate was used in each assay two pathways could be investigated from 

a single stimulation. 

Donor mix was prepared according to manufacturer’s instructions (98:2 dilution buffer: donor beads). 5 

µL of donor mix was added to each well, the plate sealed, centrifuged for ten seconds at 400 x g, and 

then incubated in the dark for 1 hour. Following incubation, the plate was read on an EnVision plate 

reader with excitation at 680 nm and emission at 615 nm. There was no standard curve for these 

assays. 

2.4.2.3 Cos7 and HEK293S: IP1 assay 

Serum-free DMEM consisted of DMEM supplemented with 0.1% BSA. Two days after transfection, the 

transfection mix was aspirated from wells and replaced with 50 µL serum-free DMEM. Cells were serum 

starved for 30 minutes in room air at 37 °C. IP1 stimulation media was created by diluting 10 M LiCl 

1:100 in serum-free DMEM. Peptide dilution was performed in IP1 stimulation media. Cells were 

stimulated with peptide for 120 minutes. A stock solution of IP1 was serially diluted in IP1 stimulation 

buffer to create a standard curve. 14 µL of each point was transferred in duplicate to a 96 well plate. 

IP1-d2 and anti-IP1 conjugated to Eu-cryptate were diluted 1:20 in kit lysis buffer according to 

manufacturer’s protocol. 

Following stimulation, media was aspirated from wells and replaced with 14 µL of IP1 stimulation buffer 

(provided by the kit). 3 µL of the IP1-d2 solution was added to each well of both the cells and standard 

curve plates, followed by 3 µL of the cryptate conjugated anti-IP1 antibody. Plates were sealed and left 

to shake on an orbital plate shaker for 1 hour. Following incubation, 15 µL of lysate or standard curve 

was transferred to a 384 well OptiPlate. The plates were then read on an EnVision plate reader, with 

excitation at 340 nm and emissions measured at 620 nm and 665 nm. Data were analysed as a ratio 

of emission at 665 nm over emission at 620 nm.  
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2.4.2.4 Cos7: CisBio homogenous time resolved fluorescence (HTRF) pERK 

and pCREB assays 

Assay media consisted of DMEM supplemented with 0.1 % BSA. Two days after transfection, the 

transfection mix was aspirated and replaced with 50 µL assay media, and the cells serum starved for 

four hours in a humidified incubator at 37 °C, 5% CO2. Peptides were serially diluted in assay media. 

Cells were stimulated with peptide for 10 minutes. Lysis buffer was made up according to 

manufacturer’s protocol in milliQ H2O.  

After stimulation, wells were aspirated and cells lysed using 25 µL of either CREB lysis buffer or ERK 

lysis buffer, depending on the assay being investigated. Plates were shaken on an orbital shaker for 30 

minutes at room temperature. Following lysis, 16 µL of the resulting lysate was transferred to a 384 well 

white OptiPlate. For pCREB assays, the two supplied antibodies were diluted in kit detection buffer at 

a ratio of 1:20. pERK antibodies were stored as pre-diluted aliquots as per manufacturer’s instruction. 

The two antibodies from each kit (anti-CREB Eu-cryptate and anti-pCREB d2, or anti-ERK Eu-cryptate 

and anti-pERK d2) were mixed, and 4 µL of the resultant mix added per well. The plate was sealed, 

centrifuged briefly at 400 x g, then left to incubate in the dark overnight. Plates were read on an EnVision 

plate reader with excitation at 340 nm and emission detected at 620 nm and 665 nm. Data were 

analysed as a ratio of emission at 665 nm to emission at 620 nm. 

2.4.3 HMEC-1: LANCE Ultra assay 

LANCE Ultra media consisted of MCDB-131 supplemented with 0.1% BSA and 1 mM IBMX. On the 

day of the experiment (two days after plating), growth media was aspirated from the plate and replaced 

with 50 µL/well LANCE Ultra media. Plates were incubated in room air at 37 °C for 30 minutes. Peptide 

dilutions were performed in LANCE Ultra media. Cells were stimulated with peptide for 7 minutes. Well 

contents were then aspirated thoroughly and replaced with 50 µL of ice-cold absolute ethanol. Plates 

were then stored at -30 °C for a minimum of 15 minutes and a maximum of 7 days. 

Ethanol was evaporated from the wells by placing the plate in a fume hood. Cells were lysed by adding 

25 µL of kit lysis buffer per well, then shaking at room temperature for 15 minutes on an orbital shaker. 

A cAMP standard curve was created in kit lysis buffer by serially diluting a stock cAMP in kit lysis buffer. 

Cell lysate or standard (both 10 μL) was transferred to a 384 well white optiplate; the standards were 

transferred in duplicate. 5 μL of Eu-cAMP (diluted 1:50 in LANCE Ultra lysis buffer) and 5 μL u-light 

reagent (diluted 1:150 in LANCE lysis buffer) were added to each well of the optiplate, the plate was 

sealed and then centrifuged for ten seconds at 400 x g. The plate was left to incubate for 1 hour before 

being read on an EnVision plate reader with excitation at 340 nm and emissions detected at 665 nm. 

2.5 Binding assays 

2.5.1 Cos7: radioligand binding 

Binding experiments were performed two days after transfection. On the day of the experiment the 

gamma-emission of 1 µL 125I-αCGRP was counted on a Wizard2 gamma counter (PerkinElmer). From 

this, calculations were performed to determine how much 125I-αCGRP would be needed to have 
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approximately 30,000 counts per minute (cpm) per well, and the required volume aliquoted into a lobind 

microcentrifuge tube. Transfection mix was aspirated from wells and cells washed once with 200 µL 

radioligand binding buffer (comprised of DMEM + 0.1% BSA, warmed to 37 ˚C). This buffer was 

aspirated off and replaced with 100 µL of warm binding buffer. Plates were incubated at 37 °C while 

peptide dilutions were prepared. 125I-αCGRP was diluted in warm binding buffer to allow 50 µL per well, 

and then added to all wells at approximately 30,000 cpm (equating to an approximate final well 

concentration of 40 pM). After radiolabelled ligand was added, either 50 µL warm binding buffer, or 50 

µL unlabelled αCGRP (diluted in warm radioligand binding buffer, final well concentration 3 µM) were 

added to appropriate wells; these conditions reflect total and non-specific binding respectively (Bower 

et al., 2018). The plate was left to incubate at room temperature for one hour. Media was then removed 

and cells washed once with ice-cold PBS before being solubilised with 200 µL of 0.2 M NaOH for five 

minutes. The resulting lysate was transferred to 1.2 mL dilution tubes (SSIbio, CA, U.S.A., Cat# 703B-

00) and the emissions read on a Wizard2 gamma counter (PerkinElmer). This protocol utilised whole 

cells, meaning that it is likely that a proportion of the receptors would internalise following ligand 

addition. These experiments were performed in conjunction with other experiments in our lab, which 

showed that unlabelled CGRP could compete with radiolabelled CGRP for binding sites in cells 

transfected with the CGRP receptor with pIC50 values comparable to previously published literature 

(Bower et al., 2018). Thus, although there was likely some internalisation occurring, the approach was 

still considered valid.  

 

Figure 2.4 Validation 125I-αCGRP binding at the CGRP receptor expressed in Cos7 cells.  Total binding 

refers to cells being incubated with 125I-αCGRP + binding buffer, while non-specific binding refers cells 

to cells incubated with 125I-αCGRP + 3 μM αCGRP. Results are from an individual experiment, this 

experiment was repeated on two other occasions with similar results. In addition to WT CLR, I have 

also shown a CLR mutant which displayed reduced specific binding (CLR K134A), and a CLR mutant 

with almost no specific binding (CLR C127A). This shows that the non-specific binding was consistent 

across receptors while the total binding was decreased, leading to a reduction in specific binding. 
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2.6 Antibody validation and experiments 

2.6.1.1 List of antibodies and reagents 

 Sheep anti-hRAMP1 antibody (R&D Systems, Minneapolis, MN, USA, Cat# AF6428). 

 Sheep anti-hRAMP2 antibody (R&D Systems, Cat# AF6427). 

 Sheep anti-hRAMP3 antibody (R&D Systems, Cat# AF4875). 

 Sheep isotype control (R&D Systems, Cat# 5-001-A). 

 Rabbit anti-hCLR (Sigma-Aldrich, Cat# HPA008070). 

 Rabbit anti-hCLR (Merck, 3152). 

 Rabbit anti-rCLR (Merck, 3155). 

 Rabbit isotype control (R&D Systems, Cat# AB-105-C). 

 Mouse anti-myc antibody (Calbiochem, Cat# OP10). 

 Mouse anti-FLAG antibody (Sigma-Aldrich, Cat# F1804). 

 Donkey anti-sheep antibody conjugated to AlexaFluor 647 (Life Technologies, Cat# A21448). 

 Donkey anti-rabbit antibody conjugated to AlexaFluor 647 (Life Technologies, Cat# A31573). 

 Donkey anti-rabbit antibody conjugated to AlexaFluor 488 (Life Technologies, Cat# A21206). 

 Donkey anti-mouse antibody conjugated to AlexaFluor 488 (Life Technologies, Cat# A32766). 

 Donkey anti-sheep antibody conjugated to HRP (R&D Systems, Cat# HAF016) 

 Goat anti-mouse antibody conjugated to HRP (SigmaAldrich, Cat# A-4416) 

 Tyramide signal amplification (TSA) Plus Cyanine 5 kit, goat anti-rabbit (PerkinElmer, Cat# 

NEL745E001KT) 

 H2O2, 30% 

 PFA 

 Tris-buffered saline (TBS): 50 mM Tris (GoldBio, Cat# T-400-1), 150 mM NaCl (PureScience, 

Cat# 100-031-2500), pH 7.5. 

 TBS-Tween: TBS with 0.1% v/v Tween (Merck, Cat# 8.22184.0500), pH 7.5. 

 TBS-Triton: TBS with 0.25% v/v Triton x-100 (Sigma, Cat# 9002-93-1). 

 DAPI 

 cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail (Merck, Cat# 4693159001). 

 Tris-HC (BioFroxx, Cat# 1328KG001): 1 M solution in milliQ H2O, pH 8.0. 

 Tris-NaCl: 50 mM Tris-HCl, 500 mM NaCl, in milliQ H2O, pH 8.0. 

 1% dodecyl maltisode (DDM; Sigma-Aldrich, Cat# D4641)/0.1% cholesterol hemisuccinate 

(CHS; Sigma-Aldrich, Cat# C6013), dissolved in TBS. 

 PBS: Bought as a 10x stock, PBS was diluted using milliQ H2O and pH adjusted to 7.5. 

 Bicinchoninic acid assay (BCA) protein assay (ThermoFisher Scientific, Cat# 23228) 

 Loading Dye: 2.5 mL of 1M Tris-HCl, 4 mL of 20% SDS, 4 mL 100% Glycerol, 0.04 mg 

bromophenol blue 

 Dithiothreitol (DTT; GoldBio, Cat# DTT50): 1 mM solution in H2O. 

 BenchMark Pre-stained Protein Ladder (Cat# 10748-010, ThermoFisher Scientific). 



 

54 
 

 SurePAGE Bis-Tris, 4-12% gradient (GenScript, Piscataway, NJ, U.S.A., Cat# M00654). 

 Tris-3-(N-morpholino)propanesulfonic acid (MOPS) running buffer (GenScript, Cat# M00138): 

dissolved in 1 L milliQ H2O. 

 Invitrolon Polyvinylidene difluoride (PVDF) membrane, 0.45 μM pore size (Life Technologies, 

Cat# LC2005). 

 SuperSignal® West Pico Chemiluminescent Substrate (ThermoFisher Scientific, Cat# 34077). 

 Transfer Buffer: 25 mM Tris, 190 mM glycine (Merck, Cat# 1.04201.1000), 20% methanol (v/v; 

Merck). 

 Ponceau stain (Merck, Cat# P3504-10G), dissolved 0.2% w/v in 5% glacial acetic acid. 

 Skim milk powder (Anchor, NZ). 

All antibody validation was performed in transiently transfected HEK293S cells. 

2.6.2 HEK293S antibody validation: Immunofluorescence 

Cells were plated and transfected as described in Sections 2.2.3.5 and 2.2.3.7. After 32 hours in 

transfection media, cells were fixed by adding 100 μL of 8% PFA in PBS to the plate (final well 

concentration of 4% PFA). Cells were fixed at room temperature with shaking for 15 minutes before 

being washed twice with 100 μL TBS. Cells could then be stored at 4˚ C for up to two weeks before 

processing. 

On the day of the experiment the cells were exposed to 10% donkey serum in TBS for one hour at room 

temperature. The blocking agent was removed and immediately replaced with 50 μL of primary antibody 

(diluted in 1% donkey serum in TBS), the plate was then left to incubate overnight at 4˚ C with gentle 

rocking. Cells were then washed with 100 µL TBS. Secondary antibody (diluted in 1% donkey serum in 

TBS containing 300 nM DAPI), was then added to the wells (50 μL/well) and the plate left to incubate 

for 1 hour in the dark. Cells were then washed twice with 100 µL TBS. Finally, 200 µL TBS was added 

to the wells and the plate was imaged using an Operetta high content imager using the filters outlined 

in Table 2.4 and both a 20x LWD and a 40x LWD lens. If the experiment involved permeabilisation of 

the cell membrane, TBS was replaced with TBS-Tween in all instances. If the secondary antibody was 

raised in goat instead of donkey, then donkey serum was replaced with goat serum in all instances. 

Cells were then imaged using an operetta high content imager. At least three fields of view were imaged 

per well, fields of view were kept consistent within experiments. 

Table 2.4 Table of fluorescent dyes and filters used for their imaging. 

Fluorescent Dye Excitation Filter Emission Filter 

DAPI 360-400 nm 410-480 nm 

AlexaFluor 488 460-490 nm 500-550 nm 

Cy5 520-550 nm 560-630 nm 

AlexaFluor 647 620-640 nm 650-760 nm 

 



 

55 
 

2.6.3 HMEC-1 antibody experiments: Immunofluorescence 

HMEC-1 cells were plated as described in Section 2.2.3.10. Two days after plating the cells were fixed 

by adding 100 µL of 8% PFA to cells (final well concentration of 4% PFA). The subsequent protocol for 

HMEC-1 experiments is essentially as described above for HEK293S experiments, except membrane 

permeabilisation was performed using TBS-Triton x-100 instead of TBS-Tween in all instances. This is 

because pilot experiments found that Tween was not powerful enough to fully permeabilise HMEC-1 

membranes, and thus a more powerful detergent (namely Triton x-100) was required. 

2.6.3.1 TSA amplification experiments 

TSA amplification is a relatively novel technique which is more sensitive than traditional fluorescent 

secondary approaches. The protocol is broadly the same as a generic antibody experiment with minor 

modifications. On the day of the experiment, cells were incubated with 0.6% H2O2 for 20 minutes at 

room temperature. The wells were then washed once with 100 μL TBS. The experiment then continued 

as described in section 2.6.3. The fluorescent secondary was replaced with a goat anti-rabbit antibody 

conjugated to HRP (antibody provided in the TSA kit). Following secondary incubation and washing, a 

fluorescent tyramide substrate (50 μL/ well, diluted 1:500 in kit dilution buffer) was added to the wells 

and left to incubate for ten minutes at room temperature. In the presence of HRP, the substrate create 

a fluorescent moiety which is deposited on the surrounding proteins. Following incubation, cells were 

washed once with 100 µL TBS before being imaged as described in section 2.6.3. 

2.6.4 HEK293S and HMEC-1: Membrane preparation 

HEK293S cells were prepared by Erica Hendrikse. HMEC-1 membranes were prepared by me. At least 

two 15 cm dishes were harvested for each preparation. On the day of harvesting, cells were placed on 

ice, the transfection mix removed, and cells washed once with ice-cold PBS. PBS was then removed 

and replaced with 10 mL of fresh ice-cold PBS. Dishes were scraped with cell scraper (Falcon, Cat# 

3087) until all cells were removed from the dish. Cells in PBS were then transferred to a 50 mL 

centrifuge tube. Cells were pelleted by centrifuging at 1000x g for 10 minutes at 4˚ C. The supernatant 

was removed and the cell pellet stored at -80˚ C until further processing.  

Protease inhibitor tablets were dissolved in Tris-NaCl buffer at a ratio of 1 tablet per 10 mL buffer. On 

the day of processing cells were thawed on ice. Protease inhibitor buffer (10 mL per preparation) was 

added to the thawed cells. Centrifuge tubes containing cells were then placed in an ice bucket, and the 

mixture pulse sonicated (one second pulse, one second recovery) using a Q700 Sonicator (QSonica, 

Newton, CT, U.S.A) for a total time of one minute. Following sonication, cells were centrifuged at 

30,000x g for 30 minutes at 4˚ C. The supernatant was removed and cells re-suspended in 100 µL of 

protease inhibitor buffer supplemented with 1% DDM/0.1% CHS. The suspension was transferred to a 

1.5 mL centrifuge tube and cells homogenised for two hours at 4 ˚C in a LabQuake end-over-end 

homogeniser (ThermoFisher, Cat# ELED-400211Q). Cells were then centrifuged at 30,000x g for 30 

minutes at 4˚ C. The resulting supernatant contained the desired soluble membrane fraction, which was 

aliquoted into lo-bind tubes and stored at 80˚ C. A small sample was retained for a protein assay. 

Membranes were limited to a maximum of two freeze-thaw cycles.  
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The protein content of the membrane sample was determined using a BCA assay. For this, a 10 mg/mL 

stock solution of BSA was serially diluted in Tris-NaCl buffer to obtain a concentration range of 2-0.025 

μg/μL and a blank. BCA working reagent was prepared by mixing kit reagent A and reagent B at a ratio 

of 50:1. Standard and membrane samples were added to a clear 96 well plate in duplicate (10 μL/well), 

the plate was then sealed and incubated at 37 ˚C for 30 minutes. The plate was then cooled to room 

temperature, and the absorbance read at 562 nm on an iD3 plate reader. The mean absorbance of the 

blank value was subtracted from each point, and then the protein concentration of the sample 

extrapolated from the standard curve. 

2.6.5 HEK293S and HMEC-1: Western blotting 

Protein samples were thawed on ice. Samples were prepared by diluting thawed protein in Tris-NaCl 

to a concentration of 1.53 μg/μL. This sample was then diluted further by adding 1 M DTT and 4x loading 

dye at a ratio of 65:25:10, with the total volume being calculated to allow for 20 μL of sample to be 

loaded per lane. This solution was incubated at 37 ˚C for 1 hour with shaking in a thermomixer 

(Eppendorf Thermomixer Comfort). MOPS running buffer was pre-chilled to 4 ˚C and transfer buffer 

pre-chilled to -20 ˚C. 

Pre-stained ladder and cell samples were loaded in a SurePAGE 4-12% gel (10 μL and 20 μL per lane 

for ladder or samples respectively). Gels were electrophoresed (Amersham electrophoresis power 

supply, Cat# EPS301) in chilled MOPS buffer at 180 V for 45 minutes. Electrophoresis was performed 

in a XCell SureLock Mini-Cell electrophoresis system (ThermoFisher). 15 minutes before the run was 

complete, a PVDF membrane was soaked in 100% methanol for 30 seconds, before being diluted in 

ice-cold transfer buffer. The filter paper and foam was also soaked in transfer buffer for 15 minutes. 

Protein was transferred to the PVDF membrane in ice-cold transfer buffer. The transfer was performed 

for 45 minutes at 100 V in a mini-transblot system (BioRad). Following transfer, the membrane was 

stained with Ponceau stain to allow visualisation of protein lanes to allow the membrane to be cut so as 

to divide lanes. Ponceau stain was applied undiluted to the membrane and incubated for 5 minutes. 

The membrane was then washed with TBS-T several times to remove excess Ponceau stain. The 

membrane was then sliced and washed repeatedly with TBS-T to remove the Ponceau stain. 

Membranes were then blocked by using skim milk powder in TBS-Tween (5% w/v). Membranes were 

blocked for one hour at room temperature with gentle rocking. Primary antibodies were diluted in milk 

powder/TBS-Tween. After blocking, membranes were washed twice with TBS-Tween before being 

incubated with primary antibody at 4 ˚C overnight with shaking. Membranes were then washed twice 

with TBS-Tween. Secondary antibody (diluted in milk powder/TBS-T) was added to the membranes 

and membranes incubated at room temperature for one hour with shaking. Membranes were then 

washed with twice with TBS-T. SuperSignal substrate 1 was mixed supersignal substrate 2 (both 500 

μL), and the combined solution added to the membrane. The membrane was incubated with this 

substrate for 5 minutes before the chemiluminescent signal was detected on an Amersham Imager 600 

(Amersham). Luminescent detection of each sample started with a 10 second exposure, exposure times 

were then incrementally increased to a maximum of 5 minutes. This approach prevented overexposure. 



 

57 
 

2.7 Data analysis 

2.7.1 Data analysis for ELISA experiments 

Experimental values were normalised using the mean value of the vector control (pcDNA) as 0% and 

the mean value of WT CLR/RAMP as 100%. Combined results were analysed in GraphPad Prism and 

statistical significance deemed to be achieved if 95% confidence intervals did not include 100% (WT) 

expression. This analysis method was used because normalization caused WT expression to always 

be 100%, meaning that there was no variation on this value, violating the assumptions of t-tests and 

analysis of variance tests (ANOVAs). In cases were values were not normalised (Figure 3.2), 

experiments were analysed using a one-way ANOVA with post hoc Tukey’s test. 

2.7.2 Data analysis for immunofluorescence experiments 

2.7.2.1 Quantification of CLR mutant expression in Cos7 cells 

Experimental values were derived using Columbus software (PerkinElmer, MA, USA). All fields of view 

at 20x magnification were analysed for each well; the position of these fields was consistent between 

wells within experimental replicates. Using Columbus software, the sum of AlexaFluor 594 intensity of 

each set of fields was calculated. Values were then normalized using the mean of AlexaFluor 594 

intensity in pcDNA control wells as 0% and the mean of AlexaFluor 594 intensity in wells transfected 

with WT HA-CLR:RAMP1 as 100%. Combined results were then analysed in GraphPad Prism 7, with 

statistical significance accepted if the 95% confidence interval did not include 100% (WT). This analysis 

technique was used for the same reason as in Section 2.7.1. 

Before applying this approach to my own CLR mutants, I validated this methodology using CLR mutants 

which had been previously characterised in the literature. As seen in Table 2.5, the values derived 

using my immunofluorescence methodology tended to align with previously reported literature, thus I 

felt confident that an immunofluorescence protocol could be used to measure the expression my own 

mutant receptors on the cell surface. 

Table 2.5 Cell surface expression (CSE) of CLR receptor mutants by ELISA and immunofluorescence 

protocols. 

 CSE 
(ELISA) 

CSE 
(Immunofluorescence) 

CLR Q45A 61.5 ± 5.91 70.9 ± 15.7 

CLR C282A 64.9 ± 16.8 43.7 ± 10.5 

CLR W283A 108 ± 11.9 98.6 ± 38.4 

Values are presented as a percentage of WT expression, with values normalised to WT CLR as 100%, 

and pcDNA as 0%. Values are presented as mean ± SEM. ELISA values are derived from previous 

publications (Watkins et al., 2014). Immunofluorescence results are from an individual experiment 

performed in quadruplicate in which Cos7 cells were transiently transfected with either pcDNA, or 

RAMP1 in combination with WT or mutant CLR. 
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2.7.2.2 Quantification of HIF-1α expression in the nucleus 

Expression of HIF-1α in the nucleus was quantified using Columbus software. Firstly, nuclei were 

defined in the DAPI channel, using the inbuilt nuclei definition (method B). Next, nuclei were defined in 

the AlexaFluor 555 channel (corresponding to HIF-1α like immunofluorescence) using the inbuilt nuclei 

definition (method B). Expression was presented as the percentage of cells which expressed HIF-1α in 

the nuclei, this was calculated by dividing the number of nuclei defined in the AlexaFluor 555 channel 

by the number of nuclei defined in the DAPI channel and multiplying the resultant figure by 100.  

2.7.3 Data analysis for signalling assays 

All signalling data was analysed using GraphPad Prism version 7. Both the cAMP and IP1 assays 

incorporated a standard curve. This standard curve was fit using a 3-parameter logistic equation. Molar 

concentrations of cAMP or IP1 were derived from this standard curve. Akt, CREB, and ERK 

phosphorylation assays did not include a standard curve, instead the level of emission detected in these 

experiments directly correlated to the level of phosphorylated proteins. 

2.7.3.1 Time-course data 

Values were normalised by dividing each data point by the mean of the value determined at the 0 minute 

time-point. The combined data were then plotted on a time-scale and analysed through a two-way 

ANOVA with Bonferroni’s post hoc test comparing ligand-induced signalling to media induced signalling 

at each time point. Significance was accepted at p < 0.05. 

2.7.3.2 Curve fitting 

Concentration-response curves were fit to data using a 3-parameter logistic equation in GraphPad 

PRISM 7 or 8. A response was only deemed a curve when at least two data-points were above the 

media control, otherwise the response was deemed unquantifiable and referred to as a flat line. If a 

response was deemed a curve, but did not appear to reach its maximal response within the tested 

concentration range, the curve-fit was constrained using the mean response at the highest 

concentration of peptide as the Emax for the peptide.  

In cases of weak agonists or weakly coupled pathways, there were some experiments where a peptide 

was able to stimulate a measurable response, and others where the same peptide could not stimulate 

a measurable response. In these cases I opted for a majority-rules approach. When reporting the data, 

the experiments from the minority result are excluded from the reported n numbers. For example, if a 

peptide stimulated cAMP production in three experiments and did not stimulate cAMP in two others 

then this peptide would be reported to be an agonist of the cAMP pathway. In this case, data from the 

non-responding experiments would be omitted from the presented data, and all statistical analyses 

performed as if n=3. The results of the two non-responding experiments are then presented in the 

legend text. 

Individual pEC50 values were derived from non-normalised curves. In chapter 3, Emax values used in 

statistical tests were derived from normalised data sets, with Emax values being a used as a percentage 

relative to the WT CLR Emax. In the remaining chapters, Emax values used in statistical tests were derived 



 

59 
 

from the non-normalised curves. Individual data sets were combined to allow easy visualisation. This 

was done by normalising data from individual experiments to the maximum and minimum of the control 

peptide/receptor included on each plate. Normalised curves were then generated by combining the 

mean of data points from individual experiments. For rank potency orders, > represents a ten-fold or 

greater difference in potency, ≥ represents a greater-than five-fold but less-than ten-fold difference in 

potency, and = represents less than five-fold change in potency. 

2.7.3.3 Paired experimental design 

In Chapter 3, all experiments were designed to have a WT control and three randomised receptor 

mutants on each plate. In Chapter 5 and Chapter 6 when exploring the signalling of alanine substituted 

peptides all plates included AM15-52 and 5 randomised analogues. In Chapter 4 and 6, when comparing 

AM and AM15-52, each plate contained both peptides. Because of the way these experiments were 

designed I essentially created a paired experimental paradigm, where the results of mutants or 

analogues were married to the results of the WT receptor or unmodified AM15-52 included on each plate, 

and not to results of other mutants/analogues. pEC50 values in Chapter 3 were analysed using unpaired 

student’s t-tests, while in the other outlined chapters these values were analysed using paired student’s 

t-tests. In both cases significance was accepted at p < 0.05. In Chapter 3 combined normalised Emax 

values were compared using 95% confidence intervals, with statistical significance accepted when the 

95% confidence interval did not include 100% (WT). For the other cases of paired experimental design, 

Emax tests were performed on raw, un-normalised Emax values. The Emax of the analogue was compared 

to WT using a paired ratio student’s t-test, with significance accepted at p < 0.05.  

2.7.3.4 Group paired experimental design 

When I investigated the signalling of endogenously expressed peptides in Chapter 4 and Chapter 6, 

each experiment had all 4 peptides on each plate. This created a grouped experimental design where 

the results for all peptides were married. pEC50 values were compared using a repeated measures one-

way ANOVA with post hoc Tukey’s test, significance accepted at p < 0.05. Emax values were analysed 

through a method described by GraphPad which mimics a paired ratio student’s t-test. This involved 

log-transformation of the raw Emax values. These log-transformed values were then compared using a 

repeated measures one-way ANOVA with post hoc Tukey’s test (GraphPad Software, 2019). 

2.7.4 Bias calculations 

2.7.4.1 Normalised transduction ratios 

Normalised transduction ratios (Δlog (τ/KA)) represent the ability of a ligand to stimulate signalling 

through multiple pathways relative to a reference ligand (Black & Leff, 1983; Kenakin et al., 2012). Log 

(τ/KA) values from individual experiments were obtained by fitting the operational model of agonism to 

each individual experiment as described in the appendix of van der Westhuizen et al., (2014). The 

maximal response window of the system was defined for each individual receptor/pathway combination 

as the largest normalised Emax recorded across the entire dataset. All curves were constrained by setting 

the hill slope to 1 and the Emax as the maximal response window of the system, all curves were then fit 

as “partial agonists” relative to this Emax. Constraining the hill slope was required to fit unambiguous 
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curves to these data (van der Westhuizen et al., 2014). The derived log (τ/KA) for each peptide was 

then compared to a reference ligand for each receptor to obtain Δlog (τ/KA) values. When comparing 

the signalling of endogenously expressed peptides in Chapter 4 and Chapter 6 the reference ligands 

were αCGRP for the CGRP receptor and AM for the AM1 receptor, for the AM2 receptor, and for HMEC-

1 cells. When exploring the signalling of analogues in Chapter 5 and Chapter 6, the reference ligand 

was AM15-52. 

log (τ/KA) values were compared using GraphPad PRISM 7 or 8. When comparing endogenous 

peptides in Chapter 4 and Chapter 6, differences were analysed using repeated measures one-way 

ANOVA with Dunnett’s post hoc test comparing ligands to the reference ligand at each individual 

pathway. When comparing analogues to unmodified AM15-52 in Chapter 5 and Chapter 6, differences 

were analysed using paired student’s t-tests, comparing each individual analogue to unmodified AM15-

52 independent of other analogues. In both cases, significance was accepted at p < 0.05. 

In addition to exploring log (τ/KA) values, I also determined the individual components of this model, 

namely affinity (KA) and efficacy (τ). The operational model that I used outputs values for log (τ/KA) and 

log KA from curve fits (van der Westhuizen et al., 2014). To derive log τ values, I made use of the 

mathematical proof “log (x/y) = log (x) – log (y)”. In practice, the equation was “log (τ) = log (τ/KA) + log 

(KA)”. Using this equation allowed me to derive values of log (τ), log (KA), and log (τ/KA) for each 

individual curve. I analysed these individual components using the same processes that I used for 

comparing log (τ/KA) values as described above. 

2.7.4.2 Bias factors 

Bias factors (ΔΔlog (τ/KA) values) allow investigation of whether a peptide has a preference for 

activating a given pathway relative to a reference pathway, relative to a reference ligand. In all cases 

throughout this thesis the reference pathway was cAMP accumulation; the reference ligand for each 

condition is described in section 2.7.4.1. For all cases in this thesis the ability of a peptide to activate 

individual pathways was analysed using a one-way ANOVA with post hoc Dunnett’s test, comparing 

the ability of the peptide to activate pathways relative to its ability to stimulate cAMP production at a 

given receptor. Practically, this involved comparing the Δlog (τ/KA) value for a peptide stimulating cAMP 

production to the Δlog (τ/KA) values of the same peptide stimulating other signalling pathways. Δlog 

(τ/KA) values derived as described in section 2.7.4.1. In all cases, significance was accepted at p < 0.05. 

2.7.5 Data analysis for radioligand binding assays 

The specific binding in each experiment was determined by subtracting the mean cpm from wells 

incubated with 125I-αCGRP and 3 μM unlabelled αCGRP (non-specific binding) from the mean cpm from 

well incubated with only 125I-αCGRP (total binding). This was done for each receptor in order to 

determine the specific binding of each receptor. Individual experiments were then normalised using the 

mean specific binding of the WT receptor as 100%. Combined results were analysed in GraphPad 

Prism 7 and statistical significance was accepted when the 95% confidence intervals of mutants did not 

include 100% (WT). Full competition assays were not performed because results from initial 

experiments found that the signal window was too small at the tested mutant receptors. 
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3 The impact of alanine mutations in the CLR linker region 

Work for this chapter was completed in late 2017, and published early 2018 (Garelja et al., 2018). This 

published work has multiple authors, however the majority of experiments were performed, analysed, 

and interpreted by me. Following the publication of this work, a full-length cryo-EM structure of αCGRP 

bound to the CGRP-receptor was published (Liang et al., 2018a). This structure showed that RAMP1 

interacted with CLR along TMs 4, 5, and 6, rather than TMs 1 and 7 as depicted in previously available 

models (Watkins et al., 2016). As my published interpretations were guided by these early models, 

there are a number of issues with the interpretations contained in this chapter, however the key finding 

– that AM and αCGRP adopt different conformations around the linker region of CLR, with αCGRP 

being in closer proximity to the linker – remain valid. This chapter has not been updated to take into 

account the new structure as it intends to show the work as it was understood at the time, however a 

reinterpretation of my findings in light of the published structure is included at the end of this chapter. 

3.1 Introduction 

Current theory holds that class B GPCRs have distinct functional domains within the receptor (see 

Section 1.5.1 for more information). Briefly, the receptor N-terminal ECD binds the peptide hormone C-

terminus, facilitating interactions between the peptide N-terminus and the juxtamembranous portion of 

the TM bundle. The receptor ECD and TM bundle are linked by a flexible stretch of amino acids, often 

referred to as the “stalk”. This terminology stems from an early crystal structure of the glucagon receptor 

TM domain, in which an alpha-helical extension of TM1 protruded three turns out from the lipid bilayer 

into the extracellular space (Siu et al., 2013). This stalk is not present in the crystal structure of the 

corticotrophin releasing factor 1 receptor TM domain (Hollenstein et al., 2013), nor in more recent crystal 

and cryo-EM structures which capture the TM domain and ECD together (Ehrenmann et al., 2018; Liang 

et al., 2018b; Zhang et al., 2017a; Zhang et al., 2017c; Zhao et al., 2019). However, the stalk structure 

is present in the cryo-EM structure of the active, peptide-bound full length glucagon receptor (pdb code 

5YQZ) (Zhang et al., 2018a). Throughout this chapter I will refer to this region as the “linker” rather than 

the stalk, because this term reflects its broader role in class B GPCRs - connecting the ECD to the TM 

bundle - whereas “stalk” may refer to a structure important to only the glucagon receptor (see Figure 

3.1 for the amino acid sequence alignment of class B GPCR linker regions). 

There is accumulating evidence to suggest that the linker region plays an important role in class B 

GPCR function. The apparent flexibility of the linker region allows the ECD to adopt multiple different 

conformations relative to the TM domain. Structural and functional evidence from the glucagon receptor 

suggests that the linker region may act as a hinge, allowing the ECD to interact with ECL3 to stabilise 

the inactive form of the receptor (Koth et al., 2012; Zhang et al., 2017a; Zhang et al., 2018a). Other 

structural evidence suggests that the linker is able to make contact with the peptide ligand, as well as 

the receptor ECD and ECLs (Jazayeri et al., 2017; Zhang et al., 2018a; Zhang et al., 2017c), though 

the number of contacts the linker makes to each of these components varies between structures. 

Functional evidence also suggests that the linker may play a role in ligand binding, receptor activation, 

and receptor stability (Carter et al., 1999; Ceraudo et al., 2012; Dong et al., 2014; Lei et al., 2016; Yang 
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et al., 2016; Yang et al., 2015b). Thus, there is a lack of clarity relating to the function of this linker 

region. 

The CLR linker region is potentially more complicated than other class B GPCRs due to the requirement 

of CLR to complex with a RAMP to produce a functional receptor. Previous evidence suggests that part 

of the RAMPs ability to modulate CLR pharmacology comes from a direct interaction between the 

RAMP, the receptor ECD, and the peptide (Booe et al., 2015; Gingell et al., 2010; Kusano & Yokoyama, 

2013; ter Haar et al., 2010), however RAMPs can also influence other receptor regions such as the 

ECLs (Watkins et al., 2016), the network of residues in the TM bundle which contribute to receptor 

activation (Woolley et al., 2017), and may also influence intracellular G protein coupling (Weston et al., 

2016). Currently there is little information regarding the ability of RAMPs to interact with the CLR linker, 

and if so, how this interaction affects the conformation and function of this otherwise flexible region. 

There is also no information regarding whether the CLR linker contacts endogenous peptide ligands. 

Alanine scans, in which individual amino acids are sequentially substituted with alanine, are often 

undertaken to understand the contribution individual amino acids make to protein function. Alanine is 

used as it is a small uncharged residue which removes the contribution of amino acid side chains without 

significantly altering the protein conformation. Previous studies have used alanine scans to explore the 

function of individual amino acids in the CLR TM domain (Woolley et al., 2017), ECLs (Watkins et al., 

2016), N-terminus (Barwell et al., 2010; Watkins et al., 2014), and intracellular loops (Conner et al., 

2006), however there has been no investigation of the CLR linker.  

Thus, to probe the importance of each amino acid within the CLR linker, I have used site-directed 

mutagenesis to sequentially replace individual amino acids in CLR with alanine. These mutants were 

then transiently transfected into Cos7 cells in combination with RAMP1, RAMP2 or RAMP3. Cell surface 

expression was measured using an ELISA protocol, and in select cases findings were confirmed using 

immunofluorescence. For mutations which seriously impaired receptor surface expression, total cell 

expression was also measured using ELISA and immunofluorescence protocols. I also determined the 

ability of each CLR mutant to generate a cAMP response following AM stimulation. The effect of 

mutations on cAMP production was explored with all three RAMPs. AM was used for signalling 

experiments as it has appreciable activity at all CLR:RAMP complexes (Hay et al., 2018a). To explore 

whether this region holds relevance in determining peptide specificity, I stimulated the CLR mutants co-

expressed with RAMP1 with αCGRP to see if mutations in the linker region had differential effects on 

cAMP production between CGRP and AM. To expand upon the idea of differential importance, I 

stimulated a number of mutants co-expressed with RAMPs 1, 2 and 3 with βCGRP. Residue 138 of 

CLR is alanine in the native sequence and thus it has been omitted from this study. In this chapter CLR 

refers to HA-CLR, RAMP1 refers to myc-RAMP1, RAMP2 refers to FLAG-RAMP2, and RAMP3 refers 

to untagged RAMP3. In this chapter, two forms of statistical testing have been employed. Paired 

student’s t-tests were used for un-normalised data (pEC50 values), while 95% confidence intervals were 

used to analyse normalised data (cell surface expression and Emax values). Statistical significance was 

accepted when p < 0.05 (pEC50) or when the 95% confidence intervals did not include 100% (normalised 

data); in both cases significance is indicated by an asterisk in the table/figure.  
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CLR          TQCNVNTHE-KVKTALNLFYLT-- 

CTR          TMCNAFTPE-KLKNAYVLYYLA-- 

PTHR         SECVKFLTN-ETR--EREVFDRLG 

PTHR2        SDCLRFLQP-DISIGKQEFFER-- 

CRFR-1       SECQEILNE-EKK-SKVHYHVAV- 

CRFR-2       SQCEPILDD-KQRKYDLHRYIA-- 

GHRHR        VACPVPL---ELLAEEESYFSTVK 

GCGR         SQCQMDGEE-IEVQKEVAKMYS-- 

GIPR         TQCENPEKN-EAFLDQRLILER-- 

GLP1R        SECEESLRG-ERSWGEEQLLFL-- 

GLP2R        SECSENHSF-KQNVDRYALLST-- 

SCTR         LACGVNVND-SSNEKRHSYLLK-- 

PAC1R        VSCPELFR--IFNPDQVWETETI- 

VPAC1        IACGLDDKAASLDEQQTMFYG--- 

VPAC2        DACGYSDPE---DESKITFYILVK 

Figure 3.1 Amino acid sequence alignment of the linker region in class B GPCRs, corresponding to 

CLR residues T125 to T145. Sequence alignment generated using MAFFT algorithm with an iterative 

refinement method (https://myhits.isb-sib.ch/cgi-bin/mafft), and analysed using BoxShade. Black boxes 

indicate an exact match, grey boxes indicate > 50% similarity, and white indicates <50% similarity. All 

sequences are human.   

https://myhits.isb-sib.ch/cgi-bin/mafft
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3.2 Cell Surface and Total Cell Expression 

Before starting experiments with mutants, I decided it would be prudent to examine whether the different 

CLR:RAMP complexes were expressed on the cell surface to similar extents. The CSE of each receptor 

was measured using an ELISA protocol. In these experiments the expression of HA-CLR was measured 

as a surrogate for total receptor complex expression because HA-CLR is retained intracellularly without 

RAMP co-expression. The results showed that there was no significant difference in cell surface 

expression between the three CLR based receptors as determined by a one-way ANOVA with Tukey’s 

post hoc test (Figure 3.2).  

 

Figure 3.2 CSE of CLR based receptors in Cos7 cells as measured by an ELISA protocol. In all 

experiments HA-CLR expression was detected using an anti-HA antibody. Each data point is the mean 

of an independent experiment performed in triplicate or quadruplicate, and the horizontal lines showing 

the mean ± SEM of the six experiments.  
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Following this, I explored whether mutations changed the expression of CLR on the cell surface. 

Mutations were explored with all three RAMPs. CLR mutations generally did not have large impacts on 

receptor cell surface expression (CSE) with any co-expressed RAMP. Most mutants were present on 

the cell surface with greater than 75% of WT expression. The exceptions to this were C127A, (which 

had under 50% WT expression), and N140A, F142A, and L144A, all of which reduced CSE to 

approximately 10% of WT expression with all tested RAMPs (Figure 3.3).  

 

Figure 3.3 CSE of CLR linker region mutants as measured by ELISA protocols. In all cases expression 

was detected on the cell surface using an anti-HA antibody. Data are combined normalised mean ± 

SEM from 3 independent experiments performed in quadruplicate. * indicates 95% confidence intervals 

do not include 100% (WT expression). Data are values normalised to pcDNA control as 0% and WT as 

100%. Grey dotted line at y=100 represents WT expression. 
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The reduced CSE was confirmed through an immunofluorescence protocol using the mutant CLR 

complexed with RAMP1 (Figure 3.4, see section 2.7.2.1 for validation of this methodology). The 

mutants N140A, F142A and L144A had reduced total cell expression (TCE) to between 25 and 50% of 

WT total cell expression when expressed with RAMP1. The mutant C127A had no significant effect on 

total cell expression when measured through either protocol (Figure 3.4). 

 

Figure 3.4 Comparison of CSE and TCE for selected CLR mutants as analysed by ELISA and 

immunofluorescence protocols. In all cases CLR was expressed with myc-RAMP1, and receptor 

complexes detected using an anti-HA antibody. A) and B) are representative immunofluorescence 

results for CSE and TCE respectively. Images were taken using a 40x LWD lens and are representative 

of three independent experiments performed in triplicate. Scale bars indicate 50 μm, CLR-like 

immunoreactivity is orange, and DAPI is blue. For information on quantification of these images, see 

Section 2.7.2.1. C) shows a comparison of CSE and TCE for CLR mutants as quantified through ELISA 

and immunofluorescence protocols. Data are normalised to pcDNA expression (0%) and WT 

expression (100%). Bars are mean ± SEM of three independent experiments performed in triplicate or 

quadruplicate. * indicates that 95% confidence intervals did not include 100% (WT expression). 
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3.3 cAMP generation 

3.3.1 CLR T125A 

Mutating CLR T125 to alanine caused a decrease in the potency of all tested peptides at all tested 

receptors. Compared to the WT receptor, CLR T125A caused a 25-fold reduction in the potency of 

αCGRP at the CGRP receptor, and reduced the potency of AM 13-fold at the CGRP receptor, ~4-fold 

at the AM1 receptor, and 17-fold at the AM2 receptor (Figure 3.5 A, B, C, and D respectively). 

Additionally, at the AM1 receptor comprised of CLR T125A, AM had an Emax of ~60% of its Emax at the 

WT receptor. Otherwise Emax was unchanged (Table 3.1, Table 3.2). 

 

Figure 3.5 Combined normalised concentration-response curves for cAMP production by CLR T125A  

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate.  
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3.3.2 CLR Q126A 

Mutating CLR Q126 to alanine did not cause a significant shift in potency or Emax of any tested peptide 

at any receptor (Figure 3.6; Table 3.1, Table 3.2). 

 

Figure 3.6 Combined normalised concentration-response curves for cAMP production by CLR Q126A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate.  
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3.3.3 CLR C127A 

Mutating CLR C127 to alanine abolished cAMP responses to all tested peptides at all tested receptors 

(Figure 3.7). cAMP levels fluctuated around basal cAMP levels at all receptors with all tested receptors. 

As no curve could be fit to the data at any receptor, no pEC50 values could be obtained for the mutant 

receptors. 

 

Figure 3.7 Combined normalised concentration-response curves for cAMP production by CLR C127A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.4 CLR N128A 

CLR N128A did not affect AM potency at any tested receptor (Figure 3.8 B - D; Table 3.1, Table 3.2). 

In contrast, this mutation caused a statistically significant seven-fold decrease in potency with αCGRP 

at the CGRP receptor (Table 3.1, Figure 3.8 A). AM had a small but statistically significant reduction in 

Emax at AM1 receptors comprised of CLR N128A (Figure 3.8 B, Table 3.2). 

 

Figure 3.8 Combined normalised concentration-response curves for cAMP production by CLR N128A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are mean ± SEM of 3 independent experiment, performed in 

triplicate.  
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3.3.5 CLR V129A 

The CLR mutant V129A did not alter the potency of any peptide at any tested receptor, nor did it cause 

any change to Emax (Figure 3.9, Table 3.1, Table 3.2).  

 

Figure 3.9 Combined normalised concentration-response curves for cAMP production by CLR V129A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.6 CLR N130A 

There was no statistically significant change in potency or Emax for CLR N130A for any peptide at any 

receptor (Figure 3.10; Table 3.1, Table 3.2).  

 

Figure 3.10 Combined normalised concentration-response curves for cAMP production by CLR N130A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM and complexed with 

RAMP1 (B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments 

performed in triplicate.  
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3.3.7 CLR T131A 

This mutant slightly reduced the potency of all peptides at all receptors. This decrease was significant 

for αCGRP at the CGRP receptor (4-fold decrease, Figure 3.11 A), and AM at the AM2 receptor (5-fold 

decrease, Figure 3.11 D). There were trends for reductions in Emax, however these were not statistically 

significant (Table 3.1, Table 3.2) 

 

Figure 3.11 Combined normalised concentration-response curves for cAMP production by CLR T131A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate.  
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3.3.8 CLR H132A 

This mutation did not affect the potency of any peptide at any receptor (Figure 3.12; Table 3.1,Table 

3.2). AM had a small but statistically significant increase in Emax at CGRP receptors comprised of CLR 

H132A (Figure 3.12; Table 3.1) 

 

Figure 3.12 Combined normalised concentration-response curves for cAMP production by CLR H132A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate.  
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3.3.9 CLR E133A 

This mutation did not affect the signalling of any peptide at any tested receptor (Figure 3.13; Table 3.1, 

Table 3.2). There was a trend for AM to have slightly increased Emax at AM1 and AM2 receptors 

comprised of this mutant, however this was not statistically significant. 

 

Figure 3.13 Combined normalised concentration-response curves for cAMP production by CLR E133A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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3.3.10 CLR K134A 

This mutation caused a small but significant decrease in the potency of αCGRP and AM at the CGRP 

receptor, though this difference was very small (2-fold and 3-fold decrease, respectively; Figure 3.14 

A, B; Table 3.1, Table 3.2). Similar decreases were seen for AM potency at the AM1 and AM2 receptors, 

though these decreases were not significant (Figure 3.14 C, D; Table 3.1, Table 3.2). 

 

Figure 3.14 Combined normalised concentration-response curves for cAMP production by CLR K134A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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3.3.11 CLR V135A 

This mutation caused a significant 20-fold reduction in potency of αCGRP at the CGRP receptor (Figure 

3.15 A; Table 3.1, Table 3.2). This mutation also caused small decrease in AM potency at all tested 

receptors (~3-fold decrease at all receptors), though only the decrease at the AM1 receptor was 

statistically significant (Figure 3.15 C; Table 3.1, Table 3.2). Additionally, there was a trend for AM to 

have an increased Emax at the AM2 receptor comprised of this mutant, however this was not statistically 

significant. 

 

Figure 3.15 Combined normalised concentration-response curves for cAMP production by CLR V135A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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3.3.12 CLR K136A 

This mutation did not have an impact on the cAMP signalling of any tested peptide at any tested receptor 

(Figure 3.16; Table 3.1, Table 3.2). 

 

Figure 3.16 Combined normalised concentration-response curves for cAMP production by CLR K136A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.13 CLR T137A 

There was no significant difference in Emax or pEC50 between WT CLR and the mutant CLR T137A 

under any tested condition (Figure 3.17; Table 3.1, Table 3.2). 

 

Figure 3.17 Combined normalised concentration-response curves for cAMP production by CLR T137A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.14 CLR L139A 

This mutation caused a statistically significant decrease in the potency of αCGRP at the CGRP receptor 

(Figure 3.18 A; Table 3.1). This mutation had a much smaller effect on AM signalling, causing an 

approximate 2-fold reduction in potency at all receptors (Figure 3.18 B, C, D; Table 3.1, Table 3.2) 

 

Figure 3.18 Combined normalised concentration-response curves for cAMP production by CLR L139A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate.  
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3.3.15 CLR N140A 

Mutating CLR N140 to alanine abolished function at all tested receptors with all tested peptides. cAMP 

production fluctuated around basal cAMP levels at all receptors with all tested peptides (Figure 3.19).  

 

Figure 3.19 Combined normalised concentration-response curves for cAMP production by CLR N140A 

stimulated with αCGRP in complex with RAMP1 (A), or stimulated with AM in complex with RAMP1 (B), 

RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.16 CLR L141A 

This mutation did not have a statistically significant impact on signalling for any peptide at any receptor 

(Figure 3.20; Table 3.1, Table 3.2). 

 

Figure 3.20 Combined normalised concentration-response curves for cAMP production by CLR L141A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3-4 independent experiments performed 

in triplicate. 
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3.3.17 CLR F142A 

Alanine substitution of CLR F142 abolished cAMP production under all tested conditions, as such no 

curves could be fit to these data, and no potencies or Emax could be derived (Figure 3.21). 

 

Figure 3.21 Combined normalised concentration-response curves for cAMP production by CLR F142A 

when stimulated with αCGRP in complex with RAMP1 (A), or stimulated with AM in complex with 

RAMP1 (B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments 

performed in triplicate. 
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3.3.18 CLR Y143A 

This mutation did not have a statistically significant impact on the signalling of any peptide at any 

receptor (Figure 3.22; Table 3.1, Table 3.2). 

 

Figure 3.22 Combined normalised concentration-response curves for cAMP production by CLR Y143A 

in complex with RAMP1 and stimulated with αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.19 CLR L144A 

Mutating CLR L144 to alanine resulted in a total loss of cAMP production at all tested receptors, 

meaning no curves could be fit to data. Detected cAMP levels fluctuated around baseline signalling 

under all experimental conditions (Figure 3.23).  

 

Figure 3.23 Combined normalised concentration-response curves for cAMP production by CLR L144A 

stimulated with αCGRP in complex with RAMP1 (A), or stimulated with AM in complex with RAMP1 (B), 

RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate. 
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3.3.20 CLR T145A 

There were trends for peptides to be slightly more potent at receptors comprised of CLR T145A relative 

to WT receptors, though the increases were always small and not statistically significant (Table 3.1, 

Table 3.2). The exception was AM at the AM1 receptor, which had no change in potency (Figure 3.24 

C; Table 3.1, Table 3.2). 

 

Figure 3.24 Combined normalised concentration-response curves for cAMP production by CLR T145A 

in complex with RAMP1 and stimulated by αCGRP (A), or stimulated with AM in complex with RAMP1 

(B), RAMP2 (C) or RAMP3 (D). Data are the mean ± SEM of 3 independent experiments performed in 

triplicate.
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3.3.21 Mutagenesis summary 

Table 3.1. Summary data for CSE and cAMP production of mutant CGRP receptors when using αCGRP or AM as agonists.

 CGRP Receptor 

  αCGRP AM 

Mutant CSE pEC50 Fold Change Emax (% WT) n pEC50 Fold Change Emax (% WT) n 
  WT Mutant    WT Mutant    

T125A 85.5 ± 4.9 9.76 ± 0.16 8.36 ± 0.29* -25.1 90.2 ± 6.83 3 8.08 ± 0.15 6.96 ± 0.06* -13.1 79.3 ± 5.64 3 

Q126A 100 ± 4.4 9.89 ± 0.25 9.79 ± 0.01 -1.3 105 ± 9.29 3 8.12 ± 0.07 8.17 ± 0.04 1.1 102 ± 7.72 3 

C127A 48.6 ± 3.9* 9.76 ± 0.16 NC NC NC 3 8.08 ± 0.15 NC NC NC 3 

N128A 88.1 ± 10.7 9.89 ± 0.25 9.06 ± 0.15* -6.8 81.3 ± 8.87 3 8.12 ± 0.07 8.00 ± 0.04 -1.3 87.0 ± 4.13 3 

V129A 105 ± 1.6 9.76 ± 0.16 9.72 ± 0.14 -1.1 118 ± 14.0 3 8.08 ± 0.15 8.12 ± 0.05 1.1 92.9 ± 4.26 3 

N130A 90.7 ± 7.0 9.89 ± 0.25 9.79 ± 0.14 -1.5 103 ± 13.5 3 8.14 ± 0.07 8.00 ± 0.04 -1.4 104 ± 5.94 3 

T131A 93.8 ± 5.6 10.1 ± 0.09 9.46 ± 0.14* -4.4 82.2 ± 7.80 4 8.09 ± 0.14 7.69 ± 0.14 -2.5 88.9 ± 4.33 4 

H132A 104 ± 4.2 10.1 ± 0.07 10.1 ± 0.05 1.0 105 ± 14.3 3 8.14 ± 0.17 8.17 ± 0.20 1.1 116 ± 1.42* 3 

E133A 101 ± 5.9 10.1 ± 0.07 10.3 ± 0.15 1.6 99.3 ± 10.5 3 8.32 ± 0.05 8.34 ± 0.13 1.0 97.0 ± 12.9 3 

K134A 94.8 ± 8.4 10.1 ± 0.05 9.82 ± 0.03* -1.9 99.4 ± 13.2 3 8.51 ± 0.14 7.99 ± 0.11* -3.3 108 ± 6.04 3 

V135A 94.1 ± 3.9 10.2 ± 0.07 8.85 ± 0.17* -22.3 89.2 ± 7.09 4 8.38 ± 0.16 8.04 ± 0.10 -2.1 101 ± 6.21 4 

K136A 88.3 ± 7.0 10.2 ± 0.09 9.94 ± 0.03 -1.8 97.6 ± 2.60 3 8.23 ± 0.29 8.03 ± 0.15 -1.6 118 ± 19.0 3 

T137A 90.4 ± 6.7 10.0 ± 0.01 10.0 ± 0.05 1 90.4 ± 5.36 3 8.12 ± 0.15 8.01 ± 0.25 -1.3 112 ± 8.53 3 

L139A 92.4 ± 12.6 10.0 ± 0.01 8.98 ± 0.04* -10.4 86.9 ± 4.53 3 7.99 ± 0.06 7.67 ± 0.07 -2.1 97.8 ± 11.2 3 

N140A 12.5 ± 2.5* 10.0 ± 0.01 NC NC NC 3 8.08 ± 0.14 NC NC NC 3 

L141A 88.3 ± 3.7 9.96 ± 0.07 9.87 ± 0.11 -1.2 83.8 ± 8.13 3 8.00 ± 0.06 8.16 ± 0.08 1.4 98.0  ± 2.48 3 

F142A 16.9 ± 3.6* 9.96 ± 0.07 NC NC NC 3 8.00 ± 0.06 NC NC NC 3 

Y143A 92.1 ± 4.3 9.96 ± 0.07 9.67 ± 0.06 -1.9 89.4 ± 2.95 3 8.08 ± 0.10 8.05 ± 0.04 -1.1 90.8 ± 4.97 3 

L144A 11.0 ± 3.2* 10.0 ± 0.10 NC NC NC 3 8.02 ± 0.06 NC NC NC 3 

T145A 105 ± 2.5 10.0 ± 0.10 10.4 ± 0.09 2.5 105 ± 2.21 3 8.08 ± 0.10 8.34 ± 0.02 1.8 104 ± 4.42 3 

All data are mean ± SEM. The number of independent experiments for cAMP is shown in the n column. For CSE this was n=3 for all mutants. CSE 

data shown here are results from ELISA experiments. NC is used where no curve could be fit to experimental data. Fold change is presented relative 

to WT controls, a negative number is a decrease in potency, otherwise this is an increase. * indicates a significant difference from WT. Mutations 

with a significant difference compared to WT are identified by grey shading. Significance for pEC50 values was determined using unpaired student’s 

t-tests comparing the pEC50 of the mutant receptor to that of the pEC50 of the corresponding WT receptor. A difference in Emax was considered 

significant when the 95% confidence interval of the mutant Emax did not include WT Emax (100%). 
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Table 3.2 Summary data for CSE and cAMP production of mutant AM1 and AM2 receptors when using AM as an agonist.

All data are mean ± SEM. The number of independent experiments for cAMP is shown in the n column. For CSE this was n=3 for all mutants. CSE 

data shown here are results from ELISA experiments. NC is used where no curve could be fit to experimental data. Fold change is presented relative 

to WT controls, a negative number is a decrease in potency, otherwise this is an increase. * indicates a significant difference from WT. Mutations 

with a significant difference compared to WT are identified by grey shading. Significance for pEC50 values was determined using unpaired student’s 

t-tests comparing the pEC50 of the mutant receptor to that of the pEC50 of the corresponding WT receptor. A difference in Emax was considered 

significant when the 95% confidence interval of the mutant Emax did not include WT Emax (100%). 

 AM1 receptor AM2 receptor 

Mutant CSE pEC50 Fold Change Emax (% WT) n CSE pEC50 Fold Change Emax (% WT) n 
  WT Mutant     WT Mutant    

T125A 79.4 ± 6.7 9.14 ± 0.11 8.49 ± 0.17* -4.5 60.3 ± 7.19* 3 94.9 ± 4.7 9.57 ± 0.16 8.33 ± 0.07* -17.3 85.5 ± 7.95 3 

Q126A 98.5 ± 9.2 9.57 ± 0.14 9.36 ± 0.23 -1.6 107 ± 3.96 3 101 ± 2.8 9.91 ± 0.27 9.74 ± 0.13 -1.5 104 ± 3.40 3 

C127A 25.1 ± 14.6* 9.14 ± 0.11 NC NC NC 3 46.3 ± 7.0* 9.57 ± 0.16 NC NC NC 3 

N128A 95.2 ± 8.6 9.57 ± 0.14 9.42 ± 0.14 -1.4 79.5 ± 4.67* 3 99.4 ± 0.8 9.91 ± 0.27 9.71 ± 0.08 -1.6 117 ± 6.43 3 

V129A 104 ± 5.3 9.14 ± 0.11 9.02 ± 0.05 -1.3 109 ± 9.38 3 117 ± 16.8 9.57 ± 0.16 9.34 ± 0.09 -1.7 103 ± 8.25 3 

N130A 89.7 ± 7.9 9.54 ± 0.15 9.56 ± 0.17 1.0 110 ± 3.67 3 94.2 ± 6.6 9.91 ± 0.27 9.85 ± 0.10 -1.1 111 ± 6.72 3 

T131A 87.4 ± 6.5 9.62 ± 0.16 9.13 ± 0.08 -3.1 91.1 ± 4.81 3 88.1 ± 6.1 10.0 ± 0.06 9.28 ± 0.05* -5.2 105 ± 10.5 3 

H132A 90.2 ± 3.5 9.44 ± 0.06 9.31 ± 0.07 -1.3 111 ± 4.59 3 95.8 ± 2.4 9.94 ± 0.03 9.84 ± 0.05 -1.3 110 ± 10.0 3 

E133A 86.1 ± 2.8 9.43 ± 0.03 9.38 ± 0.09 -1.1 133 ± 22.4 3 95.6 ± 6.2 9.86 ± 0.09 9.75 ± 0.17 -1.3 110 ± 13.0 4 

K134A 85.2 ± 7.1 9.49 ± 0.09 9.45 ± 0.14 -1.1 91.4 ± 16.3 3 89.5 ± 5.0 9.83 ± 0.12 9.54 ± 0.20 -1.9 108 ± 1.99 3 

V135A 85.9 ± 7.2 9.52 ± 0.07 9.08 ± 0.12* -2.8 119 ± 19.7 3 90.7 ± 4.3 9.83 ± 0.12 9.65 ± 0.13 -1.5 131 ± 22.4 3 

K136A 82.6 ± 10.1 9.28 ± 0.19 9.19 ± 0.33 -1.2 75.1 ± 6.70 3 91.4 ± 0.8 9.66 ± 0.19 9.79 ± 0.12 1.3 100 ± 15.4 3 

T137A 90.6 ± 7.6 9.30 ± 0.22 9.20 ± 0.27 -1.3 90.9 ± 5.77 3 96.3 ± 2.9 9.66 ± 0.19 9.51 ± 0.21 -1.4 91.7 ± 4.39 3 

L139A 86.1 ± 8.3 9.37 ± 0.17 8.99 ± 0.19 -2.4 84.7 ± 10.6 4 99.3 ± 1.0 9.66 ± 0.19 9.41 ± 0.18 -1.8 97.2 ± 6.69 3 

N140A 3.30 ± 1.8* 9.62 ± 0.30 NC NC NC 3 4.40 ± 0.8* 9.82 ± 0.01 NC NC NC 3 

L141A 83.3 ± 5.8 9.69 ± 0.05 9.81 ± 0.11 1.3 101 ± 4.04 4 90.1 ± 2.4 9.68 ± 0.16 9.89 ± 0.11 1.6 96.3 ± 11.8 4 

F142A 3.26 ± 1.8* 9.61 ± 0.29 NC NC NC 3 1.63 ± 0.4* 9.64 ± 0.27 NC NC NC 3 

Y143A 90.7 ± 6.7 9.80 ± 0.08 9.78 ± 0.20 -1.0 90.1 ± 14.0 3 91.5 ± 2.8 9.56 ± 0.23 9.76 ± 0.23 1.6 105 ± 6.86 3 

L144A 10.5 ± 6.2* 9.80 ± 0.08 NC NC NC 3 7.59 ± 4.1* 9.70 ± 0.12 NC NC NC 3 

T145A 95.0 ± 9.1 9.63 ± 0.31 9.60 ± 0.26 -1.1 120 ± 26.6 3 106 ± 5.8 9.71 ± 0.12 9.83 ± 0.17 1.3 114 ± 14.5 3 
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3.4 Further investigation 

3.4.1 Radioligand binding 

A number of mutations caused statistically significant decreases in αCGRP potency through the cAMP 

pathway, thus I decided to investigate whether these losses in potency were due to a reduction in 

affinity. Total and non-specific binding were determined by measuring the amount of 125I-αCGRP bound 

to receptors in the absence or presence of 3 μM unlabelled αCGRP respectively. Specific binding was 

calculated by subtracting the non-specific binding from the total binding (see section 2.5.1). This 

approach was chosen to determine whether there would be enough specific binding to allow for full 

displacement curves to be performed. All tested mutants had significantly reduced specific binding 

relative to WT CLR. T125A, C127A and V135A had essentially no specific binding, whereas N128A, 

T131A, K134A and L139A reduced specific binding to between 30 and 50% of WT levels (Figure 3.25). 

Of these mutants, only C127A had reduced cell surface expression relative to the WT receptor (Figure 

3.3). This means that while the lack of radiolabelled binding at C127A is at least partially attributable to 

a reduction in CSE, the reduction in binding at other mutants is more likely to result from mutations 

interfering with the affinity of CGRP at the receptor. Due to the low maximal specific binding of 125I-

αCGRP at these receptor mutants using this protocol, full displacement competition curves were not 

attempted. 

 

Figure 3.25 125I-αCGRP binding at WT or mutant CGRP receptors. Values are expressed as 

percentages of WT values. Bars are mean ± S.E.M. of three independent experiments performed in 

triplicate. Significance accepted if 95% confidence intervals did not include 100% (WT) binding. 
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3.4.2 Investigation of residues which had a more deleterious effect on αCGRP 

than AM  

There were three mutations (N128A, V135A, and L139A) which impaired αCGRP signalling at the 

CGRP receptor, but had little to no effect on AM signalling through the same receptor. To confirm that 

this was a ligand-specific effect rather than a RAMP-specific effect, I attempted to investigate whether 

these mutations would affect the signalling of αCGRP at the AM1 and AM2 receptors. In a pilot 

experiment, αCGRP had reduced potency at AM1 and AM2 receptors comprised of these CLR mutants. 

αCGRP has low potency at WT AM1 and AM2 receptors, meaning that the decreases in potency noted 

with the mutants made quantifying the effect of mutations on signalling difficult (Figure 3.26). As such, 

this experiment was not repeated and an alternative approach was investigated. 

 

Figure 3.26 cAMP production in response to αCGRP at A) AM1 and B) AM2 receptors comprised of 

CLR mutants N128A, V135A, and L139A. Data from an individual experiment performed in triplicate. 
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3.4.3 Testing βCGRP at AM receptors 

Although I could not draw meaningful conclusions from the above experiment, it was apparent that 

these mutations had an impact on αCGRP stimulated cAMP production at AM receptors. This 

suggested that further investigation into these residues was warranted. To pursue this investigation I 

explored the possibility of using βCGRP. βCGRP differs from αCGRP by only three amino acids, and 

has been reported to be more potent than αCGRP at the two AM receptors (Hay et al., 2018a). In my 

hands βCGRP was indeed more potent than αCGRP at the AM1 and AM2 receptors (Figure 3.27). 

 

Figure 3.27 Combined normalised concentration-response curves for cAMP production at the WT A) 

AM1 and B) AM2 receptors stimulated with αCGRP, βCGRP and AM. Data presented as the combined 

normalised mean ± SEM of three independent experiments performed in triplicate. 

Table 3.3 Summary data for AM, αCGRP, and βCGRP stimulated cAMP production at WT AM1 and 

AM2 receptors. 

 AM1 Receptor AM2 Receptor 

 pEC50 Emax pEC50 Emax 

AM 9.29 ± 0.23* 100* 9.45 ± 0.14* 100* 
αCGRP 6.63 ± 0.05 73.1 ± 6.16 7.01 ± 0.20 71.3 ± 3.71 
βCGRP 7.43 ± 0.13* 120.7 ± 17.4* 7.90 ± 0.03* 89.8 ± 12.8 

Results are the mean ± SEM of 3 independent experiments. Emax values are presented as a percentage 

of AM Emax. * indicates a statistically significant difference between αCGRP and the named peptide. 

Potency differences were analysed using a one-way ANOVA with post hoc Dunnett’s test, comparing 

all peptides to αCGRP. Emax differences were analysed using 95% confidence intervals, with 

significance being accepted when the 95% confidence interval for a given peptide did not overlap with 

the 95% confidence intervals of αCGRP. 
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3.4.4 cAMP production at select CGRP receptor mutants with βCGRP 

As βCGRP was more potent than αCGRP at the AM receptors, I investigated whether it had impaired 

signalling at CGRP receptors comprised of CLR N128A, V135A, or L139A. These mutant were chosen 

because they had previously displayed αCGRP-specific reductions in potency (Table 3.1 and Table 

3.2). The mutant CLR N128A did not have a significant effect on the potency of βCGRP, however this 

mutation did significantly reduce the Emax of βCGRP to 76% of WT Emax. There was a trend for βCGRP 

to be 3-fold less potent at receptors comprised of CLR L139A, however this was not significant. βCGRP 

was significantly less potent at CGRP receptors comprised of the CLR mutant V135A compared to 

CGRP receptors comprised of WT CLR (~5-fold reduction in potency; Figure 3.28). Data from these 

experiments are summarised in Table 3.4. 

 

Figure 3.28 Combined normalised concentration-response curves for βCGRP cAMP production at the 

CGRP receptor comprised of CLR mutants N128A, V135A, and L139A. Data presented as the 

combined normalised mean ± SEM of 3 independent experiments performed in triplicate.  

Table 3.4 Effect of CLR mutations on βCGRP-stimulated cAMP production at the CGRP receptors. 

CLR 

Mutation 

CGRP receptor 

pEC50 Emax  

(% WT) WT Mutant 
N128A 10.50 ± 0.12 10.30 ± 0.17 76.4 ± 1.67* 
V135A 10.50 ± 0.12 9.79 ± 0.11* 93.9 ± 4.27 
L139A 10.50 ± 0.12 10.00 ± 0.13 87.2 ± 5.83 

Data are the mean ± SEM of 3 independent experiments. Emax values are presented as a percentage 

of WT Emax. * indicates a statistically significant difference. Potency differences were analysed using 

unpaired student’s t-tests, comparing the potency of βCGRP at WT and mutant receptors. Emax 

differences were analysed using 95% confidence intervals, with significance being accepted when the 

95% confidence interval did not overlap with WT (100%) Emax. 
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3.4.5 cAMP production at select AM1 and AM2 receptor mutants with βCGRP 

All tested mutations caused statistically significant reductions in the potency of βCGRP at the AM1 

receptor, with CLR N128A causing a 4-fold reduction in potency, and both V135A and L139A causing 

10-fold reductions in potency. Additionally, βCGRP had a statistically significant decrease in Emax at the 

AM1 receptor comprised of CLR V135A. There was a similar trend for a reduction in Emax at the AM1 

receptor comprised of CLR L139A, however this was not statistically significant (Figure 3.29 A, Table 

3.5). There was a trend for βCGRP to have reduced potency at AM2 receptors comprised of CLR 

N128A, but this was not statistically significant. Both CLR V135A and L139A caused a statistically 

significant decrease in the potency of βCGRP at the AM2 receptor (8-fold and 7-fold reductions 

respectively). No mutation affected the Emax of βCGRP at the AM2 receptor (Figure 3.29 B, Table 3.5). 

 

Figure 3.29 Combined normalised concentration-response curves for βCGRP cAMP production at the 

A) AM1 receptor, or B) AM2 receptor comprised of CLR mutants N128A, V135A, and L139A. Data 

presented as the combined normalised mean ± SEM of 3 independent experiments performed in 

triplicate.  

Table 3.5 Effect of CLR mutations on βCGRP-stimulated cAMP production at AM1 and AM2 receptors. 

CLR 

Mutation 

AM1 receptor AM2 receptor 

pEC50 Emax 

(%WT) 
pEC50 Emax 

(% WT) WT Mutant WT Mutant 
N128A 7.76 ± 0.11 7.19 ± 0.13* 95.5 ± 2.49 7.97 ± 0.16 7.43 ± 0.17 103 ± 7.90 
V135A 7.76 ± 0.11 6.74 ± 0.11* 73.6 ± 4.94* 7.97 ± 0.16 7.07 ± 0.16* 103 ± 7.56 
L139A 7.76 ± 0.11 6.73 ± 0.18* 79.8 ± 9.17 7.97 ± 0.16 7.13 ± 0.12* 91.3 ± 12.5 

Data are the mean ± SEM of 3 independent experiments. Emax values are presented as a percentage 

of WT Emax. * indicates a statistically significant difference. Potency differences were analysed using 

unpaired student’s t-tests, comparing the potency of βCGRP at WT and mutant receptors. Emax 

differences were analysed using 95% confidence intervals, with significance being accepted when the 

95% confidence interval did not overlap with WT (100%) Emax. 
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3.5 Discussion 

This chapter aimed to elucidate the functional contribution of individual amino acids in the CLR linker 

region. There is currently very little information on class B GPCR linker region (the stretch of amino-

acids which joins the ECD to the TM bundle), and no information regarding how RAMPs may influence 

this region. Thus, I sought to investigate whether the CLR linker had a role in signalling, whether the 

linker was differentially influenced by the three RAMPs, and whether there were differences in 

peptide/receptor interactions in this region. Consistent with previous mutagenesis studies of CLR, I 

identified residues which display ligand-dependent effects, however unlike many other studies of CLR 

these effects were generally not influenced by RAMPs (Barwell et al., 2010; Watkins et al., 2014; 

Watkins et al., 2016).  

3.5.1 Mutations which affected cell surface expression 

Three mutations (N140A, F142A, and L144A) ameliorated cell surface expression of the receptor, thus 

removing its ability to signal. These mutants had total cell expressions roughly 50% of WT levels, 

suggesting that receptors were trapped intracellularly. As CLR requires interaction with a RAMP for cell 

surface expression (McLatchie et al., 1998) these mutations may have either reduced the overall 

stability of the receptor, or interfered with the ability of CLR to interact with RAMPs. 

Based on analysis of the model provided by Watkins et al. (2016), CLR F142 and L144 are predicted 

to be located at the tip of the intracellular portion of TM1. According to structures and sequence 

alignments (Figure 3.1), this region of class B GPCRs is predominantly populated with bulky residues 

which project from TM1 towards TM2 and TM7 (Culhane et al., 2015; Dong et al., 2006; Jazayeri et al., 

2017; Liang et al., 2017; Zhang et al., 2017a; Zhang et al., 2018a; Zhang et al., 2017c). Alanine 

substitution of bulky hydrophobic residues in this region of the GLP-1 receptor (L144, Y145, and I146) 

resulted in large decreases in cell surface expression, suggesting that bulky hydrophobic residues in 

this area of class B GPCRs may be an important requirement for receptor stability (Lei et al., 2016; 

Yang et al., 2016). 

Based on amino acid sequence alignments, CLR N140 is less conserved across class B GPCRs than 

the aforementioned F142 and L144 (Culhane et al., 2015). In reported structures of class B GPCRs, 

the corresponding residues generally protrude out from TM1 in the direction of TM7 (Hollenstein et al., 

2014; Jazayeri et al., 2016; Jazayeri et al., 2017; Liang et al., 2017; Song et al., 2017; Zhang et al., 

2017a; Zhang et al., 2018a; Zhang et al., 2017c). As RAMPs are predicted to interact with CLR in the 

region surrounding TM1, TM6 and TM7 (Watkins et al., 2016; Weston et al., 2016; Woolley et al., 2017) 

it is possible that N140 could play a role in the CLR:RAMP interaction. In models of the AM1 and AM2 

receptors, CLR N140 is in close proximity to a stretch of RAMP residues which exhibit high sequence 

similarity between the three RAMPs (Watkins et al., 2016). Asparagine is a highly polar amino acid 

which would be energetically unfavourable in the hydrophobic lipid bilayer (Sanchez-Reyes et al., 2017), 

adding weight to the idea that it may be involved in in some form of inter-protein interaction. Thus, it is 

possible to speculate about the importance of N140 in CLR:RAMP interactions, however further work 

is required to fully prove or disprove this claim. 
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Mutating CLR C127 to alanine also caused a reduction in receptor cell surface expression with all three 

RAMPs. Crystal structures show that CLR C127 is linked to C88 by a disulphide bond (Booe et al., 

2015). This disulphide bond is one of three conserved disulphide interactions present across all class 

B GPCR ECDs. Consistent with my results, previous mutagenesis work shows that interfering with 

these bonds affects both cell surface expression and cAMP signalling in other class B GPCRs (Gaudin 

et al., 1995; Perlman et al., 1995; Vilardaga et al., 1997). The remaining CLR mutants were expressed 

on the cell surface with similar levels to WT CLR, indicating that they did not interfere with the 

CLR:RAMP interaction, nor the overall stability of the receptor complex. 

3.5.2 Mutations with CGRP specific effects 

The majority of mutations had very little effect on the cAMP signalling with any tested peptide, indicating 

that most residues in this region play only a small role in facilitating ligand interactions and receptor 

activation. However, three residues, CLR N128, V135 or L139 were important for αCGRP signalling at 

the CGRP receptor and for βCGRP signalling at the AM receptors, but had little impact on AM signalling 

at any tested receptor. As the effects tended to be ligand-specific rather than RAMP-specific, it suggests 

that the CLR linker region adopts a similar conformation regardless of the RAMP with which CLR is 

complexed. As these mutations impaired CGRP signalling but not AM signalling, it suggests that this 

portion of the receptor plays a greater role in facilitating CGRP interactions over AM interactions. In the 

recently published crystal structure of the glucagon receptor bound to an analogue of glucagon, 

residues within the equivalent position of the linker region were shown to make direct contacts with the 

peptide (Zhang et al., 2018a), suggesting that this region can be directly involved in ligand binding. 

In the crystal structure of the CLR:RAMP1 ECD bound to an αCGRP analogue published by Booe et 

al. (2015), the nitrogen side chain of CLR N128 is predicted form a polar bond with a hydrogen on 

αCGRP T30 (this residue is conserved in βCGRP). In the AM35-52 bound CLR:RAMP2 ECD structure 

from the same paper, CLR N128 is in close proximity to AM35-52 R44, but there is no hydrogen bonding. 

As CGRP loses a polar bond but AM does not, this could explain why potencies are decreased only 

when using CGRP as a ligand. N128 is conserved as N135 in CTR, and in the model published by 

Johansson et al. (2016) this residue forms multiple polar bonds with salmon CT (sCT) R24 and T25, of 

which T25 is conserved as T30 in α and βCGRP. αCGRP T30 has previously been shown to be 

important for binding, as substituting this residue with serine causes a reduction in CGRP affinity for 

SK-N-MC cells (Watkins et al., 2013b), and changing the residue to alanine interfered with binding to 

the CGRP receptor ECD (Moad & Pioszak, 2013). Thus, this combined evidence suggests CLR N128 

interacts with αCGRP and βCGRP T30 to enhance ligand affinity for the receptor. 

In the AM1 receptor model presented by Watkins et al. (2016), CLR V135 is 6-7 Å away from AM15-52 

V41 and A44, and in the AM2 receptor model from the same publication, V135 is 8-10 Å from the nearest 

AM15-52 residue, which may explain why AM was not affected by this mutation. The mutation from valine 

to alanine involves the removal of only two methyl groups, as such it is interesting that CGRP 

experiences such a large reduction in potency with this mutation. In the crystal structure of the 

CGRPmut bound CGRP receptor ECD presented by Booe et al. (2015), V135 forms polar interactions 

with the backbone nitrogen of CLR H132, however as V135 is one of the last residues captured in the 
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structure, there are potentially other interactions further down CLR or CGRP which have been missed. 

In the CGRP receptor model by Woolley et al. (2017) V135 is within 4 A° of αCGRP residues R11, S17 

and R18, and is positioned in such a way that it sits in a groove created by the two arginine residues. 

Previous work has shown that R11 and R18 are important for αCGRP affinity for the CGRP receptor; 

alanine substitution of one arginine is tolerable, but a double substitution of these residues results in a 

100-fold decrease in CGRP affinity in SK-N-MC cells (Poyner et al., 1998). Regardless of the reason, 

V135 is clearly important for CGRP signalling. It may be important as a CLR:CGRP interaction point, 

as part of an activation pathway, or it may play a role in properly orientating CGRP to allow it to interact 

with the receptor.  

CLR L139 is not presently covered by crystal structures of AM or CGRP receptor ECDs, as such all 

inferences must be based on homology modelling and sequence alignments. In the CGRP receptor 

model presented by Woolley et al., (2017), CLR L139 is directed away from both RAMP1 and CGRP, 

and towards the juxtamembranous tip of TM2 and the base of ECL1. The region surrounding ECL1 has 

been shown to be important for stimulating a signalling response, and the structure of the region is 

thought to be constrained by the presence of large hydrophobic residues (Barwell et al., 2011; Watkins 

et al., 2016). It is not clear whether CGRP actually makes contact with this portion of ECL1, or whether 

residues in this region are required to maintain the correct receptor structure, but ECL1 has been 

reported to be important for both αCGRP signalling and AM signalling (Barwell et al., 2012; Watkins et 

al., 2016). Previous mutation work has shown that alanine mutagenesis of CLR L195 (located at the 

junction of TM2 and ECL1, oriented towards TM1) decreased the potency of αCGRP at the CGRP 

receptor to a similar magnitude as seen in my experiments using αCGRP at receptors comprised of 

CLR L139A (Barwell et al., 2011). This suggests that these two residues (L139 and L195) may play a 

similar role in receptor activity. Although L139 has a similar orientation in the AM receptor models as it 

does in the CGRP receptor model, mutating this residue to alanine had only small effects on AM 

signalling across all CLR based receptors. It is tempting to say CGRP may interact with a hydrophobic 

patch on CLR TMs 1, 2, and ECL1, while AM interacts with the CLR TM2 and ECL1, but not TM1, 

however further studies are necessary to confirm this. 

3.5.3 Conclusion 

In conclusion, it appears that the majority of residues in the CLR linker could tolerate alanine substitution 

with little to no effect on cAMP signalling or cell surface expression. As there were no effects on basal 

cAMP production, it would appear that the substitution of individual residues within the linker region 

does not influence the basal activation state of the receptor. As a number of residues were important 

for CGRP binding and signalling, it indicates that the linker plays a role in facilitating peptide binding. 

However, these residues had much smaller effects on AM mediated signalling relative to CGRP 

mediated signalling, providing evidence that CGRP and AM adopt different conformations when 

interacting with CLR, with CGRP forming closer contacts with the linker region than AM.  

3.5.4 Addendum 

Re-interpreting my data using the cryo-EM structure of αCGRP bound to the CGRP receptor offers 

novel insight into my findings (Liang et al., 2018a). All of the residues which I identified as important for 
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CGRP stimulated cAMP production but not AM stimulated cAMP production (CLR N128, V135, L139) 

project directly towards CGRP. These residues are in close proximity to a number of residues on CGRP 

(Figure 3.30), namely CGRP T30 and V32 (CLR N128), CGRP V23 (CLR V135), CGRP S19 (CLR 

V135 and L139), and CGRP L16 (CLR L139). A number of these CGRP residues have previously been 

shown to be important for signalling (Simms et al., 2018) or binding (Carpenter et al., 2001; Rist et al., 

1998) showing agreement with the published structure and going some ways to explain my results. 

Future structures of AM bound to CLR:RAMP complexes will further aid our understanding as to why 

the linker region was more important for CGRP-mediated signalling relative to AM-mediated signalling. 

 

Figure 3.30 Structural depiction of residues in the CLR linker region which had CGRP specific effects, 

and the residues on αCGRP within 4 Å of these residues. Structure from (Liang et al., 2018a). CLR is 

grey, RAMP1 is pink, and CGRP is green. Residues of interest have been shown in stick format. Dashed 

green lines are residues that were not captured at a high resolution, and thus have been omitted from 

the file deposited in the protein database (pdb accession code 6E3Y). 

I had previously hypothesised that the low CSE associated with CLR F142A and CLR L144A was due 

to loss of bulky hydrophobic interactions with TM2 and TM7. This idea still stands; the cryo-EM structure 

shows that F142 interacts with a pocket on the juxtamembranous tip of TM2 (comprised of CLR residues 

L195, T196, and N200) while L144 sits in a hydrophobic pocket at the juxtamembranous tip of TM7 

(comprising CLR Y367, H370, I371, H374, and F375, Figure 3.31). Loss of these interactions due to 

alanine mutagenesis of F142 or L144 may reduce the overall stability of the receptor, leading to reduced 

CSE. I also previously inferred that the reduction in CSE associated with the CLR N140A mutation was 

due to loss of a critical CLR-RAMP interaction. The cryo-EM structure indicates that this is surely not 

the case, as we now know that RAMP1 interacts with CLR along TMs 3, 4, and 5 rather than TMs 1 and 

7 as predicted by older models. This makes the loss of CSE associated with CLR N140A more difficult 
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to explain. The deposited structure captures a polar interaction between the nitrogen on the N140 

sidechain and the backbone oxygen on CLR K136 (Figure 3.31). It could be that this polar bond is 

critical in maintaining the structural integrity of the receptor, with the loss of this bond leading to an ill-

formed receptor complex. Mutating CLR K136 to alanine would not interfere with the presence of this 

bond, which could explain why the CLR K136A mutant did not also experience a similar loss of CSE. 

Thus, the combination of my mutation data and the cryo-EM structure has shed insight onto the role of 

residues in the linker region. 

 

Figure 3.31 Structural depiction of residues in CLR which had large effects on CSE, and proposed 

mechanisms for their importance. Structure from Liang et al. (2018a). CLR is shown in grey, RAMP1 in 

pink, and CLR residues which were important for CSE coloured red. Dashed grey lines are residues 

that were not captured at a high resolution, and thus have been omitted from the deposited file deposited 

in the protein database (pdb accession code 6E3Y). CLR F142, L144, and residues within 4 Å of these 

residues shown in dot format. CLR K136 and N140 are shown in stick format, with dashed yellow lines 

representing polar bonds. 

A limitation with this work is that I only measured cAMP production downstream of ligand stimulation. 

Recent work has shown that the linker region plays a differential role in the propagation of ERK 

phosphorylation relative to cAMP production in CTR (Dal Maso et al., 2018; dal Maso et al., 2019; Lei 

et al., 2018). It is possible that had I measured ERK phosphorylation in addition to cAMP production I 

would have also seen differential effects of mutations, however this was not explored. Given that this 

new structure that was published shortly after the completion of this chapter, additional mutagenesis 

was not carried out and a different approach was taken for the remaining chapters. This new approach 

was based on the idea of understanding the different types of bias encoded by this receptor system (for 

a summary of different types of signalling bias in the GPCR system, see page 14). 
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4 Signalling of endogenous ligands in a transfected cell-

line. 

An emerging topic in the field of GPCR research is that of biased signalling. Individual GPCRs are now 

known to signal through multiple signalling pathways, with different ligands being able to activate 

different complements of intracellular signalling pathways (Kenakin, 2018). Individual pathways have 

been tentatively linked to mediating different physiological effects of GPCR activation. This 

phenomenon occurs in physiological systems (Furness et al., 2018; Kenakin, 2018; Kohout et al., 2004; 

Sattikar et al., 2017). 

It is thought that signalling bias can be exploited to create drugs with improved clinical utility over 

endogenous hormones, as it allows for drugs which maximise the desired therapeutic outcome and 

minimise on-target side-effects. An example of this is YIL781, a compound which acts at the ghrelin 

receptor with partial agonism through some pathways and inverse agonism through others, which is 

being investigated as an appetite suppressor that does not elicit the nausea associated with other 

therapies in the field (Mende et al., 2018). Thus, biased signalling offers a novel approach to developing 

clinically relevant drugs. However, this biased drug discovery process is not straightforward, with many 

biased drugs failing to progress through clinical trials. Failed drugs include TRV027, an agonist of the 

angiotensin II type 1 receptor, which although displaying a biased profile in vitro did not display clinical 

efficacy in vivo (Pang et al., 2017), and TRV130, a biased agonist of the μ-opioid receptor which was 

originally reported to stimulate analgesia without causing addiction, nausea, or respiratory depression 

(DeWire et al., 2013; Ok et al., 2018), but has since been reported to display comparable addictive 

qualities to other μ-opioid agonists (Austin Zamarripa et al., 2018). 

In theory, AM offers utility in a variety of clinical settings, however, at present it has not made the leap 

from laboratory target to clinically used therapeutic. A possible way to facilitate this leap is to harness 

signalling bias to develop a molecule which retains the beneficial effects of AM, such as its promotion 

of vascular integrity, while avoiding its negative side-effects, such as excessive vasodilation (Geven et 

al., 2018a; Xie et al., 2018). In order to progress towards a biased drug, we must first have an 

understanding of which pathways are activated by AM. AM has been shown to signal through a number 

of pathways in vivo and in vitro as highlighted in Table 4.1.  
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Table 4.1 Signalling pathways regulated by AM, and their tentative physiological effects. 

Pathway Potential Physiological Effect Reference 

cAMP accumulation Vascular tone control (Ishizaka et al., 1994) 
ERK phosphorylation Proliferation, apoptosis, cell-cell adhesion 

through regulating the actin cytoskeleton 
(Fritz-Six et al., 2008) 

CREB phosphorylation Cellular differentiation, proliferation, apoptosis (Zhang et al., 2010) 
Akt phosphorylation Proliferation, survival, potentiation of NO (Nishimatsu et al., 2001; 

Pan et al., 2007) 
Ca2+ influx Vascular tone control (Kanehisa et al., 2016; 

Kanehisa et al., 2017) 
NO Vascular tone control, possibly through 

stimulating production of cGMP 
(Hayakawa et al., 1999; 
Shimekake et al., 1995) 

cGMP Vascular tone control (Hayakawa et al., 1999) 
IP1 Vasodilation, anti-vasoconstriction (Parameswaran et al., 

2000a; Shimekake et al., 
1995) 

AM is a complicated target due to its ability to activate three pharmacologically distinct receptors, the 

CGRP receptor, the AM1 receptor, and the AM2 receptor. This is especially pertinent given that in many 

of the studies highlighted in the Table 4.1 no receptor has been conclusively defined, meaning that we 

do not know which receptor is responsible for the signalling response and physiological effect seen with 

AM in each case. This knowledge gap is important because we do not know whether each receptor is 

actually able to stimulate the full repertoire of signalling molecules reported to be activated by AM, or 

whether different receptors have different signalling profiles. 

The three AM-responsive receptors all share the common class B GPCR, CLR, in combination with one 

of three RAMPs. RAMPs are thought to alter the structure of CLR allosterically to influence its binding 

and signalling capabilities. This alteration to receptor structure is well defined with reference to the ECD, 

but is also thought to occur across the whole of CLR, influencing the structure of ECLs, TM domains, 

and the intracellular landscape (Booe et al., 2015; Kusano & Yokoyama, 2013; ter Haar et al., 2010; 

Watkins et al., 2016; Weston et al., 2016; Woolley et al., 2017). RAMPs have also been shown to 

regulate the ability of G proteins to interact with CLR (Weston et al., 2016), and to determine receptor 

fate following internalisation (Bomberger et al., 2005b). Complicating matters is that AM is not the only 

endogenous ligand of these receptors; the structurally related AM2, αCGRP, and βCGRP are also all 

able activate all three CLR based receptors. While the cAMP signalling potencies of each peptide at 

each receptor are well defined (Hay et al., 2018a), pharmacological investigations into other pathways 

is more limited. Weston et al., (2016) provided insight into the ability of AM, AM2, and αCGRP to initiate 

G protein coupling at each of the three CLR-based receptors, however we have less knowledge about 

how this coupling goes on to activate signalling cascades, or about the other intracellular proteins which 

may interact with the receptors. Additionally, it has recently come to light that not only do different 

ligands stabilise different receptor conformations following binding, these different receptor 

conformations can be propagated through to the effector molecules which interact with the receptor. 

Conformational coding of effector proteins is thought to be an important mechanism regulating signal 

propagation (Furness et al., 2016; Kenakin, 2019; Peterson & Luttrell, 2017; Santos et al., 2015). Thus 

when investigating the signalling of CLR based receptors, it is imperative characterise all endogenous 

ligands through a number of signalling pathways.  
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This chapter posed the following question – are there differences in the signalling profiles of CLR-based 

receptors? To answer this, I sought to characterise AM, AM2, αCGRP and βCGRP at defined CGRP, 

AM1, and AM2 receptors in Cos7 cells. Cos7 cells were used as they do not endogenously express 

CLR, CTR, or RAMPs (Bailey & Hay, 2006; Bailey et al., 2019). Additionally, the three CLR-based 

receptors are expressed on the surface of Cos7 cells at similar levels (Figure 3.2), which is important 

because receptor expression levels can influence the activation of signalling pathways (Gibson et al., 

2013). Based on Table 4.1, the pathways selected for investigation were cAMP accumulation, ERK1/2 

phosphorylation (T202/Y204), CREB phosphorylation (S133), Akt phosphorylation (S473), and IP1 

accumulation. IP1 accumulation was used as a measure of Gαq activation. Akt phosphorylation was 

measured on S473 because this residue is reported to be phosphorylated in response to AM stimulation 

in cells which endogenously express AM receptors (Iring et al., 2019; Okumura et al., 2004). Although 

previous studies have used Ca2+ assays for this purpose (Weston et al., 2016), measuring IP1 has a 

number of advantages over Ca2+ flux assays, such as being more robust, and being able to record 

measurements when ligands and receptors are in binding equilibrium (Bdioui et al., 2018). Cos7 cells 

lack endogenous expression of NO synthases (Datar et al., 2010; Nishida et al., 1992), and guanylate 

cyclase (Harteneck et al., 1990), therefore NO and cGMP have not been explored in this system. 

Throughout this chapter, efforts were made to use similar stimulation durations across the different 

concentration-response experiments in order to minimise temporal factors that can influence the 

apparent bias of compounds (Klein Herenbrink et al., 2016) 

I first conducted time-course experiments for each receptor/pathway combination. Following this, 

concentration-response curves were then generated for each pathway/receptor combination. In each 

experiment the four peptides were tested on each plate (peptides were randomly assigned to locations 

on the plate). This essentially created a paired experimental design as each independent experiment 

included a reference ligand as a control. Findings are summarised in Table 4.7. In this chapter, 

experiments involved four peptides being tested on a single plate. Because these peptides were always 

tested together the results of all peptides were linked. This experimental design meant that results were 

best analysed using repeated-measures one-way ANOVA. Throughout this chapter, pEC50 values were 

analysed using one-way ANOVA with post-hoc Dunnett’s test. Emax values were analysed by log-

transforming the raw Emax values and then using repeated measures one-way ANOVA with post-hoc 

Dunnett’s test (GraphPad Software, 2019). In both cases, ligands were compared to a reference ligand 

(αCGRP at the CGRP receptor, AM at the AM1 and AM2 receptors). Additionally, these data were 

analysed using the operational model of agonism. From fitting this model I derived the affinity (log KA), 

efficacy (log τ), and transduction coefficient (log (τ/KA)) of ligands at different pathways and receptors. 

These data were also analysed using repeated measures one-way ANOVA with post-hoc Dunnett’s 

test, comparing each tested ligand to a reference ligand. For further information on this analysis 

approach, see Sections 2.7.3 and 2.7.4.  
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4.1 cAMP accumulation 

4.1.1 cAMP time-course 

The results showed that there was a strong signal at five minutes and that this signal was sustained 

until the 45 minute point (Figure 4.1). The sustained signal is likely due to the presence of IBMX in the 

assay media, which inhibits phosphodiesterase activity within the cell, prolonging the lifespan of 

intracellular cAMP. Signalling profiles were similar across all receptors. Peak response occurred 

between 5 and 15 minutes. Previous lab experience indicated that 15 minutes was appropriate for cAMP 

experiments, thus this time-point was selected as the stimulation duration for subsequent concentration-

response assays. 

 

Figure 4.1 Combined normalised time-course experiments for cAMP production stimulated by A) 1 µM 

αCGRP at the CGRP receptor, B) 1 µM AM at AM1 receptor or C) 1 µM AM at the AM2 receptor in Cos7 

cells.  Values are the mean ± SEM of 3 independent experiments. Significance determined using a two-

way ANOVA with Bonferonni’s multiple comparisons test comparing the means of ligand and media 

response at each time-point. * represents a significant (p < 0.05) difference between ligand and media 

responses. Statistical analysis not performed for forskolin data.  
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4.1.2 cAMP concentration-response curves 

cAMP was produced in response to all ligands at all receptors. At the CGRP receptor the relative 

potency order was βCGRP ≥ αCGRP > AM2 = AM; all tested peptides were full agonists at this receptor 

(Figure 4.2 A). At the AM1 receptor the relative potency order was AM ≥ AM2 > βCGRP ≥ αCGRP. At 

this receptor AM2 and αCGRP were partial agonists relative to AM (Figure 4.2, Table 4.2). At the AM2 

receptor the relative potency order was AM = AM2 > βCGRP ≥ αCGRP. αCGRP was a partial agonist 

relative to AM at this receptor (Figure 4.2 B, Table 4.2). Differences were also quantified using 

transduction coefficients (Δlog (τ/KA) values). Using these values, βCGRP was significantly more active, 

and AM and AM2 significantly less active than αCGRP at the CGRP receptor. AM2, αCGRP and 

βCGRP were less active than AM at the AM1 receptor. AM and AM2 were equally efficacious at the 

AM2 receptor, while αCGRP and βCGRP were less efficacious than AM at the AM2 receptor (Figure 

4.15 C). 

 

Figure 4.2 Combined normalised concentration-response curves for cAMP production stimulated by 

AM, AM2, αCGRP, and βCGRP at the A) CGRP, B) AM1 and C) AM2 receptors in Cos7 cells. Data are 

the mean ± SEM of five independent experiments performed in triplicate. 
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4.1.3 cAMP summary 

Table 4.2 Summary of pEC50 and Emax values for cAMP production at the CGRP, AM1 and AM2 

receptors in Cos7 cells.

 CGRP Receptor AM1 Receptor AM2 Receptor 
 pEC50 Emax  pEC50 Emax  pEC50 Emax 

AM 8.10 ± 0.14* 87.6 ± 5.74 9.30 ± 0.13 100 9.48 ± 0.09 100 
AM2 8.45 ± 0.14* 95.2 ± 11.8 8.50 ± 0.05* 65.3 ± 2.90* 9.18 ± 0.08 102 ± 5.04 

αCGRP 9.46 ± 0.12 100 6.70 ± 0.03* 72.0 ± 5.56* 6.91 ± 0.13* 78.4 ± 5.46* 
βCGRP 10.00 ± 0.07* 104 ± 9.72 7.34 ± 0.09* 108 ± 12.7 7.75 ± 0.12* 90.9 ± 7.25 

Values are the mean ± SEM of five independent experiments performed in triplicate. Emax values in this 

table are presented as % of reference ligand Emax for ease of comparison. The activity of each ligand 

at a given receptor was compared to the activity of each other ligand at that receptor, however in this 

table differences are only shown relative to the reference ligand for each receptor (αCGRP for CGRP 

receptor, and AM at the AM1 and AM2 receptors). pEC50 data were analysed by repeated measures 

one-way ANOVA with post hoc Tukey’s test. Raw Emax data were log-transformed then analysed by 

repeated measure one-way ANOVA with post hoc Tukey’s test. * indicates a significant (p <0.05) 

difference between an individual ligand’s potency or Emax relative to the reference ligand at each 

receptor. 
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4.2 ERK Phosphorylation 

4.2.1 ERK phosphorylation time-course 

In these experiments, phosphorylation was detected using an AlphaLISA SureFire Ultra kit. For all 

receptors, ERK phosphorylation in response to peptide stimulation was evident at five minutes and 

sustained until ten minutes, after which it steadily decreased back to basal (Figure 4.3 A, B, C). Ten 

minutes was the only time-point at which peptide induced ERK phosphorylation was significantly higher 

than control at all receptors, thus 10 minutes was chosen as the stimulation time for concentration-

response experiments. 

 

Figure 4.3 Combined normalised time-course experiments for ERK phosphorylation stimulated by A) 1 

µM αCGRP at the CGRP receptor, B) 1 µM AM at the AM1 receptor, and C) 1 µM AM at the AM2 

receptor in Cos7 cells. Data are expressed as the mean ± SEM of 3-4 independent experiments. 

Significance determined using a two-way ANOVA with Bonferonni’s multiple comparisons test 

comparing the means of ligand and media response at each time-point. * represents a significant (p < 

0.05) difference between ligand and media. Statistical analysis not performed for FBS control.  
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4.2.2 ERK Phosphorylation Concentration-Response Curves 

4.2.2.1 AlphaLISA SureFire Ultra ERK phosphorylation assay 

All tested ligands were able to stimulate ERK phosphorylation at all tested receptors. At the CGRP 

receptor all peptides were equipotent, though AM was statistically a partial agonist compared to αCGRP 

(Figure 4.4 A, Table 4.3). At the AM1 receptor the potency order was AM ≥ AM2 = βCGRP ≥ αCGRP. 

There was a trend for αCGRP and βCGRP to be partial agonists at this receptor, but this was not 

statistically significant as determined by a repeated-measures one-way ANOVA performed using the 

log-transformed raw Emax values of these peptides (Figure 4.4 B, Table 4.3). At the AM2 receptor, 

αCGRP and βCGRP were partial agonists. At this receptor the relative potency order was AM = AM2 ≥ 

βCGRP ≥ αCGRP (Figure 4.4 C). Differences were also quantified using transduction coefficients (Δlog 

(τ/KA) values). Using these values, all peptides were equally active at the CGRP receptor. αCGRP and 

βCGRP were less active than AM at the AM1 receptor, there was no significant difference between AM 

and AM2 at this receptor. AM and AM2 were equally efficacious at the AM2 receptor, while αCGRP and 

βCGRP were less efficacious than AM at the AM2 receptor (Figure 4.15). 

 

Figure 4.4 Combined normalised concentration-response curves for ERK phosphorylation stimulated 

by AM, AM2, αCGRP, and βCGRP at the A) CGRP, B) AM1 and C) AM2 receptors in Cos7 cells. ERK 

phosphorylation was measured using an AlphaLISA SureFire Ultra kit. Each point represents the mean 

± SEM of five independent experiments performed in triplicate, except for αCGRP at the AM1 and AM2 

receptors which are presented as n=4. In one other experiment at each of the AM1 and AM2 receptors, 

αCGRP did not elicit measurable ERK phosphorylation.  
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4.2.2.2 CisBio HTRF pERK Assay 

The finding that all tested peptides were equipotent at the CGRP receptor goes against the currently 

accepted paradigm of receptor activation defined by cAMP signalling and ligand binding (Hay et al., 

2018a). Therefore, I repeated the experiments using αCGRP and AM with a second ERK 

phosphorylation assay to confirm that this effect was not an artefact of the AlphaLISA protocol. The 

results from the CisBio HTRF pERK assay showed that there was no significant difference in the 

potency of αCGRP and AM, with peptides having pEC50 ± SEM of 8.26 ± 0.16 and 8.17 ± 0.17, 

respectively (Figure 4.5 B, n=3 for both peptides). The results shown in Figure 4.5 A are the same 

results presented in Figure 4.4 A, but have been presented again here to facilitate easy comparison 

between the AlphaLISA and CisBio experiments. 

 

Figure 4.5 Combined normalised concentration-response curves for ERK phosphorylation stimulated 

by AM and αCGRP at the CGRP receptor in Cos7 cells. ERK phosphorylation was measured using 

either A) AlphaLISA assay, or B) CisBio HTRF assay. Data are the mean ± SEM of five (AlphaLISA) or 

three (CisBio) independent experiments performed in triplicate. 

  



 

108 
 

4.2.2.3 HEK293S cell-line 

To further confirm the findings that all tested peptides were equipotent at stimulating ERK 

phosphorylation at the CGRP receptor, a second cell-line was used, namely, HEK293S cells. Cells 

stimulated with peptide for 10 minutes to keep results comparable to Cos7 cells. ERK phosphorylation 

was detected using an AlphaLISA SureFire Ultra kit as in Section 4.2.2.1. In the HEK293S cells, the 

rank order of potency was αCGRP ≥ AM2 = AM = βCGRP, with pEC50 values (± SEM) being 9.40 ± 

0.12, 8.76 ± 0.24, 8.66 ± 0.29, and 8.49 ± 0.19 respectively (Figure 4.6 B, n=4 for all peptides). αCGRP 

was significantly more potent than all other tested peptides as determined by a repeated measures one-

way ANOVA with Tukey’s post hoc test. All peptides were full agonists in these experiments. The results 

shown in Figure 4.6 A are the same results presented in Figure 4.4 A, but have been presented again 

here to facilitate easy comparison between the Cos7 and HEK293S experiments. 

 

Figure 4.6 Combined normalised concentration-response curves for ERK phosphorylation stimulated 

by AM, AM2, αCGRP or βCGRP at the CGRP receptor in A) Cos7 cells, or B) HEK293S cells. Cells 

were stimulated for 10 minutes, and ERK phosphorylation measured using an AlphaLISA assay. Data 

are the mean ± SEM of four (HEK293S) or five (Cos7) independent experiments performed in triplicate. 
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4.2.3 ERK phosphorylation summary 

Table 4.3 Summary of pEC50 and Emax values for ERK phosphorylation measured using an AlphaLISA 

SureFire Ultra protocol at the CGRP, AM1, and AM2 receptors in Cos7 cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 pEC50 Emax  pEC50 Emax  pEC50 Emax  
AM 8.57 ± 0.19 76.2 ± 12.9* 9.67 ± 0.24 100 8.98 ± 0.11 100 
AM2 8.68 ± 0.20 80.9 ± 10.1 8.75 ± 0.26 81.3 ± 12.3 8.96 ± 0.10 85.8 ± 6.52 

αCGRP 8.80 ± 0.16 100 7.57 ± 0.60* 69.4 ± 24.4 7.46 ± 0.20* 48.1 ± 13.9* 
βCGRP 8.55 ± 0.19 111 ± 12.3 8.25 ± 0.41* 64.8 ± 11.8 8.14 ± 0.14* 45.2 ± 4.19* 

Values are the mean ± SEM of five independent experiments performed in triplicate, except for αCGRP 

at the AM1 and AM2 receptors which is presented as n=4. There was one other experiment at each 

receptor in which αCGRP did not produce a measurable response and thus no curve could be fit to the 

obtained data. Emax values are presented in this table as a percentage of the reference ligand Emax for 

ease of comparisons (αCGRP for CGRP receptor, AM at the AM1 and AM2 receptors). The activity of 

each ligand at a given receptor was compared to the activity of each other ligand at that receptor, 

however in this table differences are only shown relative to the reference ligand for each receptor 

(αCGRP for CGRP receptor, and AM at the AM1 and AM2 receptors). pEC50 data for the CGRP receptor 

was analysed by repeated measure one-way ANOVA followed by a post hoc Tukey’s test. pEC50 data 

for the AM1 receptor and AM2 receptors were analysed using a repeated measure mixed-effects model 

with post hoc Tukey’s test (this analysis was used as repeated measures one-way ANOVA cannot be 

used if a data points are not equal across the data set). Raw Emax data were log-transformed then 

analysed by repeated measure one-way ANOVA followed by a post hoc Tukey’s test (CGRP receptor) 

or with a mixed effects model with post hoc Tukey’s test (AM1 and AM2 receptors). * indicates a 

significant (p <0.05) difference between an individual ligand’s potency or Emax relative to the reference 

ligand at each receptor.  
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4.3 CREB Phosphorylation 

4.3.1 CREB phosphorylation time-course 

In these experiments CREB phosphorylation was measured using an AlphaLISA SureFire Ultra kit. At 

all three receptors significant CREB phosphorylation was evident at 5 minutes, with signal peaking 

between 7 and 10 minutes. The phosphorylation was then maintained at a small but often significant 

level for the duration of the time-course (Figure 4.7). IBMX was not present in the media, meaning that 

the sustained response was independent of phosphodiesterase inhibitors. To keep results comparable 

to experiments measuring ERK phosphorylation, 10 minutes was chosen as the stimulation duration for 

subsequent concentration-response experiments.  

 

Figure 4.7 Combined normalised time-course of CREB phosphorylation stimulated by A) 1 µM αCGRP 

at the CGRP receptor B) 1 µM AM at the AM1 receptor, or C) 1 µM AM at the AM2 receptor in Cos7 

cells. Data are the mean ± SEM of three independent experiments performed in duplicate or triplicate. 

Significance was determined using a two-way ANOVA with Bonferonni’s multiple comparisons test 

comparing the means of ligand and media at each time-point. * represents a significant (p < 0.05) 

difference between ligand and media. No statistical testing was performed on the forskolin response.  
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4.3.2 CREB phosphorylation concentration-response curves 

4.3.2.1 AlphaLISA SureFire Ultra CREB phosphorylation assay 

All four peptides could induce CREB phosphorylation at all three receptors. The rank order of potency 

for CREB phosphorylation at the CGRP receptor was βCGRP = αCGRP > AM2 = AM (Figure 4.8 A, 

Table 4.4). At the AM1 receptor the rank order of potency was AM ≥ AM2 > βCGRP = αCGRP (Figure 

4.8 B, Table 4.4). The rank order of potency at the AM2 receptor was AM = AM2 > βCGRP ≥ αCGRP. 

There was a trend for βCGRP to be a partial agonist at this receptor (Figure 4.8 C, Table 4.4). 

Differences were also quantified using transduction coefficients (Δlog (τ/KA) values). Using these 

values, there were no significant differences between αCGRP and either AM2 or βCGRP, but AM was 

a significantly weaker agonist than αCGRP. αCGRP and βCGRP were less active than AM at the AM1 

receptor, but AM2 was not significantly different from AM. AM and AM2 were equally efficacious at the 

AM2 receptor, while αCGRP and βCGRP were less efficacious than AM at the AM2 receptor (Figure 

4.15). 

 

Figure 4.8 Combined normalised concentration-response curves for CREB phosphorylation stimulated 

by AM, AM2, αCGRP, and βCGRP at the A) CGRP receptor, B) AM1 receptor and C) AM2 receptor in 

Cos7 cells. CREB phosphorylation was measured using an AlphaLISA SureFire Ultra kit. Data are the 

mean ± SEM of five independent experiments performed in triplicate.
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CisBio HTRF CREB phosphorylation assay 

To make sure the results from the AlphaLISA SureFire Ultra protocol were reproducible, a second 

CREB phosphorylation assay was used. The rank order of potencies for CREB phosphorylation at the 

CGRP receptor as measured by a CisBio HTRF protocol was βCGRP = αCGRP > AM2 = AM. The 

pEC50 ± SEM for these peptides were 10.2 ± 0.2, 9.8 ± 0.27, 8.97 ± 0.33, and 8.65 ± 0.11 respectively 

(Figure 4.9 B, n=4 for all peptides). The potencies obtained using this assay were comparable to the 

AlphaLISA assay, bolstering confidence in the robust nature of AlphaLISA assays. Results from Figure 

4.9 A are reprinted from Figure 4.8 A in order to facilitate easy comparisons between the AlphaLISA 

and CisBio assays. 

 

Figure 4.9 Combined normalised concentration-response curves for CREB phosphorylation stimulated 

by AM, AM2, αCGRP, and βCGRP at the CGRP receptor in Cos7 cells. CREB phosphorylation was 

measured using an (A) AlphaLISA SureFire Ultra protocol, or (B) CisBio HTRF protocol. Data are the 

mean ± SEM of five (AlphaLISA) or four (CisBio) independent experiments performed in triplicate. 
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4.3.3 CREB phosphorylation summary 

Table 4.4 Summary of pEC50 and Emax values for CREB phosphorylation measured using an AlphaLISA 

SureFire Ultra protocol at the CGRP, AM1, and AM2 receptors in Cos7 cells..

 CGRP Receptor AM1 Receptor AM2 Receptor 
 pEC50 Emax  pEC50 Emax pEC50 Emax  

AM 7.76 ± 0.19* 91.9 ± 6.73 9.06 ± 0.28 100 9.31 ± 0.22 100 
AM2 7.86 ± 0.11* 84.4 ± 22.4 8.42 ± 0.42 84.5 ± 12.3 9.27 ± 0.29 89.6 ± 16.1 

αCGRP 9.31 ± 0.24 100 6.88 ± 0.46* 82.1 ± 14.7 6.95 ± 0.28* 72.4 ± 26.4 
βCGRP 9.83 ± 0.24 76.0 ± 13.0 7.22 ± 0.26* 103 ± 8.73 7.61 ± 0.27* 57.5 ± 10.8 

Values are the mean ± SEM of five independent experiments performed in triplicate. Emax values are 

presented in this table as a percentage of the reference ligand Emax for ease of comparisons (αCGRP 

for CGRP receptor, AM at the AM1 and AM2 receptors). The activity of each ligand at a given receptor 

was compared to the each other ligand at that receptor, however in this table differences are only shown 

relative to the reference ligand for each receptor (αCGRP for CGRP receptor, and AM at the AM1 and 

AM2 receptors). pEC50 data was analysed by repeated measure one-way ANOVA followed by a post 

hoc Tukey’s test. Raw Emax data were log-transformed then analysed by repeated measure one-way 

ANOVA followed by a post hoc Tukey’s test. * indicates a significant (p <0.05) difference between an 

individual ligand’s potency or Emax relative to the reference ligand at each receptor. 
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4.4 Akt Phosphorylation 

4.4.1 Akt phosphorylation time-course 

At the CGRP and AM2 receptors there was a rapid phosphorylation of Akt which peaked at 5 minutes 

then gradually decreased to basal levels over twenty minutes. There was no measurable induction of 

Akt phosphorylation by AM at the AM1 receptor for any time point (Figure 4.10). To keep results 

comparable to ERK and CREB phosphorylation experiments, 10 minutes was chosen as the stimulation 

time for subsequent concentration-response experiments. There was no statistically significant 

difference between the response at 5 minutes and 10 minutes at either the CGRP or AM2 receptor as 

determined by paired student’s t-tests, though there was a trend for a reduction in the signal over this 

time-period. 

 

Figure 4.10 Combined-normalised time-course of Akt phosphorylation stimulated by A) 1 µM αCGRP 

at the CGRP receptor B) 1 µM AM at the AM1 receptor or C) 1 µM AM at the AM2 receptor in Cos7 cells. 

Data are the mean ± SEM of 3 independent experiments performed in triplicate. Significance 

determined using a two-way ANOVA with Bonferonni’s multiple comparisons test comparing the means 

of ligand and media response at each time-point. * represents a significant (p < 0.05) difference between 

ligand and media. No statistical test performed on positive controls.  
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4.4.2 Akt phosphorylation concentration-response curves 

There was no measurable induction of Akt phosphorylation in response to any peptide at the AM1 

receptor (Figure 4.11 B). The potency rank order at the CGRP receptor was βCGRP = αCGRP > AM2 

= AM; both AM and AM2 were partial agonists at this receptor (Figure 4.11 A). Only AM and AM2 were 

able to induce measurable Akt phosphorylation at the AM2 receptor. These peptides were equipotent 

at this receptor, though AM2 was a partial agonist relative to AM (Figure 4.11 C, Table 4.5). Differences 

were also quantified using transduction coefficients (Δlog (τ/KA) values). Using these values αCGRP 

and βCGRP were equally efficacious at the CGRP receptor, while AM and AM2 were significantly 

weaker agonists at the same receptor. AM and AM2 were equally efficacious at the AM2 receptor 

(Figure 4.15). 

 

Figure 4.11 Combined normalised concentration-response curves for Akt phosphorylation stimulated 

by AM, AM2, αCGRP, and βCGRP at the A) CGRP, B) AM1 and C) AM2 receptors in Cos7 cells. Data 

are expressed as the mean ± SEM of four (AM1 receptor) or five (CGRP and AM2 receptors) 

independent experiments performed in triplicate.  
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4.4.3 Akt phosphorylation summary 

Table 4.5 Summary of pEC50 and Emax values for Akt phosphorylation at the CGRP, AM1, and AM2 

receptors in Cos7 cells.

 CGRP Receptor AM1 Receptor AM2 Receptor 
 pEC50 Emax  pEC50 Emax  pEC50 Emax  

AM 6.50 ± 0.21* 54.8 ± 10.1* <6 NC 7.90 ± 0.12 100 
AM2 6.96 ± 0.18* 41.5 ± 0.39* <6 NC 8.00 ± 0.10 51.6 ± 4.92* 

αCGRP 7.68 ± 0.17 100 <6 NC <6 NC 
βCGRP 7.98 ± 0.11 93.3 ± 3.80 <6 NC <6 NC 

Values are the mean ± SEM of five independent experiments performed in triplicate. Emax values are 

presented in this table as a percentage of the reference ligand Emax for ease of comparisons (αCGRP 

for CGRP receptor, AM at the AM2 receptor). CGRP receptor pEC50 data analysed using repeated 

measures one-way ANOVA with post hoc Tukey’s test, AM2 receptor pEC50 data analysed using a 

paired student’s t-test. For the CGRP receptor, raw Emax data were log-transformed then analysed by 

repeated measure one-way ANOVA followed by a post hoc Tukey’s test, while for the AM2 receptor, 

Emax values were analysed using a ratio paired t-test. Significance is shown relative to the reference 

ligand at each receptor. NC used where no curve could be fit to the data. * represents a significant 

difference between an individual ligand and the reference ligand at a given receptor, p < 0.05. 
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4.5 IP1 

4.5.1 IP1 time-course 

There was no measurable IP1 production in response to 1M AM above media control at the AM1 and 

AM2 receptors. At the CGRP receptor, 1 M of CGRP caused a slow increase in IP1 accumulation 

which plateaued at 120 minutes (Figure 4.12). As such, 120 minutes was chosen for concentration-

response experiments. Calcitonin at the CTR was included as a positive control for these experiments 

as previous data shows that this combination produces a robust signalling response (Bower et al., 2018) 

and no other positive control could be found. 

 

Figure 4.12 Combined normalised time course of IP1 production stimulated by A) 1 µM αCGRP at the 

CGRP receptor B) 1 µM AM at the AM1 receptor or C) 1 µM AM at the AM2 receptor in Cos7 cells. Data 

are the mean ± SEM of 3 independent experiments performed in triplicate. Significance determined 

using two-way ANOVA with Bonferonni’s multiple comparisons test comparing the means of ligand and 

media response at each time-point. * represents a significant (p < 0.05) difference between ligand and 

media.  
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4.5.2 IP1 concentration-response curves 

AM and AM2 did not elicit any IP1 response at the CGRP receptor. βCGRP was more potent than 

αCGRP at the CGRP receptor; βCGRP also had a higher Emax than αCGRP (Figure 4.13 A, Table 4.6). 

Given the lack of IP1 accumulation in time-course experiments, a truncated concentration range was 

used at the AM1 and AM2 receptors. There was no response to any peptide at the AM1 or AM2 receptors 

with concentrations as high as 10 µM (Figure 4.13 B, C). Differences were also quantified using 

transduction coefficients (Δlog (τ/KA) values). Using these values, βCGRP was significantly more active 

than αCGRP at the CGRP receptor (Figure 4.15). 

 

Figure 4.13 Concentration-response curves for IP1 production in response to AM, AM2, αCGRP or 

βCGRP at the A) CGRP receptor, B) AM1 receptor, and C) AM2 receptor in Cos7 cells. Data points 

presented as the mean ± SEM of 3 (AM1 and AM2 receptors) or 5 (CGRP receptor) independent 

experiments performed in triplicate. 
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4.5.3 IP1 summary 

Table 4.6. Summary of pEC50 and Emax values for IP1 production at CLR based receptors stimulated by 

AM, AM2, αCGRP and βCGRP.

 CGRP Receptor AM1 Receptor AM2 Receptor 

 pEC50 Emax  pEC50 Emax  pEC50 Emax  
AM <5 NC <5 NC <5 NC 

AM2 <5 NC <5 NC <5 NC 
αCGRP 6.40 ± 0.13 100 <5 NC <5 NC 
βCGRP 7.46 ± 0.09* 138 ± 11.1* <5 NC <5 NC 

Values represent mean ± SEM of 5 independent experiments at the CGRP receptor, or 3 independent 

experiments at the AM1 or AM2 receptors. pEC50 data were analysed using a paired t-test; significance 

accepted at p < 0.05. Emax values were compared using a ratio paired t-test on the raw Emax values. 

Emax values in the table presented as % Emax of the reference ligand at each receptor for ease of 

comparison. * represents a significant difference in ligand potency or Emax relative to the reference 

ligand at a given receptor (αCGRP at the CGRP receptor). NC indicates no curve could be fit to the 

obtained data. 
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4.6 Summary 

4.6.1 Summary Table 

Table 4.7 Summary of signalling for cAMP production, ERK phosphorylation (pERK), CREB phosphorylation (pCREB), Akt phosphorylation (pAkt), and IP1 

production at the CGRP, AM1, and AM2 receptors in Cos7 cells. 

 
Peptide 

cAMP pERK pCREB pAkt IP1 

pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax pEC50 Emax 

C
G

R
P

 
R

ec
e

p
to

r AM 8.10 ± 0.14 87.6 ± 5.74 8.57 ± 0.19 76.2 ± 12.9 7.76 ± 0.19 91.9 ± 6.73 6.50 ± 0.21 54.8 ± 10.1 <5 NC 
AM2 8.45 ± 0.14 95.2 ± 11.8 8.68 ± 0.20 80.9 ± 10.1 7.86 ± 0.11 84.4 ± 22.4 6.96 ± 0.18 41.5 ± 0.39 <5 NC 

αCGRP 9.46 ± 0.12 100 8.80 ± 0.12 100 9.31 ± 0.24 100 7.68 ± 0.17 100 6.40 ± 0.13 100 
βCGRP 10.00 ± 0.07 104 ± 9.72 8.55 ± 0.19 111 ± 12.3 9.83 ± 0.24 76.0 ± 13.0 7.98 ± 0.11 93.3 ± 3.80 7.46 ± 0.09 138 ± 11.1 

A
M

1
 

R
ec

e
p

to
r AM 9.30 ± 0.13 100 9.67 ± 0.24 100 9.06 ± 0.28 100 <6 NC <5 NC 

AM2 8.50 ± 0.05 65.3 ± 2.90 8.74 ± 0.26 81.3 ± 12.3 8.42 ± 0.42 84.5 ± 12.3 <6 NC <5 NC 
αCGRP 6.70 ± 0.03 72.0 ± 5.56 7.76 ± 0.60 69.4 ± 24.4 6.88 ± 0.46 82.1 ± 14.7 <6 NC <5 NC 
βCGRP 7.34 ± 0.09 108 ± 12.7 8.25 ± 0.41 64.8 ± 11.8 7.22 ± 0.26 103 ± 8.73 <6 NC <5 NC 

A
M

2
 

R
ec

e
p

to
r AM 9.48 ± 0.09 100 8.98 ± 0.11 100 9.31 ± 0.22 100 7.90 ± 0.12 100 <5 NC 

AM2 9.18 ± 0.08 102 ± 5.04 8.96 ± 0.10 85.8 ± 6.52 9.27 ± 0.29 89.6 ± 16.1 8.00 ± 0.10 51.6 ± 4.92 <5 NC 
αCGRP 6.91 ± 0.13 78.4 ± 5.46 7.46 ± 0.20 48.1 ± 13.9 6.95 ± 0.28 72.4 ± 26.4 <6 NC <5 NC 
βCGRP 7.75 ± 0.12 90.9 ± 7.25 8.14 ± 0.14 45.2 ± 4.19 7.61 ± 0.27 57.5 ± 10.8 <6 NC <5 NC 

Values presented as mean ± SEM. Values derived from experiments using LANCE (cAMP), AlphaLISA (pERK, pAkt, pCREB), or CisBio (IP1) kits. NC used 

when no curve could be fit to experimental results. Emax values are presented as a percentage of the reference ligands Emax for each receptor/pathway 

combination. αCGRP was the reference ligand at the CGRP receptor, while AM was the reference ligand at the AM1 and AM2 receptors. No statistical significance 

is displayed in this table, to see tables showing these statistical tests refer to Table 4.2 through to Table 4.6.  
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4.6.2 Radial Plots 

Radial plots (or web of bias plots) are a technique used to show differences in the ability of multiple 

ligands to activate multiple signalling pathways at a given receptor. pEC50 values derived throughout 

the chapter (Table 4.7) have been presented in radial plots (Figure 4.14) to allow easy comparison 

between transduction coefficients (Figure 4.15), and bias factors (Figure 4.16). 

4.6.2.1 pEC50 values 

pEC50 values are a measure of potency, and have been reported throughout this chapter. These values 

are not dependent on a reference ligand and do not take into account differences in Emax.  

  

Figure 4.14 Radial plot of pEC50 values for all tested signalling pathways at the A) CGRP receptor, B) 

AM1 receptor, and C) AM2 receptor. Values derived from experiments performed in Cos7 cells using 

LANCE (cAMP), AlphaLISA (pERK, pAkt, pCREB), or CisBio (IP1) kits. The reference ligand at the 

CGRP receptor was αCGRP, the reference ligand at the AM1 and AM2 receptors was AM. A superscript 

letter represents a significant difference between the potencies of the tested ligand and the reference 

ligand, with a representing a difference between AM and reference, b representing a difference between 

AM2 and reference, c representing a difference between αCGRP and reference, and d representing a 

difference between βCGRP and reference. Statistical significance was analysed as outlined in each 

corresponding pathway summary table, significance accepted at p < 0.05.   
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4.6.2.2 Transduction Ratios 

Normalised transduction ratios, or Δlog (τ/KA) values represent the ability of a ligand to activate 

signalling pathways relative to a reference ligand. These ratios take into account both potency and Emax, 

and were quantified using an operational model of agonism (van der Westhuizen et al., 2014).  

At the CGRP receptor, βCGRP was significantly more active than αCGRP through the cAMP and IP1 

pathways than αCGRP, and there was a trend for βCGRP more active than αCGRP through CREB 

phosphorylation at the same receptor. However, βCGRP had a similar signalling ability to αCGRP 

through ERK phosphorylation and Akt phosphorylation. AM and AM2 were able to stimulate ERK 

phosphorylation to the same extent as αCGRP at the CGRP receptor. For all other pathways at which 

AM and AM2 stimulated a measurable response, they were weaker than αCGRP. These differences 

were significant in all cases apart from AM2 stimulating CREB phosphorylation, where there was a trend 

for AM2 to be less active than αCGRP (Figure 4.15). 

At the AM1 receptor, αCGRP and βCGRP were significantly weaker agonists than AM at all pathways 

through which they were able to stimulate a measurable response. AM2 was significantly weaker than 

AM at the cAMP pathway, and there was a trend for it to be weaker than AM at the other pathways in 

which it elicited a measurable response. No tested peptide was able to induce measurable activation 

of Akt phosphorylation or IP1 signalling pathways at this receptor (Figure 4.15).  

At the AM2 receptor, AM and AM2 had very similar abilities to activate all pathways at which these 

peptides elicited a measurable response. αCGRP and βCGRP were significantly weaker agonists than 

AM for cAMP production, ERK phosphorylation, and CREB phosphorylation. Neither αCGRP nor 

βCGRP could induce measurable Akt phosphorylation, and no tested peptide could stimulate IP1 

signalling (Figure 4.15). 
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Figure 4.15 Summary of Δlog (τ/KA) values for all tested signalling pathways at the A) CGRP receptor, 

B) AM1 receptor, and C) AM2 receptor. Values calculated from experiments performed in Cos7 cells 

using LANCE (cAMP), AlphaLISA (pERK, pAkt, pCREB), or CisBio (IP1) kits. The reference ligand at 

the CGRP receptor was αCGRP, the reference ligand at the AM1 and AM2 receptors was AM. Δlog 

(τ/KA) values represent the mean of 4-5 independent experiments as defined in the corresponding 

summary tables for each pathway. Δlog (τ/KA) values were analysed using a repeated measures one-

way ANOVA with Dunnett’s post hoc test, except for IP1 at the CGRP receptor and Akt phosphorylation 

at the AM2 receptor, where a paired student’s t-test was used because there were only two peptides 

which were able to stimulate a measurable response at these receptors/pathways. A superscript letter 

represents a significant (p < 0.05) difference in the ability of a tested ligand to activate a pathway relative 

to the reference ligand at each receptor, with a representing a difference between reference and AM, b 

representing a difference between reference and AM2, c representing a difference between reference 

and αCGRP, and d representing a difference between reference and βCGRP.  

  

0.001

0.01

0.1

1

10

100
cAMP

pERK

pCREBpAkt

IP1

0.001

0.01

0.1

1

10

100
cAMP

pERK

pCREBpAkt

IP1

0.001

0.01

0.1

1

10

100
cAMP

pERK

pCREBpAkt

IP1

CGRP Receptor AM1 Receptor

AM2 Receptor

AM
AM2

αCGRP

βCGRP

a,b,d

aa,b

d

c,d

c,d

c,d

b,c,d

c,d

c,d



 

124 
  

4.6.2.3 Bias Factors 

Bias factors, or ΔΔlog (τ/KA) values, represent the ability of a ligand to activate signalling pathways at a 

receptor relative to a reference ligand and chosen reference pathway (van der Westhuizen et al., 2014). 

For my calculations the reference ligand was either αCGRP (CGRP receptor) or AM (AM1 and AM2 

receptors), and the reference pathway was cAMP production.  

At the CGRP receptor, AM exhibited a significant, approximately 10-fold bias towards ERK 

phosphorylation over cAMP production. At the same receptor there was a trend for AM2 to be biased 

towards ERK phosphorylation over cAMP production (approximate 6-fold bias), and for βCGRP to be 

biased towards cAMP production over ERK phosphorylation (approximate 7.5-fold bias). There was 

also a trend for βCGRP to have a modest (approximately 5-fold) bias towards IP1 accumulation over 

cAMP accumulation (Figure 4.16). 

There was no significant ligand driven bias at the AM1 receptor, though there was a trend for αCGRP 

to be marginally biased towards ERK phosphorylation over cAMP production (approximate 5-fold bias). 

It was not possible to calculate bias factors for IP1 production or Akt phosphorylation as no ligands 

induced measurable responses for these pathways (Figure 4.16) 

At the AM2 receptor αCGRP was significantly biased towards ERK phosphorylation over cAMP 

production (approximate 6-fold bias) and there was a trend for βCGRP be biased in the same manner 

(approximate 4-fold bias) but this did not reach statistical significance. AM and AM2 displayed no 

apparent bias at this receptor. AM and AM2 were able to stimulate Akt phosphorylation at this receptor, 

however, neither αCGRP nor βCGRP could elicit a measurable response. As such, no bias factors 

could be quantified for those peptide/pathway combinations. There were no IP1 responses stimulated 

by this receptor, as such no bias factors could be quantified or bias analysis could be performed for this 

pathway (Figure 4.16). 
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Figure 4.16 Summary of ΔΔlog (τ/KA) values for CGRP, AM1 and AM2 receptors in Cos7 cells. Values 

calculated from experiments using LANCE (cAMP), AlphaLISA (pERK, pAkt, pCREB), or CisBio (IP1) 

kits. αCGRP was the reference ligand at the CGRP receptor and AM was the reference ligand at the 

AM1 and AM2 receptors. ΔΔlog (τ/KA) values are the mean of 4-5 independent experiments. A value 

above one represents a bias towards the named pathway over cAMP accumulation. A superscript letter 

represents a significant (p < 0.05) difference between the Δlog (τ/KA) values of a given ligand in 

activating the named pathway relative to cAMP, a represents a difference for AM and c respresents a 

difference for αCGRP. Values analysed for using a one-way ANOVA with Dunnett’s post hoc test 

comparing the Δlog (τ/KA) values for ligand for each pathway to cAMP. 
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Table 4.8 Summary of log KA, log τ, and log (τ/KA) values for AM, AM2, αCGRP, and βCGRP stimulating cAMP production, ERK phosphorylation, CREB 

phosphorylation, Akt phosphorylation, and IP1 production at the CGRP, AM1, and AM2 receptors in transiently transfected Cos7 cells. 

 
CGRP receptor AM1 receptor AM2 receptor 

log KA log τ log (τ/KA) log KA log τ log (τ/KA) log KA log τ log (τ/KA) 

cA
M

P
 AM -7.70 ± 0.15* 0.17 ± 0.07 7.87 ± 0.14* -8.89 ± 0.13 0.23 ± 0.00 9.12 ± 0.13 -8.59 ± 0.09 0.82 ± 0.00 9.42 ± 0.09 

AM2 -7.90 ± 0.24* 0.35 ± 0.23 8.25 ± 0.15* -8.27 ± 0.04* -0.15 ± 0.03* 8.12 ± 0.06* -8.04 ± 0.16 1.08 ± 0.24 9.12 ± 0.09 
αCGRP -8.97 ± 0.12 0.32 ± 0.00 9.29 ± 0.12 -6.33 ± 0.05* -0.04 ± 0.04* 6.29 ± 0.02* -6.35 ± 0.21* 0.39 ± 0.13 6.74 ± 0.11* 
βCGRP -9.43 ± 0.15 0.41 ± 0.15 9.84 ± 0.08* -6.77 ± 0.18* 0.40 ± 0.18 7.17 ± 0.10* -6.78 ± 0.36* 0.86 ± 0.38 7.64 ± 0.11* 

p
E

R
K

 AM -8.26 ± 0.19 -0.02 ± 0.14 8.25 ± 0.20 -9.24 ± 0.24 0.22 ± 0.00 9.46 ± 0.24 -8.19 ± 0.09 0.73 ± 0.03 8.92 ± 0.12 
AM2 -8.37 ± 0.23 0.03 ± 0.10 8.40 ± 0.20 -8.73 ± 0.12 -0.02 ± 0.12 8.57 ± 0.10 -8.41 ± 0.17 0.41 ± 0.12 8.81 ± 0.10 
αCGRP -8.36 ± 0.11 0.25 ± 0.00 8.61 ± 0.11 -8.37 ± 0.63 -0.34 ± 0.21 8.03 ± 0.67* -7.43 ± 0.35 -0.40 ± 0.21* 7.03 ± 0.21* 
βCGRP -7.92 ± 0.22 0.47 ± 0.20 8.39 ± 0.22 -7.82 ± 0.52* -0.12 ± 0.09* 7.70 ± 0.47* -7.96 ± 0.15 -0.24 ± 0.06* 7.72 ± 0.15* 

p
C

R
E

B
 AM -7.44 ± 0.19* 0.04 ± 0.03 7.47 ± 0.18* -8.64 ± 0.28 0.22 ± 0.00 8.86 ± 0.28 -8.73 ± 0.22 0.44 ± 0.00 9.18 ± 0.22 

AM2 -7.51 ± 0.13* 0.03 ± 0.16 7.54 ± 0.15 -8.04 ± 0.39 0.13 ± 0.11 8.16 ± 0.46 -8.68 ± 0.37 0.38 ± 0.27 9.07 ± 0.27 
αCGRP -8.99 ± 0.24 0.05 ± 0.01 9.03 ± 0.24 -6.36 ± 0.54* 0.16 ± 0.11 6.52 ± 0.47* -7.36 ± 0.63* -0.13 ± 0.21 7.23 ± 0.46* 
βCGRP -8.59 ± 0.82 0.23 ± 0.23 8.82 ± 0.60 -6.69 ± 0.32* 0.31 ± 0.10 7.00 ± 0.24* -8.23 ± 1.05* -0.11 ± 0.15 8.12 ± 0.95* 

p
A

kt
 AM -5.91 ± 0.29 0.20 ± 0.18* 6.11 ± 0.23* NC NC NC -6.94 ± 0.10 0.92 ± 0.00 7.86 ± 0.10 

AM2 -6.49 ± 0.41 0.02 ± 0.21* 6.50 ± 0.21* NC NC NC -7.75 ± 0.09* -0.1 ± 0.09* 7.65 ± 0.08 
αCGRP -5.64 ± 0.16 2.03 ± 0.02 7.67 ± 0.17 NC NC NC NC NC NC 
βCGRP -6.52 ± 0.38 1.42 ± 0.33 7.94 ± 0.11 NC NC NC NC NC NC 

IP
1

 

AM NC NC NC NC NC NC NC NC NC 
AM2 NC NC NC NC NC NC NC NC NC 
αCGRP -5.93 ± 0.13 0.21 ± 0.06 6.14 ± 0.12 NC NC NC NC NC NC 
βCGRP -6.63 ± 0.16* 0.73 ± 0.22 7.36 ± 0.12* NC NC NC NC NC NC 

Values presented as mean ± SEM of at least 3 independent experiments (for individual n numbers, see Table 4.2 through to Table 4.6. Values derived from 

experiments using LANCE (cAMP), AlphaLISA (pERK, pAkt, pCREB), or CisBio (IP1) kits. NC used when no curve could be fit to experimental results. Values 

for each ligand were compared to values for the reference ligand using repeated-measures one-way ANOVA with Dunnett’s post-hoc test. The exceptions to 

this analysis technique were IP1 production at the CGRP receptor and Akt phosphorylation at the AM2 receptor where paired Students’ t-tests were used, and 

ERK phosphorylation at the AM1 and AM2 receptor where a repeated-measures mixed effects model was used. For the former exceptions, Students’ t-tests 

were used because only two peptides could stimulate production of the pathway at the receptor; for the latter exception a mixed effects model was used because 

there was one experiment at each receptor where αCGRP did not stimulate measurable ERK phosphorylation and ANOVA require an equal number of values 

for each peptide. αCGRP was the reference ligand at the CGRP receptor, while AM was the reference ligand at the AM1 and AM2 receptors. In all cases, an 

asterisk “*” indicates a significant (p < 0.05) difference between the named peptide and the reference ligand.
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4.7 Discussion 

This chapter sought to characterise the signalling pathways activated by CLR:RAMP complexes in 

response to a range of physiologically relevant peptides (Figure 4.14, Figure 4.16). Broadly speaking, 

patterns of ligand activation determined at individual receptors were consistent between pathways (i.e. 

a peptide that was less potent than the reference ligand through cAMP was generally weaker at all 

other tested pathways). 

4.7.1.1 ERK phosphorylation did not conform previously established signalling 

norms 

A key outlier to these established norms, and a novel finding, was that all tested peptides appeared 

equipotent at stimulating ERK phosphorylation through the CGRP receptor. This was tested in both 

Cos7 and HEK293S cells because there have been previous examples were signalling responses have 

been dependent on cell background (Udawela et al., 2006a; Weston et al., 2016). In my HEK293S 

experiments, αCGRP was significantly more potent than all other tested peptides, however, the 

obtained pEC50 values were all within 1 log-unit of αCGRP (Figure 4.6). While this is a different result 

to the one seen in Cos7 cells, it is still points towards the compression of agonist potencies at this 

receptor/pathway combination. This finding was also confirmed using a second signalling kit (Figure 

4.5). Thus, it appears that ERK phosphorylation by the CGRP receptor is regulated in a different way 

to other signalling pathways at this receptor. Taken with results from the other CLR based receptors 

which showed a smaller, but still noticeable trend for compression of potencies through ERK 

phosphorylation, it suggests that the ERK phosphorylation is regulated differently than other pathways, 

and that the mechanism behind this is possibly dependent on the suite of proteins present in the cell. 

A similar compression of agonist potencies has been reported with CTR; amylin is more potent than CT 

at stimulating cAMP production at CTR:RAMP complexes, but equipotent to CT for stimulating ERK 

phosphorylation at the same receptors (Morfis et al., 2008). Additionally, αCGRP, amylin, pramlintide, 

and CT are all equipotent at stimulating ERK phosphorylation through the CTR:RAMP1 complex while 

displaying more separation of potencies through other tested pathways (CREB phosphorylation, cAMP 

production, IP1 production). A similar, but less pronounced effect has also been noted at the 

CTR:RAMP3 complex (Bower et al., 2018; dal Maso et al., 2019; Pham et al., 2019). Thus it appears 

that RAMPs somehow compress activation by multiple different agonists into a similar ERK 

phosphorylation result. 

As the pattern of ERK phosphorylation downstream of CGRP receptor activation differed from cAMP 

production in my work, it suggests that, at least in these cells, ERK phosphorylation is dependent on 

pathways other than Gαs activation and cAMP production. This correlates well with other work showing 

that inhibition of Gαs and Gαi does not affect ERK phosphorylation downstream of CTR:RAMP complex 

activation (Morfis et al., 2008), with work showing that Gαq is at least partially involved in ERK 

phosphorylation downstream of CTR:RAMP and CLR:RAMP complex activation (Morfis et al., 2008; 

Yarwood et al., 2017), and with work showing that ERK phosphorylation is dependent on the 

internalisation of the CGRP receptor (Yarwood et al., 2017). Work using inhibitors of defined intracellular 
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pathways could therefore be used to understand the events which link CGRP receptor stimulation to 

ERK phosphorylation. Additionally, alternative activation mechanisms could be involved in mediating 

this ERK phosphorylation; transactivation of receptor tyrosine kinases, such as the epidermal growth 

factor receptor, is an established mechanism by which GPCRs can stimulate ERK phosphorylation 

(Forrester et al., 2016). 

4.7.1.2 Differences in pathway activation across CLR:RAMP complexes 

Another key finding in this chapter is that no tested peptide was able to elicit Akt phosphorylation through 

the AM1 receptor, or IP1 signalling through the AM1 or AM2 receptors. It seems unlikely that this 

observation was caused by differences in receptor expression, as the three receptors had similar fold-

basal signalling through each pathway, and ELISAs detecting the cell surface expression of each 

receptor did not find any difference in receptor levels on the cell surface (Figure 3.2). This finding is 

interesting as it suggests that RAMPs are able to control the suite of intracellular signalling molecules 

which can be activated by CLR. If this finding is upheld in physiological systems, then it could mean 

that there is bias inbuilt in the different CLR based receptors.  

4.7.1.3 AM2 as a pathway specific partial agonist of AM1 receptors 

Another interesting finding in these experiments was that AM2 appeared to be a partial agonist at the 

AM1 receptor through the cAMP pathway. Although there are many studies investigating the signalling 

of AM2 in transfected cell systems, there are only a handful which directly compare AM and AM2 at the 

AM1 receptor in side-by-side experiments. The suppressed Emax effect has been seen previously in 

transfected cell systems for both the 47 amino acid (Musa et al., 2019; Weston et al., 2016; Wunder et 

al., 2008) and 40 amino acid (Musa et al., 2019; Roh et al., 2004) forms of AM2 in HEK293 and 

HEK293S (Weston et al., 2016), CHO-K1 (Wunder et al., 2008), Cos7 (Musa et al., 2019) and HEK293T 

cells (Roh et al., 2004). In contrast, an early study reported that AM2 has a similar Emax to AM in 

transfected Cos-7 cells (Takei et al., 2004a). The source of this discrepancy is not clear, however it 

could be linked to the authors’ use of a “possible mature peptide” in their studies. As there is no more 

information given about the peptide sequence, the peptide could have been of any length (not limited 

to the commonly accepted 40 or 47 amino acid variants) making comparisons to other published 

literature difficult. Alternatively, this difference could have arisen from the transient nature of transfected 

cell systems, where receptor expression levels can vary between lab groups, individuals doing 

transfections, and replicate transfections themselves. 

In contrast, AM2 appeared to be a full agonist for CREB and ERK phosphorylation through this receptor. 

As ERK and CREB phosphorylation are likely to be an amalgamation of multiple signalling events, while 

cAMP is more directly regulated by Gαs and Gαi, it is possible that the Gαi coupling reported by Weston 

et al., (2016) explains why the Emax is supressed for cAMP production, but not other pathways. This 

could be investigated further by measuring signalling of intermediates in the cAMP – CREB cascade to 

see whether there are intermediate levels of Emax suppression. 

AM2 was also interesting due to its partial agonism of Akt phosphorylation at the AM2 receptor. This 

was the only pathway at which AM2 had a reduced Emax relative to AM at this receptor (Figure 4.11, 
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Table 4.5), though this difference did not result in a significantly different transduction coefficient or bias 

factors (Figure 4.15, Figure 4.16). This is a novel finding, as previously AM and AM2 had been 

considered equivalent at the AM2 receptor (Hay et al., 2018a), highlighting the importance of 

characterising receptors through multiple signalling pathways. 

4.7.1.4 IP1 signalling results: a comparison to the literature 

In my results, only the CGRP receptor could stimulate Gαq-mediated IP1 signalling. This is in contrast 

to a previous study using transfected HEK293 cells which found that all three CLR based receptors 

could stimulate Gαq-mediated Ca2+ flux. In this study, the three tested ligands (αCGRP, AM, and AM2) 

had similar Emax and potencies irrespective of the RAMP which was co-transfected with CLR, with 

αCGRP being the most potent ligand at all three receptors (Weston et al., 2016). A recent study reports 

that multiple commonly used HEK293 cell-lines express high levels of RAMP1 mRNA and lower levels 

of RAMP2 and CLR mRNA (Bailey et al., 2019). This 2019 study also reported that Cos7 cells 

expressed little to no mRNA for any component of this receptor family, which is similar to results from 

previous investigations (Bailey & Hay, 2006). It is possible that the HEK293 cell-line used by Weston et 

al., had endogenous RAMP1 expression, which could have interacted with the transfected CLR to 

create a functional CGRP receptor. This receptor could have been responsible for much of the reported 

Gαq-mediated Ca2+ signalling, going some way to explain why αCGRP was always the most potent 

peptide through this pathway at all CLR:RAMP combinations. Elsewhere in this paper αCGRP seemed 

more potent than expected, for instance at the AM1 receptor relative rank potency order for cAMP 

production was AM > αCGRP > AM2 as opposed to the commonly accepted AM > AM2 > αCGRP (Hay 

et al., 2018a; Weston et al., 2016). This suggests that some of the findings relating to Gαq-mediated 

signalling may have arisen from a functional CLR:RAMP1 complex being expressed by these cells. 

4.7.1.5 Conclusion 

In summary, this chapter reports the first analysis of ERK phosphorylation, CREB phosphorylation, Akt 

phosphorylation, and IP1 production at defined CLR:RAMP complexes. This chapter found that not all 

receptors were able to stimulate the full complement of signalling pathways which have been associated 

with AM activity in vivo. This chapter also found that each tested peptide had a unique signalling profile 

(Figure 4.14 and Figure 4.15), however there were very few instances of peptides themselves being 

biased (Figure 4.16). This suggests that endogenous peptides tend towards a signalling profile which 

aligns with the profile defined by cAMP accumulation. In contrast to this, I identified a small number of 

settings where peptide activity diverged from the previously accepted signalling paradigms, the most 

notable example being ERK phosphorylation through the CGRP receptor. At present we have little 

understanding of how the differences in the peptide sequence or structure drive differences in signalling 

abilities.  
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5 Structure-function relationships in AM: An alanine scan 

of the AM N-terminus 

5.1 Introduction  

Studies investigating structure-function relationships in class B GPCR ligands have provided useful 

insights into molecular determinants of ligand binding and subsequent receptor activation. These 

insights have enabled the development of tools such as fluorescently labelled peptides with WT 

pharmacology (Yule et al., 2019), peptide fragments with high affinity and efficacy (Jazayeri et al., 

2017), and peptides with improved pharmacokinetic profiles (Schönauer et al., 2016). There has been 

some investigation into the function of the AM C-terminus (Moad & Pioszak, 2013; Robinson et al., 

2009; Watkins et al., 2013a), as well as investigation into specific structures and amino acids present 

in the AM N-terminus (Fischer et al., 2018; Fischer et al., 2019; Watkins et al., 2016). However, there 

is no structure of the full-length AM, nor has there been an investigation into the structure-function 

relationships present in the scope of the entire AM N-terminus. Thus, this chapter sought to define 

structure-function relationships present in the AM N-terminus by using an alanine scanning approach.  

Biased signalling is thought to arise from subtle variations in peptide binding and receptor engagement, 

which propagates through the receptor to result in different conformations of the intracellular landscape, 

leading to differential binding of effector molecules, and subsequently, differences in pathway activation 

(Kenakin, 2019). Consistent with this idea, recent work has shown that peptide modifications (be it 

amino acid substitution, endogenous splice variants, or structural modifications to the peptide 

backbone) can create analogues which display altered signalling profiles (Bower et al., 2018; Deora et 

al., 2019; Domazet et al., 2015; Furness et al., 2018; Hager et al., 2016; Hager et al., 2017; Holloway 

et al., 2002; Liu et al., 2018; Pierce et al., 2019; Plisson et al., 2017). Previous work on αCGRP has 

shown that amino acid substitutions can alter signalling in a way that may now be referred to as a biased 

manner; substituting the alanine in position 5 in αCGRP with cysteine is reported to have a more 

deleterious effect on cAMP signalling than β-arrestin recruitment (Hay et al., 2014). Thus, in order to 

obtain a mechanistic view of AM-directed signalling bias I set out to characterise the alanine substituted 

AM analogues through not only the canonical cAMP pathway, but also through other signalling 

pathways. 

Analogues were designed and created using AM15-52 as the peptide backbone. I felt justified in this 

approach as N-terminally truncated fragments of AM (such as AM13-52, and AM15-52) have been reported 

to be equivalent to the full length peptide in vitro (Fischer et al., 2018; Fraser et al., 1999; Schönauer et 

al., 2015) and in vivo (Champion et al., 1999; Lin et al., 1994; Santiago et al., 1994). However, because 

there have been reports of subtle physiological differences between the fragments (for example only 

full length AM could induce relaxation of pre-contracted rat aortic artery rings (Yang et al., 1996)), it was 

important to verify that AM15-52 retained comparable pharmacology to the full length AM in my cell 

models. As such, the ability of AM15-52 to stimulate cAMP production, ERK phosphorylation, CREB 

phosphorylation, Akt phosphorylation, and IP1 production was first compared to full length AM at all 

three CLR based receptors. Stimulation durations were the same as those used in the previous chapter. 
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Following this, analogues were designed based on ligand regions thought to be important in receptor 

activation. Current knowledge of class B GPCR activity posits that the ligand N-terminus interacts with 

the juxtamembranous domains of the receptor to drive activation of intracellular signalling pathways, 

while the ligand C-terminus is more important for receptor binding than receptor activation (Liu et al., 

2018). As such, I focussed my efforts on the N-terminal region of AM15-52. Amino acids from G15 to Y31 

were individually replaced with alanine. C16 and C21 were omitted from this study as they form the 

disulphide bond required for AM’s agonist activity, A27 was also omitted as it is an alanine in the native 

sequence. Analogues have been named in accordance with Figure 5.1 (for the full amino acid 

sequence of each analogue, see Figure 5.2). These analogues were tested at all three CLR based 

receptors in transfected Cos7 cells. Although Chapter 4 highlighted that each CLR:RAMP complex 

stimulated a different complement of intracellular signalling pathways, a substitution could have altered 

the signalling profile of the peptide to “unlock” activation of a pathway (Kenakin, 2019), hence all 

pathways that were investigated in Chapter 4 have been investigated in this chapter. 

 

Figure 5.1 Naming conventions used for identifying analogues. 

In this chapter, I have compared analogues to WT peptide using Δlog (τ/KA) values. This is because 

these values allow both Emax and potency to be incorporated into a single numerical value, and because 

in the previous chapter the statistical significance derived from these values was generally consistent 

with the statistical differences reported for pEC50 and Emax. I still present and comment on pEC50 and 

Emax values in summary tables, however, throughout the chapter emphasis will be placed on comparing 

log (τ/KA) values rather than pEC50 and Emax. In addition, I present tables summarising the individual 

outputs from the operational model of agonism - affinity (log KA), and efficacy (log τ) - and present the 

results of statistical tests performed on these outputs. 
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AM15-52                  GCRFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 G15A             ACRFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 R17A             GCAFGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 F18A             GCRAGTCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 G19A             GCRFATCTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 T20A             GCRFGACTVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 T22A             GCRFGTCAVQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 V23A             GCRFGTCTAQKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 Q24A             GCRFGTCTVAKLAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 K25A             GCRFGTCTVQALAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 L26A             GCRFGTCTVQKAAHQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 H28A             GCRFGTCTVQKLAAQIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 Q29A             GCRFGTCTVQKLAHAIYQFTDKDKDNVAPRSKISPQGY 

AM15-52 I30A             GCRFGTCTVQKLAHQAYQFTDKDKDNVAPRSKISPQGY 

AM15-52 Y31A             GCRFGTCTVQKLAHQIAQFTDKDKDNVAPRSKISPQGY 

αCGRP                  ACDTATCVTHRLAGLLSRSGG-VVKNNFVPTNVGSKAF 

αCGRP A5G              ACDTGTCVTHRLAGLLSRSGG-VVKNNFVPTNVGSKAF 

 

Figure 5.2 Amino acid sequence for peptides characterised in this chapter. Red font indicates the 

substituted residue.
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Comparing AM to AM15-52 

Broadly speaking, AM and AM15-52 had similar potencies and Emax across all tested pathways and 

receptors (Figure 5.3, Table 5.1). As there were no large differences in signalling abilities (Figure 5.4), 

I reasoned that using AM15-52 as the scaffold for analogue work was a valid approach. 

 

Figure 5.3 Combined normalised concentration-response curves for full-length AM and AM15-52 

stimulating cAMP accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, 

and IP1 accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM 

of 5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. Data 

were normalised to full-length AM in each experiment. * This graph presented as fold basal mean as 

there was no response to AM or AM15-52. 



 

134 
  

Table 5.1 pEC50 and Emax values for AM and AM15-52 stimulating cAMP production, ERK 

phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 accumulation at the CGRP, AM1, 

and AM2 receptors in transiently transfected Cos7 cells. 

 pEC50 Emax n 

AM AM15-52   

C
G

R
P

 
R

ec
e

p
to

r 

cAMP 7.94 ± 0.08 7.74 ± 0.18 123 ± 21.1 5 

pERK 8.00 ± 0.24 8.24 ± 0.38 90.2 ± 5.33* 5 

pCREB 8.32 ± 0.04 8.06 ± 0.13* 99.2 ± 5.01 5 

pAkt 6.29 ± 0.19 5.96 ± 0.13 145 ± 20.9 5 

IP1 NC NC NC 3 

A
M

1 

R
ec

e
p

to
r 

cAMP 9.05 ± 0.13 8.79 ± 0.10 97.9 ± 14.7 5 

pERK 9.03 ± 0.31 8.95 ± 0.18 100 ± 10.1 5 

pCREB 9.05 ± 0.35 9.09 ± 0.20 93.1 ± 4.57 5 

pAkt NC NC NC 3 

IP1 NC NC NC 3 

A
M

2 

R
ec

e
p

to
r 

cAMP 9.45 ± 0.14 9.07 ± 0.10* 111 ± 8.04 5 

pERK 8.89 ± 0.18 8.85 ± 0.11 113 ± 13.4 5 

pCREB 9.23 ± 0.28 9.00 ± 0.26 110 ± 3.72 5 

pAkt 7.87 ± 0.15 7.71 ± 0.11 98.1 ± 5.51 5 

IP1 NC NC NC 3 

Data are the mean ± SEM of at 5 or 3 independent experiments (curves or flat-lines, respectively). n 

refers to the number of individual experiments. Emax values are presented as a percentage of the full-

length AM Emax. NC means there was no measurable induction of a pathway at a given receptor. pEC50 

values for AM and AM15-52 were compared using paired Student’s t-tests, Emax values were compared 

using ratio paired Student’s t-tests on raw Emax values. * indicates a significant difference between AM 

and AM15-52. 
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Figure 5.4 Transduction coefficients for AM15-52 stimulating cAMP production, ERK phosphorylation, 

CREB phosphorylation, Akt phosphorylation, and IP1 production at defined receptors in transfected 

Cos7 cells. Values are presented as a fold-change relative to AM. There is no value for AM as this is 

the control peptide to which AM15-52 was compared. AM15-52 was compared to AM at each 

receptor/pathway using paired student’s t-tests; there were no significant differences between AM and 

AM15-52 at any receptor or pathway. The individual log τ, log KA, and log (τ/KA) values used to derive this 

heat-map are presented in Table 5.2. 
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Table 5.2 Summary of log KA, log τ, and log (τ/KA) values for AM and AM15-52 stimulating cAMP 

production, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 accumulation 

at the CGRP, AM1, and AM2 receptors in transiently transfected Cos7 cells. 

 log (KA) log (τ) log (τ/KA) n 

AM AM15-52 AM AM15-52 AM AM15-52  

C
G

R
P

 
R

ec
e

p
to

r 

cAMP -7.59 ± 0.08 -6.91 ± 0.51 0.10 ± 0.01 0.65 ± 0.40 7.69 ± 0.08  7.56 ± 0.13 5 

pERK -8.15 ± 0.20 -8.37 ± 0.23 -0.04 ± 0.02 -0.07 ± 0.10 8.11 ± 0.22 8.19 ± 0.17 5 

pCREB -7.56 ± 0.10 -7.66 ± 0.13 0.30 ± 0.00 0.31 ± 0.07 8.06 ± 0.10 7.96 ± 0.14 5 

pAkt -5.95 ± 0.18 -5.15 ± 0.37 -0.07 ± 0.01 0.58 ± 0.38 5.89 ± 0.17 5.73 ± 0.07 5 

IP1 NC NC NC NC NC NC 3 

A
M

1 

R
ec

e
p

to
r 

cAMP -8.72 ± 0.13 -8.43 ± 0.14 0.10 ± 0.01 0.09 ± 0.15 8.81 ± 0.13 8.53 ± 0.10 5 

pERK -8.51 ± 0.32 -8.26 ± 0.19 0.37 ± 0.00 0.54 ± 0.28 8.88 ± 0.32 8.80 ± 0.21 5 

pCREB -8.78 ± 0.35 -8.82± 0.21 -0.03 ± 0.00 -0.07 ± 0.05 8.75 ± 0.35 8.75 ± 0.22 5 

pAkt NC NC NC NC NC NC 3 

IP1 NC NC NC NC NC NC 3 

A
M

2 

R
ec

e
p

to
r 

cAMP -8.86 ± 0.15 -8.03 ± 0.38 0.47 ± 0.01 0.97 ± 0.40 9.33 ± 0.15 9.00 ± 0.11 5 

pERK -8.56 ± 0.17 -8.28 ± 0.25 0.14 ± 0.01 0.38 ± 0.24 8.69 ± 0.17 8.66 ± 0.11 5 

pCREB -8.77 ± 0.29 -8.48 ± 0.27 0.22 ± 0.01 0.36 ± 0.04 9.02 ± 0.29 8.85 ± 0.26 5 

pAkt -7.70 ± 0.15 -7.54 ± 0.12 -0.30 ± 0.00 -0.33 ± 0.04 7.40 ± 0.15 7.22 ± 0.11 5 

IP1 NC NC NC NC NC NC 3 

Values are the mean ± SEM of n independent experiments. Values were analysed by comparing the 

log KA, log τ, or log (τ/KA) values of AM to AM15- using paired Student’s t-tests. There were no significant 

differences between AM and AM15-52. NC used when no curve could be fit to the data.  
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5.3 AM15-52 Analogues 

5.3.1 AM15-52 G15A 

There were no differences in signalling between AM15-52 and AM15-52 G15A for any tested pathway at 

any tested receptor (Figure 5.5, Figure 5.21; Table 5.6 - Table 5.9). This analogue was not biased at 

any receptor (Figure 5.22). 

 

Figure 5.5 Combined normalised concentration-response curves for AM15-52 G15A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52. 
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5.3.2 AM15-52 R17A 

AM15-52 R17A was a weaker agonist than AM15-52 for all tested receptor/pathway combinations, with 

reductions being primarily noticed in the potency of the analogue (Table 5.6 -Table 5.9). This difference 

reached statistical significance in all cases apart from ERK phosphorylation through the CGRP and AM1 

receptors; in these instances there were trends for AM15-52 R17A to have a reduced signalling ability 

(Figure 5.6, Figure 5.21). This analogue was not biased at any receptor (Figure 5.22). 

 

Figure 5.6 Combined normalised concentration-response curves for AM15-52 R17A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52. 
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5.3.3 AM15-52 F18A 

AM15-52 F18A was a weaker agonist than AM15-52, with effects being noted primarily on potency, but also 

on Emax (Table 5.6 - Table 5.9). AM15-52 F18A was unable to stimulate Akt phosphorylation at any 

receptor. Differences reached significance for all receptor/pathway combinations apart from CREB 

phosphorylation through the AM1 receptor where there was a trend for AM15-52 F18A to be a weaker 

agonist than AM15-52 (Figure 5.7, Figure 5.21). This substitution affected signalling in a non-biased 

manner (Figure 5.22). 

 

Figure 5.7 Combined normalised concentration-response curves for AM15-52 F18A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52. 
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5.3.4 AM15-52 G19A 

Relative to AM15-52, AM15-52 G19A had increased signalling abilities at all receptor and pathway 

combinations driven by a combination of both increases in potency and Emax (Table 5.6 - Table 5.9). 

These differences were statistically significant in all cases apart from apart from ERK phosphorylation 

through the CGRP and AM2 receptors (Figure 5.8, Figure 5.21). Additionally, AM15-52 G19A was able 

to stimulate an IP1 signalling response at the CGRP and AM2 receptors while unmodified AM15-52 could 

not (Table 5.10). AM15-52 G19A was significantly biased towards cAMP signalling over ERK 

phosphorylation at the CGRP receptor (Figure 5.22).  

 

Figure 5.8 Combined normalised concentration-response curves for AM15-52 G19A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  



 

141 
  

5.3.5 AM15-52 T20A 

AM15-52 T20A was a weaker agonist than AM15-52 for all receptors and pathways, with differences being 

driven by reductions in both potency and Emax (Table 5.6 - Table 5.9). Curves could not be fit to the 

AM15-52 T20A responses for Akt phosphorylation at the CGRP and AM2 receptors, nor for its CREB 

phosphorylation through the AM1 receptor. The differences between AM15-52 T20A and AM15-52 were 

statistically significant for all receptor/pathway combinations, except for ERK phosphorylation at the 

AM2 receptor where there was a trend for reduction (Figure 5.9, Figure 5.21). There was a trend for 

AM15-52 T20A to be biased towards ERK phosphorylation over cAMP production at the AM2 receptor, 

but this was not significant (Figure 5.22). 

 

Figure 5.9 Combined normalised concentration-response curves for AM15-52 T20A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation through the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of 

at least 5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. 

There were two experiments were AM15-52 T20A was unable to stimulate measurable ERK 

phosphorylation through the AM1 receptor. * This graph presented as fold basal mean of Akt 

phosphorylation as there was no response to AM15-52.   
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5.3.6 AM15-52 T22A 

AM15-52 T22A was a slightly more efficacious peptide than AM15-52 for all measured signalling pathways 

and receptors (Figure 5.10; Table 5.6 - Table 5.9). These increases were significant for cAMP 

production and ERK phosphorylation at the CGRP and AM1 receptors, and for Akt phosphorylation at 

the AM2 receptor (Figure 5.21). This substitution was not biased at any receptor (Figure 5.22). 

 

Figure 5.10 Combined normalised concentration-response curves for AM15-52 T22A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.   
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5.3.7 AM15-52 V23A 

Compared to AM15-52, AM15-52 V23A had a small decrease in signalling ability. This decrease was 

primarily driven by reduction in potency (Table 5.6 - Table 5.9). Differences in signalling (as determined 

using Δlog (τ/KA) values) were statistically significant for all cases except for ERK phosphorylation at 

the CGRP receptor, where there remained a trend for reduced activity (Figure 5.11, Figure 5.21). A 

curve could not be fit for AM15-52 V23A stimulated Akt phosphorylation at the CGRP receptor (see 

section 2.7.3.2), however it is possible that if I had used a higher concentration of AM15-52 V23A there 

would have been a measurable response. This substitution affected signalling in a non-biased way 

(Figure 5.22). 

 

Figure 5.11 Combined normalised concentration-response curves for AM15-52 V23A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  
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5.3.8 AM15-52 Q24A 

AM15-52 Q24A was a slightly weaker agonist than AM15-52 for all pathways at the CGRP and AM1 receptor 

(Table 5.6 - Table 5.9). All these differences were statistically significant except for ERK 

phosphorylation at the CGRP receptor and cAMP production at the AM1 receptor (Figure 5.10, Figure 

5.21). At the AM2 receptor, these two peptides appeared equally efficacious for all pathways, apart from 

Akt phosphorylation where AM15-52 Q24A appeared to be slightly weaker than AM15-52. AM15-52 Q24A 

was a significantly weaker agonist than AM15-52 for CREB phosphorylation through the AM2 receptor, 

though this difference was very minor (2-fold decrease; Figure 5.10, Figure 5.21). These decreases 

occurred in a non-biased manner (Figure 5.22). 

 

Figure 5.12 Combined normalised concentration-response curves for AM15-52 Q24A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  
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5.3.9 AM15-52 K25A 

AM15-52 K25A was a weaker agonist than AM15-52 for all tested receptor/pathway combinations, with 

differences primarily being noted in potency (Table 5.6 - Table 5.9). These differences were statistically 

significant for all cases apart from ERK phosphorylation at the CGRP receptor, where there was a trend 

for a reduction in activity (Figure 5.13, Figure 5.21). I was unable to fit a curve to AM15-52 K25A 

stimulated Akt phosphorylation at the CGRP receptor, however if I had used a higher concentration 

then I may have seen a response. This substitution affected signalling in a non-biased way (Figure 

5.22). 

 

Figure 5.13 Combined normalised concentration-response curves for AM15-52 K25A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  
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5.3.10 AM15-52 L26A 

Relative to unmodified AM15-52, AM15-52 L26A had a large (~100-300 fold) decrease in signalling ability 

at all tested receptor/pathway combinations at which it could stimulate a response. These differences 

were driven by decreases in potency and Emax, (Figure 5.14, Table 5.6 - Table 5.9). Differences were 

significant in all cases (Figure 5.21). This analogue was unable to stimulate measurable Akt signalling 

through the CGRP or AM2 receptor. This substitution affected signalling in a non-biased manner (Figure 

5.22). 

 

Figure 5.14 Combined normalised concentration-response curves for AM15-52 L26A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) except for ERK phosphorylation at 

the CGRP receptor and CREB phosphorylation at the AM1 receptor which are n=4. There was one other 

experiment in each exception where AM15-52 L26A did not stimulate a measurable response. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  
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5.3.11 AM15-52 H28A 

Relative to the unmodified AM15-52, AM15-52 H28A had reduced efficacy at all tested receptor/pathway 

combinations, with differences being primarily driven by reductions in potency (Table 5.6 - Table 5.9). 

Effects were largest at the CGRP receptor. All differences were statistically significant apart from CREB 

phosphorylation at the AM1 receptor and Akt phosphorylation at the AM2 receptor where there were 

trends for reduced activity (Figure 5.15, Figure 5.21). AM15-52 H28A was unable to stimulate Akt 

phosphorylation through the CGRP receptor. This analogue was not biased at any receptor (Figure 

5.22). 

 

Figure 5.15 Combined normalised concentration-response curves for AM15-52 H28A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) except for CREB phosphorylation at 

the CGRP receptor which is n=4. There was one other experiment where AM15-52 H28A did not elicit 

measurable CREB phosphorylation at the CGRP receptor. * This graph presented as fold basal mean 

of Akt phosphorylation as there was no response to AM15-52. All experiments performed in duplicate.  
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5.3.12 AM15-52 Q29A 

AM15-52 Q29A was a slightly weaker agonist than AM15-52 through all receptor/pathway combinations, 

being driven primarily by a reduction in potency (Table 5.6 - Table 5.9). This difference was significant 

in all cases apart from ERK phosphorylation at the AM1 receptor and Akt phosphorylation at the AM2 

receptor, where there remained a trend for a reduction in activity (Figure 5.16, Figure 5.21). In all 

cases, the reduction in signalling was small (~5-fold reduction in signalling). This analogue was not 

biased at any receptor (Figure 5.22). 

 

Figure 5.16 Combined normalised concentration-response curves for AM15-52 Q29A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) each performed in duplicate. * This 

graph presented as fold basal mean of Akt phosphorylation as there was no response to AM15-52.  
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5.3.13 AM15-52 I30A 

AM15-52 I30A was unable to stimulate measurable activation of any signalling pathway through any 

receptor (Figure 5.17).  

 

Figure 5.17 Combined normalised concentration-response curves for AM15-52 I30A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

3 independent experiments each performed in duplicate. * This graph presented as fold basal mean of 

Akt phosphorylation as there was no response to AM15-52. 
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5.3.14 AM15-52 Y31A 

Relative to the unmodified AM15-52, AM15-52 Y31A was a significantly weaker agonist for all tested 

receptor/pathways, primarily due to a reduction in potency (Table 5.6 - Table 5.9). AM15-52 Y31A was 

unable to stimulate Akt phosphorylation through the CGRP receptor (Figure 5.18, Figure 5.21). This 

peptide was not biased at any receptor (Figure 5.22). 

 

Figure 5.18 Combined normalised concentration-response curves for AM15-52 Y31A stimulated cAMP 

accumulation, ERK phosphorylation, CREB phosphorylation, Akt phosphorylation, and IP1 

accumulation at the CGRP, AM1, and AM2 receptors in Cos7 cells. Data are the mean ± SEM of at least 

5 or 3 independent experiments (curves or flat-lines respectively) except for Akt phosphorylation at the 

AM2 receptor which is n=4. There was one other experiment where AM15-52 Y31A did not elicit 

measurable Akt phosphorylation through the AM2 receptor. * This graph presented as fold basal mean 

of Akt phosphorylation as there was no response to AM15-52.  
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5.3.15 CGRP A5G 

AM15-52 G19A was a unique peptide for a number of reasons. Firstly, this peptide was more efficacious 

than the unmodified peptide through most pathways tested, with the largest increases in activity seen 

at the CGRP receptor (Figure 5.8, Figure 5.21). Secondly, this peptide was the only analogue which 

was significantly biased, displaying a 13-fold preference for cAMP production over ERK phosphorylation 

at the CGRP receptor (Figure 5.22). These effects are interesting, especially considering that the native 

residue in this position in both αCGRP and βCGRP is an alanine. This means AM15-52 G19A could be 

thought of as a more “CGRP-like” AM. To explore the mechanism behind the unique signalling profile 

associated with AM15-52 G19A, I characterised the reciprocal substitution in αCGRP (αCGRP A5G). As 

AM15-52 G19A was biased towards cAMP production over ERK phosphorylation, I characterised this 

analogue through cAMP production and ERK phosphorylation. 

Based on results with AM15-52 G19A I hypothesised that αCGRP A5G would have a decrease in activity 

relative to unmodified αCGRP through the cAMP pathway, and that this decrease would be restricted 

to effects on potency. I also hypothesised that there would be smaller decrease in activity through ERK 

phosphorylation at the CGRP receptor, and that this effect would be primarily restricted to an effect on 

Emax. These outcomes would essentially translate to a reversal of the profile associated with AM15-52 

G19A. 

Through the cAMP pathway, αCGRP A5G was a significantly weaker agonist than the unmodified 

αCGRP at all CLR based receptors, with the decrease in activity primarily noted in potency (Figure 

5.19, Figure 5.20; Table 5.3). αCGRP A5G was unable to stimulate ERK phosphorylation through the 

AM1 or AM2 receptors. At the CGRP receptor, αCGRP A5G was significantly weaker than αCGRP; this 

decrease was primarily due to a reduced Emax relative to αCGRP (Figure 5.19, Figure 5.20; Table 5.3). 
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Figure 5.19 Concentration-response curves for CGRP A5G stimulating cAMP production or ERK 

phosphorylation at the CGRP, AM1, and AM2 receptors in Cos7 cells. * Data presented as fold basal 

mean signalling as there was no measurable signalling response stimulated by αCGRP. Data are the 

mean ± SEM of 5 or 3-4 independent experiments performed in duplicate (curves and flat-lines 

respectively). There were two other experiments where αCGRP and αCGRP A5G stimulated 

measurable ERK phosphorylation through the AM1 receptor. There were two other experiments where 

αCGRP stimulated measurable ERK phosphorylation through the AM2 receptor, and one other 

experiment where αCGRP A5G stimulated ERK phosphorylation through the AM2 receptor.  

 

Figure 5.20 Transduction coefficients for αCGRP A5G at CLR-based receptors in transfected Cos7 

cells. Values are presented as a fold change relative to αCGRP. There is no value for αCGRP as this 

is the control peptide to which αCGRP A5G was compared. log (τ/KA) values for αCGRP were compared 

to the log (τ/KA) for αCGRP A5G using paired student’s t-tests. Significance accepted at p < 0.05, * 

indicates a significant difference. Values used to create this heat map are presented in Table 5.4 and 

Table 5.5.
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Table 5.3 Summary of pEC50 and Emax values for αCGRP and αCGRP A5G stimulating cAMP production and ERK phosphorylation at the CGRP, AM1, and 

AM2 receptors.

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
pEC50 

(αCGRP) 
pEC50 

(Analogue) 
Emax 

pEC50 

(αCGRP) 
pEC50 

(Analogue) 
Emax 

pEC50 

(αCGRP) 
pEC50 

(Analogue) 
Emax 

cAMP 9.41 ± 0.25 8.73 ± 0.24* 93.4 ± 4.7 6.24 ± 0.04 5.72 ± 0.02* 72.3 ± 3.6 6.78 ± 0.20 6.31 ± 0.22* 65.8 ± 6.3 
ERK 8.42 ± 0.18 8.23 ± 0.13 53.1 ± 12.5 NCa NCb NCb NCc NCd NCd 

Values are the mean ± SEM of 5 independent experiments unless otherwise noted. Emax values are presented as a percentage of αCGRP Emax. NC indicates 

that this peptide could not elicit a measurable response through this receptor. pEC50 values for AM15-52 and individual analogues were compared using paired 

Student’s t-tests, Emax values were compared using ratio paired Student’s t-tests on raw Emax values. * indicates a significant difference between AM15-52 and 

analogue. a there were two experiments where αCGRP was able to stimulate measurable ERK phosphorylation through the AM1 receptor, these have been 

excluded from the presented data; the combined pEC50 values from these days was 7.01 ± 0.72. b there were two other experiments where αCGRP A5G was 

able to stimulate ERK phosphorylation through the AM1 receptor, these have been excluded from the data shown; the combined pEC50 value for these 

experiments was 6.46 ± 0.18, and the Emax was 93.4 ± 12% of the αCGRP Emax. c there were two other experiments in which αCGRP was able to stimulate 

measurable ERK phosphorylation through the AM2 receptor; the combined pEC50 from these days was 7.20 ± 0.29. d there was one other experiment where 

αCGRP A5G was able to stimulate ERK phosphorylation through the AM2 receptor, in this experiment the pEC50 of αCGRP A5G was 6.66 and the Emax was 

119% of αCGRP Emax. 
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Table 5.4 Summary of log KA and log τ values for αCGRP and αCGRP A5G stimulating cAMP production and ERK phosphorylation at the CGRP, AM1, and 

AM2 receptors in transfected Cos7 cells.

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log KA 

(αCGRP) 
log KA 

(Analogue) 
log τ 

(αCGRP) 
log τ 

(Analogue) 
log KA 

(αCGRP) 
log KA 

(Analogue) 
log τ 

(αCGRP) 
log τ 

(Analogue) 
log KA 

(αCGRP) 
log KA 

(Analogue) 
log τ 

(αCGRP) 
log τ 

(Analogue) 
cAMP -8.63 ± 0.25 -8.04 ± 0.26* 0.70 ± 0.00 0.58 ± 0.10 -5.11 ± 0.04 -5.23 ± 0.06 1.10 ± 0.00 0.30 ± 0.07* -5.65 ± 0.20 -5.88 ± 0.23 1.10 ± 0.00 0.21 ± 0.11* 
ERK -8.07 ± 0.18 -8.06 ± 0.1 0.10 ± 0.00 -0.38 ± 0.14* NCa NCb NCa NCb NCc NCd NCc NCd 

Values are the mean ± SEM of 5 independent experiments unless otherwise noted. Emax values are presented as a percentage of αCGRP Emax. NC indicates 

that this peptide could not elicit a measurable response through this receptor. a there were two experiments where αCGRP was able to stimulate measurable 

ERK phosphorylation at the AM1 receptor, these have been excluded from the presented data; the combined log KA value was -6.81 ± 0.08 and the combined 

log τ value was -0.25 ± 0.21. b there were two other experiments where αCGRP A5G was able to stimulate ERK phosphorylation at the AM1 receptor, these 

have been excluded from the data shown; the combined log KA value was -6.28 ± 0.16 and the combined log τ value was -0.29 ± 0.05. c there were two other 

experiments in which αCGRP was able to stimulate measurable ERK phosphorylation through the AM2 receptor; the combined log KA value was -6.93 ± 0.27 

and the combined log τ value was -0.07 ± 0.04. d there was one other experiment where αCGRP A5G was able to stimulate ERK phosphorylation at the AM2 

receptor, on this day αCGRP A5G had a log KA value of -6.34 and a log τ value of 0.03. 
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Table 5.5 Summary of log (τ/KA) values for αCGRP and αCGRP A5G stimulating cAMP production and ERK phosphorylation at the CGRP, AM1, and AM2 

receptors in transfected Cos7 cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log (τ/KA) 
(αCGRP) 

log (τ/KA) 
 (Analogue) 

log (τ/KA) 
 (αCGRP) 

log (τ/KA) 
(Analogue) 

log (τ/KA) 
 (αCGRP) 

log (τ/KA) 
 (Analogue) 

cAMP 9.33 ± 0.25 8.62 ± 0.24* 6.21 ± 0.04 5.53 ± 0.03* 6.75 ± 0.20 6.09 ± 0.23* 
ERK 8.16 ± 0.18 7.69 ± 0.21* NCa NCb NCc NCd 

Values are the mean ± SEM of 5 independent experiments unless otherwise noted. Emax values are presented as a percentage of αCGRP Emax. NC indicates 

that this peptide could not elicit a measurable response through this receptor. a there were two experiments where αCGRP was able to stimulate measurable 

ERK phosphorylation through the AM1 receptor, these have been excluded from the presented data; the combined log (τ/KA) value for these two days was 6.56 

± 0.58. b there were two other experiments where αCGRP A5G was able to stimulate ERK phosphorylation through the AM1 receptor, these have been excluded 

from the data shown; the combined log (τ/KA) value was 5.99 ± 0.21. c there were two other experiments in which αCGRP was able to stimulate measurable 

ERK phosphorylation through the AM2 receptor; the combined log (τ/KA) value was 6.86 ± 0.30. d there was one other experiment where αCGRP A5G was able 

to stimulate ERK phosphorylation at the AM2 receptor, in this experiment αCGRP A5G had a log (τ/KA) value of 6.37. 
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5.4 Summary of analogue signalling 

5.4.1 Summary of analogue pEC50 and Emax values 

Table 5.6 Summary of pEC50 and Emax values of analogues through the cAMP pathway at the CGRP, AM1 and AM2 receptors.  

Emax values presented as a percentage of unmodified AM15-52 Emax. n refers to the number of independent experiments performed. pEC50 values for AM15-52 and 

individual analogues were compared using paired Student’s t-tests, Emax values were compared using ratio paired Student’s t-tests on raw Emax values. * 

indicates a significant difference between AM15-52 and analogue. 

  

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

AM15-52 G15A 7.84 ± 0.14 7.48 ± 0.18* 100 ± 12.4 5 8.64 ± 0.09 8.69 ± 0.13 93.9 ± 5.95 5 9.06 ± 0.12 8.94 ± 0.10 97.1 ± 5.73 5 
AM15-52 R17A 7.82 ± 0.12 6.79 ± 0.20* 78.6 ± 12.5 6 8.68 ± 0.15 7.66 ± 0.09* 93.2 ± 6.79 5 9.08 ± 0.11 8.21 ± 0.09* 84.9 ± 6.50 5 
AM15-52 F18A 7.80 ± 0.18 6.44 ± 0.18* 75.2 ± 6.21* 5 8.62 ± 0.11 7.65 ± 0.17* 49.6 ± 4.72* 5 9.14 ± 0.15 7.74 ± 0.06* 80.2 ± 4.31* 5 
AM15-52 G19A 7.85 ± 0.08 9.06 ± 0.10* 106 ± 9.08 7 8.81 ± 0.10 9.43 ± 0.22* 107 ± 8.61 7 9.22 ± 0.10 9.93 ± 0.11* 105. ± 4.61 7 
AM15-52 T20A 7.82 ± 0.16 5.96 ± 0.16* 64.1 ± 3.36* 5 8.71 ± 0.09 8.12 ± 0.11* 13.4 ± 3.72* 5 9.14 ± 0.06 7.62 ± 0.13* 53.9 ± 3.99* 5 
AM15-52 T22A 7.82 ± 0.16 8.45 ± 0.23* 103 ± 8.95 5 8.55 ± 0.08 9.37 ± 0.08* 93.9 ± 4.73 5 9.24 ± 0.08 9.64 ± 0.06* 100. ± 11.1 5 
AM15-52 V23A 7.77 ± 0.20 6.83 ± 0.19* 101 ± 20.1 5 8.55 ± 0.08 7.97 ± 0.14* 82.2 ± 6.06* 5 9.20 ± 0.09 8.28 ± 0.14* 98.7 ± 8.80 5 
AM15-52 Q24A 7.79 ± 0.12 7.19 ± 0.10* 102 ± 16.1 6 8.61 ± 0.14 8.19 ± 0.22 89.6 ± 12.2 5 9.07 ± 0.10 8.74 ± 0.15 104. ± 5.24 5 
AM15-52 K25A 7.77 ± 0.14 6.92 ± 0.19* 88.8 ± 8.33 6 8.67 ± 0.06 8.05 ± 0.08* 85.1 ± 5.62 5 9.15 ± 0.15 8.21 ± 0.18* 84.4 ± 5.20 5 
AM15-52 L26A 7.85 ± 0.08 6.20 ± 0.18* 39.6 ± 6.47* 6 8.62 ± 0.12 7.01 ± 0.08* 44.9 ± 4.35* 5 9.16 ± 0.15 7.10 ± 0.14* 62.2 ± 7.65* 5 
AM15-52 H28A 7.77 ± 0.14 6.83 ± 0.16* 103 ± 9.61 6 8.59 ± 0.09 7.98 ± 0.04* 80.1 ± 7.97 5 9.06 ± 0.12 8.24 ± 0.15* 80.8 ± 6.59* 5 
AM15-52 Q29A 7.72 ± 0.16 7.12 ± 0.19* 106 ± 10.4 5 8.71 ± 0.13 8.08 ± 0.20 123. ± 19.2 5 9.14 ± 0.06 8.70 ± 0.14* 110. ± 6.35 5 
AM15-52 I30A 8.03 ± 0.14  5.75 ± 0.10*  52.7 ± 4.50* 3  9.06 ± 0.12  6.66 ± 0.24*  44.8 ± 9.3*  3  9.43 ± 0.20  6.92 ± 0.02 * 77.1 ± 4.90*  3  
AM15-52 Y31A 7.85 ± 0.13 6.71 ± 0.21* 95.7 ± 7.52 5 8.71 ± 0.09 7.82 ± 0.12* 76.9 ± 7.49* 5 9.10 ± 0.05 8.20 ± 0.09* 102. ± 9.89 5 
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Table 5.7 Summary of pEC50 and Emax values for analogues signalling through ERK phosphorylation at the CGRP, AM1, and AM2 receptors.  

Emax values are presented as a percentage of the unmodified AM15-52 Emax. n refers to the number of independent experiments performed. NC indicates that no 

curve could be fit to the data. pEC50 values for AM15-52 and individual analogues were compared using paired Student’s t-tests, Emax values were compared 

using ratio paired Student’s t-tests on raw Emax values. * indicates a significant difference between AM15-52 and analogue. ^ and ^^ indicates that there were one 

or two other experiments respectively where the tested peptide did not elicit a measurable response, these results were removed from the data set and not 

included in analyses. % indicates that there was one other experiment where AM15-52 I30A stimulated measurable ERK phosphorylation at the AM1 receptor, 

on this day the pEC50 of AM15-52 I30A was 7.45, and the Emax was 48.2% of the AM15-52 Emax.  

 

 

 

  

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

AM15-52 G15A 7.81 ± 0.20 7.56 ± 0.19 110 ± 9.30 5 9.06 ± 0.21 9.38 ± 0.15 88.6 ± 5.84 5 8.80 ± 0.08 8.80 ± 0.21 87.7 ± 7.90 5 
AM15-52 R17A 8.55 ± 0.35 7.21 ± 0.36 95.2 ± 8.40 5 9.31 ± 0.18 8.41 ± 0.21 88.6 ± 7.67 5 8.87 ± 0.11 8.29 ± 0.23 87.3 ± 16.1 5 
AM15-52 F18A 8.67 ± 0.22 7.46 ± 0.48* 58.5 ± 14.3* 5 9.22 ± 0.26 7.71 ± 0.24* 69.9 ± 12.0 5 8.76 ± 0.08 7.98 ± 0.29* 48.4 ± 3.37* 5 
AM15-52 G19A 8.13 ± 0.12 8.12 ± 0.13 162 ± 18.0* 6 9.12 ± 0.25 9.75 ± 0.15 121. ± 9.75 5 8.93 ± 0.20 9.05 ± 0.15 136 ± 8.41* 5 
AM15-52 T20A 8.06 ± 0.38 6.47 ± 0.15* 29.5 ± 12.8* 5 8.93 ± 0.37 7.93 ± 0.42* 32.1 ± 0.49* 3^^ 8.78 ± 0.10 7.95 ± 0.19* 38.2 ± 8.36* 4^ 
AM15-52 T22A 7.64 ± 0.16 7.99 ± 0.14 128 ± 14.1 6 9.00 ± 0.20 9.50 ± 0.14* 107 ± 2.19* 5 8.79 ± 0.11 8.90 ± 0.34 118. ± 14.2 5 
AM15-52 V23A 7.66 ± 0.24 7.47 ± 0.35 72.4 ± 16.5 5 8.87 ± 0.13 8.01 ± 0.17* 92.9 ± 5.78 5 8.80 ± 0.09 7.80 ± 0.15* 86.8 ± 11.1 5 
AM15-52 Q24A 8.22 ± 0.32 7.38 ± 0.19 120. ± 13.7 5 9.19 ± 0.17 8.51 ± 0.19* 102. ± 6.71 5 8.85 ± 0.12 8.60 ± 0.22 102 ± 6.60 5 
AM15-52 K25A 8.39 ± 0.21 6.97 ± 0.44 84.4 ± 11.6 5 9.09 ± 0.25 8.38 ± 0.25* 82.1 ± 12.8 5 8.99 ± 0.22 8.10 ± 0.11* 89.1 ± 12.0 5 
AM15-52 L26A 8.27 ± 0.37 6.40 ± 0.29* 44.0 ± 14.6* 4^ 9.20 ± 0.17 7.46 ± 0.49* 36.3 ± 7.68* 5 9.01 ± 0.21 7.44 ± 0.28* 42.5 ± 11.1* 5 
AM15-52 H28A 8.35 ± 0.23 7.24 ± 0.14* 83.5 ± 12.9 5 9.28 ± 0.12 8.68 ± 0.33 83.0 ± 7.64 5 8.79 ± 0.07 8.20 ± 0.27 84.6 ± 7.74 5 
AM15-52 Q29A 8.01 ± 0.17 7.29 ± 0.16* 109 ± 6.66 5 9.41 ± 0.12 8.96 ± 0.10* 95.3 ± 8.28 5 8.77 ± 0.11 8.06 ± 0.14* 112 ± 16.6 5 
AM15-52 I30A 7.82 ± 0.40  5.96 ± 0.19 * 58.5 ± 12.0*  3  8.96 ± 0.07  NC  NC  2%  9.11 ± 0.23  6.84 ± 0.03*  54.8 ± 8.0* 3  
AM15-52 Y31A 8.09 ± 0.22 6.58 ± 0.21* 91.6 ± 11.4 6 9.16 ± 0.25 7.74 ± 0.18* 72.9 ± 12.3 5 8.97 ± 0.20 8.12 ± 0.20 81.0 ± 13.4 5 
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Table 5.8. Summary of pEC50 and Emax values for analogues signalling through CREB phosphorylation at the CGRP, AM1, and AM2 receptors.

Emax values are presented as a percentage of the unmodified AM15-52 Emax. n refers to the number of independent experiments performed. NC indicates that this 

peptide was unable to stimulate a signalling response through this receptor. pEC50 values for AM15-52 and individual analogues were compared using paired 

Student’s t-tests, raw Emax values were compared using ratio paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ 

indicates that there was one experiment where the peptide did not elicit a measurable response, these results were excluded from the data set and not included 

in analyses.   

 
 

CGRP Receptor AM1 Receptor AM2 Receptor 

 
pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

AM15-52 G15A 8.11 ± 0.09 8.21 ± 0.17 98.8 ± 11.1 5 9.14 ± 0.18 9.43 ± 0.21 105. ± 3.60 5 9.23 ± 0.22 9.18 ± 0.10 86.5 ± 8.02 5 
AM15-52 R17A 8.30 ± 0.16 7.09 ± 0.14* 102 ± 8.98 5 9.06 ± 0.09 8.12 ± 0.20* 119. ± 22.0 6 9.27 ± 0.21 8.52 ± 0.09* 84.6 ± 6.13 5 
AM15-52 F18A 8.19 ± 0.10 6.57 ± 0.22* 81.6 ± 10.8 5 8.92 ± 0.10 8.11 ± 0.38 79.2 ± 9.60 5 9.35 ± 0.21 7.85 ± 0.15* 81.0 ± 5.28 5 
AM15-52 G19A 8.23 ± 0.12 9.40 ± 0.15* 113 ± 8.59 5 8.97 ± 0.08 10.1 ± 0.19* 89.5 ± 5.22 5 9.40 ± 0.13 10.0 ± 0.20* 113 ± 7.37 5 
AM15-52 T20A 8.10 ± 0.09 6.35 ± 0.08* 64.9 ± 6.39* 5 9.10 ± 0.20 NC NC 3 9.14 ± 0.24 7.92 ± 0.18* 68.4 ± 1.25* 5 
AM15-52 T22A 8.17 ± 0.07 8.32 ± 0.25 114 ± 18.3 5 9.22 ± 0.20 9.40 ± 0.20 98.5 ± 7.22 5 9.23 ± 0.19 9.67 ± 0.12 87.0 ± 6.04 5 
AM15-52 V23A 8.15 ± 0.07 7.09 ± 0.15* 94.6 ± 5.06 5 9.31 ± 0.19 8.28 ± 0.28* 86.9 ± 9.50 5 9.10 ± 0.21 8.54 ± 0.21* 106. ± 13.2 5 
AM15-52 Q24A 8.29 ± 0.09 7.59 ± 0.21* 113. ± 11.4 5 8.97 ± 0.14 8.35 ± 0.08* 104. ± 14.1 5 9.23 ± 0.22 9.03 ± 0.24* 95.8 ± 4.25 5 
AM15-52 K25A 8.13 ± 0.07 7.11 ± 0.13* 103. ± 8.38 5 8.74 ± 0.09 8.06 ± 0.04* 91.8 ± 6.69 5 9.45 ± 0.26 8.50 ± 0.17* 100. ± 7.23 5 
AM15-52 L26A 8.19 ± 0.09 6.13 ± 0.11* 65.7 ± 4.22* 5 9.29 ± 0.29 7.08 ± 0.20* 49.0 ± 3.31* 4^ 9.28 ± 0.24 7.56 ± 0.27* 67.9 ± 8.00* 5 
AM15-52 H28A 8.29 ± 0.06 7.18 ± 0.15* 91.6 ± 10.7 4^ 8.86 ± 0.08 8.18 ± 0.33 109. ± 20.4 6 9.00 ± 0.25 8.41 ± 0.17 99.1 ± 7.94 5 
AM15-52 Q29A 8.14 ± 0.13 7.38 ± 0.14* 103. ± 9.13 5 9.07 ± 0.15 8.50 ± 0.19* 96.8 ± 6.40 6 8.97 ± 0.18 8.69 ± 0.19 83.3 ± 6.81 5 
AM15-52 I30A 8.35 ± 0.13  6.00 ± 0.15*  80.3 ± 5.60  3  9.12 ± 0.13  6.99 ± 0.45  61.0 ± 9.01  2^  9.13 ± 0.52  6.98 ± 0.19*  69.5 ± 6.70*  3  
AM15-52 Y31A 8.14 ± 0.14 6.85 ± 0.16* 109. ± 4.98 5 9.06 ± 0.19 7.50 ± 0.08* 95.8 ± 10.1 5 9.25 ± 0.06 8.16 ± 0.22* 96.8 ± 9.61 5 
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 Table 5.9 Summary of pEC50 and Emax values for analogues signalling through Akt phosphorylation at the CGRP, AM1, and AM2 receptors. 

Emax values are presented as a percentage of the unmodified AM15-52 Emax. n refers to the number of independent experiments performed. NC indicated that this 

peptide could not elicit a measurable response through this receptor. pEC50 values for AM15-52 and individual analogues were compared using paired Student’s 

t-tests, raw Emax values were compared using ratio paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that 

there was one experiment where the peptide did not elicit a measurable response, in these cases the replicate was excluded from the data set and analyses. 

Table 5.10 Summary of pEC50 and Emax values for AM15-52 G19A stimulating IP1 production at the CGRP, AM1, and AM2 receptors.

 CGRP Receptor AM1 Receptor AM2 Receptor 

 pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

AM15-52 G19A NC 6.18 ± 0.11 2.27 ± 0.15 6 NC NC NC 3 NC 8.03 ± 0.10 2.91 ± 0.3 6 

Emax values are presented as the fold basal mean. n refers to the number of independent experiments performed. NC indicates that this peptide could not elicit 

a measurable response through this receptor. Emax values are presented as the fold increase over basal signalling. Only AM15-52 G19A data presented in this 

table as no other peptides could stimulate IP1 production through any receptor. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

pEC50 

(AM15-52) 
pEC50 

(Analogue) 
Emax n 

AM15-52 G15A 5.97 ± 0.13 5.98 ± 0.08 86.0 ± 18.9 5 NC NC NC 3 7.77 ± 0.18 7.54 ± 0.17* 97.6 ± 7.84 5 
AM15-52 R17A 6.09 ± 0.17 NC NC 3 NC NC NC 3 7.57 ± 0.09 6.72 ± 0.25* 44.3 ± 6.10* 5 
AM15-52 F18A 6.02 ± 0.21 NC NC 3 NC NC NC 3 7.86 ± 0.22 NC NC 4 
AM15-52 G19A 5.82 ± 0.06 6.79 ± 0.06* 158 ± 21.4* 5 NC NC NC 3 7.85 ± 0.18 8.25 ± 0.12 244 ± 18.7* 5 
AM15-52 T20A 6.11 ± 0.14 NC NC 4 NC NC NC 3 7.66 ± 0.11 NC NC 4 
AM15-52 T22A 6.00 ± 0.14 6.24 ± 0.22 120 ± 11.6 5 NC NC NC 3 7.66 ± 0.09 7.94 ± 0.11* 110 ± 10.3* 5 
AM15-52 V23A 6.01 ± 0.15 NC NC 5 NC NC NC 3 7.59 ± 0.09 6.83 ± 0.13* 77.8 ± 3.01 5 
AM15-52 Q24A 6.10 ± 0.09 5.64 ± 0.07* 74.6 ± 5.88* 5 NC NC NC 3 7.66 ± 0.11 7.25 ± 0.31* 89.2 ± 11.4 5 
AM15-52 K25A 6.10 ± 0.09 NC NC 5 NC NC NC 3 7.66 ± 0.09 6.82 ± 0.19 100 ± 8.77 6 
AM15-52 L26A 5.89 ± 0.03 NC NC 3 NC NC NC 3 7.69 ± 0.12 NC NC 4 
AM15-52 H28A 6.03 ± 0.21 NC NC 3 NC NC NC 3 7.63 ± 0.13 7.45 ± 0.46 59.2 ± 7.40 4^ 
AM15-52 Q29A 5.90 ± 0.04 5.69 ± 0.07* 65.9 ± 7.24* 5 NC NC NC 3 7.75 ± 0.10 7.27 ± 0.20* 103 ± 15.7 5 
AM15-52 I30A 5.84 ± 0.03 NC NC 3 NC NC NC 3 7.66 ± 0.16 NC NC 3 
AM15-52 Y31A 5.99 ± 0.08 NC NC 4 NC NC NC 3 7.59 ± 0.12 6.81 ± 0.07 82.4 ± 11.6 4^ 
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5.4.2 Bias summary 

In this chapter I have employed heat maps as a technique to show differences in signalling between 

AM15-52 and many analogues in a simple format. Normalised transduction ratios (Δlog (τ/KA) values) are 

presented in Figure 5.21 and bias factors (ΔΔlog (τ/KA) values) are presented in Figure 5.22. 

5.4.2.1 Transduction Ratios 

Normalised transduction ratios (Δlog (τ/KA) values) represent the ability of an analogue to activate a 

given pathway relative to the control peptide (in this case AM15-52). Most analogues had altered 

signalling relative to the unmodified peptide as indicated by the large number of significant differences 

in Δlog (τ/KA) values (Figure 5.21). Most of these changes were small (less than 10-fold difference 

between WT and analogue) though there were exceptions. The magnitude and direction of changes 

associated with an analogue were largely consistent between pathways and receptors. 

 

Figure 5.21. Normalised transduction ratios (Δlog (τ/KA) values) for alanine-substituted analogues of 

AM15-52 signalling at the CGRP, AM1, and AM2 receptors. Values are presented as fold-change relative 

to the unmodified AM15-52. Values are derived from experiments reported throughout the chapter. Values 

were analysed by comparing the log (τ/KA) values of unmodified peptide and analogue using a paired 

student’s t-test. * indicates a significant (p < 0.05) difference between analogue and AM15-52 signalling 

through a pathway. There was no IP1 production in response to unmodified AM15-52 at the CGRP or AM2 

receptors making it impossible to derive a true Δlog (τ/KA) value for AM15-52 G19A. As such an estimate 

value has been included in the heat-map (but not used in any statistical analyses). Values used to 

derive these heat-maps are presented in Table 5.11 through to Table 5.23. 
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5.4.2.2 Bias Factors 

Bias factors (ΔΔlog (τ/KA) values) represent the ability of an analogue to activate a given pathway 

relative to its ability to activate a reference pathway. For my calculations, the reference pathway was 

cAMP. Despite there being many analogues which had altered signalling relative to the unmodified 

AM15-52 (Figure 5.21), these alterations to signalling occurred in a relatively non-biased manner. This is 

depicted in Figure 5.22, which shows that signalling was generally affected equally across all tested 

pathways. There were a few exceptions to this rule, with AM15-52 G19A being significantly biased towards 

cAMP signalling over ERK phosphorylation at the CGRP receptor, and AM15-52 T20A trending towards 

being biased towards ERK phosphorylation over cAMP signalling at the AM2 receptor. 

 

Figure 5.22. Heat-map showing bias factors (ΔΔlog (τ/KA) values) for alanine-substituted analogues of 

AM15-52 signalling at the CGRP, AM1, and AM2 receptors in Cos7 cells. Values are presented relative to 

cAMP, with a positive value representing bias towards the named pathway over cAMP, and a negative 

value representing a bias towards cAMP over the named pathway. ΔΔlog (τ/KA) values were analysed 

using one-way ANOVA with post hoc Dunnett’s test to compare the activity of an analogue at each 

pathway to its activity through the cAMP pathway. * represents a significant (p < 0.05) difference 

between the analogue’s ability to signal through the named pathway relative to cAMP. There was no 

IP1 production in response to unmodified AM15-52 at the CGRP or AM2 receptors, making it impossible 

to derive a true value. As such, an estimate value has been included in the heat-map (but not used in 

any statistical analyses). Values used to derive these heat-maps are presented in Table 5.11 through 

to Table 5.23.
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Table 5.11 Summary of log KA values for AM15-52 and analogues stimulating cAMP production at the CGRP, AM1, and AM2 receptors in transfected Cos7 
cells.  

 
 

CGRP Receptor AM1 Receptor AM2 Receptor 

 
log KA 

(AM15-52) 
log KA 

(Analogue) 
n 

log KA 

(AM15-52) 
log KA 

(Analogue) 
n 

log KA 

(AM15-52) 
log KA 

(Analogue) 
n 

AM15-52 G15A -7.49 ± 0.15 -7.07 ± 0.13* 5 -8.28 ± 0.09 -8.37 ± 0.16 5 -8.45 ± 0.13 -8.34 ± 0.11 5 
AM15-52 R17A -7.47 ± 0.13 -6.60 ± 0.28* 6 -8.32 ± 0.14 -7.35 ± 0.10* 5 -8.47 ± 0.11 -7.75 ± 0.14* 5 
AM15-52 F18A -7.44 ± 0.15 -6.17 ± 0.17* 5 -8.27 ± 0.12 -7.52 ± 0.19* 5 -8.53 ± 0.16 -7.33 ± 0.10* 5 
AM15-52 G19A -7.50 ± 0.09 -8.66 ± 0.08* 7 -8.46 ± 0.11 -9.00 ± 0.24* 7 -8.62 ± 0.10 -9.19 ± 0.13* 7 
AM15-52 T20A -7.47 ± 0.16 -5.77 ± 0.17* 5 -8.37 ± 0.09 -8.09 ± 0.13* 5 -8.59 ± 0.07 -7.40 ± 0.12* 5 
AM15-52 T22A -7.47 ± 0.17 -8.08 ± 0.23* 5 -8.21 ± 0.08 -9.06 ± 0.09* 5 -8.70 ± 0.19 -8.91 ± 0.19 5 
AM15-52 V23A -7.42 ± 0.20 -6.34 ± 0.20* 5 -8.21 ± 0.08 -7.71 ± 0.15* 5 -8.65 ± 0.09 -7.65 ± 0.21* 5 
AM15-52 Q24A -7.45 ± 0.12 -6.77 ± 0.20* 6 -8.25 ± 0.13 -7.89 ± 0.25 5 -8.47 ± 0.10 -8.04 ± 0.20 5 
AM15-52 K25A -7.43 ± 0.15 -6.61 ± 0.21* 6 -8.32 ± 0.06 -7.78 ± 0.10* 5 -8.55 ± 0.15 -7.76 ± 0.21* 5 
AM15-52 L26A -7.48 ± 0.09 -5.62 ± 0.23* 6 -8.27 ± 0.13 -6.90 ± 0.09* 5 -8.56 ± 0.16 -6.81 ± 0.17* 5 
AM15-52 H28A -7.42 ± 0.15 -6.41 ± 0.22* 6 -8.25 ± 0.11 -7.72 ± 0.04* 5 -8.46 ± 0.13 -7.82 ± 0.18* 5 
AM15-52 Q29A -7.50 ± 0.13 -6.72 ± 0.21* 5 -8.38 ± 0.14 -7.39 ± 0.40 5 -8.59 ± 0.07 -7.81 ± 0.23* 5 
AM15-52 I30A -7.68 ± 0.14 -5.90 ± 0.10* 3 -7.68 ± 0.14 -5.60 ± 0.10* 3 -8.89 ± 0.20 -6.58 ± 0.06* 3 
AM15-52 Y31A -7.50 ± 0.13 -6.37 ± 0.23* 5 -8.37 ± 0.10 7.58 ± 0.15* 5 -8.55 ± 0.07 -7.20 ± 0.50 5 

n refers to the number of independent experiments performed. log KA values were analysed by comparing AM15-52 to individual analogues using paired Student’s 

t-tests. * indicates a significant difference between AM15-52 and analogue. 
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Table 5.12 Summary of log τ values for AM15-52 and analogues stimulating cAMP production at the CGRP, AM1, and AM2 receptors in transfected Cos7 cells.  

 
 

CGRP Receptor AM1 Receptor AM2 Receptor 

 
log τ 

(AM15-52) 
log τ 

 (Analogue) 
n 

log τ 
 (AM15-52) 

log τ 
 (Analogue) 

n 
log τ 

 (AM15-52) 
log τ 

 (Analogue) 
n 

AM15-52 G15A 0.10 ± 0.00 0.13 ± 0.14 5 0.10 ± 0.00 0.04 ± 0.06 5 0.48 ± 0.00 0.47 ± 0.10 5 
AM15-52 R17A 0.10 ± 0.01 -0.16 ± 0.17 6 0.10 ± 0.00 0.02 ± 0.07 5 0.48 ± 0.00 0.27 ± 0.09 5 
AM15-52 F18A 0.10 ± 0.00 -0.21 ± 0.08* 5 0.10 ± 0.00 -0.45 ± 0.06* 5 0.48 ± 0.00 0.19 ± 0.07* 5 
AM15-52 G19A 0.10 ± 0.00 0.17 ± 0.09 7 0.09 ± 0.00 0.19 ± 0.09 7 0.48 ± 0.00 0.65 ± 0.12 7 
AM15-52 T20A 0.10 ± 0.01 -0.24 ± 0.03* 5 0.10 ± 0.00 -1.15 ± 0.11* 5 0.45 ± 0.03 -0.16 ± 0.05* 5 
AM15-52 T22A 0.10 ± 0.00 0.13 ± 0.09 5 0.10 ± 0.00 0.03 ± 0.04 5 0.48 ± 0.00 0.64 ± 0.21 5 
AM15-52 V23A 0.10 ± 0.00 0.22 ± 0.29 5 0.10 ± 0.00 -0.08 ± 0.05* 5 0.45 ± 0.03 0.51 ± 0.15 5 
AM15-52 Q24A 0.10 ± 0.01 0.14 ± 0.18 6 0.10 ± 0.00 -0.01 ± 0.12 5 0.48 ± 0.00 0.61 ± 0.11 5 
AM15-52 K25A 0.10 ± 0.00 0.00 ± 0.08 6 0.10 ± 0.00 -0.05 ± 0.05* 5 0.48 ± 0.00 0.25 ± 0.07* 5 
AM15-52 L26A 0.13 ± 0.01 -0.30 ± 0.08* 6 0.10 ± 0.00 -0.51 ± 0.06* 5 0.48 ± 0.00 -0.04 ± 0.10* 5 
AM15-52 H28A 0.10 ± 0.00 0.12 ± 0.09 6 0.09 ± 0.01 -0.12 ± 0.08 5 0.48 ± 0.00 0.21 ± 0.09* 5 
AM15-52 Q29A 0.10 ± 0.01 0.16 ± 0.11 5 0.09 ± 0.01 0.49 ± 0.30 5 0.45 ± 0.03 0.81 ± 0.23 5 
AM15-52 I30A 0.10 ± 0.00 -0.38 ± 0.05* 3 0.10 ± 0.00 -0.39 ± 0.04* 3 0.40 ± 0.00 0.08 ± 0.06* 3 
AM15-52 Y31A 0.10 ± 0.00 0.06 ± 0.07 5 0.09 ± 0.01 -0.13 ± 0.07* 5 0.45 ± 0.03 0.89 ± 0.48 5 

n refers to the number of independent experiments performed. log τ values were analysed by comparing AM15-52 to individual analogues using paired Student’s 

t-tests. * indicates a significant difference between AM15-52 and analogue. 
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Table 5.13 Summary of log (τ/KA) values for AM15-52 and analogues stimulating cAMP production at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells.  

 
 

CGRP Receptor AM1 Receptor AM2 Receptor 

 
log (τ/KA) 
(AM15-52) 

log (τ/KA)  
(Analogue) 

n 
log (τ/KA)  
(AM15-52) 

log (τ/KA) 
(Analogue) 

n 
log (τ/KA) 
(AM15-52) 

log (τ/KA)  
(Analogue) 

n 

AM15-52 G15A 7.59 ± 0.15 7.20 ± 0.23 5 8.38 ± 0.09 8.41 ± 0.12 5 8.93 ± 0.13 8.81 ± 0.12 5 
AM15-52 R17A 7.57 ± 0.13 6.45 ± 0.20* 6 8.42 ± 0.14 7.36 ± 0.10* 5 8.95 ± 0.11 8.02 ± 0.08* 5 
AM15-52 F18A 7.54 ± 0.15 5.96 ± 0.16* 5 8.37 ± 0.12 7.07 ± 0.14* 5 9.01 ± 0.16 7.52 ± 0.05* 5 
AM15-52 G19A 7.60 ± 0.09 8.82 ± 0.14* 7 8.56 ± 0.11 9.19 ± 0.24* 7 9.10 ± 0.11 9.84 ± 0.13* 7 
AM15-52 T20A 7.57 ± 0.17 5.53 ± 0.16* 5 8.46 ± 0.09 6.95 ± 0.07* 5 9.04 ± 0.06 7.24 ± 0.16* 5 
AM15-52 T22A 7.57 ± 0.17 8.21 ± 0.23* 5 8.30 ± 0.08 9.09 ± 0.08* 5 9.18 ± 0.19 9.55 ± 0.07 5 
AM15-52 V23A 7.52 ± 0.20 6.56 ± 0.24* 5 8.30 ± 0.08 7.62 ± 0.13* 5 9.09 ± 0.09 8.15 ± 0.13* 5 
AM15-52 Q24A 7.54 ± 0.12 6.91 ± 0.06* 6 8.35 ± 0.13 7.88 ± 0.20* 5 8.95 ± 0.11 8.64 ± 0.15* 5 
AM15-52 K25A 7.52 ± 0.15 6.61 ± 0.19* 6 8.42 ± 0.06 7.72 ± 0.06* 5 9.03 ± 0.15 8.01 ± 0.18* 5 
AM15-52 L26A 7.61 ± 0.08 5.32 ± 0.17* 6 8.36 ± 0.13 6.39 ± 0.08* 5 9.04 ± 0.16 6.77 ± 0.11* 5 
AM15-52 H28A 7.52 ± 0.15 6.53 ± 0.18* 6 8.34 ± 0.10 7.61 ± 0.09* 5 8.94 ± 0.13 8.03 ± 0.16* 5 
AM15-52 Q29A 7.60 ± 0.13 6.88 ± 0.20* 5 8.47 ± 0.13 7.88 ± 0.16* 5 9.04 ± 0.06 8.62 ± 0.15* 5 
AM15-52 I30A 7.77 ± 0.14 5.21 ± 0.09* 3 7.77 ± 0.14 5.21 ± 0.09* 3 9.29 ± 0.20 6.65 ± 0.01* 3 
AM15-52 Y31A 7.60 ± 0.13 6.43 ± 0.22* 5 8.46 ± 0.10 7.45 ± 0.09* 5 8.99 ± 0.05 8.09 ± 0.08* 5 

n refers to the number of independent experiments performed. log (τ/KA) values were analysed by comparing AM15-52 to individual analogues using paired 

Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. 
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Table 5.14 Summary of log KA values for AM15-52 and analogues stimulating ERK phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log KA 

(AM15-52) 
log KA 

 (Analogue) 
n 

log KA 
 (AM15-52) 

log KA 
 (Analogue) 

n 
log KA 

 (AM15-52) 
log KA 

 (Analogue) 
n 

AM15-52 G15A -7.54 ± 0.2 -7.24 ± 0.17 5 -8.54 ± 0.21 -8.94 ± 0.17 5 -8.42 ± 0.09 -8.49 ± 0.22 5 
AM15-52 R17A -8.29 ± 0.36 -6.92 ± 0.38 5 -8.79 ± 0.18 -7.98 ± 0.24 5 -8.49 ± 0.12 -8.03 ± 0.26 5 
AM15-52 F18A -8.4 ± 0.22 -7.31 ± 0.52 5 -8.69 ± 0.26 -7.37 ± 0.27* 5 -8.39 ± 0.09 -7.94 ± 0.29 5 
AM15-52 G19A -7.96 ± 0.11 -6.98 ± 0.39 6 -8.52 ± 0.32 -8.70 ± 0.24 5 -8.56 ± 0.21 -8.31 ± 0.06 5 
AM15-52 T20A -7.8 ± 0.38 -6.40 ± 0.17* 5 -8.41 ± 0.37 -7.81 ± 0.43 3^^ -8.33 ± 0.08 -7.87 ± 0.15 4^ 
AM15-52 T22A -7.41 ± 0.19 -7.55 ± 0.22 6 -8.47 ± 0.20 -8.87 ± 0.17* 5 -8.42 ± 0.11 -8.05 ± 0.44 5 
AM15-52 V23A -7.44 ± 0.25 -7.26 ± 0.41 5 -8.34 ± 0.14 -7.51 ± 0.16* 5 -8.43 ± 0.09 -7.50 ± 0.16* 5 
AM15-52 Q24A -7.96 ± 0.33 -7.02 ± 0.19 5 -8.67 ± 0.18 -7.92 ± 0.26 5 -8.48 ± 0.12 -8.20 ± 0.24 5 
AM15-52 K25A -8.12 ± 0.22 -6.69 ± 0.53 5 -8.57 ± 0.26 -7.96 ± 0.36* 5 -8.61 ± 0.22 -7.76 ± 0.14* 5 
AM15-52 L26A -8.07 ± 0.36 -6.29 ± 0.31* 4^ -8.48 ± 0.05 -7.30 ± 0.50 5 -8.64 ± 0.22 -7.33 ± 0.31* 5 
AM15-52 H28A -8.08 ± 0.23 -7.01 ± 0.16* 5 -8.76 ± 0.13 -8.29 ± 0.38 5 -8.42 ± 0.08 -7.91 ± 0.29 5 
AM15-52 Q29A -7.81 ± 0.17 -6.97 ± 0.19* 5 -8.76 ± 0.15 -8.23 ± 0.24* 5 -8.30 ± 0.19 -7.29 ± 0.34 5 
AM15-52 I30A -7.52 ± 0.38 -5.81 ± 0.18* 3  -8.40 ± 0.08 NC 2%  -8.73 ± 0.23 -6.64 ± 0.01* 3  
AM15-52 Y31A -7.91 ± 0.21 -6.34 ± 0.23* 6 -8.64 ± 0.25 -7.38 ± 0.12* 5 -8.59 ± 0.20 -7.82 ± 0.25 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log KA values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ or ^^ indicate that there were 

one or two other experiments respectively where the tested peptide did not elicit a measurable response, these results were removed from the data set and not 

included in analyses. % indicates that there was one other experiment where AM15-52 I30A stimulated measurable ERK phosphorylation at the AM1 receptor, 

on this day AM15-52 I30A had a log KA value of -7.91.   
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Table 5.15 Summary of log τ values for AM15-52 and analogues stimulating ERK phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log τ  

(AM15-52) 
log τ 

(Analogue) 
n 

log τ  
(AM15-52) 

log τ 
(Analogue) 

n 
log τ  

(AM15-52) 
log τ 

(Analogue) 
n 

AM15-52 G15A -0.04 ± 0.00 0.05 ± 0.07 5 0.37 ± 0.00 0.26 ± 0.08 5 0.14 ± 0.00 0.04 ± 0.07 5 
AM15-52 R17A -0.04 ± 0.00 -0.03 ± 0.05 5 0.37 ± 0.00 0.24 ± 0.08 5 0.14 ± 0.00 -0.08 ± 0.09 5 
AM15-52 F18A -0.04 ± 0.00 -0.38 ± 0.11* 5 0.37 ± 0.00 0.02 ± 0.14 5 0.14 ± 0.00 -0.40 ± 0.06* 5 
AM15-52 G19A -0.06 ± 0.02 1.02 ± 0.49 6 0.42 ± 0.05 1.00 ± 0.28 5 0.14 ± 0.01 0.64 ± 0.15* 5 
AM15-52 T20A -0.05 ± 0.01 -0.66 ± 0.12* 5 0.37 ± 0.00 -0.50 ± 0.03* 3^^ 0.13 ± 0.02 -0.60 ± 0.10* 4^ 
AM15-52 T22A -0.05 ± 0.01 0.22 ± 0.13 6 0.38 ± 0.00 0.52 ± 0.05* 5 0.14 ± 0.00 0.49 ± 0.30 5 
AM15-52 V23A -0.06 ± 0.01 -0.24 ± 0.13 5 0.37 ± 0.00 0.34 ± 0.07 5 0.14 ± 0.00 0.01 ± 0.09 5 
AM15-52 Q24A -0.04 ± 0.00 0.12 ± 0.11 5 0.37 ± 0.01 0.45 ± 0.10 5 0.14 ± 0.00 0.19 ± 0.06 5 
AM15-52 K25A -0.04 ± 0.00 -0.09 ± 0.15 5 0.37 ± 0.00 0.23 ± 0.15 5 0.15 ± 0.00 0.06 ± 0.12 5 
AM15-52 L26A -0.07 ± 0.02 -0.52 ± 0.12* 4^ 0.37 ± 0.00 -0.42 ± 0.08* 5 0.15 ± 0.00 -0.47 ± 0.11* 5 
AM15-52 H28A -0.04 ± 0.00 -0.18 ± 0.10 5 0.37 ± 0.00 0.20 ± 0.08 5 0.15 ± 0.00 -0.02 ± 0.07 5 
AM15-52 Q29A -0.06 ± 0.02 0.04 ± 0.05 5 0.37 ± 0.00 0.37 ± 0.09 5 0.15 ± 0.01 0.58 ± 0.44 5 
AM15-52 I30A -0.04 ± 0.01 -0.39 ± 0.07* 3  0.45 ± 0.08 NC 2%  0.16 ± 0.01 -0.28 ± 0.08* 3  
AM15-52 Y31A -0.06 ± 0.02 -0.13 ± 0.09 6 0.37 ± 0.00 0.07 ± 0.14 5 0.14 ± 0.00 -0.01 ± 0.10 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log τ values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ or ^^ indicates that there were 

one or two other experiments respectively where the tested peptide did not elicit a measurable response, these results were removed from the data set and not 

included in analyses. % indicates that there was one other experiment where AM15-52 I30A stimulated measurable ERK phosphorylation at the AM1 receptor, 

on this day AM15-52 I30A had a log τ value of -0.24. 
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Table 5.16 Summary of log (τ/KA) values for AM15-52 and analogues stimulating ERK phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log (τ/KA) 
(AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 

AM15-52 G15A 7.50 ± 0.20 7.28 ± 0.21 5 8.91 ± 0.21 9.20 ± 0.15 5 8.57 ± 0.09 8.53 ± 0.21 5 
AM15-52 R17A 8.25 ± 0.36 6.89 ± 0.36 5 9.16 ± 0.18 8.22 ± 0.21 5 8.64 ± 0.12 7.95 ± 0.22* 5 
AM15-52 F18A 8.35 ± 0.22 6.93 ± 0.44* 5 9.07 ± 0.26 7.39 ± 0.24* 5 8.54 ± 0.09 7.54 ± 0.23* 5 
AM15-52 G19A 7.90 ± 0.12 8.00 ± 0.17 6 8.94 ± 0.28 9.71 ± 0.16* 5 8.70 ± 0.21 8.96 ± 0.18 5 
AM15-52 T20A 7.75 ± 0.38 5.74 ± 0.15* 5 8.78 ± 0.37 7.31 ± 0.41* 3^^ 8.46 ± 0.09 7.27 ± 0.23* 4^ 
AM15-52 T22A 7.35 ± 0.18 7.77 ± 0.11* 6 8.85 ± 0.20 9.39 ± 0.14* 5 8.56 ± 0.11 8.54 ± 0.20 5 
AM15-52 V23A 7.38 ± 0.25 7.02 ± 0.29 5 8.72 ± 0.14 7.85 ± 0.19* 5 8.57 ± 0.09 7.52 ± 0.18* 5 
AM15-52 Q24A 7.92 ± 0.33 7.14 ± 0.21* 5 9.05 ± 0.18 8.36 ± 0.17* 5 8.62 ± 0.12 8.39 ± 0.21* 5 
AM15-52 K25A 8.08 ± 0.21 6.61 ± 0.38* 5 8.94 ± 0.26 8.19 ± 0.24* 5 8.76 ± 0.22 7.82 ± 0.13* 5 
AM15-52 L26A 8.01 ± 0.36 5.77 ± 0.30* 4^ 8.86 ± 0.05 6.88 ± 0.51* 5 8.78 ± 0.22 6.87 ± 0.28* 5 
AM15-52 H28A 8.04 ± 0.23 6.83 ± 0.15* 5 9.13 ± 0.13 8.49 ± 0.33* 5 8.57 ± 0.08 7.89 ± 0.25* 5 
AM15-52 Q29A 7.75 ± 0.17 7.01 ± 0.15* 5 9.14 ± 0.15 8.60 ± 0.23 5 8.45 ± 0.18 7.87 ± 0.17* 5 
AM15-52 I30A 7.48 ± 0.38 5.42 ± 0.21* 3  8.85 ± 0.08 NC 2%  8.89 ± 0.22 6.35 ± 0.07* 3  
AM15-52 Y31A 7.84 ± 0.22 6.21 ± 0.22* 6 9.02 ± 0.25 7.45 ± 0.24* 5 8.74 ± 0.20 7.81 ± 0.16* 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log (τ/KA) values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ or ^^ indicate that there were 

one or two other experiments respectively where the tested peptide did not elicit a measurable response, these results were removed from the data set and not 

included in analyses. % indicates that there was one other experiment where AM15-52 I30A stimulated measurable ERK phosphorylation at the AM1 receptor, 

on this day AM15-52 I30A had a log (τ/KA) value of 7.64. 
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Table 5.17 Summary of log KA values for AM15-52 and analogues stimulating CREB phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log KA 

(AM15-52) 
log KA 

 (Analogue) 
n 

log KA 
 (AM15-52) 

log KA 
 (Analogue) 

n 
log KA 

 (AM15-52) 
log KA 

 (Analogue) 
n 

AM15-52 G15A -7.64 ± 0.10 -7.70 ± 0.14 5 -8.86 ± 0.18 -9.14 ± 0.23 5 -8.81 ± 0.23 -8.81 ± 0.11 5 
AM15-52 R17A -7.63 ± 0.12 -6.54 ± 0.20* 5 -8.78 ± 0.10 -7.63 ± 0.35 6 -8.85 ± 0.22 -8.15 ± 0.11* 5 
AM15-52 F18A -7.72 ± 0.11 -6.21 ± 0.26* 5 -8.64 ± 0.10 -7.91 ± 0.40* 5 -8.93 ± 0.22 -7.53 ± 0.16* 5 
AM15-52 G19A -7.76 ± 0.14 -8.73 ± 0.19* 5 -8.68 ± 0.10 -9.92 ± 0.19 5 -8.97 ± 0.14 -9.45 ± 0.16* 5 
AM15-52 T20A -7.62 ± 0.09 -6.09 ± 0.10* 5 -8.61 ± 0.11 NC 3 -8.70 ± 0.25 -7.60 ± 0.25* 5 
AM15-52 T22A -7.70 ± 0.07 -7.31 ± 0.48 5 -8.94 ± 0.20 -9.09 ± 0.20* 5 -8.79 ± 0.19 -9.31 ± 0.14 5 
AM15-52 V23A -7.68 ± 0.07 -6.64 ± 0.19* 5 -9.03 ± 0.20 -8.08 ± 0.34* 5 -8.66 ± 0.21 -7.63 ± 0.64 5 
AM15-52 Q24A -7.83 ± 0.11 -6.85 ± 0.22* 5 -8.71 ± 0.14 -8.12 ± 0.14 5 -8.81 ± 0.23 -8.60 ± 0.24* 5 
AM15-52 K25A -7.66 ± 0.08 -6.58 ± 0.20* 5 -8.46 ± 0.09 -7.81 ± 0.06* 5 -8.83 ± 0.25 -8.04 ± 0.17* 5 
AM15-52 L26A -7.72 ± 0.09 -5.83 ± 0.10* 5 -9.01 ± 0.30 -6.97 ± 0.23 4^ -8.84 ± 0.25 -7.22 ± 0.29* 5 
AM15-52 H28A -7.82 ± 0.06 -6.74 ± 0.22* 4^ -8.58 ± 0.08 -7.60 ± 0.64 6 -8.56 ± 0.26 -7.98 ± 0.19 5 
AM15-52 Q29A -7.69 ± 0.14 -6.86 ± 0.16* 5 -8.79 ± 0.16 -8.23 ± 0.22* 6 -8.56 ± 0.18 -8.31 ± 0.23 5 
AM15-52 I30A -7.88 ± 0.13 -5.66 ± 0.14* 3 -8.83 ± 0.13 -6.85 ± 0.48 2^  -8.69 ± 0.54 -6.67 ± 0.21* 3 
AM15-52 Y31A -7.68 ± 0.15 -6.31 ± 0.18* 5 -8.51 ± 0.40 -7.20 ± 0.12* 5 -8.82 ± 0.07 -7.71 ± 0.28* 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log KA values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  
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Table 5.18 Summary of log τ values for AM15-52 and analogues stimulating CREB phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log τ 

(AM15-52) 
log τ 

 (Analogue) 
n 

log τ 
 (AM15-52) 

log τ 
 (Analogue) 

n 
log τ 

 (AM15-52) 
log τ 

 (Analogue) 
n 

AM15-52 G15A 0.30 ± 0.00 0.32 ± 0.17 5 -0.03 ± 0.00 -0.02 ± 0.04 5 0.25 ± 0.00 0.12 ± 0.08 5 
AM15-52 R17A 0.3.0 ± 0.00 0.40 ± 0.13 5 -0.03 ± 0.00 0.23 ± 0.21 6 0.25 ± 0.00 0.11 ± 0.05 5 
AM15-52 F18A 0.30 ± 0.00 0.11 ± 0.11 5 -0.03 ± 0.00 -0.19 ± 0.07 5 0.25 ± 0.00 0.03 ± 0.03* 5 
AM15-52 G19A 0.29 ± 0.01 0.55 ± 0.14 5 -0.03 ± 0.00 -0.06 ± 0.05 5 0.25 ± 0.00 0.43 ± 0.10 5 
AM15-52 T20A 0.30 ± 0.00 -0.08 ± 0.07* 5 -0.03 ± 0.00 NC 3 0.25 ± 0.00 -0.23 ± 0.09* 5 
AM15-52 T22A 0.30 ± 0.01 0.88 ± 0.45 5 -0.03 ± 0.00 0.01 ± 0.07* 5 0.25 ± 0.00 0.15 ± 0.05 5 
AM15-52 V23A 0.30 ± 0.00 0.27 ± 0.07 5 -0.03 ± 0.00 -0.16 ± 0.08 5 0.25 ± 0.00 0.74 ± 0.55 5 
AM15-52 Q24A 0.29 ± 0.01 0.64 ± 0.23 5 -0.03 ± 0.00 -0.04 ± 0.07 5 0.25 ± 0.00 0.23 ± 0.04 5 
AM15-52 K25A 0.30 ± 0.00 0.36 ± 0.11 5 -0.03 ± 0.00 -0.09 ± 0.05 5 0.25 ± 0.00 0.28 ± 0.08 5 
AM15-52 L26A 0.30 ± 0.00 -0.09 ± 0.04* 5 -0.03 ± 0.00 -0.47 ± 0.04* 4^ 0.25 ± 0.00 -0.07 ± 0.07* 5 
AM15-52 H28A 0.30 ± 0.00 0.22 ± 0.12 4^ -0.03 ± 0.00 0.28 ± 0.41 6 0.25 ± 0.00 0.24 ± 0.08 5 
AM15-52 Q29A 0.29 ± 0.01 0.34 ± 0.11 5 -0.03 ± 0.00 -0.06 ± 0.07 6 0.25 ± 0.00 0.11 ± 0.07 5 
AM15-52 I30A 0.30 ± 0.00 0.08 ± 0.06 3 -0.03 ± 0.00 -0.42 ± 0.10 2^  0.26 ± 0.00 0.10 ± 0.13 3 
AM15-52 Y31A 0.29 ± 0.01 0.40 ± 0.06 5 -0.03 ± 0.01 -0.04 ± 0.08 5 0.25 ± 0.00 0.27 ± 0.10 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log τ values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  
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Table 5.19 Summary of log (τ/KA) values for AM15-52 and analogues stimulating CREB phosphorylation at the CGRP, AM1, and AM2 receptors in transfected 

Cos7 cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log (τ/KA) 
(AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 

AM15-52 G15A 7.94 ± 0.10 8.02 ± 0.21 5 8.83 ± 0.18 9.12 ± 0.21 5 9.06 ± 0.23 8.94 ± 0.12 5 
AM15-52 R17A 7.92 ± 0.12 6.93 ± 0.14* 5 8.75 ± 0.10 7.86 ± 0.16* 6 9.10 ± 0.22 8.26 ± 0.08* 5 
AM15-52 F18A 8.02 ± 0.11 6.32 ± 0.21* 5 8.61 ± 0.10 7.73 ± 0.38 5 9.19 ± 0.22 7.57 ± 0.14* 5 
AM15-52 G19A 8.05 ± 0.13 9.28 ± 0.17* 5 8.64 ± 0.10 9.85 ± 0.21* 5 9.22 ± 0.14 9.88 ± 0.22* 5 
AM15-52 T20A 7.92 ± 0.09 6.01 ± 0.07* 5 8.57 ± 0.01 NC 3 8.96 ± 0.25 7.37 ± 0.32* 5 
AM15-52 T22A 8.00 ± 0.07 8.19 ± 0.30 5 8.90 ± 0.20 9.10 ± 0.21 5 9.04 ± 0.19 9.46 ± 0.12 5 
AM15-52 V23A 7.98 ± 0.07 6.91 ± 0.14* 5 9.00 ± 0.20 7.93 ± 0.31* 5 8.91 ± 0.21 8.38 ± 0.20* 5 
AM15-52 Q24A 8.12 ± 0.10 7.48 ± 0.21* 5 8.68 ± 0.14 8.08 ± 0.10* 5 9.06 ± 0.23 8.83 ± 0.24* 5 
AM15-52 K25A 7.96 ± 0.08 6.94 ± 0.12* 5 8.42 ± 0.10 7.73 ± 0.07* 5 9.08 ± 0.25 8.32 ± 0.19* 5 
AM15-52 L26A 8.02 ± 0.09 5.74 ± 0.12* 5 8.98 ± 0.30 6.49 ± 0.19* 4^ 9.09 ± 0.25 7.15 ± 0.24* 5 
AM15-52 H28A 8.12 ± 0.06 6.96 ± 0.13* 4^ 8.54 ± 0.08 7.88 ± 0.28 6 8.81 ± 0.26 8.21 ± 0.18* 5 
AM15-52 Q29A 7.98 ± 0.13 7.21 ± 0.15* 5 8.76 ± 0.16 8.16 ± 0.17* 6 8.81 ± 0.18 8.42 ± 0.17 5 
AM15-52 I30A 8.18 ± 0.13 5.73 ± 0.16* 3 8.79 ± 0.13 6.43 ± 0.38 2^  8.94 ± 0.54 6.77 ± 0.10* 3 
AM15-52 Y31A 7.97 ± 0.14 6.71 ± 0.15* 5 8.48 ± 0.39 7.16 ± 0.06* 5 9.08 ± 0.07 7.97 ± 0.19* 5 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log (τ/KA) values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  
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Table 5.20 Summary of log KA values for AM15-52 and analogues stimulating Akt phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log KA 

(AM15-52) 
log KA 

 (Analogue) 
n 

log KA 
 (AM15-52) 

log KA 
 (Analogue) 

n 
log KA 

 (AM15-52) 
log KA 

 (Analogue) 
n 

AM15-52 G15A -5.71 ± 0.13 -5.73 ± 0.14 5 NC NC 3 -7.6 ± 0.18 -7.43 ± 0.23* 5 
AM15-52 R17A -5.82 ± 0.17 NC 3 NC NC 3 -7.4 ± 0.09 -6.67 ± 0.26 5 
AM15-52 F18A -5.82 ± 0.17 NC 3 NC NC 3 -7.36 ± 0.09 NC 4 
AM15-52 G19A -5.49 ± 0.07 -5.49 ± 0.71 5 NC NC 3 -7.65 ± 0.18 -7.23 ± 0.29 5 
AM15-52 T20A -5.58 ± 0.12 NC 4 NC NC 3 -7.46 ± 0.15 NC 4 
AM15-52 T22A -5.73 ± 0.14 -5.88 ± 0.19 5 NC NC 3 -7.49 ± 0.1 -7.74 ± 0.11* 5 
AM15-52 V23A -5.62 ± 0.18 NC 5 NC NC 3 -7.41 ± 0.1 -6.71 ± 0.14* 5 
AM15-52 Q24A -5.84 ± 0.10 -5.51 ± 0.10* 5 NC NC 3 -7.49 ± 0.12 -7.09 ± 0.31 5 
AM15-52 K25A -5.82 ± 0.07 NC 5 NC NC 3 -7.48 ± 0.09 -6.66 ± 0.20* 6 
AM15-52 L26A -5.47 ± 0.07 NC 3 NC NC 3 -7.58 ± 0.11 NC 4 
AM15-52 H28A -5.62 ± 0.18 NC 3 NC NC 3 -7.41 ± 0.12 -7.08 ± 0.45 4^ 
AM15-52 Q29A -5.57 ± 0.07 -5.03 ± 0.37 5 NC NC 3 -7.58 ± 0.11 -7.09 ± 0.21* 5 
AM15-52 I30A -5.47 ± 0.07 NC 3 NC NC 3 -7.4 ± 0.12 NC 3 
AM15-52 Y31A -5.68 ± 0.14 NC 4 NC NC 3 -7.42 ± 0.12 -6.68 ± 0.07* 4^ 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log KA values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  

  



 

172 
  

Table 5.21 Summary of log τ values for AM15-52 and analogues stimulating Akt phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log τ 

(AM15-52) 
log τ 

 (Analogue) 
n 

log τ 
 (AM15-52) 

log τ 
 (Analogue) 

n 
log τ 

 (AM15-52) 
log τ 

 (Analogue) 
n 

AM15-52 G15A -0.06 ± 0.00 -0.20 ± 0.16 5 NC NC 3 -0.30 ± 0.00 -0.30 ± 0.04 5 
AM15-52 R17A -0.06 ± 0.00 NC 3 NC NC 3 -0.30 ± 0.00 -0.84 ± 0.07* 5 
AM15-52 F18A -0.06 ± 0.00 NC 3 NC NC 3 -0.30 ± 0.00 NC 4 
AM15-52 G19A -0.03 ± 0.03 1.15 ± 0.78 5 NC NC 3 -0.30 ± 0.00 0.93 ± 0.36* 5 
AM15-52 T20A -0.06 ± 0.00 NC 4 NC NC 3 -0.30 ± 0.00 NC 4 
AM15-52 T22A -0.06 ± 0.01 0.11 ± 0.10 5 NC NC 3 -0.30 ± 0.00 -0.22 ± 0.05 5 
AM15-52 V23A -0.06 ± 0.00 NC 5 NC NC 3 -0.30 ± 0.00 -0.47 ± 0.04* 5 
AM15-52 Q24A -0.06 ± 0.00 -0.26 ± 0.05 5 NC NC 3 -0.30 ± 0.00 -0.35 ± 0.07 5 
AM15-52 K25A -0.06 ± 0.00 NC 5 NC NC 3 -0.30 ± 0.00 -0.36 ± 0.08 6 
AM15-52 L26A -0.06 ± 0.06 NC 3 NC NC 3 -0.30 ± 0.00 NC 4 
AM15-52 H28A -0.06 ± 0.03 NC 3 NC NC 3 -0.30 ± 0.00 -0.51 ± 0.10 4^ 
AM15-52 Q29A -0.03 ± 0.03 -0.05 ± 0.26 5 NC NC 3 -0.30 ± 0.00 -0.27 ± 0.08 5 
AM15-52 I30A -0.01 ± 0.06 NC 3 NC NC 3 -0.30 ± 0.00 NC 3 
AM15-52 Y31A -0.06 ± 0.00 NC 4 NC NC 3 -0.30 ± 0.00 -0.47 ± 0.06 4^ 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log τ values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  
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Table 5.22 Summary of log (τ/KA) values for AM15-52 and analogues stimulating Akt phosphorylation at the CGRP, AM1, and AM2 receptors in transfected Cos7 

cells. 

 CGRP Receptor AM1 Receptor AM2 Receptor 

 
log (τ/KA) 
(AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 
log (τ/KA) 
 (AM15-52) 

log (τ/KA) 
 (Analogue) 

n 

AM15-52 G15A 5.65 ± 0.13 5.53 ± 0.09 5 NC NC 3 7.30 ± 0.18 7.14 ± 0.26 5 
AM15-52 R17A 5.76 ± 0.17 NC 3 NC NC 3 7.10 ± 0.10 5.83 ± 0.19* 5 
AM15-52 F18A 5.76 ± 0.17 NC 3 NC NC 3 7.06 ± 0.09 NC 4 
AM15-52 G19A 5.46 ± 0.06 6.64 ± 0.09* 5 NC NC 3 7.35 ± 0.18 8.17 ± 0.15 5 
AM15-52 T20A 5.52 ± 0.12 NC 4 NC NC 3 7.16 ± 0.16 NC 4 
AM15-52 T22A 5.67 ± 0.14 5.99 ± 0.26 5 NC NC 3 7.19 ± 0.10 7.52 ± 0.13* 5 
AM15-52 V23A 5.55 ± 0.18 NC 5 NC NC 3 7.12 ± 0.10 6.24 ± 0.13* 5 
AM15-52 Q24A 5.77 ± 0.10 5.25 ± 0.15* 5 NC NC 3 7.19 ± 0.12 6.74 ± 0.31* 5 
AM15-52 K25A 5.76 ± 0.07 NC 5 NC NC 3 7.19 ± 0.09 6.31 ± 0.19* 6 
AM15-52 L26A 5.46 ± 0.02 NC 3 NC NC 3 7.28 ± 0.11 NC 4 
AM15-52 H28A 5.55 ± 0.18 NC 3 NC NC 3 7.11 ± 0.12 6.56 ± 0.41 4^ 
AM15-52 Q29A 5.55 ± 0.05 4.98 ± 0.17* 5 NC NC 3 7.28 ± 0.11 6.82 ± 0.20* 5 
AM15-52 I30A 5.46 ± 0.02 NC 3 NC NC 3 7.10 ± 0.12 NC 3 
AM15-52 Y31A 5.62 ± 0.14 NC 4 NC NC 3 7.12 ± 0.12 6.21 ± 0.10* 4^ 

n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. log (τ/KA) values were analysed by comparing 

AM15-52 to individual analogues using paired Student’s t-tests. * indicates a significant difference between AM15-52 and analogue. ^ indicates that there was one 

other experiment where the tested peptide did not elicit a measurable response, these results were removed from the data set and not included in analyses.  

 

Table 5.23 Summary of log KA, log τ, and log (τ/KA) values for AM15-52 G19A stimulating IP1 production at the CGRP, AM1, and AM2 receptors.

 CGRP Receptor AM1 Receptor AM2 Receptor 

 log KA log τ log (τ/KA) n log KA log τ log (τ/KA) n log KA log τ log (τ/KA) n 

AM15-52 G19A -5.86 ± 0.17 0.11 ± 0.2 5.97 ± 0.18 6 NC NC NC 3 -7.31 ± 0.19 0.52 ± 0.34 7.83 ± 0.19 6 
n refers to the number of independent experiments performed. NC indicates that no curve could be fit to the data. Only AM15-52 G19A data are presented in this 

table because no other peptides could stimulate IP1 production at any tested receptor. 
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5.5 Discussion 

In this chapter I characterised a series of alanine substituted analogues of AM15-52 through multiple 

pathways and receptors. Pathways were chosen to match Chapter 4 as I had previously shown that 

these pathways were able to be regulated by CLR based receptors. 

Broadly speaking, the effect of alanine substitution was conserved between pathways and receptors. 

Most of the alanine substituted analogues had small (<10) reductions in signalling ability relative to the 

unmodified peptide, though there were exceptions to this rule (Figure 5.21). This suggests that although 

there are a few residues in AM which are critical for receptor activation, much of the signalling profile 

associated with AM is created through the collective contribution of many individual residues. In order 

to limit my discussion to a manageable size, I will focus primarily on residues which had large effects 

on signalling (F18A, G19A, T20A, L26A, and I30A). There were very few instances of biased analogues 

in this work, thus I have largely assumed that substitutions altered the activation of each pathway by 

the same mechanism. 

As the unmodified AM15-52 had low potency through Akt phosphorylation at the CGRP and AM2 

receptors, any analogues which had impaired potency through other pathways had a tendency to be 

unable to stimulate this pathway. This effect was most noticeable at the CGRP receptor. It is entirely 

possible that a higher concentration of peptide would have elicited a measurable induction of Akt 

phosphorylation, however using a concentration above 10 μM was not feasible, and so these responses 

have been classified as flat-lines.  

5.5.1.1 F18A 

A previous examination of AM15-52 F18 noted that substituting this residue with alanine resulted in an 

analogue with reduced potency for cAMP production at the AM1 and AM2 receptors, but a reduced Emax 

exclusively at the AM1 receptor (Watkins et al., 2016). Similarly, interfering with this residue by olefin 

stapling F18 to T22 reduced the Emax at the AM1 receptor, but not the CGRP receptor (Fischer et al., 

2018). This was mirrored in my study, where this peptide had a large decrease in Emax at the AM1 

receptor, and smaller effects on Emax at the CGRP and AM2 receptors. A mechanistic explanation was 

derived from models of the AM1 and AM2 receptors, in which AM15-52 F18 made more contacts with CLR 

in the AM1 receptor model relative to the AM2 receptor model, driven by differences in the orientation of 

CLR ECL3. The cryo-EM structure of the CGRP-bound CGRP receptor displays ECL3 in a position 

more similar to the AM2 receptor model than the AM1 receptor model, which could be an explanation for 

why the effects seen at the CGRP receptor more closely mimic the effects seen at the AM2 receptor 

(Liang et al., 2018a; Watkins et al., 2016). However, there are issues with the current AM receptor 

models, and structures of the AM-bound AM receptors are needed for a full interpretation. 

5.5.1.2 T20A 

This residue is strictly conserved as a threonine in AM across species, and is also conserved across 

the entire peptide family (Hay et al., 2018a; Schönauer et al., 2017). This hints that this residue plays a 

critical role in the function of this family of peptides. Previous studies which have investigated this 

residue in other peptides have consistently reported large decreases in peptide ability to stimulate a 
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cAMP response following residue modification (Bower et al., 2018; Hay et al., 2014; Musa et al., 2019). 

This decrease occurs at both CLR and CTR based receptors. This is explained mechanistically by 

structures and molecular dynamics simulations of peptide bound receptors. In simulations based on the 

cryo-EM structure of the αCGRP-bound CGRP receptor, αCGRP T6 hydrogen bonds with CLR H295, 

and in the model based on the cryo-EM structure of sCT-bound CTR, sCT T6 hydrogen bonds with the 

corresponding residue on CTR (Liang et al., 2017; Liang et al., 2018a). αCGRP T6S, which retains the 

hydrogen bond forming capabilities of the threonine but lacks the methyl group, is weaker than 

unmodified αCGRP, but is more potent than αCGRP T6A which lacks both the methyl group and the 

hydrogen bond forming group (Hay et al., 2014). This suggests that the threonine in this position is 

involved in a number of critical peptide-receptor interactions.  

5.5.1.3 L26A and I30A 

Both AM15-52 L26A and AM15-52 I30A were weaker agonists than the unmodified AM15-52 in all tested 

cases; AM15-52 L26A was 80-300 fold weaker than unmodified AM15-52 (Figure 5.14, Figure 5.21) and 

AM15-52 I30A was approximately 100-600 fold weaker than unmodified AM15-52 at pathways for which it 

was able to stimulate a measurable signalling response (Figure 5.17, Figure 5.21). These residues are 

conserved as leucine or isoleucine in CGRP, AM, AM2, amylin and sCT (and as similarly bulky and 

hydrophobic tyrosine and phenylalanine residues in human CT) indicating that these residues are likely 

to play similar roles across the peptide family (Hay et al., 2018a). When the corresponding residues in 

CGRP were individually replaced with alanine (creating CGRP L12A and CGRP L16A), the resulting 

peptides had greatly reduced potency and Emax for cAMP production at the CGRP receptor (Simms et 

al., 2018). Based on the CGRP receptor structure, CGRP L12 both L16 are in the vicinity of a number 

of large, hydrophobic residues on CLR. These residues are located in the linker/TM1 (L139, L141, and 

F142), in TM2 (L195 and A199), and in TM7 (H370). Previous work has shown that individual mutation 

of these residues in TM2 has an impact on the signalling of both AM and αCGRP (Barwell et al., 2011; 

Watkins et al., 2016), indicating that the bulky hydrophobic residues on the peptides are likely to be 

interacting with a hydrophobic portion of the receptor to stabilise the peptide-receptor complex. It seems 

that these residues also offer some form of steric constrain beneficial to peptide activity, as replacing 

these residues with alanine (which is much smaller, but similarly hydrophobic) had such a large effect 

on peptide activity. Additionally, as my own work has shown that CLR L139 has differential importance 

in the activity of CGRP and AM (Figure 3.18), it appears that AM adopts a slightly different conformation 

to CGRP in this portion of the receptor, or that this region of the receptor adopts a slightly different 

conformation when bound to AM relative to when bound to CGRP. 

5.5.1.4 G19A 

This position is conserved as a small amino acid across the peptide family, being glycine in AM and 

AM2, alanine in CGRP and amylin, and serine in human CT (Figure 1.1; Hay et al., 2018a). In AM, this 

residue is also strictly conserved as a glycine across species (Schönauer et al., 2017). AM15-52 G19A 

had increased signalling abilities through almost all pathways at all tested receptors, with the largest 

effects at the CGRP receptor (Figure 5.21). The exception to this rule was ERK phosphorylation at the 
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CGRP and AM2 receptors, where AM15-52 G19A had similar agonistic properties to the unmodified AM15-

52. 

Previous studies substituting the alanine in amylin with glycine (amylin A5G) had no effect on the 

peptide’s ability to stimulate cAMP production through CTR based receptors. However, substituting this 

residue with serine (amylin A5S, making the peptide more “CT-like”) increased the ability of the peptide 

to stimulate cAMP production at all CTR based receptors, with the highest effect being noted at the 

CTR alone (Bower et al., 2018). In my own experiments, although AM15-52 G19A (a more “CGRP-like” 

AM) had improved activity at the CGRP receptor, the reciprocal substitution in αCGRP (αCGRP A5G, 

a more “AM-like” αCGRP) had reduced activity at AM receptors. This suggests that although this residue 

can direct specificity, the effect is more complex than simply substituting in a residue from the peptide 

you are aiming to mimic. 

AM15-52 G19A was the only tested peptide to display significant bias, showing a 13-fold bias towards 

cAMP production over ERK phosphorylation at the CGRP receptor (Figure 5.22). This is similar to 

findings in the previous chapter, where ERK phosphorylation through the CGRP receptor appeared to 

be regulated in a different manner to other signalling pathways, with all endogenous peptides having a 

similar potency but slight variations in Emax. Similarly, the reciprocal swap, αCGRP A5G, had a similar 

potency to αCGRP, but a lower Emax. This indicates that although AM15-52 G19A was biased, this may 

be more to do with a bias encoded by the CGRP receptor rather than a bias directed by the ligand. 

In the CGRP-bound CGRP receptor structure, CGRP A5 is projecting towards the base of ECL3 and 

the juxtamembranous tips of TM6 and TM7. CGRP A5 is in the vicinity of a hydrophobic portion of CLR, 

consisting of F349, P353, W354, Y365, M369, and M373 (Liang et al., 2018a). Alanine mutagenesis 

has shown that these residues are not important for αCGRP stimulating a cAMP response, however it 

is worth noting that E357 and I360 are not captured by the deposited cryo-EM model and have been 

reported to be important for αCGRP signalling (Barwell et al., 2011), meaning that these residues could 

make contacts with CGRP A5 that are missed in the presented structure. Alanine mutagenesis of CLR 

residues in this region (including F349, P353, W354, E357, and Y365) has been shown to negatively 

impact the ability of AM to stimulate cAMP production at the AM1 and AM2 receptors (Watkins et al., 

2016), however at present we do not know whether this is a ligand-specific or RAMP-specific effect. 

With the current evidence, it is possible that this region of the peptide makes direct contact with the 

receptor to direct receptor activation. However, an alternative explanation is that introducing an alanine 

to this position may influence the conformation of the disulfide loop. The native glycine in this position 

in AM may promote a flexible disulfide loop, as glycine is considered to be a very flexible amino acid 

(Betts & Russel, 2003). Substituting this glycine with alanine may constrain the disulfide loop in a way 

that is beneficial for receptor activation, either by maintaining a loop conformation which allows for more 

peptide-receptor interactions, or by altering the flexibility of the to alter the overall binding kinetics of the 

peptide. Both outcomes could increase the ability of the peptide to stimulate receptor signalling. This 

idea could go some way as to explaining the ability of AM15-52 G19A to stimulate IP1 signalling, as 

stabilising the receptor in a slightly different conformation or prolonging the length of time the receptor 

remained in an active state could have the end-effect of enhancing the receptor’s ability to couple to 
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Gαq. Structures comparing AM15-52 and AM15-52 G19A bound to the AM2 receptor would be useful in 

interpreting this data. Collectively, the information suggests that this position is a key determinant in 

peptide activity, and as future studies should be performed to explore how this small residue has such 

an important role in peptide function. 

5.5.1.5 Summary 

In summary, I identified very few analogues which displayed a biased signalling profile, but I did further 

our understanding of residues which contribute to the signalling of AM. The work highlighted that AM is 

likely adopting a relatively conserved conformation in the N-terminus across all three CLR:RAMP 

receptors. In this chapter I also identified AM15-52 G19A, an analogue with unique signalling properties. 

This peptide does not constitute a drug in itself, however the fact that we can develop analogues based 

on AM which have novel signalling properties does bode well for the future of rational drug design. A 

caveat of the work performed in this chapter is that it has been performed in transfected cell models 

which over-express CLR and RAMPs.  
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6 Characterising the AM-responsive receptors in HMEC-1 

cells: Endogenous ligands, AM analogues, and antibody-

based exploration 

6.1 Introduction 

In the previous chapter I performed an alanine scan of the AM N-terminus in an attempt to define 

structure-function relationships in this portion of the peptide. In this work I identified a number of alanine 

substituted analogues which displayed unique signalling profiles, such as AM15-52 G19A which had novel 

signalling abilities relative to the unmodified AM. Throughout this thesis I had explored determinants of 

signalling from the purview of the ligand and the receptor, however I had not delved into the cellular 

contexts of signalling. Thus, to further our understanding of signalling diversity encoded in this receptor 

family, I sought to characterise signalling in a cell-line which more accurately represents the 

physiological setting of AM activity.  

The importance of physiologically relevant cells is highlighted by the failure of biased molecules to 

translate from the lab to the clinic. Difficulties in translation are caused by a number of factors, including 

inability to link defined cellular signalling pathways to physiology or pathophysiology, differences in 

receptor expression levels across cell types, and differences in the suite of intracellular proteins across 

cell-lines and tissues (Cecon et al., 2018; Kenakin, 2018; Kenakin, 2019; Lane et al., 2017; Onfroy et 

al., 2017). Thus, to have the greatest chance at therapeutic translation, it is important to do work in 

more “physiologically relevant cells”, that is, cells which endogenously express the receptor of interest 

and are derived from tissue that the molecule of interest is intended to regulate, and ideally under 

conditions that mimic disease states (Cecon et al., 2018; Walker et al., 2014b; Woo et al., 2015). 

AM and related peptides are potent regulators of the cardiovascular system, exerting their effects at 

least partially through vascular endothelial cells (Geven & Pickkers, 2018; Iring et al., 2019; Karpinich 

et al., 2011; Kim et al., 2003; Koyama et al., 2013; Miyashita et al., 2003; Sata et al., 2000; Shimekake 

et al., 1995; Tanaka et al., 2016). HMEC-1 cells are an immortalised cell-line derived from human micro-

vascular cells of dermal origin. HMEC-1 cells have been used as a model cell-line to investigate the 

role of endothelial cells in physiological processes such as wound healing, angiogenesis, and vascular 

integrity (Albiñana et al., 2013; Bertl et al., 2006; Del Carratore et al., 2012; Detaille et al., 2005; 

Khalfaoui-Bendriss et al., 2015; Singh et al., 2018; Xie et al., 2015). These processes have been all 

associated with AM activity in vivo (Harada et al., 2011; Nagaya et al., 2005; Ochoa-Callejero et al., 

2016; Vadivel et al., 2010), thus, HMEC-1 cells seemed likely to be a good cell-line to model the activity 

of AM in the vasculature. 

Previous investigations have shown that HMEC-1 cells express mRNA for CLR and RAMPs, though 

there is disagreement on which RAMPs are present, with Schwarz et al. (2006) detecting CLR and 

RAMP2 (but not testing for other RAMPs), Nikitenko et al. (2003) reporting mRNA for CLR and RAMP2 

but not other RAMPs, Huang et al. (2011) detecting strong signal for CLR, RAMP1, and RAMP2, and a 

weaker signal for RAMP3, and Chigurupati et al. (2005) reporting no RAMP1 or RAMP2 mRNA, but 
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high expression of CLR, CTR, and RAMP3 mRNA. Thus, while there is no consensus on the defined 

expression of RAMPs in these cells, the evidence suggests that components of at least one CLR:RAMP 

complex is likely to be expressed in these cells. This is supported by functional experiments showing 

that AM and its related peptides can exert effects in HMEC-1 cells. In these cells, AM has been shown 

to stimulate cAMP production (Schwarz et al., 2006), increase endothelial layer integrity (Garcia Ponce 

et al., 2016; Khalfaoui-Bendriss et al., 2015), and promote migration (Schwarz et al., 2006), while 

αCGRP has been shown to reduce LPS-induced chemokine production (Huang et al., 2011). In these 

previous functional studies, only a single peptide (occasionally at a single, high concentration) was 

investigated. This makes drawing information about the functionally expressed receptor impossible. 

Similarly, because of the lack of specific antibodies, the expression of receptor components is yet to be 

conclusively defined. Regardless of the above caveats, this combined evidence suggests that HMEC-

1 cells are an appropriate cell-line to use as a model for investigating the signalling of AM in a more 

physiologically relevant context. 

This chapter sought to answer a number of questions – what is the pharmacology of peptides in this 

cell-line? Do analogues retain their signalling profiles in this endogenously expressing cell-line? Lastly, 

which receptor/receptors are functionally expressed these cells? I began by characterising AM, AM2, 

αCGRP and βCGRP through the cAMP pathway, to help define the receptor expressed by these cells, 

while also providing insight into whether there are differences in pharmacology between transfected 

and endogenously expressed receptors. I then characterised the analogues from the previous chapter 

to determine whether analogues retained their signalling profiles in these endogenously expressing 

cells. Next, I attempted to explore signalling through multiple signalling pathways. Lastly, I attempted to 

define the receptors that are expressed in these cells using antibody based approaches. 

As with the previous chapter, statistical testing has not been performed for pEC50 or Emax values. 

Instead, differences in peptide signalling have been examined using outputs from the operational model 

of agonism, namely affinity (log KA), efficacy (log τ), and transduction ratios (log (τ/KA)) which 

incorporate both peptide affinity and efficacy into a single numerical value. 
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6.2 Pharmacological characterisation of AM-responsive receptors in 

HMEC-1 cells 

6.2.1 cAMP 

6.2.1.1 cAMP time-course experiments 

In order to characterise the pharmacology in these cells, some optimisation was required. cAMP 

production was first measured in HMEC-1 cells in time-course experiments to determine the optimal 

stimulation duration for subsequent concentration-response experiments. cAMP production was 

detected using a LANCE Ultra kit because previous lab experience has shown that AM stimulated a 

maximal cAMP quanta too low to be reliably quantified using the LANCE kit (PerkinElmer, 2019). In my 

previous experiments assay media was comprised of serum free DMEM, that is, assays were performed 

using the base component of the media that the cells had been grown in. As HMEC-1 cells had been 

cultured in MCDB-131 it was important to investigate whether these cells would respond differently to 

peptide stimulation in the different media. Experiments were performed using either DMEM or MCDB-

131, each supplemented with 0.1% BSA and 1 mM IBMX. In experiments using DMEM, cAMP 

production peaked at 5-7 minutes, remained elevated at 10 minutes, then decreased to basal levels by 

20 minutes (Figure 6.1 A). When using MCDB-131 media, cAMP production was noted at 5 minutes 

and maintained or slightly increased at 7 minutes. After this peak, cAMP levels decreased over the next 

30 minutes, with cAMP being close to basal levels at 45 minutes (Figure 6.1 B). As the response 

appeared more robust when using MCDB-131 media, this media was used in all subsequent HMEC-1 

experiments. The peak response in this media was observed at 7 minutes, as such this time-point was 

chosen as the stimulation duration for all subsequent cAMP concentration-response experiments.  

 

Figure 6.1 Time-course of cAMP production in response to AM in HMEC-1 cells using either A) DMEM 

or B) MCDB-131 media. Data are expressed as the mean ± SEM of three independent experiments. 

Significance determined by two-way ANOVA with Bonferonni’s multiple comparisons test comparing 

the means of AM and media response at each time-point. * represents a significant (p < 0.05) difference 

between ligand and media response. Statistical analysis was not performed for forskolin data, which 

was the positive control in these experiments.  
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6.2.1.2 cAMP concentration-response curves for endogenous ligands 

All tested peptides were able to stimulate cAMP production in HMEC-1 cells. The relative rank order of 

potency was AM > AM2 ≥ βCGRP = αCGRP (Figure 6.2, Table 6.1). Both AM2 and αCGRP had lower 

Emax than AM. Although AM2 had a very low Emax, this response was above basal levels in all 

experiments (p < 0.05 by Student’s t-test, comparing the Emax and basal cAMP production in individual 

experiments). αCGRP may not have reached its true maximum response within the tested 

concentration range, however testing concentrations higher than 10 µM was not feasible. AM2 and 

βCGRP were both approximately 70-fold weaker agonists than AM, while αCGRP was approximately 

1000-fold weaker than AM (Figure 6.2, Figure 6.4). These differences were all statistically significant 

(Figure 6.4). 

 

Figure 6.2 Combined normalised concentration-response curves measuring cAMP production in 

HMEC-1 cells in response to AM, AM2, αCGRP and βCGRP. Each point represents the mean ± SEM 

of 7 independent experiments except AM2 which was n=6. In one other experiment AM2 did not elicit 

cAMP production in these cells. 

Table 6.1 Summary of pEC50 and Emax values for endogenous peptides stimulating cAMP signalling in 

HMEC-1 cells. 

 pEC50 Emax 

AM 8.48 ± 0.10 100 
AM2 7.33 ± 0.06 21.3 ± 3.84 

αCGRP 5.83 ± 0.21 51.3 ± 9.80 
βCGRP 6.41 ± 0.08 118 ± 22.9 

Values are the mean ± SEM of 6 (AM2) or 7 (AM, αCGRP, βCGRP) independent experiments 

performed in duplicate or triplicate. Emax values are presented as a percentage of AM Emax. No statistical 

testing was performed on these values. See Figure 6.4 for statistical testing. 



 

182 
  

6.2.1.3 cAMP concentration-response curves comparing AM and AM15-52 

Although characterisation in the previous chapter showed that AM and AM15-52 were essentially identical 

at all tested receptors and pathways, it was important to make sure that this equivalency was maintained 

in HMEC-1 cells before testing analogues. In these cells, both AM and AM15-52 were full agonists. AM15-

52 was a 1.7 fold weaker agonist than AM in these cells (Figure 6.3, Table 6.2). Though very small, this 

difference was statistically significant (Figure 6.4).  

 

Figure 6.3 Combined normalised concentration-response curves measuring cAMP production in 

HMEC-1 cells in response to AM and AM15-52. Each point is the mean ± SEM of 5 independent 

experiments performed in duplicate. 

 

Table 6.2 Summary of cAMP pEC50 and Emax values for AM and AM15-52 stimulating cAMP signalling in 

HMEC-1 cells. 

 pEC50 Emax 

AM 8.77 ± 0.07 100 
AM15-52 8.51 ± 0.04 104.7 ± 6.7 

Values are the mean ± SEM of 5 independent experiments performed in duplicate. Emax values are 

presented as a percentage of the full-length AM Emax. No statistical testing performed on these values, 

for the results of statistical tests see Figure 6.4. 
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Figure 6.4 Summary of transduction ratios for AM, AM15-52, AM2, αCGRP, and βCGRP stimulating 

cAMP production in HMEC-1 cells. Data are derived from the experiments shown in Sections 6.2.1.2 

and 6.2.1.3. Values are presented as a fold change relative to AM. There is no value for AM as this is 

the control peptide to which all other peptides have been compared. AM15-52 was compared to AM using 

a paired student’s t-test, this analysis was used as values are derived from experiments in which AM 

and AM15-52 were compared together but independent of other peptides. AM, AM2, αCGRP, and βCGRP 

were compared using a repeated measures mixed effects model with post hoc Dunnett’s test comparing 

each peptide to AM. This analysis technique was used because these peptides were always tested at 

the same time on the same plate, creating an experimental paradigm where the response of an 

individual peptide was paired with the response of all other peptides on a given plate; a mixed effects 

model was used to analyse these differences as there was one experiment in which AM2 did not elicit 

a measurable response and repeated-measures one-way ANOVA require equal numbers of values for 

comparison in each column. In all cases significance was accepted at p < 0.05. The individual log τ, log 

KA, and log (τ/KA) values used to derive this heat-map are presented in Table 6.3 and Table 6.4.   
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Table 6.3 Summary of log KA, log τ, and log (τ/KA) values for endogenous peptides stimulating cAMP 

production in HMEC-1 cells. 

 log KA log τ log(τ/KA) 
AM -8.16 ± 0.08 0.27 ± 0.00 8.43 ± 0.08 

AM2 -7.29 ± 0.06* -0.70 ± 0.11* 6.59 ± 0.13* 
αCGRP -5.33 ± 0.31* -0.02 ± 0.24 5.31 ± 0.14* 
βCGRP -5.69 ± 0.26* 0.90 ± 0.36 6.59 ± 0.15* 

Values are the mean ± SEM of 6 (AM2) or 7 (AM, αCGRP, βCGRP) independent experiments 

performed in duplicate or triplicate. Values were compared using a repeated measures mixed effects 

model with post hoc Dunnett’s test comparing the log KA, log τ, or log (τ/KA) value for each peptide to 

AM. A mixed effects model was used to analyse these differences as there was one experiments in 

which AM2 did not elicit measurable cAMP production in these cells, and a repeated-measures one-

way ANOVA requires equal numbers of values for comparison in each condition.  * indicates a 

significant (p < 0.05) difference between AM and the named peptide. 

Table 6.4 Summary of log KA, log τ, and log (τ/KA) values for AM and AM15-52 stimulating cAMP 

production in HMEC-1 cells. 

 log KA log τ log(τ/KA) 
AM -8.49 ± 0.07 -0.06 ± 0.01 8.43 ± 0.07 

AM15-52 -8.21 ± 0.05* -0.02 ± 0.05 8.19 ± 0.05* 
Values are the mean ± SEM of 5 independent experiments performed in duplicate or triplicate. AM15-52 

was compared to AM using paired student’s t-tests. * indicates a significant (p < 0.05) difference 

between AM15-52 and AM. 
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6.3 Characterisation of AM15-52 analogues 

In this section, AM15-52 analogues have been characterised through cAMP production in HMEC-1 cells. 

Results are presented as a progression through the sequence of the peptide in a C-terminal direction. 

6.3.1 Residues 15-19 

AM15-52 and AM15-52 G15A were functionally equivalent in HMEC-1 cells (Figure 6.5 A). AM15-52 R17A 

and AM15-52 F18A were weaker agonists than unmodified AM15-52; both these differences were 

statistically significant (Figure 6.5 B, C, Figure 6.8). AM15-52 F18A was a very weak partial agonist, 

however it was still able to elicit cAMP production, having an Emax ~18% of AM15-52. AM15-52 G19A was 

nineteen-fold more active than AM15-52; this difference was statistically significant (Figure 6.5 D, Figure 

6.8). 

 

Figure 6.5 Concentration-response curves for A) AM15-52 G15A, B) AM15-52 R17A, C) AM15-52 F18A, and 

D) AM15-52 G19A stimulating cAMP production in HMEC-1 cells. Data points are the mean ± SEM of 5 

independent experiments performed in duplicate. 
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6.3.2 Residues 20-24 

AM15-52 T20A was unable to stimulate cAMP production in these cells (Figure 6.6 A). AM15-52 T22A had 

increased activity through the cAMP pathway relative to unmodified AM15-52; this increase was 

statistically significant (Figure 6.6 B, Figure 6.8). AM15-52 V23A was a ~15-fold weaker agonist than 

AM15-52; this difference was statistically significant (Figure 6.6 C, Figure 6.8). AM15-52 Q24A was 

marginally weaker than AM15-52 in these cells; this difference was statistically significant (Figure 6.6 D, 

Figure 6.8). 

 

Figure 6.6 Concentration-response curves for A) AM15-52 T20A, B) AM15-52 T22A, C) AM15-52 V23A, and 

D) AM15-52 Q24A stimulating cAMP production in HMEC-1 cells.  Data points are the mean ± SEM of 3 

(AM15-52 T20A) or 5 (all other peptides) independent experiments performed in duplicate. 
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6.3.3 Residues 25-31 

AM15-52 K25A was a 10-fold weaker agonist than AM15-52 (Figure 6.7 A). AM15-52 L26A was a very weak 

agonist in these cells, but was still able to stimulate quantifiable cAMP production, having an Emax 

approximately 17% of AM15-52 (Figure 6.7 B). AM15-52 H28A was 25-fold less active than AM15-52 in these 

cells (Figure 6.7 C). AM15-52 Q29A was marginally less active than AM15-52 (Figure 6.7 D). AM15-52 Y31A 

was 30-fold less active than AM15-52 in these cells (Figure 6.7 F). The above differences were 

statistically significant in all cases (Figure 6.8) AM15-52 I30A was unable to stimulate cAMP production 

in these cells (Figure 6.7 E). 

 

Figure 6.7 Concentration-response curves for A) AM15-52 K25A, B) AM15-52 L26A, C) AM15-52 H28A, D) 

AM15-52 Q29A, E) AM15-52 I30A, and F) AM15-52 Y31A stimulating cAMP production in HMEC-1 cells. 

Data points are the mean ± SEM of 2 (AM15-52 I30A), 6 (AM15-52 Y31A), or 5 (all other peptides) 

independent experiments performed in duplicate. There was one other experiment in which AM15-52 

I30A was able to stimulate cAMP production in HMEC-1 cells. 
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6.3.4 Summary of analogue signalling 

6.3.4.1 Summary of analogue pEC50 and Emax values 

Table 6.5 Summary of pEC50 and Emax values for AM15-52 analogues signalling through the cAMP 

pathway in HMEC-1 cells.  

 pEC50 (WT) pEC50 (Analogue) Emax n 
AM15-52 G15A 8.47 ± 0.03 8.34 ± 0.05 119.6 ± 19.6 5 
AM15-52 R17A 8.49 ± 0.05 7.61 ± 0.04 64.1 ± 3.0 5 
AM15-52 F18A 8.48 ± 0.03 6.94 ± 0.11 18.0 ± 2.4 5 
AM15-52 G19A 8.57 ± 0.05 9.82 ± 0.04 104.5 ± 6.1 5 
AM15-52 T20A 8.42 ± 0.06 NC NC 3 
AM15-52 T22A 8.54 ± 0.04 9.01 ± 0.05 118.6 ± 13.0 5 
AM15-52 V23A 8.53 ± 0.05 7.42 ± 0.10 80.1 ± 4.4 5 
AM15-52 Q24A 8.55 ±0.05 8.28 ± 0.03 94.8 ± 8.3 5 
AM15-52 K25A 8.53 ± 0.05 7.60 ± 0.09 97.5 ± 8.0 5 
AM15-52 L26A 8.51 ± 0.05 6.31 ± 0.19 17.2 ± 3.1 5 
AM15-52 H28A 8.53 ± 0.06 7.42 ± 0.08 54.4 ± 6.0 5 
AM15-52 Q29A 8.55 ± 0.04 8.01 ± 0.07 93.4 ± 5.0 5 
AM15-52 I30A 8.49 ± 0.11 NC^ NC^ 2^ 
AM15-52 Y31A 8.51 ± 0.04 7.18 ± 0.09 71.0 ± 3.0 6 

Values are the mean ± SEM. n numbers refer to the number of independent experiments for each 

analogue. Emax is presented as a percentage of AM15-52 Emax. NC used when no curve could be fit to the 

data. No statistical testing performed on these values, for statistical tests refer to Figure 6.8. ^ There 

was one other experiment where AM15-52 I30A stimulated cAMP production in HMEC-1 cells, this has 

been excluded from the presented data. In this experiment AM15-52 I30A had a pEC50 of 7.01, and an 

Emax 13.7% of the AM15-52 Emax. 
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6.3.4.2 Summary of analogue transduction ratios 

Normalised transduction ratios are presented in Figure 6.8.  

 

Figure 6.8 Normalised transduction ratios for alanine substituted analogues of AM15-52 signalling 

through the cAMP pathway in HMEC-1 cells. Values are presented as fold-change relative to 

unmodified AM15-52. Values are derived from experiments reported throughout the chapter. Values were 

analysed by comparing the log (τ/KA) values of unmodified AM15-52 to each individual analogue using 

paired student’s t-tests due to the experimental design. * indicates a significant (p < 0.05) difference 

between AM15-52 and analogue. The individual log τ, log KA, and log (τ/KA) values used to derive this 

heat-map are presented in Table 6.6 and Table 6.7.   



 

190 
  

Table 6.6 Summary of log KA and log τ values for AM15-52 analogues signalling through the cAMP 

pathway in HMEC-1 cells. 

 log KA (WT) log KA (Analogue) log τ (WT)  log τ (Analogue)  n 
AM15-52 G15A -8.07 ± 0.03 -7.78 ± 0.10 0.17 ± 0.03 0.40 ± 0.10 5 
AM15-52 R17A -8.08 ± 0.05 -7.39 ± 0.04* 0.20 ± 0.00 -0.20 ± 0.03* 5 
AM15-52 F18A -8.10 ± 0.04 -6.90 ± 0.11* 0.23 ± 0.04 -1.03 ± 0.07* 5 
AM15-52 G19A -8.16 ± 0.05 -9.36 ± 0.08* 0.20 ± 0.00 0.27 ± 0.07 5 
AM15-52 T20A -8.07 ± 0.04 NC 0.19 ± 0.00 NC 3 
AM15-52 T22A -8.13 ± 0.04 -8.33 ± 0.27 0.20 ± 0.00 0.60 ± 0.30 5 
AM15-52 V23A -8.12 ± 0.05 -7.12 ± 0.11* 0.20 ± 0.00 -0.02 ± 0.05* 5 
AM15-52 Q24A -8.11 ± 0.05 -7.88 ± 0.06* 0.23 ± 0.03 0.15 ± 0.10 5 
AM15-52 K25A -8.12 ± 0.05 -7.24 ± 0.10* 0.20 ± 0.00 0.07 ± 0.08 5 
AM15-52 L26A -8.10 ± 0.05 -6.27 ± 0.19* 0.20 ± 0.00 -1.01 ± 0.07* 5 
AM15-52 H28A -8.12 ± 0.06 -7.24 ± 0.07* 0.20 ± 0.00 -0.32 ± 0.07* 5 
AM15-52 Q29A -8.14 ± 0.04 -7.69 ± 0.08* 0.20 ± 0.00 0.12 ± 0.05 5 
AM15-52 I30A -8.08 ± 0.12 NC^ 0.19 ± 0.00 NC^ 2^ 
AM15-52 Y31A -8.09 ± 0.04 -6.93 ± 0.09* 0.20 ± 0.00 -0.12 ± 0.03* 6 

Values are the mean ± SEM of n independent experiments. Values were analysed by comparing the 

log KA or log τ values of unmodified AM15-52 to each individual analogue using paired Student’s t-tests. 

* indicates a significant (p < 0.05) difference between AM15-52 and the analogue. NC used when no 

curve could be fit to the data. ^ there was one experiment where AM15-52 I30A was able to stimulate a 

measurable cAMP production in HMEC-1 cells, this value has been excluded from the data shown; in 

this experiment AM15-52 I30A had a log KA of -6.99, and a log τ of -1.21. 

Table 6.7 Summary of log (τ/KA) for AM15-52 analogues signalling through the cAMP pathway in HMEC-

1 cells. 

 log (τ/KA) (WT) Log (τ/KA) (Analogue) n 
AM15-52 G15A 8.24 ± 0.03 8.18 ± 0.05 5 
AM15-52 R17A 8.28 ± 0.05 7.20 ± 0.6* 5 
AM15-52 F18A 8.33 ± 0.08 5.86 ± 0.09* 5 
AM15-52 G19A 8.36 ± 0.05 9.63 ± 0.03* 5 
AM15-52 T20A 8.26 ± 0.04 NC 3 
AM15-52 T22A 8.33 ± 0.04 8.93 ± 0.07* 5 
AM15-52 V23A 8.32 ± 0.05 7.10 ± 0.08* 5 
AM15-52 Q24A 8.34 ± 0.06 8.03 ± 0.05* 5 
AM15-52 K25A 8.32 ± 0.05 7.31 ± 0.10* 5 
AM15-52 L26A 8.30 ± 0.05 5.26 ± 0.21* 5 
AM15-52 H28A 8.32 ± 0.06 6.93 ± 0.11* 5 
AM15-52 Q29A 8.34 ± 0.04 7.82 ± 0.07* 5 
AM15-52 I30A 8.27 ± 0.12 NC^ 2^ 
AM15-52 Y31A 8.29 ± 0.04 6.81 ± 0.10* 6 

Values are the mean ± SEM of n independent experiments. Values were analysed by comparing the 

log (τ/KA) of each individual analogue to AM15-52 using paired Student’s t-tests. * indicates a significant 

(p < 0.05) difference between AM15-52 and the analogue. NC used when no curve could be fit to the 

data. ^ there was one experiment where AM15-52 I30A was able to stimulate a measurable cAMP 

production in HMEC-1 cells, this value has been excluded from the data shown; in this experiment AM15-

52 I30A had a log (τ/KA) of 5.78.  
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6.3.5 ERK phosphorylation 

After characterisation had been performed for cAMP production, I then attempted to characterise these 

peptides and analogues through other signalling pathways. Pathways chosen for investigation were 

CREB phosphorylation and ERK phosphorylation as these pathways had shown robust activation by 

all receptors in Cos7 cells (Chapter 4). 

6.3.5.1 Four hour Serum Starve 

Phosphorylation of ERK1/2 on residues threonine 202 and tyrosine 204 was measured in time-course 

experiments to determine the optimal stimulation duration for subsequent concentration-response 

experiments. Phosphorylation was detected using an AlphaLISA SureFire Ultra kit. 50% FBS was used 

as a positive control. Assay media was comprised of either serum-free DMEM (Figure 6.9 A) or serum-

free MCDB-131 (Figure 6.9 B) both supplemented with 0.1% BSA. These two media were trialled for 

the same reason as outlined in Section 6.2.1.1. As with Cos7 cells in previous chapters, HMEC-1 cells 

were serum starved for four hours in assay media before beginning the time-course. In neither 

experimental paradigm was there any observable AM-induced increase in ERK phosphorylation above 

media control (Figure 6.9). There are no units for ERK phosphorylation as this protocol did not involve 

molar quantification, instead the level of emission detected in these experiments directly correlated with 

the level of phosphorylated protein in the sample. 

 

Figure 6.9 Time-course of ERK phosphorylation stimulated by 1 μM AM in HMEC-1 cells using a four 

hour serum starve. Assay media was A) DMEM, or B) MCDB-131. Each graph is an individual 

experiment performed in triplicate (media and AM) or singlicate (50% FBS). No statistical testing has 

been performed on these data. 
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6.3.5.2 Overnight Serum Starve 

Because I had been unable to measure ERK phosphorylation above media control using the 4 hour 

serum starve protocol, I tried a number of different methods to try improve the signal window. First, 

HMEC-1 cells were serum starved in serum-free MCDB-131 for 21 hours in a 37 ˚C/5% CO2 incubator. 

This media was then replaced with serum-free MCBD-131 supplemented with 0.1% BSA, and the cells 

left in the incubator for a further 3 hours before being used in time-course experiments, essentially 

exposing cells to a 24 hour serum starve in MCDB-131 (two separate experiments presented in Figure 

6.10 A and B). Further steps were taken to try improve the AM induced-ERK phosphorylation by 

lowering the background phosphorylation. In the next experiments, cells were serum starved with 

serum-free MCDB-131 for 21 hours in a 37 ˚C/5% CO2 incubator, this media was then replaced with 

nutrient-free DMEM and cells returned to the incubator for 3 hours. After this second incubation, the 

nutrient-free DMEM was replaced with serum-free MCDB-131 supplemented with 0.1% BSA and a 

time-course experiment performed (two separate experiments presented in Figure 6.10 C and D). 

Although there were experiments where the AM induced ERK phosphorylation was above media 

control, the overall results were deemed too variable and no further experiments were performed for 

ERK phosphorylation under these conditions. 

 

Figure 6.10 Time-course of ERK phosphorylation stimulated by 1 μM AM in HMEC-1 cells using a 24 

hour serum starve. Each graph is an independent experiment. In A) and B), HMEC-1 cells were serum 

starved for 21 hours in serum free MCDB-131, then serum starved for a further three hours in MCDB-

131 + 0.1% BSA. In C) and D), HMEC-1 cells were serum starved for 21 hours in serum free MCDB-

131, serum starved for a further three hours in nutrient free DMEM, then experiments performed in 

serum free MCDB-131 + 0.1% BSA.  
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6.3.6 CREB phosphorylation 

The ability of AM to induce phosphorylation of CREB on serine 133 in HMEC-1 cells was measured in 

time-course experiments using an AlphaLISA SureFire Ultra protocol. Results presented are derived 

from the same lysates as analysed in Figure 6.10. Although there were experiments where the AM 

induced CREB phosphorylation was above media control, the overall results were deemed too variable 

and no further experiments were performed measuring CREB phosphorylation under these conditions. 

There are no units for CREB phosphorylation as this protocol did not involve molar quantification, 

instead the level of emission detected in these experiments directly correlated with the level of 

phosphorylated protein in the samples. 

 

Figure 6.11 Time-course of CREB phosphorylation stimulated by 1 μM AM in HMEC-1 cells using a 24 

hour serum starve. Each graph is an independent experiment performed in duplicate, triplicate, or 

quadruplicate. In A) and B), HMEC-1 cells were serum starved for 21 hours in serum free MCDB-131, 

then serum starved for a further three hours in MCDB-131 + 0.1% BSA. In C) and D), HMEC-1 cells 

were serum starved for 21 hours in serum free MCDB-131, serum starved for a further three hours in 

nutrient free DMEM, then experiments performed in serum free MCDB-131 + 0.1% BSA.  
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6.4 Hypoxia 

Previous work has shown that AM, peptides related to AM, and AM receptor components are regulated 

by hypoxia, each containing hypoxia-responsive elements upstream of their promoters. Hypoxia has 

been shown to modulate both expression and function of these peptides and their receptors in multiple 

experimental paradigms (Chen et al., 2012a; Dschietzig et al., 2007; Kwan et al., 1990; MacManus et 

al., 2011; Pfiel et al., 2009; Si et al., 2018). Thus, I hypothesised that exposing HMEC-1 cells to hypoxia 

could increase the activity or expression of AM-responsive receptors, thereby allowing me to measure 

pathways such as ERK phosphorylation and CREB phosphorylation, in addition to cAMP. 

HMEC-1 cells were grown to confluence in 96-well plates. Once confluent, cells were serum-starved for 

21 hours (at 37 ˚C, 5% CO2) in MCDB-131 in the presence or absence of 200 μM CoCl2. CoCl2 is often 

used to mimic hypoxic environments as it stabilises the expression of HIF-1α, a key driver in the cellular 

response to hypoxia (Piret et al., 2002; Wu et al., 2015; Zhang et al., 2017b). Media was then replaced 

with nutrient-free DMEM ± 200 μM CoCl2. Cells were then either exposed to normoxic or hypoxic gas 

conditions. Normoxic controls were placed in a humidified incubator (37 ˚C, 95% air, 5% CO2). To 

expose cells to a hypoxic environment, cells were placed in a humidified hypoxia chamber (Cat# 27310, 

StemCell Technologies, Australia). The chamber was connected to gas bottle (95% N2, 5% CO2) via a 

single flow meter (Cat# 27311, StemCell Technologies, Australia). The chamber was purged with gas 

for 5 minutes at a constant flow rate of 20 L/minute. The hypoxia chamber was then sealed and placed 

in a 37 ˚C incubator. Cells were exposed to hypoxic gas for 3 hours before being removed from the 

chamber. Following the removal of cells from the normoxic/hypoxic environment, I explored cell 

signalling through multiple experimental paradigms. The first explored whether cAMP production in 

response to stimulation would be enhanced after exposure to 3 hours of hypoxic gas (Section 6.4.2.1). 

The next experiment investigated whether introducing a short (up to two hour) recovery period after 

exposure to hypoxic gas would enhance cAMP production in response to peptide stimulation (Section 

6.4.2.2). 

6.4.1 Ensuring hypoxic induction 

HIF-1α is constitutively expressed by cells, however during normoxic conditions this protein is rapidly 

degraded. During hypoxia, HIF-1α expression is stabilised and the protein translocates to the nucleus 

where it is able to regulate gene expression (Masson & Ratcliffe, 2003). To ensure that I was inducing 

a hypoxic environment in my cells, I used an immunofluorescence approach, probing for expression of 

HIF-1α in the nucleus. Cells were fixed in PFA immediately on removal from the hypoxic environment. 

Cells were then permeabilised with TBS-Triton x-100 (0.25%) because initial experiments using TBS-

Tween found that Tween was too weak of a detergent to properly permeabilise HMEC-1 membranes. 

The primary antibody (mouse anti-HIF-1α) was used at 1:100, and the secondary antibody (goat anti-

mouse conjugated to AlexaFluor 555) was used at 1:400. Figure 6.12 shows that both CoCl2 and 

exposure to hypoxic gases induced nuclear localisation of HIF-1α. These two different hypoxic stimuli 

appear to be additive (Table 6.8). Based on these results I could confidently say that I had induced 

hypoxia using both gas and chemical approaches. 
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Figure 6.12 Representative immunofluorescence results for detecting HIF-1α expression in HMEC-1 

cells exposed to hypoxia or hypoxia mimicking factors. HMEC-1 cells were exposed to gas hypoxia 

(95% N2/5% CO2), chemical hypoxia (200 μM CoCl2), or a combination of the two for defined durations, 

then probed for expression of HIF-1α in the nucleus. DAPI (nuclear stain) is blue and HIF-1α-like 

immunoreactivity is yellow. Scale bars indicate 100 μm. The brightness of these images was enhanced 

using Photoshop to enable visualisation in print and on screen, modifications were kept consistent 

across images. 

Table 6.8 Percentage of HMEC-1 cells which express HIF-1α in the nucleus after being exposed to 

hypoxia or hypoxia mimicking factors.

 No CoCl2 3 hours CoCl2 24 hours CoCl2 

Normoxia 4.6 ± 2.4% 37.1 ± 7.0% 33.6 ± 8.1% 

3 Hours Hypoxic Gas 29.7 ± 5.4% 59.9 ± 10.0% 63.2 ± 9.6% 

HMEC-1 cells were exposed to gas hypoxia (95% N2/5% CO2), chemical hypoxia (200 μM CoCl2), or a 

combination of the two, then probed for HIF-1α expression in the nucleus. Values are the mean ± SEM 

of 4 independent experiments performed in duplicate. Values were calculated as described in section 

2.7.2.2.  
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6.4.2 Signalling after hypoxia 

6.4.2.1 No recovery period 

To investigate whether exposure to hypoxia altered receptor expression or function, I performed cAMP 

signalling assays in HMEC-1 cells. The aim of this experiment was to determine whether exposure to 

hypoxic environments (either gas, chemical, or a combination of the two) could alter cAMP production 

in response to stimulation with AM or AM2. In this paradigm, cells were removed from their 

hypoxic/normoxic environments and immediately serum starved in warm MCDB-131 supplemented with 

0.1% BSA and 1 mM IBMX. Cells were serum starved for thirty minutes, then stimulated with peptide 

for 7 minutes as per previous HMEC-1 experiments. There was no difference in signalling between 

normoxic control cells (Figure 6.13 A) and those which had been exposed to gas hypoxia for 3 hours 

(Figure 6.13 B). In this experiment, 24 hour exposure to CoCl2 reduced the maximum cAMP produced 

by both peptides in both conditions. I was unable to measure any ERK, or CREB phosphorylation above 

basal using this experimental paradigm (data not shown). No additional experiments were performed 

using these conditions. 

 

Figure 6.13 Concentration-response curves measuring cAMP production in HMEC-1 cells in response 

to AM and AM2 after exposure to A) normoxic control conditions, or B) 3 hours of gas hypoxia. Results 

are from one experiment performed in triplicate. 

6.4.2.2 Short recovery period 

Because there was no obvious increase in signalling in the previous experiment, I tried introducing a 

recovery period after the hypoxic insult to see whether this would allow cells time to upregulate the 

expression of AM-responsive receptors on the cell surface. Only gas hypoxia was used in this 

experiment as the CoCl2 condition had a negative effect on cell signalling in the previous assay (Figure 

6.13). The recovery period consisted of removing cells from their hypoxic conditions, and then either 

replacing the media with fresh serum-free MCDB-131 or leaving the cells in the media in which they 

were exposed to hypoxia (nutrient free DMEM). Cells were then incubated in a humidified 37˚C, 5% 
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CO2 incubator for up to two hours. To perform the cAMP assay, a serial dilution of AM was made up in 

serum-free MCDB-131 supplemented with twice the normal amounts of BSA and IBMX – this allowed 

me to add to AM directly to the cells without introducing an additional serum starve. As seen in Figure 

6.14, there was no difference in signalling between the normoxic control cells and cells exposed to 

hypoxic conditions after any recovery duration, nor was there any difference between cells which had 

recovered in nutrient-free DMEM compared to those which had recovered in serum-free MCDB-131. 

 

Figure 6.14 Concentration-response curve for AM stimulating cAMP production in HMEC-1 cells that 

had been exposed to normoxia or hypoxic gas for three hours in nutrient-free DMEM. A) Cells were 

immediately stimulated with AM, B) cells left to recover for one hour before stimulation, and C), cells 

left to recover for two hours before stimulation. The recovery period was performed in a 37 ˚C, 5% CO2 

humidified incubator. Results are from one experiment performed in triplicate. pEC50 values ranged 

from 9.14 to 8.64 (3-fold difference), and Emax values ranged from 19.2 nM to 24.7 nM. 

The relative difference in cAMP quanta between Figure 6.13 and Figure 6.14 was due to normal day-

to-day variation in the assay rather than due to differences in experimental paradigms. Because there 

was no change in cAMP signalling with this short recovery period, other pathways were not investigated 

using this approach. Due to time constraints in completing this thesis I was unable to try longer recovery 

periods.  
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6.5 Antibody characterization of receptor components 

6.5.1 Immunofluorescence validation 

To investigate which receptors were being functionally expressed by these cells, I attempted to define 

receptor component expression using antibody based approaches. This work involved using antibodies 

not previously tested in our lab. Because of this, I first had to ensure that the antibodies were specific 

for their target proteins, as antibodies which target GPCRs are notorious for both their lack of specificity, 

and their inability to detect their target receptors (Michel et al., 2009). The ability of antibodies to detect 

receptor components was tested in transfected HEK293S cells which were permeabilised using TBS-

Tween (0.2%) to keep experiments in line with previous lab experience. HEK293S cells were used as 

these cells do not functionally express CLR or RAMP proteins (Qi et al., 2008). Antibody binding was 

detected using fluorescent secondary antibodies followed by imaging in an Operetta high-content 

imager using a 40x LWD lens. DAPI was included as a counter-stain in these experiments. Antibodies 

were validated against both rat and human receptor components in order to test their utility across two 

relevant species, although the cells of interest (HMEC-1 cells) are of human origin, and the antibodies 

were raised against human receptor components. The current gold-standard control for antibody work 

is performing experiments in knock-out tissue, that is, tissue derived from an animal in which the protein 

of interest has been genetically deleted (Schonbrunn, 2014). HEK293S cells transfected with pcDNA 

effectively act as a knock-out tissue relative to the cells transfected with receptor constructs as they 

express the entire complement of proteins found in the receptor transfected cells without expressing 

the receptors. As such, pcDNA has been used as a control in all antibody validation experiments. 
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6.5.1.1 HPA8070 (Sigma anti-CLR) 

HPA8070 is a polyclonal antibody raised in rabbit against the extracellular portion of human CLR. This 

antibody could detect CLR-like immunoreactivity in HEK293S cells transfected with human HA-CLR, 

but not in HEK293S cells transfected with either pcDNA or rat CLR (Figure 6.15). HPA8070 was used 

at 1:200, and secondary (donkey anti-rabbit conjugated to AlexaFluor 488) used at 1:1000. An anti-HA 

antibody was used as a positive control to ensure that cells had been correctly transfected and were 

expressing HA-CLR (not pictured). 

 

Figure 6.15 Representative immunofluorescence results for detection of CLR expressed in transfected 

HEK293S cells using HPA8070 (anti-CLR). Images were taken using a 40x LWD lens and are 

representative of 3 independent experiments performed in duplicate. DAPI is blue and CLR-like 

immunoreactivity is white. Scale bar indicates 50 μm. h – human, r – rat. The brightness of these images 

was enhanced using Photoshop to allow for visualisation in print and on screen, modifications were 

kept consistent across images.  
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myc-hRAMP1
rCLR/

rRAMP1
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6.5.1.2 AF6428 (RnD anti-RAMP1) 

AF6428 is a polyclonal antibody raised in sheep against the extracellular portion of human RAMP1 

expressed in E. coli. This antibody was able to detect RAMP1-like immunoreactivity in cells transfected 

with myc-hRAMP1, but not in cells transfected with other human or rat RAMPs (Figure 6.16). AF6428 

was used at 1:200, and secondary antibody (donkey anti-sheep conjugated to AlexaFluor 647) was 

used at 1:1000. The expression of each receptor component was confirmed using anti-HA, anti-myc, or 

anti-FLAG antibodies (not pictured). 

 

Figure 6.16 Representative immunofluorescence results for detection of RAMP1 in transfected 

HEK293S cells using AF6428 (anti-RAMP1). Images taken using a 40x LWD lens and are 

representative of 2 independent experiments performed in duplicate. h – human, r – rat. DAPI is blue 

and RAMP1-like immunoreactivity is white. Scale bar indicates 50 μm. The brightness of these images 

was enhanced using Photoshop to allow for visualisation in print and on screen, modifications were 

kept consistent across images. 
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6.5.1.3 AF6427 (RnD anti-RAMP2) 

AF6427 is a polyclonal antibody raised in sheep against the extracellular portion of human RAMP2 

expressed in E. coli. AF6427 was able to strongly detect RAMP2-like immunoreactivity in HEK293S 

cells transfected with FLAG-hRAMP2, and to a lesser extent, rat RAMP2. AF6427 did not generate 

RAMP2-like immunoreactivity when HEK293S cells were transfected with other RAMPs (Figure 6.17). 

AF6427 was used at 1:200, and secondary antibody (donkey anti-sheep conjugated to AlexaFluor 647) 

was used at 1:1000. The expression of each receptor component was confirmed using anti-HA, anti-

myc, or anti-FLAG antibodies (not pictured). 

 

Figure 6.17 Representative immunofluorescence results for detection of RAMP2 in transfected 

HEK293S cells using AF6427 (anti-RAMP2). Images taken using a 40x LWD lens and are 

representative of 2 independent experiments performed in duplicate. h – human, r – rat. DAPI is blue 

and RAMP2-like immunoreactivity is white. Scale bar indicates 50 μm. The brightness of these images 

was enhanced using Photoshop to allow for visualisation in print and on screen, modifications were 

kept consistent across images. 
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6.5.1.4 AF4875 (RnD anti-RAMP3) 

AF4875 is a polyclonal antibody raised in sheep against the extracellular portion of human RAMP3 

expressed in E. coli. AF4875 was able to detect strong RAMP3-like immunofluorescence in cells 

transfected with myc-hRAMP3 and rat RAMP3. AF4875 did not generate RAMP3-like immunoreactivity 

in HEK293S cells transfected with other RAMPs (Figure 6.18). AF4875 was used at 1:200, and 

secondary antibody (donkey anti-sheep conjugated to AlexaFluor 647) was used at 1:1000. The 

expression of each receptor component was confirmed using anti-HA, anti-myc, or anti-FLAG 

antibodies (not pictured). 

 

Figure 6.18 Representative immunofluorescence results for detection of RAMP3 expressed in 

transfected HEK293S cells using AF4875 (anti-RAMP3). Images taken using a 40x LWD lens and are 

representative of 2 independent experiments performed in duplicate. h – human, r – rat. DAPI is blue 

and RAMP3-like immunoreactivity is white. Scale bar indicates 50 μm. The brightness of these images 

was enhanced using Photoshop to allow for visualisation in print and on screen, modifications were 

kept consistent across images. 
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6.5.2 Non-permeabilised cells 

The above experiments (Section 6.5.1.1 - 6.5.1.4) had been performed in cells which had been 

permeabilised with a detergent. As these antibodies were raised against the extracellular domains of 

their target proteins, I investigated whether it was possible to measure only the receptors which were 

expressed on the cell surface. To do so I performed experiments replacing TBS-Tween with TBS alone 

in order to maintain the integrity of the cell membrane. As these cells were not permeabilised, and 

antibodies are too large to pass through intact cell membranes, it was assumed that 

immunofluorescence in this experiments arose from antibodies detecting targets on the cell membrane 

(Vernay & Cosson, 2013). 
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6.5.2.1 CLR/RAMP1 expression 

In this paradigm, AF6428 detected weak RAMP1-like immunoreactivity on HEK293S cells transfected 

with HA-hCLR:myc-hRAMP1 (Figure 6.19, top row), and HPA8070 detected weak CLR-like 

immunoreactivity in cells which had been transfected with HA-hCLR:myc-hRAMP1 (Figure 6.19, 

bottom row). Primary antibodies were used at 1:200 (AF6428 and HPA8070), and secondary antibodies 

(donkey anti-sheep conjugated to AlexaFluor 647, and donkey anti-rabbit conjugated to AlexaFluor 488) 

were used at 1:1000. 

 

Figure 6.19 Representative immunofluorescence results for AF6428 and HPA8070 detecting RAMP1 

and CLR in non-permeabilised transfected HEK293S cells. Images taken using a 40x LWD lens and 

are representative of 2 independent experiments performed in duplicate. Each image represents a 

separate well. h – human, r – rat. DAPI is blue and RAMP1-like and CLR-like immunoreactivity is white. 

The top row is RAMP1-like immunoreactivity detected using AF6428, while the bottom row of images 

is CLR-like immunoreactivity detected using HPA8070. Scale bar indicates 50 μm. The brightness of 

these images was enhanced using Photoshop to allow for visualisation in print and on screen, 

modifications were kept consistent within rows. 
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6.5.2.2 CLR/RAMP2 expression 

In this paradigm, AF6427 could detect RAMP2-like immunoreactivity on HEK293S cells transfected with 

HA-hCLR:FLAG-hRAMP2 (Figure 6.20, top row). HPA8070 could detect CLR-like immunoreactivity on 

HEK293S cells transfected with the same receptor complement (Figure 6.20, bottom row). Primary 

antibodies (AF6427 and HPA8070) were used at 1:200, and secondary antibodies (donkey anti-sheep 

conjugated to AlexaFluor 647, and donkey anti-rabbit conjugated to AlexaFluor 488) were used at 

1:1000. 

 

Figure 6.20 Representative immunofluorescence results for AF6427 and HPA8070 detecting RAMP2 

and CLR in non-permeabilised transfected HEK293S cells. Images taken using a 40x LWD lens and 

are representative of 2 independent experiments performed in duplicate. Each image represents a 

separate well. h – human, r – rat. DAPI is blue and RAMP2-like and CLR-like immunoreactivity is white. 

The top row is RAMP2-like immunoreactivity detected using AF6427, while the bottom row of images 

is CLR-like immunoreactivity detected using HPA8070. Scale bar indicates 50 μm. The brightness of 

these images was enhanced using Photoshop to allow for visualisation in print and on screen, 

modifications were kept consistent within rows. 
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6.5.2.3 CLR/RAMP3 expression 

In this paradigm, AF4875 could detect RAMP3-like immunoreactivity on HEK293S cells transfected with 

HA-hCLR:myc-hRAMP3 (Figure 6.21, top row). HPA8070 could detect CLR-like immunoreactivity on 

HEK293S cells transfected with HA-hCLR:myc-hRAMP3, however the staining was weak (Figure 6.21, 

bottom row). Primary antibodies (AF4875 and HPA8070) were used at 1:200, and secondary antibodies 

(donkey anti-sheep conjugated to 647, and donkey anti-rabbit conjugated to AlexaFluor 488) were used 

at 1:1000. 

 

Figure 6.21 Representative immunofluorescence results for AF4875 and HPA8070 detecting RAMP3 

and CLR in non-permeabilised transfected HEK293S cells. Images taken using a 40x LWD lens and 

are representative of 2 independent experiments performed in duplicate. Each image represents a 

separate well. h – human, r – rat. DAPI is blue and RAMP3-like and CLR-like immunoreactivity is white. 

The top row is RAMP3-like immunoreactivity detected using AF4875, while the bottom row of images 

is CLR-like immunoreactivity detected using HPA8070. Scale bar indicates 50 μm. The brightness of 

these images was enhanced using Photoshop to allow for visualisation in print and on screen, 

modifications were kept consistent within rows. 
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6.5.3 HMEC-1 immunofluorescence 

Based on the above experiments (Section 6.5.1 and 6.5.2) it appeared that HPA8070 and the AF series 

of antibodies were specific for their target receptor components in immunofluorescence experiments, 

with the caveat that detection was lower in non-permeabilised cells. Thus, I reasoned they were valid 

tools for exploring the expression of receptor components in HMEC-1 cells. 

6.5.3.1 Detection of CLR 

To investigate the composition of AM-responsive receptors in HMEC-1 cells I began by exploring the 

expression of CLR. CLR mRNA is expressed in HMEC-1 cells according to multiple sources, making it 

likely that this receptor component was expressed in HMEC-1 cells. In order to boost confidence in 

these experiments I used multiple antibodies – HPA8070 (characterised above) and two antibodies 

against CLR – Merck 3152 and 3155 which have been characterised previously (Eftekhari et al., 2010). 

As both Merck antibodies target the intracellular portion of the receptor, this experiment was performed 

in permeabilised cells. As described in section 6.4.1, Triton X-100 was used as a permeabilisation agent 

for HMEC-1 experiments.  

When expressed endogenously by a cell, GPCRs are often present at very low levels (Gibson et al., 

2013; White et al., 2017; White et al., 2019). This, combined with the relatively weak staining associated 

with HPA8070 in transfected cells, suggested that HPA8070 might struggle to detect CLR in these cells, 

even if CLR protein was present. Therefore, I also tested a TSA amplification protocol in my experiments 

as this approach is more sensitive than traditional fluorescent secondary approaches (Faget & Hnasko, 

2015). For detailed methods, see section 2.6.3.1. 

Using a standard fluorescent secondary approach I was able to detect CLR-like immunoreactivity with 

Merck 3152 and 3155, but not with HPA8070 (Figure 6.22). Using the TSA amplification approach I 

was able to detect CLR-like immunoreactivity with all three antibodies. All three antibodies were raised 

in rabbits, thus a rabbit isotype control was used as a negative control. Isotype controls involve using 

sera from un-immunised animals which, in theory, should not contain antibodies for target proteins. 

While having flaws, isotype controls are often used in immunofluorescence studies as a negative control 

(Keeney et al., 1998). No fluorescence was detected in rabbit isotype control wells under either 

detection method. Primary antibodies and rabbit isotype were used at a dilution of 1:100, fluorescent 

secondary (donkey anti-rabbit conjugated to AlexaFluor 647) was used at 1:200, and HRP-conjugated 

secondary (goat anti-rabbit conjugated to HRP) used at 1:500. 
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Figure 6.22 Immunofluorescence results of HPA8070, Merck 3152, and Merck 3155 detecting CLR 

expression in permeabilised HMEC-1 cells. Images are representative of two independent experiments 

performed in duplicate. Images were taken using a 40x LWD lens. CLR-like immunoreactivity is white 

and DAPI is blue. Scale bars indicate 50 μm. The brightness of these images was enhanced using 

Photoshop, modifications were kept consistent within columns. 
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6.5.3.2 Expression of RAMPs in HMEC-1 cells 

I next explored the expression of different RAMPs in these cells. Our lab did not have multiple antibodies 

raised against RAMPs that we felt confident in using, thus only the AF series which I had validated were 

used in experiments. Because it appeared that these antibodies were less able to detect their target 

proteins on intact cells than on permeabilised cells, these experiments were performed in HMEC-1 cells 

permeabilised with TBS-Triton as in Section 6.5.3.1. In these experiments I was able to detect 

immunoreactivity which corresponded to all three RAMPs, though the staining pattern of each antibody 

was different (Figure 6.23). The immunoreactivity of AF6428 (anti-RAMP1) appeared be thin and 

filamentous. AF6427 (anti-RAMP2) and AF4875 (anti-RAMP3) had immunoreactivity spread diffusely 

throughout the cell, with the AF6427 staining being slightly brighter and therefore better defined. In 

these experiments, primary antibodies and sheep isotype control were used at 1:100, and secondary 

antibody (donkey anti-sheep conjugated to AlexaFluor 647) was used at 1:200. 

 

Figure 6.23 Immunofluorescence results for AF6428, AF6427, and AF4875 detection RAMP1, RAMP2, 

and RAMP3 respectively in permeabilised HMEC-1 cells. Images are representative of two independent 

experiments performed in duplicate. Images were taken using a 40x LWD lens. RAMP-like 

immunoreactivity is white, DAPI is blue. Scale bars indicate 50 μm. The brightness of these images was 

enhanced using Photoshop, modifications were kept consistent across images. 
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6.5.4 Western Blot Validation 

To support results from my immunofluorescence experiments, I adopted western blotting as an 

additional method for protein detection. Western blotting has an advantage over immunofluorescence 

in that it can define the molecular weight of the proteins detected by each antibody, thereby allowing 

insight into whether the immunoreactivity is specific for the protein of interest.  

Although AF4875, AF6427, and AF6428 had been shown to detect their proteins of interest in 

immunofluorescence experiments, western blotting involves harsh detergents which can denature 

proteins. As antibodies detect a 3D conformation of a protein, the denaturation involved in western blot 

preparations could affect the ability an antibody to recognise its target. Thus, it was important to ensure 

that these antibodies were still functional in a western blot paradigm. This was tested using membranes 

from HEK293S cells expressing RAMPs. HEK293S cell lysates were prepared as described in the 

general methods section. HEK293S lysates were prepared by Erica Hendrikse. 
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6.5.4.1 AF6428 Western blot validation 

An experiment examined the ability of AF6428 to detect RAMP1 in lysates derived from HEK293S cells 

transfected with HA-CLR:myc-hRAMP1. A positive control (anti-myc) was used to confirm the 

expression of myc-hRAMP1 in this lysate. Lysates prepared from cells transfected with pcDNA were 

used as a negative control. 20 μg of protein was loaded in each lane. Both anti-myc and AF6428 

detected bands at approximately 16 and 32 kDa, with the 32kDa band presumably representing a 

RAMP1 dimer (Figure 6.24, green arrows in lanes 2 and 4). AF6428 detected an additional band of 

approximately 120 kDa, this band was present in both pcDNA and myc-hRAMP1 transfected cells 

(Figure 6.24, red arrows in lanes 3 and 4). AF6428 was used at 1:200, and goat anti-sheep conjugated 

to HRP was used at 1:1000. Mouse anti-myc was used at 1:500, and goat-anti mouse conjugated to 

HRP was used at 1:2000. 

 

Figure 6.24 Results from an individual western blot detecting RAMP1 in lysates of HEK293S cells. 

Lysates were derived from HEK293S cells transfected with empty vector control (pcDNA, lanes 1 and 

3), or HA-CLR:myc-hRAMP1 (lanes 2 and 4). Lanes 1 and 2 were detected using an anti-myc antibody, 

lanes 3 and 4 were detected using an anti-RAMP1 antibody (AF6428). The apparent molecular weight 

of protein markers is shown on the far left of the image (kDa). The exposure time was one minute. 
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6.5.4.2 AF6427 Western blot validation 

An experiment examined the ability of AF6427 to detect RAMP2 in lysates derived from HEK293S cells 

transfected with HA-CLR:FLAG-hRAMP2. A positive control (anti-FLAG) was used to confirm the 

expression of FLAG-hRAMP2 in this lysate. Lysates prepared from cells transfected with pcDNA were 

used as a negative control. 20 μg of protein was loaded in each lane. Both anti-myc and AF6427 

detected a protein of 21 kDa. Both antibodies also detected a larger protein band of approximately 28 

kDa, with AF6427 detecting a smear between 21 and 28 kDa (Figure 6.25, green arrows in lanes 2 and 

4). This smear most likely due to differential glycosylation states of RAMP2 (Flahaut et al., 2002). 

AF6427 also detected multiple additional bands in lysates derived from cells transfected with either 

pcDNA or HA-hCLR:FLAG-hRAMP2 (Figure 6.25, red arrows in lanes 3 and 4). AF6427 was used at 

1:200, and goat anti-sheep conjugated to HRP was used at 1:1000. Mouse anti-FLAG was used at 

1:1000, and goat-anti mouse conjugated to HRP was used at 1:2000. 

 

Figure 6.25 Results from an individual western blot detecting RAMP2 in lysates of HEK293S cells. 

Lysates were prepared from HEK293S cells transfected with pcDNA (Lanes 1 and 3) or HA-CLR:FLAG-

hRAMP2 (Lanes 2 and 4). The left-hand has been altered to remove a lane which was not related to 

the displayed experiment. Lanes 1 and 2 were detected using an anti-FLAG antibody, lanes 3 and 4 

were detected using AF6427. The apparent molecular weight of protein markers is shown on the far left 

of the image (kDa). The exposure time was one minute. 
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6.5.4.3 AF4875 Western blot validation 

An experiment examined the ability of AF4875 to detect RAMP3 in lysates derived from HEK293S cells 

transfected with HA-hCLR:myc-hRAMP3. A positive control (anti-myc) was used to confirm the 

expression of myc-hRAMP3 in this lysate. 20 μg of protein was loaded in each lane. The protein ladder 

did not transfer well for the right-hand blot making accurate weight determination impossible, however, 

this blot is still informative as it shows that AF4875 can detect a protein which smears in a similar fashion 

to the smearing seen with the anti-myc control (Figure 6.26, green boxes in lanes 2 and 4). This 

smearing is likely due to the multiple glycosylation states of RAMP3 (Flahaut et al., 2002). This 

experiment is also informative as it shows that AF4875 can detect three separate bands of RAMP3-like 

immunoreactivity in HEK293S cells transfected with pcDNA, and that these bands all appear to be 

within the weight range of variously glycosylated RAMP3 (Figure 6.26, red arrows, lane 3) based on 

similarity with the myc-hRAMP3 results in the same blot (Figure 6.26, lane 4). AF4875 was used at 

1:200, and goat anti-sheep conjugated to HRP was used at 1:1000. Mouse anti-myc was used at 1:500, 

and goat-anti mouse conjugated to HRP was used at 1:2000. 

 

Figure 6.26 Results from an individual western blot detecting RAMP3 in lysates of HEK293S cells. 

Lysates were prepared from HEK293S cells transfected with pcDNA (Lanes 1 and 3), or HA-hCLR:myc-

hRAMP3 (Lanes 2 and 4). The left-hand blot has been altered to remove a lane which is not related to 

the current experiment. Lanes 1 and 2 were detected using an anti-myc antibody, lanes 3 and 4 were 

detected using AF4875. The apparent molecular weight of protein markers is shown on the far left of 

the image (kDa). The exposure time was one minute (Lanes 1 and 2) or twenty seconds (Lanes 3 and 

4). The pink mark in lane 4 is due to overexposure.  
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6.5.5 HMEC-1 Western blot 

Based on the above western blots, it appeared that all three AF series antibodies could detect a protein 

band with a molecular weight similar to the predicted molecular weight of their target protein. However, 

all three antibodies detected a number of non-specific bands, indicating that while the antibodies could 

detect their target proteins, they could also detected other proteins expressed by HEK293S cells. 

Nevertheless, I performed a western blot experiment probing for RAMP expression in HMEC-1 cells. In 

this experiment, 12 μg of protein was loaded in each lane. In the HMEC-1 lysate, AF6428 (anti-RAMP1) 

detected two distinct bands with molecular weights of approximately 70 and 120 kDa (Figure 6.27, 

Lane 1). AF6427 (anti-RAMP2) detected two strong bands (approximately 70 and 82 kDa) and one faint 

band of approximately 37 kDa (Figure 6.27, Lane 2). AF4875 detected one clean band at approximately 

42 kDa (Figure 6.27, Lane 3). Primary antibodies (AF6428, AF6427, and AF4875) were used at 1:200, 

and secondary antibodies (donkey anti-sheep conjugated to HRP) used at 1:1000. The only band that 

corresponded with a predicted molecular weight of the target RAMP was AF4875 (anti-RAMP3), 

however, a band of this particular weight was also present in the lysates of HEK293S cells transfected 

with pcDNA, indicating that this band may represent non-specific binding. 

 

Figure 6.27 Result from an individual western blot detecting RAMP1, RAMP2, and RAMP3 in HMEC-

1 lysates. Lane 1 was probed using AF6428 anti-RAMP1 antibody. Lane 2 was probed using AF6427 

anti-RAMP2 antibody. Lane 3 was probed using AF4875 anti-RAMP3 antibody. The apparent molecular 

weight of protein markers is shown on the far left of the image (kDa). The exposure time was 20 

seconds.  
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6.6 Discussion 

Although over the past decade we have increased our understanding of GPCR activation and signalling 

in vitro, there is still a considerable gap between a compound being identified as a novel ligand with 

drug-like properties, and the same ligand being clinically effective in treating its target condition. This is 

at least partially ascribed to differences in cellular context between in vitro experiments used for 

screening compounds where cells over-express the receptor of interest, and in vivo settings, where the 

cells express lower levels of receptor as well as expressing a different complement of intracellular 

signalling molecules (Kenakin, 2018; White et al., 2019). Factors such as ethics, costs, and the low-

through-put nature of animal experiments prevent drug-discovery efforts being consistently performed 

in vivo (Kenakin, 2018). An increasingly popular middle-ground solution, and the one used in this 

chapter, is to utilise cell-lines which represent the cellular environment of the target receptor (Baltos et 

al., 2016; Sato et al., 2018; Walker et al., 2014b; Walker et al., 2015; White et al., 2019).  

6.6.1.1 Pharmacological characterisation of HMEC-1 cells 

The pharmacological profile obtained in HMEC-1 cells differed from the profiles obtained in transfected 

Cos7 cells, however, based on the cAMP signalling profile, initial indicators point towards HMEC-1 cells 

functionally expressing predominantly AM1 receptors. This conclusion is based on relative rank orders 

of potency, being AM > AM2 > βCGRP ≥ αCGRP in both HMEC-1 cells and at AM1 receptors transfected 

into Cos7 cells (Hay et al., 2018a; Musa et al., 2019; Weston et al., 2016). The main difference between 

the profile obtained in HMEC-1 cells and the profile defined for the AM1 receptor in transfected cells is 

the degree to which AM2 and αCGRP are partial agonists; at AM1 receptors in Cos7 cells both AM2 

and αCGRP have an Emax approximately 50% of the AM Emax, while in HMEC-1 cells these peptides 

have much lower Emax values relative to AM. This conclusion is also supported by the Δlog (τ/KA) values 

obtained in HMEC-1 cells (Figure 6.8) and transfected Cos7 cells (Figure 4.15). In HMEC-1 cells, the 

relative rank order of transduction ratios was AM > AM2 = βCGRP ≥ αCGRP. For cAMP signalling at 

the AM1 receptor in Cos7 cells, the relative rank order of transduction ratios was AM > AM2 ≥ βCGRP 

≥ αCGRP. The difference between AM and AM2 was more pronounced in HMEC-1 cells compared to 

Cos7 cells expressing the AM1 receptor, while the difference between AM2 and βCGRP was less 

pronounced in HMEC-1 cells compared to Cos7 cells expressing the AM1 receptor (Figure 4.15, Figure 

6.8). These differences most likely arise due to HMEC-1 cells expressing relatively fewer receptors per 

cell than the transiently transfected Cos7 cells (Kenakin, 2014). Thus, although there are differences in 

the signalling profiles, it could reasonably be concluded that these cells express a functional AM1 

receptor. 

This pharmacological characterisation simultaneously informs and is informed by the responses seen 

with the AM15-52 analogues in these cells. The signalling profiles associated with the analogues in 

HMEC-1 cells appeared to be exaggerated versions of the profiles obtained in Cos7 cells transfected 

with AM1 receptor, supporting the idea that HMEC-1 cells express primarily a functional AM1 receptor. 

For example, in Cos7 cells AM15-52 F18A was a partial agonist with an Emax roughly 50% that of AM15-

52, while in the HMEC-1 cells, this Emax was reduced to being just 18% of AM15-52. More analogues were 

partial agonists relative to AM15-52 in HMEC-1 cells than at the AM1 receptor in Cos7 cells. This is likely 
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caused by the same principles which drive the low Emax of AM2, namely, a lower density of functionally 

expressed receptors in HMEC-1 than Cos7 cells (Kenakin, 2014).  

6.6.1.2 An inability to measure signalling outcomes could have multiple causes 

Although it was possible to measure cAMP production in these cells, measuring other signalling 

pathways proved more difficult. AM has previously been shown to regulate ERK phosphorylation and 

Akt phosphorylation in vascular endothelial cells of primary origin (Fritz-Six et al., 2008; Jin et al., 2008; 

Khalfaoui-Bendriss et al., 2015; Miyashita et al., 2003; Nishimatsu et al., 2001), however in my study I 

was not able to detect these outcomes. A potential reason why I did not see robust responses in these 

cells was the low receptor levels, meaning that there was only a small window of AM stimulated 

phosphorylation to measure. Previous studies using these endogenously expressing cells have used 

large quantities of cells and western blotting techniques to investigate the presence of phosphorylated 

proteins. These methods are relatively low throughput, and due to the time-constraints on my thesis, I 

opted instead for the higher-throughput AlphaLISA assays in a 96-well format. High-throughput 

measurement of these less amplified pathways has proved to be difficult across a number of labs and 

targets (Baltos et al., 2016; Sato et al., 2018), meaning it was not surprising that I was unable to obtain 

measurable responses. It is possible that had I increased the number of cells and/or used a western-

blotting approach I too could have measured these phosphorylated proteins, and it remains an avenue 

for investigation. 

Alternatively, as the HMEC-1 cells which I used in this thesis are an immortalised cell-line used at 

passage numbers much higher than the primary cells, it is possible that during the course of 

immortalisation and subsequent passaging the cells experienced a change in intracellular protein 

complement (Liao et al., 2014). This could result in the decoupling of the AM-responsive receptor in 

these cells from certain signalling pathways, or a reduction in the number of AM-responsive receptors 

available on the cell surface. Thus, care must be taken in choosing cell models which accurately 

represent the target system in order to allow for maximum likelihood of translational success.  

6.6.1.3 Hypoxia was unable to modulate AM signalling in HMEC-1 cells 

As described above, I was able to measure AM stimulated cAMP production in these cells, but was 

unable to measure the activation of any other pathway. In order to try maximise my chances of 

measuring a response, I attempted to manipulate the cells to increase the signalling window. The 

expression and function of CLR and RAMPs can be modulated by hypoxia in both cells and tissues 

(Hasbak et al., 2005; Ladoux & Frelin, 2000; Nikitenko et al., 2003; Yang et al., 2005). Thus, I reasoned 

that exposing these cells to hypoxia might increase receptor expression and functional coupling to 

intracellular signalling pathways, thereby improving the signal window. Although I was able to robustly 

induce hypoxic environments (measured using HIF-1α expression in the nucleus, Figure 6.12), I was 

unable to alter the signalling profile of the cells. Much of the work showing differential function or binding 

of these peptides during hypoxia has been undertaken on whole tissues as opposed to isolated cell-

lines as used in this thesis. Thus, this disconnect could also arise from the differences between 

experiments involving isolated tissue and cellular models. It is possible that the increased response and 

binding of peptides in tissues during hypoxia could be due to the presence of non-endothelial cells. For 
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instance, astrocytes surrounding microvessels in the rat brain (Ladoux & Frelin, 2000), endothelium-

denuded arteries (Hasbak et al., 2005; Kwan et al., 1990), and cardiac muscle fibres (Yang et al., 2005) 

have all been reported to have increased AM binding or responsiveness during or after hypoxia. In cell-

based experiments, work has primarily involved looking at mRNA changes during hypoxia. Although 

CLR and RAMP2 mRNA are reportedly upregulated following hypoxia (Nikitenko et al., 2003), I may 

not have allowed the cells enough time to synthesise more receptors, or alternatively, this upregulation 

of mRNA in HMEC-1 cells may not translate to increased protein synthesis or functional receptor 

expression on the cell membrane. 

6.6.1.4 Antibody based detection of receptor component expression in HMEC-

1 cells 

Although the pharmacological evidence suggests expression of primarily a functional AM1 receptor in 

HMEC-1 cells, antibody based methods were less effective at discerning the presence of receptor 

components. In immunofluorescence validation experiments perfumed in HEK293S cells, the 

antibodies appeared to detect and be specific for their target receptor component. Likewise, in initial 

western blot validation experiments the antibodies appeared to be able to detect their target receptor 

components, though all three antibodies also detected non-specific bands. There was strong evidence 

for CLR expression in HMEC-1 cells, as three separate antibodies detected CLR-like immunoreactivity 

in these cells (Figure 6.22). RAMP detection was less clear-cut, with immunoreactivity corresponding 

to multiple RAMPs detected in immunofluorescence experiments (Figure 6.23), while no RAMP-like 

immunoreactivity could be detected at the correct molecular weight in western blot experiments (Figure 

6.27). I did not perform any western blot experiments with anti-CLR antibodies because I was more 

focussed on defining the RAMP that was being expressed by these cells, and I felt that CLR expression 

had been confirmed in immunofluorescence experiments. All of the bands detected in the HMEC-1 

western blot experiment were also detected in lysates from HEK293S cells transfected with pcDNA 

indicating that the protein detected was not an authentic RAMP. The exception was a band of 

approximately 70 kDa detected by AF6428 (anti-RAMP1) in HMEC-1 lysates which was not present in 

HEK293S cells, but also does not correspond to the predicted molecular weight of RAMP1. This novel 

band is not surprising as it is very likely that these different cell-lines each express a different suite of 

proteins. 

As each of the anti-RAMP antibodies detected non-specific bands in HMEC-1 lysates, this could 

suggest that some or all of the RAMP-like immunoreactivity detected in immunofluorescence 

experiments could arise from antibodies detecting non-RAMP proteins. In future, antibody based 

investigations into RAMP expression in HMEC-1 cells should incorporate siRNA or CRISPR/Cas9 

techniques to knock-out individual RAMPs in these cells. In this paradigm, comparing results from 

HMEC-1 cells which had been treated with siRNA targeting a RAMP to results in HMEC-1 cells treated 

with scrambled sequence siRNA will give insight into whether the detection comes from authentic RAMP 

immunoreactivity, or whether it is the result of non-specific binding (Schonbrunn, 2014).  

With further optimisation to improve our understanding of these antibodies, I believe they could be 

useful in detecting RAMP expression in tissue, however further validation is required to understand all 
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of the caveats associated with their use. A key technique for bolstering confidence in antibody findings 

is to use multiple antibodies for the same target (as performed in this thesis for CLR expression in 

HMEC-1 cells, Figure 6.22). As additional RAMP antibodies are developed and validated, they should 

be incorporated into our molecular toolbox for investigating the distribution of RAMPs. 

6.6.1.5 Conclusion 

In conclusion, I was only able to measure cAMP production in these cells. The pharmacological profile 

of endogenous ligands and analogues appeared to correspond to functional expression of an AM1 

receptor at a low level of expression. In contrast, antibody experiments were not able to support this 

conclusion, and further work is required to robustly identify the receptor components expressed by these 

cells. 
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7 General discussion and conclusion 

7.1 Overview 

The AM peptide family and its receptors have repeatedly been shown to have potent regulatory effects 

in the cardiovasculature, as well as across a number of physiological settings (Schönauer et al., 2017). 

As such, there has been much investigation into understanding how this peptide and receptor family 

function in order to facilitate development of therapeutics that may be useful in the treatment of 

cardiovascular disorders. At present, there are still many gaps in our knowledge, including how the 

CLR:RAMP complexes recognise and interact with different ligands, which signalling pathways are 

regulated by receptors in response to ligand stimulation, and how these receptors function in tissues of 

interest. 

This thesis took a pharmacological approach to understanding and solving these problems. It did so by 

investigating the signalling profiles of endogenous ligands at the three CLR based receptors. It also 

investigated molecular determinants of AM interaction with its receptors, from both the purview of the 

receptor and the ligand. The last section of this thesis attempted to move these findings in a more 

translational direction by examining the pharmacology of AM and related peptides in a vascular 

endothelial cell-line which endogenously expresses AM-responsive receptors. During this final chapter, 

findings from all these investigations will be synthesised and compared to the current knowledge about 

AM pharmacology and physiology, while expanding the discussion to include broader insights into the 

wider field of GPCR studies. 

7.2 Structural insights into the CLR:RAMP:peptide complex 

7.2.1 The CLR linker region is a site of differential importance for CGRP and 

AM 

At the start of this thesis there had been no investigation into the role of the CLR linker region. I 

investigated the function of the linker region in CLR, asking the questions: were there differences in the 

function of the linker region between different CLR:RAMP complexes, and were there differences in the 

importance of this region for different peptides? The method employed for my study was an alanine 

scan of the CLR linker region. This work found that the majority of residues could be mutated with little 

to no effect on expression or signalling, however I was able to identify residues on CLR that played 

differential roles in CGRP vs AM stimulated cAMP production. These effects were maintained across 

all CLR:RAMP complexes, indicating that CLR is likely to adopt a similar conformation in the linker 

region regardless of the RAMP with which it expressed. This finding also highlighted that AM and 

αCGRP are likely to adopt different conformations as they interact with CLR:RAMP complexes, but that 

the conformations the peptides adopt during receptor interaction are conserved across the different 

CLR:RAMP complexes. These findings align with work showing that while the extreme C-termini of AM, 

AM2, and αCGRP adopt similar conformations and interaction sites on the CLR ECD, they diverge as 

they move towards the mid-portion of the peptide i.e. the portion of the peptide closest to the linker 

(Booe et al., 2018; Roehrkasse et al., 2018). These findings also align with other work on class B 
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GPCRs which show that the linker region can be a site of ligand interaction with the receptor (Zhang et 

al., 2018a). 

7.2.2 The AM N-terminus interaction with its receptors: Implications for the two 

domain model of GPCR activation 

As highlighted in my introduction chapter (Sections 1.5.2 and 1.6.7), the prevailing ideas surrounding 

class B GPCR activation have relied on the two-domain model of receptor activation, in which the C-

terminus of the peptide drives binding affinity while the N-terminus of the peptide drives receptor 

activation. Although there is work on the C-terminus of AM, there has been less investigation into 

structure-function relationships in the AM N-terminus. Hence, I explored this region by performing an 

alanine scan of residues 15-31.  

My investigation showed that many of the residues within this region could be substituted for alanine 

with only minor effects on receptor activity. This finding suggests that there is scope to modify AM to 

improve its pharmacokinetic profile, and highlights many residues that would be prime candidates for 

this modification. Previous work has shown that it is possible to protect AM from enzymatic degradation 

by conjugating various protective moieties to the peptide, however these modifications resulted in a 

substantial loss of peptide activity at transfected receptors (Schönauer et al., 2016). Incorporating 

information from my investigation may allow for the creation of modified agonists which have improved 

pharmacokinetics, while also retaining function. 

Using the reported structure of the αCGRP-bound CGRP receptor, I have mapped out the known 

structure-function relationships in the N-terminus of αCGRP, corresponding to residues 15-31 in AM 

(Figure 7.1 A). Using this same structure, I have then mapped the effect of my alanine substitutions in 

the N-terminus of AM onto the αCGRP peptide (Figure 7.1 B). This method, while not perfect, gives us 

some insight into where residues that are important for receptor interactions are located on the peptide 

relative to the receptor, while also allowing for a comparison of the importance of residues between 

αCGRP and AM. As can be seen in Figure 7.1, there is a great deal of overlap in the relative importance 

of individual amino acids between AM and CGRP, which suggests that they approach the 

juxtamembranous domain of the CLR:RAMP complex with a similar orientation. While this is 

undoubtedly influenced by mapping effects onto the same structure, the high conservation of effects 

noted in studies between these two peptides suggests that AM adopts a similar N-terminal conformation 

to αCGRP when interacting with CLR-based receptors. This is perhaps not surprising given the 

constraint imposed by the disulfide bond. 
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Figure 7.1 Representation of key amino acids in the N-terminus of CGRP and AM. CLR is grey, RAMP1 

is pink, and αCGRP is blue. Residues with known functional importance are coloured as per the legend. 

Both structures are of αCGRP bound to the CGRP receptor (Liang et al., 2018a), pdb code 6E3Y. (A) 

shows the currently known structure-function relationships in the αCGRP N-terminus. (B) shows my 

results from the AM N-terminus analogues (Chapter 5, AM15-52 analogues stimulating cAMP production 

at the CGRP receptor) mapped onto the αCGRP N-terminus. Information for (A) is an amalgamation of 

reported effects on potency and affinity at defined receptors in transfected cells, and at undefined 

receptors in cell/tissue models (Hay et al., 2014; Simms et al., 2018; Watkins et al., 2013a).  

While structure-function studies of more peptides from the AM family of peptides are required to fully 

understand the differential determinants of activity, there is now enough information to have a broad 

understanding of how these peptides interact with these receptors (Booe et al., 2015; Booe et al., 2018; 

Hay et al., 2014; Musa et al., 2019; Roehrkasse et al., 2018). It appears that the extreme C-termini of 

peptides, while adopting similar conformations, make different contacts to the CLR:RAMP complexes, 

with key pharmacology-directing contacts being supplied by a few individual residues on the RAMPs. 

As the peptides progress to their mid-regions, they begin to differ more drastically in their conformations 

and proximity to the receptor, with CGRP appearing to be closer to the CLR linker region than either 

AM or AM2 (Chapter 3, and Booe et al., 2018). The flexibility of the peptide mid-region may largely 

override this difference in C-terminal conformation, allowing all peptides in this family to present a similar 

amphipathic alpha-helix and disulfide loop to the juxtamembranous domain of the receptor, though 

there is some evidence to suggest that the mid-region can have a small influence on peptide 

pharmacology (Robinson et al., 2009). This idea of conserved peptide conformation in the N-terminus 

is supported by my work on the AM N-terminus, and by previous mutagenesis data for related peptides 

(Figure 7.1). Future structures capturing AM interacting with CLR based receptors will be useful in 

confirming this idea.  
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My AM analogue work has important implications for the two-domain model of class B GPCR activation. 

As can be seen in Figure 7.1, while most individual residues within the extreme N-terminus of AM and 

CGRP play only small roles in driving receptor activation, there were a number of residues which had 

a large effect on receptor activation. These residues were spread out from the extreme N-terminus of 

the peptide through to the middle of the peptide, with I30 being critical for peptide function. Recent work 

on αCGRP shows that αCGRP L16A (the corresponding substitution in αCGRP) has a reduced affinity 

as well as reduced potency at the CGRP receptor (Simms et al., 2018). This suggests that residues in 

the mid-portion of the peptide can be important determinants of both peptide affinity and efficacy. These 

results echo findings in a number of other class B GPCR ligands such as GLP-1, amylin, and secretin, 

in which residues throughout the peptide have been shown to play roles in both binding to, and 

activating, receptors (Bower et al., 2018; Clemmensen et al., 2014; Dong et al., 2011). This combined 

evidence suggests that peptides are not made up of distinct “binding domains” and “activation domains”, 

rather that peptides have residues across their entirety which add together to create a barcode of 

receptor activation. Similarly, within the AM/AM2/CGRP peptide family, it seems that receptor specificity 

cannot be entirely ascribed to a single portion of the peptide, but is instead likely to be due to an 

amalgamation of residues across the whole peptide which combine to create the pharmacological 

profile associated with each ligand. The one outlier to this idea is AM15-52 G19, as this position appeared 

to be a key determinant in the pharmacological profile of AM and CGRP (Section 5.5.1.4). Thus, while 

most of the pharmacology associated with a peptide is due to the amalgamation of many residues, it 

does appear that individual residues can also have a large impact on peptide activity. 

7.2.3 RAMPs exert conserved effects across the extracellular portion of CLR: 

implications for class B GPCR:RAMP interactions 

As discussed in my introduction (Section 1.6.7), RAMP1 appears to exert a steric influence on the 

conformation of the CLR ECD. The cryo-EM structure of the CGRP receptor shows that when 

complexed with RAMP1, the CLR ECD adopts a position perpendicular to the TM bundle. This is in 

contrast to other class B GPCR structures, in which the ECD adopts a conformation parallel to the TM 

bundle. This difference results in a change in peptide binding modes; while most class B GPCR 

structures report the bound ligand to be almost entirely alpha-helical, αCGRP incorporates an alpha-

helical stretch across only half of its length with the rest of the peptide being largely devoid of secondary 

structure. This flexibility is likely a requirement for receptor activation. 

While we are lacking structures of CLR in complex with RAMP2 or RAMP3, my work would suggest 

that the three RAMPs exert similar steric influences on the CLR ECD. My work on the CLR linker region 

found no RAMP-specific effects in this portion of the receptor, suggesting that the linker region of CLR 

adopts a similar conformation irrespective of which particular RAMP that CLR is complexed with. This 

finding is in line with previously reported literature which suggests that RAMPs direct CLR 

pharmacology by providing a few direct peptide interactions and exerting subtle allosteric modulation 

to defined portions of the CLR ECD, rather than causing large-scale conformational differences between 

the different CLR:RAMP complexes (Booe et al., 2015; Booe et al., 2018; Kusano et al., 2012; 
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Roehrkasse et al., 2018). Collectively, this information hints that RAMP2 and RAMP3 may force the 

CLR to adopt a similar conformation to the conformation captured in the CLR:RAMP1 structure. 

Aside from CLR, CTR is the receptor for which RAMP interactions are best characterised (Hay et al., 

2018a). There is one reported cryo-EM structure of CTR in complex with sCT, however there are no 

reports of the full length receptor bound to a RAMP. Additionally, the reported structure has very low 

resolution in the ECD, and accordingly the CTR ECD and the C-terminal half of sCT are not included in 

the deposited structures. The low resolution structural model reported by the study suggests that the 

CTR ECD is parallel to the TM bundle. This indicates that in the absence of RAMP interaction CTR 

adopts a conformation more similar to other class B GPCRs than to the conformation of CLR in the 

CLR:RAMP1 structure (Liang et al., 2017; Liang et al., 2018a).  

It is interesting to consider whether, upon complexing with a RAMP, the CTR ECD will be repositioned 

relative to the TM bundle to adopt a conformation perpendicular to the TM bundle as seen in the 

CLR:RAMP1 cryo-EM structure. Evidence argues for conserved RAMP effects on the binding pocket of 

both CLR and CTR, as the RAMP1 mutation W84A has similar effects on αCGRP potency at both 

CLR:RAMP1 and CTR:RAMP1 complexes (Gingell et al., 2010; Moore et al., 2010). Similarly, 

substitutions in the N-terminus of amylin, αCGRP, and AM appear to affect peptide potency to similar 

extents at both CLR:RAMP complexes (AM and αCGRP) and CTR:RAMP complexes (amylin and 

αCGRP; Bower et al., 2018, and Figure 7.1). This would argue for a similar interaction mode for these 

peptides at different receptors. Additionally, CT cannot compete for radiolabelled amylin binding at 

CTR:RAMP complexes, but has high affinity at CTR alone (Hay et al., 2005). This suggests that the act 

of complexing with a RAMP has drastic consequences for the ability of CTR to interact with CT. Based 

on our knowledge of RAMP modulation of CLR, this substantial decrease in binding affinity seems 

unlikely to be due to RAMPs introducing residues that interfere with CT binding, rather, a remodelling 

of the CTR ECD relative to the TM domain may be more likely. This combined evidence hints that 

RAMPs have a conserved effect on the conformation of CLR and CTR ECDs, in which RAMPs force 

the CLR/CTR ECD into a position perpendicular to, rather than parallel with the TM bundle. Structures 

of a CTR:RAMP complex will be invaluable in exploring this idea further. An interesting side-note is that 

the sCT:CTR cryo-EM structure has the worst resolution in the ECD out of any recently reported class 

B GPCR cryo-EM structure, possibly indicating that CTR has a highly flexible ECD, and also hinting 

that CTR could accommodate a restructuring of the ECD due to the presence of a RAMP. 

This idea has wide-ranging implications for the knowledge of class B GPCRs. There is currently a large 

body of work attempting to show that RAMPs can interact with GPCRs outside of CLR/CTR to alter 

their pharmacology. So far RAMPs have been reported to interact with 10 GPCRs, not including CLR 

or CTR. These studies have primarily been performed by looking for RAMP expression on the cell 

surface following co-expression with a GPCR, or looking for an effect on cell signalling using the 

cognate agonists of the receptor (for a recent review see (Routledge et al., 2017)). However, if the 

restructuring of the GPCR ECD relative to the TM bundle is conserved upon interaction with a RAMP, 

it seems unlikely that cognate agonists would be able to bind or interact effectively with this new receptor 

conformation. Interaction would require an entirely new binding mode of the ligand, one incorporating a 
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flexible bend to allow the required orientation of the peptide C-terminus relative to the N-terminus. This 

is somewhat supported by the literature, which although showing that RAMP expression on the cell 

surface can be modulated to some extent by certain GPCRs, has yet to conclusively show that RAMP 

co-expression alters the binding properties of a receptor. There is one report which suggests that co-

expression of the glucagon receptor with RAMP2 impairs the binding of GLP-1, which may lean in favour 

of RAMPs restructuring the ECD (Weston et al., 2015). This is not to say that RAMPs are restricted in 

their interactions to CLR and CTR, rather that traditional agonists may be unlikely to be able to activate 

these novel GPCR:RAMP complexes if these structures have altered ECD conformations relative to the 

GPCR on its own. It is entirely feasible that a different complement of peptide ligands which naturally 

incorporate a flexible mid-region into their structure may instead be more likely to activate these novel 

GPCR:RAMP complexes. A severe limitation of this idea is that at present we have only one structure 

of a RAMP in complex with a GPCR (Liang et al., 2018a). Future studies which present complexes of 

different RAMPs with different GPCRs will be invaluable in understanding whether RAMPs exert similar 

effects on all class B GPCR ECDs. 

7.2.4 RAMPs indirectly influence the ability of intracellular proteins to interact 

with CLR 

An important finding in the characterisation of the endogenous ligands was that there were differences 

in the signalling pathways which were able to be regulated by the different CLR:RAMP complexes. For 

example, no endogenous peptide could stimulate measurable IP1 production through the AM1 or AM2 

receptors, and no tested peptide could stimulate Akt phosphorylation through the AM1 receptor. As 

mentioned previously, this is presumably not due to differences in receptor expression levels, because 

the three CLR:RAMP complexes express on the cell surface to the same degree (Figure 3.2) and their 

fold basal signalling was generally consistent across the pathways at which they are all able to signal 

(Chapter 4). This suggests that there is a degree of receptor/protein bias built into the CLR:RAMP 

receptors. Figure 7.2 depicts the different forms of bias that are encoded by GPCR signalling systems. 
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Figure 7.2 Depictions of the different kinds of GPCR bias. A) Ligand mediated bias – when different 

ligands acting at the same receptor are able to drive subtly different receptor conformations, leading to 

differences in the relative activation of intracellular signalling molecules. B) Receptor/protein bias – 

some receptors are predisposed to signal through one pathway relative to another, this bias can be 

modified through receptors interacting with different proteins (including, but not limited to, RAMPs). C) 

System bias – when the same receptor/ligand combination can differentially stimulate signalling 

pathways/outcomes depending on the cell/tissue type in which they are expressed. A common example 

(shown here) is that difference in receptor expression between two cell-types can alter signalling; in the 

first cell where there is abundant receptor expression, both pathway A and pathway B can be activated, 

whereas in the second cell (where there is lower receptor expression) only pathway A can be activated. 

This type of bias can also apply to physiological outcomes, such as differential regulation of vasodilation 

and proliferation. 

Based on my results in Chapter 4, it appears that RAMPs are able to exert a form of protein bias, in 

which RAMPs modulate the ability of intracellular proteins to interact with CLR. Based on the structure 

of CGRP bound to the CGRP receptor, it seems likely that RAMPs modulate the ability of intracellular 

proteins to interact with CLR by exerting direct steric constraints on intracellular loop (ICL) 2, TM4 and 

TM5, as well as indirect allosteric constraints on other intracellular regions of CLR such as helix 8, 

thereby influencing the shape of the intracellular binding pocket (dal Maso et al., 2019; Liang et al., 

2018a). Additionally, the most intracellular portion of the RAMP may interact directly with intracellular 

signalling proteins, though this seems unlikely with at least the Gαs protein, as in the CGRP receptor 

structure the extremity of the intracellular portion of RAMP1 is unresolved, presumably due to its ability 

to sample multiple conformation states (Liang et al., 2018a). Deletion of the extreme C-terminus of 

RAMP1 does not affect CGRP stimulated cAMP production at the CGRP receptor, though at least one 

RAMP amino acid must project from the TM domain into the intracellular space to create a functional 

receptor, again showing that the RAMP C-terminus is largely uninvolved in Gαs interactions 

(Fitzsimmons et al., 2003; Steiner et al., 2002). Alternatively, work performed with RAMP chimeras 

suggest that the intracellular portion of RAMPs are a key determinant in amylin potency at CTR:RAMP 

complexes (Udawela et al., 2006b) indicating that RAMPs may perform a different role when complexed 

with CTR relative to when complexed with CLR. A potential explanation for this difference could be 

receptor component protein (RCP), which has been shown to interact with CLR:RAMP complexes to 

promote cAMP signalling (Dickerson, 2013). To my knowledge, the effect of RCP on CTR remains 
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untested. Differential interactions between CLR/CTR and RCP could explain the differential importance 

of intracellular RAMP residues between CLR/CTR:RAMP complexes. If RCP interactions are limited to 

CLR:RAMP complexes, then the binding of RCP could partially override the intracellular portion of the 

RAMP only when it was complexed with CLR. This would be in contrast the intracellular RAMP residues 

being free to interact with intracellular signalling proteins when complexed with CTR, thereby allowing 

CTR:RAMP complexes to propagate effective bias. 

Lending credence to the idea that RAMPs do not directly interfere with signalling protein recruitment to 

CLR is the fact that IP1 signalling was measurable through the AM2 receptor following stimulation with 

the AM15-52 G19A. This substitution essentially “rescued” IP1 signalling through this receptor, suggesting 

that I was not seeing “perfect bias” in which RAMP3 blocks the recruitment of Gαq to the CLR:RAMP3 

complex. Instead it is more likely that the IP1 signalling assay which I used in my experiments was not 

sensitive enough to measure the small quantities of IP1 produced during AM2 receptor stimulation with 

endogenous peptides, while a higher efficacy agonist (like AM15-52 G19A) could elicit measurable 

signalling through a weakly coupled pathway (Kenakin, 2019). It did still highlight that the different 

RAMPs can exert effects on intracellular landscapes, thereby making the receptor surface more or less 

conducive to interactions with different intracellular partners and altering effector activity. 

7.2.5 ERK phosphorylation at the CGRP receptor defied previously established 

pharmacology norms 

My findings showed that broadly speaking, the relative rank pharmacology profiles for peptides to 

stimulate a pathway through a given receptor were very similar to the relative profiles at that receptor 

previously established for cAMP production and peptide binding. A key outlier to this trend was ERK 

phosphorylation at the CGRP receptor, where all endogenous peptides appeared equipotent. 

Interesting insight into this phenomenon can be gained incorporating results from my investigation into 

analogues of AM15-52; while all the endogenous peptides had a similar potencies when measuring ERK 

phosphorylation at the CGRP receptor, many of the analogues had reduced signalling abilities relative 

to the unmodified AM15-52 through this pathway. This shows that ERK phosphorylation can be 

differentially regulated at this receptor, boosting confidence that my findings were not artefacts of the 

technique used to measure this signalling pathway. Additional insight can be gained by looking at results 

obtained with AM15-52 G19A. At the CGRP receptor, this peptide had improved signalling ability relative 

to AM15-52 through all pathways except ERK phosphorylation. This result is interesting, as it appears to 

mimic the results seen using endogenous peptides, i.e. that ERK phosphorylation stimulated through 

this receptor seems to, in some way, compress the activity of different peptides into a singular response 

with little variation in potency and only slight variations in Emax. 

This finding is interesting in light of a recent investigation by Yarwood et al., (2017), which showed that 

a significant portion of ERK phosphorylation downstream of CGRP receptor activation was downstream 

of CGRP receptor internalisation. Therefore, future studies investigating the relative receptor 

internalisation rates of different peptides at CLR-based receptors would be useful in interpreting my 

findings, as it is possible that the compression of peptide potencies through this pathway is related to 

relative rates of receptor internalisation. An alternative approach could be to incorporate a structural 
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view of receptor activation. ERK phosphorylation can be regulated by both G proteins and other 

intracellular effectors (with at least Gαq being involved in αCGRP-stimulated ERK phosphorylation 

through the CGRP receptor (Yarwood et al., 2017)), therefore structures of the CLR:RAMP1 complex 

in combination with alternative signalling proteins such as Gαq or β-arrestin could provide a mechanistic 

explanation for this phenomenon. 

Additionally, there is information which suggests that different subcellular pools of ERK can be 

differentially regulated, and that this is a mechanism by which GPCRs can fine-tune physiological 

responses to similar pharmacological signals (Fletcher et al., 2018; Irannejad et al., 2017; Yarwood et 

al., 2017). My work only investigated total cellular ERK phosphorylation, meaning that it is possible that 

different peptides could be regulating different intracellular pools of ERK. This could have implications 

for physiology, and should be investigated in future studies. 

7.2.6 The relative lack of signalling bias encountered in this work could have 

multiple, and additive, explanations 

Previous studies into molecular determinants of bias (whether investigating this from the purview of the 

ligand or the receptor) have been able to identify bias in cases such as mutating amino acids to alanine, 

substituting α-amino acids with β-amino acids, or comparing different endogenous peptides (Furness 

et al., 2018; Hager et al., 2016; Hager et al., 2017; Liu et al., 2018; Morfis et al., 2008; Sattikar et al., 

2017). In my work utilising endogenous peptides I found little in the way of bias, and similarly, with my 

work on the AM N-terminus I found that even substitutions that had a drastic effect on peptide signalling 

tended to have this effect in a balanced manner.  

A possible reason that I saw very little in the way of bias could be because of the pathways I measured 

and the time-points at which I measured them. A major factor in signalling data is the time-point at which 

the response was measured (Bdioui et al., 2018; Klein Herenbrink et al., 2016). Many previous studies 

that have identified bias have utilised multiple experimental time-scales. For example in a report by 

Hager et al., (2017), five different signalling outcomes were measured downstream of GLP-1 receptor 

activation - Ca2+ flux, recruitment of β-arrestin 1, recruitment of β-arrestin 2, ERK phosphorylation, and 

cAMP accumulation. In these experiments concentration-response curves were generated using 

stimulation durations of 2 minutes, 2.5 minutes, 2.5 minutes, 6 minutes, and 30 minutes respectively. 

Their data showed that all tested analogues were full agonists through the cAMP pathway, but that 

many analogues were partial agonists at other pathways. This could represent true differences in the 

ability of these peptides to induce different receptor conformations, however this could also reflect a 

difference in ligand binding kinetics. If these analogues had altered binding kinetics, it could take longer 

to reach equilibrium, and thus longer to stimulate a full response (Bdioui et al., 2018; Klein Herenbrink 

et al., 2016; Lane et al., 2017). This is a complicated issue, as it is simply not feasible to measure all 

pathways at the same time-points because of the time-line over which each response is generated; I 

experienced this in my experiments, where most pathways were measured at the 10-15 minute point, 

while IP1 accumulation was measured at 120 minutes. This longer stimulation length may have been 

responsible for the exaggerated difference between βCGRP and αCGRP seen for this pathway (Figure 

4.13). In future it will be important to explore how mutations and substitutions alter the binding kinetics 
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of ligands alongside investigating how these substitutions/mutations alter signalling (Bdioui et al., 2018). 

Additionally, measuring the same pathway at multiple time-points (where feasible) could boost 

confidence in results by showing that the temporal aspect has been removed and signalling profiles 

remain constant over time (Bower et al., 2018; Morfis et al., 2008).  

Alternatively, CLR:RAMP complexes may not be able to propagate bias effectively at any time-point. 

Bias arises from the receptor’s ability to adopt multiple unique conformations, with each conformation 

having a different ability to interact with intracellular signalling molecules (Kenakin, 2018; Liang et al., 

2018b; Manglik & Kruse, 2017; Wingler et al., 2019a). Recent work on the angiotensin II type 1 receptor 

showed that as well as receptor activation involving a large outward shift in TM6, a large determinant 

of the differential regulation of intracellular effector molecule coupling comes from the orientation of 

TM5 and ICL2 relative to the rest of the receptor (Wingler et al., 2019a). Other work has used molecular 

simulations, receptor chimeras, and structural information to indicate the importance of ICLs in 

regulating the ability of the receptor to interact with a diverse range of intracellular proteins (Connolly et 

al., 2019; Ho et al., 2018; Latorraca et al., 2018). Taking these findings into account could explain the 

relative lack of bias noticed in my experiments. As the RAMP is likely to place a steric constraint on 

CLR TM5 and ICL2, it is possible that RAMPs reduce the number of conformations available for these 

regions to sample. This would then, in theory, lead to less possible diversity in the intracellular 

landscape, leading to a similar activation state with all agonists. This type of steric constraint has been 

proposed by Wingler et al. (2019a) as a mechanism by which some GPCRs can be inherently 

predisposed towards balanced signalling by virtue of the receptor offering similar intracellular 

landscapes to transducers regardless of the ligand which is bound. Taking into account the increased 

steric hindrance placed on TM5 and ECL2 due to the presence of RAMPs (and possibly RCP), it is 

entirely possible that CLR has a limited ability to propagate bias effectively.  

This concept is in contrast with reports that RAMPs can alter the rank order of potency in a pathway 

dependent manner. As an example, αCGRP is reportedly equipotent to AM at the AM1 receptor in 

HEK293 cells when measuring Ca2+ signalling, while being much less potent than AM at the same 

receptor when measuring cAMP production (Weston et al., 2016). However, this could be a function of 

differential time-scales affecting signalling results, with Ca2+ being measured within 2 minutes, and 

cAMP signalling being measured after 30 minutes. To further explore this idea, it would be prudent to 

investigate a receptor which is known to signal in a biased manner and which has the ability to interact 

with RAMPs, but does not require them for its function, namely CTR. By investigating signalling through 

multiple pathways at CTR alone and in complex with RAMPs, we could shed light onto whether RAMPs 

restrict the conformational freedom of the intracellular landscape of receptors. Previous work 

investigating amylin analogues at CTR alone and at CTR:RAMP complexes found that amylin Q10A 

had the least balanced signalling profile at the CTR alone relative to CTR:RAMP complexes, however, 

differences were marginal and not statistically significant (Bower et al., 2018). Alanine mutagenesis of 

individual residues in ECL 2 and 3 of CTR found that individual residues had differential importance for 

propagating to cAMP production and ERK phosphorylation following peptide stimulation, and that the 

importance of different residues differed between peptides. This work has been performed for CTR 
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alone, and with the CTR:RAMP3 complex. It was found that complexing with RAMP3 altered the 

importance of residues in CTR in a pathway and ligand specific manner. As this suggests that CTR is 

still able to propagate bias even when complexed with a RAMP, it is possible that RAMPs do not restrict 

the conformational freedom of this receptor (Dal Maso et al., 2018; Pham et al., 2019). It is worth noting 

that CGRP was largely unaffected by mutations in ECL2 and 3 at the CTR:RAMP3 complex, indicating 

that the presence of a RAMP may constrain the conformation of CGRP as it interacts with receptors.  

7.2.7 The double edged sword of endogenous expression: AM function in 

HMEC-1 cells 

Although I was able to determine a pharmacological profile for cAMP signalling in HMEC-1 cells, I was 

not able to profile other signalling pathways or define the receptor components using antibodies. These 

two difficulties are likely to have same root cause, namely cells which endogenously express receptors 

tend to express these receptors at lower levels than transfected cells which over-express the receptor 

of interest (Gibson et al., 2013; White et al., 2017; White et al., 2019). In my experiments, though 

signalling profiles of peptides and analogues were not exactly maintained between cell-lines, the overall 

trends remained (Chapters 4 and 5 compared to Chapter 6). This shows that although it is preferable 

to do work in physiologically relevant cells, doing initial drug discovery screens in transfected cells does 

still hold some value, as profiles in transfected cells can approximate their activity in physiological 

systems. As the field of molecular pharmacology continues to develop, new solutions are likely to be 

discovered which will allow further exploration of receptor activity in endogenously expressing cells. 

7.3 General summary 

In this thesis I explored how primarily AM, but also to some extent its related peptides, interact with CLR 

based receptors to stimulate signalling responses. Collectively I found that there are subtle differences 

between the ways different peptides interact with the CLR linker region, but that these differences in 

peptide conformations were conserved across CLR:RAMP complexes. Similarly, I found that AM adopts 

a conserved N-terminus conformation for interacting with all CLR based receptors. In contrast, I found 

that RAMPs differentially regulate the complement of intracellular pathways that CLR is able to regulate 

in response to stimulation with all peptides. I found that there was very little signalling bias being directed 

by the ligands themselves, and instead, most of the signalling bias was built into the different receptors 

created through the interaction of CLR with different RAMPs. 

Although I encountered issues when I tried to translate these findings into a physiologically relevant 

cell-line, this work still gave important information about AM receptor signalling in these cells. I found 

that I was able to pharmacologically characterise the receptor present in the cells, however defining 

protein expression using antibodies was not straight forward. The fact that AM analogues retained their 

signalling profiles in this physiologically relevant cell-line bodes well for the future of rational drug 

design, as drug discovery attempts are likely be performed first in transfected cells before moving to 

physiological systems. 



 

230 
  

7.4 Future directions: AM as a therapeutic agent 

There is a wealth of evidence which shows that the AM peptide family can have powerful protective 

effects throughout the cardiovascular system, however at present these peptides have not made the 

leap to a clinical cardiovascular therapeutic, largely due to their excessive hypotensive properties. This 

peptide family is a complicated target due to their overlap in signalling activity (i.e., multiple peptides 

are able to stimulate signalling through the same CLR based receptors). While there is evidence from 

knock-out studies to suggest that the different RAMPs have both shared and separate functional roles 

in vivo (Fritz-Six et al., 2008; Hay & Pioszak, 2016; Kuwasako et al., 2011; Mackie et al., 2018), the 

relative importance of individual RAMPs in mediating a physiological response in WT animals is less 

clear.  

An end goal of research into AM could be to create a therapeutic agent which is able to selectively 

harness the protective effects of AM, while removing (or reducing) its vasodilatory effects. This 

combination of effects could then be used as an adjunctive therapy to improve cardiovascular health 

and function following myocardial infarction (Freed, 2019). Realising this goal will likely require the 

exploitation of the full complement of bias built into GPCR signalling (Gingell et al., 2019; Kenakin, 

2019). An example and explanation of the different types of bias encoded in GPCR signalling is found 

in Figure 7.2. 

My work has shown that there is some scope to develop ligands with unique signalling profiles at CLR 

based receptors (findings from Chapter 5, depicted in Figure 7.2 A). Just as interesting is my finding 

that each CLR:RAMP complex has a different suite of intracellular proteins with which it is able to readily 

interact (Findings from Chapter 4, depicted in Figure 7.2 B and Figure 7.3). It is possible that these 

mechanisms could be exploited to develop drugs which preferentially target receptors to only stimulate 

desired pathways. 

 

Figure 7.3 Summary of signalling pathways regulated by the different CLR:RAMP complexes, and 

tentative physiological effects. The presence of a receptor above pathway indicates that this receptor 

could activate this pathway in response to at least one peptide in my experiments (Chapter 4 and 

Chapter 5). To emphasise that the AM2 receptor can only stimulate IP1 production in response to the 

AM15-52 G19A analogue, this receptor is shown as a small image above the IP1 pathway. For references 

relating to the proposed physiological effects of pathway activation, see Table 4.1. ↑ represents 

stimulation of a pathway, or stimulation of a physiological response following pathway activation, while 

↓ represents a decrease in the physiological effect following pathway stimulation. A physiological effect 

in brackets is one which is indirectly downstream of pathway activation. 
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As seen in Figure 7.3 each receptor had a unique profile of pathway activation, which, if maintained in 

vivo, could go some way to explaining the unique physiological roles associated with each RAMP. For 

instance, my results showed that the CGRP receptor is able to regulate the most pathways tentatively 

coupled to vasodilation (cAMP, Akt, and IP1). This correlates with evidence which suggests that AM 

stimulates a large portion of its vasodilation through the CGRP receptor (Entzeroth et al., 1995; Nuki et 

al., 1993; Pawlak et al., 2017; Tsujikawa et al., 2007), however this effect could also hypothetically be 

attributed to relatively higher levels of CGRP receptors being expressed on cells which modulate 

vascular tone. Either way, ligands which could avoid activating the CGRP receptor might have better 

utility as drugs which exert protective effects without the associated vasodilation. There are multiple 

approaches to creating such ligands, ranging from developing new, biased ligands, to taking already 

characterised molecules and repurposing them, for example, AM conjugated to telcagepant (a small 

molecule CGRP receptor antagonist) may selectively stimulate AM receptors to maximise protective 

effects and minimise unwanted vasodilation. In the context of this discussion, while AM15-52 G19A is a 

very interesting compound, its enhanced ability to stimulate IP1 production may work against its clinical 

utility as it would appear that IP1 may be a pathway to avoid if aiming to prevent excessive vasodilation. 

My work also found that all three receptors were able to stimulate signalling of pathways linked to 

protective effects, with the AM1 receptor stimulating ERK and CREB phosphorylation, and the CGRP 

and AM2 receptors stimulating ERK, CREB, and Akt phosphorylation (Figure 7.3). Thus, creating a 

ligand which selectively signals through these pathways while eschewing cAMP and IP1 production 

could also yield a drug which exerts protection without excessive vasodilation. Of these receptors, the 

AM1 receptor may make the most promising target as it seems unable to stimulate Akt phosphorylation, 

a pathway which in addition to promoting cellular integrity, is also involved in potentiating vasodilation. 

In a similar vein, AM2 may hold more potential than AM if the AM2 receptor was chosen as a target, as 

it is functionally equivalent to AM through all pathways apart from Akt phosphorylation, for which it is a 

partial agonist. This signalling profile could emphasise CREB and ERK phosphorylation, while eliciting 

less Akt phosphorylation (and perhaps less vasodilation). 

A caveat with this idea is that we do not know where each of the receptors is expressed in the body. 

There is much work showing that cellular contexts (both in terms of the cell-type, and the cellular 

environment) can alter the function of a receptor (Guo et al., 2019; Ritter & Hall, 2009; Roque & Baltazar, 

2019), meaning that future work will need to be performed to determine how the CLR:RAMP complex 

functions in the tissue of interest under the conditions of interest. Work mapping the different receptor 

components to different tissues, and within that, different cell types within tissues, would be useful for 

gleaning information about the different physiological effect that each receptor plays. For instance, a 

portion of the protective effect of AM administration post myocardial infarct can be attributed to its 

activity on cardiac lymphatic cells (Trincot et al., 2019), thus, knowing which AM-responsive receptor is 

expressed by these cells could direct future drug discovery efforts. By mapping the receptor 

components and characterising peptides in tissue and cells from these various origins, we will begin to 

understand more about how the receptors act to regulate physiological outcomes within the tissue of 

interest (Figure 7.2 C). This knowledge of system bias could then be used to rationally decide on 
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receptors to target in order to maximise therapeutic outcomes (Figure 7.2 B). From this point 

researchers can then begin the process of using structure-function knowledge to develop a ligand with 

improved clinical utility (Figure 7.2 A).  

Other key facets of future investigations will involve making the experimental paradigm more closely 

mimic the physiological environment of the cells of interest. A highly relevant recent example is 

presented by Iring et al., (2019) who have used an in vitro constant flow mechanism to mimic the shear 

stress experienced by endothelial cells in vivo. This technique highlighted that AM plays an important 

role in the regulation and maintenance of vascular integrity in endothelial cells. This shear stress, 

combined with a constant, low level exposure to AM could result in different protein complements within 

cells when compared to the same cell-line grown and experimented on under static conditions, leading 

to expression of different receptors, or differences in pathway coupling. This approach is being used to 

understand the physiology of endothelial cells (Sucosky et al., 2008) and could be adopted to further 

our understanding of AM physiology in vascular cells.  

Similarly, co-culture experiments which more appropriately mimic the physiological setting may 

enhance our knowledge of system bias. In a physiological setting, cells are not present in isolated 

strains – for example, in the heart there is a mix of cardiomyocytes, cardiac endothelial cells, cardiac 

fibroblasts, and perivascular cells (Zhou & Pu, 2016). These different cell-types are able to exert 

regulatory effects on the other surrounding cells, presumably using elegant feedback loops to control 

physiology. While mono-culture systems (as used in this thesis) allow for important information to be 

obtained about specific cell types, co-culture systems may more permit a more in-depth look into the 

workings of tissues. This approach has been used previously with co-cultures of vascular endothelial 

and cardiomyocytes being used to investigate the protective effect of AM2 in cases of simulated 

ischaemia-reperfusion injury (Bell et al., 2016).  

7.5 Conclusion 

This work performed in this thesis has taken steps to address how AM and its related peptides interact 

with their receptors to stimulate a signalling response, while also exploring how the different receptors 

signal following ligand binding. I also explored the system bias encoded in this receptor family by 

defining the functional receptor present in a vascular endothelial cell-line. The work on the CLR linker 

region has shown that the different peptides adopt subtly different conformations as they progress from 

their C-terminus to their N-terminus, while the work performed using AM analogues showed that the 

extreme N-terminus of AM appeared to interact with all CLR:RAMP receptors in a similar conformation. 

This thesis also found that RAMPs can influence the intracellular signalling proteins which can interact 

with CLR, laying the foundation for exploratory work in understanding the relevance of each signalling 

pathway to receptor physiology. 
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