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ABSTRACT 

Calcitonin receptor (CTR) is a member of the class B G protein-coupled receptor (GPCR) 

family, with roles in calcium and bone homeostasis, and other roles, including cell growth and 

differentiation and is implicated in the pathophysiology of various cancers. These diverse roles 

may, partly, be due to CTR’s pleiotropic coupling to signalling pathways including cAMP, 

ERK1/2 phosphorylation and intracellular Ca2+ mobilization. 

This thesis examines the putative role of pleiotropic coupling of the CTR in the 

pathophysiological setting of Glioblastoma Multiforme (GBM) (a type of brain cancer), followed 

by a molecular dissection of agonist-dependent activation of the CTR using alanine scanning 

mutagenesis. 

Pharmacological characterization of the CTR receptor family present in four high grade 

glioma cell lines that were derived from individual patient tumours and are capable of 

recapitulating the original disease phenotype in xenograft models was performed. Gene 

expression analysis using TaqMan qPCR confirmed CTR and calcitonin receptor-like receptor 

(CLR) expressed at the mRNA level in each of the four cell lines. However, performing cAMP 

assay using a panel of CTR- and (CLR) agonists showed that only one out of four studied cell 

lines, SB2b, expressed functional CTR, while the other three cell lines (Pb1, WK1 and JK2) 

displayed a CLR-receptor phenotype. Consistent with low CTR expression, SB2b showed no 

activation of pERK1/2, p38 MAPK, or Ca2+ mobilization. The absence of CTR-mediated 

MAPK-signaling in the SB2b was consistent with no effects of CTR stimulation/inhibition on 

cell metabolism and proliferation. Based on these results I concluded that targeting CTR 

pharmacologically is unlikely to be viable strategy for GBM treatment and that more 

comprehensive and systematic analysis is required in order to understand CTR’s role in this 

cancer. Additionally, I established no correlation between GBM subtype and CTR expression 

profile. 

Class B GPCRs are known to adopt a two-domain binding mode of their peptide agonists, 

where both extracellular (ECD) and transmembrane domains (TM) of the receptor participate in 

ligand binding and receptor activation. For the CTR this is supported by both structural cryo-EM 

data as well as by the mutational studies of the CTR ECD domains. To gain insight into how 

CTR ligand binding and signaling activation is mediated within the TM region of the receptor, I 

performed Alanine mutagenesis analysis of residues within this region. I identified residues with 

common and unique effects on affinity of CTR agonists and these were interpreted using CTR 

structural data and molecular dynamics simulations. Binding in response to salmon calcitonin 

(sCT) was less affected by individual Ala substitutions, consistent with the slow dissociation 
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kinetics and higher persistency of sCT-CTR interactions. Assessment of cAMP and pERK1/2 

signalling pathways revealed pathway-specific effects, with only limited effects on cAMP 

efficacy while pERK1/2 efficacy was profoundly decreased across all CTR ligands. Comparison 

of mutational effects on binding affinity and efficacy between CTR and other class B receptors 

revealed certain commonalities (such as the importance of conserved polar network in binding 

and signal transduction) and differences (arising from distinct structures of the class B receptors’ 

binding pockets and peptides).  
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1.1 G PROTEIN-COUPLED RECEPTORS (GPCRS) 

1.1.1 GENERAL INTRODUCTION 

G protein-coupled receptors (GPCRs) are the largest family of cell surface receptors that 

mediate many cellular responses to hormones and neurotransmitters, and are responsible for 

senses such vision, taste and smell. They play key roles in all aspects of physiology and 

pathophysiology and as such are the targets of ~50% of all pharmaceuticals (Rask-Andersen et 

al., 2011). In response to ligand binding, GPCRs can pleiotropically couple to G proteins and β-

arrestins allowing parallel signalling to multiple cellular pathways (Pal et al., 2013, Tuteja, 

2009). 

Approximately 150 of the GPCRs found in the human genome have unknown ligands 

and are referred as orphan GPCRs (Davenport et al., 2013). 

1.1.2 STRUCTURAL CHARACTERISTICS OF GPCRS 

GPCRs are transmembrane proteins that have both extracellular and intracellular 

domains. A distinguishing feature of a GPCR is the presence of a heptahelical domain (HD) 

consisting of seven transmembrane α-helices (TMs) that span the plasma membrane to form 3 

extracellular and 3 intracellular loops (ECL and ICL respectively) of various length (Lagerstrom 

et al., 2008). GPCRs receive stimuli (such as hormones, neurotransmitters, light etc.) from the 

extracellular environment (Fredriksson et al., 2003). Receptor activation by external stimuli 

results in structural rearrangements that are associated with the movement of transmembrane 

helixes. These conformational changes facilitate opening of intracellular transducer binding 

pocket allowing recruitment of intracellular transducers (Lagerstrom et al., 2008). 

Some GPCRs dimerize and can form homo- or heterodimers (Terrillon et al., 2004, Roed 

et al., 2012, Angers et al., 2002, George et al., 2002). At present, the mechanism and functional 

role of receptor dimerization of most receptor families is largely unclear. In contrast, class C 

receptors can only exist and function as obligate dimers and are well characterised dimers 

(Moller et al., 2017, Geng et al., 2016, Geng et al., 2013). 

1.1.3 CLASSIFICATION OF GPCRS 

The superfamily of G-protein-coupled receptors (GPCRs) is very diverse in structure and 

function, with almost 800 GPCR sequences found in the human genome; with ~ 400 non-

olfactory GPCRs (Lagerstrom et al., 2008, Stevens et al., 2013).  

Various systems to classify GPCRs have been proposed.  One of the more recent, and 

widely used systems, is the GRAFS classification system, proposed by (Fredriksson et al., 2003). 
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It uses alignment of the amino-acid sequences of the predicted transmembrane helices to derive a 

phylogeny of all human GPCRs resulting in five main families: Glutamate, Rhodopsin, 

Adhesion, Frizzled/taste2 and Secretin (Fredriksson et al., 2003) (Figure 1.1). The GRAFS 

(glutamate (G), rhodopsin (R), adhesion (A), frizzled/taste2 (F) and secretin (S)) system differs 

from earlier systems which grouped the Secretin and Adhesion family into a single class. 

The Rhodopsin-like family (known also as Class A) is the largest group of GPCRs 

accounting for about 80% of all GPCRs. This family includes receptors for hormones, 

neurotransmitters, olfactory- and light-activated receptors and are further subdivided into 19 

subfamilies plus orphan GPCRs (Wolf et al., 2015, Lagerstrom et al., 2008). Despite a huge 

diversity of their ligands, all class A receptors are believed to have some common sequence and 

structural organisation of seven TM helices with a pattern of highly conserved residues at 

specific positions, followed by the eighth helix and a palmitoylated cysteine at the C terminal 

tail. Rhodopsin-like receptors have N-terminal domain of variable length (Palczewski et al., 

2000, Lagerstrom et al., 2008, Wolf et al., 2015, Katritch et al., 2013).  

The older classification of Class B GPCRs consists of 48 receptors in humans and forms 

2 families in the GRAFS scheme: the secretin-like receptors (or Class B1) and adhesion 

receptors (or class B2). Characteristic of Class  B1 is a long N-terminal domain consisting of 

around 120 residues that is stabilized by 3 conserved disulphide bonds (Lagerstrom et al., 2008, 

Hollenstein et al., 2014, Culhane et al., 2015). 

The secretin-like (Class B1) are a small family of 15 endocrine hormone receptors. These 

receptors include calcitonin and calcitonin-like receptors (CTR, CLR); corticotropin-releasing 

factor receptors (CRFR1, CRFR2); the glucagon receptor (GCGR); the gastric inhibitory 

polypeptide receptor (GIPR); the glucagon-like peptide receptors (GLP-1R, GLP2R); the 

growth-hormone-releasing hormone receptor (GHRHR); the adenylate cyclase activating 

polypeptide receptor (PAC1/ADCYAP1R1); the parathyroid hormone receptors (PTHR1, 

PTHR2); the secretin receptor (SCTR) and the vasoactive intestinal peptide receptor 

(VPAC1R/VPAC2R) (Mayo et al., 2003, Culhane et al., 2015, Fredriksson et al., 2003). These 

receptors are important existing or candidate targets for treatment of many human diseases and 

conditions, including diabetes, obesity, bowel disorders, osteoporosis, hyper- and 

hypoglycaemia, neurodegeneration and psychiatric disorders, cardiovascular disease, migraine, 

pain and cancer (as reviewed by (Culhane et al., 2015, Pal et al., 2012, Bortolato et al., 2014). 
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Figure 1.1. Phylogenetic tree showing 5 major GPCR families: Rhodopsin; Secretin; Adhesion; Glutamate and 
Frizzled/taste receptors (adopted from (Stevens et al., 2013)). 

The adhesion GPCRs (or Class B2) have 33 members in humans and are the second 

largest family of GPCRs. These receptors are structurally distinct from class B1: they have a 

large extracellular N-terminus with multiple structural domains. Most cell-adhesion GPCRs are 

orphan receptors with no known ligands and are poorly studied at a molecular level (Nordström 

et al., 2009). The known roles for these receptors are in mediation and regulation of cytoskeletal 

organization, regulation of cell adhesion and migration; regulation of cell cycle and 

development, roles in immune system and in neuronal development (Hamann et al., 2015, 

Fredriksson et al., 2003). 

The glutamate family (or Class C) includes metabotropic glutamate, GABA (gamma-

aminobutyric acid), calcium-sensing and taste receptors. The distinctive feature of these GPCRs 

is a large hydrophilic extracellular ligand-binding domain that has a number of conserved 

cysteine residues. Another characteristic feature of the glutamate GPCRs family is their 

dimerization, either homo- or hetero-dimers, which is obligatory for their function (Kniazeff et 
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al., 2011). This family has roles in many important physiological processes, which include 

synaptic transmission, taste sensation and calcium homeostasis (Moller et al., 2017, Geng et al., 

2016, Geng et al., 2013). 

Fungal mating pheromone receptors (Class D) and cAMP receptors in slime molds (class 

E) have 7 hydrophobic TM helix domains organised in a manner similar to rhodopsin-like 

receptors resulting in their classification as GPCRs but are not included in the GRAFS system as 

they have no homologues in animals (Valentine et al., 2001, Nakayama et al., 1985, Burkholder 

et al., 1985, Marsh et al., 1988, Klein et al., 1988, Saxe et al., 1993, Johnson et al., 1993). 

The frizzled family (Class F) includes frizzled, smoothened receptors and a series of taste 

receptors that do not form a clade with the glutamate family. Frizzled receptors have a cysteine-

rich extracellular domain that couples these receptors to Wnt (Wingless/integration 1) signalling 

pathways. Consequently, frizzled receptors play roles in embryonic development, cell fate 

regulation, cell proliferation, cell polarity and in formation of neural synapses (Nusse et al., 

1992, Nusslein-Volhard et al., 1980, Cadigan et al., 1997, Yang-Snyder et al., 1996, Wang et al., 

1996, Hsieh et al., 1999, Nichols et al., 2013). The smoothened receptor is a protein that, in 

humans, is encoded by the SMO gene that can function as an oncogene. The smoothened 

receptor is a component of the hedgehog signalling pathway; both smoothened and the hedgehog 

pathway are important cancer drug targets (Ayers et al., 2010, Philipp et al., 2009, Luchetti et 

al., 2016, Huang et al., 2018). 

1.1.4 FUNCTIONAL CHARACTERISTICS OF GPCRS 

1.1.4.1 G PROTEIN DEPENDENT SIGNALLING 

Among the main cellular transducers of GPCRs are hetero-trimeric G proteins that are 

members of the GTPase enzyme family (a family of hydrolase enzymes that bind and hydrolyze 

guanosine triphosphate (GTP)).  Hetero-trimeric G proteins can receive and transmit signals 

from various stimuli outside of the cell by acting as molecular switches, whose activity is 

regulated by the nucleotide binding subunit. Upon agonist stimulation of a GPCR, a G protein 

heterotrimer, consisting of α, β and γ subunits, is recruited to the intracellular face and GDP 

(bound by the α-subunit) is exchanged for GTP followed by the rearrangement/dissociation 

between the α and βγ subunits of the complex. The Gα-GTP and Gβγ subunits can modulate the 

activity of different cellular effectors (Hamm, 2001, Tuteja, 2009, Oldham et al., 2008).  

There are multiple G protein heterotrimer isoforms. In the human genome there are 16 Gα 

subunits, 5 Gβ subunits and 12 Gγ subunits. These subunit isoforms can form a large combination 

of heterotrimer combinations that may allow selective recognition between GPCRs and Gα 
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proteins and engender differential downstream transducer/effector coupling. All this may 

regulate specific physiological targeting of responses to particular stimuli. 

G protein α subunits are classified into 4 groups based on their sequence homology and 

function: Gαs, Gαq, Gαi/o and Gα12/13  (Offermanns, 2003, Cabrera-Vera et al., 2003, Milligan et 

al., 2006, Downes et al., 1999) with different Gα subunits activating distinct second messenger 

signalling cascades. 

The Gαs family includes Gαs, which has several splice variants and Gαolf (Simon et al., 

1991). Gαs proteins stimulate cyclic adenosine monophosphate (cAMP) production via activation 

of adenylyl cyclase which catalyses the conversion of adenosine triphosphate (ATP) into cAMP. 

cAMP can bind to inactive protein kinase A (PKA), causing a rearrangement within PKA 

leading to its activation (Cheng et al., 2008, Marinissen et al., 2001). PKA, as the name suggests, 

is a kinase whose targets include L-type Ca2+ channels (Bunemann et al., 1999), enzymes 

involved in sugar and lipid metabolism (Pilkis et al., 1988), proteins in the vesicle secretory 

pathway (Seino et al., 2009, Leenders et al., 2005) and transcription factors (e.g. cAMP response 

element-binding protein (CREB)) (Delghandi et al., 2005). cAMP can also directly regulate the 

activity of Epac proteins (Epac1 and Epac2, guanine exchange factor (GEF) proteins directly 

activated by cAMP) in a PKA-independent manner. Epac can in turn activate the Ras 

superfamily small GTPase members Rap1 and Rap2, which are responsible for a plethora of 

important cell functions, such as cell adhesion, formation of cell-cell junctions, cell growth and 

differentiation, apoptosis and exocytosis (as reviewed in (Cheng et al., 2008). cAMP and PKA 

can both stimulate or inhibit mitogen-activated protein kinases (MAPKs) that include 

extracellular signal-regulated kinases 1/2 (ERK1/2), extracellular signal-regulated kinases 5 

(ERK5) and p38 mitogen-activated protein kinase (p38) (Waltereit et al., 2003, Cheng et al., 

2008, Goldsmith et al., 2007). cAMP also regulates the activity of cyclic nucleotide-gated 

channels in sensory organs (Nakamura et al., 1987).  

The Gαi/o family includes Gαi1, Gαi2, Gαi3, Gαo, Gαz, Gαgust, Gαt-r, and Gαt-c. Activated Gi 

proteins inhibit adenylate cyclase activity, lowering cellular cAMP with a concomitant cAMP-

dependent decrease in PKA activity (Taussig et al., 1993). The Gαi/o pathway regulates multiple 

physiological processes such as leukocyte chemotaxis (Chung et al., 2001, Xu et al., 2003, Sun 

et al., 2012, Cubillos et al., 2010), locomotor activity (Funada et al., 1993), and neurite 

outgrowth (Strittmatter et al., 1990, Strittmatter et al., 1994). Gαi/o is also attributed a minor role 

in activation of the phospholipase C pathway (PLC) where this PLC activation is mediated by 

Gβγ subunit linked to Gαi/o pathway (Kelley et al., 2004). 

The Gαq/11 family includes Gαq, Gα11, Gα14, Gα15, and Gα16. This family of G proteins is 

coupled to the activation of phospholipase Cβ (PLC-β) (Rhee et al., 1992). PLC-β hydrolyzes the 
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phosphorylated lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to produce inositol 

triphosphate (IP3) and diacylglycerol (DAG) (Axelrod et al., 1988).  Where IP3 activates 

intracellular Ca2+ 
mobilization and DAG activates protein kinase C (PKC), together they 

promote regulation of multiple physiological processes including vascular function, channel 

regulation, contraction, neuronal regulation and transcription (Moscat et al., 2003, Ueda et al., 

1996). 
The Gα12 family includes Gα12 and Gα13. Gα12/13  proteins were shown to couple to multiple 

cellular effectors and pathways and through them regulate numerous cellular functions such as 

myocardial function (through coupling to Na+/H+ exchanger), transcription and proliferation 

(through coupling to cadherin and RAS pathway), actin cytoskeleton and cell movement 

(through Rho GPTPase and phospholipase D (PLD) pathways) (Kozasa et al., 1998, Hart et al., 

1998). Constitutively active Gα12 and Gα13 can act as oncogenes due to their coupling to Rho 

signalling through guanine nucleotide exchange factors for Rho/Rac/Cdc42-like GTPases 

(RhoGEFs), such as p115-RhoGEF, PDZ-RhoGEF, and leukemia-associated RhoGEF (LARG) 

(Dhanasekaran et al., 1996, Fromm et al., 1997, Fukuhara et al., 2001). 

Gβγ acts as one functional unit. There are 5 Gβ -isoforms and 14 different Gγ -subunit 

isoforms in humans. Gβγ can activate its own signalling cascades (Clapham et al., 1997). Among 

Gβγ downstream effectors are the G protein-coupled inwardly rectifying potassium channels 

(GIRK), N-type Ca2+ channels, adenylyl cyclase, phospholipases Cβ1, Cβ2, Cβ3 and 

phosphoinositide 3-kinase (PI3K). Correspondingly, Gβγ signalling mediates regulation of the 

following biological functions: cardiac function, neurotransmitter release, platelet aggregation, 

neutrophil migration, chemotaxis and others (Gautam et al., 1998, Schwindinger et al., 2001, 

Yan et al., 1996, Wang et al., 1999). 

While traditionally, GPCR signal transduction was believed to only occur at the plasma 

membrane, more recent studies proved that GPCR signalling can also occur from intracellular 

receptors (as reviewed by (Jong et al., 2018, Calebiro et al., 2010, Eichel et al., 2018)). A 

number of GPCRs display post-internalisation G protein-mediated signalling from endosomes 

(Eichel et al., 2018, Ferrandon et al., 2009, Feinstein et al., 2013, Jensen et al., 2017, Jong et al., 

2018). Additionally, there are examples of GPCRs that can be activated in situ by diffusion of 

permeable ligands or active transport of non-permeable ligands, or via de novo ligand synthesis 

(as reviewed by (Jong et al., 2018)). 

1.1.4.2 GPCR DESENSITISATION AND INTERNALISATION 

The duration of GPCR activation and signalling is finely regulated. GPCR desensitisation 

or receptor uncoupling means loss of response after agonist administration (Hausdorff et al., 
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1990). This loss of responsiveness can happen after repeated or prolonged administration (for 

example, few hours), but might as well take place after a short time stimulation of few seconds 

(Kelly et al., 2008). GPCR desensitisation can happen via either homologous or heterologous 

mechanism. 

The best characterised mechanism for GPCR desensitisation is homologous 

desensitisation via phosphorylation of serine or threonine residues in the 3rd ICL or the carboxy-

terminus of the receptor by one or more of the seven different G protein–coupled receptor kinase 

(GRK) isoforms, followed by β-arrestin recruitment (Ferguson et al., 1998, Hausdorff et al., 

1990, Lefkowitz, 1998, Luttrell et al., 2002, Smith et al., 2016). 

β-arrestins are adaptor proteins that typically bind to phosphorylated GPCRs with high 

affinity to uncouple them from G protein dependant pathways by sterically inhibiting the G 

protein interaction. Upon binding, β-arrestins can facilitate the targeting of receptors for clathrin-

mediated endocytosis by acting as adaptors for clathrin and β(2) adaptin  (Ferguson et al., 1996, 

Goodman et al., 1996, Laporte et al.,1990). There are 2 isoforms of β-arrestin – β-arrestin 1 and 

2, that share 78 % sequence homology. Studies have shown, that while some GPCRS do not 

distinguish between the two β-arrestin isoforms and can internalise with either isoform, other 

GPCRs can only internalise with one β-arrestin isoform and not with the other (Smith et al., 

2016). The kinetics of β-arrestin − GPCR interactions can follow two distinct patterns. 

Depending on this pattern GPCR − β-arrestin interaction can be classified in either ''Class A'' 

(low affinity, transient binding between a GPCR and β-arrestin resulting in fast receptor 

recycling after its internalisation) and ''Class B'' (high affinity and long duration interaction with 

β-arrestin resulting in formation of a stable GPCR-β-arrestin complex that internalizes together 

to endosomes and with slower receptor recycling rates) (Oakley et al., 2000).  

If signalling at one GPCR results in activation (desensitization) of an unrelated GPCR, 

such desensitisation is called heterologous. Another form of GPCR heterologous desensitisation 

is GPCR desensitisation mediated by its own second messenger systems, such as PKA and PKC.  

The proposed mechanism of desensitisation is via kinase phosphorylation of serines and 

threonines in the C-terminal tail of a GPCR that impairs receptor–G protein coupling. This 

mechanism of a GPCR desensitisation can happen in the absence of ligand (Bouvier et al., 1988, 

Benovic et al., 1985, Lefkowitz, 1993). 

Although the GRK- β-arrestin mechanism is widespread for GPCR internalisation, there 

are examples of GPCR desensitization occurring via GRK- and β-arrestin independent 

mechanisms (Hardy et al., 2005, Cho et al., 2007). Additionally, β-arrestins can activate 

signalling cascades independently of G protein activation. 
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1.1.4.3 G PROTEIN INDEPENDENT SIGNALLING 

It is now accepted that GPCRs can signal via G-protein-independent mechanisms. One 

such mechanism is via β-arrestins, which can activate diverse cellular signalling responses. 

These responses include MAPK signalling, ERK1/2, c-Jun N-terminal kinases (JNK3), p38 and 

signalling through PI3K downstream target of protein kinase B (PKB or AKT) in cytosol 

(Luttrell et al., 1997, DeFea et al., 2000, Luttrell et al., 2001, Povsic et al., 2003, Goel et al., 

2004). Additionally, β-arrestins can also regulate nuclear processes such as transcription by 

utilising a number of distinct mechanisms, such as association with transcription factors (nuclear 

factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα) and mouse 

double minute 2 homolog (MDM2) in the cytoplasm, activating nuclear receptors (Retinoic acid 

receptor (RAR) and associating with transcription co-factors and co-activators (CREB, Histone 

acetyltransferase p300 (p300)). Through these functions β-arrestins can regulate growth and 

apoptosis. (Sen et al., 1986, Gao et al., 2004, Luan et al., 2005, Piu et al., 2006, Kang et al., 

2005). These signalling cascades may be spatially and temporally distinct from G protein 

signalling resulting in unique cellular outcomes. 

Additionally, GPCRs exhibit a capacity to interact with a wide variety of accessory 

proteins that can modulate GPCR-G-protein coupling, receptor trafficking, desensitisation, 

internalisation, and, in some cases, elicit G-protein independent signalling. Among GPCR 

interaction partners are receptor activity modifying proteins (RAMPs), regulators of G-protein 

signalling (RGS), GPCR-associated sorting proteins (GASPs), homer proteins, small G proteins, 

PDZ domain containing proteins, spinophillin, calmodulin, protein phosphatases and others (as 

reviewed in (Magalhaes et al., 2012). 

1.1.4.4 THE CONCEPT OF EFFICACY AND BIASED AGONISM  

Efficacy is a concept that relates receptor occupancy to cellular response (Kenakin, 2002, 

Neubig et al., 2003). In the simplest sense any ligand that can act at a receptor must have affinity 

for that receptor. Ligands may have the property that they bind to a receptor but do not produce 

an effect and we would call these antagonists.  On the other hand, ligands that bind to a receptor 

and produce an effect can be said to have efficacy. The extent to which a particular ligand is able 

to elicit an effect says something about the magnitude of that particular ligand’s efficacy. For 

almost every receptor that has been extensively studied ligands exist which display a range of 

efficacies. A sub-phenomenon of differential efficacy is signalling bias; the phenomenon that 

different ligands acting at the same GPCR can engender different cellular responses (Figure 1.2), 

presumably by engaging alternative transducer subsets (that can include different G proteins as 

well as β-arrestins) (Kenakin, 2011, Kenakin et al., 2013). GPCRs are dynamic structures 
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capable of adopting a variety of conformational states corresponding to individual energy 

minima (Kenakin et al., 2010, Deupi et al., 2010). Biased signalling is generally thought to be 

the result of ligands stabilizing different parts of a GPCRs conformational landscape allowing 

differential transducer coupling (Deupi et al., 2010, Burgen, 1981, Kenakin et al., 2010, Mary et 

al., 2012). 

 
 
Figure 1.2. Schematic representation of biased agonism principle. GPCR (can pleiotropically couple to more 
than one intracellular effector. Agonists (Agonist, Agonist 2 and Agonist 3) can couple the receptor to individual 
signalling pathways with differential efficacy thus producing various patterns of signalling outcomes. 
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1.2 THE LAW OF MASS ACTION AND PHARMACOLOGICAL QUANTIFICATION USING THE 
OPERATIONAL MODEL 

The following sections contain a brief overview of the main principles of quantifications 

for ligand-receptor interactions in pharmacology, as well as an introduction to the Operational 

Model of agonism that was used to analyse data in the Chapters 4 and 5. 

1.2.1 THE LAW OF MASS ACTION  

In order that ligand activity at a receptor may be quantitated the binding of a ligand A to 

its receptor R is considered to follow the law of mass action, which can be described by an 

equilibrium: 
            Kon 

𝐴 + 𝑅 ⇌ 𝐴𝑅         (Equation 1.1)  
            Koff         

The rates, Kon and Koff depend on the concentration of reactants, and at equilibrium the 

product of concentration and rates must be equal:  

 

𝐾!" 𝐴 𝑅 = 𝐾!"" 𝐴𝑅              (Equation 1.2)  
 

Therefore, where Kd is the equilibrium dissociation constant, Kd = Koff/Kon, at equilibrium, 

 

Kd = [L][R]/[AR]          (Equation 1.3)  
 

For 1:1 stoichiometry concentration of a drug-ligand complex, if [RT] (total receptor 

concentration) is substituted into the above (where [RT] = [R]+[AR] and the equation is 

simplified by assuming [RT]<<Kd then [AR] can be described by a sigmoidal curve plotted 

against the logarithmic molar ligand concentration: 

 

   𝐴𝑅 = [!!] !
! !!!

             (Equation 1.4)  

           
Where [A] is the concentration of ligand;  [RT] is the total number of receptors; [R] is the 

concentration of free receptors (not occupied by ligand) and KA =Koff/Kon equilibrium 

dissociation constant of the ligand characterising the strength with which ligand binds to the 

receptor (moles per litre). 

Black and Leff Operational Model of agonism was developed to take into account the 

experimental data showing that receptor occupancy (as driven by the Law of mass action) was 

insufficient to account for tissue response.  In this model, transducer functions (e.g. receptor – G 
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protein binding) necessarily also follow a sigmoidal curve (on a log scale, presumably governed 

by mass action) and the product of mass action occupancy with a mass action transducer 

function will produce a cellular response proteins and can be also described by a sigmoidal curve 

1.2.2 THE OPERATIONAL MODEL OF AGONISM  

Black and Leff introduced the operational model in 1983. The Operational Model 

describes agonism using 3 parameters: the dissociation constant of the agonist-receptor complex 

KA; the total receptor concentration [R0]; and a parameter KE, defining the transduction of 

agonist-receptor complex into pharmacological effect. The ‘transducer ratio’ [R0]/ KE equals 

efficacy τ. τ, also defined as operational efficacy, measures the efficiency with which occupied 

receptors are able to transduce a signal (Black et al., 1983): 

 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = ! ∗!∗!!"!
! ∗ !!! !!!

;           (Equation 1.5) 

 

where [A] is the concentration ligand; Emax is the maximum response of the system. 

Equation 1.5 Describes response curves for the functions with slopes of unity. The 

Operational model equation for a variable slope (Equation 1.6) is used for experimental dose-

response curves with slopes other than unity and for the situations when stimulus-response 

system cooperativity effects need to be considered: 

 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = ! !∗!!∗!!"#
( ! !!!)!!!!![!]!

           (Equation 1.6) 

 

where n is the “transducer slope” for the function linking agonist concentration to measured 

response (Kenakin et al., 2012). 

1.3 SECRETIN-LIKE, CLASS B1 GPCRS 

1.3.1 SECRETIN-LIKE SUBFAMILY 

The secretin-like (class B1) GPCRs are a relatively small group of receptors for secretin, 

vasoactive intestinal polypeptide (VIP), glucagon, glucagon-like peptides (GLP), glucose-

dependent insulinotropic peptide (GIP), growth hormone-releasing hormone (GHRH), calcitonin 

(CT), calcitonin gene-related peptide (CGRP), corticotropin-releasing factor (CRF), parathyroid 

hormone (PTH) and parathyroid hormone-related peptides (PTHrP) (Mayo et al., 2003) 

(Structures of the solved active peptide-bound class B GPCRs are showen on Figure 1.3). 

Members of this group are clinical or proposed clinical targets for many medically important 
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disorders, including the management of diabetes, obesity, bone disease, headache, pain and 

stress (Mayo et al., 2003). 

 

 
 
Figure 1.3. Peptide agonist bound, active class B GPCR structures: (a) active state GLP-1R (lime) bound to GLP-
1 (pink) and heterotrimeric G protein (pdb:5vai); (b) active state GLP-1R (yellow) bound to the biased agonist 
exendin-P5 (green) and heterotrimeric G protein (pdb:6b3j); (c) active state CGRPR, comprised of CLR (green) 
and RAMP1 (orange) bound to CGRP (pink) and heterotrimeric G protein (PDB:6e3y); (d) active state CTR (blue, 
n-terminal domain not shown) bound to sCT (red) and heterotrimeric G protein (pdb 6NIY); (e) active state GCGR 
(cyan) bound to the partial agonist NNC1702 (lime) (pdb 5yqz); (f) active state PTH1R (orange) bound to agonist 
PTH (gray) (pdb 6FJ3); G protein heterotrimer subunits are coloured sand for Gα, deep teal for Gβ, and purple for 
Gγ (figures a-d). 

1.3.2 LIGAND BINDING SITE AND TWO DOMAIN MODEL OF SECRETIN-LIKE GPCRS 

It is now well accepted in the field that secretin-like GPCRs are activated by their peptide 

agonists according to a 2 domain binding model which is supported by recent structural studies 

(Liang et al., 2017, Liang et al., 2018b, Liang et al., 2018a, Zhang et al., 2017b) as well as 

earlier chimera studies (Bergwitz et al., 1996, Unson et al., 2002) and the kinetic data (Vilardaga 

et al., 2011). According to the 2 domain model, initial interaction between agonist’s C terminal 

domain and receptor’s extracellular domain enables positioning of peptide’s N-terminus into a 
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transmembrane (TM) binding pocket (Neumann et al., 2008, Dong et al., 2014, Wootten et al., 

2016c, Koole et al., 2012b). According to the two-domain model, and supported by photoaffinity 

cross-linking and by mutagenesis studies, the juxtamembrane domain (ECLs and stalk) is 

involved not only in ligand binding but also in receptor activation (Dong et al., 2011, 

Gkountelias et al., 2009, Barwell et al., 2011) (Figure 1.4). 

 

 
 

Figure 1.4. The two-step model of peptide ligand binding to class B GPCRs. (A) the C-terminal portion of the 
peptide (blue) binds to the N-terminal domain of the receptor. In step (B), the N-terminal of the ligand (green) binds 
to the TM domain of the receptor. This activates the receptor and promotes recruitment of intracellular effectors (G-
proteins) (step (C) (adopted from Roed et al., 2012). 

The initial interaction with receptor N-terminus is well characterised, including crystal 

and cryo-EM data supported by cross-linking and mutagenesis data (Liang et al., 2018a, Liang et 

al., 2017b, Zhang et al., 2017a, Zhang et al., 2017b, Siu et al., 2013b, Hollenstein et al., 2013, 

Dong et al., 2011, Nicole et al., 2000, Adelhorst et al., 1994). The C-terminus of the peptide 

penetrates between inner β-sheet layers of the α- β- β/α fold like a “hotdog in a bun” manner 

(Hollenstein et al., 2014, Dong et al., 2011). 

The second step of the two-domain binding model is the interaction between peptide N-

terminus and TM domain that is accompanied by rearrangements within receptor TMs and 

within polar residue networks. 

In class B peptides the N terminus is important for receptor activation; its truncation 

results in competitive antagonists (Feyen et al., 1992). Additionally, the N-terminal regions of 

class B peptide hormones have conserved helix-capping motifs (Neumann et al., 2008). The 

calcitonin family of peptides are distinguished by a cysteine ring structure at their N-termini 

(Schwartz et al., 1981). Presence of a cysteine ring results in a slightly different shape of the TM 

binding pocket compared to other class B1 receptors providing additional ligand-recognition 

specificity (Liang et al., 2018a, Liang et al., 2017b). 
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1.3.3 SECRETIN-LIKE STRUCTURAL CHARACTERISTICS 

The extracellular domain of the secretin-like family comprises the N-terminal domain of 

100-160 residues with 3 conserved disulphide bonds and a juxtamembrane domain. The 

juxtamembrane domain consists of the three extracellular loops (with ECL1 being the longest 

loop, ECL2 is the intermediate and ECL3 – the shortest loop) and the peptide fragment at the 

junction between the N-terminal domain and TM1 (also known as stalk) (Hollenstein et al., 

2014). 

The sequence homology of class B GPCRs’ extracellular domains is very low and is 

limited to about 18 residues, including 6 cysteines forming disulphide bonds, and 4 conserved 

residues stabilizing receptor tertiary structure (D113, W118, P132, and W154). The N-terminal 

domain of Class B1 GPCRs adopts distinct fold of their peptide-binding domain, also known as 

“secretin family recognition fold” α- β- β/α arrangement formed by the N-teminal α-helix, 2 

antiparallel β-sheet core and an additional short outer α-helix (for some receptors) (Hollenstein et 

al., 2014, Culhane et al., 2015, Parthier et al., 2009, Dong et al., 2014). This fold is stabilised by 

3 conserved disulphide bonds. Presence of such conserved fold in all class B1 GPCRs, despite 

their low sequence homology, suggests common ligand recognition and binding mechanisms for 

these receptors (Hollenstein et al., 2014), which is supported by the active structures of CTR, 

GLP-1R and CGRP. Extracellular loops are important for initiating peptide hormone recognition 

and binding as shown by structural data (Zhang et al., 2017b, Liang et al., 2018a, Liang et al., 

2018b) along with mutagenesis and cross-linking studies (Dal Maso et al., 2018b, Wootten et al., 

2016c, Dong et al., 2016, Dong et al., 2014, Koole et al., 2012b, Woolley et al., 2017a). ECLs 

vary significantly by their size and sequence, thus opening possibilities for ligand specificity. For 

different class B GPCR different residues and residue networks in the ECLs are important for 

ligand bias (Koole et al., 2012b, Koole et al., 2012a, Wootten et al., 2016c). 

Transmembrane region plays key role in receptor activation and signal transmission. 

TM1, TM6, TM7 on one side and TM2 and TM5 on the other side form a large solvent-filled 

cavity of a V shape to accommodate peptide N-terminus (Hollenstein et al., 2014, Culhane et al., 

2015). Receptor activation upon ligand binding results in structural rearrangements within TMs 

that enable opening of a binding pocket on the cytoplasmic side of the receptor accessible for 

signalling transducers. This process includes TM6 and TM7 reorientation to point away from the 

TM core centre (Liang et al., 2017a, Liang et al., 2018a, Zhang et al., 2017a). 

Class B TM domains contain conserved networks of polar residues that play key roles in 

TM reorganisation during receptor activation and for receptor signalling and bias. A central polar 

network formed by residues N2.60, N3.43, Q6.52 and Q7.49  (residue numbers are according to the 
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class B Wootten numbering system (Wootten et al., 2013)) is preserved in both active and 

inactive class B receptor structures, however upon receptor activation it undergoes re-ordering 

that affects relative orientation of residues and the strengths of their interactions (Liang et al., 

2017a, Wootten et al., 2013, Liang et al., 2018b). While conserved for the entire secretin-like 

family, study of GLP1-R showed that these conserved polar residues are important for receptor 

stabilization, activation and for ligand-directed signalling bias (Liang et al., 2018a, Wootten et 

al., 2013).  CTR cryo-EM structure has also revealed Y2.57 to be a part of this network in CTR 

(Liang et al., 2017a). The second conserved polar motif between TMs 2, 3, 6 and 7 is H2.50- E3.50 

-T6.42- Y7.57. This motif is thought to constrain receptor activation; these interactions break upon 

receptor activation to allow for TM rearrangement and particularly TM6 reorientation (Frimurer 

et al., 1999). Mutation of these residues results in constitutive receptor activation (Vohra et al., 

2013a).  This polar network was also shown to be important in biased signalling (Wootten et al., 

2013, Furness et al., 2018). 

Cytoplasmic domain is responsible for G protein coupling and undergoes structural 

rearrangements upon receptor activation (Liang et al., 2017a, Zhang et al., 2017a, Liang et al., 

2018a). ICLs were shown to play important roles in G protein binding. Studies were undertaken 

to understand the importance of each ICL. ICL3 was shown to be of major importance as it can 

activate all different types of G proteins (Liang et al., 2017a, Zhang et al., 2017a, Cypess et al., 

1999, Bavec et al., 2003, Conner et al., 2006). Other loops have subsidiary roles, also participate 

in G protein binding, and are likely to play important roles in G protein selectivity (Hallbrink et 

al., 2001, Cypess et al., 1999, Conner et al., 2006). For example, naturally occurring 

polymorphism in the CTR ICL1 alters ligand binding and signalling in both ligand- and 

pathway-specific manner (Dal Maso et al., 2018a). Additionally, selectivity of G protein binding 

can also depend on the ligand and on accessory proteins (Kenakin et al., 2013, Sato, 2013, 

Gingell et al., 2016).  The molecular mechanism behind the selectivity remains largely unknown. 

A short amphipathic helix, known as helix VIII/8 (H8) is located at the start of the carboxyl (C)-

terminus; H8 forms interactions with Gβγ G-protein subunit (Liang et al., 2017a, Liang et al., 

2018a, Zhang et al., 2017a). Deletions of the C-terminus in both CTR and CLR support the 

importance of H8 in receptor stability and cell surface expression and Gs-mediated cAMP 

signalling (Liang et al., 2017b, Conner et al., 2008). 

There is another conserved polar network sitting below TM2-3-6-7 network towards 

receptor cytoplasmic interface − R2.46, R/K6.37, N7.61 and E8.41 (TM2-6-7-H8 network). According 

to the CTR homology model and the GCGR inactive structure these residues interact with each 

other with two salt bridges formed, one between E8.41 and R2.46 and the second between E8.41 and 
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R/K6.37. As a part of receptor activation process these residues undergo rearrangement and the 

salt bridge between K6.37 and E8.41 is broken (between E8.41 and R2.46 is likely to be preserved in 

the active structure). These rearrangements free TM6 from the inactive state constraints (Liang et 

al., 2017a, Zhang et al., 2017a). 

1.3.4 COMPARISONS BETWEEN RHODOPSIN-LIKE AND SECRETIN-LIKE 

Overall, rhodopsin-like and secretin-like GPCRs have similar organisation of TM helixes 

but quite divergent organisation of NTDs. Whereas secretin-like receptors have 100-150 amino 

acid long ECD that adopts a characteristic α- β- β/α fold, different rhodopsin-like receptors have 

variable length of N-termini (although, predominantly they have a relatively short N-termini). 

The TM and cytoplasmic domain organisation between different classes is well 

conserved reflecting the general activation, signal transduction and transducer recruitment 

mechanisms for all GPCRs. Activation of both rhodopsin-like and secretin-like receptors results 

in rearrangement within the TM bundle associated with an outward movement of TM6 at the 

base of the receptor. This movement of the cytoplasmic end of TM6 away from TM3 happens 

around the conserved in class A P6.50 (Ballesteros-Weinstein (BW) numbering system, 

(Ballesteros et al., 1995)) and conserved in class B G6.50 (Wooten, (Wootten et al., 2013)) that 

acts as a hinge allowing for accommodation of α-helix of Gα (Shi et al., 2002, Seidel et al., 

2017). What is unique for secretin-like GPCRs is that the TM6 kink is of greater amplitude than 

in rhodopsin-like and it is also associated with the outward movement of TM7 and an inward 

movement of the extracellular top of TM1. 

The common activation mechanism for GPCRs of different classes can be followed 

through the conserved polar networks in TM domains. TMs 2-3-6-7 motif  (H2.50- E3.50 -T6.42- 

Y7.57) (Wooten, (Wootten et al., 2013)) in secretin-like GPCRs is thought be analogous of the 

rhodopsin-like D(E)R3.50Y motif (BW, (Ballesteros et al., 1995)) which forms an ionic lock at the 

base of TMs 2,3,6 in an inactive state and is disrupted upon receptor activation (Liang et al., 

2017b, Zhang et al., 2017a, Ballesteros et al., 2001, Rovati et al., 2007, Rasmussen et al., 2011b, 

Rasmussen et al., 2011a). Mutations in both locks (secretin-like and rhodopsin-like) result in 

higher receptor constitutive activity (Vohra et al., 2013a, Ballesteros et al., 2001, Montanelli et 

al., 2004). 

NPXXY7.53  (BW, Ballesteros et al., 1995) motif is another conserved motif in rhodopsin-

like GPCRs and is located in TM7. It plays a role in receptor packing, activation (receptor 

transition from receptor ground state to its active state) and receptor-mediated signalling and 

internalization (Fritze et al., 2003, Hausdorff et al., 1991, He et al., 2001). Based on previous 
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mutagenesis studies and molecular simulation VXXXXY(/F)7.53 (BW, Ballesteros et al., 1995) 

motif has been proposed as an equivalent in secretin-like GPCRs. 

Organisation of C-terminal tail into an amphipathic α-helix (H8) is similar in both 

rhodopsin-like and secretin-like receptors where H8 plays role in receptor expression, 

internalisation and G protein recruitment. In secretin-like receptors H8 appears to be longer than 

in rhodopsin-like receptors and the recent cryo-EM class B structures showed that H8 interacts 

with ICL1 and Gβ which hasn’t been described for rhodopsin-like receptors (Huynh et al., 2009, 

Liang et al., 2017b, Zhang et al., 2017b, Song et al., 2017). 

1.3.5 SECRETIN-LIKE GPCRS BIASED AGONISM 

The phenomenon of bias is described by the ability of distinct ligands to elicit differential 

signalling outcomes while acting at the same receptor (Kenakin et al., 2013, Violin et al., 2014). 

This phenomenon is of great therapeutic potential as it opens potential to tailor agonists with 

targeted pharmacological and therapeutical properties. Secretin-like GPCRs can be activated by 

various natural and synthetic ligands and can be pleiotropically coupled to different G proteins 

and can also recruit β-arrestins (Wootten et al., 2017). GLP-1R is the most well characterised 

secretin-like receptor with respect to biased agonism with multiple endogenous and exogenous 

agonists tested including studies to understand the mechanistic basis for this phenomenon (as 

reviewed by (Wootten et al., 2017, Wootten et al., 2018). Previous studies have shown that 

different parts of GLP-1R are responsible for biased signalling, including receptor stalk region, 

ECLs and tops of TMs (Koole et al., 2012a, Koole et al., 2012b, Lei et al., 2018, Wootten et al., 

2016c). Residues forming conserved receptor polar networks were extensively studied and 

confirmed as important triggers for both pathway- and ligand-specific bias (Wootten et al., 2013, 

Wootten et al., 2016a).  

Mutagenesis studies of the CTR have revealed how mutation of individual residues 

within CTR ECL2 and ECL3 resulted in ligand- and pathway- specific effects on receptor 

binding and signalling supporting the idea that individual ligands use distinct amino acid 

networks and stabilise certain receptor conformations which can result in biased signalling and 

can be used to design biased drugs with desired properties (Dal Maso et al., 2018b). 

Among other examples of biased agonism in secretin-like GPCRs are a PTH peptide (D-

Trp(12),Tyr(34))-PTH(7-34) that was reported to act as inverse agonist in cAMP pathway while 

activating ERK1/2 and beta-arresting pathways in osteoblasts that is of therapeutic potential 

(Gesty-Palmer et al., 2009). Other examples include PACAP-responsive receptors in primary rat 

glia cultures, where PACAP-38, but not PACAP-27, activated ERK in glia, while both forms 

stimulated cellular cAMP production (Walker et al., 2014). 



19 
	  

1.3.6 ACCESSORY PROTEINS AND RECEPTOR HETEROCOMPLEXES WITH RAMPS 

The function of secretin-like GPCRs can be influenced by the co-expression of RAMPs. 

RAMPs are single-pass transmembrane proteins with an ~100-amino acid extracellular N-

terminal domains and very short C-terminal cytoplasmic domains. RAMP association with the 

CTR or with CLR generates multiple distinct receptor phenotypes with different specificities for 

the CT peptide family (Figure 1.5, Table 1.1) (Poyner et al., 2002, Hay et al., 2016). Thus, for 

example, amylin (AMY) receptors are composed of CTR together with one of the three types of 

receptor activity-modifying proteins (RAMPs 1, 2 and 3 generating amylin 1, 2 and 3 type 

receptors, respectively (AMY1, AMY2 and AMY3), each with a distinct agonist and antagonist 

pharmacology. Although AMY2 is rather poorly characterized and may not be a physiologically 

relevant receptor for Amy (Christopoulos et al., 1999, Morfis et al., 2008a). In addition, CTR by 

itself is the high affinity receptor for CT. 

Unlike CTR, CLR does not appear to traffic to the cell surface in the absence of RAMPs. 

CLR together with RAMP1 forms a CGRP (calcitonin gene related peptide) receptor. It is now 

accepted in the CGRP field that the AMY1 receptor, comprising CTR and RAMP1, is also a 

receptor for the CGRPs (Leuthauser et al., 2000, Tilakaratne et al., 2000, Walker et al., 2015, 

Walker et al., 2018, Hay et al., 2017). CLR forms AM1 (Adrenomedullin 1) and AM2 

(Adrenomedullin 2) receptors when paired with RAMP2 or RAMP3, respectively (McLatchie et 

al., 1998). 

While RAMPs engender significant pharmacology switches to these receptors, all current 

evidence points to this occurring via allosteric modulation of the receptor ligand-binding site and 

through direct contacts with CGRP, AM1 and AM2 C-terminal residues (Booe et al., 2015, Booe 

et al., 2018). In the published CLR–RAMP1-αCGRP complex (Liang et al. 2018a), interactions 

between the ligand and RAMPs contribute <10% to the buried surface. 
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Figure 1.5. Composition of receptors of the calcitonin family and their interactions with RAMPs (Adopted from 
(Hay et al., 2016)). 

 
Table 1.1. Composition of receptors of the calcitonin family:  their interactions with RAMPs and 
pharmacological properties. 
 

Receptor Heteromers Peptides rank order of potency (human) 

CTR CTR sCT ≥ hCT > AMY, αCGRP > AM, intermedin 

AMY1 CTR + RAMP1 sCT ≥ AMY ≥ αCGRP > intermedin ≥ hCT > AM 
AMY2 CTR + RAMP2 Poorly defined 
AMY3 CTR +RAMP3 sCT ≥ AMY >αCGRP > intermedin ≥ hCT > AM 
GCRP  CLR  + RAMP1 αCGRP >AM ≥ intermedin > AMY ≥ sCT 
AM1 CLR + RAMP2 AM >intermedin > α-CGRP, AMY > sCT 
AM2 CLR + RAMP3 AM  ≥ intermedin  ≥ α-CGRP > AMY > SCT 

 

1.3.7 CALCITONIN FAMILY OF PEPTIDES – THEIR SITES OF PRODUCTION, PHYSIOLOGICAL 

ROLES AND RECEPTORS 

There are five members of the calcitonin family of peptides that are all structurally 

related but biologically diverse: CT, two distinct forms calcitonin gene-related peptides (αCGRP 

and βCGRP), amylin (AMY), adrenomedullin 1 (AM1) and adrenomedullin 2/ intermedin 

(AM2/IMD). The CT family of peptides shares a common disulphide bridge and C-terminal 

amidation, which is required for activity; beyond this the sequence homology is low (Figure 1.6).  
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Figure 1.6. Primary amino acid sequence alignment calcitonin family of peptides: human calcitonin, amylin, 
αCGRP, βCGRP), and adrenomedullin. Conservation of residues is denoted by symbols: identical residues (* ), 
conservative substitutions (:) and semi-conservative substitutions (.). While having generally low sequence 
conservation all peptides have conserved cysteine disulphide bridge toward the N- terminal and a C-terminal 
amidation. Highlighted in bold are the sequences that have been shown by crystallography to make contacts with 
the receptor N-terminal domain. For all peptides, truncation after the second cysteine generates an antagonist, 
highlighting the importance of the peptide N-terminus in activating the receptor. 

1.3.7.1 CALCITONIN 

CT is a 32-amino-acid peptide synthesized by the C cells of the thyroid gland in 

mammals. CT is processed from a 141 amino acid pre-pro-calcitonin encoded by the CALCA 

gene (Figure 1.7); several other processed peptides have also been identified in human plasma. 

Procalcitonin (pro-CT) is a 116-amino acid peptide that is found in the plasma of healthy 

individuals at about 10% of the level of mature CT. 

CT lowers blood Ca2+ levels by direct inhibition of osteoclast-mediated bone resorption 

and by enhancing calcium excretion by the kidney (Fujikawa et al., 1996a, Fujikawa et al., 

1996b, Ardaillou, 1975, Friedman et al., 1965, Raisz et al., 1969). It has been used clinically in 

the treatment of bone disorders, including Paget’s disease, osteoporosis, and hypercalcaemia due 

to malignancy (Williams et al., 1978, Kanis et al., 1999, Overgaard, 1994). 

A number extrathyroidal sites were identified to produce hCT peptide. These include 

kidney, pituitary, prostate gland, lung, and central nervous system (CNS) (Davis et al., 1989, 

Cochran et al., 1970, Ren et al., 2001, Gosney et al., 1985, Henke et al., 1983, Sexton et al., 

1991). The physiological role for CT in these tissues is largely unknown but seems to be 

uninvolved in calcium homeostasis regulation. 

CT from different species shows limited sequence homology, with all CT peptides having 

32 amino acid sequence, a conserved disulphide bridge between cysteine residues at positions 1 

and 7 and a carboxy-terminal proline amide. CTs from different species are classified into three 

groups based on their sequence homology: artiodactyl group (porcine (pCT), bovine, and ovine 

CT); primate/rodent group (human (hCT) and rat CT) and teleost/avian group (salmon (sCT), 

eel, goldfish, and chicken (cCT) CT) (Figure 1.8) (Sexton et al., 1999). Presence of basic amino 

acids in mid-region of a CT molecule promotes helical structure yielding higher affinity, longer 

plasma half-life and in some cases higher potency of physiological response. Thus, sCT and non-
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mammalian calcitonins have higher helicity and can be more potent than hCT. The order of 

biological potency for CT is teleost > artiodactyl > human (Here, comparison of the order of 

biological potency (with respect to a hypocalcemic response) relates to various species. The 

studies have been conducted with CTR receptors in humans and other animal species (rat, 

mouse, etc.) (Galante et al., 1971, O'Dor et al., 1969, Keutmann et al., 1970, reviewed by Sexton 

et al., 1999)). 

 

 
Figure 1.7. Primary amino acid sequence alignment of the sequences for the predicted pre-pro-calcitonin (CT) 
peptide from various species. The first 25 amino acids comprise a signal peptide. Highlighted in red is the sequence 
for the N-terminus of pro-CT (which continues to the very C-terminus), blue is fully processed CT while in black 
dashes is katacalcin (adopted from Ostrovskaya et al., 2017). 

 

 
 

Figure 1.8. Primary amino acid sequence alignment calcitonin peptides from different species (chicken, salmon, 
human and porcine CTs). The CT sequences have been aligned and residues are colour-coded according to their 
sequence conservation: identical amino acids are coloured in green; conservative substitutions are coloured in 
blue; semi-conservative substitutions are coloured in orange; and non-conserved residues are coloured in black. 
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CTR is a class B GPCR. For many years, the research on CTR and CT was largely 

focused on their function in calcium homeostasis. Expression of CT and its receptors has been 

demonstrated in many different cell types and tissues suggesting multiple, biologically diverse 

roles for this peptide. 

1.3.7.2 AMYLIN 

Amy is co-secreted with insulin from pancreatic β-cells and acts to inhibit gastric 

emptying and signal satiety, thus reducing post-prandial glucose excursion (Westermark et al., 

1986, Reda et al., 2002). In common with the other CT family members, the mature 37-amino 

acid amylin hormone is C-terminally amidated and has an internal disulphide bond between 

residues 2 and 6 (Roberts et al., 1989). Its stable analogue, pramlintide, is used in combination 

therapy with insulin for treatment of types 1 and 2 diabetes (Kruger et al., 2004, Kleppinger et 

al., 2003, Ryan et al., 2008). There are three recognized receptors for amylin, AMY1 

(CTR/RAMP1), AMY2 comprising CTR/RAMP2, and AMY3 comprising CTR/RAMP3, 

although AMY2 is rather poorly characterized and may not be a physiologically relevant 

receptor for Amy (Poyner et al., 2002, Morfis et al., 2008b). 

1.3.7.3 αCGRP AND ΒCGRP 

αCGRP is encoded by the same gene as CT (CALCA) and arises through tissue-specific 

alternative splicing of the primary mRNA transcript. The CT/αCGRP gene was one of the first 

recognized examples of a cellular gene exhibiting alternative, tissue-specific processing and has 

served as an important paradigm to study the molecular mechanisms of RNA splicing (Emeson 

et al., 1989). Mature αCGRP is a 37-amino acid peptide with low sequence homology to CT but 

sharing cysteine cyclization at the amino end and amidated C-terminus. αCGRP is 

predominantly produced in the nervous system (Amara et al., 1982). It is a potent vasodilator 

and is strongly implicated in the pathophysiology of migraine (Muff et al., 1995, Bell et al., 

1996, Durham, 2006). αCGRP’s inotropic actions on the heart are mediated through activation of 

the sympathetic nervous system (Satoh et al., 1986, Ishikawa et al., 1988, Fujioka et al., 1991, 

Kawasaki et al., 1990). Of note, αCGRP expression and secretion is upregulated in a wide range 

of tissues during sepsis and, in animal models, has a protective effect against septic mortality 

(Joyce et al., 1990, Holzmann, 2013). 

βCGRP is encoded by a different, but closely related gene with the mature peptide 

identical at 34 of 37 residues to CGRP. βCGRP is expressed in the gastrointestinal tract and has 

a role in modulating gastric motility and gastric acid secretion (Sternini et al., 1992, Mulderry et 

al., 1988). Historically the primary receptor for the CGRPs was considered to be the CGRP 
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receptor composed of CLR and RAMP1. It is now accepted in the GPCR field that the AMY1 

receptor, comprising CTR and RAMP1, is also a receptor for the CGRPs (Christopoulos et al., 

1999, Walker et al., 2015) 

1.3.7.4 ADRENOMEDULLIN AND INTERMEDIN 

AM, initially identified from the adrenal medulla of a patient with pheochromocytoma, is widely 

distributed and produced predominantly in vascular smooth muscle and endothelial cells 

(Kitamura et al., 1993). Mature AM is a 52-amino acid peptide that is amidated at the C-

terminus with a disulphide bond between residues 16 and 21. Much like αCGRP, AM is a potent 

vasodilator (Kitamura et al., 2002). Other important actions include bronchodilation, natriuresis 

as well as regulation of cell growth, differentiation, and apoptosis (Hinson et al., 2000, Lopez et 

al., 2002, Otjacques et al., 2011). AM2/IMD remains poorly understood. It has a wide range of 

effects on the cardiovascular system (vasodilator function and protection against oxidative 

stress), CNS (a neurotransmitter or modulator stimulating the sympathetic nervous system to 

increases blood pressure) and endocrine system (paracrine/autocrine regulator in the 

hypothalamo-pituitary-adrenal axis stimulating the release of adrenocorticotropic hormone, 

prolactin, and oxytocin, but suppressing growth hormone release) (Taylor et al., 2005b, Roh et 

al., 2004, Taylor et al., 2005a). There are two receptors showing high potency response to AM, 

both comprising heteromers: CLR/RAMP2 (the AM1 receptor) and CLR/RAMP3 complex (the 

AM2 receptor) (Roh et al., 2004, Zhang et al., 1999). CLR/RAMP3 complex was named the 

AM2 receptor before AM2/IMD peptide was discovered. Although, perhaps serendipitously, 

AM2/IMD displays some preferential selectivity towards CLR/RAMP3 complex (as reviewed by 

(Hay et al., 2018)). Adrenomedullin expression has been detected in glioblastoma biopsies 

where its expression correlates with the tumour grade, with highest expression in grade IV 

tumours (Metellus et al., 2011, Ouafik et al., 2002). AM expression is controlled by the hypoxia 

inducible factor 1α, and cells overexpressing AM are resistant to hypoxia induced apoptosis 

(Metellus et al., 2011, Ouafik et al., 2002). 

1.3.7.5 NOVEL CTR PEPTIDES 

Several novel peptides with the ability to stimulate CTR have been reported. One of them 

is PHM-27 that is synthesized from the precursor protein pre-pro-VIP and was found in human 

neuroblastoma and neuroendocrine tumours (Itoh et al., 1983). PHM-27 and hCT share limited 

sequence homology. PHM-27 has been initially published to be full agonist of hCTR with 

potency and efficacy similar to hCT, although when tested in our laboratory this peptide acts as a 

weak partial agonist in all pathways tested (Ma et al., 2004). 
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A family of peptides that are most closely related to the CT/αCGRP primary transcript, 

known as CTR-stimulating peptides (CRSPs), CRSP-1, CRSP-2, and CRSP-3, have been 

identified in the brain and the thyroid gland of the pig, dog, and cow, but not in man and mouse 

(Ogoshi, 2016). CRSP-1 has been shown to transiently decrease plasma calcium concentration 

when administrated into rats (as reviewed by (Katafuchi et al., 2009). CRSP peptides bind 

effectively to CTR and stimulate cAMP production in COS-7 cells expressing recombinant CTR.  

1.4 CALCITONIN RECEPTOR 

1.4.1 CTR ISOFORMS AND SPLICE VARIANTS 

Various CTR mRNA isoforms were previously cloned and described for different 

species, including humans, rat, pork and rabbit. Although not all these isoforms were well 

characterised and many of them are likely to represent aberrant mRNA from transformed cell 

lines (Sexton et al., 1993, Zolnierowicz et al., 1994, Shyu et al., 1997, Seck et al., 2005). 

The most common example for human CTR splicing is an insertion of extra 16 amino 

acids in the ICL1 of the receptor (Gorn et al., 1992, Kuestner et al., 1994) giving rise to two 

CTR isoforms CTRa (insert negative) and CTRb (insert positive). This insert is encoded by a 

separate exon in human CTR gene. Although it has been shown by some groups that there is no 

consistent difference in binding affinities between the two CTR isoforms (Moore et al., 1995), 

more recent direct comparison of binding affinities and signalling for various human CTR 

isoforms has shown increased affinity for both high affinity agonists, sCT and and cCT, for 

CTRb isoform versus CTRa. Whereas lower affinity CTR agonists, hCT and pCT, and an 

antagonist, sCT(8-32) showed no significant differences in affinity between CTR splice variants 

(Dal Maso et al., 2018a). Numerous studies showed that the insert positive CTR receptor loses 

its Gq-coupled signalling component that is manifested in complete loss of intracellular calcium 

accumulation and inositol monophosphate  (IP1) signalling (Nakamura et al., 1995, Kuestner et 

al., 1994, Gorn et al., 1992, Dal Maso et al., 2018a). The insert positive CTR isoform was also 

commonly associated with profoundly reduced cAMP response in a cell type-dependent manner 

(Moore et al., 1995, Raggatt et al., 2000, Dal Maso et al., 2018a). This is consistent with recent 

CTR structural data (Liang et al., 2017) (showing that ICL1 packs against the Gαsβγ heterotrimer 

and the 16-amino acid insert would be predicted to cause stearic hindrance for this interaction. 

Insert positive CTR variant has been shown to be less efficient in activating ERK1/2 

phosphorylation pathway in two different cellular backgrounds compared with the insert 

negative isoform (Dal Maso et al., 2018a). 

The physiological significance of the two human CTR isoforms remains to be 

established. CTR isoforms are differentially expressed in different cell types, suggesting that 
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alternative splicing is highly regulated and that receptor variants do have physiological roles. 

Additionally, there are some clues in literature demonstrating possible presence of more than one 

CTR splice variant in a single cancer cell line (Albrandt et al., 1995, Beaudreuil et al., 2004). 

This would enable both tissue-specific and isoform-specific regulation of receptors in under 

physiological and pathophysiological conditions. 

In humans, the CTR gene contains a common single nucleotide polymorphism in the 

coding sequence that results in encoding either a leucine (T) or a proline (C) at amino acid 447 

(463 for ICL1 insert positive) in the C-terminal tail (Kuestner et al., 1994, Wolfe et al., 2003). 

This polymorphism more commonly encodes leucine in Caucasian populations and much more 

commonly encodes proline in Asian populations (Wolfe et al., 2003, Nakamura et al., 1997). In 

other mammals this codon encodes proline (Dal Maso et al., 2018a). In Asian populations there 

are reports of association between this polymorphism and a predisposition to osteoporosis in 

postmenopausal women. Some studies have shown that, in those (Asian) populations, women 

with leucine homozygote (TT) displayed lower spine bone density compared to either proline 

(CC) homozygotes or heterozygotes (Nakamura et al., 1997, Masi et al., 1998, Taboulet et al., 

1998, Wolfe et al., 2003, Nakamura et al., 2001, Tsai et al., 2003). No statistically significant 

difference in the constitutive receptor activity to stimulate production of basal levels of cAMP in 

the absence of agonist stimulation was observed between the proline and leucine forms (Wolfe et 

al., 2003). Recent direct in vitro comparison between CTR leucine and CTR proline 

polymorphisms it was observed that proline polymorphism biases receptor signalling away from 

cAMP production (this effect was observed in 2 different cell backgrounds) and also away from 

Ca2+ in one of the two cellular backgrounds signalling relative to the leucine variant. However, 

the magnitude of these effects was quite modest (Dal Maso et al., 2018a).  

1.4.2 CTR STRUCTURE AND ACTIVATION 

Structural data on the CTR and CGRP receptor (Liang et al., 2018a, Liang et al., 2017b) 

along with the data on structure of the isolated NTD (N-terminal domain) in complex with 

truncated sCT and the NTD of CLR:RAMP1 (CGRP) and CLR:RAMP2 (AM1) bound to 

truncated CGRP and AM provide useful information on differences between binding of CT 

family peptides to their receptors compared with other secretin-like GPCRs (Johansson et al., 

Booe et al., 2015) (Figure 1.3). These structures reveal that CT family peptides occupy a similar 

cleft in the NTD of the receptor but unlike other class B peptides they do not adopt an extended 

alpha helix (Parthier et al., 2009). These peptides do not adopt any strong secondary structure 

when bound, with the exception of a b-turn at their extreme C-terminus. This b-turn allows the 

C-terminal amide in all three structures to bury into a pocket that allows hydrogen bonding with 
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the receptor backbone carbonyl group and complementary hydrogen bonding between the 

receptor backbone amide and the ligand C-terminal carbonyl (Booe et al., 2015, Johansson et 

al.). This appears to explain the observed requirement for C-terminal amidation among all CT 

family peptides. 

Mutational studies of the CTR ECLs revealed the importance of residues in the CTR 

ECL2 for conformational propagation linked to Gs signalling. The GLP-1 receptor also utilizes 

ECL2 for its ligand binding and activation of intracellular signalling, however ECL2 is engaged 

in different manner in CTR (Dal Maso et al., 2018b, Koole et al., 2012a, Koole et al., 2012b).  In 

addition, individual residues and residue networks within both GLP-1R and CTR ECL3 were 

shown to be important for distinct ligand- and pathway specific effects (Wootten et al., 2016c, 

Koole et al., 2012a, Dal Maso et al., 2018b). 

Comparison of the active CTR cryo-EM structure to the homology model of apo-CTR 

suggests that agonists bind to receptor’s hydrophobic binding pocket that is formed by large an 

outward movement of the receptor’s extracellular ends of transmembrane regions 6 and 7 (Liang 

et al., 2017) (Figure 1.9). TM helix 6 also forms a 60° kink with an intracellular end of this helix 

pointing outwards to open a binding pocket for interactions with G protein heterotrimer (Liang et 

al., 2017). When compared with the binding pocket of the GLP-1R active structure (Zhang et al., 

2017a) it is apparent that the CTR orthosteric binding site sits higher than that for GLP-1R 

(Liang et al., 2017b) and also as predicted for other secretin-like GPCRs, with the N-terminus 

residing approximately 1 helical turn above a network of conserved secretin-like family polar 

residues (Siu et al., 2013b, Wootten et al., 2016c, Dods et al., 2016) (Figure 1.3). This difference 

is determined by a structural difference in the N-terminus of CTR ligands that have a cylic ring 

that creates a steric hindrance compared to linear N-termini of other class B peptides (Schwartz 

et al., 1981). The recently solved active CGRP receptor structure (CLR:RAMP1 with  αCGRP) 

displays a similar organisation of the binding pocket to CTR to accommodate a bulky cyclic ring 

at CGRP N-terminus (Liang et al., 2018a). An extended intracellular H8 contributes to receptor 

stability and CTR engagement with the Gβ subunit of G protein (Liang et al., 2017). 

As discussed above, CTR activation by different agonists occurs via distinct engagement 

of the receptor.  Indeed the low affinity agonist hCT is commonly equipotent with the high 

affinity agonist sCT, a fact that, until recently, remained unexplained. The mechanistic 

explanation for this effect is based on the ability of hCT to stabilize distinct conformations for 

CTR in complex with G protein that have higher affinity to GTP and thus enable faster G protein 

turnover leading to higher accumulation rates for downstream second messengers (in this 

instance, cAMP) (Furness et al., 2016). Comparison of 1  µs molecular dynamics (MD) 

simulations demonstrates that when bound to CTR hCT displays more conformational mobility 
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and a bigger number of rearrangements within the side chains and in the ECL2 compared to sCT 

(Dal Maso et al., 2018b). 

 

 
Figure 1.9. Comparison between active and inactive CTR structures. (a., c.) side and (b.) extracellular views of the 
sCT/CTR active structure (green) in complex with sCT (red) (pdb 6NIY) relative to CTR inactive model based on 
GCGR receptor structure  (cyan, pdb 5EE7). All TM domains are numbered accordingly. 

1.4.3 CTR SIGNALLING 

CTR is known to pleiotropically couple to multiple G proteins and downstream signalling 

pathways (Figure 1.10). Coupling of the CTR to either Gαs or Gαq can activate AC or PLC, 

respectively. AC catalyses the conversion of ATP to cAMP (Sexton et al., 1993, Houssami et al., 

1994, Moore et al., 1995) while PLC cleaves PIP2 to form DAG and IP3 (Essen et al., 1997) and 

hence leads to increased cytosolic calcium (via IP3 activation of IP3 receptors in endoplasmic 

reticulum (ER) that promote Ca2+ diffusion from ER into the cytoplasm where increased 

intracellular Ca2+ levels activate IP3 receptors in cytosol that further promote Ca2+ mobilization) 

(Chabre et al., 1992, Naro et al., 1998, Force et al., 1992). In osteoclasts, there is evidence that 

signalling through both cAMP and intracellular calcium is important in CT action (Chambers et 

al., 1985). In kidneys, CTR couples to either AC or PLC pathways depending on the region of 

the nephron (Goldring et al., 1978, Chabardes et al., 1976, Murphy et al., 1986, Suzuki et al., 
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1989). While in hepatocytes CTR is likely to couple to G proteins, other than Gas, with some 

evidence towards CTR signalling linked to intracellular calcium mobilization (Yamaguchi, 1989, 

Yamaguchi, 1991). In the CNS CT inhibits AC activity through Gi-independent mechanism 

(Rizzo et al., 1981, Nicosia et al., 1986, Guidobono et al., 1991a). 

There is some evidence in literature that CTR can also couple to PLD signal transduction 

pathway (Naro et al., 1998). However, this study did not investigate activation of which G 

protein by the CTR is responsible for the activation of this pathway. Perhaps, this could be CTR 

activation of G12/13 (based on the information on signalling pathways of other GPCRs), but more 

investigation of this is needed.  CTR coupling to Gαi was seen in cells overexpressing the insert-

negative CTR isoform, in which pertussis toxin enhanced the cAMP response to CT (Lacroix et 

al., 1998, Chen et al., 1998). 

CTR-mediated activation of the ERK1/2 MAPK pathway has also been described. Rapid 

or sustained activation of MAPK has been observed under different circumstance (Robinson et 

al., 1997, Chen et al., 1998). However, a sustained activation of the ERK1/2 MAPK pathway 

and cell-growth suppression by CT is also associated with growth inhibition and accumulation of 

cells in G2 phase, has been observed in HEK-293 cell lines overexpressing hCTR (Raggatt et al., 

2000). CTR ERK1/2 signalling can be mediated by multiple G proteins and requires further 

investigation (Morfis et al., 2008). Possible role for beta gamma G protein subunits in ERK1/2 

activation should be also considered, as is commonly the case for other GPCRs. There is also 

evidence that CT, acting via CTR, can influence cell–cell and cell–extracellular matrix 

interactions. This can occur by modulating components of focal adhesions and the cytoskeleton 

as well as tight junction components. CTR activation was shown to induce tyrosine 

phosphorylation of the p130Cas-like protein human enhancer of filamentation 1 (HEF1) which 

leads to the formation of a complex with adhesion-related proteins HEF1, paxillin, and focal 

adhesion kinase (FAK) and through this CTR can mediate changes in cell shape and motility 

(Zhang et al., 1999). In prostate cancer cell lines has been shown that CT-activated CTR can also 

destabilize tight junctions and this requires its C-terminal PDZ docking site (Zhang et al., 1999, 

Aljameeli et al., 2017, Aljameeli et al., 2016). It is not yet clear how these in vitro CT actions 

correlate with in vivo physiology; however these effects may have relevance to cancer, 

particularly cell migration, invasion and metastasis development.  
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Figure 1.10. Signalling capability of the calcitonin receptor (CTR), showing some of the major intracellular 
signalling pathways that are activated on binding of calcitonin (CT) to the CTR. CTR coupling to Gs and Gq 
proteins activates AC and PLC, respectively. Downstream pathways activated include those involving PKC, PKA, 
MAPK (ERK), and components of the focal adhesions. (Adopted from (Ostrovskaya et al., 2017). 

These studies reveal that CTR activation and signalling is dependant on many factors, 

such as the particular receptor splice variant or polymorph as well as cellular background. 

Understanding how these factors are linked to the regulation of physiological and 

pathophysiological CTR responses is still unclear. 

1.4.4 CTR TRAFFICKING AND REGULATION 

Previous studies are inconsistent on whether CTR is able to recruit β-arrestins. The 

controversy between this data and the earlier data showing recruitment to hCTRaLeu may be 

because of the construct used in second study (Andreassen et al., 2014, Dal Maso et al., 2018a). 

Andreassen and colleagues in their study used a CTR modified C-terminus with that of 

vasopressin (V2) receptor that has a property of efficient β-arrestin recruitment (Oakley et al., 

1999). Although is not clear whether the CTR can couple to β-arrestin, in cell backgrounds 

where this does not occur, CTR exhibits constitutive internalization, independent of splice 

variant and polymorphism and this profile appears unaltered by peptide binding (Dal Maso et al., 

2018b). Preliminary data in our lab also supports fast constitutive internalisation of human CTR 

in human osteoclasts. Insufficient work has been done to know how widespread this 

phenomenon is amongst different cell types.  

A number of earlier studies support the idea of CTR homologous regulation via CT 

(Findlay et al., 1996, Findlay et al., 1982, Findlay et al., 1984, Michelangeli et al., 1983); this 
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regulation was used to explain the well-known effect of loss of responsiveness to CT by patients 

the calcitonin “escape phenomenon” that can be observed in patients after only several days of 

CT treatment) (Wilkinson, 1984, Takahashi et al., 1995). This regulation appears to be cell type- 

and tissue-specific. For, example, in murine osteoclasts prolonged CTR stimulation (24 hours 

incubation) by CT results in CTR downregulation through decrease of CTR mRNA expression 

mechanistically linked to PKA activation (Ikegame et al., 1994, Wada et al., 1995, Takahashi et 

al., 1995, Wada et al., 1996). On the other hand, the mechanism of CTR regulation by CTs in 

human osteoclasts was shown to be predominantly through the activation of PKC leading to 

homologous CTR down-regulation and inhibition of bone resorption (Samura et al., 2000). In the 

latter case, CTR down-regulation was due not only to internalization of the receptor, but also due 

to inhibition of de novo CTR synthesis, i.e. CTR mRNA transcription mediated through PKC 

pathway (Samura et al., 2000). Same study has also showed that even short exposure to CT (of 1 

hour) resulted in prolonged CTR downregulation and diminished CTR mRNA expression (up to 

96 hours after CT removal) with expression recovered 72 hours after CT removal. It could be 

speculated that this mechanism is the one responsible for CT-induced tachyphylaxis in humans. 

It was also shown that that integrity of the C-terminal tail (a point of interaction with second 

messengers and kinases) is important for cellular internalization of the CTR (Seck et al., 2003). 

Co-administration of glucocorticoids, on the contrary, was shown to induce CTR up-

regulation accompanied with increased mRNA expression, and enhanced responsiveness of CT-

stimulated adenylate cyclase activity (heterologous regulation) (Wada et al., 2001). 

1.4.5 BIOLOGICAL ACTIONS CTR 

1.4.5.1 BONE ACTIONS 

The best understood physiological action of CT is on osteoclasts is to inhibit bone 

resorption under conditions of elevated plasma calcium (Copp et al., 1962, Friedman et al., 

1965, Chambers et al., 1985). There is also evidence of calcitonin role in prevention of bone loss 

during pregnancy, lactation, and growth (i.e. conserving bone during calcium stress) (Skinner et 

al., 2015, Broulik, 2010). In thyroidectomized patients the decrease in serum calcium levels in 

response to short-term intravenous calcium infusion is delayed compared with patients with an 

intact thyroid, showing the role of CT in the acute control of bone resorption (Hirsch et al., 

1969). 

Because of the known action to inhibit osteoclast-mediated bone resorption, CT has been 

used clinically for treatment of osteoporosis, Paget’s disease, prevention of bone loss due to 

sudden immobilization, and hypercalcemia of malignancy (Williams et al., 1978, Kanis et al., 

1999, Overgaard, 1994). Recently the European Medicines Agency undertook a large 
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metaanalysis of data relating to the clinical use of CTs. The report concluded that there was 

limited evidence demonstrating improvements in osteoporosis, Paget’s disease, and bone loss 

due to sudden immobilization but did conclude that there is evidence for benefit in treating 

hypercalcemia of malignancy. It did note that there is evidence that pharmacological use of CT is 

associated with increased risk of several cancers (see below). In the United States, CT is no 

longer used for treatment of osteoporosis or Paget’s disease. It seems likely that the 

physiological activity of CT in humans with respect to bone is limited to development and 

protection from bone loss during lactation and that CT should be regarded as a regulator of the 

rate of bone remodelling (see below) (Ostrovskaya et al., 2017). 

The genetic disruption of CT and its receptor in mice would seem to provide the most 

direct means for analysis of the physiological actions of CT (at least in a model organism). 

Disruption of CALCA gene leads to loss of both CT and αCGRP, and these mice display 

increased bone density and increased bone turnover with age suggesting that the action of CT is 

to regulate the rate of bone turnover (Hoff et al., 2002, Zaidi et al., 2002). These authors also 

developed mice in which a translational termination codon was introduced into exon 5, 

effectively producing a functional deletion of αCGRP without affecting CT (Schinke et al., 

2004). These mice displayed a mild loss of bone density at all ages (osteopenia) due to decreased 

bone formation, arguing for a role of αCGRP in antagonizing CT action on osteoclasts. At 3 

months of age these mice displayed increased bone density and there were no changes in 

osteoclast number, bone resorption, or serum calcium levels; however, at 12 months there were 

increased osteoclast numbers and increased bone resorption, even though there was still 

increased bone density (Schinke et al., 2004, Lerner, 2006). This suggests that the physiological 

role of CT is to decrease the overall rate of bone turnover. Since αCGRP-deleted mice display 

decreased bone formation and there are no CTRs on osteoblasts, CT must exert an indirect 

anabolic effect on bone. 

Two groups have developed CTR knockout mice. The first group reported that global 

knockout resulted in embryonic lethality; however, haploinsufficient mice showed normal serum 

calcium levels but developed high bone density due to increased bone formation (Dacquin et al., 

2004). Through the use of conditional knockout techniques, this group was able to generate 

animals that had >94 and <100% functional deletion of CTR (Davey et al., 2008). Consistent 

with their haploinsufficient animals disruption, these animals displayed normal serum calcium 

and increased bone density due to increased bone formation. A second group generated CTR 

knockouts by using a conditional knockout strategy to remove the same exons; in contrast to the 

first group, global functional deletion was not embryonic lethal (Keller et al., 2014a). These 

mice displayed normal plasma calcium and increased bone formation leading to increased bone 
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density from 3 to 18 months (Keller et al., 2014a). This group then generated mice with 

osteoclast-specific disruption of CTR and was able to show that CT, acting through CTR on 

osteoclasts, inhibited sphingosine 1-phosphate release, which acts on osteoblasts to increase their 

activity (Keller et al., 2014b). These data therefore support the role of CT, acting through the 

CTR as a modulator of bone remodelling rather than a regulator of plasma calcium levels and is 

consistent with observations in humans (above). 

The preceding discussion relates largely to CT bone physiology in non-stress situations. 

In mice bearing the CALCA disruption, challenge with PTH or 1,25-dihydroxyvitamin D3 

resulted in short-term elevation of serum calcium caused by excess bone resorption and this 

could be corrected by pharmacological dosing of CT (Hoff et al., 2002). Similarly, mouse 

models in which CTR was disrupted in osteoclasts there was impaired acute regulation of serum 

calcium levels in response to 1,25-dihydroxyvitamin D3 (Davey et al., 2008). This supports the 

idea that CT provides acute regulation of serum calcium via its actions at the CTR to inhibit 

osteoclast-mediated bone resorption. During lactation there are large demands for calcium, 

which are largely met by mobilization of calcium stores (Qing et al., 2012). 

1.4.5.2 RENAL ACTIONS 

In kidneys, CT reduces serum calcium by decrease in the tubular resorption of calcium 

(Cochran et al., 1970). This effect is the opposite of PTH effect on calcium. CTR also promotes 

urinary excretion of phosphorous, sodium, potassium, chloride and magnesium (Ardaillou et al., 

1967, Cochran et al., 1970, Haas et al., 1971). Under normocalcemic conditions calcitonin has 

an important role in the maintenance of serum 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) via 

promoting 1-hydroxylation of 25-hydroxyvitamin D in kidney (Jaeger et al., 1986, Wongsurawat 

et al., 1991). This has physiological importance during pregnancy, lactation, and early 

development.  

1.4.5.3 CENTRAL ACTIONS 

Activation of the CTRs expressed in the central nervous system induce effects such as 

analgesia, inhibition of appetite, regulation of gastric acid secretion, modulation of hormone 

secretion and alterations to membrane excitability of individual neurons (Guidobono et al., 

1991b, Morley et al., 1981, Twery et al., 1988, Morley et al., 1991). 

1.4.5.4 CTR ROLES IN CANCER 

Neuroendocrine tumours including pheochromocytoma, small cell lung cancer, 

pancreatic islet, gastrointestinal and lung carcinoid as well as both neuroendocrine and 
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nonneuroendocrine breast tumours have been reported as secreting high levels of pro-CT 

(Chaftari et al., 2015, Conlon et al., 1988, Becker et al., 2004, Jimeno et al., 2004). Levels of 

pro-CT present in plasma from cancer patients are elevated compared with healthy individuals, 

and the levels are positively correlated with disease stage (Chaftari et al., 2015). The role of pro-

CT in this broad range of cancers is unknown, but a number of both prospective and 

retrospective studies have shown positive correlation with disease progression and morbidity 

(Jimeno et al., 2004). This has led a number of clinical researchers to propose the use of pro-CT 

as a prognostic indicator (Shen et al., 2017). Serum pro-CT levels are also massively increased 

by sepsis, and studies of cancer patients demonstrate that even with elevated baseline pro-CT, 

elevated pro-CT is still prognostic for septic infection (Patout et al., 2014). 

Medullary thyroid cancers secrete high levels of CT (Conlon et al., 1988). It is widely 

assumed that this is simply a consequence of the tumour origin and there is currently no evidence 

that CT secretion is consequential to the disease pathology. On the other hand, CT is a useful 

biomarker for confirming complete surgical resection. 

The expression of CTR has been demonstrated in a number of cancer cell lines and 

primary cancers including breast, prostate, thymic lymphoma, and glioblastoma (Wookey et al., 

2012, Nakamura et al., 2007, Segawa et al., 2001, Venkatanarayan et al., 2015). Research on the 

role of CTR expression in cancer has been fragmentary, and any role for CTR in cancer 

pathology seems to be entirely dependent on the cancer type. 

CTR mRNA is expressed in normal ductal cells but not elsewhere in the breast. CT has 

been found to be a potent inhibitor of the growth and invasion of a model human breast cancer 

cell line MB-MDA-231 in vitro (Qing et al., 2012, Nakamura et al., 2007). This is due to the 

ability of CT to suppress high basal MAPK activity as well as reducing expression of urokinase 

plasminogen activator (uPA), a protease at the top of the extracellular matrix degradation 

pathway (Nakamura et al., 2007). In less invasive human breast cancer model cell lines, such as 

T47D and MCF-7, binding and activity data support the presence of CTR as AMY receptors 

(Nakamura et al., 2007, Wada et al., 1995, Iwasaki et al., 1983, Martin et al., 1980, Findlay et 

al., 1981). The level of CTR in these cells is suppressed by estradiol, and CT is not reported to 

affect growth of these cells (Lacroix et al., 1998). A study of CTR in surgically obtained human 

breast cancers identified receptor mRNA production in all cases examined, regardless of breast 

cancer subtype (Wang et al., 2004). CTR expression by non-ductal tumours possibly represents a 

recapitulation of foetal expression, and it was recently reported that the CTR is expressed in 

several foetal tissues in the mouse, including the developing mammary gland, although it is 

absent in the same tissues postnatally. There is no data on the developmental expression of the 

CTR in humans, but it is reasonable to speculate that CTR expression in certain tumours 
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represents a reappearance of foetal expression. Of note, pro-CT is present at elevated levels in 

the serum of patients suffering from breast cancer (Chaftari et al., 2015). 

Basal epithelial cells of the prostate express mRNA for both CT and CTR, and primary 

prostate cells in culture secrete CT (Sabbisetti et al., 2005b, Chien et al., 2001). There is no 

evidence for expression of either CT or CTR elsewhere in normal prostate tissue. In prostate 

tumour biopsies there is a strong positive correlation between histological scoring of disease 

progression and co-expression of both CT and CTR mRNA (Sabbisetti et al., 2005a). The 

LNCaP model human prostate cell line expresses CTR but not CT and responds to CT with 

increased growth (Sabbisetti et al., 2005a). The PC-3 model cell line secretes CT but does not 

express CTR, on the other hand a highly metastatic clone PC-3M and the highly metastatic line 

DU-145 express both CT and CTR (Segawa et al., 2001). In support of paracrine/autocrine 

signalling of CT/CTR, in vitro proliferation and invasiveness of LNCaP cells is increased by 

enforced expression of CT (Thomas et al., 2008). Similarly, the proliferation and invasiveness of 

the PC-3 cell line could be increased by enforced CTR expression and that of the PC-3M line 

decreased by downregulation of either CT or CTR (Aljameeli et al., 2016, Thakkar et al., 2016, 

Thomas et al., 2006, Thomas et al., 2005). In these cell lines, autocrine CT/CTR signalling via 

PKA stimulates expression of urokinase-type plasminogen type activator (uPA) to promote 

correlates of invasiveness. In addition, CT activated CTR, via its C-terminal PDZ (postsynaptic 

density protein 95, desmoglein 1, zonula occludens-1) docking site, destabilizes tight junctions, 

which would also contribute to invasiveness (Zhang et al., 1999, Aljameeli et al., 2017, 

Aljameeli et al., 2016). These data are consistent with the European Medicines Agency report, 

recommending close monitoring of prostate cancer during the clinical use of CT. 

CTR is functionally expressed on normal B and T lymphocytes from healthy individuals 

as well as on B and T cells from leukemic patients and transformed lymphoid cell lines (Cafforio 

et al., 2009, Body et al., 1990, Moran et al., 1978). In a genetically modified mouse model of 

thymic lymphoma, it has been shown that the tumour protein 53 (p53) family of tumour 

suppressors are upstream of amylin expression. CTR is expressed on malignant cells with 

RAMP3 as the AMY3 receptor (Venkatanarayan et al., 2015). Stimulation of these lymphomas 

with pramlintide (a synthetic amylin analogue) causes CTR-dependent tumour regression via 

changes to cellular metabolism (Venkatanarayan et al., 2015, Venkatanarayan et al., 2016). This 

work was extended to show that a range of model human cancers also undergo a switch from 

glycolysis to mitochondrial respiration in response to amylin signalling via CTR/AMY3 and that 

this leads to increased oxidative stress and apoptosis (Venkatanarayan et al., 2015). There are 

currently no data that address how signalling from CTR/AMY3 couples to changes in cellular 

metabolism and whether CT would also produce these effects.  
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Given the wide expression of pro-CT/CT/CTR in a variety of cancers and the differing 

effects observed, significantly more work needs to be done. Clearly, there needs to be better 

assessment of the potential receptor(s) for pro-CT and a better understanding of its possible 

metabolism to products with different activity. In addition, significantly more work is required to 

understand the coupling of CTR and AMY receptors in different cell backgrounds if expression 

of pro-CT, CT, or CTR is to be leveraged in cancer treatment.  

1.4.5.5 CTR IN GLIOBLASTOMA MULTIFORME 

Glioblastoma multiforme (GBM) is the most common and aggressive type of primary 

brain cancer (Louis et al., 2007, Kleihues et al., 1999). GBM arises from transformed precursors 

of astrocytes (Sanai et al., 2005) and is characterized by high proliferation, vascularization and 

resistance to apoptosis. GBM can be classified into four subtypes: proneural, neural, classical 

and mesenchymal based on distinct genomic and proteomic profiles and with distinct 

responsiveness to the existing combined therapy protocol (Verhaak et al., 2010). GBMs are 

highly heterogeneous tumours, comprising cells in various states of differentiation including a 

subpopulation of cells that display stem cell characteristics (Sanai et al., 2005). Excessive blood 

vessel formation resulting from hypoxia, secretion of angiogenic growth factors by GBM cells 

and tumour stem cell differentiation into endothelial cells (vascular mimicry) contributes to rapid 

disease progression (Cheng et al., 2013, Soda et al., 2011, Ricci-Vitiani et al., 2010, Wang et al., 

2010). With median survival of less than 15 months, even with best practice intervention, 

identification and validation of new GBM therapeutic targets is of critical importance (Das et al., 

2013). 

In Glioblastoma tumour biopsies, CTR expression has been detected using CTR-specific 

antibodies (12 out of 14 GBM biopsies were CTR positive), with low or undetectable CTR 

expression in adjacent non-tumour tissue (Wookey et al., 2012). Additionally, toxin conjugates 

of monoclonal anti-CTR antibody 2C4 promote cell death in JK2, SB2b and WK1 GBM-derived 

cell lines cell lines and in U87MG glioblastoma-derived cell line with effective concentrations in 

the picomolar range, supportive of CTR expression (Gilabert-Oriol et al., 2017).  

1.4.5.6 OTHER ACTIONS OF CTR 

As discussed above CT and its receptor are found in a large number of cell types and 

tissues include kidney, brain, pituitary, testis, prostate, spermatozoa, lung, and lymphocytes 

(Cochran et al., 1970, Ardaillou et al., 1967, Ren et al., 2001, Davis et al., 1989, Silvestroni et 

al., 1987, Gosney et al., 1985, Henke et al., 1983, Sexton et al., 1991, Wu et al., 1996, Body et 

al., 1990, Cafforio et al., 2009). This suggests multiple physiological roles for the CT/CTR. In 
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spite of this, and as discussed above, mice bearing a functional deletion of CT have no overt 

phenotype outside bone (Hoff et al., 2002). The most thorough published data on mice carrying 

functional deletion of CTR in mice also show no overt phenotype in any of the above tissues 

(Davey et al., 2008, Keller et al., 2014b). Thus, physiological roles for CT/CTR outside bone 

homeostasis are likely to be to do with environmental adaptation. That there is a massive 

upregulation of pro-CT expression during sepsis and that neutralization of serum pro-CT 

improves outcome speaks to some involvement of (pro)-CT in immune modulation (Assicot et 

al., 1993, Whang et al., 1998, Muller et al., 2000, Nylen et al., 1998). Indeed, expression of CTR 

is a characteristic of most hematopoietic lineages and this expression occurs in two phases, one 

in very early precursors and another implicated in recruitment of mature cells to target tissues 

(Becker et al., 2010). Similarly, there have been a number of reports that CTR is upregulated 

during wound healing and CT signalling may be involved in this process (Lupulescu et al., 

1978). Lastly CTR is expressed on muscle satellite cells, and CT signalling appears to play a role 

in maintaining their quiescence (Yamaguchi et al., 2015). 

1.5 AIMS 

The calcitonin receptor is a member of the class B G-protein coupled receptor family and 

has a role in controlling calcium and bone homeostasis by regulating osteoclast activity and renal 

calcium excretion (reviewed in Ostrovskaya et al., 2017). CTR expression in various cell types 

and tissues correlates with CTR’s diverse roles extending beyond calcium regulation and bone 

homeostasis. For example, the CTR is expressed in the central nervous system, monocyte and 

macrophage precursors, a subset of T cells, muscle satellite cells, and proliferating fibroblasts. 

What the exact roles in CNS, immune system, wound healing, cell differentiation and tissue 

morphogenesis are not well researched and thus remain undefined (reviewed in Ostrovskaya et 

al., 2017, Wookey et al., 2010). Of particular interest is CTR expression in various cancers. 

Currently, the research on CTR’s role in various cancers has been fragmentary and inconclusive 

regarding the potential link between the receptor and its role in cancer progression. Apparently, 

it seems that the effect of CTR stimulation/inhibition is both cancer-, and cell-type dependent 

(reviewed in Ostrovskaya et al., 2017, Nakamura et al., 2007, Aljameeli et al., 2016, Thakkar et 

al., 2016, Thomas et al., 2005, Thomas et al., 2006, Venkatanarayan et al., 2014, 

Venkatanarayan et al., 2016). 

High CTR expression has been previously confirmed in Glioblastoma Multiforme (GBM) 

tumour biopsies using anti-CTR antibodies (Wookey et al., 2012). GBM is an aggressive 

primary brain cancer, with no effective treatment available (Louis et al., 2007, Kleihues et al., 

1999, Sanai et al., 2005). Therefore, in the first project of my thesis (Chapter 3) I sought to 
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perform a pharmacological characterization of the CTR (along with other receptors of its family) 

in primary high-grade glioma cell lines and to test whether targeting CTR pharmacologically 

could be viable strategy for GBM treatment. 

For this study I obtained four high-grade glioma cell lines that were derived from 

individual patient tumours. These cell lines are distinct from other conventional recombinant cell 

lines (growing on matrigel in the absence of serum and the ability to recapitulate the original 

GBM tumour when injected intracranially into mice), making them good representative models 

for our study (Day et al., 2013). GBM is a highly heterogeneous tumour and is classified into 4 

distinct subtypes that differ morphologically and by their responsiveness to therapy. I obtained 4 

GBM cell lines that represent 3 out of 4 distinct GBM subtypes (SB2b and PB1 of classical 

GBM subtype; JK2 of proneural and WK1 of mesenchymal) and thus one of the aims was to 

understand whether there is any correlation between the GBM subtype and CTR expression 

profile in these lines.  

Pharmacological characterization of the high-grade glioma cell lines was performed using 

a range of assays and a range of CTR and CLR agonists. Signaling was tested across different 

pathways that CTR is known to couple to, and that can be linked to cancer signaling. In order to 

assess the effects of CTR activation/suppression on the cell growth, I performed a number of 

assays measuring cell proliferation and cell metabolism, as well as direct cell counting using a 

high content imaging system. Additionally, I performed a correlation analysis between the CTR 

expression and patient survival using two public databases. 

While there are gaps in the knowledge regarding CTR’s roles in (patho)physiology, some 

of which I tried to address in the first project, there is also incomplete understanding about how 

CTR ligands activate the receptor and how CTR signaling to distinct signaling effectors is 

mediated. Class B GPCRs interact with their cognate peptide agonists according to the two-

domain model, where both the N-terminal ECD and TM regions of the receptor participate in 

ligand binding. This mechanism is well accepted in the field and is supported by multiple studies 

(Stroop et al., 1995, Holtmann et al., 1995, Bergwitz et al., 1996, Gelling et al., 1997, Runge et 

al., 2003). The full length CTR ternary complex structure solved in our laboratory initially had 

insufficient resolution for sCT to allow unambiguous modelling of the peptide side-chains and 

thus limiting our understanding of particular side-chain interactions between the CTR and sCT 

(Liang et al., 2017). More generally, both X-ray and cryo-EM structural data provide a static 

picture of one (or a limited subset) of the receptor’s possible conformations, limiting the ability 

of this structural information to fully inform receptor signalling. Additionally, each single 

structure can only describe an interaction between a receptor and a single agonist coupled to a 

single signaling pathway, (in case if the structure was solved in complex with a particular 
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transducer, i.e. a G protein). Therefore, while I had a reasonably good overall understanding 

about class B GPCRs binding and signaling, we still lacked many of the finer details regarding 

the mechanics of single amino acids interactions. 

Previous mutagenesis studies have confirmed the importance of the CTR’s ECD in ligand 

binding and signal transduction as well as revealing certain ligand-dependent differences for 

CTR-agonist interaction (Dal Maso et al., 2018b, Dal Maso et al., 2019). However, no such 

studies have been performed on the CTR TM region. It is understood, that distinct CTR agonists 

display different affinities and efficacies at the CTR, and this has been best studied for sCT and 

hCT (Furness et al., 2016). Therefore, I aimed to perform Ala mutagenesis analysis of the 

residues in proximity of the CTR TM binding pocket. In this study I investigated the importance 

of individual interactions between the CTR and distinct agonists, to understand their importance 

in CTR binding and signalling. 

For this study I used CTR agonists from the 3 major CT evolutionary branches (based on 

sequence conservation): sCT (avian/teleost), hCT (human/rodent) and pCT (artiodactyl) as well 

as 2 weak CTR agonists – CGRP and rAMY. The latter 2 become potent CTR agonists when the 

receptor is co-expressed with any RAMP and therefore can be used to assess the effects of 

RAMPs on CGRP and rAMY binding and signalling in comparison studies (when CTR is 

expressed with and without RAMPs) (Christopolous et al., 1999, Morfis at al., 2008). In Chapter 

4 I aimed to analyze mutational effects on global binding affinities for individual CTR agonists, 

obtained from radioligand competition binding. To assess the effects of the CTR TM mutations 

on receptor signaling I chose 2 signalling pathways – cAMP and pERK1/2. Functional affinity 

(calculated from the signaling data) is a measure of affinity when receptor-agonist complex is 

coupled to a particular signaling pathway. Therefore, we sought to compare how well CTR 

binding affinity correlates with its functional affinity for each signaling pathway (Chapter 4). I 

also aimed to understand both ligand- and pathway-specific commonalities and differences in 

how signal transduction is mediated through the CTR by assessing the effects of alanine 

mutations on the CTR efficacy (Chapter 5). As a common aim for the Chapters 4 and 5, I 

compared our CTR mutational data to currently available information on analogous mutagenesis 

of other class B GPCRs in order to establish commonalities and differences in the mechanisms 

of class B GPCRs activation and signaling. 
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CHAPTER 2 

 
Materials and methods 
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2.1 MATERIALS 

2.1.1 PEPTIDES 

All peptides were purchased from Mimotopes Pty Ltd., Clayton, Victoria, Australia. 

2.1.2 ANTIBODIES 

Mouse anti-human-cMyc 9E10 was purified and harvested in house from hybridoma 

(ATCC CRL-1729) supernatant. MAb4614 anti-CTR antibody is from R&D Systems. Goat 

Anti-mouse AF647 was purchased from Thermofisher Scientific Australia Pty Ltd. 

2.1.3 GENERAL REAGENTS 

Dulbecco’s Modified Eagle’s Medium (DMEM) and heat-inactivated foetal bovine serum 

(FBS) were purchased form Thermofisher Scientific.  StemPro® NSC SFM kit was purchased 

from Thermofisher Scientific (formerly Life Technologies). Matrigel was purchased from In 

Vitro Technologies, Melbourne, Australia. F12 GlutaMax medium was obtained from 

Thermofisher Scientific. 

Selection antibiotics puromycin, zeocin and hygromycin B were acquired from 

InvivoGen (SanDiego, CA, USA), Sigma-Aldrich and Thermofisher Scientific respectively. 

AlphaScreen™ reagents, LANCE HTRF cAMP kit and Lance Ultra cAMP assay kit were 

purchased from PerkinElmer Life Sciences (Waltham, MA, USA). SureFire™ ERK1/2 reagents 

were purchased from TGR Biosciences (Adelaide, SA, Australia) and PerkinElmer. Fluo-4 

acetoxymethyl ester was purchased from Thermofisher Scientific. CellTiter 96® AQueous One 

Solution Cell Proliferation Assay was obtained from Promega. Optiplates were purchased from 

PerkinElmer Life Sciences. 

Q5 polymerase kit was acquired from New England Biolabs (Ipswich, MA, USA). LR 

Clonase ΙΙ enzyme mix was obtained from Thermofisher Scientific. DpnI (10 U/ul) was 

purchased from Thermo Fisher Scientific. 

DNA-free DNA removal kit as well as TaqMan Fast Advanced Master Mix was 

purchased from Thermo Fisher Scientific. iScript Reverse Transcription Supermix for reverse 

transcripton-qPCR (RT qPCR) was acquired through Bio-Rad (Hercules, CA, USA).  

Wizard Plus SV Minipreps DNA Purification System kit was acquired from Promega and 

Plasmid Maxi Kit was purchased from QIAGEN. 

Radioactive 125
I (~350 mCi/ml) was purchased from Perkin Elmer. 

All other reagents were purchased from Sigma (St. Louis, MO, USA) or BDH Merck 

(Melbourne, Vic, Australia) and were of an analytical grade. 
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2.1.4 PLASMIDS AND PRIMERS 

pENTR11, pEF5/FRT/V5 DEST, pOG44 and were obtained from Thermofisher 

Scientific. The CTR construct used in this study consists of sequence in pENTR11 vector 

containing kanamycin resistance gene (vector construct previously designed in our laboratory). 

For cMycCTRaLeu a 10 amino acid C-Myc tag (encoding EQKLISEEDL) was inserted 

immediately downstream of the predicted signal peptide at N-terminus cloned into pENTR11 

vector as described in (Dal Maso et al., 2018b) (Supplementary tables 1 and 2, Appendix 1). 

Sequencing primers for pENTR11 and for pEF5/FRT/V5 (pENTR11 forward, pENTR11 

reverse, T7 and BGH), were synthesised by GeneWorks. Primers for single CTR mutants were 

synthesized by Bioneer Pacific (Melbourne, Australia) (sequences for sequencing and 

mutagenesis primers are provided in Supplementary tables 3 and 4, Appendix 1). 

Primers for TaqMan Gene Expression assays were purchased from Thermofisher 

Scientific (formerly Life Technologies): for CALCR (Hs01016882_m1), CALCRL 

(Hs00907738_m1), RAMP1 (Hs00195288_m1), RAMP2 (Hs01006937_g1), RAMP3 

(Hs00389131_m1), CALCA (Hs01100741_m1), IAPP (Hs00169095_m1), and ACTB 

(Hs01060665_g1). 

2.2 MOLECULAR BIOLOGY  

2.2.1 GENERATION OF SINGLE ALANINE POINT MUTATIONS OF THE CMYCCTRALEU IN 

PENTR11 VECTOR 

To verify functional importance of identified residues within CTR they were mutated to 

alanine. Residues that were initially alanine were mutated to either leucine (non-polar side chain, 

same as alanine, but two carbon atoms longer) or serine (same length as alanine, but contain 

polar -OH group). Mutations were introduced into the coding sequence of the human insert 

negative splice variant of CTR containing Leu polymorphism (hCTRaLeu) that is the most 

commonly studied CTR variant. Nucleotide substitutions encoding single amino-acid changes 

were introduced using oligonucleotides from Bioneer Pacific (Melbourne, Australia) and Q5 

polymerase following supplier’s standard protocol. Briefly, PCR was performed in Verti 96 well 

Thermal Cycler (Applied Byosystems). After initial denaturation for 3 minute at 98°C, 25 cycles 

were performed including denaturation (98°C, 10 seconds; annealing 72°C, 30 seconds; and 

extension 72°C, 2 minutes). A 10-minute final extension at 72°C was performed at the end of the 

cycling steps, and then samples were maintained at 4°C. PCR reaction was followed by 4 hours 

digestion of template DNA with DpnI enzyme in accordance with manufacturer’s protocol. 
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2.2.2 TRANSFORMATION 

Receptor clones in pENTR11 vector were used to transform DH5alpha strain of E. coli 

competent cells following the manufacturer’s protocol for bacterial transformation. In brief, 2.5 

µl of the PCR product was pre-incubated for 30 minutes on ice with 50 µl of DH5α cells 

followed by heat-shock for 40 seconds at 42°C and followed by 5 minute incubation on ice. 

Transformed bacteria were then incubated at 37°C for 1 hour in 250 µl of LB (10 g/l tryptone, 5 

g/l yeast extract, 10 g/l NaCl) and plated on an agar plate with appropriate antibiotic selection 

(50 µg/ml Kanamycin for pENTR11 vector; 100 µg/ml Ampicillin for pEF5/FRT/V5 vector). 

Selection plates were incubated at 37°C overnight. 

2.2.3 DNA AMPLIFICATION, EXTRACTION  

Colonies were inoculated and grown overnight at 37°C in LB media with relevant 

antibiotic. Next day, culture broth was centrifuged at 15 minutes at 4°C, 1000 g. Pellets were re-

suspended and plasmids were extracted using either Miniprep (Promega) or Maxiprep (Qiagen) 

DNA purification kits following manufacturer’s protocol. 

2.2.4 SEQUENCE CONFIRMATION 

All cMycCTRaLeu alanine substitutions were confirmed by sequencing. For one sequencing 

reaction around ~400 ng of plasmid DNA was combined with ~10 ng of either forward 

(pENTR11 forward for pENTR11 vector and pT7 pEF5/FRT/V5 vector) or reverse (pENTR11 

reverse for pENTR11 BGH for pEF5/FRT/V5 vector) primer. Sequencing of individual receptor 

clones was conducted as automated sequencing at the Melbourne branch of the Australian 

Genome Research Facility. All plasmids were sequenced in the full coding sequence to ensure 

there were no additional deleterious mutations. 

2.2.5 RECOMBINATION INTO DESTINATION VECTOR 

Correct mutant receptor clones as well as WT CTR were subsequently transferred into 

destination vector pEF5/FRT/V5-DEST using LR Clonase ΙΙ enzyme mix following 

manufacturer’s instructions. Receptor clones in the destination vector were transformed into 

competent cells; this was followed by DNA amplification, extraction and sequencing as 

described above. 
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2.3 TISSUE CULTURE  

2.3.1 MAMMALIAN CELL CULTURE 

Primary patient high-grade glioma (HGG) cell lines, in vitro surrogates of glioblastoma, 

were developed by QIMR-Berghofer Medical Research Institute (Brisbane, Australia) and 

represent 3 distinct GBM subtypes: SB2b and PB1 (classical), JK2 (proneural) and 

WK1(mesenchymal) (Day et al., 2013). GBM cell lines were cultured as adherent monolayers 

on matrigel (BD Biosciences)-coated flasks using StemPro NSC SFM serum free cell culture 

medium (Thermo Fisher Scientific) supplemented with 20 ng/ml EGF and 20 ng/ml FGFb, 1% 

D-glutamine and 1 % of penicillin/ streptomycin (further referred as StemPro complete 

medium).  

African Green Monkey kidney Flp-In CV-1 cells stably expressing either WT or single 

alanine point mutation of the CTRaLeu were cultured in DMEM supplemented with 5% FBS 

and 300 µg/ml hygromycin B. 

All cells were cultured in 5% CO2 / 95% humidified air at 37°C. 

2.3.2 STABLE TRANSFECTION OF MAMMALIAN FLPIN CELLS 

FlpIn CV-1 cells were chosen as they have no pharmacologically detectable CTR and no 

pharmacologically detectable RAMP expression. This was previously experimentally verified by 

the members of our laboratory by probing for an amylin phenotype upon transfection of CTR 

and assessment of CLR trafficking to the cell surface upon transfection, in the case of CTR 

transfection data from other members of our lab shows no measurable amylin phenotype and no 

cell surface expression of CLR in the absence of co-transfection with a RAMP family member . 

Flp-In-CV-1 cells were initially seeded in 25 cm2 flasks in DMEM, 5% FBS, 100 µl zeocin and 

grown up to 70-80 % confluency. On the day of transfection, medium was replaced with serum 

and antibiotic-free DMEM. Transfection mixture was prepared by combining 0.5 µg 

pEF5/FRT/V5-DEST containing the WT or mutant hCTRaLeu constructs and 4.5 µg pOG44 

vector (prepared in 250 µl of 150 nM sterile NaCl) with 30 µl PEI (also prepared in 150 nM 

sterile NaCl), shaking it vigorously and incubating at room temperature for 10 minutes. After 

that, the transfection mixture was drop-wise added to the cells. Following 48 hours post 

transfection media was replaced with DMEM containing 10% fetal bovine serum and 400 µg/ml 

hygromycin B. Cells were further maintained and selected in DMEM containing 10% fetal 

bovine serum and 400 µg/ml hygromycin B in a humidified environment at 37°C in 5% CO2. 39 

mutant cell lines plus the control cell line expressing wild type receptor have been generated. 

Backup frozen stocks have been made and placed into the vapour phase nitrogen storage.  
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2.4 FUNCTIONAL ASSAYS  

2.4.1 IODINATION OF SCT(8-32) 

Iodination reaction of sCT(8-32) was performed to obtain mono-iodo-tyrisyl. 10 µl of 
125

I (as sodium iodide, concentration 350 mCi/mL) was added to 5 µl of 1 mg/ml freshly made 

chloramine T (in PBS, pH 7.4) and incubated together at room temperature for 60 seconds. This 

was followed by addition of 20 µl of PBS and 5 µl of 0.1 mM sCT(8-32) and incubation at room 

temperature for 10 seconds. 200 µl of KI (5 mg/ml prepared in PBS) was added to quench the 

reaction and adjusted with 260 µl of PBS to the final volume of 500 µl. 
125

I-sCT(8-32) was 

purified with reverse phase HPLC (C-18 column; 0.1% TFA in H2O to 0.1% TFA in acetonitrile 

gradient). Purified 
125

I-sCT(8-32) was supplemented with 0.1 % final BSA, aliquoted and 

stored at -20 ̊C. 

2.4.2 HETEROLOGOUS WHOLE CELL RADIOLIGAND COMPETITION BINDING 

CV-1 cells were plated at 25000 cells per well in DMEM, 5% FBS on a 96 wells plate 

and incubated at 37°C in humidified 5% CO2 overnight. On the next day cell media was replaced 

with 80 µl of binding buffer (DMEM, 25 mM HEPES, 0.1% BSA, pH 7.4) and cells were chilled 

at 4°C for 4 hours to minimise receptor internalization. Approximately 20000 to 75000 cpm/well 

(corresponding to 50-150 pM) of 
125

I- sCT(8-32) were added to each well followed by relevant 

dilution of competing non-iodinated ligand in the final volume of 100 µl. Plates were incubated 

overnight at 4°C. The following day, binding buffer was removed and wells were washed with 

ice cold PBS twice. 50 µl of 0.1M NaOH was added to each well and lysates were transferred 

into scintillation tubes. γ radiation was detected using a γ-counter (Wallac Wizard 1470 Gamma 

Counter, Perkin Elmer, 80% counter efficiency). Data analysis was performed using Graphpad 

Prism 7. Data was normalized between the total level of bound 
125

I- sCT(8-32) and non-specific 

binding, defined by saturating concentration of competing non-iodinated sCT(8-32) (1 µM). 

2.4.3 CAMP ACCUMULATION ASSAY 

GBM cell lines were seeded at 38000 cells/well (SB2b) or 35000 cells/well (PB1, JK2 

and WK1) in 96-well matrigel-coated plates and incubated for 24 hours at 37°C, 5% CO2 in 

humidified incubator in StemPro complete medium. CV-1 cells were seeded at 25000 cells/well 

in 96-well clear FALCON culture plates and incubated overnight at 37°C, 5% CO2 in humidified 

incubator in DMEM media (5% FBS, 300 µg/ml hygromycin B). Next day plating media was 
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replaced with stimulation buffer (phenol red free F12 media, 0.1 % BSA, 0.5 mM IBMX, pH 

7.4). Cells were stimulated with agonists (sCT, hCT, pCT, rAmy, αCGRP or AM) at 

concentrations ranging from 10-6 M – 10-12 M, or 10-5 M forskolin, or vehicle for 30 minutes at 

37°C. Stimulation buffer was aspirated, cells were lysed (0.3 % Tween 20, 5 mM Hepes, 0.1% 

BSA, pH 7.4) and 5 µl of cell lysate from each well was transferred to a corresponding well of 

384-well optiplate. Intracellular cAMP levels in the wells were determined using Lance Ultra 

cAMP assay kit (Perkin Elmer) according to the manufacturer's instructions and detected using 

an Envision multilabel 2103 reader. Raw relative fluorescence units (RFU) values were 

converted using a cAMP standard curve to give absolute cAMP concentrations. Data were 

analysed by three-parameter logistic curve and are presented as percentage of 10-5 M forskolin 

response (Chapter 3) or analysed by three-parameter logistic curve and normalized to WT 

response (present in each individual assay) (Chapters 4 and 5). 

2.4.4 ERK1/2 PHOSPHORYLATION ASSAY 

GBM cell lines were seeded at 38000 cells/well in 96-well matrigel-coated plates and 

incubated either overnight (for 4 hours growth factor starvation), or for 7 hours (for overnight 

starvation) at 37°C, 5% CO2 in humidified incubator in StemPro complete medium. CV-1 cells 

were seeded at 25000 cells/well in 96-well clear culture plates and incubated overnight at 

37°C, 5% CO2 in humidified incubator in DMEM media (5% FBS, 300 µg/ml hygromycin B). 

Culture media was replaced with DMEM/F12 GlutaMax medium (without growth factors) and 

incubated for either 6 hours on the day of experiment (for 6 hours growth factor starvation of 

SB2b or CV-1), or overnight (overnight starvation of SB2b) prior to stimulation experiment. 

An initial time-course was performed for each ligand (sCT, hCT, pCT, αCGRP and rAmy) at 

0.1 - 1 µM to assess the maximum peak of ERK1/2 phosphorylation. Following stimulation by 

ligands, media was removed and cells lysed in lysis buffer. For ERK1/2 inhibition, test cells 

were stimulated with agonists (sCT and hCT, at concentrations ranging from 10-6 M – 10-12 M 

in presence of 0.3 % FBS for 6 minutes). ERK1/2 phosphorylation was detected using 

AlphaScreen SureFire pERK1/2 (Thr202/Tyr204) Assay Kit according to the manufacturer's 

instructions and detected using an Envision multilabel 2103 reader. 

2.4.5 P38 PHOSPHORYLATION 

SB2b cells were seeded at 38000 cells/well in 96-well matrigel-coated plates and 

incubated either overnight (for 4 hours growth factor starvation), or for 7 hours (for overnight 

starvation) at 37°C, 5% CO2 in humidified incubator in StemPro complete medium. Culture 

media was replaced with DMEM/F12 GlutaMax medium (without growth factors) and 
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incubated for either 4 hours (for 4 hours growth factor starvation), or overnight (overnight 

starvation). P38 phosphorylation was detected using AlphaScreen SureFire Tatal p38 MAPK 

Assay Kit according to the manufacturer's instructions and detected using an Envision 

multilabel 2103 reader. 

2.4.6 CA2+ MOBILIZATION 

GBM cell lines were seeded at 38000 cells/well (SB2b) or 35000 cells/well (PB1 and 

WK1) in 96-well matrigel-coated plates and incubated for 24 hours at 37°C, 5% CO2 in 

humidified incubator in StemPro complete medium. Cells were washed twice with Ca2+ Buffer 

(150 mM NaCl, 10 mM HEPES, 10 mM D-glucose, 2.6 mM KCl, 1.18 mM MgCl2, 2.2 mM 

CaCl2, 0.5% BSA, 4 mM probenecid, pH 7.4) before addition of 1 µM Fluo4-AM diluted in Ca2+ 

buffer. Cells were incubated at 37°C for 60 minutes before ligand addition and detection of Ca2+ 

mobilisation in a Flex Station 3 (Molecular Devices). The machine settings were as follows: 37° 

C, excitation 485 nm, emission 525 nm, baseline reads of 15 seconds before drug addition, fast 

drug dispense, 120 seconds reading.  

2.4.7 ASSESSING CELL PROLIFERATION USING LIVE CELL IMAGING (OPERETTA) 

SB2b cells were seeded at 10000 cells/well in 96-well matrigel-coated Cell-Carrier (0.18 

mm bottom) 96-well plates and incubated overnight at 37°C, 5% CO2 in humidified incubator in 

StemPro complete medium. After 14-18 hours, treatments including sCT (1 µM and 100 nM) 

and hCT (1 µM and 100 nM); 1 µM sCT:8-32, 10% FBS or vehicle (StemPro media), were 

added to individual wells. Following drug additions, cells were placed into the Perkin-Elmer 

Operetta chamber and were kept at 37°C and 5% CO2 for the duration of the experiment. Cells 

were imaged every hour for 72 hours using a 10x PlanApo 0.3 NA objective. Both bright field 

and digital phase contrast images were captured at each time point. The number of cells and their 

morphology (length, breadth and area) were counted for every well and time point. Analysis was 

performed using Harmony 4.1 software by segmenting the digital phase. 

2.4.8 MTT ASSAY 

 The CellTiter 96
® 

AQueous One Solution Cell Proliferation Assay was used to quantify 

cell metabolism. The assay principle relies on MTS tetrazolium compound ([3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt; MTS
(a)

]) bioreduction by metabolically active cells into a soluble colored formazan 

product. Metabolic activity of SB2b was assessed by an MTT assay in the presence (+GF) or 
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absence (-GF) of defined growth factors (GF, EGF + bFGF) in combination with 1µM of CTR 

agonists sCT or hCT or the CTR specific antagonist sCT(8-32). In brief, 15000 cells were plated 

per well in the Stem Pro media. For the (-GF) condition, cells were plated in complete STEM 

Pro media. Media was aspirated from the wells after cells had attached to the bottom (about 6 

hours after plating) and was replaced with F12 DMEM without growth factors. For both (+GF) 

and (-GF) conditions 1 µM of CTR agonists sCT or hCT or the CTR specific antagonist sCT(8-

32) were added along with vehicle control (F12 DMEM) and cells were incubated for the next 24 

hours in a humidified incubator at 37°C/5%CO2. For MTT detection incubation media was 

discarded from the cells and replaced with serum-free media and MTT reagent and further 

incubated at 37°C for 4 hours in a humidified, 5% CO2 incubator. Absorbance was measured at 

490 nm using Envision multilabel 2103 reader. 

2.5 ASSESSING RECEPTOR CELL SURFACE EXPRESSION BY FLOW CYTOMETRY 

On the day of the assay cells were gently harvested using versene, pelleted at 350 xg for 3 

minutes and resuspended in ice cold blocking buffer (HBSS, 25 mM HEPES, 5% BSA, pH7.4) 

for 30-60 minutes. Primary antibody incubation for 90 minutes was performed with a mix of 1 

µg/ml of MAb4614 anti-CTR antibody and 5 µg/ml of 9E10 anti-cMyc antibody made up in 

FACS buffer (HBSS, 25 mM HEPES, 0.1 % BSA, pH7). The anti-c-Myc (9E10) antibody was 

purified and harvested in house from hybridoma (ATCC CRL-1729) supernatant; 9E10 

recognizes the N-terminal epitope tag on the CTR; MAb4614 is a commercial monoclonal 

antibody from R&D Systems which binds to extracellular epitope at the folded CTR, these 

antibodies were used in combination the achieve sufficient sensitivity for accurate quantitation of 

cell surface expression. This was followed by two washes with FACS buffer and a 60 minutes 

incubation with a secondary antibody goat anti-mouse (to the final concentration of 1 µg/ml 

AF647 in FACS buffer). After 2 washes cells were resuspended in FACS buffer containing 

Sytox blue at 0.5 µM. Samples were analysed on a FACS CantoII (BD Biosciences) with 

minimum 20000 cells collected per sample. Data was analysed using FlowJo software. The mean 

AF647 fluorescence intensity for the live population of each sample was normalized to 0% 

(untransfected parental CV-1) and 100% (CV-1 stably expressing WT CTR). 

2.6 QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION POLYMERASE CHAIN 
REACTION (RT-QPCR) 

Cells were grown as indicated above in 6-well plates, rinsed in warm PBS, and plates 

rapidly frozen and stored at -80ºC. Each n number refers to a different passage number of cells. 

Total RNA was extracted from 1 x 6-well plate using TriReagent (Sigma Aldrich, NSW, 
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Australia) as per the manufacturer’s instructions. The yield and quality of RNA was assessed by 

measuring absorbance at 260 and 280 nm (Nanodrop ND-1000 Spectrophotometer; NanoDrop 

Technologies LLC, Wilmington DE USA) and by electrophoresis in 1.3% agarose gels. Any 

contaminating DNA was removed using the DNA-free DNA removal kit (Ambion, Thermo 

Fisher Scientific, Scoresby, Australia) as per manufacturer’s instructions. RNA samples were 

stored at -80°C. For preparation of cDNA, 0.5 µg of RNA was reverse-transcribed using iScript 

Reverse Transcription Supermix for RT-qPCR according to the manufacturers instructions. 

Briefly, the reactions consisted of 2 µl of 5 x iScript reverse transcription supermix, 3 µl 

DNase/RNase free water, and 0.5 µg of RNA, in a final volume of 10 µl in 200 µl Eppendorf 

PCR tubes. Reactions were performed on an Applied Biosystems 2720 Thermal Cycler (Applied 

Biosystems, Foster City CA USA) as following: 25°C for 5 minutes, 42°C for 30 minutes, 85°C 

for 5 minites, and then allowed to cool to 4°C. The cDNA was diluted with 190 µl DNase/RNase 

free water to obtain the equivalent of 2.5 ng/µl of starting RNA, and cDNA was stored at -20°C. 

For each independent sample, qPCR was performed in duplicate using TaqMan Gene 

Expression assays for CALCR, CALCRL, RAMP1, RAMP2, RAMP3, CALCA, IAPP, and 

ACTB. Each reaction consisted of 4 µl cDNA, 0.5 µl TaqMan Gene Expression Assay, 0.5 µl 

DNAse/RNase free water, and 5 µl TaqMan Fast Advanced Master Mix dispensed in Eppendorf 

twin.tec PCR plates. qPCR reactions were carried out using an Eppendorf Mastercycler Relapse 

Real-time PCR instrument. After initial heating at 50°C for 2 minutes and denaturation at 95°C 

for 10 minutes, fluorescence was detected over 40 cycles (95°C for 15 seconds, 60°C for 1 

minute). Data are expressed as relative expression of the gene of interest to the reference gene 

ACTB where: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 2−((𝐶𝑞 𝑜𝑓 𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡)−(𝐶𝑞 𝑜𝑓 𝐴𝐶𝑇𝐵))     (Equation 2.1) 

For some genes, no mRNA was detected. These samples are omitted were omitted from 

the graphs as indicated in the figure legends. 

2.7 PUBLIC DATA ANALYSIS 

Raw data from IVY-GAP was analysed as follows: patient tumour biopsies were 

manually curated to identify tumour blocks with RNA-sew expression of CALCR greater than 

1.25 fragments per kilobase of transcript (FPKM) that also corresponded to histological grading 

consistent with GBM, resulting in the identification of 12 patients whose tumours were positive 

for CALCR expression. This threshold was then applied to the patient survival data to generate a 

Kaplan-Meier survival plot. Raw RNA-sequencing data from TCGA was used to identify tumour 

samples with CALCR gene expression, this data was used to filter the patient clinical data and 



50 
	  

expression was converted to Log2. This was used to generate an expression – survivorship plot. 

This data was used with an FPKM threshold of 1.25 to generate the Kaplan-Meier plot. 

2.8 EQUATIONS AND DATA ANALYSIS 

2.8.1 EQUATIONS TO FIT EXPERIMENTAL DATA 

Data was analysed using GraphPad Prism 7. 

Homologous competition binding was analysed using the equation for one site 

homologous competition binding: 

 

𝑦 = !!"#∗[!"#]
!"# ! ! !!!

+ 𝐵𝑜𝑡𝑡𝑜𝑚         (Equation 2.2) 

  

where Bmax is the maximum binding of ligand to receptors in cpm; [Hot] is the concentration of 
125I-sCT(8-32) in nM; [A] is concentration of unlabelled sCT(8-32) in nM; Kd is the equilibrium 

binding constant of 125I-sCT(8-32) in nM; Bottom is a plateau in the units of Y axis. 

Data from heterologous competition binding was analysed using the Cheng-Prusoff 

equation to derive the Ki values: 

 

𝐿𝑜𝑔𝐼𝐶!" = 𝐿𝑜𝑔(10!"#!!   ∗ !![!"#]
!!

       (Equation 2.3) 

 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (!"#!!"##"$)
!!!"!!!"#!"!"

        (Equation 2.4) 

 

where [Hot] is the concentration of 125I-sCT(8-32) in nM; Kd is the equilibrium binding 

constant of 125I-sCT(8-32) in nM; LogIC50 is the Log of the concentration of competitor that 

results in binding half-way between Bottom and Top; LogKi is the log of the molar equilibrium 

dissociation constant of unlabelled ligand; Top and Bottom are plateaus in the units of Y axis. 

Concentration response curves for cAMP and ERK data were analysed using three-

parameter fit: 

 

𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (!"#!!"##"$)
!!!"!"#!"!"!!"# !          (Equation 2.5) 

 

where EC50 is the concentration of agonist that gives a response half-maximum response; 

[A] is concentration of agonist; Top and Bottom are plateaus in the units of the Y axis. 



51 
	  

In case when concentration responses were better fitted to a biphasic curve, the 

following equation was applied: 

 

𝑆𝑝𝑎𝑛 = 𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚         (Equation 2.6) 

 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛1 = 𝑆𝑝𝑎𝑛× !"#$

!!!"!"#!"!"!!!"# ! ×!"!       (Equation 2.7) 

 

𝑆𝑒𝑐𝑡𝑖𝑜𝑛2 = 𝑆𝑝𝑎𝑛× !!!"#$

!!!"!"#!"!"!!!"# ! ×!"!       (Equation 2.8) 

 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + 𝑆𝑒𝑐𝑡𝑖𝑜𝑛1+ 𝑆𝑒𝑐𝑡𝑖𝑜𝑛2      (Equation 2.9) 

 

where 1 and 2 represent the 2 phases of the curve; [A] is concentration of agonist; Frac is the 

proportion of maximal response due to the more potent phase; EC50 is the concentration of 

agonist that gives a half-maximum response; nH1 and nH2 are the Hill slopes, constrained to 1.0 

for stimulation; Top and Bottom are plateaus in the units of the Y axis. 

In order to derive the key efficacy value, τ that represents a ligand intrinsic efficacy for 

the pathway and a equilibrium dissociation constant of an agonist KA (functional affinity) an 

equation for the Operational Model of partial agonism was applied: 

 

𝑦 = 𝐵𝑜𝑡𝑡𝑜𝑚 + !"#$!!"##"$

!! (!"!"#!!!!"!"#  [!]

!"!"#$!!"#  [!]

!       (Equation 2.10) 

 

Where Emax is the maximal response of the system; [A] is concentration of agonist, n is the 

transducer slope. 

 

logτ values were corrected for cell surface expression to obtain logτc using formula: 

 

𝑙𝑜𝑔𝜏! = 𝑙𝑜𝑔𝜏 − 𝑙𝑜𝑔 !"#$%#   !   !"#$!%%&'(
!"  !"#$!%%&'(  

      (Equation 2.11) 
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2.8.2 ERROR PROPAGATION 

Uncertainties due to experimental measurement limitations, such as SD and SEM, need to 

be considered. When combining experimental variables, the following equations were used to 

allow for error propagation:  

 

𝜕𝑦 = 𝜕𝑎! + 𝜕𝑏!                          for linear combination of variables (sum or difference)) 

(Equation 2.12) 

 

and 

 

𝜕𝑦 = 𝑦 !"
!

!
+ !"

!

!
  (for non-linear combinations of variables (multiplication and 

division)).           (Equation 2.13) 

 

2.8.3 STATISTICS 

Statistical analysis was performed using one-way ANOVA analysis of variance and 

Dunnett’s post-hoc test using GraphPad Prism7. Statistical significance was accepted at p<0.05.  
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Abstract

Background: Glioblastoma (GBM) is the most common and aggressive type of primary brain cancer. With median
survival of less than 15months, identification and validation of new GBM therapeutic targets is of critical importance.

Results: In this study we tested expression and performed pharmacological characterization of the calcitonin receptor
(CTR) as well as other members of the calcitonin family of receptors in high-grade glioma (HGG) cell lines derived from
individual patient tumours, cultured in defined conditions.
Previous immunohistochemical data demonstrated CTR expression in GBM biopsies and we were able to confirm
CALCR (gene encoding CTR) expression. However, as assessed by cAMP accumulation assay, only one of the studied
cell lines expressed functional CTR, while the other cell lines have functional CGRP (CLR/RAMP1) receptors. The only
CTR-expressing cell line (SB2b) showed modest coupling to the cAMP pathway and no activation of other known CTR
signaling pathways, including ERK1/2 and p38 MAP kinases, and Ca2+ mobilization, supportive of low cell surface
receptor expression.
Exome sequencing data failed to account for the discrepancy between functional data and expression on the cell lines
that do not respond to calcitonin(s) with no deleterious non-synonymous polymorphisms detected, suggesting that
other factors may be at play, such as alternative splicing or rapid constitutive receptor internalisation.

Conclusions: This study shows that GPCR signaling can display significant variation depending on cellular system used,
and effects seen in model recombinant cell lines or tumour cell lines are not always reproduced in a more
physiologically relevant system and vice versa.

Keywords: Calcitonin receptor, Glioblastoma, GPCR, Signaling

Background
Glioblastoma (GBM) is the most common and aggressive
type of primary brain cancer [1, 2]. GBM arises from
transformed precursors of astrocyte-glial lineage [3] and is
characterized by high proliferation, vascularization and
resistance to apoptosis. GBM have been classified into
four subtypes: proneural, neural, classical and mesen-
chymal based on distinct genomic and proteomic pro-
files, and these subtypes have distinct responsiveness to
the existing combined therapy protocol [4]. GBMs are

highly heterogeneous tumours, comprising cells in vari-
ous states of differentiation including a subpopulation
of cells that display stem cell characteristics [3]. Exces-
sive blood vessel formation resulting from hypoxia, se-
cretion of angiogenic growth factors by GBM cells and
glioma stem cell differentiation into endothelial cells
and pericyte precursors (vascular mimicry) contributes
to rapid disease progression [5–9]. With median sur-
vival of less than 15 months, even with best practice
intervention, identification and validation of new GBM
therapeutic targets is of critical importance.
The calcitonin family of receptors consist of the calci-

tonin receptor (gene:CALCR, protein:CTR) and the calci-
tonin receptor-like receptor (gene:CALRL, protein:CLR);
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both are class B (or secretin-like) G protein-coupled re-
ceptors (GPCRs). CTR and CLR can form complexes
with the accessory single-transmembrane-domain pro-
teins known as the receptor activity-modifying proteins
(RAMPs) [10] generating multiple distinct receptor phe-
notypes with different specificities for the calcitonin (CT)
peptide family (Table 1) [11].
Although CTR is most commonly known for its role

in bone and calcium homeostasis (reviewed in [12]), its
expression has been demonstrated in a number of can-
cer cell lines and primary cancers including breast and
prostate cancers, bone cancers, leukemia, multiple mye-
loma, thymic lymphoma and glioblastoma (reviewed in
[12]). Research on the role of CTR expression in cancer
has been fragmentary and any role for CTR in cancer
pathology seems to be entirely dependent on the cancer
type. For instance, in human breast cancer model cell lines
with high constitutive ERK (Extracellular Signal Regulated
Kinase 1/2) phosphorylation, activation of CTR suppresses
ERK phosphorylation. CT treatment inhibits the growth
of MDA-MB-231 xenograft tumours but not those gener-
ated from MCF-7 cells [13]. In the human prostate cancer
cell line PC3, CT inhibits apoptosis and stimulates tumour
growth and invasiveness by recruiting zonula occludens-1
and promoting PKA-mediated tight junctions disassembly
[14, 15]. Further, a metastatic derivative cell line – PC3M
– expresses both CT and CTR and this co-expression
appears to form a positive feedback system that increases
invasiveness, emphasizing the role of paracrine/autocrine
signaling of CT/CTR in this cancer [16, 17]. These data
are also consistent with the European Medicines Agency
report, recommending close monitoring of prostate can-
cer during the clinical use of CT (EMA/109665/2013).
Furthermore, in mouse thymic lymphoma models, where
CTR is expressed as an amylin receptor, amylin treatment
leads to metabolic reprogramming (switch from glycolysis
to oxidative phosphorylation) resulting in increased sus-
ceptibility to apoptosis [18, 19].
In normal human brain, CTR expression has been dem-

onstrated by immunohistochemistry in the hypothalamus,

limbic system and circumventricular organs in the brain
stem [20] but not elsewhere, which is consistent with sites
for radio-ligand binding and pharmacological effects in
model animals (reviewed in [12]) and with data from the
Human Protein Atlas [21]. Glioblastoma primary tu-
mours are almost exclusively found in the cortex, being
predominantly located in frontal and temporal lobes
[22, 23], where CTR is not normally expressed. In glio-
blastoma biopsies, CTR expression has been detected
using CTR-specific antibodies (12 out of 14 GBM biop-
sies were CTR positive), with low or undetectable CTR
expression in adjacent non-tumour tissue [24]. This
expression correlated with GBM stem cell morphology
and co-expression of GBM stem cell markers, glial fibril-
lary acidic protein and CD133 [24]. Additionally, toxin
conjugates of monoclonal anti-CTR antibody mAb2C4
promote cell death in JK2, SB2b and WK1 high-grade
glioma and U87MG glioblastoma-derived cell lines with
effective concentrations in the picomolar range, support-
ive of CTR expression [25]. Other recent reports show
variable expression of CALCR mRNA with expression
in only a subset 12/42 [26] or 115/152 [27] of primary
tumours. In addition, Pal et al. [28] report a correlation
between patient survival and non-synonymous mutations
in CTR.
Other receptors of the CTR family were also found in

GBMs. CALCRL/RAMP2 (Adrenomedullin 1 (AM1) re-
ceptor) and CALCRL/RAMP3 (Adrenomedullin 2 (AM2)
receptor) mRNA has been detected in both human glioma
biopsies and in GBM cell lines [29, 30]. Comparative ex-
pression of 138 different GPCRs has revealed high levels
of CALCRL mRNA, specifically in human glioblastoma
cancer stem-like cells compared to significantly lower
expression in human brain tumour U87MG cells, human
astrocytes and foetal neural stem cells [31], although
CALCRL is widely expressed in normal brain [21] as it
functions as the predominant receptor for the neuropep-
tide CGRP. It has also been shown that the degree of
adrenomedullin peptide expression correlates with GBM
tumour grade, with highest expression in grade IV tu-
mours, where adrenomedullin is localised in proximity to
large necrotic areas together with vascular endothelial
growth factor (VEGF) [30, 32].
The existing data on the role of CTR in GBM are from

correlative studies [24] and the study of Pal et al. [28]
supports a model in which CTR is a tumour suppressor.
There are currently no data that mechanistically address
the role of CT/CTR in the progression of GBM. The
widely available GBM model cell lines such as U87MG
and A172 fail to recapitulate the original tumour in
intracranial xenograft models and lose temozolomide
resistance [33–35]. A new method of deriving GBM cell
lines from single patient tumours has been established
[36, 37]. These cell lines, grown in serum free media

Table 1 Calcitonin family of receptors [10, 11, 38]
Receptor Heteromers Peptides rank order of potency (human)

CTR CTR sCT ≥ hCT > AMY, αCGRP > AM, intermedin

AMY1 CTR + RAMP1 sCT ≥ AMY≥ αCGRP > intermedin≥ hCT > AM

AMY2 CTR + RAMP2 Poorly defined

AMY3 CTR + RAMP3 sCT ≥ AMY > αCGRP > intermedin≥ hCT > AM

CGRP CLR + RAMP1 αCGRP > AM ≥ intermedin > AMY≥ sCT

AM1 CLR + RAMP2 AM > intermedin > α-CGRP, AMY > sCT

AM2 CLR + RAMP3 AM≥ intermedin≥ α-CGRP > AMY > SCT

Rank order of potency for endogenous peptide ligands for calcitonin receptor
family of receptors. sCT Salmon CT, hCT Human CT, AMY1 Amylin 1 receptor,
AMY2 Amylin 2 receptor, AMY3 Amylin 3 receptor, CGRP Calcitonin gene
related peptide receptor
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with the addition of defined growth factors, fully re-
capitulate the primary GBM tumour when injected
into mice [38].
In this study we investigated further the question of

whether CTR (or its family members) could be a valid
therapeutic target in GBM treatment, as has been argued
elsewhere [28]. For this purpose, we characterized ex-
pression of the calcitonin family of receptors along with
the ligands, calcitonin and amylin (as they have been
implicated in autocrine regulation of tumour growth)
and performed functional and pharmacological charac-
terisation across the known CTR signalling pathways.

Methods
Cell culture
Primary patient high-grade glioma (HGG) cell lines, in
vitro surrogates of glioblastoma, were developed by
QIMR-Berghofer Medical Research Institute (Brisbane,
Australia) and represent 3 distinct GBM subtypes: SB2b
and PB1 (classical), JK2 (proneural) and WK1(mesenchy-
mal) [37], who supplied these directly for this study. GBM
cell lines were cultured as adherent monolayers on matri-
gel (BD Biosciences)-coated flasks using StemPro NSC
SFM serum free cell culture medium (Thermo Fisher Sci-
entific) supplemented with 20 ng/ml EGF and 20 ng/ml
FGFb, 1% D-glutamine and 1% of penicillin/ streptomycin
(further referred as StemPro complete medium). Cells
were cultured in 5% CO2 / 95% humidified air at 37 °C.

cAMP (cyclic adenosine mono-phosphate) assay
GBM cell lines were seeded at 38000 cells/well (SB2b)
or 35,000 cells/well (PB1, JK2 and WK1) in 96-well
matrigel-coated plates and incubated for 24 h at 37°C,
5% CO2 in humidified incubator in StemPro complete
medium. Media was replaced with stimulation buffer
(phenol red free F12 media, 0.1% BSA, 0.5 mM IBMX,
pH 7.4). Cells were stimulated with agonists (sCT, hCT,
rAmy, CGRP or adrenomedullin) at concentrations ran-
ging from 10− 6M – 10− 12M, or 10− 5M forskolin, or
vehicle for 30min at 37 °C. Cells were lysed (0.3% Tween
20, 5 mM Hepes, 0.1% BSA, pH 7.4) and 5 μl of cell lysate
from each well was transferred to a corresponding well of
384-well optiplate. Intracellular cAMP levels in the wells
were determined using Lance Ultra cAMP assay kit (Per-
kin Elmer) according to the manufacturer’s instructions
and detected using an Envision multilabel 2103 reader.
Raw RFU values were converted using a cAMP standard
curve to give absolute cAMP concentrations. Data were
analysed by three-parameter logistic curve and are pre-
sented as percentage of 10− 5M forskolin response.

ERK 1/2 phosphorylation
SB2b cells were seeded at 38000 cells/well in 96-well
matrigel-coated plates and incubated either overnight

(for 4 h growth factor starvation), or for 7 h (for over-
night starvation) at 37 °C, 5% CO2 in humidified incuba-
tor in StemPro complete medium. Culture media was
replaced with DMEM/F12 GlutaMax medium (without
growth factors) (Invitrogen, Carlsbad, CA, USA) and incu-
bated for either 4 h (for 4 h growth factor starvation), or
overnight (overnight starvation). An initial time-course was
performed for each ligand (sCT and hCT) at 1 μM to assess
the maximum peak of ERK1/2 phosphorylation. Following
stimulation by ligands, media was removed and cells lysed
in lysis buffer (TGR Bioscience). For ERK1/2 inhibition, test
cells were stimulated with agonists (sCT and hCT, at con-
centrations ranging from 10− 6M – 10− 12M in presence of
0.3% FBS for 6 mins). ERK1/2 phosphorylation was detected
using AlphaScreen SureFire pERK1/2 (Thr202/Tyr204)
Assay Kit according to the manufacturer’s instructions and
detected using an Envision multilabel 2103 reader.

Ca2+ mobilization
GBM cell lines were seeded at 38000 cells/well (SB2b) or
35,000 cells/well (PB1 and WK1) in 96-well matrigel-
coated plates and incubated for 24 h at 37 °C, 5% CO2 in
humidified incubator in StemPro complete medium. Cells
were washed twice with Ca2+ Buffer (150 mM NaCl,
10mM HEPES, 10mM D-glucose, 2.6mM KCl, 1.18mM
MgCl2, 2.2mM CaCl2, 0.5% BSA, 4mM probenecid, pH 7.4)
before addition of 1 μM Fluo4-AM diluted in Ca2+ buf-
fer. Cells were incubated at 37°C for 60 min before
ligand addition and detection of Ca2+ mobilisation in a
FlexStation 3 (Molecular Devices). The machine settings
were as follows: 37°C, excitation 485 nm, emission 525 nm,
baseline reads of 15 s before drug addition, fast drug
dispense, 120 s reading.

Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR)
Cells were grown as indicated above in 6-well plates,
rinsed in warm PBS, and plates rapidly frozen and stored
at − 80 °C. Each n number refers to a different passage
number of cells. Total RNA was extracted from 1 × 6-well
plate using TriReagent (Sigma Aldrich, NSW, Australia) as
per the manufacturer’s instructions. The yield and quality
of RNA was assessed by measuring absorbance at 260 and
280 nm (Nanodrop ND-1000 Spectrophotometer; Nano-
Drop Technologies LLC, Wilmington DE USA) and by
electrophoresis in 1.3% agarose gels. Any contaminating
DNA was removed using the DNA-free DNA removal kit
(Ambion, Thermo Fisher Scientific, Scoresby, Australia) as
per manufacturer’s instructions. RNA samples were stored
at − 80 °C. For preparation of cDNA, 0.5 μg of RNA was
reverse-transcribed using iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad, Hercules, USA) ac-
cording to the manufacturers instructions. Briefly, the re-
actions consisted of 2 μl of 5 x iScript reverse transcription
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supermix, 3 μl DNase/RNase free water, and 0.5 μg of
RNA, in a final volume of 10 μl in 200 μl Eppendorf PCR
tubes. Reactions were performed on a Applied Biosystems
2720 Thermal Cycler (Applied Biosystems, Foster City CA
USA) as following: 25 °C for 5min, 42 °C for 30min, 85 °C
for 5min, and then allowed to cool to 4 °C. The cDNA was
diluted with 190 μl DNase/RNase free water to obtain the
equivalent of 2.5 ng/μl of starting RNA, and cDNA was
stored at − 20 °C.
For each independent sample, qPCR was performed in

duplicate using TaqMan Gene Expression assays (Life
Technologies, MA, USA) for CALCR (Hs01016882_m1),
CALCRL (Hs00907738_m1), RAMP1 (Hs00195288_m1),
RAMP2 (Hs01006937_g1), RAMP3 (Hs00389131_m1),
CALCA (Hs01100741_m1), IAPP (Hs00169095_m1), and
ACTB (Hs01060665_g1). Each reaction consisted of 4 μl
cDNA, 0.5 μl TaqMan Gene Expression Assay, 0.5 μl
DNAse/RNase free water, and 5 μl TaqMan Fast Advanced
Master Mix dispensed in Eppendorf twin.tec PCR plates.
qPCR reactions were carried out using an Eppendorf
Mastercycler ep Realplex Real-time PCR instrument. After
initial heating at 50 °C for 2 min and denaturation at
95 °C for 10min, fluorescence was detected over 40 cycles
(95 °C for 15 s, 60 °C for 1min). Data are expressed as
relative expression of the gene of interest to the reference
gene ACTB where:

Relative expression ¼ 2− Cq of gene of interestð Þ− Cq of ACTBð Þð Þ

For some genes, no mRNA was detected. These samples
are omitted from the graphs as indicated in the figure
legends.

Western blotting
Cells were harvested by scraping into PBS containing 1x
cOmplete Mini Protease Inhibitor Cocktail (Sigma-Aldrich)
and 1mM EDTA and subjected to small-scale subcellular
protein fractionation to enrich for the membrane fraction.
Briefly, cell suspensions were microfuged for 5min at 350 g
and 4 °C, supernatant discarded and cell pellet homoge-
nised in 2.5 volumes of hypotonic buffer (10% glycerol, 10
mM pH7.4 HEPES, 10mM NaCl, 1.5mM MgCl2) supple-
mented with 1mM dithiothreitol (DTT; Sigma-Aldrich), 1
mM PMSF (Sigma-Aldrich) and 1x cOmplete Mini Prote-
ase Inhibitor Cocktail (Sigma-Aldrich) and incubated for
30min on ice followed by centrifugation for 30min at
16,300 g and 4 °C. The supernatant was discarded and the
cell pellet resuspended and homogenised in hypertonic
buffer (10% glycerol, 420 mM NaCl, 10 mM pH 7.4
HEPES, 1.5 mM MgCl2) with 1 mM DTT, 1 mM PMSF
and 1x cOmplete Mini Protease Inhibitor Cocktail
followed by 30 min on ice and centrifugation for 30 min
at 16,300 g and 4 °C. The supernatant was discarded
and the cell pellet resuspended and homogenised in

radio immunoprecipitation (RIPA) buffer [1% NP-40
(Sigma-Aldrich), 1% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 50 mM NaF, 10 mM pH 7.2 phosphate
buffer, 0.2 mM EDTA] and with 1 mM DTT, 1 mM
PMSF and 1x cOmplete Mini Protease Inhibitor Cock-
tail. Suspensions were kept on ice for 10 min to allow
solubilisation of membrane proteins and centrifuged for
20 min at 16,300 g and 4 °C. The resulting supernatant
(membrane protein fraction) was collected and all fractions
stored at − 80 °C. 50 μg of BCA quantitated membrane
fractions were denatured at room temperature in Laemmli
sample buffer and subjected to electrophoresis on 8% gels
and transfer to PVDF using standard methods. Mem-
branes were probed with anti-CTR antibody (1H10
Welcome Receptor Antibodies, Melbourne, Australia;
MCA2191, BioRad AbD Serotec, Kidlington, UK) followed
by HRP-conjugated secondary, enhanced chemi-lumiscence
and detection with a LAS-3000 Imaging System (Fuji;
Tokyo, Japan).

Public data analysis
Raw data from IVY-GAP was analysed as follows: patient
tumour biopsies were manually curated to identify tumour
blocks with RNA-seq expression of CALCR greater than
1.25 FPKM that also corresponded to histological grading
consistent with GBM, resulting in the identification of 12
patients whose tumours were positive for CALCR expres-
sion. This threshold was then applied to the patient sur-
vival data to generate a Kaplan-Meier survival plot. Raw
RNA-seq data from TCGA was used to identify tumour
samples with CALCR gene expression, this data was used
to filter the patient clinical data and expression was con-
verted to Log2. This was used to generate an expression –
survivorship plot shown in Additional file 1: Figure S2.
This data was used with an FPKM threshold of 1.25 to
generate the Kaplan-Meier plot shown in Fig. 5d.

Results
Data from the Q-Cell database [37] for glioblastoma
cell lines are reproduced in Table 2 showing key
meta-data relating to donor age and survival for the
cell lines examined.
We analysed our primary microarray data (normalised

using Illumina BeadStudio) for expression in primary tu-
mours, cell lines and xenograft tumours of calcitonin re-
ceptor family genes along with calcitonin and amylin by
considering all microarray data with a detection P-value
of < 0.05 (Fig. 1). In contrast to our previous data [24]
and data available in public glioblastoma data bases
(IVY-GAP [26] and TCGA [27]), CTR mRNA was only
detected in 2/12 primary tumours, a single cell line and
one xenograft (Fig. 1), possibly due to limitations in this
approach as previously reported for GPCRs [39]. The
CALCA message, which encodes both calcitonin and
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α-CGRP, was not detected in any sample and the mRNA
encoding amylin (IAPP) was only detected in one cell
line and 2 xenografts, none of which were concordant
with detection of CALCR (Fig. 1). In contrast, but con-
sistent with public databases, all primary tumours had
detectable message for CALCRL and all RAMPs with
one cell line losing detectable CALCRL expression along
with 3 xenografts, one xenograft losing RAMP2 and 7
cell lines and 5 xenografts having no detectable RAMP3
(Fig. 1). We therefore performed a preliminary screen by
western blot for CALCR in our 4 HGG cell lines, which
supported expressed protein of molecular weight and re-
activity consistent with CTR in all 4 cell lines (see below).

From this preliminary experiment we chose to further
characterise these 4 cell lines, which appeared to have
detectable CTR and were previously used in an anti-CTR
immunotoxin study [25]. These cells were grown as adher-
ent cultures in a monolayer on matrigel with EGF and
FGFb growth factors that, in the absence of serum, showed
a consistent morphology to previous publications (Fig. 2a).

CALCR, CALCRL and RAMPs are expressed in each of four
GBM cell lines
Due to the discrepancy between the microarray data and
our initial western blot screen, cell lines WK1, JK2, SB2b
and PB1 were selected for further analysis. We tested for
mRNA expression using TaqMan qPCR, which has been
reported as more reliable for detection of low expression
GPCR transcripts [39]. This showed low level of expres-
sion of both CALCR and CALCRL mRNA in all of the 4
cell lines (Fig. 2b). The apparent discordance between
mRNA level and western blotting suggests that CTR
protein level is primarily regulated at the translational or
post-translational level as has been widely reported for
non-housekeeping genes, where the concordance be-
tween mRNA and protein levels is low [40–42]. CALCR
mRNA expression was markedly lower than CALCRL, at
levels that are consistent with low mRNA copy number
that is commonly seen for GPCRs and is also consistent
with the low FPKM values extracted from the IVYGAP
[26] and TCGA databases [27] (below). RAMPs 1 and 2
mRNAs were expressed in all 4 cell lines (Fig. 2b).
RAMP3 was not detected in the SB2b cell line but was
present at levels just above the threshold in PB1 and
WK1 (approximately one copy per cell), and at slightly
higher level in JK2. Expression of CALCA (encoding cal-
citonin and α-CGRP) and IAPP (encoding amylin)
mRNA were also assessed, neither of which were detect-
able, except for very low (below the threshold of 1 copy
per cell) IAPP in PB1 and CALCA in JK2 (Fig. 2b). We

CALCR CALCRL RAMP1 RAMP2 RAMP3 CALCA IAPP ACTB
1° XG 1° cell line XG 1° cell line XG 1° cell line XG 1° cell line XG 1° cell line XG 1° cell line XG 1° cell line XG

BAH1 N/D N/D N/D 7.3 10.7 4.9 9.7 8.8 5.9 8.1 6.4 7.6 8.0 7.5 5.3 N/D N/D N/D N/D N/D N/D 14.9 15.2 13.5

FPW1 N/D N/D N/D 10.3 7.4 5.1 10.2 9.8 9.4 9.4 7.3 5.6 9.2 N/D N/D N/D N/D N/D N/D N/D N/D 15.3 15.3 13.5

HW1 N/D N/D N/D 8.9 10.4 6.3 10.8 10.7 10.2 8.4 5.5 8.5 6.8 7.3 5.8 N/D N/D N/D N/D N/D N/D 15.2 15.3 12.1

JK2 N/D N/D N/D 10.3 9.8 7.4 8.8 6.9 8.5 7.4 6.1 6.4 5.4 N/D 4.4 N/D N/D N/D N/D N/D N/D 15.2 15.2 12.9

MMK1 N/D N/D N/D 8.4 11.7 3.4 9.2 8.0 N/D 8.4 4.7 6.0 9.7 8.0 N/D N/D N/D N/D N/D N/D 6.5 15.0 15.1 13.5

MN1 N/D N/D N/D 5.8 5.0 N/D 9.9 11.6 7.2 8.9 5.4 4.7 5.9 N/D N/D N/D N/D N/D N/D N/D N/D 15.0 15.3 13.6

PB1 N/D N/D N/D 7.7 N/D 4.8 10.3 6.1 7.7 8.5 7.5 7.8 6.8 N/D 4.1 N/D N/D N/D N/D N/D N/D 15.2 15.2 13.1

RKI1 N/D 7.4 N/D 7.4 6.1 N/D 10.4 7.5 7.8 8.4 6.6 6.8 7.0 N/D N/D N/D N/D N/D N/D N/D N/D 15.3 15.2 12.8

RN1 5.0 N/D 4.4 6.9 10.6 N/D 11.3 9.1 9.5 9.8 6.1 9.0 7.8 6.7 N/D N/D N/D N/D N/D N/D N/D 15.3 15.3 13.4

SB2b 5.1 N/D N/D 8.1 8.0 7.7 10.5 9.2 8.1 8.2 6.3 6.2 7.4 6.4 2.4 N/D N/D N/D N/D N/D N/D 15.3 15.3 13.6

SJH1 N/D N/D N/D 7.1 6.2 6.1 11.2 8.4 5.1 7.1 5.8 6.7 6.5 N/D 3.4 N/D N/D N/D N/D N/D 5.0 15.2 15.1 13.3

WK1 N/D N/D N/D 10.2 9.1 6.6 10.5 9.9 8.4 7.0 7.0 7.3 7.6 N/D 3.3 N/D N/D N/D N/D 4.7 N/D 15.2 15.3 13.4

cell line

Fig. 1 Microarray data for expression of calcitonin receptor family and selected calcitonin receptor family ligands. Log2 expression of calcitonin
receptor family mRNA from Illumina micro array on primary tumour biopsies (1°), decived cell lines and orthotopic xenographs (XG). Expression is
intensity colour coded from green (lowest) through yellow (middle) to red (highest). N/D represents microarray data for which there was either
no signal detected or the detection P-value fell above 0.05

Table 2 Key patient meta-data and derived cell line properties
(adapted from Q-Cell database [35])
Cell
line

Patient age
(years)

Patient
Survival
(Days)

RB pathway
LOF

Cell line
doubling
time (hours)

XG median
survival (days)

BAH1 75 94 Yes 79.5 ± 3.3 210 ± 8

FPW1 68 242 Yes 48.1 ± 4.7 196 ± 4

HW1 54 89 Yes 55.8 ± 2.7 174 ± 14

JK2 75 178 Yes 94.2 ± 4.5 147 ± 9

MMK1 80 334 Yes 52.4 ± 3.3 157 ± 15

MN1 84 36 Yes 44.9 ± 1.0 258 ± 20

PB1 57 39 Yes 79.4 ± 6.3 71 ± 1

RKI1 57 Alive
(7 years)

No 72.9 ± 5.3 248 ± 6

RN1 56 243 Yes 37.5 ± 1.9 81 ± 2

SB2b 48 420 Yes 108.7 ± 6.9 120 ± 3.3

SJH1 72 45 Yes 67.3 ± 4.7 148 ± 4

WK1 77 121 Yes 46.2 ± 1.0 150 ± 2

Metadata for patient age and survival post-diagnosis along with
retinoblastoma status, doubling time for the derived cell lines and median
survival of mice carrying orthotopic tumours. RB pathway LOF Loss of function
in one or more steps in the retinoblastoma tumour suppressor pathway. XG
median survival Median survival for mice with orthotopic xenografts
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were most interested in expression of CALCR based on
previous studies described above and therefore performed
western blots using an anti-CTR Ab on purified mem-
branes; these revealed antibody reactive bands corre-
sponding to the expected size for unmodified (~ 50 kDa)
and glycosylated (~ 60 kDa) CTR in all cell lines (Fig. 2c).

Individual HGG cell lines have distinct CTR/CLR-based
pharmacology
In a wide variety of recombinant and ex vivo settings CTR
is most strongly coupled to the stimulatory hetero-trimeric
Gα subunit, Gαs, that activates adenylate cyclase [43–47].
CTR function was therefore assessed using a cAMP accu-
mulation assay. In the classical GBM model cell line, SB2b,
we observed a robust, concentration dependent increase in
cAMP in response to CTR agonists (Fig. 3c). The potency
of the response to sCT (pEC50 = 9.4 ± 0.3) and hCT
(pEC50 = 8.0 ± 0.2) were similar to the known affinities of
these agonists for CTR. The similarities in affinity and
cellular potency are consistent with low receptor ex-
pression and limited receptor reserve. We also observed a
higher Emax for hCT (43% of forskolin) compared with
sCT (35% of forskolin), consistent with higher efficacy of
this lower affinity agonist [48]. The low potency amylin
response (pEC50 = 6.8 ± 0.5) is consistent with signalling
via CTR in the absence of any RAMP [49] indicating there
is unlikely to be functional interaction between CTR and
RAMPs in this cell line.
No pharmacologically relevant responses to either sCT

or hCT, in cAMP assays were detected in the other 3
cell lines (PB1, JK2 and WK1) (Fig. 3a, b & e). In the
mesenchymal model line, WK1, we observed a small in-
crease in cAMP in response to maximal concentrations
of all 3 CTR agonists (Fig. 3a). To address whether this
was due to poor receptor coupling to adenylate cyclase
we performed co-stimulation experiments in the presence
of a sub saturating concentration of forskolin (1 μM). Ap-
plication of 1 μM forskolin increased the basal cAMP
4-fold and revealed a low potency sCT response with a
pEC50 of 6.7 ± 0.6 (Additional file 2: Figure S1A) that is in-
consistent with a CTR-mediated response. The low potency
response to amylin in JK2 (pEC50 = 5.9 ± 0.5) and PB1
(pEC50 = 6.1 ± 0.5) is inconsistent with an AMY receptor

A

B

C

Fig. 2 Morphology and gene expression in the four GBM cell lines used
in this study. a SB2b and PB1 of classical GBM subtype; JK2 of proneural
subtype and WK1 of mesenchymal GBM subtype as adherent cultures
on matrigel, scale bar represents 100 μM. b Expression of CALCR,
CALCRL, RAMP1, RAMP2, RAMP3, CALCA, and IAPP in SB2b, PB1, WK1 or
JK2 cells. Data represent mean + SEM of 3 independent experiments,
performed in duplicate, relative to β-actin expression. ND (not detected
in all 3 samples), 2/3 (in 2 out of the 3 samples mRNA was detected), 1/3
(in 1 out of the 3 samples mRNA was detected). c Western blot for CTR,
50 μg of membrane protein probed with anti-CTR 1H10, representative
of 3 independent experiments
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phenotype but is consistent with the CGRP (CLR/RAMP1)
receptor, with application of 1 μM of the CGRP antagonist
(CGRP(8–37)) abolishing this response (Fig. 3b, d).
In addition to coupling to Gαs, the CTR can couple to

Gαq, which stimulates phospholipase C leading to intra-
cellular calcium mobilisation (iCa

2+) [46]. We were unable
to detect functional CTR response in an iCa

2+ mobilisa-
tion assay with sCT or amylin agonists in SB2b, WK1 or
PB1 cell lines (Additional file 2: Figure S1B, C & D).
Quantitation of mRNA indicated that all cell lines

expressed CLR and at least one RAMP family member.
We therefore performed cAMP accumulation assays in the
presence of adrenomedullin and αCGRP. No pharmaco-
logically relevant response was seen in the SB2b cell line
(Fig. 4c) suggesting that no functional CLR is present at
the cell surface. The remaining three cell lines (PB1, JK2
and WK1) responded with high potency to stimulation
with αCGRP (pEC50 = 8.6 ± 0.1 for PB1, pEC50 = 8.3 ± 0.2
for JK2 and pEC50 = 8.8 ± 0.1 for WK1) and with lower po-
tency to adrenomedullin (pEC50 = 7.3 ± 0.1 for PB1,
pEC50 = 7.0 ± 0.3 for JK2 and pEC50 = 6.8 ± 0.3 for WK1)
(Fig. 4a, b and d). These data are most consistent with the
reported pharmacology of a CLR/RAMP1 CGRP receptor
phenotype. CLR generates 3, pharmacologically distinct
receptor subtypes depending on its interaction with the 3
different RAMPs. To distinguish receptor subtypes present
we measured cAMP concentration response to αCGRP
and AM in the presence of 1 μM subtype selective antago-
nists – αCGRP(8–37) and AM(22–52). Co-treatment of

PB1, JK2 and WK1 cell lines with αCGRP and its specific
antagonist, αCGRP(8–37) led to an approximate 100-fold
decrease in potency of αCGRP response reflected as 2
logarithmic unit shift in the EC50 (pEC50 from 8.6 to 6.7 in
PB1; from 8.4 to 6.6 in JK2; and from 8.8 to 6.6 in WK1)
(Fig. 4e, f and g). In contrast, co-treatment with AM and
its specific antagonist, AM:22–52 caused no significant
shift in potency of AM response (pEC50 of 7.2 versus 7.1
in PB1; 7.2 versus 7.3 in JK2; and 6.9 versus 6.7 in WK1).
This is consistent with PB1, JK2 and WK1 cell lines ex-
pressing CGRP and not AM receptors, with the weak AM
responses, mediated through the CGRP receptor.

Activation of CTR expressed in the SB2b cell line has no
detectable effect on cell metabolism, proliferation, ERK
phosphorylation or p38 phosphorylation
Activation of the CTR, as part of the amylin receptor,
has been shown to cause metabolic reprogramming in
some malignancies [18]. Others [28] have reported a
change in GBM cell line proliferation in response to
CTR stimulation and this has also been reported for a
breast cancer cell line [50, 51], we therefore assessed
whether activation (using both hCT and sCT) or block-
ade (using the antagonist sCT(8–32)) would alter metab-
olism in the SB2b cell line. Although growth factor
deprivation had a significant effect on cellular metabol-
ism (as assessed by an MTT assay, Fig. 5a) we saw no
effect of any of the CTR ligands (Fig. 5a). In addition, we
observed no changes in cell proliferation in the SB2b cell

A B

C D

Fig. 3 cAMP Signalling by CTR activated by its cognate agonists. Characterization of cAMP accumulation (30 min) in response to stimulation by
sCT, hCT and amylin (rAmy) in WK1 (a), JK2 (b), SB2b (c) and PB1 (d) cell lines. Data are analysed using a three-parameter logistic curve. All values
are mean + S.E.M. of 3 to 5 independent experiments conducted in triplicate
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line by live cell imaging in the presence of CTR ligands
(Fig. 5b) over 3 days, relative to the unstimulated con-
trol. To assess more proximal effects of CTR activation
on pathways involved in cell proliferation, we directly
assessed the ability of sCT to activate pERK and p38
MAPKs, that have been implicated in tumour progression.
We performed ERK1/2 and p38 phosphorylation assays as
a time course in the SB2b cell line and were unable to de-
tect any response (Additional file 1: Figure S2A and B). In
some tumour cell lines, such as the glioblastoma model
A172 [24] and the MDA-MB-231 breast cancer model

[13], CTR stimulation is inhibitory for ERK1/2 phosphoryl-
ation. We therefore tested for pERK1/2 suppression by
either sCT or hCT in the presence of 0.1% FBS. We saw
no detectable inhibition by either agonist over the concen-
trations tested (Additional file 1: Figure S2C) and con-
clude that CTR does not modulate pERK1/2 within the
sensitivity we are able to measure.

CTR expression and survivorship
To understand what (if any) relationship CTR expres-
sion may have with tumour progression and patient
outcome we extracted the raw expression data for
CTR from two public databases (IVY-GAP [26] and
TCGA [27]). We set an arbitrary cut-off for CTR ex-
pression corresponding to ~ 1 transcript per cell (Log2
FPKM = 0.3) [52]. For patients for whom survival data
were available, we used this threshold to generate
Kaplan-Meier plots (Fig. 5c and d). In the IVY-GAP
data, using our threshold, 12 out of 42 patient tu-
mours (~ 28%) were positive for CTR and there was
no relationship between CTR expression and survivor-
ship (Fig. 5c). In the TCGA dataset, 115 of 152 patient
tumours were CTR positive (~ 76%) by our criteria
and similarly to the IVY-GAP dataset, there was also
no relationship between CTR expression and survivor-
ship (Fig. 5d); this result that was borne out when we
plotted expression against survivorship for the TCGA
dataset (Additional file 1: Figure S2D). Pal et al. [28]
reported that several mutations of CTR were associ-
ated with loss-of-function (LOF) that correlated with
poor patient outcome. To investigate the possibility
that the lack of signalling of CTR that we report might
be related to loss-of-function mutations we analysed
whole exome sequencing data. The exome sequencing
data showed that each of the cell lines bear a known
polymorphism encoding leucine in the c-terminal tail
of the protein (NM_001164737:c.T49C:p.S17P; JK2
(heterozygous), PB1 (homozygous), SB2b (homozy-
gous) and WK1 (heterozygous)) that has a minor con-
sequence on signalling [53]. The only other identified
non-synonymous polymorphism was identified in the
WK1 cell line (NM_001164738:c.G1369A:p.E457K, het-
erozygous), which would be predicted to result in a
glutamine to lysine change in the distal C-terminus, an
amino acid that is substituted with glycine, leucine and
valine amongst mammals (Additional file 3: Figure S3)
and a part of the c-terminus that can be deleted without
altering cAMP coupling [54]. To contextualise the re-
ported LOF mutations of Pal et al. [28], we mapped
these to our current model of active CT bound CTR
[54] (Additional file 3: Figure S3) and compared these
residues across vertebrate species (Additional file 4:
Figure S4). As shown in Additional file 3: Figure S3,
our model would only predict that P100L and R404C

A B

C D

E F

G

Fig. 4 cAMP Signalling signalling by CLR activated by its cognate
agonists & receptor subtype can be discriminated using specific
antagoninsts. Characterization of cAMP accumulation (30 min) in
response to stimulation by αCGRP and AM in WK1 (a), JK2 (b), SB2b
(c) and PB1 (d) cell lines. Data are analysed by three-parameter
logistic curve. All values are mean + S.E.M. of 3 to 4 independent
experiments conducted in triplicate. Receptor discrimination in cAMP
accumulation (30min) in response to stimulation by either αCGRP and
AM alone, or in presence of the antagonists αCGRP(8–37) or AM(22–52)
in WK1 (e), JK2 (f) and PB1 (g) cell lines. Data were fit using a
three-parameter logistic curve. All values are mean + S.E.M. of 3
to 4 independent experiments conducted in triplicate
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may effect receptor signalling and these mutations
show the least LOF as reported by Pal et al. [28].

Discussion
Expression profiles revealed by RT qPCR indicate that
each of the four model HGG cell lines investigated here
generate mRNA encoding components of CTR, AMY,
CGRP and AM1 receptors, albeit that the CTR was
expressed at low levels. Neither of the CTR activating
peptides, hCT or amylin, were expressed at levels above
threshold, suggesting there is no autocrine production of
these peptides by these GBM cell lines. No coding poly-
morphisms, apart from the well-characterised c-terminal
tail leucine/proline polymorphism [53], were detected by
whole exome sequencing.
Although, RT qPCR data show mRNA encoding mul-

tiple receptors of the CTR family in the SB2b cell line
(classical GBM subtype), functionally we were only able
to confirm CTR. The potency with which CTR agonists
elicit a cAMP response is consistent with a low level of
endogenously expressed receptor. Weak responses to
αCGRP, amylin and adrenomedullin can be attributed to
CTR activation. In this cell line, sCT and hCT had dis-
tinct profiles with sCT demonstrating higher potency

but lower Emax than hCT. The molecular basis for the
signalling profile observed in the SB2b GBM cell line is
consistent with low or no receptor reserve but reveals
apparent differences in efficacy, consistent with our data
in recombinant systems [48], and further illustrates the
complexity of signaling in (patho)physiologically relevant
systems. In our assays we couldn’t detect a response to
sCT in iCa

2+ mobilization assay suggesting limited Gq
coupling of CTR in the SB2b cell line. Additionally, we
were not able to detect either pERK1/2 or p38 MAPK re-
sponse in this cell consistent with no downstream effect of
CTR activation on cellular metabolism or proliferation.
PB1, JK2 and WK1 cell lines (representing classical, pro-

neural and mesenchymal types of GBM respectively) had
detectable mRNA and western blot immuno-reactivity
consistent with CTR expression (C-terminally directed
antibody). In spite of this we could not detect a functional
CTR response as assessed by cAMP accumulation (PB1,
JK2, WK1) and iCa

2+ assay (PB1 and WK1). However, we
have previously shown that both JK2 and WK1 cell lines
are susceptible to anti-CTR-immunotoxin (N-terminally
directed) mediated cell killing [25]. In other systems, CTR
has been reported to internalise extremely rapid in a lig-
and independent receptor manner [53, 55], suggesting that

A B

C D

Fig. 5 The role of CTR in metabolism, proliferation and patient outcome. a metabolic activity of SB2b was assessed by an MTT assay in the
presence (+GF) or absence (−GF) of defined growth factors (EGF + bFGF) in combination with 1 μM of CTR agonists sCT or hCT or the CTR
specific antagonist sCT(8–32), results are mean + S.E.M. of 3 independent experiments performed in triplicate. In b, the effect of 1 μM CTR ligands
on cell proliferation was assessed using live cell imaging (Operetta) over 72 h, cell number per field is expressed as a Log2 value and for clarity
only every 3rd data point is shown, with representative experiment (of 3 independent experiments). Kaplan-Meier plots were derived from
publicly available data using a threshold for expression of 1.25 FKPM (~ 1 transcript per cell) for all patients for whom RNAseq and survival data
was available, CALCR +ve means over 1.25 FKPM, CALCR -ve means less than 1.25 FKPM, in c is the data from the IVY-GAP database and d shows
data from TCGA
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perhaps the CTR may not be present at the plasma mem-
brane for sufficient time to generate detectable functional
response in these GBM lines.
Despite a lack of functional CTR in PB1, JK2 and

WK1 cell-lines, all three displayed a potent cAMP accu-
mulation response to αCGRP, a less potent response to
adrenomedullin, with a very weak response to amylin. In
addition, specific CGRP and AM receptor antagonists
confirmed the presence of CLR/RAMP1 type CGRP and
not an AM receptor in these cells. This is in agreement
with RT qPCR gene expression data showing expression
of both CLR and RAMP1. However, CGRP is unlikely to
be tractable as a target for treating GBM given its broad
expression in the brain. There was no clear correlation be-
tween pharmacological profiles and clinical classification
of the originating GBM tumour subtype as SB2b and PB1,
both of classical GBM subtype, had distinct pharmaco-
logical profiles of CTR and CLR/RAMP1 receptor.

Conclusion
Taken together this data indicates that we have a rather
incomplete understanding of CTR (and related receptor)
function in certain (patho)-physiological circumstances.
While the CTR is expressed in a significant subset of
GBM tumours it may only be tractable as a target by
leveraging the compromised blood brain barrier charac-
teristic of these tumours while taking advantage of the
rapid cycling of CTR to deliver a toxic payload.
Our analysis of published CTR expression from IVY-

GAP [26] or TCGA [27] databases do not support a correl-
ation between CTR expression and patient outcome. We
would therefore argue that CTR expression, while common
in primary GBM tumours, is unlikely to be tractable to
pharmacological intervention but may be suitable as a
target for delivering cytotoxic agents.

Additional files

Additional file 1: Figure S2. MAP kinase response to sCT in SB2b cells
and TCGA survival data. No detectable ERK1/2 phosphorylation (A) or p38
(B) in response to stimulation with 1 μM sCT in SB2b cell line while a
robust response to 10% FBS is seen; Data are presented as mean + S.E.M.
of 3 replicates of a representative experiment. (C) ERK1/2 Phosphorylation
response in SB2b cell line was induced by 0.1% FBS. No suppression of
the induced response after stimulation sCT or hCT was seen at the
concentrations tested (C). Data are presented as mean + S.E.M. of 3
replicates of a representative experiment. (D) Log2 expression (FPKM) ofr
CALCR transcript in patients with survival data from the TCGA database
plotted as a scatter plot against survival. (PDF 915 kb)

Additional file 2: Figure S1. cAMP and iCa
2+ mobilization in response

to CTR agonists. A, Characterization of cAMP accumulation (30 min) in
WK1 cells in response to stimulation by sCT alone or in presence of 1 μM
forskolin. Data are presented as mean + S.E.M. of 3 replicates of a
representative experiment. Absence of intracellular calcium mobilization
response to sCT and rAMY in WK1 (B), SB2b (C) and PB1(D) cell lines
while maintaining robust response to 10 μM ATP and 1 μM ionomycin.
Data are presented as peak values of response measured in relative

fluorescence units. Data are presented as mean + or - S.E.M. of 3
replicates of a representative experiment. (PDF 907 kb)

Additional file 3: Figure S3. Mapping reported CTR mutations to our a
molecular model of the CTR [48]. A, mutations reported to be associated
with LOF at the CTR are shown in space fill red, mapped onto our active,
G protein bound, model derived from Cryo-EM data,; the peptide (sCT) is
shown in orange, receptor in blue, Gα subunit in yellow, Gβ in teal and
Gγ in purple. B, the reported LOF residues, their substitution, mammalian
conservation structural location, potential side-chain interaction and likely
effect on receptor function are shown as a table. (PDF 3120 kb)

Additional file 4: Figure S4. Alignment of vertebrate CTR sequences.
Alignment of a subset of validated and predicted CTR sequences from
mammals and aves with reptile and amphibian sequences used as
outgroups. Sequences were obtained from NCBI homologene filtering for
reference sequences only. These were then manually curated and an
alignment was performed using Clustalw Omega. Conserved asparagine
(yellow) and cysteine (purple) residues in the N-terminus have been
manually annotated and TMMHM used to predict TM helices which were
manually curated and are indicated in blue. Putative LOF mutations are
highlighted in red. (PDF 211 kb)
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4.1 INTRODUCTION 

In the last decade, much work has been done to understand GPCR structure and the 

relationship between receptor structure and downstream signalling. By comparing inactive and 

active receptor structures and through multiple biophysical studies it has become evident that 

different ligands can stabilize different conformations of a receptor allowing for selective 

transducer coupling (signalling bias) (Deupi et al., 2010, Sauliere et al., 2012, Mary et al., 

2013b, Dong et al., 2014). 

2017 was marked by significant advancements in class B GPCR structural biology due to 

breakthroughs in the use of cryo-EM to solve structures of GPCR complexes. The first GPCR 

structure solved using cryo-EM was that of the human CTR in complex with sCT (Liang et al., 

2017). This success was followed by two different GLP-1R structures and a CGRP cryo-EM 

structure (Liang et al., 2018b, Liang et al., 2018a, Zhang et al., 2017b). More recently, our group 

has also solved the structure of the human CTR solved in complex with hCT (unpublished). All 

of these structures are active receptor structures, each bound by their agonist peptide ligands and 

in complex with the heterotrimeric Gs protein. Other published class B GPCR structures include 

full-length GCGR crystal structures either bound to a negative allosteric modulator and antigen-

binding fragment of an inhibitory antibody or to a glucagon analogue (Zhang et al., 2017b, 

Zhang et al., 2018), a full length PTH1R structure in complex with a peptide agonist 

(Ehrenmann et al., 2018) and the inactive isolated transmembrane regions of the GLP-1R, the 

GCGR and the CRF1R (Song et al., 2017, Siu et al., 2013, Dore et al., 2017). 

The full-length sCT-CTR-Gs structure solved in our laboratory (Liang et al., 2017) had a 

global resolution of 4.1Å,  and as such had limited density for sCT side chains, therefore only the 

backbone was modelled. More recently, we have improved the cryo-EM map for this complex 

reaching 3.4Å resolution, where we can now model the peptide and its interactions with the 

receptor in this static structure (pdb 6NIY, Dal Maso et al., 2019). In this structure, sCT is 

positioned higher up in the transmembrane bundle than the GLP-1R peptide agonists bound to 

the GLP-1R (Zhang et al., 2017, Liang at al., 2018). This is likely due to the unique cyclic ring 

present at the N- termini of CT ligands and not other Class B ligands (Schwartz et al., 1981). 

The cyclic N-termini of the calcitonin-like peptides provide an additional structural constraint 

and defines a distinct agonist conformation within the binding pocket relative to the published 

GLP-1R structures (Liang et al., 2018b, Zhang et al., 2017b). 

While other fields have demonstrated that cryo-EM is capable of capturing aspects of the 

protein conformational landscape (Lu et al., 2017, Frank et al., 2016), it is not yet clear that this 

will be possible for GPCRs. Recent, unpublished data from our lab does suggest that, there are 
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several conformational classes within the cryo-EM data, however we are yet to determine the 

extent to which extent these provide insight into receptor activation. While providing valuable 

information regarding ligand and G protein binding, the current structures represent a static 

picture of one (or a limited subset of) conformations out of the possible receptor’s repertoire and 

therefore large-scale mutagenesis of receptor domains helps to identify the networks of amino 

acids that initiate and propagate signalling and to separate out networks important for activation 

of individual pathways and their importance across different ligands (Koole et al., 2012b, Koole 

et al., 2012a, Wootten et al., 2013,Wootten et al., 2016b, Dal Maso et al., 2018b, Dal Maso et 

al., 2019). 

Class B GPCRs are predicted to interact with their peptide agonists via a 2-domain 

mechanism in which the NTD provides a high affinity interaction site for the C-terminal end of 

their interacting peptides and the N-terminal end of these peptides interact with the receptor TM 

binding site (Stroop et al., 1995, Holtmann et al., 1995, Bergwitz et al., 1996, Gelling et al., 

1997, Runge et al., 2003). Previous work performed in our laboratory identified residues in CTR 

ECLs 1, 2 and 3, that when mutated to alanine, alter agonist affinity in a ligand-specific manner 

as well as altering the receptor’s functional affinity in both ligand- and pathway-specific 

manners (Dal Maso et al., 2018b, Dal Maso et al., 2019). This is in agreement with the data on 

another prototypical class B GPCR, the GLP1-R, where distinct regions of the GLP1-R 

extracellular surface were identified to be either globally or selectively important in affinity of 

individual GLP-1R ligands (Wootten et al., 2013, Wootten et al., 2016a, Wootten et al., 2017). 

However, in these studies, significant diversity was observed in how ECLs 2 and 3 engaged and 

contributed to peptide binding and propagation to conformational changes linked to efficacy 

between the GLP-1R and CTR (Dal Maso et al., 2018). 

X-ray (Zhang et al., 2017a, Zhang et al., 2018, Ehrenmann et al., 2018) and cryo-EM 

(Liang et al., 2017, Liang et al., 2018b, Liang et al., 2018a, Zhang et al., 2017b) structures 

support the involvement of the TM region in class B receptors for binding and this is further 

supported with a number of mutagenesis studies that showed the importance of residues X1.36, 

X1.40, X1.43, Y/H1.47, X2.60, X2.64, X2.67, X2.71, X3.36, X3.37, X3.40, X5.36, X5.40, X6.53, X6.56, X7.35, 

X7.39,X7.42 and X7.43 (class B numbering system (Wootten et al., 2013)) in the affinity of peptide 

ligands for binding to individual class B GPCRs (including GCGR, GLP-1R, GIPR, secretin, 

VIPR1, VIPR2, PTH1R, CRF1 and CGRP receptors) (Siu et al., 2013, Wootten et al., 2016, 

Moon et al., 2015, Dods et al., 2015, Yang et al., 2016, Wootten et al., 2016, Perret et al., 2002, 

Runge et al., 2003, Di Paolo et al., 1999, Di Paolo et al., 1988, Solano et al., 2001). Cross-

linking studies also confirmed the involvement of residues, Y1.36, N1.43, W2.64, V2.67, V2.71, Y3.36, 

N3.37, H3.40, D5.36, Q5.40, Y6.53 in CRF-1R; L1.36and Y1.40 in GLP-1R; Y6.56 in secretin receptor; and 



69 
	  

L7.43 in VIPR1 receptor, for peptide ligand interactions (Coin et al., 2013, Seidal et al., 2017, 

Dond et al., 2016, Miller et al., 2011, Dong et al., 2012, Assil-Kishawi et al., 2008). 

A common feature of all class B GPCRs is the presence of a conserved cluster of polar 

residues located at the base of a predicted peptide binding cavity within the transmembrane 

helical bundle (Liang et al. 2017, Wootten et al., 2013, Wootten et al., 2016a). These residues 

play both global and ligand-specific roles in propagation of signalling at the GLP-1R (Wootten 

et al., 2013, Wootten et al., 2016a, Wootten et al., 2017). The importance of these residues 

(K/R/N2.60; N3.43; Y/F3.44; H/T/Q/E6.52; and Q/H7.49) in peptide agonist binding affinity of other 

class B GPCRs has also been confirmed for the GCGR, GLP-1R, GIPR, secretin, GHRHR, 

VIPR1, VIPR2, PTH1R and CRF1R (Song et al., 2017, Schipani et al., 1997, Tseng et al., 1997, 

Yaqub et al., 2010, Coopman et al., 2011, Dong et al., 2012, Spyridaki et al., 2014, Cordomi et 

al., 2015). 

The aim of this study was to use Ala mutational analysis of residues in the 

transmembrane binding pocket to identify how CT peptides with distinct sequences bind and 

activate the CTR. Comparing this data with data from analogous studies on other class B 

receptors will help to reveal global and subclass-specific mechanisms of class B GPCR 

activation. 

Analysis of the CTR TM binding pocket mutational data is described in Chapters 4 and 5. 

Operational analysis was applied to signaling data (cAMP and pERK1/2) to derive measures of 

functional affinity (pKA, the measure of affinity of an agonist for the receptor when coupled to a 

particular pathway) and efficacy (τ, the efficiency with which occupied receptors are able to 

transduce a signal). While both Chapters 4 and 5 include Operational analysis of largely the 

same data sets, each of these chapters has separate focus on characterizing distinct phases of 

CTR-agonist interactions and hence analysing distinct parameters. Chapter 4 is focused on 

analysing the effects of mutations on CTR binding (both equilibrium and pathway dependent 

functional affinity) with a focus on comparison of equilibrium affinity (pKi, derived from 

radioligand competition binding data) and functional affinity (pKA, derived from signaling data). 

Chapter 5 focusses on the mutational effects on CTR signal transduction by analyzing effects on 

efficacy (derived from signaling data). Chapter 4 also includes analysis of CTR TM mutants 

effects on cell surface expression while Chapter 5 has the analysis of the original cAMP and 

pERK1/2 concentration-response data, and the key parameters derived from it. 

4.2 RESULTS 

In this study, 35 residues within the transmembrane region of CTR were initially 

identified within the peptide binding pocket from our initial cryo-EM structure (Liang et al., 
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2017) (Figure 4.1.a). Single Ala mutants for each residue were generated using site-directed 

mutagenesis (4 alanine residues were mutated to either leucine (non-polar side chain, but two 

carbon atoms longer than Ala) or serine (same length as Ala, but polar). A total of 39 cell lines, 

each stably expressing a different single point-mutant, plus the control cell line stably expressing 

wild type receptor (WT) were generated in CV1 FlpIn cells. For the experimental Chapters 4 and 

5, 23 of these individual mutants were selected for pharmacological characterization. These are 

located in the TM2, TM3, TM5, TM6 and TM7 and in regions predicted to undergo structural 

rearrangements upon receptor activation, with TM6 and TM7 undergoing the largest movement 

in order to accommodate intracellular G protein transducer. These selected residues include 4 

residues that form the central polar network, which is predicted to reorganize when receptor is 

activated (Figure 4.1.a). Residues are numbered using the Wootten numbering system where the 

most conserved residue in each family TM domains assigned the position number of .50 (with 

the TM number before 0.50, all shown in superscript). All other residues are numbered by 

reference to the 0.50 residue in each TM domain (Wootten et al., 2013). 

Cell surface expression for each mutant was determined relative to the WT receptor using 

flow cytometry with anti-c-Myc antibody (9E10, that recognizes the N-terminal epitope tag on 

the receptor) and anti-CTR antibodies. Ligand affinity (pKi) of the three CTR peptides (hCT, 

sCT and pCT (sequence alignment is shown on Figure 4.1.b) was determined by competition 

binding using a radiolabeled antagonist probe [125]I-sCT(8-32). The effect of the mutations on 

ligand-induced signalling was also assessed in two pathways, cAMP and pERK1/2. cAMP and 

pERK1/2 concentration response data was fitted using the operational model of agonism to 

derive pKA (functional affinity) values for each signalling pathway. These results are reported in 

the following sections. 
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Figure 4.1. a. Snake diagram of the CTRaLeu construct used in this study and map of the CTR TM mutations 
introduced in CTR. Signal peptide in grey; cMyc-tag is in purple; TM residues mutated for this study are coloured 
in red and pink (in red are the residues that were characterized in this study and in pink are the residues that were 
mutated but their pharmacological characterization has not been performed; in blue are the central polar network 
residues). b. Primary amino acid sequence alignment calcitonin peptides from different species (salmon, human 
and porcine CTs). Conserved residues are in green, conservative substitutions are coloured blue, and semi- 
conservative substitutions are in orange. Black text indicates the non-conserved. 
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4.2.1 EFFECTS OF THE CTR TM MUTATIONS ON CTR CELL SURFACE EXPRESSION 

Stable cell lines of the WT receptor and of each mutant receptor were generated by 

recombination using Flp recombinase which allows isogenic integration into host cells providing 

a single copy in the same genomic location under the same promoter with identical 3’ and 5’ 

untranslated regions. Under these conditions differences in the cell surface expression from that 

of the WT is interpreted as differences in protein stability and/or trafficking. While I didn’t 

assess and compare effects of the CTR mutants on total expression, reduced cell surface 

expression relative to the WT is, by itself, an indicator that the particular mutant altered CTR 

protein stability/trafficking to the plasma membrane. 

Many of the studied CTR TM mutants showed reduced cell surface expression relative to 

the WT receptor (Figure 4.2, Table 4.1). The only mutant for which cell surface expression could 

not be detected was Q355A (Q6.52A). For H302A (H5.40A) and Q383A (Q7.49A) expression was 

below 20% of the WT; for N194A (N2.60A), I301A (I5.39A), F356A (F6.53A), D373A (D7.39A) and 

M376A (M7.42A) expression was between 20% and 40% of the WT; for K220A (K3.30A), Q227A 

(Q3.37A), M230A (M3.40A), N233A (N3.43A), V305A (V5.43A), M306A (M5.44A) and P363A 

(P6.60A) expression was between 40% and 60% of the WT expression. Expression of the mutants 

H223A (H3.33A), H226A (H3.36A), Y234A (Y3.44A), F359A (F6.56A), P360A (P6.57A), W361A 

(W6.58A) and H377A (H7.43А) was not significantly different from the WT. 

 

 

 

 
Figure 4.2. Cell surface expression of the hCTRaLeu mutants stably expressed in CV-1-FlpIn cells. Expression of 
CTR mutant and WT receptors was determined by FACS using anti-cMyc and anti-CTR antibodies. All values are 
mean+S.E.M. of 3 to 6 independent experiments conducted in duplicate. Grey bars are not statistically different 
expression from wild-type, whereas coloured bars are statistically reduced expression relative to wild-type with 
purple being expression at 40-60% of wild-type, blue 20-40% of wild-type and cyan are <20%, of wild-type. 
Significant differences in receptor expression level were calculated via comparison of mutants to the WT receptor 
expression using a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test (P<0.05 denoted by *). N.D 
are data where there was no detectable expression. 
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Table 4.1.Cell surface expression of the hCTRaLeu mutants stably expressed in CV-1-FlpIn cells. 

 

  Cell Surface 
Expression  

(%WT)± S.E.M   

WT 101 ± 1 

N194A (N2.60A) 31* ± 2 

K220A (K3.30A) 47* ± 6 

H223A (H3.33A) 95 ± 13 

H226A (H3.36A) 89 ± 4 

Q227A (Q3.37A) 59* ± 9 

M230A (M3.40A) 42* ± 5 

N233A (N3.43A) 51* ± 1 

Y234A (Y3.44A) 79 ± 13 

I301A (I5.39A) 23* ± 4 

H302A (H5.40A) 14* ± 3. 

V305A (V5.43A) 52* ± 6 

M306A (M5.44A) 57* ± 8 

Q355A (Q6.52A)  N.D.  

F356A (F6.53A) 23* ± 4 

F359A (F6.56A) 123 ± 11 

P360A (P6.57A) 111 ± 7 

W361A (W6.58A) 108 ± 10 

P363A (P6.60A) 44* ± 4 

D373A (D7.39A) 29* ± 3 

M376A (M7.42A) 37* ± 5 

H377A (H7.43А) 86 ± 9 

I380A (I7.46A) 53* ± 4 

Q383A (Q7.49A) 19* ± 1 
 
 
Expression of CTR in mutant and WT receptors was determined by FACS using anti-cMyc and anti-CTR antibodies. 
All values are mean±S.E.M. of 3 to 6 independent experiments conducted in duplicate. Significant differences in 
receptor expression level were calculated via comparison of mutants to the WT receptor expression using a one-way 
analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes at P<0.05 denoted by *. 
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For better visualization, the effects of the CTR TM mutations on the receptor cell surface 

were mapped onto the available cryo-EM structure of sCT bound to the CTR (only TM bundle 

shown) with residues within the receptor coloured according to their direction and magnitude of 

effect (Figure 4.3) (for the receptor expression the most relevant structure would be the structure 

of CTR alone in the absence of G protein or ligand, if such structure was available). 

Residues with biggest effects on the CTR expression line the mid- and bottom portion of 

the peptide binding pocket as well as those sitting just below the binding pocket site and were 

concentrated in TMs 2, 5 and 7. On the other hand, residues with moderate effects on cell surface 

expression (40-69 % of the WT) were scattered across different parts of TM3, TM5, TM6 and 

TM7 (Figure 4.3). 
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Figure 4.3. Effect of the CTR TM mutations on the receptor cell surface expression. Residues for sCT and pCT are mapped onto a Cryo-EM structure of CTR in complex with sCT 
and Gs protein (Gs protein and CTR N-terminal domain are not shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown in orange. Residues where 
produced significant changes in cell surface expression are shown as space-fill side chains and are coloured according to the level of effect; purple for the expression at 40-60% of 
wild type, blue are 20-40% of wild-type and cyan for the expression at <20% of wild type. Those of the studied residues that were expressed at levels not statistically different from 
the WT are shown in grey. 
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4.2.2 EFFECTS OF CTR TM MUTATIONS ON EQUILIBRIUM AFFINITY AND CAMP FUNCTIONAL 

AFFINITY OF CALCITONIN PEPTIDE AGONISTS 

pKi is the equilibrium dissociation constant that was determined for each peptide ligand 

and each receptor (WT and mutants) from competition binding (homologous for sCT(8-32) and 

heterologous for (sCT, hCT, pCT)) in presence of the labelled antagonist [125]I(sCT(8-32)). pKi 

values (pKd ≈ pKi) were calculated individually from each experiment using one site-

homologous equation (for sCT(8-32)) and pKi fit (for sCT, hCT and pCT) in Graphpad prism 

and are reported as the mean value ± SEM in Table 4.2. Data was normalized between the total 

level of bound 125I- sCT(8-32) (measured at concentrations 10-7 sCT, 10-5.5 hCT and 10-6 for 

pCT) and non-specific binding, defined by saturating concentration of competing non-iodinated 

sCT(8-32) (1 µM) (in some cases, the observed % specific binding at zero competitor 

concentration is below 100% that is a result of measurement error where the highest specific 

binding was detected at second lowest competitor concentrations (rather than at zero competitor 

concentration). For the visualisation purposes, grouped binding data (both homologous and 

heterologous binding) was fitted using a three parameter logistic equation (one site competition 

in Graphpad prism) (Figures 4.4 – 4.7). 

Functional affinity (pKA) may be considered a measure of the affinity of an individual 

ligand when the receptor is coupled to a particular signalling pathway. pKi and pKA are both 

measures of affinity, however each of them may relate to different receptor populations, and 

therefore, they will not necessarily be the same. The CTR is most strongly coupled to Gαs and 

previous studies revealed a good correlation between the measured pKi from equilibrium binding 

assays and pKA values measured for the cAMP accumulation assay, where receptor:ligand 

equilibrium is approached during the course of the experiment (Dal Maso et al., 2018, Dal Maso 

et al., 2019). In this study, concentration response data for cAMP was generated for each of the 

calcitonin peptides at each of the mutant and WT receptors and fitted to the operational model of 

agonism to derive pKA (Figures 4.8 – 4.10, Table 4.2). ΔpKi and ΔpKA values for each mutant 

were obtained by subtracting WT pKi and WT pKA from each mutant’s pKi and pKA values 

(respectively) and are summarized in Figures 4.11– 4.14. As per previous work, this study also 

identified a strong correlation between pKi and pKA derived from cAMP. 

In homologous competition binding only the N194A (N2.60A) mutation significantly 

decreased binding affinity of the antagonist probe, sCT(8-32) (Figure 4.11, Table 4.2). The pKi 

of H226A (H3.36A) for the antagonist probe was not statistically different from WT, although the 

magnitude of decrease was more than 3-fold (table 4.2). 
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For sCT, no alanine mutations had significant effects on pKi values, although pKi could 

not be determined for the K220A (K3.30A) mutant (as a reliable window couldn’t be obtained in 

order to accurately determine binding for this mutant). K220A (K3.30A) was the only mutant that 

altered the cAMP pKA relative to WT for sCT, with a statistically significant 8-fold decrease 

(Figure 4.12, Table 4.2). 

Compared with sCT, a greater number of mutations exhibited statistically significantly 

reduced pKi and cAMP derived pKA for the lower affinity ligands, hCT and pCT, (Figures 4.13 – 

4.14, Table 4.2). 

For better visualization and comparison of the effects of the CTR TM mutations on pKi 

and pKA, residues that produced statistically significant changes for the cAMP-derived pKA and 

the corresponding residues in pKi were mapped onto the cryo-EM structure of either sCT bound 

the CTR (Dal Maso et al., 2019) (for sCT and pCT) or onto the provisional unpublished model 

of hCT bound the CTR (for hCT). These were colour coded according to the magnitude of effect. 

Any residue which gave a statistically significant change in pKA (from cAMP) was mapped and 

although many of these residues had changes that failed to reach significance for the derived pKi 

values, they were nonetheless included in this representation with the magnitude of change 

indicated according to colour (Figure 4.15). 

For hCT, a number of mutants commonly reduced determined cAMP pKA and pKi 

values, with N194A (N2.60A), Y234A (Y3.44A), H302A (H5.40A), F359A (F6.56A) and P360 

(P6.57A) changing both measures of affinity to a similar extent (Figure 4.13, 4.15). Mutants such 

as I301A (I5.39A), P363A (P6.60A), D373A (D7.39A) and M376A (M7.42A) also decreased both 

measures of affinity, however the extent to which these changed pKA was greater than the 

measured change in pKi (Figure 4.13). In comparison, there were a series of residues, N233A 

(N3.43A), Q355A (Q6.52A) and F356A (F6.53A), when mutated caused a selective decrease in 

cAMP pKA with no change (or a non-significant increase) in pKi (Figure 4.13). For pCT, N194A 

(N2.60A), H226A (H3.36A), P360 (P6.57A) decreased and I380A (I7.46A) increased both measures 

of affinity to a similar extent (Figure 4.14). While mutants such as K220A (K3.30A), I301A 

(I5.39A), P363A (P6.60A), D373A (D7.39A) and M376A (M7.42A) also decreased both measures of 

affinity, however the extent to which these changed pKA was greater than the measured change 

in pKi for pCT (Figure 4.14). For sCT only pKA for K220A (K3.30A) was significantly decreased, 

and the magnitude K220A (K3.30A) effect on sCT was smaller than for hCT and pCT (Figures 

4.12 – 4.15). 

Comparing cAMP pKA data against the pKi, allows a comparison between overall affinity 

effects and those effects that are related specifically to Gs coupling. Thus, for residues in which 

the magnitude and direction of change was similar for pKA and pKi the functional affinity loss 
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can be attributed to an global change in affinity not associated with specific Gs coupling. On the 

other hand, residues, such as N233A (N3.43A), Q355A (Q6.52A), F356A (F6.53A) for hCT; K220A 

(K3.30A), I301A (I5.39A) for pCT; and P363A (P6.60A), M376A (M7.42A) for both hCT and pCT, 

where either the direction of change or magnitude was substantially different for cAMP pKA 

compared with pKi are likely to be functionally linked to activation of Gs (Figures 4.13-4.15).   
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Figure 4.4. Homologous competition binding of sCT(8-32) for each of the hCTRaLeu mutants stably expressed 
in CV-1-FlpIn cells. Whole cell radioligand binding was performed for each mutant and for the WT receptor in the 
presence of ~ 50-150 pM 125I-sCT(8-32) and competing concentrations sCT (as shown in the x axes). Non-specific 
binding was determined in the presence of 1 µM of sCT(8-32) and was used to calculate % of specific binding. Data 
were fit with a three-parameter logistic equation (one-site competition in Graphpad prism). All values are 
mean+S.E.M. of 3 to 6 independent experiments, conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
 

 

 

 

 

 
Figure 4.5 Heterologous competition binding of sCT for each of the hCTRaLeu mutants stably expressed in CV-
1-FlpIn cells. Whole cell radioligand binding was performed for each mutant and for the WT receptor in the 
presence of ~ 50-150 pM125I-sCT(8-32) and competing concentrations sCT (as shown in the x axes). Non-specific 
binding was determined in the presence of 1 µM of sCT(8-32) and was used to calculate % of specific binding. Data 
were fit with a three-parameter logistic equation (one-site competition in Graphpad prism). All values are 
mean+S.E.M. of 3 to 6 independent experiments, conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
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Figure 4.6. Heterologous competition binding of hCT for each of the hCTRaLeu mutants stably expressed in CV-
1-FlpIn cells. Whole cell radioligand binding was performed for each mutant and for the WT receptor in the 
presence of ~ 50-150 pM125I-sCT(8-32) and competing concentrations hCT, as indicated on the x-axes. Non-specific 
binding was determined in the presence of 1 µM of sCT(8-32) and was used to calculate % of specific binding. Data 
were fit with a three-parameter logistic equation (one-site competition in Graphpad prism). All values are 
mean+S.E.M. of 3 to 6 independent experiments, conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
 

 

 

 

 
Figure 4.7. Heterologous competition binding of pCT for each of the hCTRaLeu mutants stably expressed in CV-
1-FlpIn cells. Whole cell radioligand binding was performed for each mutant and for the WT receptor in the 
presence of ~ 50-150 pM 125I-sCT(8-32) and competing concentrations pCT, as indicated on the x-axes. Non-
specific binding was determined in the presence of 1 µM of sCT(8-32) and was used to calculate % of specific 
binding. Data were fit with a three-parameter logistic equation (one-site competition in Graphpad prism). All values 
are mean+S.E.M. of 3 to 6 independent experiments, conducted in duplicate; for some data points error bars are 
not shown as they are smaller than the height of the symbol. 
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Figure 4.8. cAMP accumulation profiles in response to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of sCT was fitted using three-
parameter logistic equation and normalized to WT receptor response. Normalized data was fit using Black and Leff 
operational model, with a hill slope of 1. All values are mean+S.E.M. of 3 to 5 independent experiments conducted 
in duplicate; for some data sets error bars are not shown as they are smaller than the height of the symbol. 

 

 

 

 
Figure 4.9. cAMP accumulation profiles in response to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. cAMP formation in the presence of hCT was fitted using three-parameter 
logistic equation and normalized to WT receptor response. Normalized data was fit using Black and Leff 
operational model, with a hill slope of 1. All values are mean+S.E.M. of 3 to 5 independent experiments conducted 
in duplicate; for some data sets error bars are not shown as they are smaller than the height of the symbol. 
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Figure 4.10. cAMP accumulation profiles in response to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. cAMP formation in the presence of pCT was fitted using three-parameter 
logistic equation and normalized to WT receptor response. Normalized data was fit using Black and Leff 
operational model, with a hill slope of 1. All values are mean+S.E.M. of 3 to 5 independent experiments conducted 
in duplicate; for some data sets error bars are not shown as they are smaller than the height of the symbol. 
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Table 4.2. Effect of single alanine mutation in the CTR TM region on binding affinity (pKi) and cAMP functional affinity (pKA) of CT peptide agonists. 

 pKi sCT(8-32) pKi sCT pKA sCT pKi hCT pKA hCT pKi pCT pKA pCT 

WT 8.64 ± 0.07 9.40 ± 0.07 10.38 ± 0.07 7.37 ± 0.11 9.85 ± 0.07 7.59 ± 0.09 9.61 ± 0.06 

N194A(N2.60A) 7.67* ± 0.10 9.55 ± 0.34 10.36 ± 0.25 5.79* ± 0.45 8.49* ± 0.24 6.98* ± 0.11 9.05 ± 0.24 

K220A(K3.30A) N.D. N.D. 9.70* ± 0.09 N.D. 6.49* ± 0.15 N.D. 7.84* ± 0.12 

H223A(H3.33A) 8.37 ± 0.12 9.48 ± 0.10 10.23 ± 0.17 7.29 ± 0.18 9.79 ± 0.19 7.45 ± 0.09 9.28 ± 0.17 

H226A(H3.36A) 7.94 ± 0.16 9.02 ± 0.10 10.50 ± 0.19 6.37 ± 0.24 9.85 ± 0.16 7.07* ± 0.11 9.23 ± 0.19 

Q227A(Q3.37A) 8.38 ± 0.19 9.73 ± 0.19 10.41 ± 0.21 7.21 ± 0.48 9.83 ± 0.20 7.01 ± 0.11 9.52 ± 0.25 

M230A(M3.40A) 8.73 ± 0.29 9.47 ± 0.23 10.59 ± 0.34 7.77 ± 0.49 10.03 ± 0.34 7.38 ± 0.25 9.70 ± 0.31 

N233A (N3.43A) 8.98 ± 0.46 9.83 ± 0.27 10.48 ± 0.29 7.68 ± 0.43 9.06* ± 0.24 7.42 ± 0.14 9.10 ± 0.26 

Y234A (Y3.44A) 8.31 ± 0.19 9.56 ± 0.02 10.08 ± 0.20 6.27 ± 0.11 8.77* ± 0.21 7.10 ± 0.12 9.03 ± 0.20 

I301A (I5.39A) 8.51 ± 0.24 9.56 ± 0.29 10.28 ± 0.23 6.28 ± 0.38 8.10* ± 0.31 7.12 ± 0.42 8.12* ± 0.30 

H302A (H5.40A) 8.18 ± 0.16 8.80 ± 0.48 10.33 ± 0.24 6.23 ± 0.25 8.46* ± 0.26 7.15 ± 0.14 8.83 ± 0.36 

V305A (V5.43A) 8.15 ± 0.44 9.61 ± 0.17 10.48 ± 0.19 6.97 ± 0.18 9.58 ± 0.21 7.35 ± 0.09 9.53 ± 0.21 

M306A(M5.44A) 8.70 ± 0.24 9.46 ± 0.18 10.41 ± 0.21 6.42 ± 0.29 9.55 ± 0.20 6.89* ± 0.17 9.14 ± 0.19 

Q355A (Q6.52A) 8.11 ± 0.14 9.94 ± 0.01 10.11 ± 0.24 7.42 ± 0.61 8.75* ± 0.25 7.24 ± 0.18 9.02 ± 0.26 

F356A (F6.53A) 8.11 ± 0.43 9.78 ± 0.38 10.27 ± 0.22 7.68 ± 0.57 8.19* ± 0.23 7.16 ± 0.15 8.81* ± 0.24 

F359A (F6.56A) 8.75 ± 0.16 9.60 ± 0.10 10.71 ± 0.23 6.30 ± 0.22 9.07* ± 0.23 7.33 ± 0.27 9.19 ± 0.24 

P360A (P6.57A) 8.48 ± 0.09 9.22 ± 0.16 10.58 ± 0.18 5.98 ± 0.13 8.19* ± 0.20 6.83* ± 0.12 8.89* ± 0.19 

W361A(W6.58A) 8.84 ± 0.16 9.61 ± 0.34 10.57 ± 0.34 6.87 ± 0.29 9.26 ± 0.34 7.15 ± 0.25 8.90 ± 0.31 

P363A (P6.60A) 8.58 ± 0.28 9.43 ± 0.37 10.67 ± 0.19 6.57 ± 0.44 7.97* ± 0.21 6.94* ± 0.11 8.37* ± 0.22 

D373A (D7.39A) 8.32 ± 0.14 9.07 ± 0.46 10.69 ± 0.23 6.46 ± 0.22 8.51* ± 0.26 6.88* ± 0.10 8.51* ± 0.28 

M376A(M7.42A) 8.59 ± 0.43 9.88 ± 0.15 10.42 ± 0.29 6.55 ± 0.17 8.32* ± 0.28 7.13 ± 0.12 8.59* ± 0.30 

H377A (H7.43А) 8.36 ± 0.12 9.66 ± 0.14 10.58 ± 0.18 7.84 ± 0.16 9.47 ± 0.21 8.01 ± 0.13 9.66 ± 0.18 

I380A (I7.46A) 8.94 ± 0.39 9.52 ± 0.10 10.57 ± 0.20 8.23 ± 0.34 10.00 ± 0.19 8.21* ± 0.19 10.27 ± 0.18 

Q383A (Q7.49A) 8.31 ± 0.39 9.50 ± 0.46 10.43 ± 0.28 7.40 ± 0.46 9.33 ± 0.26 7.63 ± 0.16 9.44 ± 0.25 
 

pKi for each mutant receptor was determined for each ligand using analysis of either homologous (sCT(8-32)) or heterologous (sCT, hCT, pCT) competition binding in presence of ~ 
50-150 pM 125I-sCT(8-32) using a three parameter logistic equation and pKi derived by applying the Cheng-Prusoff equation to correct for radioligand occupancy. cAMP formation 
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in the presence of each ligand was fitted using a three parameter logistic equation and normalized to the Emax calculated in the curve fit for the WT receptor response. The Black and 
Leff operational model, with a hill slope of 1, was then applied to separate efficacy (τ) and functional affinity (pKA). All values are mean±S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. Significance of changes in pKi/pKA were calculated via comparison of mutant pKi/pKA values to the WT pKi/pKA in a one-way analysis of variance (ANOVA) 
with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
  



85 
	  

 

 
Figure 4.11. ΔpKi values for sCT(8-32). ΔpKi value for each mutant was obtained by subtracting WT pKi from each mutant’s pKi value. All values are mean+S.E.M. of 3 to 5 
independent experiments conducted in duplicate. Significance of changes were calculated via comparison of mutants to the WT receptor pKi values in a one-way analysis of variance 
(ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.12. ΔpKi and cAMP ΔpKA values for sCT. ΔpKi and ΔpKA values for each mutant were obtained by subtracting WT pKi and WT pKA from each mutant’s pKi and pKA 
values (respectively). All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. Significance of changes were calculated via comparison of mutants to 
the WT receptor pKi/ pKA values in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.13. ΔpKi and cAMP ΔpKA values for hCT. ΔpKi and ΔpKA values for each mutant were obtained by subtracting WT pKi and WT pKA from each mutant’s pKi and pKA 
values (respectively). All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. Significance of changes were calculated via comparison of mutants to 
the WT receptor pKi/ pKA values in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.14. ΔpKi and cAMP ΔpKA values for pCT. ΔpKi and ΔpKA values for each mutant were obtained by subtracting WT pKi and WT pKA from each mutant’s pKi and pKA 
values (respectively). All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. Significance of changes were calculated via comparison of mutants to 
the WT receptor pKi/ pKA values in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.15 (previous page). Effect of the CTR TM mutations on pKi and cAMP pKA for hCT and pCT. Residues for sCT and pCT are mapped onto a Cryo-EM structure of CTR 
in complex with sCT and Gs protein (Gs protein and CTR N-terminal domain are not shown) (Dal Maso et. al., 2019) and for hCT onto a provisional Cryo-EM structure of CTR in 
complex with hCT and Gs protein (Gs protein and CTR N-terminal domain are not shown) (not published). The receptor is shown in green and CT ligand is shown in orange. 
Residues that produced significant changes either hCT or pCT pKA and the corresponding residues in pKi are shown as space-fill side chains (additionally, for pCT H226A, M306A 
and I380A are labelled, as they produced significant effects on pCT pKi, whereas their pKA effects were not significant. Residues are colour coded according to their effects on 
affinity (either pKA or pKi): reduced affinity >5 < 10-fold are shown in cyan; reduced affinity >10 < 15-fold are shown in blue; reduced affinity >15 < 20 -fold are shown in purple; 
reduced affinity >20-fold are shown in fuchsia; those residues that increased affinity are shown in red. Residues pKi effects for which were not detected are coloured black and those 
residues that showed no effects on pKi (>5-fold effect) are coloured beige. For sCT only pKA effects are shown (as K220A was the only mutant that had effects on sCT pKA and pKi 
for this mutant could not be determined). 
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4.2.3 EFFECTS OF THE CTR TM MUTATIONS ON CTR CAMP FUNCTIONAL AFFINITY IN 

RESPONSE TO ΑCGRP AND RAMY 

αCGRP and rAMY are low affinity CTR agonists in the absence of RAMPs and as such 

their affinity at each of the mutants could not be determined by radioligand binding, due to their 

inability to compete for the antagonist probe at the concentrations used. Since CTR is strongly 

coupled to GαS, we were able to measure the concentration response for this pathway (Figures 

4.16 – 4.17), with only a few mutations failing to give a robust curve fit (P363A (P6.60A) and 

D373A (D7.39A) for both αCGRP and rAMY and H302A (H5.40A) for rAMY). The latter were 

excluded from the subsequent operational analysis. Applying operational analysis to the cAMP 

data allowed us to derive functional affinity values that can be used as a surrogate measure of 

affinity (Table 4.3, Figures 4.18 – 4.19). 

Alanine mutations of N194 (N2.60), K220 (K3.30), N233 (N3.43), F356 (F6.53) reduced 

cAMP functional affinity for both αCGRP and rAMY agonists and these mutations also reduced 

cAMP functional affinity of calcitonin peptides (Figures 4.18 – 4.19). H302A (H5.40A) and 

Q355A (Q6.52A) showed statistically significant reductions in αCGRP cAMP functional affinity 

and although they also reduced cAMP functional affinity for rAMY, this failed to reach 

statistical significance. On the other hand, I301A (I5.39A) and P360A (P6.57A) had statistically 

significant reductions in cAMP functional affinity for rAMY whereas the reductions in αCGRP 

cAMP functional affinity were smaller and did not reach statistical significance (Figures 4.18 – 

4.19). The above mutations also displayed significant cAMP functional affinity reductions for at 

least one of the calcitonins, as described above. W361A (W6.58A) significantly decreased cAMP 

pKA for rAMY, consistent with the direction and magnitude of effect seen with hCT and pCT, 

although it the reduction did not reach statistical significance for the calcitonins (Figures 4.13, 

4.14, 4.19). 

For better visualization effects of the CTR TM mutations on cAMP pKA for αCGRP and 

rAMY, these were mapped onto a current CTR model (Dal Maso et al., 2019) with residues 

coloured according to their effect direction and magnitude (Figure 4.20). Conservation of 

residues important for both αCGRP and rAMY cAMP pKA was similar for some of the TM2 and 

TM3 residues, whereas more divergence was seen in the TM5 and TM6 region, with more 

residues altering cAMP pKA for rAMY. Overall, this map was similar to the mapping of pKA 

networks for the hCT, although the magnitude of effects for αCGRP and rAMY was generally 

smaller when compared to hCT. In contrast Y234A, M306A and W361A caused a greater loss in 

cAMP functional pKA for rAMY compared to hCT. I380A had a 4-fold increase in cAMP 

functional pKA to αCGRP compared to a 1.4-fold increase in response to hCT, while same 
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mutant produced a 4-fold decrease in pKA in response to rAMY, although none of these changes 

reached statistical significance (Figures 4.13, 4.15, 4.18, 4.19, 4.20).  
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Figure 4.16. cAMP accumulation profiles in response to αCGRP in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. cAMP formation in the presence of αCGRP was fitted using 
three-parameter logistic equation and normalized to WT receptor response. Normalized data was fit using Black 
and Leff operational model, with a hill slope of 1. All values are mean+S.E.M. of 3 to 5 independent experiments 
conducted in duplicate; for some data points error bars are not shown as they are smaller than the height of the 
symbol. 

 

 

 

 
Figure 4.17. cAMP accumulation profiles in response to rAMY in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. cAMP formation in the presence rAMY was fitted using three-parameter 
logistic equation and normalized to WT receptor response. Normalized data was fit using Black and Leff 
operational model, with a hill slope of 1. All values are mean+S.E.M. of 3 to 5 independent experiments conducted 
in duplicate; for some data points error bars are not shown as they are smaller than the height of the symbol. 
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Table 4.3. Effect of single alanine mutation in the CTR TM region on cAMP functional affinity (pKA) of αCGRP 
and rAMY 

 pKAαCGRP pKA rAMY 

WT 7.25 ± 0.08 7.69 ± 0.08 

N194A(N2.60A) 6.05* ± 0.34 6.41* ± 0.30 

K220A(K3.30A) 5.96* ± 0.23 6.28* ± 0.16 

H223A(H3.33A) 6.81 ± 0.21 7.64 ± 0.19 

H226A(H3.36A) 7.20 ± 0.15 7.87 ± 0.15 

Q227A(Q3.37A) 7.53 ± 0.24 7.71 ± 0.25 

M230A(M3.40A) 7.58 ± 0.33 7.34 ± 0.57 

N233A (N3.43A) 6.21* ± 0.39 6.15* ± 0.31 

Y234A (Y3.44A) 6.53 ± 0.42 7.34 ± 0.40 

I301A (I5.39A) 6.76 ± 0.39 6.31* ± 0.39 

H302A (H5.40A) 6.34* ± 0.54 N.D. 

V305A (V5.43A) 7.32 ± 0.23 7.44 ± 0.28 

M306A(M5.44A) 7.10 ± 0.21 6.96 ± 0.22 

Q355A (Q6.52A) 5.79* ± 0.37 7.06 ± 0.29 

F356A (F6.53A) 6.29* ± 0.31 6.85* ± 0.24 

F359A (F6.56A) 6.55 ± 0.35 7.08 ± 0.20 

P360A (P6.57A) 6.53 ± 0.28 6.75* ± 0.27 

W361A(W6.58A) 6.54 ± 0.41 6.63* ± 0.27 

P363A (P6.60A) N.D. N.D. 

D373A (D7.39A) N.D. N.D. 

M376A(M7.42A) 6.30 ± 0.36 6.94 ± 0.21 

H377A (H7.43А) 6.97 ± 0.22 7.13 ± 0.33 

I380A (I7.46A) 7.89 ± 0.18 7.08 ± 0.24 

Q383A (Q7.49A) 6.62 ± 0.31 7.00 ± 0.20 
 
 

cAMP formation for the wild type receptor in the presence of either αCGRP or rAMY was fitted using three-
parameter logistic equation to determine the maximum response defined by the curve fit. All data were normalized 
to this WT receptor response. The Black and Leff operational model, with a hill slope of 1, was applied to separate 
efficacy (τ) and functional affinity (pKA). All values are mean±S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. Significance of changes in pKA were calculated via comparison of mutant pKA values to 
the WT pKA in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes 
(P<0.05 denoted by *). 
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Figure 4.18. cAMP ΔpKA values for αCGRP. ΔpKA value for each mutant was obtained by subtracting WT pKA 
from each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in 
duplicate. Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a 
one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
 

 

 

Figure 4.19. cAMP ΔpKA values for rAMY. ΔpKA value for each mutant was obtained by subtracting WT pKA from 
each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. 
Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a one-way 
analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.20. Effect of the CTR TM mutations on cAMP pKA for αCGRP and rAMY. Residues are mapped onto a 
CTR active Cryo-EM structure in complex with sCT and Gs protein (Gs protein and CTR N-terminal domain are not 
shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown in orange. Residues that 
produced significant changes in functional affinity pKA were coloured in either cyan (<10 decrease in pKA) or in 
blue (>10 decrease in pKA) and are shown as space-fill side chains. Residues that produced no significant change in 
efficacy were coloured in grey.  
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4.2.4 EFFECTS OF THE CTR TM MUTATIONS ON CTR PERK1/2 FUNCTIONAL AFFINITY 

A high concentration of agonist (0.1 µM for sCT and 1 µM for hCT, pCT, αCGRP and 

rAMY) was used in time course studies to determine the peak response for WT and mutants in 

pERK/1/2 phosphorylation (for traces see chapter 5 (Figures 5.10 – 5.12 and 5.21 – 5.22)). None 

of the mutants where a response could be detected displayed altered response kinetics. 

Concentration response curves were generated for each of the mutants and wild type and 

operational fitting was performed (Figures 4.21 – 4.25). pKA values are reported in the Table 4.4. 

As pERK1/2 coupling was relatively weak, operational fitting was not carried out where there 

was inadequate data to support that the curve fit had passed the second inflection point such that 

there was limited confidence in the curve-fit estimate for the Emax. These included: F359A 

(F6.56A) and M376A (M7.42A) (for sCT); Y234A (Y3.44A), F359A (F6.56A), P360A (P6.57A), 

W361A (W6.58A), D373A (D7.39A) and M376A (M7.42A) (for hCT); H223A (H3.33A), H226A 

(H3.36A), N233A (N3.43A), F359A (F6.56A), P360A (P6.57A), and M376A (M7.42A) (for pCT); 

N194A (N2.60A), K220A (K3.30A), N223A (H3.33A), I301A (I5.39A), M306A (M5.44A), Q355A 

(Q6.52A), P360A (P6.57A), P363A (P6.60A), D373A (D7.39A) and M376A (M7.42A) (for αCGRP); 

H226A (H3.36A), N233A (N3.43A), H302A (H5.40A), V305A (V5.43A), Q355A (Q6.52A), P360A 

(P6.57A), W361A (W6.58A), P363A (P6.60A), D373A (D7.39A), M376A (M7.42A) and Q383A 

(Q7.49A) (for rAMY) (Table 4.4, Figures 4.21 – 4.25). ΔpKA value for each mutant was obtained 

by subtracting WT pKA from each mutant’s pKA value (Figures 4.26 – 4.30). 

For those mutants where operational modelling could be performed, there were selective 

significant effects detected with some mutants for sCT and rAMY relative to WT (Table 4.4, 

Figures 4.26, 4.30). For sCT, K220A (K3.30A), I301A (I5.39A) and H302A (H5.40A) increased 

pERK1/2 pKA by 59-fold, 158-fold and 59-fold, respectively (Figure 4.26). N194A (N2.60A), 

Y234A (Y3.44A) and M306A (M5.44A) decreased pKA for rAMY for 49-fold, 48-fold and 32-fold, 

respectively (Figure 4.30). Other mutants such as K220A (K3.30A), M230A (M3.40A), M306A 

(M5.44A), F356A (F6.53A), Q383A (Q7.49A) (for both hCT, pCT), H223A (H3.33A) (for hCT) and 

Q227A (Q3.37A) (for pCT) displayed trends for increased pERK1/2 functional affinity. While 

Q227A (Q3.37A), H377A (for hCT); P363A (P6.60A) (for both hCT and pCT); and Y234A 

(Y3.44A) (for pCT), trended towards decreased functional affinity (Table 4.4, Figures 4.27 – 

4.28). 

Mapping of the significant mutational effects for sCT and rAMY for the pERK1/2 

pathway revealed distinct patterns of residues, while these effects were also of opposite 

directions (Figures 4.31, 4.32). 
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When comparing data between all CTR agonists, for the shared transducer slope n for 

CTs we saw that αCGRP and rAMY had apparent higher functional affinity in pERK1/2 

compared to calcitonin agonists. Additionally, CT agonists had a general trend towards increased 

functional pKA in pERK1/2 response for the CTR mutants whereas αCGRP and rAMY generally 

reduced pERK1/2 functional pKA. 

In order to accommodate both biphasic and monophasic concentration response curves 

seen in pERK1/2 for CT agonists (for pERK1/2 concentration response curves see chapter 5 

(Figures 5.13 – 5.15)), we considered a number of ways to fit these data onto the operational 

model. The operational model assumes a common mechanism for ligands/mutations under 

investigation; it is therefore not possible to fit this model to a mixture of mono- and bi-phasic 

curves. In the original analysis (for the data described above) we used the operational fit where 

the transducer slope (n) was shared between all data sets for each CT agonist (in order to account 

for a common mechanism between mutant and the WT receptors) and the system Emax was set to 

140 (based on pERK1/2 maximum response detected in my experiments). The limitation of this 

fit is, however, an apparent underestimate in the pKA values at the WT receptor (between 6.2 and 

6.6 for CT agonists). As an alternative fit we used the operational model with a shared transducer 

slope constrained to 0.4 (this was determined based on the hill slope obtained using 4-parameter 

fit for CT agonists at the WT receptor) and a system Emax constrained to 200 (previously used in 

(Dal Maso et al., 2018, Dal Maso et al., 2019) (Supplementary figures 1 – 3, Appendix 1). By 

constraining the transducer slope to 0.4 we, therefore, prioritised the transducer slope to fit the 

WT data as our reference control. The alternative operational fit resulted in higher apparent pKA 

values for the WT (7.5 for all three CT agonists) and therefore in a slightly different pattern for 

ΔpKA values, with the majority of mutants slightly decreasing (non-significantly) pKA across all 

three CT agonists relative to the WT (Supplementary figure 4, Appendix 1). K220A (K3.30A), 

I301A (I5.39A) and H302A (H5.40A), which under the shared transducer fit, had increased pKA 

relative to the WT for sCT, still exhibited an increased pKA but with reduced magnitude (6-fold, 

10-fold and 5-fold, respectively, (Supplementary figures 1 and 4, Appendix 1). The pattern of 

effects was also more similar to the one seen for αCGRP and rAMY agonists, with the same 

overall direction of effects towards decreased pKA (Figures 4.29 – 4.30, Supplementary figure 4, 

Appendix 1). 
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Table 4.4. Effect of single alanine mutation in the CTR TM region on pERK1/2 functional affinity (pKA) 

 pKA sCT pKA hCT pKA pCT pKAαCGRP pKA rAMY 

WT 6.23 ± 0.32 6.63 ± 0.24 6.36 ± 0.39 7.58 ± 0.13 7.67 ± 0.10 

N194A (N2.60A) 6.50 ± 0.71 6.52 ± 0.94 6.61 ± 1.07 N.D. 5.97* ± 1.16 

K220A (K3.30A) 8.00* ± 0.33 7.35 ± 0.62 7.54 ± 0.51 N.D. 7.19 ± 0.52 

H223A (H3.33A) 6.97 ± 0.33 6.80 ± 0.35 N.D. 7.58 ± 0.59 6.75 ± 0.25 

H226A (H3.36A) 6.86 ± 0.51 6.43 ± 0.61 N.D. 7.20 ± 0.79 N.D. 

Q227A (Q3.37A) 7.03 ± 0.29 6.21 ± 0.47 6.82 ± 0.39 7.47 ± 0.59 6.49 ± 0.35 

M230A (M3.40A) 7.38 ± 0.32 7.33 ± 0.34 7.08 ± 0.43 7.55 ± 0.66 7.09 ± 0.28 

N233A (N3.43A) 6.61 ± 0.88 6.82 ± 0.85 N.D. N.D. N.D. 

Y234A (Y3.44A) 7.02 ± 0.34 N.D. 6.01 ± 0.83 7.08 ± 0.94 5.98* ± 0.42 

I301A (I5.39A) 8.42* ± 0.39 7.63 ± 0.56 7.58 ± 0.56 N.D. 6.95 ± 0.66 

H302A (H5.40A) 8.00* ± 0.40 6.96 ± 0.61 6.65 ± 0.63 6.87 ± 0.94 N.D. 

V305A (V5.43A) 6.74 ± 0.45 6.94 ± 0.49 6.25 ± 0.77 6.99 ± 0.58 N.D. 

M306A (M5.44A) 6.88 ± 0.42 7.02 ± 0.49 6.65 ± 0.63 N.D. 6.15* ± 0.67 

Q355A (Q6.52A) 6.38 ± 0.72 6.75 ± 0.52 7.08 ± 0.63 N.D. N.D. 

F356A (F6.53A) 7.72 ± 0.38 7.78 ± 0.50 7.35 ± 0.56 7.28 ± 0.60 7.37 ± 0.56 

F359A (F6.56A) N.D. N.D. N.D. 6.77 ± 0.72 7.26 ± 0.49 

P360A (P6.57A) 6.07 ± 0.58 N.D. N.D. N.D. N.D. 

W361A (W6.58A) 5.96 ± 0.75 N.D. 6.19 ± 0.78 6.76 ± 0.70 N.D. 

P363A (P6.60A) 6.40 ± 0.44 5.68 ± 0.93 5.99 ± 0.86 N.D. N.D. 

D373A (D7.39A) 6.36 ± 0.64 N.D. 6.30 ± 1.03 N.D. N.D. 

M376A (M7.42A) N.D. N.D. N.D. N.D. N.D. 

H377A (H7.43А) 6.19 ± 0.50 6.00 ± 0.64 6.50 ± 0.70 6.93 ± 0.50 6.91 ± 0.34 

I380A (I7.46A) 6.54 ± 0.47 6.77 ± 0.45 6.65 ± 0.67 7.08 ± 0.44 7.12 ± 0.66 

Q383A (Q7.49A) 7.73 ± 0.62 7.67 ± 0.65 7.47 ± 0.76 7.07 ± 1.23 N.D. 
 
pERK1/2 response in the presence of CTR agonists (sCT, hCT, pCT, αCGRP and rAMY) was fit using Black and 
Leff operational model to derive pKA values. All values are mean+S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. Significance of changes in pKA values were calculated via comparison of mutant pKA values 
to the WT pKA in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 
denoted by *.  
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Figure 4.21. pERK1/2 concentration response to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations 
in the receptor TM region. pERK1/2 response in the presence of sCT was fit using Black and Leff operational 
model with hill slope (n) shared across all datasets and normalized to WT receptor response. All values are mean 
+S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are not shown as 
they are smaller than the height of the symbol. 

 
 
 

 
 
Figure 4.22. pERK1/2 concentration response to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in the presence of sCT was fit using Black and Leff 
operational model with hill slope (n) shared across all datasets and normalized to WT receptor response. All values 
are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
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Figure 4.23. pERK1/2 concentration response to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in the presence of pCT was fit using Black and Leff 
operational model with hill slope (n) shared across all datasets and normalized to WT receptor response. All values 
are mean +S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are 
not shown as they are smaller than the height of the symbol. 

 
 
 

 
 

Figure 4.24. pERK1/2 concentration response to αCGRP in CV-1-FlpIn cells stably expressing hCTRaLeu single 
alanine mutations in the receptor TM region. pERK1/2 response in the presence of αCGRP was fit using three 
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean +S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Figure 4.25. pERK1/2 concentration response to rAMY in CV-1-FlpIn cells stably expressing hCTRaLeu single 
alanine mutations in the receptor TM region. cAMP formation in the presence of rAMY was fit using three 
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean +S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Figure 4.26. pERK1/2 ΔpKA values for sCT. ΔpKA value for each mutant was obtained by subtracting WT pKA from 
each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. 
Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a one-way 
analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
 
 

 
 
Figure 4.27. pERK1/2 ΔpKA values for hCT. ΔpKA value for each mutant was obtained by subtracting WT pKA from 
each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. 
Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a one-way 
analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
 
 

 
 
Figure 4.28. pERK1/2 ΔpKA values for pCT. ΔpKA value for each mutant was obtained by subtracting WT pKA 
from each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in 
duplicate. Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a 
one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.29. pERK1/2 ΔpKA values for αCGRP. ΔpKA value for each mutant was obtained by subtracting WT pKA 
from each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in 
duplicate. Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a 
one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
 
 
 
 

 
 
Figure 4.30. pERK1/2 ΔpKA values for rAMY. ΔpKA value for each mutant was obtained by subtracting WT pKA 
from each mutant’s pKA value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in 
duplicate. Significance of changes were calculated via comparison of mutants to the WT receptor pKA values in a 
one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant changes (P<0.05 denoted by *). 
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Figure 4.31. Effect of the CTR TM mutations on pERK1/2 affinity pKA for sCT. Residues are mapped onto a CTR 
active Cryo-EM structure of CTR in complex with sCT and Gs protein (Gs protein is not shown, CTR N-terminal 
domain not shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown in orange. 
Residues that significantly increased pKA (>10 increase in pKA) are shown as space-fill side chains and were 
coloured in red. Residues that produced no significant change in affinity were coloured in gray. 
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Figure 4.32. Effect of the CTR TM mutations on pERK1/2 pKA for rAMY. Residues are mapped onto a CTR 
active Cryo-EM structure of CTR in complex with sCT and Gs protein (Gs protein is not shown, CTR N-terminal 
domain not shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown in orange. 
Residues that significantly decreased pKA (>10 decrease in pKA) are shown as space-fill side chains and were 
coloured in blue. Residues that produced no significant change in affinity were coloured in gray.  
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4.3 DISCUSSION 

4.3.1 EFFECTS OF THE CTR TM MUTATIONS ON CTR CELL SURFACE EXPRESSION 

GPCR synthesis, folding and assembly starts in the endoplasmic reticulum, from 

endoplasmic reticulum properly folded receptors are targeted to Golgi apparatus where they 

become fully processed and are further targeted to plasma membrane (Dong et al., 2007, Suzuki 

et al., 2018). Poor cell surface expression observed for many of the studied mutants implies these 

residues are likely essential for proper folding and trafficking to plasma membrane. 

Alternatively, these residues could be also involved in maintaining receptor stability at the cell 

surface. 

Mutations of residues that are a part of the central polar network resulted in significantly 

decreased cell surface expression: 20-50% of the WT (N194A (N2.60A), N233A (N3.43A) and 

Q383A (Q7.49A); with no expression detected for Q355A (Q6.52A) (Figures 4.2, 4.3). This is 

consistent with the central polar network being important for receptor stability and is consistent 

with corresponding mutations at the GLP-1R (Wootten et al., 2013, Wootten et al., 2016a, 

Wootten et al., 2016b) and GCGR (as reviewed by (Siu et al., 2013a)) as well as the structural 

data and computational data, which supports that these residues do, indeed form a polar 

stabilising network. In contrast mutation of same residues in GIPR did not significantly affect 

cell surface expression in transient transfection experiments (Yaqub et al., 2010). 

A subset of identical mutations that are described in this chapter were previously 

characterised and published by our lab as a part of a mutational study on ECL2/ECL3 of the 

CTR, for which cell lines were made as a separate transfection (Dal Maso et al., 2018b). For 

F356A (F6.53A), F359A (F6.56A), P360A (P6.57A), W361A (W6.58A) there was no difference in the 

cell surface expression between studies. P363A (P6.60A), D373A (D7.39A) and M376A (M7.42A) 

mutants showed significantly decreased cell surface expression compared to the WT in the 

current study, which is in contrast to the previous results where same mutations displayed 

receptor expression at levels not significantly different from the WT (with P363A (P6.60A) 

having slightly reduced expression, at 81% of the WT) (Figure 4.2) (Dal Maso et al., 2018b). In 

both studies cell lines were made using FlpIn system in which there is isogenic integration of the 

transgene. An additional integration of the gene of interest into a random gene location is 

unlikely, however could not be completely excluded. If this was the case, and CTR genes were 

integrated at an alternative site of the genome during transfections, that could potentially affected 

CTR gene expression levels and result in such discrepancy in CTR expression levels for the 

same mutants. Alternatively, the FlpIN CV-1 cell line may exhibit some heterogeneity with 

respect to the degree to which the FlpIN locus is accessible to the transcriptional machinery. 



108 
	  

Regardless, all efficacy values for both studies were corrected for cell surface expression to 

allow appropriate comparison of derived pharmacological parameters independent of cell surface 

expression.

4.3.2 EFFECTS OF CTR TM MUTATIONS ON CALCITONIN AGONISTS EQUILIBRIUM AND 

FUNCTIONAL CAMP AFFINITY 

Conformational selection is a model for describing the effect of the ligand on the 

distribution of the equilibrium between different energy states of a protein. According to this 

model, the unliganded receptor samples several distinct conformations, one or more of which is 

preferentially bound by a particular ligand. The effect of ligand binding is to shift the receptor 

conformational equilibrium towards a specific conformation (Deupi et al., 2010, Sauliere et al., 

2012, Mary et al., 2013). Since the agonist and transducer are allosterically coupled, this model 

may be extended to argue that a particular active receptor conformation will not only depend on 

the agonist but also on the particular transducer to which agonist-receptor complex is coupled 

(De Lean et al., 1980, Furness et al., 2016). Functional affinity (pKA) describes the affinity of an 

agonist for the receptor when coupled to a particular pathway. Global (or equilibrium) affinity 

pKi measures the strength of the binding interaction between a ligand and the receptor and is 

agnostic of whether the receptor is coupled to a transducer. The pKi derived from experiments at 

equilibrium on whole cells is therefore a composite of all possible receptor affinity states and it 

is independent of coupling to a specific signalling pathway. Comparing cAMP pKA data against 

the pKi, allows a comparison between overall affinity effects and those effects that are related 

specifically to Gs coupling. 

The central polar network (N2.60, N3.43, Y3.44, Q6.52 and Q7.49) is conserved across class B 

GPCRs. R2.60 in GLP-1R is predicted to form hydrogen bonds with the 3rd amino acid, E9, of the 

GLP-1 (Zhang et al., 2017b, Wootten et al., 2017). Whereas, due to a shallower binding pocket 

of the CTR, the central polar network sits one helical turn below the sCT binding pocket, which 

precludes these residues from forming direct interaction with the ligand (Figure 4.33). These 

differences in positioning of the central polar network relative to the binding pockets of CTR and 

GLP-1R imply different modes of interactions between the network residues and agonists for 

each receptor. 

Ligand-specific effects on affinity were observed for a number of the central polar 

network residues in the CTR. One example is mutation of N194A (N2.60A) that resulted in 

significantly decreased pKi of the antagonist probe sCT(8-32), hCT, pCT but not for full length 

sCT (Figures 4.11 – 4.14). The crystal structure of sCT(8-32) solved with the CTR NTD 

supports the role of CTR NTD in sCT(8-32) binding (Johansson et al., 2016). Given the 
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positioning of N194A (N2.60A) in the binding pocket relative to the peptide N-terminus (Figure 

4.34), as well as the fact that sCT(8-32) does not contain the residues 1 – 7, still binds the CTR 

with high affinity (approx. 10-fold lower than sCT), and that N194A decreases sCT(8-32) 

affinity  suggests there is an allosteric interaction between N194A (N2.60A) and the extracellular 

face of the receptor. On the other hand, the fact that this residue was important for sCT(8-32), 

hCT and pCT pKi, but not important for full length sCT indicates differential importance for the 

parts of the receptor responsible for high affinity engagement of sCT versus sCT(8-32), hCT and 

pCT. There was little variation between absolute values of cAMP levels at vehicle concentration 

of agonists between WT and mutant receptors, suggesting little difference between the level of 

the mutants’ and WT CTR constitutive activity. Although there is some literature data suggesting 

that sCT(8-32) can act as an inverse agonist in the cell system with constitutive activity (Pozvek 

et al., 1997), the data from our laboratory suggests that sCT(8-32) is a very weak partial agonist 

(unpublished). If sCT(8-32) were an inverse agonist, under the cubic ternary model, it would be 

expected to favour binding to the inactive state over the active state and hence for the mutant that 

increases receptor constitutive activity sCT(8-32) would have a reduced affinity. While N194A 

has reduced affinity to sCT(8-32), it’s constitutive activity is no different from the WT CTR. 
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Figure 4.33. 3D model showing the central polar network of CTR. Ribbon representation of the TM bundle of the 
sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et. al., 2019). 
Receptor TMs 2,3,4,5,6 and 7 are shown in gray and ligand is shown in red (for better visualisation ECL and TM1 
are not shown and sCT residues 1-10 are shown as ribbon). 

 

 
 

Figure 4.34. 3D model showing relative positions of N194 and sCT. Ribbon representation of the TM bundle of the 
sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et. al., 2019). 
Receptor TMs are shown in green and sCT is shown in red (sCT residues 1-7 that are absent in sCT(8-32) are 
shown as ribbon.  
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N233A (N3.43A) and Q355A (Q6.52A) were also differentially involved in affinity for 

distinct agonists. For instance, N233A (N3.43A) had slightly increased pKi for sCT and hCT 

(Figures 4.12 – 4.13). This same mutant, N233A (N3.43A), as well as Q355A (Q6.52A) showed 

significantly decreased Gs coupling affinity specifically for hCT, an effect not seen for other CT 

agonists (Figure 4.13). For pCT N233A (N3.43A) and Q355A (Q6.52A) slightly decreased pKi, 

although this effect didn’t reach statistical significance (Figure 4.14). Thus, we speculate, that 

affinity effects of N233A (N3.43A) and Q355A (Q6.52A) mutations may result from altering the 

shape of the binding pocket that in turn affects the peptide’s binding conformation (or a range of 

conformations that the receptor is able to explore; or the rates of exchange between the different 

conformational states). Additionally, effects on Gs coupling affinity of N233A (N3.43A) and 

Q355A (Q6.52A) for hCT suggests an allosteric interaction between the bottom of ligand binding 

pocket and the G-protein binding site. Such allosteric networks that can transduce signal from 

the ligand binding site to the G protein binding site were previously observed in some class A 

GPCRs (Manglik et al., 2015, Dror et al., 2011, Miao et al., 2013). 

Analogous central polar network residues were previously extensively studied in a related 

GLP-1R. Similar to the observed CTR ligand-specific effects on both pKi and cAMP functional 

affinity (pKA), corresponding central polar network mutations (R2.60A, N3.43A, H6.52A and 

Q7.49A) affected GLP-1R equilibrium affinity (pKi) in ligand- (GLP-1, exendin-4 and 

oxyntomodulin) and ligand isoform- (amidated, fully processed, extended or truncated GLP-1 

isoforms; fully processed or truncated exendin-4) dependant manner (Wootten et al., 2013, 

Furness et al., 2018). In GLP-1R, R2.60A, which corresponds to N194A (N2.60A) in the CTR 

(decreased pKi of sCT(8-32), hCT, pCT but not for sCT for CTR), resulted in decreased pKi for 

amidated GLP-1(7-36)NH2, truncated GLP-1(7-37)), exendin-4 and truncated exendin (9-39) but 

not for either the extended GLP-1(1-37) or oxyntomodulin isoforms. N3.43A, which showed no 

effects on pKi for CTR agonists, in GLP-1R decreased pKi only for amidated GLP-1 (GLP-1(7-

36)NH2 and truncated GLP-1(7-37)), but not for either exendin-4, exendin (9-39), extended 

GLP-1(1-37) or oxyntomodulin (Wootten et al., 2013, Furness et al., 2018). H6.52A, which only 

slightly decreased pKi for pCT in the CTR, decreased pKi only for amidated GLP-1(7-36)NH2 

and truncated GLP-1(7-37), exendin-4 and exendin (9-39), and oxyntomodulin, but not for the 

extended form of GLP-1 (GLP-1(1-37)). Interestingly, the Q383A (Q7.49A) mutation that showed 

no change in pKi or cAMP pKA with any of the CT agonists (Figures 4.12 – 4.14) also had a 

more limited role on the equilibrium affinity of GLP-1 agonists, with only slight decrease of pKi 

for the extended GLP-1(1-37) peptide isoform and no changes for other ligands or GLP-1 

isoforms (Wootten et al., 2013, Furness et al., 2018). This is also consistent with limited role of 

this residue in peptide ligand affinity for other class B receptors where this has been assessed (as 
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reviewed by (de Graaf et al., 2017)). This could perhaps indicate a lesser involvement of this 

residue in class B receptors orthosteric binding pocket and/or in the allosteric networks 

associated with the binding pocket, at least when coupled to Gs effector proteins. 

Y234A (Y3.44A) is located about one helical turn below the CTR binding pocket and for 

this receptor is likely to be involved in interactions with central polar residue network. Similar to 

N194A (N2.60A), Y234A (Y3.44A) mutation decreased pKi for hCT and to a lesser degree for pCT 

(Figures 4.13, 4.14), indicating that this residue is likely to be involved in an allosteric 

interaction with the binding pocket. 

Together, our results on CTR, along with data on GLP-1R (Wootten et al., 2015, Furness 

et al., 2018) and other class B receptors (as reviewed by (de Graaf et al., 2017)) suggest that 

while there is a common involvement of the polar network residues in the affinity control of 

many class B GPCRs, the individual interactions differ in both receptor- and ligand-specific 

manner. This is unsurprising given the distinct structural features of the binding pockets and 

distinct positioning of the central polar network relative the peptide N-terminus for the different 

class B receptors. 

K220A (K3.30A) was the only mutation, which resulted in a significant loss of cAMP 

functional affinity across all three calcitonin agonists, including sCT. The magnitude of the 

effect was, however, differed for the different calcitonins: the highest impact was on hCT 

(approx. 2500-fold decrease relative to the WT); the impact on pCT was smaller (156-fold 

decrease relative to the WT); and the least affected was sCT (5-fold decrease relative to the WT) 

(Figures 4.12 – 4.14). Because of very low probe binding and inability to obtain a reliable 

window within our concentration range, pKi for K220A (K3.30A) were not detected, and so we 

are not able to compare them to pKA effects. In our model this residue is positioned at the top of 

TM3, oriented away from the peptide agonist binding site. Its positioning is in proximity of the 

ECL2 backbone where it likely forms a hydrogen bond with the backbone of D287 in the middle 

of the loop (Figure 4.35). Although based on our static cryo-EM structure the distance between 

the two atoms is 3.6 Å, GPCRs are dynamic structures and distances between the residues can 

change, bringing the two atoms close together. It is known thatD287ECL2 is located in the 

proximal region of the ECL2 and was shown to be important in binding affinity for all CTR 

peptides and thus K220 (K3.30A) is likely to play role in stabilizing of the CTR ECL2 (Dal Maso 

et al., 2018b). The equivalent residue in the GLP-1R, R3.30A displayed a similar effect to 

observed in this study, where it substantially altered the affinity and cAMP potency of multiple 

GLP-1R peptide agonists (Wootten et al., 2016b) as well as glucagon binding affinity for the 

GCGR (Siu et al., 2013). Structures of the GLP-1R bound to peptide agonists also support a role 
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of the residue at 3.30 in stabilising ECL2, suggesting that this conserved residue may play a 

common role across the class B GPCR family. 

 

 

 
Figure 4.35. 3D model showing proximity between K220 and D287. Ribbon representation of the TM bundle of the 
sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et. al., 2019). 
Receptor is shown in green and ligand is shown in red. The distance measured between the atoms is shown by the 
yellow dash and equals 3.6 Å. 

H302A (H5.40A) mutation statistically significantly reduced hCT pKi, with the pKi of sCT 

and pCT also similarly reduced, although these did not reach statistical significance (Figure 4.12 

– 4.14). Consistent with these detrimental effects on the equilibrium affinity, H302 (H5.40) is 

predicted to directly interact with the T6 of the peptide in our current sCT (Dal Maso et al., 2019) 

and the preliminary hCT-CTR (unpublished) models that were build into the cryo-EM density 

maps. The residue located at this position is likely to be important for peptide binding in all class 

B GPCRs. While a polar residue is located at 5.40 in all family members, the nature of the 

residue differs of across the family (for sequence alignment see Supplementary figure 7, 

Appendix 1). In the GLP-1R family, R5.40 forms interactions with peptide ligands in the 

currently available cryo-EM structures (Liang et al., 2018a, Zhang et al., 2017b). In addition, 

mutagenesis of the residue at this position has been shown to heavily reduce the affinity of 

multiple peptide ligands for the GLP-1R (Wootten et al., 2016b), the GCGR (Siu et al., 2013) 

and potency of the CLR cAMP response (Vohra et al., 2013b). 
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M306A (M5.44A) decreased pKi for hCT and pCT (Figures 4.13, 4.14) is a TM5 residue 

located about one helical turn below the H302 (H5.40). Based on its position, M306 (M5.44A) 

could form hydrophobic interactions in the area surrounding the binding pocket. Other 

hydrophobic residues in this region also include L309 (L5.47), V305 (V5.43), F356 (F6.54) and 

V357 (V6.53) that form a pocket to accommodate L4 of the peptide (Figure 4.36). Our data 

indicate that the hydrophobic interactions in this region are important in maintaining of optimal 

binding pocket conformation for hCT and pCT. 

Residues F356 (F6.53), M376 (M7.42) and F359 (F6.56) are located in TMs 6 and 7 that 

undergo major conformational rearrangements upon receptor activation. These amino acids with 

hydrophobic side chains are predicted to pack together and were also previously implicated in 

CT peptide affinity consistent with the current results (Dal Maso et al., 2018b). F359A (F6.56A) 

decreased pKi for both hCT and pCT. F356A (F6.53A) affected Gs coupling affinity for hCT while 

P363A (P6.60A) and M376A (M7.42A) affected Gs coupling affinity for both hCT and pCT. 

Mutation of P363A (P6.60A) led to a decrease in both pKi and pKA for hCT, however the change 

in pKA was more than 10-fold greater than the change in pKi supporting that this residue is more 

strongly involved in affinity with respect to Gs coupling (Figures 4.13 – 4.14). Neither P363A 

(P6.60A) nor M376A (M7.42A) had effects on sCT affinity, indicating that differential amino acid 

networks are important for individual ligands or that sCT is less sensitive to single mutations. 

PЗ60A (P6.57) significantly impaired hCT and pCT equilibrium affinity (pKi) and the pKA 

derived from cAMP data (Figures 4.13 – 4.14). Prolines hydrogen bond to their backbone 

nitrogen and are often associated with breaks in secondary structure and kinks within helices 

(Richardson, 1981, Pace et al., 1998). In the published CTR structure (Dal Maso et al., 2019), 

the helical secondary structure with TM6 is disrupted at P360, where the top of the helix 

unwinds and is relatively mobile, but is also within proximity of Ser5 of the peptide ligand 

(Figure 4.37). Mutation to Ala may results in differences within the secondary structure within 

this region and therefore could impact on interactions with ligand, as well as receptor activation. 

Despite the effects of P360A on hCT and pCT affinity, remarkably, mutation of this residue has 

no effect on sCT, which is consistent with single mutations throughout this study and others (Dal 

Maso et al., 2018b, Dal Maso et al., 2019) having little effect on the overall affinity of this 

ligand. 
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Figure 4.36. 3D model showing hydrophobic residues in proximity of M306. Ribbon representation of the TM 
bundle of the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et. 
al., 2019). Receptor is shown in green and ligand is shown in red with M306 and hydrophobic residues in its 
proximity are shown as sticks. 

 
Figure 4.37. 3D model showing proximity between P360 of the CTR and S5 of the peptide. Ribbon representation 
of the TM bundle of the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal 
Maso et. al., 2019). Receptor is shown in gray and ligand is shown in green ribbon. The distance measured between 
the atoms is shown by the yellow dash and equals 3.0 Å. 
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D373A (D7.39A) showed decreased global affinity for hCT and pCT, but not for sCT, 

which is partially consistent with previous data where D373A (D7.39A) decreased affinity across 

all the three calcitonin agonists (Figures 4.12 – 4.14) (Dal Maso et al., 2018b). Removal of the 

negative charge from the aspartic acid due to the mutation appears to disrupt specific ligand 

interactions. One potential interaction is a salt bridge between D373 (D7.39) and the K11 of sCT, 

which are about 5 Å apart, as captured in the CTR cryo-EM structure (Figure 4.38). It should 

also be noted that receptors are dynamic rather than static structures and it is possible that K11 

and D373 (D7.39) can move closer together to form a stronger salt bridge interaction depending 

on receptor’s conformational state. A salt bridge was proposed between the same residue D366 

(D7.39) of CGRP (CLR/RAMP1) and D3 of αCGRP based on the cryo-EM map. Interestingly, 

hydrogen bond formation was also predicted between R11 of αCGRP and D366 (D7.39) of the 

receptor, but, similarly to the CTR, this interaction is not seen in the cryo-EM map (Liang et al., 

2018a). hCT and pCT have T11 and A11 residues at position 11 of the petide, indicating that other 

interactions might be in place for D373 (D7.39) , which we, however, could not identify based on 

the available structural data. 

 

 

 
Figure 4.38. 3D model showing proximity between D373 of the CTR and K11 of the peptide. Ribbon representation 
of the TM bundle of the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal 
Maso et. al., 2019). Receptor is shown in green and ligand is shown in cyan. The distance measured between the 
atoms is shown by the yellow dash and equals 5.3 Å.  
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I380A (I7.46A) trended towards increased affinity for hCT and pCT, however, it only 

reached statistical significance for pCT pKi (Figures 4.13 – 4.14). Exchange of I for a shorter 

amino acid A possibly removes steric constraints, thus improving affinity. 

Our results show that, apart from the K220A (K3.30A) mutation which had global effect 

on CTR functional affinity across all three calcitonin peptides, the majority of the analysed 

residues within the TMs 2, 3, 5, 6 and 7 had ligand-specific effects on CTR binding and 

functional affinity, with mutation of the residues mentioned above having effects on the CTR 

lower affinity peptides, such as hCT and pCT, but limited disruption to binding of the higher 

affinity agonist, sCT. These results imply that CTR engages differentially with its individual 

agonists, for example, by utilizing distinct amino acid residues networks or that the stable 

interaction made by sCT with the receptor is less susceptible to disruption by single amino acid 

substitutions. 

Comparison of the static cryo-EM structures of sCT-CTR and hCT-CTR complexes 

shows little difference in CTR-ligand interactions overall, however there are indications of 

differential contribution of residues within CTs N-terminal ring to their affinity. For example, 

consecutive truncation of the residues from N-terminus of sCT results in transition from full 

agonist to partial agonist while truncation of 7 to 8 amino acids results in competitive antagonists 

(Feyen et al., 1992). Presence of the N-terminal helical structure has been shown to be important 

for hCT potency in cAMP signalling, but not for sCT (Orlowski et al., 1987). This is consistent 

with our results demonstrating that sCT is less sensitive to the individual Ala mutations 

introduced within the CTR TM region, compared to hCT and pCT, which were both more 

generally more sensitive to the individual Ala substitutions. sCT is characterised by a slower 

binding dissociation rate, and in some reports approaches pseudo-irreversible binding, compared 

to hCT (T1/2= 4.4 minutes for hCT versus and T1/2 =41 minutes for sCT (reported by Furness et 

al., 2016). MD simulations performed on the CTR-sCT and CTR-hCT showed distinct dynamics 

of the CTR-sCT and CTR-hCT complexes (Dal Maso et al., 2018b). In these simulations sCT 

trended to form relatively stable and persistent interactions with the receptor, whereas hCT 

interacted with similar residues but was more conformationally dynamic, forming less persistent 

interactions with the receptor side chains. These differences extend to the receptor itself, such 

that in complex with sCT the top of the receptor TM bundle is less mobile compared with the 

situation when hCT is bound. It seems likely that the formation of more stable interactions with 

the binding pocket can make the sCT-CTR complex more tolerant to single mutations, as seen in 

the mutagenesis data, and that perhaps multiple interactions need to be disrupted before any 

effects in the mutagenesis are observed. 
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Another distinct feature of CT agonists is the ability of sCT mid-region to form an alpha 

helix that is also supported by the current CTR model. This secondary structure of the sCT 

seems to add additional constraints on how sCT is positioned within the CTR binding pocket and 

thus might affect sCT affinity (Hilton et al., 2000, Meadows et al., 1991). On the other hand, this 

ability of sCT from form secondary structure translates into its distinct binding kinetics (Sexton 

et al., 1999, Furness et al., 2016). 

Hence, our data supports distinct interaction modes between the CTR and its individual 

agonists. This can a result from either distinct conformations that the CTR adopts when 

interacting with each agonists and/or from distinct residency times of each agonist that causes 

different strength of interactions between the receptor and the ligand. 

4.3.3 EFFECTS OF THE CTR TM MUTATIONS ON CTS PERK1/2 FUNCTIONAL AFFINITY 

CTR pERK1/2 response represents a convergent response from multiple signalling 

pathways, including PKC, PI3K and PLC (Morfis et al., 2008), where multiple G proteins can be 

involved. Effects of the mutations on pERK1/2 pKA were dissimilar to the cAMP pKA changes, 

with the majority of mutants displaying either slightly enhanced or slightly reduced functional 

affinity for pERK1/2 response (depending on the operational fit for the pERK1/2 data) (Figures 

4.12 – 4.14, 4.26 – 4.28, 4.15, 4.31, Supplementary figure 4, Appendix 1). Thus, comparing pKA 

effects between the two different signalling pathways, cAMP and pERK1/2, demonstrates that 

same mutations can have differential effects on functional affinity for coupling to distinct 

signalling pathways. Mapping the CTR mutational effects for the CTR ECD (ECLs 1, 2 and 3 

and the top of TM1) also revealed differences in patterns of pKA effects (as well as the direction 

of effects for select ECD regions) between pERK1/2 and cAMP pathways. This implies that 

distinct amino acid networks are engaged for coupling to different downstream signalling 

effectors. 

While applying the operational model has allowed us to derive the functional affinity 

(pKA) for each individual mutant for pERK1/2 pathway, there is a significant kinetic difference 

in the way the data was acquired for measurements of pERK1/2 compared with those used for 

radioligand binding and cAMP assays. With Koff of 4.4 minutes and 41 minutes for hCT and sCT 

(when assessed at room temperature), respectively, under our experimental conditions, all 

agonists are expected to be at, or close to equilibrium for occupancy at the WT receptor in the 

radioligand binding (incubation for 16 hours at 4°C) and the cAMP assay (incubation for 30 

minutes at 37°C) (Furness et al., 2016). Activation of pERK1/2 is a transient response, peaking 

at a ~5 minutes and at this time, sCT will not be close to occupancy equilibrium, while hCT and 

pCT will be closer to occupancy equilibrium at the WT receptor. Therefore, if any of the CTR 
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mutants resulted in substantial changes in binding kinetics, and in particular, Koff, this could lead 

to disproportionate changes in pERK1/2 pKA (especially for sCT), i.e. these mutants will be 

closer to the occupancy equilibrium than the WT receptor at the time of the assay readout. To 

test whether this might be the case, measuring ligand binding kinetics for each mutant would be 

required. 

The majority of CTR mutants had good agreement between the pKi and cAMP pKA, 

indicating that these assays, performed at conditions either at or close to equilibrium, provide a 

good estimate for CTR affinity. For the CTR pERK1/2 pKA, further experiments are required in 

order to assess the contribution of kinetic differences observed with non-equilibrium 

measurements and their contribution to the mutation-dependent observed changes in pKA for 

pERK1/2. These differences between pKi and pERK1/2 pKA values could also indicate that the 

affinity of CT agonists is not affected by the effectors (pathways) leading to pERK1/2 

phosphorylation, but that pKi is largely influenced by receptor coupling to Gs-mediated 

pathways. 

Although our pERK1/2 operational analysis resulted in ΔpKA patterns with pERK1/2 

functional affinity being increased relative to the WT for the majority of mutants for CT 

agonists, these results need to be interpreted with caution due to certain limitations in our 

analysis. And, therefore, as discussed in the results section, we performed a comparison of 

different fits for the operational model to see which is a better representation for our data. 

Because of the heterogeneity of pERK1/2 concentration responses (both biphasic and 

monophasic concentration responses) an operational fit with a common mechanism (common 

transducer slope) resulted in fits with varying degrees of goodness. Either sharing or constraining 

the transducer slope results in operational fits better representing some data sets, while poorly 

representing others (i.e. the goodness of fit). While under such circumstances there is no ideal 

way to fit these data onto the operational model, we considered a number of options for the 

analysis, each having its strengths and limitations. Operational analysis that is described in the 

main Chapters 4 and 5 was chosen based on a shared transducer slope globally fitted to all data 

sets from the WT and each mutant. However, this analysis does appear to underestimate pKA for 

the WT, resulting in ΔpKA profiles where mutant receptors had slightly increased pKA relative to 

the WT (although, the majority of these effects did not reach significance). Another approach 

was to constrain the transducer slope n to 1 as we did for the 2 other agonists – αCGRP and 

rAMY (the data for αCGRP and rAMY was better fitted using monophasic concentration 

response curves). This approach resulted in a poor fit for WT with the fit not passing through 

most of the data points (Supplementary figure 6, Appendix 1), therefore we dismissed this 

option. The third approach was constraining the transducer slope n to 0.4 and increasing Emax to 



120 
	  

200 (as described in the results section), which resulted in a reasonably good fits for CTs at WT 

(although the fit did miss some data points for pCT) (Supplementary figures 1–3, Appendix 1) 

with apparent higher pKA and a slightly changed pattern of ΔpKA effects (Supplementary figure 

4, Appendix 1). 

We therefore, compared the ΔpKA profiles obtained for the two different fits to see how 

these influenced our data interpretation. When comparing the results of ΔpKA effects across the 

two fits (globally fitted transducer slope versus one constrained to 0.4 (see above) and 

comparing figures 4.26 – 4.28 with Supplementary figure 4, Appendix 1), it could be seen that 

the patterns of the mutational effects trended in opposite directions, however, the overall 

magnitude of effects was very modest, with only few effects reaching significance for the fit 

with shared transducer slope and none with the alternative fit. In spite of this general trend for 

apparent reversal of pKA depending on the model fitted, mutants K220A (K3.30A), I301A (I5.39A) 

and H302A (H5.40A) all showed an apparent increase in sCT dependent pKA regardless of model. 

This supports that the interactions of sCT for pERK1/2 coupling are somewhat different to the 

other CT ligands and that overall (for all ligands) the resulting pattern of effects of TM mutations 

on pERK1/2 pKA are still different from that of pKi and cAMP pKA effects. This supports our 

previous conclusions regarding distinct amino acid networks being important for coupling to 

different downstream signalling effectors (cAMP versus pERK1/2) for the CTR. 

4.3.4 EFFECTS OF CTR TM MUTATIONS ON THE CTR CAMP AND PERK1/2 FUNCTIONAL 

AFFINITY IN RESPONSE TO ΑCGRP AND RAMY 

Overall, the pattern of cAMP pKA values for αCGRP and rAMY resembled that of the 

low affinity CT agonists, hCT and pCT, with the magnitude of effects being most similar to 

hCT. We observed both common and ligand-specific effects of the selected mutations on CTR 

affinity when comparing this data against the affinity data from other CT ligands (as described 

above) (Figures 4.12 – 4.14, 4.18 – 4.19). Among residues with common effects on the CTR 

affinity was K220A (K3.30A), which reduced cAMP functional affinity for all 5 studied CTR 

agonists, including sCT. K220 (K3.30A) is located at the top of TM3 where it can potentially form 

interactions with residues of the ECL2, and through this, affect CTR binding affinity. This 

theory is supported by studies assessing ECL2 that identified it as a critical domain for CT 

peptide binding affinity (Dal Maso et al., 2018b, Dal Maso et al., 2019). ECL2 has also been 

identified as a crucial domain across all class B GPCRs (and many class A GPCRs) where it has 

been studied to date, highlighting a common role of ECL2 in class B GPCR function. In the 

current literature, mutation of the same, K3.30A in CGRP receptor (CLR/RAMP1) showed no 

significant effects on potency of the cAMP response to αCGRP (Barwell et al., 2011). The 
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recently published CGRP receptor structure (Liang et al., 2018a) revealed that the RAMP1 

protein plays a role in ECL2 stability and therefore may account for a more limited role of the 

K220 side chain in stability of this loop that is required for function. In contrast, this residue 

stabilises ECL2 in both the CTR and GLP-1R structures that do not contain and RAMP, and 

mutation to alanine alters function of all agonists assessed to date (Wootten et al., 2016b, Siu et 

al., 2013), including in this study. 

Similar to the lower affinity CT agonists (hCT and pCT), central polar network residues 

N194A (N2.60A), N233A (N3.43A), Q355A (Q6.52A) (only αCGRP) as well as F356A (F6.53A) (a 

non-polar side chain residue in proximity of the central polar network) were important for 

αCGRP and rAMY pKA (Figures 4.12 – 4.14, 4.18 – 4.19). As discussed above, hCT data 

suggests that N233A (N3.43A), Q355A (Q6.52A) and F356A (F6.53A) are specifically involved in 

Gs coupling affinity. Q6.52A and F6.53A decreased potency of AM cAMP response for AM1 

(CLR/RAMP2) and AM2 (CLR/RAMP3) receptors; Q6.52A also decreased potency of αCGRP 

response to CGRP receptor (CLR/RAMP1); while N3.43A caused small increase in potency of 

AM response for all three CLR receptors (CLR/RAMP1; CLR/RAMP2 and CLR/RAMP3) 

(Woolley et al., 2017b). Interestingly, as assessed by radioligand binding assay, these mutations 

didn’t affect the binding affinity for AM at AM1 receptor (Woolley et al., 2017b). This 

indicates, that for CLR these mutations can affect either affinity of Gs coupling affinity or cAMP 

efficacy, suggesting that the these polar network residues are involved in allosteric networks that 

control Gs coupling affinity for both CTR and CLR. 

Mutagenesis studies were performed on CLR in complex with RAMP1 to asses effects on 

CGRP receptor ECL1, ECL2 and ECL3 and adjacent parts of TMs to determine effects on 

receptor expression, internalisation and on cAMP response (Barwell et al., 2011b, Woolley et 

al., 2013). For the same residues that overlap with the current study (K3.30, Q3.33, H3.36, L3.37, I5.39, 

I6.56, P6.57, M7.42 and H7.43) there were limited common effects seen across the CLR and CTR 

studies. Thus, there was a 126-fold decrease in radioligand binding affinity (pIC50) for H3.36A 

mutant in the CLR which correlates poorly with a 10-fold decrease in pKi seen for hCT (not 

statistically significant), and a 3-fold decrease in pKi seen for pCT (statistically significant); 

although no pKA effects for this mutation were seen for either αCGRP, or rAMY, for this mutant 

in CTR in the absence of RAMPs. L3.37A in CGRP receptor also decreased radioligand binding 

affinity (pIC50) for 1.1-fold. In the CTR this correlated with a 4-fold decrease in pCT binding 

affinity (although, this result didn’t reach statistical significance). The CLR study was conducted 

in presence of RAMP1 (which is known to allosterically modulate CLR and therefore alter the 

shape of the binding pocket). In both CGRP receptor and CTR structures, the residues discussed 

above are positioned in a similar way. The CTR when coupled with RAMPs (either RAMP1, 2 
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or 3) forms a higher affinity AMY receptor, with lower affinity for hCT. CTR/RAMP1 also has 

higher affinity for CGRP than the CTR alone. For a more direct comparison of the role of these 

residues between CLR/RAMP complexes, it would be interesting to compare effects of the same 

mutations on CTR affinity when it is co-expressed with RAMP1, 2 or 3. Whereas CLR does not 

form functional receptor in the absence of RAMPs, experiments assessing effects of same 

mutations when CTR is co-expressed with RAMPs would be required to test if the observed 

differences between the CTR and CLR effects are caused by allosteric effects of RAMP co-

expression, or whether it is the result receptor-specific differences in the binding pocket 

conformation. Previous work examining ECLs 2 and 3 of the CTR revealed distinct patterns in 

terms of direction and magnitudes of effects on cAMP pKA for CTR alone and when it is 

allosterically modulated by RAMP3 (Dal Maso, et al., 2018b, Pham et al., 2019).  

Due to weak coupling and low affinity of αCGRP and rAMY, pKA effects for pERK1/2 

pathway could be calculated only for a limited number of mutants (Figures 4.29 – 4.30). The 

direction of mutational effects on pERK1/2 pKA for αCGRP and rAMY differed from the 

pERK1/2 pKA pattern for CTs (which displayed increased pKA), with all pKA effects trending 

towards decreased pKA, (Figures 4.26 – 4.30, 4.31 – 4.32). For rAMY, pERK1/2 pKA pattern 

was somewhat similar to cAMP pKA pattern for this agonist (although, pERK1/2 pKA couldn’t 

be calculated for about half of the mutants). This data suggests that there might be differences in 

the residue networks involved in pERK1/2 coupling affinity for CT agonists versus αCGRP and 

rAMY. On the other hand it is to be verified whether there is any kinetic aspect of αCGRP and 

rAMY residency time that contributed to this obvious difference to CT agonists. Noticeably, 

αCGRP and rAMY had higher pERK1/2-derived pKA than CT agonists. αCGRP and rAMY are 

weak CTR agonists with equilibrium affinity lower than that of CT agonists. This difference 

could arise from either kinetic shortcoming of measuring pERK1/2 response at non-equilibrium 

state, or from the limitations associated with fitting these data onto the operational model (as 

ΔpKA profiles obtained for the CTs when using an alternative operational fit (with n=0.4) 

correlated better with these for αCGRP and rAMY  (Figures 4.29 – 4.30, Supplementary figure 

4, Appendix 1)). 

We are not able to directly compare αCGRP and rAMY functional affinity effects to the 

effects of these ligands on equilibrium affinity, as pKi for αCGRP and rAMY couldn’t be 

determined at the concentrations tested. However, since N194A (N2.60A) cAMP pKA change was 

of same direction and similar magnitude as pKA change for pERK1/2 pathway (Figures 4.18 – 

4.19 and 4.29 – 4.30) and since N194A (N2.60A) showed detrimental effects on pKi for sCT(8-

32), hCT and pCT (as was previously discussed), it could be speculated the affinity effects seen 

for both cAMP and ERK1/2 pKA for rAMY reflect N194A (N2.60A) effects on equilibrium 
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binding affinity. Therefore, N194A (N2.60A) is involved in important contacts that maintain 

receptor optimal conformation for binding of sCT(8-32), hCT, pCT as well as rAMY. 

Thus, for weak CTR agonists, αCGRP and rAMY we observed both ligand- and pathway 

specific effects of the CTR TM mutants on the receptor affinity. Our data suggests that the 

overall conformation of the CTR binding pocket is largely shared between its agonists, including 

hCT, pCT, αCGRP and rAMY, that is supported by close profiles of cAMP pKA effects for these 

4 agonists, (with sCT being the least sensitive to the individual Ala substitutions). On the other 

had, pERK1/2 pKA profiles were of opposite direction for αCGRP, rAMY when compared to CT 

agonists. Whether this is due to ligand-specific downstream coupling activation, or it is 

associated with pERK1/2 assay kinetics, will require further investigation. Limitations in the 

operational fitting of the data for CT agonists could also impact on the comparison across 

different CTR agonists. 

4.4 SUMMARY 

1. CTR agonists displayed both global and ligand-specific effects on the CTR binding and 

functional affinity. 

2. The interactions between the deep TM receptor binding pocket residues and the peptide 

N-terminus are important for binding, at least for the lower affinity CTR agonists, hCT 

and pCT as well as for αCGRP and rAMY. For theses agonists interactions with CTR 

TM region had greater effects on affinity, both pKi and cAMP pKA, than for sCT which 

was more tolerant to individual mutations of the CTR TM binding site. 

3. Central polar network residues were important for affinity (pKi and cAMP pKA) of hCT 

and pCT and for weak CTR agonists, αCGRP and rAMY. 

4. Comparing cAMP pKA effects against pKi allowed us to separate global affinity effects 

and effects on the Gs coupling affinity for a number of mutants identifying residues that 

are potentially linked to the allosteric networks that propagate the activation of signal 

from the ligand orthosteric binding pocket site to the Gs protein binding site. 

5. Distinct structures of the CTR ligands (higher alpha-helicity of sCT mid-region) may 

translate in differential orientation and interactions of the peptide N-terminal ring with 

the surrounding receptor environment. On the other hand, differential kinetics of 

interactions with the receptor for different ligands may also translate into distinct modes 

of ligand-receptor interactions or distinct requirements of individual amino acids. 

6. CTR agonists displayed pathway-specific effects on pKA for cAMP and pERK1/2, 

indicating that receptor is utilizing distinct amino acid networks to activate different 

signalling effectors. pERK1/2 response was measured at non-equilibrium conditions and 
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kinetic effects on pKA values should be considered; effects of CTR mutants on individual 

ligands residency times require additional interrogation. 
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CHAPTER 5 

 
Effects of alanine mutations of 

residues within calcitonin receptor 

(hCTR) binding pocket on intracellular 

signalling to cAMP and ERK pathways 
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5.1 INTRODUCTION 

Previous studies of the analogous TM binding pocket residues in various class B 

receptors provide strong evidence of the important role these residues play in binding and 

signalling. Of particular interest are conserved polar residue networks that play important roles 

in transmission of conformational changes associated with receptor transition between inactive 

and active states. These residues have been extensively studied for a number of class B GPCRs 

and shown to alter receptor function when mutated to Ala. GLP-1R studies using receptor 

agonists with different sequence and structure revealed that the central polar network residues 

and their interactions are important for modulating effector coupling specificity and biased 

signalling (Wootten et al., 2016b, Furness et al., 2018). 

Previous studies revealed that a naturally occurring CTR polymorphism (in the ICL1) as 

well as introduced Ala mutations in the CTR extracellular loops (ECL2 and ECL3) can alter 

CTR signalling in ligand- and pathway-specific manners (Dal Maso et al., 2018b, Dal Maso et 

al., 2018a). In this study, we extend the work reported in Chapter 4 to assess the role of receptor 

mutants in transmission of signalling. 

Upon CTR activation, both TM6 and TM7 are known to undergo the major 

conformational reorganisation that includes a large outward movement of the intracellular part of 

the TM6 that is necessary to enable G protein engagement. Toward the extracellular end of TM6, 

there is an outward movement as well as disordering and unwinding of this helix correlated with 

~60° kink at the centre of TM6 formed around Pro6.47-X-X-Gly6.50. There are also significant 

outward movements in both extracellular and intracellular regions of the TM7. The tops of TMs 

6 and 7, along with ECL3, play important roles in CTR activation and signalling, and this was 

previously confirmed for the CTR and other class B receptors. There is also an inward 

movement at the top of TM1 and a small outward movement at the top of TM5. 

In order to assess the effects of mutations within the TM peptide binding pocket (TM 3,  

5, 6 and 7) and central polar network of CTR on initiation and propagation of 

intracellular signalling, two pathways were evaluated – cAMP and ERK1/2 phosphorylation. 

Concentration response data were generated for each pathway (Figures 5.1 – 5.3, 5.5 – 5.6 and 

5.8 – 5.10, 5.15 – 5.16) as per the previous chapter and these data were analysed using the Black 

and Leff operational model of agonism to derive affinity-independent measures of intrinsic 

efficacy (τ) for each mutant and for each peptide agonist for each signalling pathway. Corrected 

for the cell surface expression, τс values can then be used to directly evaluate changes in the 

efficiency with which each mutant receptor can transduce a signal (that comes from receptor 

activation by a specific agonist) relative to the WT receptor. 
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This study aimed to provide a more detailed mechanistic understanding on how signalling 

is propagated within the CTR and how this relates to the existing knowledge on other class B 

receptors. Identifying residues with either ligand- or pathway-specific effects provides a 

framework with which to understand the networks of residues engaged by particular agonists in 

order to couple to downstream effectors and may also be useful for the future design of biased 

agonists with desired pharmacological properties. 

Chapter 5 utilized analysis of the original cAMP and pERK1/2 concentration-response 

data, alongside with efficacy (τ) analysis to identify CTR TM residues responsible for signaling. 

As previously mentioned in the introduction to Chapter 4, there is some redundancy between the 

two chapters in terms of analyzing the same data sets, however Chapter 5 focusses on 

characterizing signal transduction, rather than binding per se. 

5.2 RESULTS 

5.2.1 EFFECTS OF THE CTR TM MUTATIONS ON CTR CAMP SIGNALLING 

5.2.1.1 CAMP SIGNALLING IN RESPONSE TO CALCITONINS 

cAMP response for each mutant and the WT receptor was measured and data was fitted 

to three-parameter logistic curves that were normalized to WT maximal response (Figures 5.1 – 

5.3), this is a re-analysis of data from chapter 4. Values for pEC50 and Emax were derived from 

the curves and are reported in Table 5.1. Efficacy values were derived using Black and Leff 

operational model with transducer slope n=1 (as the operational fit was used with n=1, the curves 

looked identical to the three-parameter fit (Figures 5.1 – 5.3). Since many of the introduced TM 

mutations had detrimental effects on cell surface expression, correction for the cell surface 

expression was subsequently applied to logτ values to obtain corrected values logτc and errors 

were propagated accordingly (Table 5.2). Δlogτc value for each mutant was obtained by 

subtracting WT logτ from each mutant’s logτc value (Figure 5.4). 

There were many mutations that had statistically significant effects on the potency or 

maximal response induced by calcitonin peptides relative to the WT receptor (Table 5.1). 

However, application of the operational model allowed us to separate effects that were due to 

altered functional affinities (described in the previous chapter) and effects that were due to 

efficacy. Consistent with decreased expression of the TM mutants, many of the observed Emax 

effects were a result of decreased expression (reported in the previous chapter) rather than 

reduced efficacy. Application of cell surface correction allowed us to identify mutants that had 

genuine changes in efficacy (Table 5.2). 
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Interestingly, residues important for cAMP efficacy seemed to be largely conserved 

across calcitonin peptide agonists. The mutation of K220A (K3.30A) resulted in a statistically 

significant increase in efficacy for all CT agonists (Table 5.2 and Figure 5.4). A number of other 

residues also increased cAMP efficacy across all three CT agonists (sCT, hCT and pCT): N194A 

(N2.60A), I301A (I5.39A), V305A (V5.43A), F356A (F6.56A), P363A (P6.60A), D373A (D7.39A), 

I380A (I7.46A) and Q383A (Q7.49A), although none of these reached significance (Table 5.2 and 

Figure 5.4). While F359A (F6.56A), P360A (P6.57A) and W361A (W6.58A) decreased cAMP 

efficacy for all three agonists. For other residues the pattern of cAMP efficacy effects was 

similar for all CTs (Figure 5.4).  

K220A (K3.30A) was only residue that had significant effect on the cAMP efficacy was 

mapped onto a hCTR model (pdb 6NIY) (dal Maso et al., 2019) in order to better visualise 

where this residue is positioned within the structure (Figure 5.5).  



129 
	  

 

 

 
Figure 5.1. cAMP accumulation profiles in response to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of sCT was fit using three 
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 

 

 

 

Figure 5.2. cAMP accumulation profiles in response to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of hCT was fit using three 
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Figure 5.3. cAMP accumulation profiles in response to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of pCT was fit using three 
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Table 5.1. Effect of single alanine CTR TM region mutation on cAMP potency (EC50) and maximal response to CT agonists (sCT, hCT and pCT) in CV-1-FlpIn cells stably 
expressing hCTRaLeu. 
 

 sCT hCT pCT 

 pEC50 Emax  pEC50 Emax  pEC50 Emax  

WT 10.61 ± 0.04 99 ± 1  10.08 ± 0.05 101 ± 1  9.84 ± 0.05 100 ± 2  

N194A(N2.60A) 10.55 ± 0.18 65* ± 3  8.60* ± 0.18 71* ± 4  9.22* ± 0.22 64* ± 5  

K220A(K3.30A) 10.35 ± 0.20 172* ± 9  7.29* ± 0.17 189* ± 13  8.36* ± 0.20 155* ± 11  

H223A(H3.33A) 10.41 ± 0.14 85 ± 3  9.70 ± 0.24 87 ± 5  9.44 ± 0.10 83 ± 2  

H226A(H3.36A) 10.63 ± 0.15 83 ± 3  10.02 ± 0.20 92 ± 5  9.35 ± 0.26 74* ± 6  

Q227A(Q3.37A) 10.53 ± 0.13 76* ± 2  9.96 ± 0.16 77* ± 3  9.66 ± 0.10 73* ± 2  

M230A(M3.40A) 10.79 ± 0.27 46* ± 3  10.13 ± 0.23 45* ± 3  9.84 ± 0.31 48* ± 5  

N233A (N3.43A) 10.72 ± 0.17 64* ± 3  9.31* ± 0.24 77* ± 5  9.32* ± 0.14 71* ± 3  

Y234A (Y3.44A) 10.18 ± 0.12 80* ± 2  8.88* ± 0.14 79* ± 4  9.17 ± 0.07 69* ± 2  

I301A (I5.39A) 10.52 ± 0.26 70 ± 5  8.29* ± 0.22 62* ± 5  8.19* ± 0.30 56* ± 6  

H302A (H5.40A) 10.46 ± 0.16 68* ± 3  8.53* ± 0.17 69* ± 4  8.94* ± 0.18 48* ± 3  

V305A (V5.43A) 10.78 ± 0.19 96 ± 5  9.89 ± 0.15 89 ± 4  9.81 ± 0.18 85 ± 5  

M306A(M5.44A) 10.61 ± 0.15 75* ± 3  9.70 ± 0.17 82 ± 3  9.26 ± 0.25 83 ± 6  

Q355A (Q6.52A) 10.36 ± 0.20 65* ± 4  9.12* ± 0.16 63* ± 4  9.23* ± 0.16 59* ± 3  

F356A (F6.53A) 10.54 ± 0.30 75* ± 6  8.58* ± 0.26 75* ± 7  9.04* ± 0.23 64* ± 5  

F359A (F6.56A) 10.95 ± 0.18 78* ± 4  9.29* ± 0.20 84* ± 5  9.35* ± 0.16 76* ± 4  

P360A (P6.57A) 10.81 ± 0.15 89 ± 3  8.51* ± 0.17 86 ± 5  9.12* ± 0.14 83* ± 4  

W361A(W6.58A) 10.77 ± 0.13 53* ± 2  9.44* ± 0.12 56* ± 2  9.07* ± 0.17 57* ± 3  

P363A (P6.60A) 10.93 ± 0.19 81* ± 4  8.34* ± 0.16 79* ± 4  8.64* ± 0.17 74* ± 5  

D373A (D7.39A) 10.84 ± 0.22 66* ± 4  8.86* ± 0.17 62* ± 4  8.74* ± 0.21 58* ± 4  

M376A(M7.42A) 10.64 ± 0.12 65* ± 2  8.53* ± 0.09 70* ± 2  8.81* ± 0.14 62* ± 3  

H377A (H7.43А) 10.84 ± 0.20 86 ± 4  9.76 ± 0.20 79* ± 4  9.89 ± 0.17 85* ± 4  

I380A (I7.46A) 10.82 ± 0.18 93 ± 4  10.22 ± 0.24 101 ± 6  10.45 ± 0.19 102 ± 5  

Q383A (Q7.49A) 10.66 ± 0.13 66* ± 2  9.56 ± 0.19 74* ± 4  9.65 ± 0.13 72* ± 3  
 
cAMP formation in the presence of CT agonists was fit using 3-patrameter logistic curves and normalized to WT receptor response. All values are mean±S.E.M. of 3 to 5 
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independent experiments conducted in duplicate. Significance of changes in pEC50 and Emax values were calculated via comparison of mutant pEC50 and Emax values to the WT pEC50 
and Emax respective values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 denoted by *. 
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Table 5.2. Effect of single alanine mutation in the CTR TM region on cAMP efficacy (logτc) of CT agonists. 

 sCT hCT pCT 

          

WT -0.08 ± 0.02 -0.06 ± 0.02 -0.08 ± 0.02 

N194A(N2.60A) 0.13 ± 0.10 0.20 ± 0.10 0.13 ± 0.11 

K220A(K3.30A) 0.88* ± 0.13 1.10* ± 0.16 0.70* ± 0.13 

H223A(H3.33A) -0.17 ± 0.07 -0.16 ± 0.08 -0.19 ± 0.08 

H226A(H3.36A) -0.16 ± 0.04 -0.08 ± 0.04 -0.24 ± 0.05 

Q227A(Q3.37A) -0.04 ± 0.13 -0.02 ± 0.13 -0.07 ± 0.13 

M230A(M3.40A) -0.19 ± 0.15 -0.19 ± 0.15 -0.17 ± 0.15 

N233A(N3.43A) -0.08 ± 0.06 0.05 ± 0.05 -0.02 ± 0.06 

Y234A(Y3.44A) -0.14 ± 0.10 -0.14 ± 0.11 -0.24 ± 0.10 

I301A(I5.39A) 0.41 ± 0.31 0.24 ± 0.31 0.18 ± 0.31 

H302A(H5.40A) 0.50 ± 0.72 0.52 ± 0.72 0.30 ± 0.72 

V305A(V5.43A) 0.19 ± 0.10 0.14 ± 0.10 0.09 ± 0.11 

M306A(M5.44A) -0.03 ± 0.11 0.03 ± 0.11 0.03 ± 0.11 

Q355A(Q6.52A) N.D. N.D. N.D. 

F356A(F6.53A) 0.37 ± 0.37 0.38 ± 0.37 0.27 ± 0.37 

F359A(F6.56A) -0.34 ± 0.05 -0.28 ± 0.06 -0.36 ± 0.06 

P360A(P6.57A) -0.21 ± 0.04 -0.21 ± 0.05 -0.26 ± 0.05 

W361A(W6.58A) -0.52 ± 0.07 -0.48 ± 0.07 -0.48 ± 0.07 

P363A(P6.60A) 0.13 ± 0.10 0.13 ± 0.10 0.07 ± 0.10 

D373A(D7.39A) 0.17 ± 0.17 0.16 ± 0.17 0.10 ± 0.18 

M376A(M7.42A) 0.07 ± 0.18 0.12 ± 0.18 0.04 ± 0.18 

H377A(H7.43А) -0.12 ± 0.06 -0.17 ± 0.06 -0.13 ± 0.06 

I380A(I7.46A) 0.15 ± 0.07 0.21 ± 0.07 0.21 ± 0.07 

Q383A(Q7.49A) 0.35 ± 0.11 0.44 ± 0.11 0.40 ± 0.11 

 
cAMP formation in the presence of CT agonists was fit using three-parameter logistic equation and normalized to 
WT receptor response. The Black and Leff operational model, with a hill slope of 1, was applied to separate efficacy 
(τ) and functional affinity (pKA). All log values were corrected for the cell surface expression to result logτc and 
errors were propagated. Significance of changes in logτc values were calculated via comparison of mutant logτc 

values to the WT logτc in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes 
P<0.05 denoted by *. All values are mean ± S.E.M. of 3 to 5 independent experiments conducted in duplicate. We 
were unable to obtain logτc value for the Q355A as it had undetectable cell surface expression. 
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Figure 5.4. Δlogτ CT agonists (sCT, hCT and pCT) for cAMP. Δlogτc value for each mutant was obtained by 
subtracting WT logτ from each mutant’s logτc value. All values are mean+S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. Significance of changes were calculated via comparison of mutant’s logτ values to the WT 
receptor logτ values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes 
(P<0.05 denoted by *). We were unable to obtain logτc value for the Q355A as it had undetectable cell surface 
expression. 
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Figure 5.5. Effect of the CTR TM mutations on cAMP efficacy for CT peptides. Residues are mapped onto the 
active Cryo-EM structure of CTR in complex with sCT and Gs protein (Gs protein and CTR N-terminal domain are 
not shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown in orange. K220A that 
significantly increased efficacy for all 3 CTs (sCT, hCT and pCT) is coloured in either red. Residues that produced 
no significant change in efficacy were coloured in gray. 



136 
	  

5.2.1.2 CAMP SIGNALLING IN RESPONSE TO ΑCGRP AND RAMY 

cAMP response for each mutant and the WT receptor to αCGRP and rAMY was 

measured and data were fitted to three-parameter logistic curves that were normalized to WT 

maximal response (Figures 5.6 and 5.7), this is a re-analysis of data from chapter 4. Values for 

the EC50 and Emax were derived from the curves and are reported in Table 5.3. Efficacy values 

were derived using the Black and Leff operational model with transducer slope n=1 (as the 

operational fit was used with n=1, the curves looked identical to the three-parameter fit (Figures 

5.6 and 5.7)). Correction for the cell surface expression was subsequently applied to logτ values 

to obtain corrected values logτc (Table 5.4). Δlogτc value for each mutant was obtained by 

subtracting WT logτ from each mutant’s logτc value (Figure 5.8). Similarly to CT agonists, many 

mutants exhibited impaired concentration response data, either reducing potency, Emax or both, 

however following application of the operational model to derive efficacy parameters and 

correcting these for changes in cell surface expression revealed that many of the observed Emax 

effects were the result of reduced cell surface expression. 

For rAMY, statistically significant changes in efficacy were seen for the mutants: K220A 

(K3.30A), F356A (F6.53A), M376A (M7.42A) and Q383A (Q7.49A), all increasing cAMP efficacy 

(these residues were mapped onto a hCTR model (pdb 6NIY) (dal Maso et al., 2019) (Figure 

5.9). None of cAMP efficacy effects reached statistically significance for αCGRP, however the 

magnitude and direction of change was similar to that seen with rAMY (Figure 5.8, Table 5.4). 

Concentration response and operational fitting was not carried out where there was 

inadequate data to support that the curve fit had passed the inflection point such that there was 

limited confidence in the curve-fit estimate for the Emax. These included datasets: P363A (P6.60A) 

and D373A (D7.39A) (αCGRP); H302A (H5.40A), P363A (P6.60A), D373A (D7.39A) (rAMY). 

Additionally, we were unable to obtain cell surface corrected logτc value for the Q355A (Q6.52A) 

as it had undetectable cell surface expression. 
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Figure 5.6. cAMP accumulation profiles in response to αCGRP in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of αCGRP was fit using 
three-parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, 
with a hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. 
of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 

 

 

 

 
Figure 5.7. cAMP accumulation profiles in response to rAMY in CV-1-FlpIn cells stably expressing hCTRaLeu 
single alanine mutations in the receptor TM region. cAMP formation in the presence of rAMY was fit using three-
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Table 5.3. Effect of single alanine CTR TM region mutation on cAMP potency (EC50) and maximal response to αCGRP 
and rAMY. 

 αCGRP rAMY 

 pEC50 Emax pEC50 Emax 

WT 7.42 ± 0.06 99 ± 2 7.88 ± 0.06 97 ± 2 

N194A(N2.60A) 6.30* ± 0.26 59* ± 8 6.55* ± 0.21 76* ± 7 

K220A(K3.30A) 6.21* ± 0.19 118 ± 14 6.64* ± 0.20 139* ± 14 

H223A(H3.33A) 7.02 ± 0.16 110 ± 9 7.85 ± 0.16 102 ± 6 

H226A(H3.36A) 7.35 ± 0.22 137 ± 12 8.05 ± 0.21 120 ± 9 

Q227A(Q3.37A) 7.62 ± 0.26 84 ± 7 7.81 ± 0.24 77 ± 6 

M230A(M3.40A) 7.77 ± 0.25 50* ± 5 7.74 ± 0.17 39* ± 3 

N233A (N3.43A) 6.51* ± 0.37 51* ± 9 6.32* ± 0.21 92 ± 9 

Y234A (Y3.44A) 6.67* ± 0.13 61* ± 4 7.55 ± 0.18 62* ± 5 

I301A (I5.39A) 6.64* ± 0.32 54* ± 7 6.59 ± 0.28 68* ± 9 

H302A (H5.40A) 6.75* ± 0.28 35* ± 6 N.D. N.D. 

V305A (V5.43A) 7.47 ± 0.21 98 ± 8 7.67 ± 0.15 94 ± 6 

M306A(M5.44A) 7.06 ± 0.23 86 ± 7 7.18* ± 0.13 92 ± 5 

Q355A (Q6.52A) 6.07* ± 0.11 77* ± 8 7.39 ± 0.26 72* ± 9 

F356A (F6.53A) 6.59* ± 0.15 85 ± 8 7.14* ± 0.29 89 ± 13 

F359A (F6.56A) 6.82 ± 0.25 61* ± 7 7.30* ± 0.24 104 ± 9 

P360A (P6.57A) 6.72* ± 0.17 80 ± 8 6.93* ± 0.21 87 ± 10 

W361A(W6.58A) 6.87* ± 0.24 51* ± 6 6.80 ± 0.17 76* ± 6 

P363A (P6.60A) N.D. N.D. N.D. N.D. 

D373A (D7.39A) N.D. N.D. N.D. N.D. 

M376A(M7.42A) 6.64 ± 0.22 62* ± 7 7.16* ± 0.21 96 ± 8 

H377A (H7.43А) 7.08 ± 0.16 92 ± 7 7.51 ± 0.28 75* ± 9 

I380A (I7.46A) 8.13 ± 0.21 106 ± 8 7.31 ± 0.11 102 ± 4 

Q383A (Q7.49A) 6.85 ± 0.25 68* ± 8 7.22 ± 0.18 103 ± 7 
 

cAMP formation in the presence of CT agonists was fit using 3-patrameter logistic curves and normalized to WT receptor 
response. All values are mean±S.E.M. of 3 to 5 independent experiments conducted in duplicate. Significance of changes in 
pEC50 and Emax values were calculated via comparison of mutant pEC50 and Emax values to the WT pEC50 and Emax respective 
values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 denoted by *. 
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Table 5.4. Effect of single alanine mutation in the CTR TM region on cAMP efficacy (logτc) of αCGRP and 
rAMY. 

 〈CGRP rAMY 

       

WT -0.21 ± 0.02 -0.18 ± 0.02 

N194A(N2.60A) 0.00 ± 0.14 0.17 ± 0.12 

K220A(K3.30A) 0.25 ± 0.16 0.45* ± 0.14 

H223A(H3.33A) -0.11 ± 0.10 -0.13 ± 0.08 

H226A(H3.36A) 0.08 ± 0.06 0.03 ± 0.05 

Q227A(Q3.37A) -0.09 ± 0.13 -0.10 ± 0.13 

M230A(M3.40A) -0.22 ± 0.15 -0.32 ± 0.18 

N233A (N3.43A) -0.29 ± 0.11 0.07 ± 0.10 

Y234A (Y3.44A) -0.40 ± 0.16 -0.36 ± 0.14 

I301A (I5.39A) 0.04 ± 0.31 0.24 ± 0.32 

H302A (H5.40A) 0.10 ± 0.74 N.D. 

V305A (V5.43A) 0.07 ± 0.12 0.08 ± 0.13 

M306A(M5.44A) -0.07 ± 0.12 0.03 ± 0.12 

Q355A (Q6.52A) N.D. N.D. 

F356A (F6.53A) 0.37 ± 0.39 0.41* ± 0.38 

F359A (F6.56A) -0.58 ± 0.09 -0.22 ± 0.06 

P360A (P6.57A) -0.39 ± 0.10 -0.30 ± 0.10 

W361A(W6.58A) -0.61 ± 0.11 -0.37 ± 0.08 

P363A (P6.60A) N.D. N.D. 

D373A (D7.39A) N.D. N.D. 

M376A(M7.42A) -0.03 ± 0.20 0.25* ± 0.18 

H377A (H7.43А) -0.20 ± 0.09 -0.26 ± 0.11 

I380A (I7.46A) 0.12 ± 0.07 0.13 ± 0.09 

Q383A (Q7.49A) 0.28 ± 0.13 0.58* ± 0.11 
 
cAMP formation in the presence of αCGRP and rAMY agonists was fit using three-parameter logistic equation and 
normalized to WT receptor response. The Black and Leff operational model, with a hill slope of 1, was applied to 
separate efficacy (τ) and functional affinity (pKA) All values are mean±S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. All logτ were corrected for the cell surface expression to result logτc values and errors were 
propagated. Significance of changes in logτc values were calculated via comparison of mutant logτc values to the 
WT logτc in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 
denoted by *. 
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Figure 5.8. Δlogτ for αCGRP and rAMY for cAMP. Δlogτc value for each mutant was obtained by subtracting WT 
logτ from each mutant’s logτc value. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in 
duplicate. Significance of changes were calculated via comparison of mutant’s logτ values to the WT receptor logτ 
values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 
denoted by *. 
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Figure 5.9. Effect of the CTR TM mutations on cAMP efficacy for rAMY. Residues are mapped onto a CTR 
model based on the active Cryo-EM structure of CTR in complex with sCT and Gs protein (Gs protein and CTR N-
terminal domain are not shown) (Dal Maso et. al., 2019). The receptor is shown in green and sCT ligand is shown 
in orange. Residues that produced significant changes in efficacy were coloured in red (<10 times increase in 
efficacy) and are shown as space-fill side chains. Residues that produced no significant change in efficacy were 
coloured in gray. 

  



142 
	  

5.2.2 EFFECTS OF THE CTR TM MUTATIONS ON CTR PERK1/2 SIGNALLING 

5.2.2.1 ASSESSMENT OF PERK1/2 IN RESPONSE TO CALCITONINS 

A pERK1/2 time-course was performed for each mutant and for the WT receptor in 

presence of 100 nM sCT, 1µM hCT, 1µM pCT in order to determine the peak response time and 

to assess if the time to peak was altered by any of the introduced mutations. The time course 

experiment revealed that, for all CTR agonists, pERK1/2 peak response time for all mutants as 

well as the WT receptor was between 5-6 minutes (Figures 5.10 – 5.12). Therefore, all 

subsequent concentration response experiments were performed at a 5 minute time point. 

Interestingly, pERK1/2 response to CT agonists for the WT receptor and for some of the 

mutants was better fit with a biphasic concentration response curve. Therefore, for all CT 

agonists pERK1/2 response was fit to either three-patrameter logistic equation or a two-site 

(biphasic) fit based on F-test with a P-value cutoff for the preferred model of < 0.05 (Figures 

5.13 – 5.15) this is a re-analysis of data from chapter 4. It should be noted that the concentration 

response curves were composed of only 6 ligand concentrations and distinct phases of the 

biphasic response, especially the higher concentration responses, often only entailed one or two 

points. Hence, to truly sample the significance of the biphasic effects a larger number of 

concentrations would need to be tested in the concentration response curves. 

Values for EC50 and Emax were derived from the curves and are reported in Table 5.5. In 

pERK1/2 assay we measured a transient response under non-equilibrium conditions. Presence of 

biphasic pERK1/2 concentration curves indicates that there are two receptor pools that are 

essentially non-interchangeable over the timescale of this experiment. It is also possible that each 

phase of pERK1/2 response corresponds to a distinct upstream signalling pathway. 

Efficacy values were derived for the pERK1/2 data using the Black and Leff operational 

model of agonism. This model assumes that the mechanism is shared for all receptor mutants and 

thus the transducer slope must be the same. In addition, it is not possible to fit biphasic 

concentration-response curves using this model. Thus, to allow comparison across mutants, the 

data was fit with a shared variable transducer slope (Figures 5.16 – 5.18), however this 

necessitated excluding data for which a second inflection point was not evident when a shared 

(low transducer slope) was fitted. Correction for cell surface expression was applied for all logτ 

values to give logτc values (Table 5.6). Δlogτc value for each mutant was obtained by subtracting 

WT logτ from each mutant’s logτc value (Figure 5.19). Significant effects of the Ala TM 

mutations on the CTR pERK1/2 pathway for CT agonists were mapped onto a hCTR model (pdb 

6NIY) (Dal Maso et al., 2019) (Figure 5.20). 
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Overall, mutations of the CTR TM residues have more profound effects on the CTR 

efficacy for the pERK1/2 pathway compared to the cAMP pathway. Thus, statistically 

significant reductions in sCT dependent pERK1/2 efficacy were seen for the following residues: 

N194A (N2.60A), K220A (K3.30A), H226A (H3.36A), Q227A (Q3.37A), M230A (M3.40A), N233A 

(N3.43A), I301A (I5.39A), H302A (H5.40A), V305A (V5.43A), M306A (M5.44A), F356A (F6.53A), 

D373A (D7.39A) and Q383A (Q7.49A) (Figure 5.19, Table 5.6). hCT and pCT had similar patterns 

to sCT (Figure 5.19, Table 5.6). Operational fitting was not carried out where there was 

inadequate data to confidently estimate the Emax. These included datasets: Q355A (Q6.52A), 

F359A (F6.56A) and M376A (M7.42A) (for sCT); Y234A (Y3.44A), P360A (P6.57A), W361A 

(W6.58A) and D373A (D7.39A) (for hCT); H223A (H3.33A), H226A (H3.36A), N233A (N3.43A), 

Q355A (Q6.52A), F359A (F6.56A), M376A (M7.42A) and Q383A (Q7.49A) (for pCT). Additionally, 

we were unable to obtain cell surface corrected logτc value for the Q355A as it had undetectable 

cell surface expression. 

Although, we were not able to quantify logτc for W361A (W6.58A) and D373A (D7.39A) 

for hCT, the changes that these mutants have on the concentration response curves (decreased 

potency and severely reduced maximal response (expression was only about 30% of the WT), 

(Figures 5.13 – 5.15), suggest that these mutations affect hCT pERK1/2 efficacy in the same way 

they did for sCT and pCT (Figure 5.19). 

Because of detrimental effects on pERK1/2 signalling, the data for the mutants H223A 

(H3.33A), H226A (H3.36A) and N233A (N3.43A) for pCT could not be fitted to the operational 

model. According to the concentration response curves for these three residues, all three of them 

severely decreased pERK1/2 potency while H223A (H3.33A) and N233A (N3.43A) also decreased 

Emax (Figure 5.15). H223A (H3.33A) and H226A (H3.36A) displayed cell surface expression not 

significantly different from the WT CTR, whereas N233A (N3.43A) showed 50% of the WT 

decreased expression (Figure 5.15). Therefore, these 3 residues are likely to be important for 

pERK1/2 efficacy. Because H223A (H3.33A) decreased Emax while its expression was not 

significantly different from the WT, this residue is also important for pCT efficacy, albeit we 

were unable to quantify this effect. 

As we considered an alternative operational fitting for pERK1/2 data (constraining the 

transducer slope (n) to 0.4 and increasing Emax to 200, as previously discussed in Chapter 4), we 

calculated Δlogτc for this alternative fit (Supplementary figure 5, Appendix 1). Δlogτc values 

obtained for the alternative fit were largely consistent with the results obtained from the original 

fit (shared transducer slope globally fitted to all data sets from the WT and each mutant): the 

pattern and the direction of effects was the same between the two fits, although the magnitude of 
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the effects was smaller for the alternative fit. Since the overall pattern of the effects was similar 

between the two fits, it did not affect our data interpretation. 
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Figure 5.10. pERK1/2 time course response profiles to 100 nM sCT in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. pERK1/2 response in the presence of 100 nM sCT was measured 
as indicated and normalized at 8 min FBS and vehicle responses. All values are mean of either 1 or 2 (mean +SD) 
independent experiments conducted in duplicate (for the experiments that are an N of 1, only the mean of the 
replicates with no error is shown). 

 
 

 
Figure 5.11. pERK1/2 time course response profiles to 1 µM hCT in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. pERK1/2 response in the presence of 1 µM hCT was measured as 
indicated and normalized at 8 min FBS and vehicle responses. All values are mean of either 1 or 2 (mean+SD) 
independent experiments conducted in duplicate (for the experiments that are an N of 1, only the mean of the 
replicates with no error is shown). 
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Figure 5.12. pERK1/2 time course response profiles to 1 µM pCT in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. pERK1/2 response in the presence of 1 µM pCT was measured as 
indicated and normalized at 8 min FBS and vehicle responses. All values are mean of either 1 or 2 (mean +SD) 
independent experiments conducted in duplicate (for the experiments that are an N of 1, only the mean of the 
replicates with no error is shown). 

 

 
Figure 5.13. pERK1/2 concentration response to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations 
in the receptor TM region. pERK1/2 response in presence of sCT was fit to either three-patrameter logistic 
equation or a two-site (biphasic) fit and normalized to WT receptor response. The choice of data fit was determined 
using an F-test with a P-value cutoff for the preferred model of < 0.05. All values are mean+S.E.M. of 3 to 5 
independent experiments conducted in duplicate; for some data points error bars are not shown as they are smaller 
than the height of the symbol. 
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Figure 5.14. pERK1/2 concentration response to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in presence of hCT was fit to either three-patrameter 
logistic equation or a two-site (biphasic) fit and normalized to WT receptor response. The choice of data fit was 
determined using an F-test with a P-value cutoff for the preferred model of < 0.05. All values are mean+S.E.M. of 3 
to 5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 

 
 
 
 

 
 

Figure 5.15. pERK1/2 concentration response to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in presence of pCT was fit to either three-patrameter 
logistic equation or a two-site (biphasic) fit and normalized to WT receptor response. The choice of data fit was 
determined using an F-test with a P-value cutoff for the preferred model of < 0.05. All values are mean+S.E.M. of 3 
to 5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Table 5.5. Effect of single alanine CTR TM region mutation on pERK1/2 potency (EC50) and maximal response to calcitonin agonists (sCT, hCT and pCT) 

 sCT hCT pCT 
 pEC501 pEC502 fraction Emax pEC501 pEC502 fraction Emax pEC501 pEC502 fraction Emax 
WT 10.23±0.17 7.84±0.15 0.44±0.05 109± 3 10.38±0.19 8.08±0.13 0.38±0.05 108±3 10.32±0.18  7.83±0.15 0.57±0.05 111 ±3 
N2.60 (194)A 7.98±0.21 _______ _______ 37*±3 7.89±0.27 _______ _______ 26*±2 7.84±0.29 _______ _______ 31±4 
K3.30 (220)A  5.56±0.29 _______ _______ 54*±5 8.75±0.3 _______ _______ 33*±4 9.02±0.24 _______ _______ 45*±4 
H 3.33 (223)A 8.77±0.15 _______ _______ 81±4 10.54±0.73 8.17±0.25 0.24±0.11 80±4 10.2±0.72 8.02±0.21 0.21±0.11 96±5 
H3.36 (226)A 8.18±0.19 _______ _______ 41*±3 7.72±0.19 _______ _______ 51*±5 7.55±0.19 _______ _______ 42*±4 
Q3.37 (227)A 9.69±0.36 6.91±0.29 0.49±0.1 76*±9 8.22±0.25 _______ _______ 59*±6 8.76±0.22   80±6 
M3.40 (230)A 9.67±0.19 5.68±2.24 0.66±0.74 61*±4 9.76±0.18 6.92±0.26 0.51±0.05 69*±5 9.32±0.23 _______ _______ 73*±9 
N 3.43 (233)A 8.15±0.22 _______ _______ 26*±2 8±0.21 _______ _______ 27**±3 9.7±0.78 6.37±1.01 0.31±0.14 38*±19 
Y 3.44 (234)A 8.76±0.19 _______ _______ 75*±5 7.65±0.16 _______ _______ 77*±6 7.88±0.17 _______ _______ 73*±6 
I 5.39 (301)A  9.78±0.37 _______ _______ 40*±5 8.69±0.43 _______ _______ 30*±5 9.3±0.36 _______ _______ 39*±5 
H 5.40 (302)A 9.42±0.26 _______ _______ 42*±3 8.59±0.25 _______ _______ 41*±4 8.7±0.19 _______ _______ 38*±3 
V5.43 (305)A 8.43±0.12 _______ _______ 63*±3 8.17±0.14 _______ _______ 52*±3 8.04±0.19 _______ _______ 67*±6 
M5.44 (306)A 9.56±0.41 6.7±0.54 0.45±0.1 63*±10 9.81±0.36 7.12±0.32 0.4±0.08 45*±4 7.97±0.24 _______ _______ 50*±5 
Q6.52(355)A  8.53±0.25 _______ _______ 28*±3 8.2±0.23 _______ _______ 39*±4 8.83±0.32 _______ _______ 38*±4 
F 6.53 (356)A 8.03±0.41 10.53±0.54 0.59±0.13 49*±4 8.9±0.28 _______ _______ 40*±4 9±0.25 _______ _______ 51*±5 
F6.56 (359A) 8.12±0.14 _______ _______ 105±6 7.88±0.17   _______ _______ 73±6 9.85±0.63 7.82±0.25 0.25±0.12 86±5 
P6.57 (360)A 10.1±0.45 -7.63±0.2 0.25±0.07 92±5 7.91±0.12 _______ _______ 90±5 9.5±0.67 7.21±0.29 0.26±0.11 82±7 
W 6.58 (361)A 8.14±0.16 _______ _______ 88±6 9.89±0.72 7.76±0.19 0.17±0.09 107±5 9.28±0.36 7.54±0.3 0.4±0.13 83±4 
P 6.60 (363)A 9.95±0.48 7.43±0.29 0.3±0.09 74*±5 7.88±0.17 _______ _______ 73*±6 8.11±0.25 _______ _______ 63*±7 
D7.39 (373)A  7.7±0.13 _______ _______ 42*±3 7.43±0.1 _______ _______ 44*±2 7.64±0.29 _______ _______ 34*±5 
M7.42 (376)A 7.16±0.27 _______ _______ 33*±5 6.87±0.49 _______ _______ 22*±7 7.13±0.28 _______ _______ 22*±4 
H7.43 (377)A 10.39±0.43 7.63±0.14 0.21±0.05 84±3 10.01±0.55 7.61±0.27 0.27±0.1 102±7 10.35±0.73 7.15±0.36 0.27±0.09 128±16 
I 7.46 (380)A 8.24±0.24 _______ _______ 71*±7 8.21±0.25 _______ _______ 62*±6 8.2±0.23 _______ _______ 55*±5 
Q7.49 (383)A 10.09±0.42  6.98±0.57 0.51±0.11 38*±6 9.07±0.31 _______ _______ 27*±3 9.05±0.38 _______ _______ 32*±4 

 
pERK1/2 response in presence of CT agonists was fit to either three-patrameter logistic equation or a two-site (biphasic) fit and normalized to WT receptor response. The choice of 
data fit was determined using an F-test with a P-value cutoff for the preferred model of < 0.05. For biphasic response curves pEC50 for high (pEC501) and low (pEC502) sites and 
the fraction of maximal response due to the more potent phase (fraction) are shown. All values are mean±S.E.M. of 3 to 5 independent experiments conducted in duplicate. 
Significance of changes in Emax values were calculated via comparison of mutant Emax values to the WT Emax respective values in a one-way Anova analysis of variance with Dunett’s 
post-hoc test with significant changes P<0.05 denoted by *. 
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Figure 5.16. pERK1/2 concentration response to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations 
in the receptor TM region. pERK1/2 response in the presence of sCT was fit using Black and Leff operational 
model with a variable transducer slope and normalized to WT receptor response. All values are mean+S.E.M. of 3 
to 5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 

 

 
 
 

 
Figure 5.17. pERK1/2 concentration response to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in the presence of sCT was fit using Black and Leff 
operational model with a variable transducer slope and normalized to WT receptor response. All values are 
mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
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Figure 5.18. pERK1/2 concentration response to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu 
mutations in the receptor TM region. pERK1/2 response in the presence of pCT was fit using Black and Leff 
operational model with a variable transducer slope and normalized to WT receptor response. All values are 
mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some data points error bars are not 
shown as they are smaller than the height of the symbol. 
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Table 5.6. Effect of single alanine mutation in the CTR TM region on pERK1/2 efficacy (logτc) of CT agonists. 

 sCT hCT pCT 

          

WT 1.96 ± 0.29 1.66 ± 0.21 1.98 ± 0.36 

N194A(N2.60A) -0.53* ± 0.45 -1.09* ± 0.55 -1.06* ± 0.65 

K220A(K3.30A) -0.09* ± 0.20 -1.06* ± 0.33 -0.51* ± 0.30 

H223A(H3.33A) 0.65 ± 0.25 0.50 ± 0.26 N.D. 

H226A(H3.36A) -0.91* ± 0.29 -0.55* ± 0.40 N.D. 

Q227A(Q3.37A) 0.19* ± 0.22 0.34* ± 0.36 0.95 ± 0.31 

M230A(M3.40A) 0.33* ± 0.23 0.08* ± 0.24 0.96 ± 0.33 

N233A (N3.43A) -1.30* ± 0.51 -1.35* ± 0.46 N.D. 

Y234A (Y3.44A) 0.49 ± 0.24 N.D. 0.57 ± 0.68 

I301A (I5.39A) -0.41* ± 0.35 -0.90* ± 0.40 -0.45* ± 0.42 

H302A (H5.40A) -0.10* ± 0.74 -0.27* ± 0.79 0.17 ± 0.83 

V305A (V5.43A) 0.29* ± 0.31 -0.29* ± 0.30 0.50 ± 0.59 

M306A(M5.44A) -0.27* ± 0.28 -0.76* ± 0.29 -0.43* ± 0.42 

Q355A (Q6.52A) N.D. N.D. N.D. 

F356A (F6.53A) -0.15* ± 0.42 -0.46* ± 0.44 0.10 ± 0.49 

F359A (F6.56A) N.D. N.D. N.D. 

P360A (P6.57A) 1.05 ± 0.49 N.D. N.D. 

W361A(W6.58A) 1.15 ± 0.66 N.D. 0.29 ± 0.64 

P363A (P6.60A) 0.62 ± 0.34 1.14 ± 0.81 0.24 ± 0.69 

D373A (D7.39A) -0.37* ± 0.45 N.D. -1.25* ± 0.68 

M376A(M7.42A) N.D. N.D. N.D. 

H377A (H7.43А) 0.79 ± 0.41 1.47 ± 0.56 -0.62 ± 0.60 

I380A (I7.46A) 0.56 ± 0.34 0.14 ± 0.29 -0.52* ± 0.44 

Q383A (Q7.49A) -0.81* ± 0.30 -0.86* ± 0.31 -1.15* ± 0.39 

 
pERK1/2 response in the presence of CT agonists was fit using Black and Leff operational model to derive logτ 
values. All values are mean±S.E.M. of 3 to 5 independent experiments conducted in duplicate. All logτ were 
corrected for the cell surface expression to result logτc values and errors were propagated. Significance of changes 
in logτc values were calculated via comparison of mutant logτc  values to the WT logτc in a one-way Anova analysis 
of variance with Dunett’s post-hoc test with significant changes P<0.05 denoted by *. 
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Figure 5.19. Δlogτ CT agonists (sCT, hCT and pCT) values for pERK1/2 pathway. . Δlogτc value for each mutant 
was obtained by subtracting WT logτ from each mutant’s logτc value. All values are mean+S.E.M. of 3 to 5 
independent experiments conducted in duplicate. Significance of changes were calculated via comparison of 
mutant’s logτ values to the WT receptor logτ values in a one-way Anova analysis of variance with Dunett’s post-hoc 
test with significant changes P<0.05 denoted by *. 
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Figure 5.20. Effect of the CTR TM mutations on pERK1/2 efficacy for CT peptides. Residues for sCT and pCT 
are mapped onto a Cryo-EM structure of CTR in complex with sCT and Gs protein (Gs protein and CTR N-terminal 
domain are not shown) (Dal Maso et. al., 2019) and for hCT onto a provisional Cryo-EM structure of CTR in 
complex with hCT and Gs protein (Gs protein and CTR N-terminal domain are not shown) (not published). The 
receptor is shown in green and sCT ligand is shown in orange. Residues that produced significant changes in 
efficacy were coloured in either blue (<10 times decrease in efficacy); or cyan (<10 times decrease in efficacy) and 
are shown as space-fill side chains. Residues that produced no significant change in efficacy were coloured in gray.   
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5.2.2.2 ASSESSMENT OF PERK1/2 IN RESPONSE TO ΑCGRP AND RAMY 

pERK1/2 time course was performed for each mutant/WT receptor in presence 1 µM 

αCGRP and 1µM rAMY. Similarly to CT agonists pERK1/2 maximum response was observed 

around 5-6 minutes (Figures 5.21 – 5.22). Therefore, all subsequent concentration course 

experiments were all performed at 5 minutes time point. 

pERK1/2 concentration response data for αCGRP and rAMY was fit using a three-

parameter curve (Figures 5.23 – 5.24). Values for EC50 and Emax were derived from the curves 

and are reported in Table 5.7. Since only monophasic curves were evident αCGRP and rAMY at 

the concentrations tested, efficacy values were derived using Black and Leff operational model 

with the transducer slope n=1 (with the operational curves looked identical to the three-

parameter fit (Figures 5.23 – 5.24)). Obtained logτ values were corrected for the cell surface 

expression to obtain logτc values for each mutant (Table 5.8). Δlogτc value for each mutant was 

obtained by subtracting WT logτ from each mutant’s logτc value (Figure 5.25). 

pERK1/2 is a less strongly coupled pathway than cAMP for the CTR, and αCGRP and 

rAMY are weak CTR agonists. Therefore, it was problematic to achieve robust operational fits 

for a subset of low expressing mutants or for some of those mutants that had highly detrimental 

effects on pERK1/2 response. Although, our statistical analysis revealed no significant effects on 

pERK1/2 efficacy, there were some residues that decreased pERK1/2 efficacy ≥5-fold. These 

included H226A (H3.36A), Y234A (Y3.44A) and F359A (F6.56A) for αCGRP and F359A (F6.56A) 

for rAMY (Figure 5.25, Table 5.8). Concentration response and operational fitting was not 

carried out where there was inadequate data to support that the curve fit had passed the second 

inflection point such that there was limited confidence in the curve-fit estimate for the Emax. 

These included datasets: N194A (N2.60A), K220A (K3.30A), N233A (N3.43A), I301A (I5.39A), 

Q355A (Q6.52A), D373A (D7.39A) and M376A (M7.42A) for αCGRP; H226A (H3.36A), N233A 

(N3.43A), H302A (H5.40A), V305A (V5.43A), Q355A (Q6.52A), P360A (P6.57A), W361A (W6.58A), 

P363A (D7.39A), D373A (D7.39A), M376A (M7.42A) and Q383A (Q7.49A) for rAMY.  



155 
	  

 
Figure 5.21. pERK1/2 time course response profiles to 1 µM αCGRP in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. pERK1/2 response in the presence of 1 µM αCGRP was 
measured as indicated and normalized at 8 min FBS and vehicle responses. All values are mean of either 1 or 2 
(mean +SD) independent experiments conducted in duplicate (for the experiments that are an N of 1, only the mean 
of the replicates with no error is shown). 

 

 
 

Figure 5.22. pERK1/2 time course response profiles to 1 µM rAMY in CV-1-FlpIn cells stably expressing 
hCTRaLeu mutations in the receptor TM region. pERK1/2 response in the presence of 1 µM rAMY was measured 
as indicated and normalized at 8 min FBS and vehicle responses. All values are mean of either 1 or 2 (mean +SD) 
independent experiments conducted in duplicate (for the experiments that are an N of 1, only the mean of the 
replicates with no error is shown). 
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Figure 5.23. pERK1/2 concentration response to αCGRP in CV-1-FlpIn cells stably expressing hCTRaLeu single 
alanine mutations in the receptor TM region. pERK1/2 response in the presence of αCGRP was fit using three-
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 

 
 
Figure 5.24. pERK1/2 concentration response to rAMY in CV-1-FlpIn cells stably expressing hCTRaLeu single 
alanine mutations in the receptor TM region. cAMP formation in the presence of rAMY was fit using three-
parameter logistic equation and normalized to WT receptor response. The Black and Leff operational model, with a 
hill slope of 1, was applied to separate efficacy (τ) and functional affinity (pKA). All values are mean+S.E.M. of 3 to 
5 independent experiments conducted in duplicate; for some data points error bars are not shown as they are 
smaller than the height of the symbol. 
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Table 5.7. Effect of single alanine CTR TM region mutation on pERK1/2 potency (EC50) and maximal response to αCGRP 
and rAMY. 

 αCGRP rAMY 

 pEC50 Emax pEC50 Emax 

WT 7.95 ± 0.06 99 ± 2 8.15 ± 0.07 98 ± 2 

N194A(N2.60A) N.D. N.D. 7.0* ± 0.54 28* ± 7 

K220A(K3.30A) 7.87 ± 0.23 58* ± 6 7.74 ± 0.26 46* ± 4 

H223A(H3.33A) 7.77 ± 0.17 75* ± 6 7.27* ± 0.16 83 ± 6 

H226A(H3.36A) 7.53 ± 0.60 22* ± 6 7.01* ± 0.36 32* ± 5 

Q227A(Q3.37A) 8.12 ± 0.19 45* ± 4 7.04* ± 0.15 58* ± 4 

M230A(M3.40A) 8.01 ± 0.18 45* ± 4 7.73 ± 0.27 79* ± 8 

N233A (N3.43A) N.D. N.D. 6.17* ± 0.64 26* ± 9 

Y234A (Y3.44A) 7.51 ± 0.24 41* ± 5 6.56* ± 0.31 63* ± 9 

I301A (I5.39A) N.D. N.D. 7.50 ± 0.26 38* ± 4 

H302A (H5.40A) 7.87 ± 0.33 32* ± 5 6.37* ± 0.30 32* ± 5 

V305A (V5.43A) 7.36 ± 0.15 62* ± 5 7.75 ± 0.25 33* ± 3 

M306A(M5.44A) 7.40 ± 0.38 21* ± 4 6.97* ± 0.17 40* ± 3 

Q355A (Q6.52A) 6.72* ± 0.28 31* ± 6 7.03* ± 0.22 42* ± 4 

F356A (F6.53A) 7.61 ± 0.23 60* ± 7 7.80 ± 0.32 50* ± 6 

F359A (F6.56A) 7.17 ± 0.16 53* ± 5 7.70 ± 0.33 56* ± 7 

P360A (P6.57A) 6.82* ± 0.25 54* ± 9 7.52 ± 0.34 55* ± 7 

W361A(W6.58) 7.12 ± 0.08 56* ± 3 7.53 ± 0.16 41* ± 2 

P363A (P6.60A) 7.04* ± 0.29 26* ± 4 6.77* ± 0.25 41* ± 5 

D373A (D7.39A) N.D. N.D. 6.00* ± 0.29 20* ± 4 

M376A(M7.42A) N.D. N.D. 6.73* ± 0.44 23* ± 5 

H377A (H7.43А) 7.29 ± 7.34 63* ± 5 7.34 ± 0.21 68* ± 6 

I380A (I7.46A) 7.58 ± 7.68 76* ± 10 7.68 ± 0.33 42* ± 5 

Q383A (Q7.49A) 7.43 ± 7.92 34* ± 6 7.92 ± 0.28 30* ± 3 

 
pERK1/2 response in the presence of αCGRP and rAMY was fit using three-parameter logistic equation and normalized to WT 
receptor response. The Black and Leff operational model, with a transducer slope of 1, was applied to separate efficacy (τ) and 
functional affinity (pKA) All values are mean±S.E.M. of 3 to 5 independent experiments conducted in duplicate. Significance of 
changes in pEC50 and Emax values were calculated via comparison of mutant pEC50 and Emax values to the WT pEC50 and Emax 
respective values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes P<0.05 denoted 
by *. 
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Table 5.8. Effect of single alanine mutation in the CTR TM region on pERK1/2 efficacy (logτc) of αCGRP and 
rAMY. 

 αCGRP    rAMY  

         

WT -0.22 ± 0.04  0.02 ± 0.03  

N194A (N2.60A) N.D.  -0.30 ± 0.35  

K220A (K3.30A) N.D.  -0.22 ± 0.16  

H223A (H3.33A) -0.58 ± 0.16  -0.09 ± 0.10  

H226A (H3.36A) -0.73 ± 0.21  N.D.  

Q227A (Q3.37A) -0.48 ± 0.18  -0.15 ± 0.15  

M230A (M3.40A) -0.36 ± 0.21  0.24 ± 0.16  

N233A (N3.43A) N. D.  N.D.  

Y234A (Y3.44A) -0.70 ± 0.28  -0.20 ± 0.17  

I301A (I5.39A) N.D.  -0.06 ± 0.33  

H302A (H5.40A) -0.01 ± 0.77  N.D.  

V305A (V5.43A) -0.25 ± 0.20  N.D.  

M306A (M5.44A) N.D.  -0.35 ± 0.21  

Q355A (Q6.52A) N.D.  N.D.  

F356A (F6.53A) 0.08 ± 0.40  0.14 ± 0.39  

F359A (F6.56A) -0.71 ± 0.24  -0.52 ± 0.11  

P360A (P6.57A) N.D.  N.D.  

W361A (W6.58A) -0.63 ± 0.24  N.D.  

P363A (P6.60A) N.D.  N.D.  

D373A (D7.39A) N.D.  N.D.  

M376A (M7.42A) N.D.  N.D.  

H377A (H7.43А) -0.46 ± 0.17  -0.21 ± 0.11  

I380A (I7.46A) -0.09 ± 0.15  -0.33 ± 0.15  

Q383A (Q7.49A) -0.22 ± 0.35  N.D.  
 

cAMP formation in the presence of αCGRP or rAMY was fit using Black and Leff operational model to derive logτ 
values. All values are mean+S.E.M. of 3 to 5 independent experiments conducted in duplicate. All logτ values were 
corrected for the cell surface expression to result logτc values and errors were propagated. Significance of changes 
in logτc values were calculated via comparison of mutant logτc values to the WT logτc in a one-way Anova analysis 
of variance with Dunett’s post-hoc test with significant changes P<0.05 denoted by *. 
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Figure 5.25. Δlogτ for αCGRP and rAMY for pERK1/2 pathway. Δlogτc value for each mutant was obtained by 
subtracting WT logτ from each mutant’s logτc value. All values are mean+S.E.M. of 3 to 5 independent experiments 
conducted in duplicate. Significance of changes were calculated via comparison of mutants logτ values to the WT 
receptor logτ values in a one-way Anova analysis of variance with Dunett’s post-hoc test with significant changes 
P<0.05 denoted by *. 
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5.3 DISCUSSION 

EFFECTS OF THE CTR TM MUTATIONS ON CTR CAMP AND PERK1/2 EFFICACY 

For the majority of the tested CTR TM mutants changes in cAMP efficacy do not reach 

significance. One of the potential reasons for this is that efficacy is a composite measurement, 

and therefore is prone to false negative results, especially in those instances when the magnitude 

of effects is small. 

Out of the 23 selected residues that were included in this study within the CTR TMs 2, 3, 

5, 6 and 7 it was interesting to find that, for different CTR agonists including rAMY and αCGRP 

(although the latter had high error associated with its values), individual amino acid mutations 

resulted in largely similar patterns of efficacy effects across cAMP pathway with N194A 

(N2.60A), K220A (K3.30A), H301A (I5.39A), H302A (H5.40A) (ND for rAMY), F356A (F6.53A), 

I380A (I7.46A) and Q383A (Q7.49A) increasing and F359A (F6.56A) and W361A (W6.58A) 

decreasing cAMP efficacy (Figures 5.4, 5.8). Additionally, M376A (M7.42A) significantly 

increased rAMY efficacy for cAMP (4.4-fold), whereas for other agonists the magnitude of 

efficacy increase was less than 2-fold (Figure 5.8). Mutations of residues in the top of TM1 also 

resulted in similar cAMP efficacy profiles for CT agonists and rAMY, with only αCGRP 

showing distinct pattern (Dal Maso et al., 2019). This data suggests common conformational 

change in the TM region of the CTR (and hence the conservation of amino acid networks) 

important for cAMP signal transmission for different CTR ligands. 

The conservation of networks of residues important for cAMP efficacy in both hCT and 

sCT correlates with the structural data that showed low divergence in the TM region structures 

of the CTR in complex with Gs and either sCT (Liang et. al., 2017) or hCT (preliminary data 

from our laboratory). Our cAMP efficacy data suggests that the hotspots for cAMP efficacy (in 

the TM region) are largely located in the TMs 6 and 7 as well as one residue in the top of TM3, 

K220 (K3.30A). The importance of TM6 and TM7 regions in cAMP efficacy is consistent with 

both extracellular and intracellular regions of TM6 and TM7 undergoing major structural 

reorganization upon CTR activation (Liang et al., 2017). 

Whereas CTR cAMP response is downstream of Gs protein activation, CTR pERK1/2 

signalling results from convergent activation of multiple upstream pathways. In our systems we 

are not able to detect coupling of CTR to β-arrestin signalling (Dal Maso et al., 2018a), and CTR 

pERK1/2 response is predicted to result from the activation of several G proteins, with at least 

some contribution from Gq signalling (Morfis et al., 2008, Dal Maso et al., 2018b). 

I analysed the data using an operational fit and global mapping of pERK1/2 efficacy 

effects resulted in similar patterns for pERK1/2 efficacy across CT agonists, with the same 
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direction and similar magnitudes of mutations effects (Figures 5.19, 5.20). Similarly if, instead 

of considering operational fitting, the switch from biphasic to monophasic response is 

considered, again mutants that switched the response to a monophasic one did so for all 

calcitonin peptides (Figures 5.13 – 5.15). 

As noted above, the fact that the wild-type receptor exhibits a biphasic response to the CT 

peptides for pERK1/2 indicates that there are 2 receptor populations that do not appreciably 

interchange at the timescale of this assay. A number of receptor mutants appeared to alter the 

response from biphasic to monophasic (Figures 5.13 – 5.15), which could be consistent with 

either an increase in exchange rates between the receptor populations or a loss of one of the 

response phases (although these may not be mutually exclusive). In the former case this would 

suggest that the normal role of the residue in question is to constrain the exchange of the receptor 

between different states. In the latter case, this would suggest loss of coupling of the receptor to 

one of the upstream pathways that converges on pERK1/2 (e.g. specific loss of Gq coupling 

whilst sparing Gs coupling). Either mechanism suggests additional texture in the way this 

receptor can respond to its ligand(s) but would require extensive biophysical and reductionist 

signalling experiments to understand properly. 

In contrast to the cAMP pathway that revealed only limited effects on efficacy of small 

magnitude, all tested, operationally-fitted mutations reduced pERK1/2 efficacy to some degree, 

with many effects reaching statistical significance (Figures 5.4, 5.19). In addition, there were 

many mutants that switched the pharmacology from a biphasic to a monophasic curve (Figures 

5.13 – 5.15). Perhaps because the pERK1/2 signal is a composite of several convergent 

pathways, more residues seemed to play role in efficacy for this pathway, compared to the 

cAMP pathway. This data implies CTR TM region pays role in the regulation of lower efficacy 

non-Gs signalling pathways. 

Only switches from biphasic to monophasic responses for certain mutants relative to the 

WT receptor (WT showed biphasic pERK1/2 response to all 3 CTs: sCT, hCT and pCT) were 

observed for pERK1/2. There was no direct correlation between the switch from biphasic to 

monophasic response and decreased efficacy (for, example, K220A displayed monophasic 

response while it showed increased efficacy for all 3 CTs). It’s worth noting that comparing 

concentration response curves versus analyzing the data with the Operational Model represent 

the 2 different ways to analyse the same data. 

Whereas there was an overlap in residues involved in efficacy across both signalling 

pathways, the direction of effects for cAMP and pERK1/2 was generally opposed. For example, 

K220A (K3.30A), I380 (I7.46A) and Q383A (Q7.49A) increased efficacy for cAMP while these 

mutants decreased efficacy at pERK1/2 (Figures 5.4, 5.19). This supports a model in which 
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different conformations of the receptor are sampled to allow coupling to pERK1/2 and cAMP 

pathways resulting in differential involvement of the CTR TM residues in each signalling 

pathway. Particular mutations can shift the conformational selection towards one that is better 

coupled to cAMP signalling output (higher efficiency of the interaction with Gas (via either 

improved Gas affinity or higher GTP turnover), while decreasing pERK1/2 signalling output. As 

pERK1/2 response arises from multiple pathways, the assumption would be that the efficiency of 

CTR interactions with some of its signalling transducers is decreased (for example, decreased 

efficiency of the interaction with Gq) to give a total decreased pERK1/2 efficacy. This data is 

consistent with the previous mutagenesis data for the CTR extracellular region, including the top 

of TM1, that showed the conformations linked to the different CTR signalling pathways are 

frequently mutually exclusive (Dal Maso et al., 2018b, Dal Maso et al., 2019). Differential 

engagement of segments of receptor extracellular regions for different pathways has also been 

previously shown for GLP-1R, (Wootten et al., 2016). In order to gain more mechanistical 

understanding it would be useful to employ methods that enable direct measurement of the 

recruitment of various G proteins (i.e. G protein BRET or FRET sensors) as well as those that 

measure the rate of nucleotide exchange at a G protein. 

Although the magnitude of effect was small for both pathways for αCGRP and rAMY, 

similarly to CT agonists, the overall pattern and direction of efficacy changes was the same as 

that seen for the clacitonins and was frequently in the opposite direction for cAMP compared 

with pERK1/2. This further implies a conserved mechanism of signalling activation for the TM 

region of the CTR for different ligands for multiple transducers that converge to activate the 

pERK1/2 pathway. In additional, this data supports CTR coupling to distinct pathways via 

adopting differential conformations. 

Collectively, our data supports that particular residues can participate in signal 

transduction across two different signalling pathways (cAMP and pERK1/2) in a pathway-

dependent manner. 

We could identify only limited direct interactions for the studied TM residues based on 

our CTR cryo-EM structures complexed with either sCT, or hCT and some of these have been 

already discussed in Chapter 4 (including K220A (K3.30A), M306A (M5.44A) and D373A 

(D7.39A)). Below we speculate about potential interactions that some of the CTR TM residues 

(not listed in Chapter 4) might be involved in based on our static cryo-EM structures. 

W361 (W6.58), a hydrophobic residue in the ECL3 region (proximal to the top of TM6), 

oriented towards the peptide in both CTR-sCT and CTR-hCT structures, where it could 

potentially interact with L4 of the peptide (Figure 5.26). Consistent with being involved in direct 

interaction with the peptide, W361A (W6.58A) decreased affinity for a number of CTR agonists 
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and also decreased efficacy for both cAMP and pERK1/2 pathways (although, not all of these 

effects reached statistical significance). 

 

 
 

Figure 5.26. 3D model showing proximity between W361 and L4 of sCT. Ribbon representation of the TM bundle 
of the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et al., 
2019). Receptor is shown in green and sCT is shown in red. 

K220 (K3.30A) is a residue that is a conserved positive side chain in all class B GPCRs 

(either lysine or arginine). In the CTR we predicted that K220 (K3.30) may stabilize ECL2 via 

contact with D287ECL2 (Figure 4.35, Chapter 4). K220A (K3.30A) was the only residue in this 

study that had global effects on both pathways (efficacy and functional affinity) across all 

agonists, including αCGRP and rAMY. While the direction of effect was the same across ligands 

for each pathway, the effect direction was opposed when comparing one signalling pathway to 

another and when comparing functional affinity versus efficacy for each pathway. While 

decreasing cAMP and improving pERK1/2 functional affinity (pKA) K220A (K3.30A) improved 

cAMP and decreased pERK1/2 efficacy. Residue D287ECL2, proposed to interact with K220 

(K3.30), was previously assessed using mutational analysis of the ECL2 (Dal Maso et al., 2018). 

There is a very strong correlation not only between the direction but also the magnitude of effect 

caused by mutation of either K220A (K3.30A) or D287A on cAMP functional affinity and 

efficacy for each ligand. This is consistent with the proposed interaction between the two 

residues and the effect on cAMP coupling and signalling when this interaction between K220A 

(K3.30A) and D287ECL2 is disrupted. For the pERK1/2 pathway the correlation between the 
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mutational effects for the two residues was not as clear (pERK1/2 pKA for D287A was decreased 

and there were no significant effects on pERK1/2 efficacy for D287A, although pERK1/2 

efficacy was decreased for K220A (K3.30A). Perhaps, these results indicate that wile the K220-

D287 interaction is important for the cAMP pathway; there might be other factors and/or 

interactions that differentially contribute to pERK1/2 signalling for each of theses residues. To 

further confirm the model in which K220 (K3.30A) interaction with D287ECL2 is important for 

cAMP signalling, recovery of wild type signalling profile with a charge swap experiment (i.e. 

double mutant of K220D plus D287K) would be very informative and, if our model is correct, 

would be predicted to rescue the effect of each individual mutant. In GLP-1R K3.30A decreased 

cAMP efficacy for GLP-1(1-36)NH2 and GLP-1(1-37) but produced no effect on pERK1/2 

efficacy for either ligand (Furness et al., 2018). Collectively, these data indicate that K220 

(K3.30) can be differentially engaged in signal transmission in a receptor-, ligand- and pathway-

specific manner. 

There are a number of histidines surrounding the binding pocket of CTR for which we 

examined possible interactions based on our cryo-EM structures. 

H302 (H5.40) is predicted to form direct contact with T6 of the peptide. Very low 

expression of this mutant resulted in high error for the efficacy values (after error propagation 

was applied to correct for cell surface expression). For the three-parameter curve fit, H302A 

(H5.40A) strongly reduced both cAMP and pERK1/2 potency for CTs and αCGRP (effects on 

sCT cAMP potency were smaller compared to other ligands and we were not able to fit the 

response for rAMY), consistent with this mutant decreasing affinity. Although cAMP efficacy 

for this mutant trended towards an increase, the magnitude of error was as big as the efficacy 

change. Reduction in pERK1/2 efficacy was more obvious for all three CTs, with sCT and hCT 

pERK1/2 effects reaching statistical significance. In the GLP-1R, R5.40 is predicted to directly 

interact with peptides N-terminus: (E1 in exendin P5 (Liang et al., 2018b) and H7 of GLP-1 

(Dods et al., 2016). For the GLP-1R this residue was important for the cAMP pathway for 

endogenous and biased agonists and it also showed differential effects in cAMP efficacy for 

extended GLP-1 peptides, while decreasing pERK1/2 efficacy for all peptides (Furness et al., 

2018). The mutation of the corresponding residue (H5.40A) also decreased pEC50 and Emax of 

cAMP response to αCGRP and AM in the CGRP receptor (CLR/RAMP1), as well as pEC50 of 

cAMP response to AM in AM2 receptor (CLR/RAMP3) and Emax of cAMP response to AM in 

AM1 receptor (CLR/RAMP2) (Woolley et al., 2017b). Hence, our data supports that H302 

(H5.40A) has conserved role in ligand binding (Chapter 4) and signal transmission in the class B 

receptors. 
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Mutation of histidines H223A (H3.33A) and H226A (H3.36A) had no effect on either 

affinity or cAMP efficacy for the peptides tested at the CTR but decreased pERK1/2 efficacy in 

a ligand-dependent manner. Histidines H223 (H3.33), H226 (H3.36) sit one helical turn apart from 

each other. H223 (H3.33) is about one helical turn below K220 (K3.30) and is in proximity of 

ECL2. We predict H223 (H3.33) to form direct hydrogen bond with the backbone of W290ECL2, 

this potential interaction is observed in both sCT and hCT structures (Figure 5.27). ECL2 is 

essential for propagation of pERK1/2 signalling in the CTR, but not cAMP (Dal Maso et al., 

2018b) and therefore we speculate that these histidines are important for modulating pERK1/2 

signalling through their interactions with ECL2. 

A number of hydrophobic residues line the CTR binding pocket. Theses include I301 

(I5.39), V305 (V5.43), M306 (M5.44) and M230 (M3.40). Except for I301A (I5.39A), whose mutation 

decreased affinity, mutation of the remaining residues did not alter equilibrium affinity but rather 

pERK1/2 efficacy. 

Ala mutants I301A (I5.39A), V305A (V5.43A) and M306A (M5.44A) and M230A (M3.40A) 

had detrimental effects on pERK1/2 efficacy. These data suggest that the resulting active state 

conformation for these mutants was less productive in activating pERK1/2 response (compared 

to the WT receptor). M230A (M3.40A) and I301A (I5.39A) are hydrophobic TM3 and TM5 

residues that are located towards the bottom of the binding pocket. Whereas V305A (V5.43A) in 

TM5, is located below the binding pocket in proximity to other hydrophobic residues, such as 

I301 (V5.39), M230 (M3.40) and A231 (A3.41) (Figure 5.28). M306 (M5.44) is also located towards 

the bottom of the binding pocket where it can interact with hydrophobic residues V305 (V5.43), 

L309 (L5.47), F356 (F6.53) and V357 (V6.53), and the L4 of the peptide (Figure 4.36, Chapter 4). 

Hydrophobic residues are located at these positions in other class B GPCRs and undergo a 

reorganisation when comparing the available inactive state X-ray structures of TM bundles to 

cryo-EM structures of activated class B TM bundles (Hollenstein et al., 2013, Siu et al., 2013, 

Liang et al., 2017, Liang et al., 2018b, Liang et al., 2018a, Zhang et al., 2017b) and are likely to 

play important roles in stabilisation of both inactive and active state conformations. The data 

obtained here implies that at least for the pERK1/2 pathway, removal of the side chain of these 

residues disrupts the active state receptor conformation (by removing interactions stabilising the 

active conformation) and therefore reduce the overall efficacy of the receptor. 
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Figure 5.27. 3D model showing proximity between H223 and W290. Ribbon representation of the TM bundle of 
the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with sCT (Dal Maso et al., 2019). 
Receptor is shown in green and sCT is shown in red. The distance measured between the atoms is shown by the 
yellow dash and equals 3.1 Å. 

 
Figure 5.28. 3D model showing hydrophobic residues in proximity of I301. Ribbon representation of the TM 
bundle of the sCT-CTR complex based on the active Cryo-EM structure of CTR in complex with (Dal Maso et al., 
2019). Receptor is shown in green and ligand is shown in red with I301 and hydrophobic residues in its proximity 
are shown as sticks.  
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Another cluster of residues with hydrophobic side chains that are predicted to pack 

together are F356 (F6.53) and F359 (F6.56) and M376 (M7.42). While decreasing functional affinity 

for hCT and pCT, F359A (F6.56A) is and F356A (F6.53A) improved cAMP efficacy. Apart from 

the hydrophobic interactions, these residues are positioned in TMs 6 and 7, the region that 

undergoes major conformational reorganisation upon receptor activation (as we know from the 

active CTR structure complexed with Gs protein). Hence, our data suggests that mutation of 

these residues affected the interactions in this region in a manner that improved Gs coupling. 

Improved Gs coupling might happen as a result of the conformational selection that leads to 

either improved affinity of the receptor to the transducer (Gαs) or via acceleration of the rate of 

nucleotide exchange at Gαs (Furness et al., 2016). 

Polar network residues (K/R/N2.60; N3.43; Y/F3.44; H/T/Q/E6.52; and Q/H7.49) are conserved 

in all class B receptors. Comparison of active cryo-EM structures of CTR and GLP-1R against 

inactive class B structures (GCGR and CRF-1R) (Zhang et al., 2017b, Liang et al., 2017, Liang 

et al., 2018b, Siu et al., 2013, Dore et al., 2017) concluded that agonist binding results in large 

movements within the extracellular ends of TM6, TM7 and TM1 that induces an unwinding of 

the top of TM6. Upon these movements, the central polar network undergoes a rearrangement. 

This new packing arrangement within the polar network stabilizes the active state structure. It is 

interesting, that while we observed N194A (N2.60A), N233A (N3.43A) and Q355A (Q6.52A) 

involvement in either equilibrium pKi or functional cAMP affinity (pKA), these residues had no 

measurable effect on cAMP efficacy, suggesting that while mutations of these residues result in 

a receptor with lower agonist affinity the ability of these mutated receptors to propagate ligand 

binding to transducer coupling was unaffected. It is quite surprising that disruption of these polar 

network residues did not directly affect CTR cAMP efficacy, as the mutation of analogous 

residues did so in other class B GPCRs (as reviewed by (de Graaf et al., 2017)). Q383 (Q7.49) 

was not important for functional affinity for the cAMP pathway, but was the only residue out of 

the polar residue network, whose mutation increased efficacy for cAMP pathway. Interestingly, 

for pERK1/2 efficacy, N194A (N2.60A), N233A (N3.43A), Y234A (Y3.44A) and Q383A (Q7.49A) 

all had detrimental effects (where efficacy could be determined). These data show that particular 

central polar network residues are differentially involved in the CTR binding and signal 

transmission across distinct signalling pathways. It also confirms differential mechanisms for 

signal transmission for the cAMP pathway compared to that for pERK1/2 activation. 

For comparison, in GLP-1R, an alanine substitution at R2.60 differentially affected cAMP 

efficacy (decreased GLP-1(7-36)NH2 and exendin, but increased oxyntomodulin); and increased 

pERK1/2 efficacy for oxyntomodulin. Mutation of N3.43 to Ala decreased cAMP efficacy for 

GLP-1(7-36)NH2 and pERK1/2 efficacy for exendin-4; and Q7.49A decreased cAMP efficacy for 
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GLP-1(7-36)NH2 and oxyntomodulin and decreased pERK1/2 efficacy for GLP-1(7-36)NH2. 

For Q355 (Q6.52) in the CTR, functional affinity effects for either signalling pathway could not 

be determined as CTR with this mutation had undetectable cell surface expression and thus even 

where this mutant resulted in decreased Emax for the concentration-response curves, we can not 

rule out that these effects were due to the reduced expression. In GLP-1R, H6.52A decreased 

cAMP efficacy for 3 GLP-1 agonists (GLP-1(7-36)NH2, exendin-4 and oxyntomodulin) and 

decreased pERK1/2 efficacy for GLP-1(7-36)NH2 and exendin-4. Y234 (Y3.44) is also considered 

to be involved in the central polar network in the CTR. Hence, while being important for ligand 

binding and signalling activation in class B receptors, central polar network controls ligand 

binding and signalling transmission in both ligand- and pathway-dependent manners, and the 

exact role of this network differs for each receptor. These differences perhaps reflect the distinct 

features of the binding pocket organization for different class B receptors (for example, in GLP-

1R the central polar network is close enough for direct interactions with the peptide, whereas in 

the CTR this network sits about one helical turn below precluding direct interactions with the 

peptide) as well as the distinct structure of the various class B ligands (such as for example, N-

terminal cysteine ring for CTR agonists). In addition, while the network is conserved as polar, 

the exact nature of the individual residues at each location differs between receptors (for 

sequence alignment see Supplementary Figure 7, Appendix1). Thus, this could play a role in the 

differences observed in signal propagation upon mutation of individual positions, between 

different receptors. 

While low potency and poor expression limited our analysis, the impact of the tested 

CTR TM mutants on αCGRP and rAMY signalling was broadly consistent with the results for 

CT agonists. RAMP3 has been shown to alter how ECL2 and ECL3 contribute to the signalling 

propagation through the CTR (Pham et al., 2019). Further investigation of RAMP effects on the 

CTR TM mutants signalling, would provide us with new insights on how the presence of 

RAMPs allosterically modulate the CTR binding pocket. 

5.4 SUMMARY 

1. Mutations in the deep binding pocket and in the central polar network of CTR are important for 

cAMP functional affinity, but had only a limited effect on cAMP efficacy. 

2. Mutations of the CTR TM residues resulted in largely similar patterns of cAMP efficacy effects 

for all CTR agonists, highlighting the potentially universal role of these residues for signal 

transduction. 

3. The proportion of residues that, when mutated, altered CTR signalling efficacy at the pERK1/2 

pathway was much greater than the proportion that altered cAMP signalling. It is possible that 
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this reflects the complex convergent nature of the pERK1/2 response being the result of 

activation of multiple signalling pathways. Many mutants that changed efficacy at both cAMP 

and ERK1/2 pathways did so in opposite directions. This suggests that the transducers that are 

involved in pERK1/2 signalling have a different mode of engagement with the receptor 

compared with those involved in the cAMP pathway. 

4. A switch from biphasic to monophasic curves for pERK1/2 experiments for CTs may suggest 

that the mutations helped to promote the exchange of the receptor between different states (that 

was otherwise constrained by the TM residues). It could also this indicate that the mutations 

resulted in CTR decoupling from one of the upstream pathways that converges on pERK1/2 

signalling. 

5. Comparison of efficacy effects of the analogous mutations between CTR and other class B 

receptors revealed only limited conservation of the exact role of individual residues involved in 

signalling propagation; implying that different class B receptors regulate its ligand binding and 

signalling in a ligand-, pathway- and receptor-specific manner. 
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General discussion and future 

directions 
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6.1 RESEARCH FOCUS 

The CTR is a class B (secretin-like) GPCR and is involved in calcium and bone 

homeostasis by regulating osteoclast activity and renal calcium excretion. The CTR is also 

expressed in haematopoietic precursors, the central nervous system, and is implicated in 

regulating the progression of several cancers (Fujikawa et al., 1996, Nakamura et al., 2007, Shah 

et al., 2008, Wookey et al., 2012, Tolcos et al., 2003, Wookey et al., 2009). In the first project of 

my thesis, I assessed CTR’s role in the deadly brain tumour, glioblastoma multiforme. By 

measuring CTR signalling in GBM cells I aimed to understand how CTR regulates secondary 

messenger systems in GBM cancer cells to explore whether CTR could be a useful target for 

GBM treatment. 

CTR signalling has been shown to be both receptor subtype (distinct CTR isoforms and 

splice variants), ligand- and cellular background dependent (Dal Maso et al., 2018a). 

Additionally, CTR can form heteromeric complexes with single pass transmembrane receptor 

activity modifying proteins (RAMPs) that result in AMY receptors with distinct pharmacological 

profiles (Christopoulos et al., 1999, Morfis et al., 2008). CTR is pleiotropically coupled to 

multiple signalling pathways, including cAMP (mediated by Gαs), intracellular Ca2+ mobilisation 

(mediated by Gαq) and pERK1/2. In the last decade, much work has been done to understand 

GPCR structure and the relationship between structure and receptor’s downstream signalling. 

Large-scale mutagenesis of receptor signalling domains helps to identify the networks of amino 

acids that initiate and propagate signalling and to separate out these networks into individual 

pathways. In order to better understand how calcitonin peptides interact with the receptor to 

initiate different effector coupling/signalling at molecular level I undertook structure-function 

studies using large-scale mutagenesis of the CTR transmembrane binding domain (project ΙΙ). 

This knowledge is important for designing better therapeutics using structure-based drug design 

approach. 

6.2 CTR ROLE IN GBM SIGNALLING AND PROLIFERATION: MAIN FINDINGS AND 

DISCUSSION 

Glioblastoma multiforme is the most common and aggressive type of primary brain 

cancer. GBM arises from transformed precursors of astrocytes and is characterized by high 

proliferation, vascularization and resistance to apoptosis (Louis et al., 2007, Kleihues et al., 

1999, Sanai et al., 2005). With median survival of less than 15 months, identification and 

validation of new GBM therapeutic targets is of critical importance (Louis et al., 2007). Studies 

involving breast cancer, prostate cancer and glioma cell lines show that tumor invasiveness, 

metastatic potential and angiogenesis can be modulated by stimulation of CTR/CLR with their 



172 
	  

agonists/ antagonists (Venkatanarayan et al., 2015, Nakamura et al., 2007, Hay et al., 2011). 

Adrenomedullin and CGRP are thought to be involved in cancer progression both directly 

(stimulating cancer cell proliferation) and indirectly (promoting tumor angiogenesis); with these 

effects mediated by their respective receptors (Hay et al., 2011). CTR expression by 

immunohistochemistry was reported in the majority of glioblastoma tumor biopsies (12 out of 

14, P < 0.05) with low or undetectable CTR expression in adjacent non-tumor tissue (Wookey et 

al., 2012), other public databases report the presence of CTR mRNA in either 28% (IVY-GAP) 

or 76% (TCGA) of tissue samples. Of note GBM is primarily a tumour of the cerebral cortex 

(Davis, 2016, Larjavaara et al., 2007) whereas CTR is normally only expressed in a subset of 

regions within the brain-stem (Hilton et al., 1995, Sexton et al., 1991, Sexton et al., 1993). A 

single report showed that second messenger systems could be activated by calcitonin in the 

GBM-derived A172 cell line (Wookey et al., 2012). Prior to the work presented here this was the 

extent of knowledge regarding CTR in glioblastoma. 

As we showed, not all high-grade glioma cell lines in this study appeared to express 

functional CTR (as assessed by second messenger coupling). Only one of the four studied high-

grade glioma cell lines expressed functional CTR (as supported by its ability to activate cAMP 

response upon stimulation with CT agonists (sCT and hCT). sCT and hCT in the Sb2B cell line 

showed distinct profiles with hCT having lower potency of response compared to sCT which is 

in agreement with anticipated low receptor expression levels in these GBM cell lines and the 

known affinities for theses two ligands. CTR present in SB2b cell line showed no detectable 

signalling across other known, CTR- coupled pathways, such as Ca2+, pERK1/2, p38 kinase. Our 

inability to measure response to less strongly CTR coupled pathways could easily be the result of 

low receptor expression levels. 

Our exome sequencing data failed to account for the discrepancy between functional data 

and expression on the cell lines that do not respond to calcitonin(s) with no deleterious non-

synonymous polymorphisms detected, suggesting that other factors may be at play, such as 

alternative splicing or rapid constitutive receptor internalization. While we tried 3 different 

approaches to measure cell proliferation, no effects on cell proliferation mediated 

pharmacologically through the CTR in SB2b cell line were detected. 

No correlation between GBM subtype and the expression profile has been observed 

between our samples. Additionally, our analysis of published CTR expression from IVY-GAP or 

TCGA databases does not support a correlation between CTR expression and patient outcome. 

We would therefore argue that CTR expression, while common in primary GBM tumors, 

is unlikely to be tractable to pharmacological intervention but may be suitable as a target for 

delivering cytotoxic agents. This study shows that GPCR signaling can display significant 
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variation depending on cellular system used, and effects seen in model recombinant cell lines or 

tumor cell lines are not always reproduced in a more physiologically relevant system and vice 

versa. 

There are a number of additional experiments that might be performed to clarify 

discrepancy between the data, though these are beyond the scope of this thesis. Performing 

FACS or immunohistochemistry using anti-CTR antibodies targeted against the extracellular 

domain may help to understand what proportion of the receptor is reaching the surface, given we 

are able to detect the receptor in immunoblots from cell membrane fractions. Ligand binding 

experiments, although technically very challenging with low endogenous expression would be 

very useful to try and characterize both cell surface receptor pools and apparent receptor affinity. 

RT-PCR or RNase protection could be used as methods to assess which CTR splice variant(s) 

are expressed in these model cell lines. These approaches may resolve the observed lack of 

signaling in the three cell lines (PB1, JK2 and WK1) where inability to measure functional 

cAMP response to CTs was a result of lack of receptor trafficking to the cell surface, severely 

reduced coupling due to expression of the insert positive splice variant or where CTR in those 

cell lines has impaired binding properties. Impaired binding in conjunction with preserved cell 

surface expression would be difficult to reconcile with our exome sequencing data but may be 

the result of defects in receptor glycosylation, as glycosylation, at least at asparagine 130 

(N130), is required for full receptor affinity for sCT (Ho et al., 1999, Lee et al., 2017). Abundant 

CGRP (CLR/RAMP) receptor expression in the GBM cell lines makes it tempting to think that 

this might be a suitable alternative target for pharmacological intervention in glioblastoma but 

the widespread expression throughout the brain and central involvement in pain transmission 

pathways means that this is unlikely to be a pharmacologically tractable target. 

6.3 MUTAGENESIS OF CTR BINDING POCKET: MAIN FINDINGS AND DISCUSSION 

It is now well established in the field that CTR, as well as other class B GPCRs interact 

with their peptide agonists via a 2 domain mechanism in which the NTD of the receptor provides 

a high affinity interaction site for the C-terminal end of an agonist and the N-terminal end of the 

peptide interacts with the receptor transmembrane binding pocket (Culhane et al., 2015, Pal et 

al., 2012). This is supported by the cryo-EM structures for CTR, GLP-1R and CGRP receptors 

(Liang et al., 2018a, Liang et al., 2018b, Liang et al., 2017, Zhang et al., 2017b). According to 

our cryo-EM structural models of CTR, sCT and hCT are predicted to form interactions with 

tops of all CTR TMs, except for TM4. TM6 and TM7 are especially important as the whole 

region, including TM6-ECL3-TM7, is thought to undergo a major conformational rearrangement 

(Liang et al., 2017). At the base of the binding pocket there is a central network of polar residues 
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conserved in class B GPCRs (Liang et al., 2017, Wootten et al., 2013, Wootten et al., 2016a). 

These residues have previously been demonstrated to play both global and ligand-specific roles 

in ligand binding and propagation of signaling in other class B GPCRs (Wootten et al., 2013, 

Wootten et al., 2016a, Wootten et al., 2017). To further explore, at a molecular level, how 

different ligands initiate and propagate signalling, residues located in the CTR TM binding 

pocket were evaluated to determine their contribution to binding and signalling using alanine 

scanning mutagenesis. 

According to the earlier model of CTR interaction with its agonists, the mid-region and 

C-terminus of CT agonists are predominantly important for affinity, while peptide N-terminus is 

responsible for receptor activation (Hilton et al., 2000, Furness et al., 2016). Collectively, our 

recent data shows that the interactions between the deep TM receptor binding pocket residues 

and the peptide N-terminus are also important for binding, at least for the lower affinity CTR 

agonists, hCT and pCT. 

Effects of mutation of individual TM residues on ligand affinity at different class B 

receptors were previously studied elsewhere. There are some overlaps between the affinity 

effects of TM mutations observed for CTR and other class B receptors. For example, N194A 

(N2.60A) had detrimental effects on the CTR binding affinity at 4 out of 5 tested CTR agonists 

(hCT, pCT, CGRP and rAMY). The equivalent residue-mutation was previously reported to 

reduce affinity for GLP-1R (Yang et al., 2016, Coopman et al., 2011, Wootten et al., 2013), 

GCGR (Siu et al., 2013), VPAC1-R (Solano et al., 2001), secretin (Di Paolo et al., 1998) and 

GIPR (Yaqub et al., 2010) (for secretin and GIPR detrimental effects on cAMP potency 

(decreased EC50) were reported). Interestingly, this appears to be the only polar network residue 

that consistently reduced affinity across different class B GPCRs, including CTR. While N240A 

(N3.43A) differentially decreased affinity between the different GLP-1R agonists (Wootten et al., 

2013) (as well as potency of GIPR cAMP response to GIP) (Yaqub et al., 2010)), and H363A 

(H6.52A) was globally important in pKi of GLP-1R agonists (Wootten et al., 2013, Coopman et 

al., 2011) and GCGR pKi (less than 4-fold change of potency) (Siu et al., 2013), our radioligand 

competition binding data did not support the role of these two central polar network residues in 

CTR binding affinity, although N233 (N3.43) and Q355 (Q6.52) were both important for hCT, 

CGRP and rAMY functional affinity for cAMP pathway. According to our data, mutation of 

Q383A (Q7.49A) had no effect on binding of CTR ligands. Consistent with this, the 

corresponding Q7.39A mutation did not alter ligand affinity at the GLP-1R (Wootten et al., 2013). 

Y234A (Y3.44A) is considered to be a part of the central polar network. I found that Y234A 

(Y3.44A) was important for both hCT and pCT CTR affinity, and the equivalent mutation had 

moderate effects on affinity in GLP-1R and GCGR (Siu et al., 2013, Yang et al., 2016). 
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Other TM residues whose mutation was commonly important for ligand affinity at both 

CTR and other class B receptors affinity were H3.36, Y3.44, H5.40, F6.56 and D3.39.  The mutation 

H226A (H3.36A) in CTR only reduced pKi for pCT yet the corresponding mutation decreased 

ligand affinity for GCGR (Yang et al., 2016, Siu et al., 2013), GLP-1R (Yang et al., 2016) and 

GIPR (decreased EC50) (Yaqub et al., 2010). H302A (H5.40A) mutation decreased CTR affinity 

for hCT and the corresponding residue was also important for ligand affinity at both GLP-1R, 

CGRP (Wootten et al., 2013, Coopman et al., 2011, Dods et al., 2016, Siu et al., 2013) and 

GIPR (decreased EC50) (Yaqub et al., 2010). Another residue that was important for hCT CTR 

affinity, F359 (F6.56), was also involved in GCGR (Siu et al., 2013), GLP-1R (Yang et al., 2016), 

GIPR (EC50) (Yaqub et al., 2010) and secretin (Cordomí et al., 2015) pKi (EC50 for GIPR). 

D373A (D7.39) was detrimental for both hCT, pCT affinity at the CTR, and it also had effects on 

GCGR (Siu et al., 2013) and GLP-1R (Yang et al., 2016) affinities. Interestingly, I380A, that 

increased pCT affinity for the CTR, also increased affinity of GIPR receptor (Cordomí et al., 

2015), but had a small decrease of GCGR (Siu et al., 2013); and GLP-1 (Coopman et al., 2011) 

affinities. Overall the changes in affinity seen at these CTR mutants were broadly similar to 

those seen for other class B receptors if the affinity for sCT was not considered. This suggests 

that the nature of the affinity determining interactions for sCT are substantially different than 

those for other CTR, and indeed other class B receptor, ligands, and perhaps that these are 

responsible for its unusual off-rate kinetics. Alternatively, as MD simulations indicate (Dal Maso 

et al., 2018), sCT forms a substantially more stable interaction with CTR when compared with 

hCT and thus its binding may be much less susceptible to the effects of single mutations. 

R227A (K3.30) was globally important for ligand affinity at the GLP-1R (Wootten et al., 

2013, Furness et al., 2018) and the mutation of the corresponding residue also decreased GCGR 

affinity (Siu et al., 2013). In this study mutation of K220A (K3.30A) resulted in global effects on 

functional cAMP affinity (across all agonists), while pKi couldn’t be robustly determined. F356 

(F6.53) was also important for CTR functional cAMP affinity for hCT, CGRP and rAMY, but 

showed no effects on pKi. Whereas the corresponding residue, when mutated, decreased affinity 

for GCGR (Siu et al., 2013), GLP-1R and GIPR (decreased EC50) (Cordomí et al., 2015, 

Coopman et al., 2011, Yang et al., 2016, Yaqub et al., 2010). 

An interesting and important observation was the overall higher sensitivity of lower 

affinity CT agonists (hCT and pCT) to individual Ala mutations compared to sCT. The fact that 

there are only subtle differences between the CTR-sCT and CTR-hCT cryo-EM structures 

indicates that there might be differences in the kinetics of interactions between CTR and 

different calcitonin ligands. MD simulations provide some evidence for this. The MD 

simulations performed on sCT-CTR and hCT-CTR models (Dal Maso et al., 2018b) support 
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more transient nature of hCT-CTR interactions. Taken together with the fact that total 

equilibrium affinity for this agonist is lower compared to sCT, the transient nature of interactions 

can make the interaction with hCT less stable, and thus more sensitive to single mutations. 

Because of making more stable contacts with the receptor, sCT appears to be less sensitive to 

removal of a single interaction and might require substitution of several residues in order to see 

the effects on affinity. 

The differences observed for different CTR ligands require further investigation. Only a 

limited number of direct interactions with receptor and ligands are supported by our sCT-CTR 

and hCT-CTR cryo-EM data. As all GPCRs are dynamic rather than static structures and 

detergents used to obtain receptor structures represent an artificial system, it is important to 

understand that, while providing us with valuable information, X-ray and cryo-EM structures do 

not provide us with information about all possible receptor conformations. Therefore, other 

aspects of the receptor-ligand interactions might come in play, such as the kinetics of interaction 

(as discussed above). Protein dynamics methods are an emerging new paradigm that helps to 

provide additional structural insights about GPCR activation and signalling as well energy state 

transitions associated with this (Deupi et al., 2010). These include NMR spectroscopy (can be 

used to address specific questions about receptor conformational dynamics, particularly the 

exchange rate between different conformational states and may allow subtle conformational 

changes within a protein to be measured); site-directed spin labelling (SDSL) with double 

electron-electron resonance (DEER) spectroscopy (can be used to map distances between two 

different probes); fluorescence spectroscopy, including methods based on fluorescence 

resonance energy transfer and fluorescence quenching (to test protein-protein interactions and 

structural reorganisations within protein domains); hydrogen-deuterium exchange (HDX) 

spectroscopy (allows to define the conformational flexibility in receptors at a global level, and 

through the use of selective labels in proteins) (as reviewed by (Stevens et al., 2013, Wishart, 

2011, Jeschke, 2012, Lohse et al., 2008, Lohse et al., 2012). Thus, using methods of protein 

dynamics to compare CTR interactions with its various ligands could provide additional insights 

into the process of activation and visualisation of the energy landscapes that CTR undergoes 

during the activation process. MD simulations complement these studies providing a full atomic-

level picture of the structure as it changes over time. 

Differences seen in pCT affinity profile (compared to sCT and hCT) in our study are in 

agreement with the distinct binding profile for pCT previously observed in the ECL2/3 study 

(Dal Maso et al., 2018b). The mechanism explaining these differences for pCT requires further 

investigation. One approach is running MD simulations for pCT. This would provide additional 

information about CTR-pCT interactions and how this is different from sCT and hCT. 
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Chicken calcitonin (cCT), which was not included into this study, has a sequence and 

properties (higher potency compared to hCT and pCT) similar to sCT. Performing a comparable 

analysis as I have done here with cCT at the various CTR TM mutants could be another 

possibility to better understand how differences in CTR agonist structure influence its 

interactions with the receptor. Another approach is to use peptides chimeras in pair with mutant 

receptors (sCT-hCT chimeric receptors were described by (Hilton et al., 2000, Furness et al., 

2016)). 

Fluorescence polarisation technique could be used to test whether introducing single Ala 

substitutions in the CTR TM region changes the kinetics of the CTR-ligand interactions. For 

example, we know that sCT has an unusually long residency time at the CTR (over 30 mins). 

Therefore, we could measure Kon and Koff for K220A (K3.30A) mutant versus for the WT receptor 

to look for any changes in Kon and Koff resulting from K220 (K3.30A) Ala substitution. We have a 

fluorescently labeled sCT(8-32) and an optimized protocol for measuring CTR interaction 

kinetics (residency time) with its ligands (Furness et al., 2016) allowing real-time binding 

kinetics and full determination of unlabeled ligand Kon and Koff using the Matoulsky-Mahan 

kinetic competition method (Matoulsky and Mahan, 1984). Radioligand binding kinetics 

experiments as well as nanoBRET may also employed to answer the same question. The main 

disadvantage of the radioligand binding method is that it is difficult to obtain reproducible fast 

kinetic data. For NanoBRET development of protocol and optimization are needed along with 

acquisition of nLuc tagged receptor construct. 

There was a good correlation between cAMP functional affinity data (pKA) values for 

individual mutants and the pKi values. However, for pERK1/2 pathway the correlation between 

the pKi and pKA was low. On one hand, these differences between pKi and pERK1/2 pKA may be 

a reflection of the differences in our assay systems (both pKi and cAMP pKA were measured 

under either equilibrium or close to equilibrium conditions for receptor occupancy while 

pERK1/2 assay was performed under non-equilibrium conditions). On the other hand, these 

results might also indicate that the affinity of CT agonists is primarily driven by Gs coupling and 

not by the effectors (pathways) leading to pERK1/2 phosphorylation. 

Mutational effects on the CTR efficacy were clearly pathway-dependant, indicating that 

distinct signalling transducers are involved in cAMP and pERK1/2 pathways. There were very 

few effects on CTR cAMP efficacy, indicating that the functional effects on CTR cAMP 

signalling primarily result from functional affinity changes (as discussed above). For the 

majority of mutants for pERK1/2 pathway efficacy was profoundly decreased across all ligands. 

Collectively our pERK1/2 data suggests that while Ala substitutions enabled better CTR 
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coupling to the pERK1/2 pathway (and thus increased pKA values), pERK1/2 signalling output 

for the mutant receptors was, in fact, decreased compared to the WT receptor. 

Comparison of efficacy effects between the CTR and other B GPCRs was limited, as the 

majority of previous studies did not separate efficacy effects from affinity, with functional 

effects being commonly reported as EC50 changes for cAMP pathway. Data on residue mutations 

of GLP-1R, where the Operational Model had been applied to separate efficacy effects, were 

used for the comparison of efficacy effects. 

Efficacy data for corresponding residues between this study (CTR) and previous studies 

(GLP-1R) were available for K3.30, H5.40, N2.60, N3.43, H6.52 and Q7.49. Mutations at these residues 

supported a model in which there is somewhat limited similarity between the networks of the 

TM residues that these two receptors use for their signaling pathway activation (Wootten et al., 

2013, Wootten et al., 2016b, Furness et al., 2018). As reported previously, in a comparison 

between signalling at CTR and GLP-1R mutants in ECL2 and 3 (Dal Maso et al., 2018b), this 

study also shows only limited conservation of the effect of deep-binding pocket mutations on 

CTR versus GLP-1R activation and signaling; implying that different class B receptors regulate 

its ligand binding and signaling in a ligand-specific pathway- and receptor-specific manner. 

Allosteric influence of RAMPs on the CTR signalling is of interest as presence of 

RAMPs induces new CTR phenotypes. It was recently shown that ECL2/3 mutations in the 

AMY3 (CTR/RAMP3) receptor result in highly ligand-specific effects on CTR agonists efficacy 

to both cAMP and pERK1/2 pathways and that for analogous ECL2/3 mutants, signal 

propagation is fundamentally altered compared to the CTR receptor alone (Pham et al., 2019, 

Dal Maso et al., 2018b). Investigating effects of the analogous TM mutations in the context of 

RAMPs will allow us to reveal the changes in CTR binding and signalling induced by CTR-

RAMP association. As it was previously demonstrated, including the work on CTR in GBM, 

CTR co-expression with RAMPs is physiologically relevant and commonly occurs in nature, so 

understanding CTR signalling in the context of co-expression with RAMPs is important. 

6.4 CONCLUDING REMARKS 

In the first project of my thesis, I have investigated CTR expression in high grade glioma 

cell lines and showed that CTR is unlikely to be a tractable pharmacological target in GBM, 

although it may still be targeted by cytotoxic agents. While awareness and appreciation of CT 

and CTR being much more than just regulators of bone and calcium homeostasis is constantly 

growing, we are still in the very early phase of understanding of all physiological and 

pathophysiological repertoire for this hormone-receptor pair. Investigation of mechanisms of 

how CTR is involved in the cell growth and development, wound healing and immune system, 
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the CNS, regulation of cell cycle and cancer are required and may lead to interesting and 

important findings. Our results also emphasize the importance of using physiologically relevant 

systems versus recombinant cell lines in addressing questions on GPCR (patho)physiology. 

Solving of the CTR ternary cryo-EM structure provided a big advance not only in the 

CTR field, but for all GPCR biology. Mutagenesis studies were undertaken in order to better 

understand how CTR extracellular domain contribute to the receptor activation and signaling for 

distinct CTR ligands (these interactions represent the first step of the class B two-domain 

activation mechanism) (Dal Maso et al., 2018b, Dal Maso et al., 2019). Analysis of analogous 

ECL2 and 3 mutants was conducted in the presence and absence of RAMPs demonstrating that 

RAMP3 fundamentally altered propagation of signaling for the CTR (Pham et al., 2019). To 

further investigate the second stage of the two-domain activation mechanism for the CTR, I 

undertook a mutational analysis of the selected residues located in TMs 2,3,5,6 and 7 of the 

CTR, and this represents the second project of my PhD thesis. My data showed that the CTR TM 

region is not only important for efficacy, but it is important for the affinity of ligand binding (at 

least for lower affinity CTR ligands, hCT and pCT) as well as for functional coupling affinity. 

This is an important outcome that correlates with data on other class B GPCRs and further 

supports the two-domain model of the class B activation, highlighting the conservation of certain 

TM residues (and particularly those that are a part of the central polar network) within class B 

GPCRs. I have observed both ligand- and pathway-specific effects on affinity for the CTR 

indicating distinct modes of interactions with the receptor for individual CTR ligands. Efficacy 

effects of the CTR TM mutations were similar across CT ligands but strikingly pathway-specific, 

indicating differential transducers involved in the CTR signaling to distinct signaling pathways. 

When interacting with the CTR, rAMY and CGRP utilized amino acid networks that only 

partially overlap with that of the CT agonists which is consistent with low sequence homology 

between rAMY, CGRP and CT agonists. With future studies, this data will help to reveal the role 

of RAMPs as modulators of the CTR signaling. 

Advances in structural biology provided us with long-awaited data on the structure of 

class B GPCRs, and CTR in particular. CTR activation and signaling to multiple pathways can 

now be characterized using various molecular pharmacology tools. We are just starting to dissect 

the mechanisms of CTR activation and signaling, yet the current picture that we have is far from 

being complete. We are yet to understand what structure characteristics of the CTR ligands are 

responsible for stabilizing specific receptor conformations and what is the contribution of 

differential ligand-receptor kinetics in this process. On the other hand, understanding of how 

molecular signaling effects observed at the CTR in recombinant cellular systems contribute to 

whole animal physiology and what are the roles of CT and CTR expression at various sites of the 
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body unrelated to bone physiology, including CTR expression at certain (patho)physiological 

conditions (such as morphogenesis, sepsis, cancer, etc.) is of paramount importance. Recent 

development of viable CALCA- and CTR- knock-out mouse models, can be a very useful tool to 

help address these questions in future studies. 
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Supplementary Table 1. DNA sequence hCTRaLeu variant. Highlighted in magenta is the cMyc tag. 

 
1   ATG AGG TTC ACA TTT ACA AGC CGG TGC TTG GCA CTG TTT CTT CTT 
CTA  
17  AAT CAC CCA ACC CCA ATT CTG CCT GAG CAG AAG CTT ATC AGC GAG 
GAG  
33  GAC CTG GCC TTT TCA AAT CAA ACC TAT CCA ACA ATA GAG CCC AAG 
CCA  
49  TTT CTT TAC GTC GTA GGA CGA AAG AAG ATG ATG GAT GCA CAG TAC 
AAA  
65  TGC TAT GAC CGA ATG CAG CAG TTA CCC GCA TAC CAA GGA GAA GGT 
CCA  
81  TAT TGC AAT CGC ACC TGG GAT GGA TGG CTG TGC TGG GAT GAC ACA 
CCG  
97  GCT GGA GTA TTG TCC TAT CAG TTC TGC CCA GAT TAT TTT CCG GAT 
TTT  
113 GAT CCA TCA GAA AAG GTT ACA AAA TAC TGT GAT GAA AAA GGT GTT 
TGG  
129 TTT AAA CAT CCT GAA AAC AAT CGA ACC TGG TCC AAC TAT ACT ATG 
TGC  
145 AAT GCT TTC ACT CCT GAG AAA CTG AAG AAT GCA TAT GTT CTG TAC 
TAT  
161 TTG GCT ATT GTG GGT CAT TCT TTG TCA ATT TTC ACC CTA GTG ATT 
TCC  
177 CTG GGG ATT TTC GTG TTT TTC AGG AGC CTT GGC TGC CAA AGG GTA 
ACC 
193 CTG CAC AAG AAC ATG TTT CTT ACT TAC ATT CTG AAT TCT ATG ATT 
ATC 
209 ATC ATC CAC CTG GTT GAA GTA GTA CCC AAT GGA GAG CTC GTG CGA 
AGG 
225 GAC CCG GTG AGC TGC AAG ATT TTG CAT TTT TTC CAC CAG TAC ATG 
ATG 
241 GCC TGC AAC TAT TTC TGG ATG CTC TGT GAA GGG ATC TAT CTT CAT 
ACA 
257 CTC ATT GTC GTG GCT GTG TTT ACT GAG AAG CAA CGC TTG CGG TGG 
TAT 
273 TAT CTC TTG GGC TGG GGG TTC CCG CTG GTG CCA ACC ACT ATC CAT 
GCT 
289 ATT ACC AGG GCC GTG TAC TTC AAT GAC AAC TGC TGG CTG AGT GTG 
GAA 
305 ACC CAT TTG CTT TAC ATA ATC CAT GGA CCT GTC ATG GCG GCA CTT 
GTG 
321 GTC AAT TTC TTC TTT TTG CTC AAC ATT GTC CGG GTG CTT GTG ACC 
AAA 
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337 ATG AGG GAA ACC CAT GAG GCG GAA TCC CAC ATG TAC CTG AAG GCT 
GTG 
353 AAG GCC ACC ATG ATC CTT GTG CCC CTG CTG GGA ATC CAG TTT GTC 
GTC 
369 TTT CCC TGG AGA CCT TCC AAC AAG ATG CTT GGG AAG ATA TAT GAT 
TAC 
385 GTG ATG CAC TCT CTG ATT CAT TTC CAG GGC TTC TTT GTT GCG ACC 
ATC 
401 TAC TGC TTC TGC AAC AAT GAG GTC CAA ACC ACC GTG AAG CGC CAA 
TGG 
417 GCC CAA TTC AAA ATT CAG TGG AAC CAG CGT TGG GGG AGG CGC CCC 
TCC 
433 AAC CGC TCT GCT CGC GCT GCA GCC GCT GCT GCG GAG GCT GGC GAC 
ATC 
449 CCA ATT TAC ATC TGC CAT CAG GAG CTG AGG AAT GAA CCA GCC AAC 
AAC 
465 CAA GGC GAG GAG AGT GCT GAG ATC ATC CCT TTG AAT ATC ATA GAG 
CAA 
481 GAG TCA TCT GCT TGA 
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Supplementary Table 2. Amino acid sequence of the hCTRaLeu variant. Highlighted in magenta is the cMyc tag. 

 
1  M R F T F T S R C L A L F L L L N H P T P I L P E Q K L I S E 
E  
33 D L A F S N Q T Y P T I E P K P F L Y V V G R K K M M D A Q Y 
K  
65 C Y D R M Q Q L P A Y Q G E G P Y C N R T W D G W L C W D D T 
P  
97 A G V L S Y Q F C P D Y F P D F D P S E K V T K Y C D E K G V 
W  
129F K H P E N N R T W S N Y T M C N A F T P E K L K N A Y V L Y 
Y  
161L A I V G H S L S I F T L V I S L G I F V F F R S L G C Q R V 
T  
193L H K N M F L T Y I L N S M I I I I H L V E V V P N G E L V R 
R  
225D P V S C K I L H F F H Q Y M M A C N Y F W M L C E G I Y L H 
T  
257L I V V A V F T E K Q R L R W Y Y L L G W G F P L V P T T I H 
A  
289I T R A V Y F N D N C W L S V E T H L L Y I I H G P V M A A L 
V  
321V N F F F L L N I V R V L V T K M R E T H E A E S H M Y L K A 
V  
353K A T M I L V P L L G I Q F V V F P W R P S N K M L G K I Y D 
Y  
385V M H S L I H F Q G F F V A T I Y C F C N N E V Q T T V K R Q 
W  
417A Q F K I Q W N Q R W G R R P S N R S A R A A A A A A E A G D 
I  
449P I Y I C H Q E L R N E P A N N Q G E E S A E I I P L N I I E 
Q 
481E S S A 
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Supplementary Table 3. Nucleotide sequence of the primers used to confirm single point mutations introduced 
into CALCR gene.  

Sequencing primer: Nucleotide sequence: 
pENTR11 forward AGGCTTCGAAGGAGATAGAACC 
pENTR11 reverse GTGCAATGTAACATCAGAGATTTTGAG 
BGH CAACTAGAAGGCACAGTCGAGGCTGAT 
T7 TAATACGACTCACTATAGGG 
 

 
Supplementary Table 4. Nucleotide sequence of the primers used to introduce single point mutations into CALCR 
gene. 

Residue 
location: 

Residue: Primer Nucleotide sequence: 

TM1 
T138A 
(T2.29A) 

Forward: CTATGTGCAATGCTTTCGCTCCTGAGAAACTGAAG 
Reverse: CTTCAGTTTCTCAGGAGCGAAAGCATTGCACATAG 

K141A 
(K1.32A) 

Forward: CAATGCTTTCACTCCTGAGGCACTGAAGAATGCATATGTTC 
Reverse: GAACATATGCATTCTTCAGTGCCTCAGGAGTGAAAGCATTG 

A145L 
(A1.36L) 

Forward: CCTGAGAAACTGAAGAATCTATATGTTCTGTAC 
Reverse: GTACAGAACATATAGAATCTTCAGTTTCTCAGG 

A145S 
(A1.36S) 

Forward: CCTGAGAAACTGAAGAATTCATATGTTCTGTAC 
Reverse: GTACAGAACATATGAAATCTTCAGTTTCTCAGG 

Y149A 
(Y1.40 A) 

Forward: GAAGAATGCATATGTTCTGGCCTATTTGGCTATTGTGGG 
Reverse: CCCACAATAGCCAAATAGGCCAGAACATATGCATTCTTC 

A152L 
(A1.43L) 

Forward: CTGTACTATTTGCTTATTGTGGGTCATTC 
Reverse: GAATGACCCACAATAAGCAAATAGTACAG 

A152S 
(A1.43S) 

Forward: CTGTACTATTTGTCTATTGTGGGTC 
Reverse: GACCCACAATAGACAAATAGTACAG 

H156A 
(H1.47A) 

Forward: CTATTGTGGGTGCTTCTTTGTCAATTTTC 
Reverse: GAAAATTGACAAAGAAGCACCCACAATAG 

TM2 
Y191A 
(Y2.57A) 

Forward: CATGTTTCTTACTGCCATTCTGAATTCTATG 
Reverse: CATAGAATTCAGAATGGCAGTAAGAAACATG 

N194A 
(N2.60A) 

Forward : CTTACATTCTGGCTTCTATGATTATCATC 
Reverse: GATGATAATCATAGAAGCCAGAATGTAAG 

I198A 
(I2.64A) 

Forward: GAATTCTATGATTGCCATCATCCACCTGG 
Reverse: CCAGGTGGATGATGGCAATCATAGAATTC 

H201A 
(H2.67A) 

Forward: GATTATCATCATCGCCCTGGTTGAAGTAG 
Reverse: CTACTTCAACCAGGGCGATGATGATAATC 

L202A 
(L2.68A) 

Forward: CTATGATTATCATCATCCACGCGGTTGAAGTAGTACCCAATG 
Reverse: CATTGGGTACTACTTCAACCGCGTGGATGATGATAATCATAG 

V205A 
(V2.71A) 

Forward: CACCTGGTTGAAGCAGTACCCAATGGAG 
Reverse: CTCCATTGGGTACTGCTTCAACCAGGTG 

TM3 
K220A 
(K3.30A) 

Forward: CGGTGAGCTGCGCCATTTTGCATTTTTTC 
Reverse: GAAAAAATGCAAAATGGCGCAGCTCACCG 

H223A 
(H3.33A) 

Forward: GCAAGATTTTGGCTTTTTTCCACCAGTAC 
Reverse: GTACTGGTGGAAAAAAGCCAAAATCTTGC 
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H226A 
(H3.36A) 

Forward: GATTTTGCATTTTTTCGCCCAGTACATGATG 
Reverse: CATCATGTACTGGGCGAAAAAATGCAAAATC 

Q227A 
(Q3.37A) 

Forward: GATTTTGCATTTTTTCCACGCTTACATGATGGCC 
Reverse: GCCATCATGTAAGCGTGGAAAAAATGCAAAATC 

M230A 
(M3.40A) 

Forward: CACCAGTACATGGCCGCCTGCAACTATTTC 
Reverse: GAAATAGTTGCAGGCGGCCATGTACTGGTG 

N233A 
(N3.43A) 

Forward: CATGATGGCCTGCGCCTATTTCTGGATG 
Reverse: CATCCAGAAATAGGCGCAGGCCATCATG 

Y234A 
(Y3.44A) 

Forward: GATGGCCTGCAACGCTTTCTGGATGCTC 
Reverse: CATCCAGAAATAGGCGCAGGCCATCATG 

TM5 
I301A 
(I5.39A) 

Forward: CATTTGCTTTACATAGCCCATGGACCTGTC 
Reverse: GACAGGTCCATGGGCTATGTAAAGCAAATG 

H302A 
(H5.40A) 

Forward: GCTTTACATAATCGCTGGACCTGTCATGG 
Reverse: CCATGACAGGTCCAGCGATTATGTAAAGC 

V305A 
(V5.43A) 

Forward: CCATGGACCTGCTATGGCGGCACTTG 
Reverse: CAAGTGCCGCCATAGCAGGTCCATGG 

M306A 
(M5.44A) 

Forward: CCATGGACCTGTCGCTGCGGCACTTGTGGTC 
Reverse: GACCACAAGTGCCGCAGCGACAGGTCCATGG 

TM6 
Q355A 
(Q6.52A) 

Forward: CTGCTGGGAATCGCCTTTGTCGTCTTTC 
Reverse: GAAAGACGACAAAGGCGATTCCCAGCAG 

F356A 
(F6.53A) 

Forward: CTGCTGGGAATCCAGGCTGTCGTCTTTCCCTG 
Reverse: CAGGGAAAGACGACAGCCTGGATTCCCAGCAG 

F359A 
(F6.56A) 

Forward: GAATCCAGTTTGTCGTCGCTCCCTGGAGACCTTCC 
Reverse: GGAAGGTCTCCAGGGAGCGACGACAAACTGGATTC 

P360A 
(P6.57A) 

Forward: GTTTGTCGTCTTTGCCTGGAGACCTTCC 
Reverse: GGAAGGTCTCCAGGCAAAGACGACAAAC 

W361A 
(W6.58A)  

Forward: GTTTGTCGTCTTTCCCGCGAGACCTTCCAACAAG 
Reverse: CTTGTTGGAAGGTCTCGCGGGAAAGACGACAAAC 

P363A 
(P6.60A) 

Forward: GTCTTTCCCTGGAGAGCTTCCAACAAGATG 
Reverse: CATCTTGTTGGAAGCTCTCCAGGGAAAGAC 

TM7 D373A 
(D7.39A) 

Forward: CTTGGGAAGATATATGCTTACGTGATGCACTC 
Reverse: GAGTGCATCACGTAAGCATATATCTTCCCAAG 

M376A 
(M7.42A) 

Forward: GAAGATATATGATTACGTGGCGCACTCTCTGATTCATTTC 
Reverse: GAAATGAATCAGAGAGTGCGCCACGTAATCATATATCTTC 

H377A 
(H7.43А) 

Forward: TTACGTGATGgccTCTCTGATTCATTTC 
Reverse: GAAATGAATCAGAGAggcCATCACGTAA 

I380A 
(I7.46A) 

Forward: GATGCACTCTCTGGCTCATTTCCAGGG 
Reverse: CCCTGGAAATGAGCCAGAGAGTGCATC 

Q383A 
(Q7.49A) 

Forward: CTCTGATTCATTTCGCCGGCTTCTTTGTTGC 
Reverse: GCAACAAAGAAGCCGGCGAAATGAATCAGAG 
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Supplementary figure 1. Alternative fit of Black and Leff operational model for pERK1/2 concentration response 
to sCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations in the receptor TM region. pERK1/2 response 
in the presence of sCT was fit using Black and Leff operational model with hill slope n=0.4 and normalized to WT 
receptor response. All values are mean +S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some 
data points error bars are not shown as they are smaller than the height of the symbol. 

 
 
 
 

 
 
Supplementary figure 2. Alternative fit of Black and Leff operational model for pERK1/2 concentration response 
to hCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations in the receptor TM region. pERK1/2 response 
in the presence of sCT was fit using Black and Leff operational model with hill slope n=0.4 and normalized to WT 
receptor response. All values are mean +S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some 
data points error bars are not shown as they are smaller than the height of the symbol. 
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Supplementary figure 3. Alternative fit of Black and Leff operational model for pERK1/2 concentration response 
to pCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations in the receptor TM region. pERK1/2 response 
in the presence of sCT was fit using Black and Leff operational model with hill slope n=0.4 and normalized to WT 
receptor response. All values are mean +S.E.M. of 3 to 5 independent experiments conducted in duplicate; for some 
data points error bars are not shown as they are smaller than the height of the symbol. 
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Supplementary figure 4. pERK1/2 ΔpKA values for CT agonists (sCT, hCT and pCT) calculated based on the 
alternative fit for the Black and Leff  opertional model with n=0.4 (as per supplementary figures 1-3). ΔpKA value 
for each mutant was obtained by subtracting WT pKA from each mutant’s pKA value. All values are mean +S.E.M. of 
3 to 5 independent experiments conducted in duplicate. Significance of changes were calculated via comparison of 
mutants pKA to the WT receptor pKA values in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test 
with significant changes (P<0.05 denoted by *). 
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Supplementary figure 5. pERK1/2 Δ logτ  CT agonists (sCT, hCT and pCT) calculated based on the alternative fit 
for the opertional model with n=0.4 (as per supplementary figures 1-3) . Δlogτc value for each mutant was 
obtained by subtracting WT logτ from each mutant’s logτc value.  All values are mean +S.E.M. of 3 to 5 independent 
experiments conducted in duplicate. Significance of changes were calculated via comparison of mutants logτ to the 
WT receptor logτ values in a one-way analysis of variance (ANOVA) with Dunett’s post-hoc test with significant 
changes (P<0.05 denoted by *). 
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Supplementary figure 6. Fitting of Black and Leff operational model with n=1 for pERK1/2 concentration 
response to WT sCT, hCT and pCT in CV-1-FlpIn cells stably expressing hCTRaLeu mutations in the receptor 
TM region. pERK1/2 response for WT CTR in the presence of either sCT, hCT or pCT was fit using Black and Leff 
operational model with a hill slope n=1. All values are mean +S.E.M. of 3 to 5 independent experiments conducted 
in duplicate; for some data points error bars are not shown as they are smaller than the height of the symbol. 
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Supplementary figure 7. Class B GPCRs select TM residues sequence alignment showing the nature of amino 
acid properties. The alignment is based on Class B GPCRs TM and H8 sequence alignment (adopted from (Liang et 
al., 2018)). Chemically similar amino acids are of the same colour. The colour scheme is according to default 
settings in GPCRdb (http://gpcrdb.org/): polar positively charged amino acids are coloured in blue and light-blue, 
polar negatively charged amino acids are coloured in red; polar neutral amino acids are coloured in purple. The 
consensus sequence is displayed at the bottom of the alignment. 
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Expression and activity of the 

calcitonin receptor family in a sample of 

primary human high-grade gliomas 
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Figure S1. cAMP and iCa2+ mobilization in response to CTR agonists. A, Characterization of cAMP accumulation 
(30  min) in WK1 cells in response to stimulation by sCT alone or in presence of 1  µM forskolin. Data are presented 
as mean  +  S.E.M. of 3 replicates of a representative experiment. Absence of intracellular calcium mobilization 
response to sCT and rAMY in WK1 (B), SB2b (C) and PB1(D) cell lines while maintaining robust response to 
10  µM ATP and 1  µM ionomycin. Data are presented as peak values of response measured in relative fluorescence 
units. Data are presented as mean  +  or - S.E.M. of 3 replicates of a representative experiment.

0 -12 -11 -10 -9 -8 -7 -6

0

20

40

60

80

100

log[sCT]M

sCT + 1 µM FSK
WK 1

cA
M

P 
re

sp
on

se
(%

 F
SK

 m
ax

)

sCT

0 -12 -10 -8 -6

10

11

12

13

14

15

Log [Agonist] M

sCT
rAMY
ATP
Ionomycin

iC
a2+

 (P
ea

k 
R

FU
) WK1 sCT

rAMY
ATP
Ionomycin

0 -12 -10 -8 -6

10
11
12
13
14
15

Log [Agonist] M

SB2b 

0 -12 -10 -8 -6

10

11

12

13

14

15

Log [Agonist] M

PB1 

sCT
rAMY
ATP
Ionomycin

iC
a2+

 (P
ea

k 
R

FU
)

A

Supplementary
Figure 1

B

D

C



223 
	  

 
 
Figure S2. MAP kinase response to sCT in SB2b cells and TCGA survival data. No detectable 
ERK1/2 phosphorylation (A) or p38 (B) in response to stimulation with 1  µM sCT in SB2b cell line while a robust 
response to 10% FBS is seen; Data are presented as mean  +  S.E.M. of 3 replicates of a representative experiment. 
(C) ERK1/2 Phosphorylation response in SB2b cell line was induced by 0.1% FBS. No suppression of the induced 
response after stimulation sCT or hCT was seen at the concentrations tested (C). Data are presented as 
mean  +  S.E.M. of 3 replicates of a representative experiment. (D) Log2 expression (FPKM) ofr CALCR transcript in 
patients with survival data from the TCGA database plotted as a scatter plot against survival. 
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Figure S3. Mapping reported CTR mutations to our a molecular model of the CTR [48]. A, mutations reported to be 
associated with LOF at the CTR are shown in space fill red, mapped onto our active, G protein bound, model 
derived from Cryo-EM data,; the peptide (sCT) is shown in orange, receptor in blue, Gα subunit in yellow, Gβ in 
teal and Gγ in purple. B, the reported LOF residues, their substitution, mammalian conservation structural location, 
potential side-chain interaction and likely effect on receptor function are shown as a table.  

Supplementary
Figure 3

A51

P100

A307

V250

R404

A

 
Residue GBM 

Substitution 
Vertebrate 

Substitutions 
Location Side chain Likely 

impact 

R45 Q K,R Unresolved 

(NTD) 

Unresolved none 

A51 T S NTD solvent none 

P100 L Q NTD Toward 

ligand 

Altered 

ligand 

binding 

V250 M M TMIII Lipid 

bilayer 

none 

A307 V V TMV Lipid 

bilayer 

none 

R404 C conserved CTD G  

interaction 

Effector 

coupling 

R420 C H Unresolved 

(CTD) 

Unresolved none 

 

B
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Xenopus_tropicalis                   -----MKMVSSDVRDKTVRKHVEHCCFL-VIVVIRMVPGFAST---VDP-TLMPIVNEEY 50
Thamnophis_sirtalis                  -----------------MNKKSSG-YFLLIILLIRMAPSFPTTVSYVDP-TLESM--EYS 39
Anolis_carolinensis                  -----------------MDKKNNGCCLL-MILLIRMAPTLSSTVSYTDP-TLAPVATEHS 41
Serinus_canaria                      -----------------MKKTTQSCFLLI-ILLTRIVPSLSSAVNYTDT-TLEPVVTENS 41
Corvus_brachyrhynchos                -----------------MKKTTQSCFLLI-ILLTRIVPSLSSTVNYTDP-TLEPVVTENS 41
Ficedula_albicollis                  -----------------MKKTTQTCFLLI-ILLTRIVPSLSSTVNYTDP-TLEPVVTENS 41
Anser_cygnoides_domesticus           -----------------MKKTTHSCFLLI-ILLIRMVPSLTATVNYTDP-TLEPVVTENS 41
Anas_platyrhynchos                   -----------------MKKTTHGCFLLI-ILLIRMVPSLTATVNYTDP-TLEPVVTENS 41
Apteryx_australis_mantelli           -----------------MKKTTHSCFLLI-ILLIRMVPSLTSTVNYTDP-TLEPVVTENS 41
Gallus_gallus                        -----------------MKKTTHSCFLLI-ILLIRMVPSLTATVNYTDP-TLEPVVTENS 41
Picoides_pubescens                   -----------------MKKTTHGCFLLV-ILLIRMVPSLSSTVNYTDT-TLEPLVTENS 41
Chaetura_pelagica                    -----------------MKKTTQSCILLI-ILLIRMVPSLSSTVNYTDP-TLEPVVTENS 41
Apaloderma_vittatum                  -----------------MKKRTHSCFLLI-ILLTRMVPSLSSTVNYTDP-TLEPVVTENS 41
Balearica_regulorum_gibbericeps      -----------------MKKTTHSCFLLI-ILLIRMIPSLSSTVNYTDP-TLEPVVTENS 41
Cuculus_canorus                      -----------------MKTTTHSCFLLV-ILLIKMVPTLSSTVNYTDP-TLEPVVTENS 41
Caprimulgus_carolinensis             -----------------MKKTTHSCFLL-IILLMRMVPSLSSTVNYTDP-TLEPVVTENS 41
Calypte_anna                         -----------------MKKTAHSCILL-IILLIRMAPSLSSTVNYTDP-TLEPVVTENS 41
Pygoscelis_adeliae                   -----------------MKKTTHSCLLV-IILLIRMVPSPSSTVNYTDP-TLEPVVTENS 41
Egretta_garzetta                     -----------------MKKTTHICFLL-VILLIRMVPSLSSTVNYTDP-TLEPVVNENS 41
Nipponia_nippon                      -----------------MKKVTHS-FFLLIILLIRMVPSLSSTVNYTDP-TLEPVVTENS 41
Charadrius_vociferus                 -----------------------------------MVPSLSSTVNYTDP-TLEPVVTENS 24
Aquila_chrysaetos_canadensis         -----------------MKKTTHSCFLLLIIFLTRMVPSLSSTVNYTDP-TLEPVVTENS 42
Phalacrocorax_carbo                  -----------------------------------MVPSLSSTVNYTDP-TLEPVATENS 24
Sus_scrofa                           -----------------MRFTLTRWCLTLFIFLNRPLPVLPDSADGAHTPTLEPEPFLYI 43
Mus_musculus                         -----------------MRFLLVNRFTLLLLLLVSPTPVLQAPTNLTDS-GLDQEPFLYL 42
Rattus_norvegicus                    MTPRRSRMKRRNLRKPKMRFLLLNRFTLLLLLLVSPTPVLQAPTNLTDS-GLDQEPFLYL 59
Jaculus_jaculus                      -----------------MKLSLTLRVAGLFILLNQPSPALPYFSNFTLPTNEPDEPFLYT 43
Pteropus_vampyrus                    -----------------MKFTLTRWCFVLFIFLNHPTPVLPTSSNNTYSPALESEPFLYV 43
Cavia_porcellus                      -----------------MRFTFTRQFLAFFILISNPASILPRSENLTFP-TFEPEPYLYS 42
Galeopterus_variegatus               -----------------MRLRVTCRLLALFVLLNHPTPILPAFSNQTFP-TLDSEPFLYI 42
Oryctolagus_cuniculus                MAHLPPSRMKRDLQKPKMKFTLTWRCFALFLLLHQPTPVNPASSNDTHP-TVEPEPFLYV 59
Colobus_angolensis_palliatus         -----------------MKFTFTSRCFALFLLLNHPIPILPAFSNQTYP-TIEPEPFLYV 42
Homo_sapiens                         -----------------MRFTFTSRCLALFLLLNHPTPILPAFSNQTYP-TIEPKPFLYV 42
Pan_troglodytes                      -----------------MRFTFTSRCLALFLLLNHPTPILPAFSNQTYP-TIEPEPFLYV 42
Canis_lupus_familiaris               -----------------MKFTLTRRCLVLFIFLNHPTPVLPATSNDTYPPNMESEPFLYV 43
Equus_caballus                       -----------------MKFSLTRRCLVLFIFLNHPTPILPASSNDTYPPTIESEPFLYV 43
Ceratotherium_simum_simum            -----------------MKFSLTRRCLVLFIFLNHPTPILPATSNDTYPPTIESEPFLYV 43
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Xenopus_tropicalis                   ISRQRIINSQFKCYEKMKKDSPYSKSGLYCNRTWDGWLCWDDTPAGINVTQNCPDYFPDF 110
Thamnophis_sirtalis                  VIHQKIVDSQFKCYERMNRAPPYKKKGLYCNRTWDGWLCWDDTPAGEYADQNCPDYFQDF 99
Anolis_carolinensis                  AIPQKIVDSQFKCYERMNRTPPYKKKGLFCNRTWDGWLCWDDTPAGEFADQNCPDYFPDF 101
Serinus_canaria                      VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRLTAQNCPDYFPDF 101
Corvus_brachyrhynchos                VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRLTAQNCPDYFPDF 101
Ficedula_albicollis                  VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRLTAQNCPDYFPDF 101
Anser_cygnoides_domesticus           VIRQKIIDSQFKCYERMNRAPPYRKKGLFCNRTWDGWLCWDDTPAGRVTAQNCPDYFPDF 101
Anas_platyrhynchos                   VIRQKIIDSQFKCYERMNRAPPYRKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Apteryx_australis_mantelli           VIRQKIIDSQFKCYERMNRAPPYRKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Gallus_gallus                        VIRQKIIDSQFKCYERMNRAPPYRKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Picoides_pubescens                   VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRTTAQNCPDYFPDF 101
Chaetura_pelagica                    VIRQKIIDSQFKCYERMNRAPPYKKKGLFCSRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Apaloderma_vittatum                  VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Balearica_regulorum_gibbericeps      VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRVTAQNCPDYFPDF 101
Cuculus_canorus                      IIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Caprimulgus_carolinensis             IIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRISAQNCPDYFPDF 101
Calypte_anna                         VIRQKIIDSQFKCYERMNKAPPYKKKGLFCNRTWDGWLCWDDTPAGRIAAQNCPDYFPDF 101
Pygoscelis_adeliae                   VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Egretta_garzetta                     VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 101
Nipponia_nippon                      VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRVTAQNCPDYFPDF 101
Charadrius_vociferus                 VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 84
Aquila_chrysaetos_canadensis         VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 102
Phalacrocorax_carbo                  VIRQKIIDSQFKCYERMNRAPPYKKKGLFCNRTWDGWLCWDDTPAGRITAQNCPDYFPDF 84
Sus_scrofa                           LGKQRMLEAQHRCYDRMQKLPPYQGEGLYCNRTWDGWSCWDDTPAGVLAEQYCPDYFPDF 103
Mus_musculus                         VGRKKLLDAQYKCYDRIHQLPSYEGEGLYCNRTWDGWMCWDDTPAGATAYQHCPDYFPDF 102
Rattus_norvegicus                    VGRKKLLDAQYKCYDRIQQLPPYEGEGPYCNRTWDGWMCWDDTPAGVMSYQHCPDYFPDF 119
Jaculus_jaculus                      VGRQKLIDAQYKCYHRMEQLPPYEGEGPYCNRTWDGWMCWDDTPAGVMAYQLCPDYFPDF 103
Pteropus_vampyrus                    IGRRKMMDAENKCYRRMQQLPPFQGEGPYCNRTWDGWLCWDDTPAGVVTQQHCPDYFPDF 103
Cavia_porcellus                      VGRKKLVDAQYRCYDRMQQLPPYEGEGPYCNRTWDGWMCWDDTPAGVLSVQLCPDYFPDF 102
Galeopterus_variegatus               VGRKKLLEAQYKCYDRMQQLPPYEGEGPYCNRTWDGWMCWDDTPAGVMTYQFCPDYFPDF 102
Oryctolagus_cuniculus                IGRKKLMDAQYKCYDRMEQLPPYQGEGPYCNRTWDGWMCWDDTPAGVLSFQYCPDYFPDF 119
Colobus_angolensis_palliatus         VGRKKMMDAQYKCYDRMQQLPPYQGEGPYCNRTWDGWLCWDDTPAGVLSYQFCPDYFPDF 102
Homo_sapiens                         VGRKKMMDAQYKCYDRMQQLPAYQGEGPYCNRTWDGWLCWDDTPAGVLSYQFCPDYFPDF 102
Pan_troglodytes                      VGRKKMMDAQYKCYDRMQQLPAYQGEGPYCNRTWDGWLCWDDTPAGVLSYQFCPDYFPDF 102
Canis_lupus_familiaris               LGRKKMSDAQYKCYDRMQQLPPYQGEGPYCNRTWDGWLCWDDTPAGVLSHQYCPDYFPDF 103
Equus_caballus                       LGRKRMMDAQYKCYDRMKQLPPYQGEGPYCNRTWDGWLCWDDTPAGVLSYQYCPDYFPDF 103
Ceratotherium_simum_simum            LGRKRMMDAQYKCYDRMKQLPPYQGEGPYCNRTWDGWLCWDDTPAGVLSHQYCPDYFPDF 103
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Xenopus_tropicalis                   DPTERASKYCDENGNWFQHPESNRTWSNYTLCNSFTSEKLKMAYILYYMAIVGHALSIVS 170
Thamnophis_sirtalis                  DPTEIATKYCDKTGTWFRHPETNRTWSNYKRCNSFTNEKRKMIFIVYYMTIAGHVLSMVS 159
Anolis_carolinensis                  DPTETATKYCDKTGTWFRHPESNRTWSNYTRCNSFTNEKRKMVFILYYMTIVGHALSITS 161
Serinus_canaria                      DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Corvus_brachyrhynchos                DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Ficedula_albicollis                  DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Anser_cygnoides_domesticus           DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Anas_platyrhynchos                   DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Apteryx_australis_mantelli           DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Gallus_gallus                        DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Picoides_pubescens                   DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Chaetura_pelagica                    DPTERASKYCDENGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Apaloderma_vittatum                  DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Balearica_regulorum_gibbericeps      DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSIAS 161
Cuculus_canorus                      DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSIAS 161
Caprimulgus_carolinensis             DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Calypte_anna                         DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Pygoscelis_adeliae                   DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Egretta_garzetta                     DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Nipponia_nippon                      DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 161
Charadrius_vociferus                 DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 144
Aquila_chrysaetos_canadensis         DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 162
Phalacrocorax_carbo                  DPTERASKYCDETGNWFRHPESNRTWSNYTLCNSFTSEKLKMAFILYYMAIVGHALSITS 144
Sus_scrofa                           DAAEKVTKYCGEDGDWYRHPESNISWSNYTMCNAFTPDKLQNAYILYYLAIVGHSLSILT 163
Mus_musculus                         DTAEKVSKYCDENGEWFRHPDSNRTWSNYTLCNAFTSEKLQNAYVLYYLALVGHSLSIAA 162
Rattus_norvegicus                    DPTEKVSKYCDENGEWFRHPDSNRTWSNYTLCNAFTPDKLHNAYVLYYLALVGHSMSIAA 179
Jaculus_jaculus                      DPAESVTKYCDENGDWFKHPDSNRTWSNYTMCNAFTPDKLQNAYVLYYLALVGHSLSIFT 163
Pteropus_vampyrus                    DPTEKATRYCDENGDWYKHPEYNKTWSNYSMCNAFTPEKLKNAYVLYYLAIVGHSVSIAT 163
Cavia_porcellus                      DPTEKVTKYCDESGVWFKHPENNRTWSNYTLCNAFTPEKLQNAYVLYYLAIVGHSMSIIT 162
Galeopterus_variegatus               DPTEKVTKYCDEKGVWFKHPENNRTWSNYTMCNAFTPEKLNNAYVLYYLAIVGHSLSIFT 162
Oryctolagus_cuniculus                DPTEKVTKYCDETGVWFKHPGNNQTWSNYTMCNAFTPEKLQNAYVLYYLAIVGHSLSIFT 179
Colobus_angolensis_palliatus         DPSEKVTKYCDENGVWFKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 162
Homo_sapiens                         DPSEKVTKYCDEKGVWFKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 162
Pan_troglodytes                      DPSEKVTKYCDEKGVWFKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 162
Canis_lupus_familiaris               DPSEKVTKYCDEKGDWYKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 163
Equus_caballus                       DPAEKVTKYCDEKGDWFKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 163
Ceratotherium_simum_simum            DPAEKVTKYCDEKGVWFKHPENNRTWSNYTMCNAFTPEKLKNAYVLYYLAIVGHSLSIFT 163
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Xenopus_tropicalis                   LMISLGIFFYFKSLSCQRITLHKNLFTSYVLNSVFTIVHLTAVVPDTDLVRSDPVSCKVL 230
Thamnophis_sirtalis                  LLISLGIFFYFKSLSCQRITLHKNLFCSYVLNSVFTLAHLIAIVPDQELVKKDPISCKVL 219
Anolis_carolinensis                  LLISLGIFFYFKSLSCQRITLHKNLFFSYVLNSVFTLAHLIAVVSDRDLVKNDPVSCKVL 221
Serinus_canaria                      LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Corvus_brachyrhynchos                LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Ficedula_albicollis                  LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIVVVPNPGLVKRDPVSCKVL 221
Anser_cygnoides_domesticus           LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Anas_platyrhynchos                   LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Apteryx_australis_mantelli           LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Gallus_gallus                        LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIIVVPNPGLVKRDPVSCKVL 221
Picoides_pubescens                   LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Chaetura_pelagica                    LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Apaloderma_vittatum                  LLISLAIFFYFKSLSCQRITLHKNLFCSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Balearica_regulorum_gibbericeps      LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Cuculus_canorus                      LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Caprimulgus_carolinensis             LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Calypte_anna                         LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Pygoscelis_adeliae                   LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Egretta_garzetta                     LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Nipponia_nippon                      LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 221
Charadrius_vociferus                 LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSVFTIAHLIAVVPNPGLVKRDPVSCKVL 204
Aquila_chrysaetos_canadensis         LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPGLVKRDPVSCKVL 222
Phalacrocorax_carbo                  LLISLAIFFYFKSLSCQRITLHKNLFFSYVLNSMFTIAHLIAVVPNPDLVKRDPVSCKVL 204
Sus_scrofa                           LLISLGIFMFLRSISCQRVTLHKNMFLTYVLNSIIIIVHLVVIVPNGELVKRDPPICKVL 223
Mus_musculus                         LVASMLIFWIFKNLSCQRVTLHKHMFLTYILNSIIIIIHLVEVVPNGDLVRRDPISCKVL 222
Rattus_norvegicus                    LIASMGIFLFFKNLSCQRVTLHKNMFLTYILNSIIIIIHLVEVVPNGDLVRRDPISCKIL 239
Jaculus_jaculus                      LVISLGIFVCFRSLSCQRVTLHKHMFLTYILNSMIIIIHLVEVIPNGDLVRRDPVSCKIL 223
Pteropus_vampyrus                    LVISLGIFMYFKSLGCQRVTLHKHMFLTYILNSMIIIIHLVEVVPNGELVRQDPVSCKIL 223
Cavia_porcellus                      LVVSLGIFVYFRSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRKDPVSCKIL 222
Galeopterus_variegatus               LVISLGIFMFYRNLSCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGDLVRKDPVSCKIL 222
Oryctolagus_cuniculus                LVISLGIFMCFRSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKVL 239
Colobus_angolensis_palliatus         LVISLGIFVFFKSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKIL 222
Homo_sapiens                         LVISLGIFVFFRSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKIL 222
Pan_troglodytes                      LVISLGIFVFFRSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKIL 222
Canis_lupus_familiaris               LVISLGIFVFFKSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPLSCKIL 223
Equus_caballus                       LVISLGIFMFFKSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKIL 223
Ceratotherium_simum_simum            LVISLGIFVFFKSLGCQRVTLHKNMFLTYILNSMIIIIHLVEVVPNGELVRRDPVSCKIL 223
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Xenopus_tropicalis                   QFFSQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQHLHWYYLLGWGFPLVPASIHAFART 290
Thamnophis_sirtalis                  QFFHQYTMGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYFLGWGFPLVPASIHAVARA 279
Anolis_carolinensis                  QFFHQYMMGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVART 281
Serinus_canaria                      QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Corvus_brachyrhynchos                QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Ficedula_albicollis                  QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Anser_cygnoides_domesticus           QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Anas_platyrhynchos                   QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Apteryx_australis_mantelli           QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAIARA 281
Gallus_gallus                        QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Picoides_pubescens                   QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Chaetura_pelagica                    QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAIARA 281
Apaloderma_vittatum                  QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Balearica_regulorum_gibbericeps      QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Cuculus_canorus                      QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPVVPASIHAVARA 281
Caprimulgus_carolinensis             QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Calypte_anna                         QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Pygoscelis_adeliae                   QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Egretta_garzetta                     QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Nipponia_nippon                      QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 281
Charadrius_vociferus                 QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 264
Aquila_chrysaetos_canadensis         QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 282
Phalacrocorax_carbo                  QFFHQYMLGCNYFWMLCEGIYLHTLIVVAVFAEEQRLHWYYLLGWGFPLVPASIHAVARA 264
Sus_scrofa                           HFFHQYMMSCNYFWMLCEGVYLHTLIVVSVFAEGQRLWWYHVLGWGFPLIPTTAHAITRA 283
Mus_musculus                         HFLHQYMMSCNYFWMLCEGIYLHTLIVMAVFTDEQRLRWYYLLGWGFPIVPTIIHAITRA 282
Rattus_norvegicus                    HFFHQYMMACNYFWMLCEGIYLHTLIVMAVFTEDQRLRWYYLLGWGFPIVPTIIHAITRA 299
Jaculus_jaculus                      HFFHQYMMACNYFWMLCEGIYLHTLIVVSVFTEEQRLRYYYFLGWGFPLVPTVIHAITRA 283
Pteropus_vampyrus                    HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFAEKQHMRWYYLLGWGFPLVPTTIHAVTRA 283
Cavia_porcellus                      HFFHQYMMACNYFWMLCEGIYLHTLIVVSVFNEAKHLRWYYLLGWGFPLVPTTIHAITRA 282
Galeopterus_variegatus               HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFSGEQHLRWYYLLGWGFPLVPTTIHAITRA 282
Oryctolagus_cuniculus                HFFHQYMMSCNYFWMLCEGIYLHTLIVVAVFAKQQHLRWYYLLGWGFPLVPTTIHAITRA 299
Colobus_angolensis_palliatus         HFFHQYMMACNYFWMLCEGIYLHTLIVMAVFTEKQRLRWYYLLGWGFPLVPTTIHAITRA 282
Homo_sapiens                         HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEKQRLRWYYLLGWGFPLVPTTIHAITRA 282
Pan_troglodytes                      HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEKQRLRWYYLLGWGFPLVPTTIHAITRA 282
Canis_lupus_familiaris               HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEEQHLRWYYLLGWGFPLVPTTIHAITRA 283
Equus_caballus                       HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEEQRLRWYYLLGWGFPLVPTTIHAITRA 283
Ceratotherium_simum_simum            HFFHQYMMACNYFWMLCEGIYLHTLIVVAVFTEEQRLRWYYLLGWGFPLVPTTIHAITRA 283
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Xenopus_tropicalis                   KYFNDNCWMSVETHLLYIVHGPIMAALLVNLFFLLNIVLVLVTKLRDTHRAESNMYMKAV 350
Thamnophis_sirtalis                  RYFNDNCWISVDTYLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 339
Anolis_carolinensis                  KYFNDNCWISVDTHLLYVVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Serinus_canaria                      RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Corvus_brachyrhynchos                RYFNDNCWMSVDTYLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Ficedula_albicollis                  RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Anser_cygnoides_domesticus           KYFNDNCWMSVDTYLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Anas_platyrhynchos                   KYFNDNCWMSVDTYLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Apteryx_australis_mantelli           KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Gallus_gallus                        KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Picoides_pubescens                   KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Chaetura_pelagica                    KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Apaloderma_vittatum                  RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Balearica_regulorum_gibbericeps      KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Cuculus_canorus                      KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Caprimulgus_carolinensis             KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Calypte_anna                         KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Pygoscelis_adeliae                   RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Egretta_garzetta                     RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Nipponia_nippon                      RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 341
Charadrius_vociferus                 KYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 324
Aquila_chrysaetos_canadensis         RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 342
Phalacrocorax_carbo                  RYFNDNCWMSVDTHLLYIVHGPVMAALLVNFFFLLNIVRVLVTKLRDTHRAESNMYMKAV 324
Sus_scrofa                           VLFNDNCWLSVDTNLLYIIHGPVMAALVVNFFFLLNILRVLVKKLKESQEAESHMYLKAV 343
Mus_musculus                         LYYNDNCWLSAETHLLYIIHGPVMVALVVNFFFLLNIVRVLVTKMRQTHEAESYMYLKAV 342
Rattus_norvegicus                    VYYNDNCWLSTETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRQTHEAEAYMYLKAV 359
Jaculus_jaculus                      LYYDDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESHMYLKAV 343
Pteropus_vampyrus                    LYFNDNCWLSVETYLLYIIHGPVMAALVVNFFFLLNIVRVLVKKMRETQEVDSHMYLKAV 343
Cavia_porcellus                      LYFNDNCWISVDTHLLYIIHGPVMVALVVNFFFLLNIVRVLVTKMRETHEAESYMYLKAV 342
Galeopterus_variegatus               LYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESQMYLKAV 342
Oryctolagus_cuniculus                IYFNDNCWMSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESHMYLKAV 359
Colobus_angolensis_palliatus         VYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESHMYLKAV 342
Homo_sapiens                         VYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESHMYLKAV 342
Pan_troglodytes                      VYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVTKMRETHEAESHMYLKAV 342
Canis_lupus_familiaris               LYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVSKMRETQEAESHMYLKAV 343
Equus_caballus                       LYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVSKMRETQEAESHMYLKAV 343
Ceratotherium_simum_simum            LYFNDNCWLSVETHLLYIIHGPVMAALVVNFFFLLNIVRVLVSKMRETQEAESHMYLKAV 343
                                       ::****:*.:* ***::***:*.**:**:******: ***.*:::::..:: **:***
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Xenopus_tropicalis                   RATLILVPLLGIQFVIFPWRPDTRLAGEIYDYIMNILMHYQGLLVATIFCFFNGEVQGAL 410
Thamnophis_sirtalis                  RATLILVPLLGIQFVIFPWRPENKLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGTL 399
Anolis_carolinensis                  RATLILVPLLGIQFVIIPWRPENKLAGEVYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Serinus_canaria                      RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Corvus_brachyrhynchos                RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Ficedula_albicollis                  RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Anser_cygnoides_domesticus           RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Anas_platyrhynchos                   RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Apteryx_australis_mantelli           RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Gallus_gallus                        RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Picoides_pubescens                   RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Chaetura_pelagica                    RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Apaloderma_vittatum                  RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGTL 401
Balearica_regulorum_gibbericeps      RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Cuculus_canorus                      RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Caprimulgus_carolinensis             RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Calypte_anna                         RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Pygoscelis_adeliae                   RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Egretta_garzetta                     RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Nipponia_nippon                      RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 401
Charadrius_vociferus                 RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 384
Aquila_chrysaetos_canadensis         RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 402
Phalacrocorax_carbo                  RATLILVPLLGIQFVIIPWRPENRLAGEIYDYIMHILMHYQGLLVATIFCFFNGEVQGAL 384
Sus_scrofa                           RATLILVPLLGVQFVVLPWRPSTPLLGKIYDYVVHSLIHFQGFFVAIIYCFCNHEVQGAL 403
Mus_musculus                         KATMVLVPLLGIQFVVFPWRPSNKVLGKIYDYLMHSLIHFQGFFVATIYCFCNHEVQVTL 402
Rattus_norvegicus                    KATMVLVPLLGIQFVVFPWRPSNKVLGKIYDYLMHSLIHFQGFFVATIYCFCNHEVQVTL 419
Jaculus_jaculus                      KATMVLVPLLGIQFVVFPWRPSNKILGKIYDYLMHSLIHFQGFFVATIYCFCNNEVQTTL 403
Pteropus_vampyrus                    RATLILVPLLGIQFVVFPWRPSNKVLGKIYDYLMHSLIHFQGFFVAVIYCFYNSEVQTAV 403
Cavia_porcellus                      KATMILVPLLGIQFVVFPWRPSNKVLGKIYDYFMHSLIHFQGFFVATIYCFCNNEVQTTL 402
Galeopterus_variegatus               KATMILVPLLGIQFVVFPWRPSNKILGKIYDYFMHSLIHFQGFFVATIYCFCNKEVQTTV 402
Oryctolagus_cuniculus                KATMILVPLLGIQFVVFPWRPSNKILGKIYDYLMHSLIHFQGFFVATIYCFCNNEVQTTV 419
Colobus_angolensis_palliatus         KATMILVPLLGIQFVVFPWRPSNKMLGKIYDYVMHSLIHFQGFFVATIYCFCNNEVQTTV 402
Homo_sapiens                         KATMILVPLLGIQFVVFPWRPSNKMLGKIYDYVMHSLIHFQGFFVATIYCFCNNEVQTTV 402
Pan_troglodytes                      KATMILVPLLGIQFVVFPWRPSNKMLGKIYDYVMHSLIHFQGFFVATIYCFCNNEVQTTV 402
Canis_lupus_familiaris               RATLILVPLLGIQFVVFPWRPSNKMLGKIYDYLMHSLIHFQGFFVAVIYCFCNNEVQTTV 403
Equus_caballus                       RATLILVPLLGIQFVVFPWRPSNKMLGKIYDYLMHSLIHFQGFFVAMIYCFCNNEVQTTV 403
Ceratotherium_simum_simum            RATLILVPLLGIQFVVFPWRPSNKMLGKIYDYLMHSLIHFQGFFVAMIYCFCNNEVQTTL 403
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Xenopus_tropicalis                   KRQWMQYKTQWGQRRREHCSMRSTSYT---------ATSITEVPIYLYHHDSNSEQ--LN 459
Thamnophis_sirtalis                  KRQWMQYKTQWGQRRRDHCSTRSTSYT---------ATSITEVPVYLYHRDSNSEH--LN 448
Anolis_carolinensis                  KRQWMQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPIYLYHHDSSSEQ--FN 450
Serinus_canaria                      KRQWAQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDANNEH--LN 450
Corvus_brachyrhynchos                KRQWAQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYPHDANNEQ--LN 450
Ficedula_albicollis                  KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDANNEQ--LN 450
Anser_cygnoides_domesticus           KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Anas_platyrhynchos                   KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Apteryx_australis_mantelli           KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Gallus_gallus                        KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Picoides_pubescens                   KRQWTQYKTQWGQRRREHCSTRSTSCT---------ATSISEVPVYLYHHDSNNEQ--FN 450
Chaetura_pelagica                    KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHRDSSNEQ--IN 450
Apaloderma_vittatum                  KRQWTQYKAQWGQRRREHCSTRSTSYT---------ATSITEVPIYLYHHESNSEQ--LN 450
Balearica_regulorum_gibbericeps      KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Cuculus_canorus                      KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Caprimulgus_carolinensis             KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLFHHDSNNEQ--LN 450
Calypte_anna                         KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Pygoscelis_adeliae                   KRQWAQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSTNEQ--LN 450
Egretta_garzetta                     KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITELPVYLYHHDSNNEQ--LN 450
Nipponia_nippon                      KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 450
Charadrius_vociferus                 KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 433
Aquila_chrysaetos_canadensis         KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 451
Phalacrocorax_carbo                  KRQWTQYKTQWGQRRREHCSTRSTSYT---------ATSITEVPVYLYHHDSNNEQ--LN 433
Sus_scrofa                           KRQWNQYQAQ---RWAGRRSTRAANAAAATAAAAAALAETVEIPVYICHQEPREEPAGEE 460
Mus_musculus                         KRQWTQFKIQWSQRWGRR-RPTN---RVVSAPRAVAFAEPDGLPIYICHQEPR-NPPISN 457
Rattus_norvegicus                    KRQWAQFKIQWSHRWGRRRRPTN---RVVSAPRAVAFAEPGGLPIYICHQEPR-NPPVSN 475
Jaculus_jaculus                      KRQWTQFKLQ---HWGTALTNRTAP-QASPAATASAEAGDIDLPVYICHREPPRA----N 455
Pteropus_vampyrus                    KRQWIQFKIQWDQRRGGRNHRRPHF-HAAAAAAAAAEAEAGDIPVYICHQEPR-NNEPAI 461
Cavia_porcellus                      KRQWAQFKIQWNQRWGTRPSNRSAA-A--RAAAAAAEAGGDNIPVYICHQE--PRNDPPN 457
Galeopterus_variegatus               KRHWAQLRIQWDQRWGPRPSARSTA-R--AA-A---SAEAGDIPVYICHPEPEPRNEPAG 455
Oryctolagus_cuniculus                KRQWVQFKIQWNQRWGRRPAHRSVS-R--TA-A---SAEEGGIPVYIYHQE--PRNDQAH 470
Colobus_angolensis_palliatus         KRQWVQFKIQWNQRWGRRPSNRSA--R--AA-A---AAEAGDIPVYICHQE--PRNEPAN 452
Homo_sapiens                         KRQWAQFKIQWNQRWGRRPSNRSA--R--AAAA---AAEAGDIPIYICHQE--LRNEPAN 453
Pan_troglodytes                      KRQWAQFKIQWNQRWGRRPSNRSA--R--AAAA---AAEAGDIPIYICHQE--PRNEPAN 453
Canis_lupus_familiaris               KRQWAQFKTQWDQRWGRPNPRRSAA-S--AAAA---AAEAGDIPVYICHQE--PRNEAAN 455
Equus_caballus                       KRHWAQFKTQWNQRWGRRTNNRSIS----NAAA---SAEAGDIPVYICHQE--PRNELAN 454
Ceratotherium_simum_simum            KRHWAQFKTQWNQRWGRRSNNRSIS----NAAA---AAGARDIPVYICHQE--PRNEPAN 454
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Figure S4. Alignment of vertebrate CTR sequences. Alignment of a subset of validated and predicted CTR 
sequences from mammals and aves with reptile and amphibian sequences used as outgroups. Sequences were 
obtained from NCBI homologene filtering for reference sequences only. These were then manually curated and an 
alignment was performed using Clustalw Omega. Conserved asparagine (yellow) and cysteine (purple) residues in 
the N-terminus have been manually annotated and TMMHM used to predict TM helices which were manually 
curated and are indicated in blue. Putative LOF mutations are highlighted in red. 

  

Xenopus_tropicalis                   -GKYGDESEITALNSG--DTYA 478
Thamnophis_sirtalis                  -GKYIHDSELVALKSG--ETSA 467
Anolis_carolinensis                  -GKYIDDSELVALKSG--ETSA 469
Serinus_canaria                      -GRYVEDSELVALKSG--DTSA 469
Corvus_brachyrhynchos                -GRYVEDSELVALKSG--ETSA 469
Ficedula_albicollis                  -GRYLEDSELVALKSG--ETSA 469
Anser_cygnoides_domesticus           -GRYIDDSELVALKSG--ETSA 469
Anas_platyrhynchos                   -GRYIDDSELVALKSG--ETSA 469
Apteryx_australis_mantelli           -GRYIDDSELVALKSG--ETSA 469
Gallus_gallus                        -GRYVDDSELVALKSG--ETSA 469
Picoides_pubescens                   -GRYTEDSELVALKSG--ETSA 469
Chaetura_pelagica                    -GRYIEDSELVALKSG--ETSA 469
Apaloderma_vittatum                  -GRYVEDSELVALKSG--ETSA 469
Balearica_regulorum_gibbericeps      -GRYIEDSELVALKSG--ETSA 469
Cuculus_canorus                      -GRYVEDSELVALKSG--ETSA 469
Caprimulgus_carolinensis             -GRYVEDSELVALKPG--ETSA 469
Calypte_anna                         -GRYTEDSELVALKSG--ETSA 469
Pygoscelis_adeliae                   -GRYIEDSELVALKSG--ETSA 469
Egretta_garzetta                     -GRYIEDSELVALKSG--ETSA 469
Nipponia_nippon                      -GRYAEDSELVALKSG--ETSA 469
Charadrius_vociferus                 -GRYVEDSELVALKSG--ETSA 452
Aquila_chrysaetos_canadensis         -GRYVEDSELVALKSG--ETSA 470
Phalacrocorax_carbo                  -GRYVEDSELVALKSG--ETSA 452
Sus_scrofa                           PVVEVEGVEVIAMEVLEQETSA 482
Mus_musculus                         -NEGEESTEMIPMNVIQQDASA 478
Rattus_norvegicus                    -NEGEEGTEMIPMNVIQQDSSA 496
Jaculus_jaculus                      -NQVLEGAEIIPLNTVEQESSA 476
Pteropus_vampyrus                    -NLGEEGAEDIPMEIIEQESCA 482
Cavia_porcellus                      -NQGEEGAEMIVLNIIEKESSA 478
Galeopterus_variegatus               -NEGERGAELIPLNIIEHESSA 476
Oryctolagus_cuniculus                -SLGEEGAEIIPLNIIEQESSA 491
Colobus_angolensis_palliatus         -NQGEESAEIIPLNIIEQETSA 473
Homo_sapiens                         -NQGEESAEIIPLNIIEQESSA 474
Pan_troglodytes                      -NQGEESAEIIPLNIIEQESSA 474
Canis_lupus_familiaris               -NLGEEGAEVIALEIIEQESSA 476
Equus_caballus                       -NLGGEGAEVIALEIIEQESSA 475
Ceratotherium_simum_simum            -NLGGEGAEVIALEIIEQESSA 475
                                             *   ::    :: * 
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Glossary
Calcitonin A 32-amino acid peptide hormone produced by
the C cells of the thyroid. Immunologically similar mole-
cules have also been identified in other tissues, suggesting
additional local autocrine or paracrine actions of
calcitonin.
G proteins Family of intracellular proteins that act as
linking molecules or adapters to link receptors to effector
molecules. G proteins are heterotrimers of abg subunits
and are activated by receptor binding, which enables them
to bind GTP and to dissociate into a and bg subunits,
which in turn activate molecules such as adenylate cyclase
and phospholipase C. Activation is terminated by
hydrolysis of GTP to GDP.
Isoforms Different but related forms of protein molecules.
Different isoforms of the calcitonin receptor arise by

differential splicing of the primary mRNA transcript and
through interaction with RAMPs.
Osteoclasts Large, multinucleated cells that are responsible
for the resorption of bone in the cycle of bone turnover that
comprises bone removal and bone formation. Osteoclasts
are sensitive to CT, which rapidly and potently inhibits
their bone-resorbing activity.
Receptor A protein molecule that recognizes and binds its
cognate ligand with high affinity and specificity. The
calcitonin receptor is a cell surface receptor with
extracellular domains that interact with the calcitonin
molecule (ligand). The intracellular domains interact with
intracellular signal transduction molecules to translate
ligand binding into cellular actions.

Calcitonin Family of Peptides

Calcitonin (CT) belongs to a family of molecules that are structurally related but biologically diverse, comprising CT, calcitonin
gene–related peptides (CGRPs), amylin, and adrenomedullin (see footnotes for further reading). The CT family of peptides
shares a common disulfide bridge and C-terminal amidation, which is required for activity (Fig. 1); beyond this the sequence
homology is low.

qChange History: May 2016. Anna Ostrovskaya, David M. Findlay, Patrick M. Sexton and Sebastian G.B. Furness made some changes to the text and updated all
the figures.
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CT is a 32-amino acid peptide best known for its synthesis in mammals by the C cells of the thyroid gland. CT lowers blood Ca2þ

levels by direct inhibition of osteoclast-mediated bone resorption and by enhancing calcium excretion by the kidney. It has been
used clinically in the treatment of bone disorders, including Paget’s disease, osteoporosis, and hypercalcemia due to malignancy.
The receptor for CT [calcitonin receptor (CTR)] is a G protein–coupled receptor (GPCR) belonging to the secretin-like family, which
is also known as class B. For many years, the research on CTR and CT was largely focused on their function in calcium homeostasis.
Since the initial discovery of CT, expression of CT and its receptors has been demonstrated in many cell types and tissues other than
bone. This suggests additional, biologically diverse roles for CT, including functions in brain, kidney, and cell differentiation and
tissue morphogenesis.

CT is processed from a 141 amino acid pre-pro-peptide encoded by the CALCA gene; several other processed peptides have also
been identified in human plasma. Procalcitonin (pro-CT; Fig. 2) is a 116-amino acid peptide that is found in plasma of healthy
individuals at about 10% of the level of mature CT. During sepsis, pro-CT becomes expressed and secreted throughout the
body, with levels rising to several hundred to thousand fold that of healthy individuals. Septic levels of pro-CT show a strong

Figure 1 Primary amino acid sequence alignment for the mature human calcitonin, amylin, calcitonin gene–related peptides, and adrenomedullin
peptides, which form the calcitonin family. Note the low sequence conservation but the absolute conservation of the cysteine disulfide toward the N-
terminal and C-terminal amidation. The sequences highlighted in bold are those that have been shown by crystallography to make contacts with the
receptor N-terminal domain. For all peptides, truncation after the second cysteine generates an antagonist, highlighting the importance of the peptide
N-terminus in activating the receptor.

Figure 2 Primary amino acid sequence alignment of the sequences for the predicted pre-pro-calcitonin (CT) peptide from various species. The first
25 amino acids comprise a signal peptide. Highlighted in red is the sequence for the N-terminus of pro-CT (which continues to the very C-terminus),
blue is fully processed CT while in black dashes is katacalcin.

2 Calcitonin
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positive correlation with mortality, and in a variety of animal models, administration of pro-CT increases septic mortality while
immunoneutralization reduces mortality. Indeed, serum pro-CT levels are a significantly better diagnostic indicator of sepsis
than plasma C-reactive protein, interleukin-6, or lactate levels, and its level is now used clinically to diagnose bacterial sepsis
and for differential diagnosis of bacterial versus viral meningitis and pneumonia. The receptor for pro-CT is not well characterized,
but pro-CT is a potent partial agonist for the CGRP1 receptor (see below) and a weak partial agonist for the AMY1 receptor (below).
Secretion of pro-CT by a variety of neuroendocrine tumors and breast cancers has also been reported, with serum levels correlating
positively with disease progression/remission. Katacalcin [also known as CCP-I (calcitonin carboxypeptide-1)] comprises the last 21
amino acids of pro-CT (Fig. 2). Katacalcin is present in plasma at roughly equimolar concentrations to CT and is cosecreted from the
thyroid. It has no sequence homology to the other mature CT family peptides, shows poor sequence conservation across species
(Fig. 2), and its receptor is unknown. An early report that katacalcin mimics CT’s hypocalcemic activity was subsequently repudi-
ated, and the only reported activity at physiologically relevant concentrations is as a macrophage chemoattractant.

a-Calcitonin gene–related peptide (aCGRP) is also encoded by the same gene as CT and arises through tissue-specific alternative
splicing of the primary mRNA transcript. The CT/aCGRP gene was one of the first recognized examples of a cellular gene exhibiting
alternative, tissue-specific processing and has served as an important paradigm to study the molecular mechanisms of RNA splicing.
Processing of the premessenger RNA to the CT mRNA transcript involves usage of exon 4 as a 30 terminal exon, with concomitant
polyadenylation at the end of exon 4. Processing to produce the aGRP mRNA involves the exclusion of exon 4 and direct ligation of
exon 3 to exon 5, with polyadenylation at the end of exon 6. The resulting aCGRP transcript encodes a 128 amino acid pre-pro-
peptide sharing the same signal peptide and most of the same N-terminal pro-peptide as CT, before diverging in sequence. Mature
aCGRP is a 37-amino acid peptide with low sequence homology to CT but sharing cysteine cyclization at the amino end and ami-
dated C-terminus (Fig. 1). aCGRP is predominantly produced in the nervous system. It is a potent vasodilator and is strongly impli-
cated in the pathophysiology of migraine. aCGRP’s inotropic actions on the heart are mediated through activation of the
sympathetic nervous system. Of note, aCGRP expression and secretion is upregulated in a wide range of tissues during sepsis
and, in animal models, has a protective effect against septic mortality. This is supportive of an interaction between aCGRP and
pro-CT at the same receptor. bCGRP is encoded by a different, but closely related gene with the mature peptide identical at 34
of 37 residues (Fig. 1). bCGRP is expressed in the gastrointestinal tract and has a role in modulating gastric motility and gastric
acid secretion. Historically the primary receptor for the CGRPs was considered to be the CGRP1 receptor. This is a heteromeric
receptor composed of the calcitonin-like receptor (CLR) of the secretin-like family of GPCRs and a single transmembrane spanning
protein called RAMP1 (receptor activity modifying protein 1). It is now accepted in the GPCR field that the AMY1 (amylin 1)
receptor, comprising CTR and RAMP1, is also a receptor for the CGRPs.

Adrenomedullin (AM), initially identified from the adrenal medulla of a patient with pheochromocytoma, is widely distributed
and produced predominantly in vascular smoothmuscle and endothelial cells. Mature AM is a 52-amino acid peptide that is amidated
at the C-terminus with a single disulfide bond between residues 16 and 21. It is produced from a 185-amino acid pre-pro-peptide.
Much like aCGRP, AM is a potent vasodilator. Other important actions include bronchodilation, natriuresis as well as regulation
of cell growth, differentiation, and apoptosis. Like the receptors for the CGRPs, there are two accepted receptors for AM both
comprising heteromers. In this case the AM1 receptor comprises CLR and RAMP2, with CLR/RAMP3 forming the AM2 receptor.

Amylin (AMY) is cosecreted with insulin from pancreatic b-cells and acts to inhibit gastric emptying and signal satiety, thus
reducing postprandial glucose excursion. In common with the other CT family members, the mature 37-amino acid amylin
hormone is C-terminally amidated and has an internal disulfide bond between residues 2 and 6, and is produced from a pre-
pro-peptide of 89 amino acids. Its stable analogue, pramlintide, is used in combination therapy with insulin for treatment of types
1 and 2 diabetes. There are three recognized receptors for amylin, AMY1 (CTR/RAMP1), AMY2 comprising CTR/RAMP2, and AMY3
comprising CTR/RAMP3, although AMY2 is rather poorly characterized and may not be a physiologically relevant receptor for AMY.

Several novel peptides with the ability to stimulate CTR have been reported. One of them is PHM-27 that is synthesized from the
precursor protein pre-pro-VIP and was found in human neuroblastoma and neuroendocrine tumors. PHM-27 and hCT share
limited sequence homology. PHM-27 has been published to be full agonist of hCTR with potency and efficacy similar to hCT,
although in our hands this peptide acts as a weak partial agonist in all pathways tested.

A family of peptides that are most closely related to the CT/aCGRP primary transcript, known as CTR-stimulating peptides
(CRSPs), CRSP-1, CRSP-2, and CRSP-3, have been identified in the brain and the thyroid gland of the pig, dog, and cow, but
not in man and mouse. CRSP-1 has been shown to transiently decrease plasma calcium concentration when administrated into
rats. CRSP peptides bind effectively to CTR and stimulate cAMP (cyclic adenosine monophosphate) production in COS-7 cells
expressing recombinant CTR.

Chemistry

The CT sequence has been determined for many species and shows considerable divergence, with the common features being that
all sequences contain 32 amino acids, a carboxy-terminal proline amide, and a disulfide bridge between cysteine residues at posi-
tions 1 and 7 (Figs. 1 and 2). Based on their amino acid sequence homologies, CTs from different species are classified into three
groups. The first is the artiodactyl group, which includes porcine, bovine, and ovine CT; within this group each CT differs by four
amino acids. The second group is the primate/rodent group, which includes human and rat CT, and these differ within the group by
two amino acids. The third group is the teleost/avian group, which includes salmon, eel, goldfish, and chicken CT, each differing
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within the group by four amino acids. The order of biological potency of the CTs, with respect to a hypocalcemic response, is tele-
ost ! artiodactyl ! human, although absolute biological activities vary considerably among different animal species.

Studies of substituted, deleted, and otherwise modified CTs have provided considerable information regarding structure–activity
relationships of the CT peptide. For example, stabilization of the N-terminal ring structure, by substitution of the disulfide bridge
with an ethylene linkage or an acetylenic bridge, leads to greatly improved stability of the salmon calcitonin (sCT) molecule and
retention of biological potency. Despite this, analogues of sCT that lack the ring structure can retain full potency, in terms of hypo-
calcemic activity. However, the N-terminal amino acids are critical for the agonist activity of CT. Progressive truncation of this region
of sCT leads to generation of, first, weak or partial agonists and then, with deletion of six or seven amino acids, to peptides with
antagonist activity. Deamidation of the amino terminus can increase the potency of CT peptides in vivo, perhaps by increasing their
resistance to degrading endopeptidases. Modifications of CT peptide length from the C-terminal end, either by deletion or elonga-
tion, are poorly tolerated. Additionally, the C-terminal amide is required, with the COOH form having markedly reduced activity
(see below). The lower in vivo potency of human CT (hCT), compared with teleost CTs, is due partly to its increased rate of meta-
bolic degradation and clearance, contributed to by the methionine in position 8, which is susceptible to oxidation.

Circular dichroism studies indicate that sCT exhibits considerable secondary structure in the presence of lipid and predicts the
generation of an amphipathic a-helix between residues 8 and 22, in proximity to the cell membrane. The less potent hCT has
reduced propensity to form this secondary structure. In addition, amino acid substitutions that enhance the formation of an a-helix
between residues 8 and 16 also increase the hypocalcemic potency of the peptide. However, modifications of residues in the 8–22
sequence that alter the ability of sCT or hCT to form a helical secondary structure have yielded conflicting results in terms of the
biological significance of this structure, which may be explicable on the basis of differences between CTR subtypes in the model
animal studied. In rat tissues, two CTR subtypes have been described: the first, designated CT-H [for helical (subsequently
C1a)], displays high-affinity interaction only for peptides with a strong potential to form helical secondary structure; the other,
designated CT-L [for linear (subsequently C1b)], is capable of high-affinity interaction with both helical and nonhelical peptides.
These differ by alternative splicing, which leads to insertion of an additional 37 amino acids in the second extracellular domain of
the C1b receptor. This isoform has not been identified in humans.

Biosynthesis

Sites of Production

Elevation of circulating calcium concentrations stimulates sCT release from the C cells of the thyroid, and low serum calcium levels
inhibit release. Sensitivity by thyroidal C cells to circulating calcium levels appears to be mediated by the same extracellular calcium-
sensing receptor that is found in parathyroid cells, another GPCR known as the calcium-sensing receptor. The basal concentration of
hCT in human blood in normal individuals is very low (<10 pg/mL or 3pM). Size fractionation analysis of CT extracted from
plasma and tissues demonstrates the presence of multiple immunoreactive forms of CT. In addition to the CT monomer
("3500 Da), a number of high-molecular-weight forms exist in certain situations. These forms probably correspond to pro-CT
and dimers and other aggregates of the CT molecule and have poorly defined biological activity. In several pathological states,
such as CT-secreting medullary thyroid carcinomas (MTCs), circulating levels of CT are increased. Conditions of stress, such as
some chronic lung problems, burns, acute pancreatitis, and certain infections/inflammatory conditions, are characterized by
high circulating levels of pro-CT.

CT synthesis also occurs in extrathyroidal sites. For example, assays using specific anti-hCT serum have detected hCT-like immu-
noreactivity (hCT-i) in the blood and urine of patients after total thyroidectomy, which may constitute CT or pro-CT. In fact, signif-
icant amounts of (pro)-CT have been found in many human tissues. Thyroid and prostate gland contain the highest levels of hCT-i,
and significant amounts are also extractable from the gastrointestinal tract, thymus, bladder, lung, and central nervous system
(CNS). Little is known of the physiological role of CT in these extraskeletal tissues. However, CT-producing cells in extrathyroidal
sites do not appear to respond to elevation in serum calcium, suggesting that CT produced in these sites is not involved in calcium
homeostasis.

Both hCT-i and salmon CT-i (sCT-i) have been found in the CNS of vertebrate and invertebrate species, the latter again consistent
with roles for CT unrelated to osteoclast inhibition. hCT-i is detectable in human cerebrospinal fluid and in extracts of postmortem
human brain. In addition, a low level of peptide, immunologically similar to sCT-i, is found in the hypothalamus, which also
contains high densities of CTRs. Release of as CT-like peptide from cultured rat anterior pituitary cells has been described, and
a cell line derived from amouse pituitary carcinoma produces abundant CT-i activity. CTRs are present in the intermediate pituitary,
thus CT-like material present at this site may act as a paracrine regulator in this tissue. In accord with this, both anti-sCT and anti-
hCT antisera were shown to significantly increase the release of prolactin from cultured anterior pituitary cells, presumably by
neutralizing the effects of endogenously produced CT.

Metabolism

CT is rapidly cleared from the circulation at a rate that depends on the species of CT, the route of administration, and the prepa-
ration of administered peptide. This clearance has implications for the use of CT clinically, and CT is usually injected
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intramuscularly in vehicles that maintain useful serum levels for 4–8 h after injection. Degradation of the CT molecule into inactive
fragments occurs in various organs, with the kinetics and sites of inactivation being different for different species of CT. The hypo-
calcemic activity of CT is reduced by incubation, in vitro, in serum at 37!C, with relative rates of loss in the following order: porcine
CT > hCT ¼ rat CT > sCT >> chicken CT. For sCT, the half-life of elimination from plasma in vivo is about 90 min and the meta-
bolic clearance rate is around 200 mL/min. Incubation of CT with extracts of liver, kidney, or spleen showed that hypocalcemic
activity was lost most rapidly in liver and kidney extracts due to a thermolabile degrading factor, with different rates of degradation
for different CTs. The primary sites of CT degradation are extravascular, mainly in the liver for porcine CT and mainly in the kidney
for hCT and sCT. Impaired renal function results in delayed elimination of human and sCT.

Biological Actions

Bone Actions of Calcitonin

The first discovered physiological role of CT is its ability to acutely inhibit bone resorption under conditions of elevated plasma
calcium. This effect has been widely observed in model animals and decreases significantly with age. This role is likely to be relevant
at times of stress on skeletal calcium conservation, such as pregnancy, lactation, and growth, when bone remodeling by osteoclasts
and consequent release of calcium stores in bone needs to be tightly regulated to prevent unnecessary bone loss.

In adult humans, serum calcium levels are maintained in a narrow concentration “window” and gross pathological changes such
as thyroidectomy or MTC that cause large decreases, or increases in circulating CT do not cause overt changes in serum calcium levels
or bone pathologies. In thyroidectomized patients the decrease in serum calcium levels in response to short-term intravenous
calcium infusion is delayed compared with patients with an intact thyroid, showing the role of CT in the acute control of bone
resorption. The human CTR is polymorphic in the C-terminal tail, with strong racial association between the two variants. A number
of studies have attempted to link this polymorphism with osteoporotic risk, but the association remains weak. Isolated human oste-
oclasts are very sensitive to inhibition by CT but in adults the rate of bone turnover is relatively slow, so it may be unsurprising that
large changes in serum CT have little effect on serum calcium levels. In spite of this, and because of the known action to inhibit
osteoclast-mediated bone resorption, CT has been used clinically for treatment of osteoporosis, Paget’s disease, prevention of
bone loss due to sudden immobilization, and hypercalcemia of malignancy. Recently the European Medicines Agency undertook
a large metaanalysis of data relating to the clinical use of CTs. The report concluded that there was limited evidence demonstrating
improvements in osteoporosis, Paget’s disease, and bone loss due to sudden immobilization but did conclude that there is evidence
for benefit in treating hypercalcemia of malignancy. It did note that there is evidence that pharmacological use of CT is associated
with increased risk of several cancers (see below). In the United States, CT is no longer used for treatment of osteoporosis or Paget’s
disease. It seems likely that the physiological activity of CT in humans with respect to bone is limited to development and protection
from bone loss during lactation and that CT should be regarded as a regulator of the rate of bone remodeling (see below).

The genetic disruption of CT and its receptor in mice would seem to provide the most direct means for analysis of the physio-
logical actions of CT (at least in a model organism). Disruption of CALCA leads to loss of both CT and aCGRP, and these mice
display increased bone density and increased bone turnover with age suggesting that the action of CT is to regulate the rate of
bone turnover. The authors of these papers also developed mice, in which a translational termination codon was introduced
into exon 5, effectively producing a functional deletion of aCGRP without affecting CT. These mice displayed a mild loss of
bone density at all ages (osteopenia) due to decreased bone formation, arguing for a role of aCGRP in antagonizing CT action
on osteoclasts. At 3 months of age these mice displayed increased bone density and there were no changes in osteoclast number,
bone resorption, or serum calcium levels; however, at 12 months there were increased osteoclast numbers and increased bone
resorption, even though there was still increased bone density. This suggests that the physiological role of CT is to decrease the over-
all rate of bone turnover. Since aCGRP-deleted mice display decreased bone formation and there are no CTRs on osteoblasts, CT
must exert an indirect anabolic effect on bone. Two groups have developed CTR knockout mice. The first group reported that global
knockout resulted in embryonic lethality; however, haploinsufficient mice showed normal serum calcium levels but developed high
bone density due to increased bone formation. Through the use of conditional knockout techniques, this group was able to generate
animals that had >94 and <100% functional deletion of CTR. Consistent with their haploinsufficient animals disruption, these
animals displayed normal serum calcium and increased bone density due to increased bone formation. A second group generated
CTR knockouts by using a conditional knockout strategy to remove the same exons; in contrast to the first group, global functional
deletion was not embryonic lethal. These mice displayed normal plasma calcium and increased bone formation leading to increased
bone density from 3 to 18 months. This group then generated mice with osteoclast-specific disruption of CTR and was able to show
that CT, acting through CTR on osteoclasts, inhibited sphingosine 1-phosphate release, which acts on osteoblasts to increase their
activity. These data therefore support the role of CT, acting through the CTR as a modulator of bone remodeling rather than a regu-
lator of plasma calcium levels and is consistent with observations in humans (above).

The preceding discussion relates largely to CT bone physiology in nonstress situations. In mice bearing the CALCA disruption,
challenge with parathyroid hormone (PTH) or 1,25-dihydroxyvitamin D3 resulted in short-term elevation of serum calcium caused
by excess bone resorption and this could be corrected by pharmacological dosing of CT. Similarly, mouse models in which CTR was
disrupted in osteoclasts there was impaired acute regulation of serum calcium levels in response to 1,25-dihydroxyvitamin D3. This
supports the idea that CT provides acute regulation of serum calcium via its actions at the CTR to inhibit osteoclast-mediated bone
resorption. During lactation there are large demands for calcium, which are largely met bymobilization of calcium stores. Qing et al.
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showed that osteocytes also play an important role during lactation by a PTH-mediated mobilization of calcium from their
surrounding bone matrix, through a process termed osteocytic osteolysis. Subsequently evidence from global CTR knockout
mice implicated a role for CT in protecting the maternal skeleton during lactation by modulating this process, consistent with
the reported expression of the CTR on osteocytes, was obtained.

Renal Actions of Calcitonin

CT has been reported to have several effects in the kidney. These include an increase in the urinary excretion rate of sodium, potas-
sium, phosphorus, chloride, and magnesium. sCT was much more potent than porcine CT or hCT when administered subcutane-
ously into rats. A transient increase in calcium excretion, due probably to inhibition of renal tubular calcium reabsorption, has not
usually been regarded as an important effect of CT, although recent observations link it to the calcium-lowering effect of CT in
hypercalcemic patients with metastatic bone disease, in addition to inhibition of osteolysis by CT. CTRs have been demonstrated
in the kidney, and a further action on the kidney is to enhance 1-hydroxylation of 25-hydroxyvitamin D in the proximal straight
tubule of the kidney by stimulating the expression of 25-hydroxyvitamin D1 a-hydroxylase (CYP27B1). These results suggest
that CT is involved in the regulation of vitamin D production.

Central Actions of Calcitonin

In addition to their presence in kidney and bone, CTRs are also abundant in the CNS. Central administration of CT and pro-CT in
rats generates potent effects that include analgesia and inhibition of appetite and gastric acid secretion. The centrally mediated
actions of CT correlate well with the location of CT-binding sites. The periaqueductal gray is important in central regulation of
pain, and CT binding within this region is likely to be involved in CT-induced analgesia, although other brain regions have also
been implicated. The recent identification of mouse CTR mRNA in serotonergic neurons, which are known to project into the spinal
cord, forming a descending inhibitory system against pain transmission, also strongly supports a central analgesic role for CT.
Administration of CT in clinical situations of bone pain can be very effective in ameliorating the pain symptoms. The hypothalamic
binding parallels the multiple hypothalamic actions of CT, which include modulation of hormone release, decreased appetite,
gastric acid secretion, and intestinal motility. There are also high densities of receptors in the subfornical organ (SFO), the vascular
organ of the lamina terminalis (VOLT), and the area postrema, which, as circumventricular organs, are directly accessible to thyroi-
dally derived, bloodborne CT. The area postrema may contribute similarly to the anorexia of peripherally administered CT,
although it has recently been demonstrated that CTR is expressed in enteric neurons of the mouse, which, coupled with gastroin-
testinal CT expression, may suggest involvement of CT in the brain–gut axis. The SFO and VOLT are involved in fluid and electrolyte
homeostasis and thus are potential targets for CT-induced alteration in drinking behavior in animal models. sCT, when injected into
the lateral part of the paraventricular nucleus of the hypothalamus in rats, reduced sleep duration and profoundly affected sleep
cycles, producing prolonged insomnia, a major reduction of slow-wave sleep, and a long period of alternation of rapid eye move-
ment (REM) sleep and wakening. The recent development of CALCA-disrupted and CTR-disrupted mice provides an excellent
opportunity to further understand the physiology of CT in the CNS.

Calcitonin Role in Cancer

Neuroendocrine tumors including pheochromocytoma, small cell lung cancer, pancreatic islet, gastrointestinal and lung carcinoid
as well as both neuroendocrine and nonneuroendocrine breast tumors have been reported as secreting high levels of pro-CT. Levels
of pro-CT present in plasma from cancer patients are elevated compared with healthy individuals, and the levels are positively corre-
lated with disease stage. The role of pro-CT in this broad range of cancers is unknown, but a number of both prospective and retro-
spective studies have shown positive correlation with disease progression and morbidity. This has led a number of clinical
researchers to propose the use of pro-CT as a prognostic indicator. As mentioned above, serum pro-CT levels are also massively
increased by sepsis, and studies of cancer patients demonstrate that even with elevated baseline pro-CT, elevated pro-CT is still prog-
nostic for septic infection.

MTCs secrete high levels of CT. It is widely assumed that this is simply a consequence of the tumor origin and there is currently
no evidence that CT secretion is consequential to the disease pathology. On the other hand, CT is a useful biomarker for confirming
complete surgical resection.

The expression of CTR has been demonstrated in a number of cancer cell lines and primary cancers including breast, prostate,
thymic lymphoma, and glioblastoma. Research on the role of CTR expression in cancer has been fragmentary, and any role for CTR
in cancer pathology seems to be entirely dependent on the cancer type.

CTR mRNA is expressed in normal ductal cells but not elsewhere in the breast. CT has been found to be a potent inhibitor of the
growth and invasion of a model human breast cancer cell line (MB-MDA-231) in vitro. This is due to the ability of CT to suppress high
basal MAPK (mitogen-activated protein kinase) activity as well as reducing expression of urokinase plasminogen activator (uPA),
a protease at the top of the extracellular matrix degradation pathway. Further, CT inhibits growth of tumors of MB-MDA-231 in
a mouse xenograft model. In less invasive human breast cancer model cell lines, such as T47D and MCF-7, binding and activity
data support the presence of CTR as AMY receptors. The level of CTR in these cells is suppressed by estradiol, and CT is not
reported to affect growth of these cells. A study of CTR in surgically obtained human breast cancers identified receptor mRNA
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production in all cases examined, regardless of breast cancer subtype. CTR expression by nonductal tumors possibly represents
a recapitulation of fetal expression, and it was recently reported that the CTR is expressed in several fetal tissues in the mouse,
including the developing mammary gland, although it is absent in the same tissues postnatally. There are no data on the
developmental expression of the CTR in humans, but it is reasonable to speculate that CTR expression in certain tumors represents
a reappearance of fetal expression. Of note, pro-CT is present at elevated levels in the serum of patients suffering from breast cancer.

Basal epithelial cells of the prostate express mRNA for both CT and CTR, and primary prostate cells in culture secrete CT. There is
no evidence for expression of either CT or CTR elsewhere in normal prostate tissue. In prostate tumor biopsies there is a strong posi-
tive correlation between histological scoring of disease progression and coexpression of both CT and CTRmRNA. The LNCaPmodel
human prostate cell line expresses CTR but not CT and responds to CT with increased growth. The PC-3 model cell line secretes CT
but does not express CTR, on the other hand a highly metastatic clone PC-3M and the highly metastatic line DU-145 express both
CT and CTR. In support of paracrine/autocrine signaling of CT/CTR, in vitro proliferation and invasiveness of LNCaP cells is
increased by enforced expression of CT. Similarly, the proliferation and invasiveness of the PC-3 cell line could be increased by
enforced CTR expression and that of the PC-3M line decreased by downregulation of either CT or CTR. In these cell lines,
autocrine CT/CTR signaling via PKA stimulates expression of uPA to promote correlates of invasiveness. In addition, CT
activated CTR, via its C-terminal PDZ (PSD95, Dsg1, zo-1) docking site, destabilizes tight junctions, which would also
contribute to invasiveness. These data are consistent with the European Medicines Agency report, recommending close
monitoring of prostate cancer during the clinical use of CT.

CTR is functionally expressed on normal B and T lymphocytes from healthy individuals as well as on B and T cells from leukemic
patients and transformed lymphoid cell lines. In a genetically modified mouse model of thymic lymphoma, it has been shown that
the p53 family of tumor suppressors are upstream of amylin expression. CTR is expressed on malignant cells with RAMP3 as the
AMY3 receptor. Stimulation of these lymphomas with pramlintide (a synthetic amylin analogue) causes CTR-dependent tumor
regression via changes to cellular metabolism. This work was extended to show that a range of model human cancers also undergo
a switch from glycolysis to mitochondrial respiration in response to amylin signaling via CTR/AMY3 and that this leads to increased
oxidative stress and apoptosis. There are currently no data that address how signaling from CTR/AMY3 couples to changes in cellular
metabolism and whether CT would also produce these effects.

In primary glioblastoma tumor biopsies, high CTR expression is reported in the majority of samples from patients, with low or
undetectable expression in adjacent nontumour tissue. There are currently no data that address a potential role for CT/CTR in the
progression of glioblastoma.

Given the wide expression of pro-CT/CT/CTR in a variety of cancers and the differing effects observed, significantly more work
needs to be done. Clearly, there needs to be better assessment of the potential receptor(s) for pro-CT and a better understanding of
its possible metabolism to products with different activity. In addition, significantly more work is required to understand the
coupling of CTR and AMY receptors in different cell backgrounds if expression of pro-CT, CT, or CTR is to be leveraged in cancer
treatment.

Other Actions of Calcitonin

As discussed above and using various experimental approaches, CT and its receptors have been identified in a large number of cell
types and tissue sites, suggesting multiple roles for the CT/CTR. CT-binding sites include kidney, brain, pituitary, testis, prostate,
spermatozoa, lung, and lymphocytes. In spite of this, and as discussed above, mice bearing a functional deletion of CT have no
overt phenotype outside bone. The most thorough published data on mice carrying functional deletion of CTR in mice also
show no overt phenotype in any of the above tissues. Thus, physiological roles for CT/CTR outside bone homeostasis are likely
to be to do with environmental adaptation. That there is a massive upregulation of pro-CT expression during sepsis and that neutral-
ization of serum pro-CT improves outcome speaks to some involvement of (pro)-CT in immune modulation. Indeed, expression of
CTR is a characteristic of most hematopoietic lineages and this expression occurs in two phases, one in very early precursors and
another implicated in recruitment of mature cells to target tissues. Similarly, there have been a number of reports that CTR is upre-
gulated during wound healing and CT signaling may be involved in this process. Lastly CTR is expressed on muscle satellite cells,
and CT signaling appears to play a role in maintaining their quiescence.

Mechanisms of Action

Receptors

CT is known to act by binding to receptors on the plasmamembrane of responsive cells. Our knowledge of themolecular basis of CT
action, both in terms of ligand-binding and postbinding events, has been greatly assisted by the cloning of the CTR gene from
several species. The first receptor cloned, in 1991, was the porcine CTR, which was isolated by expression cloning from a cDNA
library derived from a renal epithelial cell line. Subsequently, human, rat, mouse, rabbit, and guinea pig CTR cDNAs were isolated.
Analysis of the proteins translated from the CTR cDNA sequences revealed that these receptors comprise approximately 500 amino
acids and belong to the class B subclass of GPCRs, which also includes the receptors for other peptide hormones such as secretin,
PTH, glucagon, glucagon-like peptide-1, vasoactive intestinal polypeptide, pituitary adenylate cyclase–activating peptide, and
gastric inhibitory peptide. The human CTR gene is located on chromosome 7 at 7q21.3. In the mouse it is in the proximal
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region of chromosome 6, and in chromosomal band 9q11–q12 in the pig, which are homologous to the 7q location in humans.
The CTR gene, like the genes for other class B GPCRs, is complex, comprising at least 14 exons with introns ranging in size from 78
nucleotides to >20,000 nucleotides. The total receptor gene is estimated to exceed 70 kb in length. There is no indication that there
is any other high-affinity receptor for CT.

The CTR has an N-terminal signal peptide, followed by an approximately 120-amino acid extracellular N-terminal domain
(NTD), a seven transmembrane bundle and a relatively long C-terminal tail of approximately 90 amino acids. There are four N-
linked glycosylation sites in the NTD, and mutagenesis studies show that three of these are dispensable for high-affinity ligand
binding but that all assist with expression and folding. Common with all class B GPCRs, CTR has three conserved disulfide bonds
that stabilize the NTD and a further extracellular disulfide between extracellular loop 1 and 2. A wide range of mutagenic, chimeric,
and photo-crosslinking data indicate that CT interacts with CTR via a two-domain mechanism in which the NTD provides a high-
affinity interaction site for the C-terminal end of CT and the N-terminal end of CT interacts with the transmembrane bundle. This
mechanism is common to all family B GPCRs. There is no published structure of full-length CTR, although there is a structure of the
isolated NTD in complex with truncated sCT. There are also structures for the NTD of CLR:RAMP1 (CGRP1) and CLR:RAMP2 (AM1)
bound to truncated CGRP and AM. Together these provide useful information on differences between binding of CT family peptides
to their receptors compared with other family B GPCRs. These structures reveal that CT family peptides occupy a similar cleft in the
NTD of the receptor but unlike other class B peptides they do not adopt an extended alpha helix. These peptides do not adopt any
strong secondary structure when bound, with the exception of a b-turn at their extreme C-terminus. This b-turn allows the
C-terminal amide in all three structures to bury into a pocket that allows hydrogen bonding with the receptor backbone carbonyl
group and complementary hydrogen bonding between the receptor backbone amide and the ligand C-terminal carbonyl. This
appears to explain the observed requirement for C-terminal amidation among all CT family peptides.

Clearly the agonist–receptor relationships within this family are complex due to the ability of CTR and CLR to form heterodimers
with the RAMPs, and alternative splicing of CALCA. While RAMPs engender significant pharmacology switches to these receptors, all
current evidence points to this occurring via allosteric modulation of the receptor ligand-binding site. In the published CLR–RAMP–
ligand complexes, interactions between the ligand and RAMPs contribute <10% to the buried surface. In spite of this, the structural
data point to the requirement for C-terminal amidation for high-affinity ligand interaction. This leaves the physiological relevance
of the observed high plasma concentrations of pro-CT completely unresolved.

Receptor Isoforms

There are reports of the existence of at least five isoforms of the human receptor that arise from alternative splicing of the CTR gene.
The supporting data for most of these variants are poor and they are likely to represent aberrant mRNA from transformed cell lines.
The only human splice variant, for which there is convincing evidence, is one in which an additional 48 nucleotide exon is added
between exons 7 and 8 of the more predominant form. This leads to an additional 16 amino acids in intracellular loop 1 of the
receptor (CTRi1þ, Fig. 3). Alternate splicing to yield a 16-amino acid insert form also occurs in the pig CTR. However, splicing

Figure 3 Schematic showing the different calcitonin receptor (CTR) variants and their pharmacology. Far left is the predominant form of CTR,
which responds primarily to calcitonin (CT) (blue) and weakly to calcitonin gene–related peptide (CGRP) (purple) and amylin (red). The CTRi1þ
variant shows profound reduction in cellular response, in contrast AMY1 and AMY3 receptors that arise as a consequence of heterodimerization with
RAMP1 (green) and RAMP3 (blue) show reduced response to (human) CT but increased response to amylin and CGRP (AMY1 only).
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of the pig CTR primary transcript differs slightly from that in the human transcript, in that the insert arises from alternate splicing
within exon 8 of the pig gene, whereas the insert is encoded by a separate exon in the human. Presence of the 16-amino acid insert
leads to complete loss of CT-induced intracellular calcium mobilization and profoundly reduced stimulation of cAMP production
in response to CT. The physiological significance of the two CTR isoforms remains to be established. However, receptor isoforms are
differentially expressed in different cell types, suggesting that alternative splicing is highly regulated and that receptor variants do
have physiological roles.

As mentioned earlier, the CTR contains a common single nucleotide polymorphism in the coding sequence that results in either
a leucine (T) or a proline (C) at amino acid 447 (463 for IL1 insert positive) in the C-terminal tail. This polymorphism is more
commonly leucine in Caucasian populations and much more commonly proline in Asian populations. In other mammals this
residue is proline. In Asian populations there are reports of association with predisposition to osteoporosis in postmenopausal
women. Some studies have shown that, in those (Asian) populations, women with leucine homozygote (TT) displayed lower spine
bone density compared to either proline (CC) homozygotes or heterozygotes. In vitro studies have not confirmed any statistically
significant difference between the polymorphs with respect to their binding characteristics or their ability to signal when stimulated
with CT. Variants were examined individually, as well as in combination at ratios of 1:1, 3:1, and 1:3, in an effort to mimic hetero-
zygous states. No binding or functional differences were found between any of the combinations tested, when compared to each of
the homozygous variants alone. No statistically significant difference in the constitutive receptor activity to stimulate production of
basal levels of cAMP in the absence of agonist stimulation was observed between the proline and leucine forms.

The function of CTR can also be influenced by the coexpression of RAMPs. RAMPs are single-pass transmembrane proteins with
!100-amino acid extracellular N-terminal domains and very short C-terminal cytoplasmic domains. In recombinant cell lines, het-
erodimerization of CTR with RAMPs causes very large shifts in receptor pharmacology. AMY1 (CTR/RAMP1) and AMY3 (CTR/
RAMP3) receptors no longer show high-affinity binding, nor high-efficacy signaling from hCT but instead become high-affinity
and high-efficacy receptors for amylin/CGRP and amylin, respectively (Fig. 3). This modulation of activity and binding appears
to occur via an allosteric change to the CTR ligand-binding domain that is induced by the RAMP partner protein. Physiologically,
amylin acts as a glucoregulatory hormone to slow gastric emptying, increase satiety, and inhibit glucagon secretion. It is assumed
but not shown that this is via central actions of the hormone on CTR containing amylin receptors in privileged areas of the brain. It
has also recently been shown that amylin/AMY3 act as a tumor suppressor pair through metabolic reprogramming of tumor cells.
Given the glucoregulatory role of amylin and its clinical use in treatment of insulin-dependent diabetics, there is an urgent need to
understand how this hormone operates to modulate cellular activity. The recent development of viable CTR knockout mice would
allow this to be tested and would help greatly in trying to dissect the underlying signaling and physiology of the CT/CTR/amylin
system.

Calcitonin Receptor Signaling

The molecular mechanisms underlying CTR-mediated signaling inside cells to produce cellular effects are still being elucidated.
However, the signaling pathways appear to depend on the cell type as well as on the animal species. As with most other GPCRs,
the CTR can couple to multiple members of the heterotrimeric guanosine triphosphate (GTP)–regulated G protein family. In
many cell types, activation of the CTR results in its ability to interact with Gas, which leads, in turn, to activation of adenylate cyclase
and elevated intracellular levels of cAMP (Fig. 4). The action of CT in osteoclasts to inhibit bone resorption is accompanied by
increased cAMP levels. In addition, both forskolin, which directly activates adenylate cyclase, and dibutyryl cAMP, which elevates
intracellular cAMP independent of adenylate cyclase action, inhibit bone resorption. CT also stimulates adenylate cyclase activity in
the kidney, with the pattern of CT responsiveness paralleling the distribution of CTRs in this tissue. CT induction of cAMP has now
been documented in a large number of cultured CTR-bearing cells, including LLC-PK1 pig kidney cells, and in cancers of lung,
breast, brain, and bone. Receptor cloning and expression studies have confirmed that cAMP production is an important component
of CTR-mediated signaling in many cell types.

Activation of the insert-negative isoform of the CTR can also induce mobilization of intracellular calcium. In osteoclasts, there is
evidence that signaling through both cAMP and intracellular calcium is important in CT action. Inhibition of osteoclast-mediated
bone resorption by CT can be mimicked by dibutyryl cAMP and phorbol esters, or blocked by protein kinase inhibitors. Thus,
coupling of the CTR to different G proteins can activate adenylate cyclase as well as phospholipase C. In the latter case, coupling
of the CTR to Gaq can lead to increased intracellular inositol-triphosphate levels and thence to increased cytosolic calcium, which,
together with coliberated diacylglycerol, activates protein kinase C (PKC) (Fig. 4). In brain tissue, CT apparently couples primarily
to G proteins other than Gas, based on the limited evidence of activation of adenylate cyclase in neural tissue. In hepatocytes, CT-
induced activation of adenylate cyclase has not been shown, but CT, even at very low concentrations, is capable of increasing cyto-
solic calcium, and CT-induced differentiation of early rat embryos is dependent on intracellular calcium mobilization. In LLC-PK1,
pig kidney cells, CT can induce changes mediated by either cAMP or intracellular calcium, in a cell cycle–dependent manner. Expres-
sion of cloned receptors in a wide variety of cell types has conclusively shown that CTR is capable of signaling through both cAMP-
and calcium-activated second messenger systems.

An interesting “calcium-sensing” function of the CTR has been reported, whereby CTR-bearing cells are rendered sensitive to
extracellular calcium in terms of increased cytosolic calcium. Thus, CT treatment of CTR-bearing cells, in the presence of extracellular
calcium, initiates a sustained rise in intracellular calcium level, the extent of which is dependent on the concentration of the extra-
cellular calcium. Because osteoclasts, which express high levels of CTR, are reportedly exposed to calcium concentrations as high as
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26 mM during bone resorption, this phenomenon may have particular relevance for this cell type. In fact, CT and extracellular
calcium can both cause intracellular calcium transients in isolated osteoclasts and, interestingly, CT and extracellular calcium greatly
augment the signal produced by either agent alone. In addition to cAMP- and Ca2þ-mediated signaling, CTR-mediated activation of
the MAPK pathway has also been described. Rapid or sustained activation of MAPK has been observed under different circum-
stances, the former apparently involving both Gai and Gaq mechanisms. A sustained activation of the Erk1/2 MAPK pathway
and cell growth suppression by CT was also associated with growth inhibition and accumulation of cells in G2 phase.

Evidence for coupling of CTR to Gai was seen in cells overexpressing the insert-negative CTR isoform, in which pertussis toxin
enhanced the cAMP response to CT. The means by which CTR activation leads to MAPK activation requires further examination,
and, in particular, consideration of a possible role for bg G protein subunits, as is commonly the case for other GPCRs. There is
also evidence that CT, acting via CTR, can influence cell–cell and cell–extracellular matrix interactions. This can occur by modulating
components of focal adhesions and the cytoskeleton as well as tight junction components. CT can induce phosphorylation of the
focal adhesion–associated protein, human enhancer of filamentum 1 (HEF1), paxillin, and focal adhesion kinase (FAK), and the
association of these latter two proteins with HEF1. This effect of CT requires cell attachment and the integrity of the cytoskeleton and
involves c-Src. CT-activated CTR can also destabilize tight junctions and this requires its C-terminal PDZ docking site. CT treatment
of cells can thus result in changes in cell adhesion and although it is not yet clear how these in vitro results relate to the actions of CT;
in vivo this effect may have relevance to cancer.

Overall there is a lack of clear understanding of how molecular signaling events at the various isoforms of the CTR contribute to
whole animal physiology.

Receptor Regulation

The cell surface expression of receptors is, in general, tightly regulated and as can be seen from the ability of RAMP proteins to influ-
ence CTR pharmacology so can receptor affinity. The CTR is subject to regulation both by CT (homologous regulation) and by other
agents (heterologous regulation). CT-induced CTR downregulation has been demonstrated in various transformed CTR-expressing
cell lines, primary kidney cell cultures and osteoclasts. The CT-induced loss of CTRs in osteoclasts has been proposed as a mecha-
nism to account for the well-known loss of responsiveness to CT by patients on repeated administration clinically. Downregulation

Figure 4 Signaling capability of the calcitonin receptor (CTR), showing some of the major intracellular signaling pathways that are activated on
binding of calcitonin (CT) to the CTR. Ligand binding causes a conformational change in the receptor that enables it to bind to [and to activate, by
allowing the binding of guanosine triphosphate (GTP)] a number of heterotrimeric G proteins. These G proteins then dissociate into a and bg
subunits, which act as adapter molecules that in turn bind and activate effector molecules, such as phospholipase C (PLC) and adenylate cyclase.
Downstream pathways activated include those involving protein kinase C (PKC), protein kinase A (PKA), mitogen-activated protein kinase (extracel-
lular signal–related kinase, ERK), and components of the focal adhesions.
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of the CTR is mediated by specific loss of cell surface receptors, which occurs by an energy-dependent internalization of the ligand–
receptor complex. Prevention of lysosomal degradation also prevents loss of cell surface receptors, indicating that the principal
internalization pathway involves processing of the receptor–ligand complex into lysosomes and subsequent degradation of the
receptor. Prevention of lysosomal recycling does not influence receptor levels, suggesting that the CTRs are unlikely to be recycled.
Downregulation of CTRs in vivo has been observed in the kidney, in animals chronically administered CT and in animals with CT-
secreting tumors. Downregulation of CTRs is accompanied by desensitization of responses to CT, in particular activation of adeny-
late cyclase. This presumably occurs via uncoupling of the CTR from G proteins.

Acutely, downregulation of receptors is not mimicked by activators of either protein kinase A (PKA) or PKC, and may be depen-
dent on G protein receptor kinases. The intracellular C-terminal tail of the CTR is subject to phosphorylation by second messenger–
dependent and second messenger–independent kinases following agonist activation of the receptor, and it has been shown that
integrity of the C-terminal tail is important for cellular internalization of the CTR. However, the mechanisms of regulation of
CTR expression by homologous downregulation appear to be cell type dependent. For example, in mouse or rat osteoclasts, a potent
downregulation of CTR mRNA appears to be mediated by a cAMP-dependent mechanism, in addition to downregulation of the
receptor by internalization. The mechanism of CT-induced receptor mRNA loss in osteoclasts is due principally to destabilization
of receptor mRNA. The 30-untranslated regions of mouse and rat CTRmRNAs contain four AUUUAmotifs, as well as other A/U-rich
domains and a large number of poly (U) regions. Such motifs, commonly found in cytokines and oncogenes, function as signals for
rapid mRNA inactivation. Interestingly, CTR regulation in human osteoclasts differs from that in mice, in that receptor downregu-
lation and CT-induced receptor mRNA loss appear to be due to PKC-mediated events, rather than involving cAMP. In nonosteo-
clastic cells, regulation of the CTR was found to be mechanistically distinct from that in osteoclasts. In a number of cell types,
CTR downregulation was cAMP independent and did not involve reduced CTR mRNA levels. It has now been found that the
CTR gene in the mouse has at least three promoters and that one of these, P3, appears specific for osteoclasts. Different promoter
usage may provide a mechanism for the tissue-specific regulation of the CTR.

An additional interesting aspect of CT-induced CTR regulation in osteoclasts is that glucocorticoid treatment can substantially
prevent the loss of CTRs. In the mouse, glucocorticoid treatment was shown by nuclear run-on analysis to increase transcription of
the CTR gene. It is worth noting that clinical evidence suggests that glucocorticoids, when administered with CT, might prevent, to
some extent, the CT-induced resistance to its own action. It is also worth noting that the degree of internalization of human CTRs
appears to be isoform specific, with the insert positive variant being resistant to internalization. Thus, the regulation of receptors,
and consequently peptide responses, may also vary according to the level of specific receptor isoforms present in each tissue.

Heterologous regulation of the CTR by other agents has also been found. As previously indicated, in mouse and human oste-
oclast cultures, glucocorticoids increase the level of cell surface CTR expression following upregulation of receptor mRNA levels; this
is an effect mediated at the level of transcription. Similarly, the CT-mediated decrease in cell surface receptors and mRNAs is atten-
uated by dexamethasone. Increased production of CTRs in response to glucocorticoid stimulation also occurs in the human T47D
breast cancer cell line, which requires cortisol for expression of CTRs, suggesting that this may be a common regulatory mechanism
for induction of CTR expression, while estradiol suppresses CTR expression in both T47D and MCF-7 cells. Transforming growth
factor-b (TGF-b) also increases CTR levels in human blood monocyte cultures; this is perhaps related to induction of cellular
differentiation toward the osteoclast lineage. As with homologous CTR regulation, responses to heterologous agents are cell type
specific. Thus, in UMR 106-06 cells, TGF-b reduces the cell surface CTR levels. CTR expression is a nearly marker for
differentiation of cells toward osteoclasts and indeed is considered the most reliable marker for monitoring osteoclast
differentiation. Thus, factors that promote osteoclast differentiation induce CTRs as part of this process. A recent example of this
is the combination of macrophage colony-stimulating factor (M-CSF) and the soluble osteoclast differentiation factor, RANK
ligand, which can induce CTR expression in human or mouse monocytes or mouse spleen cells, secondary to promotion of oste-
oclast differentiation.

Summary

There is much yet to learn about the actions and role of CT. It will be important to better understand the physiochemistry of CT–CTR
interactions, and the complex interactions between CT, CGRP, and amylin at the CTR, AMY1 and AMY3 receptors. An understanding
of the actions of CT in inflammation and stress, in the CNS, in cancer, and in cell growth and morphogenesis could well have inter-
esting and unexpected consequences. The study of CT in, and well beyond, its role as a calcium-regulating and bone-sparing
hormone will continue to provide insights of biological interest and of importance in our understanding of health and disease.
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