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Abstract 

Asthma is a heterogeneous chronic airway disease, characterised by airway inflammation and 

remodelling leading to airway hyperresponsiveness (AHR). Asthma affects ~340 million 

patients worldwide (World Health Organization, 2017b). In severe asthma, symptoms may 

remain uncontrolled with current treatments. Moreover, current drug therapies do not treat all 

aspects of asthma. Therefore, new therapeutics are required. The aim of this study was to 

investigate the therapeutic potential of targeting the calcium-sensing receptor (CaSR) in asthma. 

The CaSR is a G-protein coupled receptor that detects changes in extracellular calcium (Ca2+
o) 

to maintain Ca2+
o homeostasis, but it also responds to other positively charged ligands such as 

polyamines. The CaSR is upregulated in asthma, and allosteric CaSR agonists, such as 

polyamines, induce bronchoconstriction (Yarova et al., 2015). CaSR negative allosteric 

modulators (NAMs) have proven therapeutic effects in opposing different pathobiologies in 

mouse asthma models (Thompson et al., 2016; Yarova et al., 2021; Yarova et al., 2015). For 

example, the CaSR NAM, NPS2143, reduced airway inflammation, remodelling and AHR in 

mouse models of chronic allergic airway disease or acute lung injury (Lee et al., 2017; 

Thompson et al., 2016; Yarova et al., 2015). However, current knowledge gaps remain, 

including: i) how do CaSR NAMs compare to standard-of-care treatments; ii) how effective 

are different NAM classes at inhibiting CaSR signalling in response to asthma-relevant 

agonists such as polyamines; and iii) how do polyamines bind to and activate the CaSR.  

In this thesis, we characterised the ability of different CaSR NAMs (NPS2143, Pfizer 

compound 1, BMS compound 1, ATF936 and ronacaleret) to inhibit polyamine-mediated 

CaSR signalling, and compared the bronchodilatory effects of three NAMs to standard-of-care 

treatments. We showed that CaSR NAMs engender biased modulation, with preferential 

inhibition of spermine-induced intracellular calcium (Ca2+
i) mobilisation versus IP1 

accumulation in HEK293 cells transfected with the CaSR. Biased CaSR NAMs had differential 

effects on methacholine (MCh)-induced airway contraction in mouse airways. Of note, CaSR 

NAMs maintained bronchodilator effects under β2-AR desensitisation when standard treatment, 

salbutamol had no bronchodilator effects. Furthermore, we proved that overnight incubation 

with CaSR NAMs prevent MCh-induced airway contraction. 

Further, we characterised CaSR mRNA expression and Ca2+
i mobilisation responses to 

contractile mediators (MCh, spermine and Ca2+
o) in human airway smooth muscle (ASM) cells. 

We detected minimal CaSR mRNA expression and variable Ca2+
i mobilisation responses to 
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these contractile mediators that were not related to the asthma status of the donors from which 

ASM cells were collected. 

Finally, we probed the binding and function of polyamines at the CaSR. We applied site-

directed mutagenesis and Ca2+
i mobilisation assays combined with a cooperative agonist 

operational model of agonism to quantify changes in the affinity and efficacy of polyamines 

upon mutations of amino acids. We proved that polyamines bind to multiple binding sites 

located both in the CaSR extracellular and seven transmembrane or extracellular loop domains, 

but binding sites and activation residues likely differ between agonists. 

The results of this thesis validate the CaSR as a putative novel drug target in asthma, and 

provide important structure-function data that will facilitate the design of novel NAMs that 

oppose polyamine signalling via the CaSR. 
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1.1. G protein-coupled receptors 

Guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs) comprise the largest 

protein superfamily of transmembrane receptors, encoded by approximately 4% of the human 

genome (reviewed in Foord, 2002). Over 800 human GPCR genes have been identified, in which 

approximately 400 are predicted to be olfactory receptors (Fredriksson et al., 2003). GPCRs are 

ubiquitously expressed not only on the cell surface, but also in the endoplasmic reticulum, Golgi 

apparatus, nuclear membrane and inside the nucleus (Boivin et al., 2008; Calebiro et al., 2010; Re 

et al., 2010). They respond to a diverse range of ligands that include neurotransmitters, ions, amino 

acids and large proteins (Lagerström & Schiöth, 2008; Marinissen & Gutkind, 2001), as well as 

unidentified ligands that bind to orphan GPCRs (Tang et al., 2012). GPCRs couple to signalling 

effectors, such as heterotrimeric G proteins (Gi/o, Gq/11, Gs, G12/13), kinases and arrestins (Wess et 

al., 2008). Coupling to G proteins leads to the exchange of guanosine-5’-diphosphate (GDP) for 

guanosine-5’-triphosphate (GTP) on the G protein α subunit, and separation of Gα from the βγ 

heterodimer, initiating downstream signalling events (Marinissen & Gutkind, 2001). 

GPCRs are characterised by conserved seven transmembrane spanning α-helical domains (7TMs), 

which connect an extracellular amino and intracellular carboxyl terminal domain (Fredrujssib et 

al., 2003). GPCRs represent the most important class of pharmacological targets (Lagerström & 

Schiöth, 2008). The physiological and pathophysiological functions of GPCRs are very diverse, 

including thermoregulation, memory, immunity, sleep, and anxiety (Bert et al., 2008; Blier et al., 

1997; Ghanemi, 2015; LeDoux, 2000; Savitz et al., 2009). GPCRs also represent important 

druggable targets for treating diseases, accounting for ~30% of all currently marketed medicines 

(George et al., 2002). However, their full potential as drug targets remains to be discovered. First, 

currently marketed drugs target only approximately 50 GPCRs, with more than 700 GPCRs 

untargeted (Lagerström & Schiöth, 2008). Second, the majority of GPCR-targeting drugs bind to 

the orthosteric binding site to either mimic or block the effects of the endogenous agonist. The 

disadvantages of using competitive agonists or antagonists include: i) lack of subtype selectivity, 

because orthosteric binding sites between receptor subtypes share high amino acid sequence and 

structural similarity; and ii) risk of toxicity, because overdosing leads to hyper- or hypo-activation 

of receptors (reviewed in May et al., 2007). As a result, during the past few decades, the focus on 

drug discovery has moved from targeting orthosteric sites to allosteric sites.  
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1.1.1. Allosterism: a new phenomenon in GPCR drug discovery 

Allosteric binding sites are topographically distinct from, but conformationally linked to, the 

orthosteric binding site. Orthosteric and allosteric ligands can therefore bind simultaneously to the 

same receptor. Allosteric ligands stabilise conformational changes in a GPCR, acting 

cooperatively with orthosteric ligands to modify orthosteric ligand binding affinity (denoted by 

the cooperativity factor, α) or efficacy (denoted by the cooperativity factor, β). Cooperativity is a 

measure of the strength and direction of the allosteric change in affinity or efficacy.  

Allosteric ligands that enhance affinity or efficacy are termed positive allosteric modulators 

(PAMs) and those that reduce orthosteric ligand affinity or efficacy are termed negative allosteric 

modulators (Christopoulos et al., 2014). Allosteric modulators may also bind to the receptor 

without modulating orthosteric ligand binding affinity or efficacy, and are termed neutral allosteric 

ligands (NALs). Thus, αβ < 1 denotes a NAM, αβ = 1 denotes a NAL and αβ > 1 denotes a PAM. 

However, the same allosteric ligands may modulate orthosteric affinity and efficacy in opposite 

directions. Further, allosteric modulation is ligand-specific (probe dependent) and pathway-

specific (biased allosteric modulation) (reviewed in Wootten et al., 2013). Probe dependence and 

biased modulation will be further discussed in section 1.1.2.).  

Allosteric ligands can also activate or inactivate receptor signalling in the absence of orthosteric 

ligands (Langmead & Christopoulos, 2006; Schwartz et al., 2006). Such ligands are termed 

allosteric agonists and categorised into full or partial agonists, and inverse agonists, depending on 

their pharmacological properties (Langmead & Christopoulos, 2006; Schwartz et al., 2006). There 

are three key advantages to allosteric ligands as drugs compared to orthosteric drugs: i) allosteric 

binding sites are typically less conserved therefore allosteric ligands have greater subtype 

selectivity; ii) allosteric ligands may demonstrate different cooperativities at different receptor 

subtypes, thus further improving subtype selectivity. For example, thiochrome binds to all five 

mAChRs, and is a PAM at the M4 mAChR but a NAL at the other mAChR subtypes (Langmead 

& Christopoulos, 2006); iii) cooperativity is saturable, which means there is a maximum effect of 

the modulator even at concentrations that saturate receptor occupancy. Therefore, allosteric 

modulators are less likely to cause overdose; and iv) pure allosteric modulators have no intrinsic 

efficacy, therefore they only enhance or inhibit receptor activity when the endogenous ligand is 

present. This maintains both temporal and spatial profiles of receptor activation.  
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1.1.2. Biased agonism 

In addition to allosterism, another important phenomenon with relevance to GPCR drug discovery 

is biased agonism. GPCRs are dynamic proteins that shift between different conformations that 

may be stabilised by distinct ligands (Kenakin & Christopoulos, 2013). Upon binding to distinct 

ligands, GPCRs couple to various signalling effectors, including different G proteins and kinases, 

to activate divergent signalling pathways (Kenakin & Christopoulos, 2013). Biased agonism refers 

to the phenomenon whereby different ligands stimulate divergent signalling pathways to the 

exclusion of others by stabilising distinct conformations. Biased agonism provides opportunities 

to design superior therapeutics because biased ligands have the potential to specifically activate 

beneficial signalling pathways while avoiding adverse effect-related pathways.  However, biased 

agonism also provides challenges for designing therapeutics. The current challenges include: i) an 

often limited understanding of the individual signalling pathways related to therapeutic efficacy 

and adverse side effects (Kenakin & Christopoulos, 2013); and ii) the dependence of biased 

agonism on the ligand, cellular background, and cellular context. Therefore in vitro 

pharmacological profiles might not reflect biased profiles in vivo. Furthermore, any changes in 

cellular context, such as membrane compositions and signalling partners in disease conditions, 

have the potential to alter biased agonism profiles compared to those in healthy conditions. These 

challenges complicate discovery of biased therapeutics.  

1.2. Class C GPCRs 

The GPCR superfamily is classified into six classes, A-F, based on sequence homology within the 

transmembrane helices, whilst four main families are accepted and termed class A (rhodopsin-

like), class B (adhesion and secretin), class C (metabotropic glutamate) and class F (frizzled) 

(Fredriksson et al., 2003). Between different families, very little common sequence identity (<20%) 

occurs in the 7TM, and little similarity is observed in the extracellular N-terminal domains (which 

are relatively short at 10-50 amino acids in monoamine and peptide receptors, and much larger at 

350-600 amino acids for glycoprotein hormone and other non-hormone receptors) (Katritch et al.,

2013). 
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The focus of this thesis is on an important class C GPCR called the calcium-sensing receptor 

(CaSR). Class C GPCRs also include the metabotropic glutamate receptors (mGluRs), the gamma-

aminobutyric acid (GABA) type B receptor, the taste 1 receptors (T1R1-T1R3), the pheromone 

receptors and seven orphan receptors. Class C GPCRs are characterised by two unique structural 

features: i) a large bi-lobed N terminal Venus flytrap (VFT) domain, which contains the orthosteric 

binding site and is the main contact point at which the receptors form constitutive dimers (either 

hetero or homo) (Foord et al., 2005); and ii) a region composed of nine highly conserved cysteine 

residues, named the cysteine-rich domain (although this is absent in GABAB receptors).  

1.2.1 CaSR 

The human CASR gene has 8 exons and is located on chromosome 3q12.3-21(Hendy & Canaff, 

2016). It has long been known that increases in extracellular calcium (Ca2+
o) concentrations 

activate the CaSR, inhibiting parathyroid hormone (PTH) synthesis and secretion from the 

parathyroid glands. Immunoblotting of the CaSR shows that the mature CaSR under reducing 

conditions exists as a fully glycosylated and cell surface-expressed form at ~150 kDa. 

Glycosylation is crucial for CaSR folding, trafficking and cell surface expression (reviewed in 

Tfelt-Hansen & Brown, 2005). The CaSR is expressed and functionally active in various 

vertebrates, including tetrapods, bony fish and humans (Herberger & Loretz, 2013). The CaSR is 

ubiquitously expressed in various tissues in the human body, such as the parathyroid glands, 

kidney, airway, heart, and bone, and is responsible for a diverse range of calcitropic and non-

calcitropic functions (which will be further discussed in section 1.6.). The main calcitropic 

function of the CaSR is to regulate the plasma Ca2+ concentration in the human body by regulating 

PTH secretion, urinary Ca2+ excretion, Ca2+ storage in the bone, and Ca2+
o re-absorption in the 

small intestine or stomach (Brown et al., 1993; Brown & Macleod, 2001). Non-calcitropic 

functions of the CaSR include vascular calcification, bronchoconstriction, and others (Hannan et 

al., 2019). 
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1.3. Structure of the CaSR 

The CaSR is expressed as a 1078 amino-acid polypeptide, consisting of a large extracellular 

domain (ECD) containing a bi-lobed venus flytrap (VFT), cysteine rich domain (CRD), followed 

by 7TMs connected with three extracellular loops (ECLs; ECL1-3) and three intracellular loops 

(ICLs; ICL1-3), and a C-terminal. The CaSR can form homodimers or heterodimers with other 

class C GPCRs, mGluR1/5 or the GABAB
 receptors, by covalent and noncovalent interactions 

between the amino-terminal VFT lobe of each monomer (Chang et al., 2007; Gama et al., 2001; 

Geng et al., 2016; Jiang et al., 2004). Dimerisation is important for the pharmacological function 

of the CaSR.  

1.3.1. ECD 

Recent X-ray crystallography studies have demonstrated the structures of both active and inactive 

states of the CaSR ECD, thereby revealing ECD activation mechanisms, which are similar to those 

in other class C GPCRs (Geng et al., 2016). Structural studies demonstrate that the CaSR ECD 

consists of two protomers, which sit side-by-side and face opposite directions (Figure 1.1). Each 

protomer consists of two lobe-shaped domains, lobe 1 (LB1) and lobe 2 (LB2), as well as CRDs 

(Figure 1.1) (Geng et al., 2016; Zhang et al., 2016) (Figure 1.1). LB1 and LB2 form an 

interdomain cleft, which in all other class C GPCRs is the orthosteric agonist binding site for L-

amino acids or similar entities (Geng et al., 2012; Koehl et al., 2019). The CaSR ECD undergoes 

large conformational changes upon activation (Geng et al., 2016; Zhang et al., 2016). In the 

presence of activators, movement of LB1 and LB2 closes the cleft (“closed” conformation) with 

an increased buried surface area compared to that observed in the inactive state, when the lobes 

adopt an “open” conformation and the interdomain cleft is empty. Closure of the cleft causes the 

LB2 and CRDs of the two protomers to approach one another, causing a reduction in the distance 

between the C-termini of the two ECD protomers from 83 Ao to 23 Ao upon activation (Figure 

1.1). 

The CaSR VFT contains eight experimentally-validated N-linked glycosylation sites (N90, N130, 

N261, N287, N446, N468, N488 and N541). The importance of these sites is demonstrated by 

mutations at these residues, which significantly reduce receptor expression and, consequently, 

signal transduction (Ray et al., 1998). The physiological importance of the CaSR VFT is 
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demonstrated by findings that: i) multiple naturally occurring ligand binding sites exist in this 

region (the details will be discussed in section 1.4.); and ii) mutations in this region affect the cell 

surface expression and biological activity of the receptor.  

Figure 1.1. Structures of the CaSR ECD determined using x-ray crystallography (Geng et al., 2016). A) CaSR ECD 

inactive-state structure following ECD purification in the presence of 2 mM Ca2+
o (PDB ID: 5k5t); B) CaSR ECD 

active-state structure following ECD purification in the presence of 10 mM Ca2+
o and 10 mM L-Trp (PDB ID: 5k5s). 

Structures are shown in cartoon form (ligands not shown). The CaSR ECD is composed of two protomers that each 

consist of three domains: LB1 (blue), LB2 (grey) and a CRD (cyan). 

1.3.2. 7TM, ECLs and ICLs 

The CaSR 7TM spans residues 613-862 (termed TM1-TM7), connected by three ECLs and three 

ICLs, which are a common feature of all GPCRs (Garrett et al., 1995). Extensive mutagenesis 

studies demonstrate that the 7TM region is largely involved in receptor dimerisation through non-

covalent interactions and is crucial for initiating downstream G protein-mediated signalling 

(Chang et al., 2000; Kos et al., 2003; Zhao et al., 1999). Further, mutation of C677ECL1 and 

C765ECL2 (where the superscript denotes the ECL number in which the residue is located), disrupts 

a disulphide bond that is important for maintaining the structural stability of the CaSR (Ray et al., 

2004). Residues in ICLs and ECLs are also important for receptor activation and biased signalling 

(Goolam et al., 2014; Leach et al., 2012). 



Chapter 1  

General introduction 

9 

1.3.3. C-terminal tail 

The CaSR 7TM is preceded by a large C-terminal tail comprised of 216 amino acids (Heath et al., 

1996; Ray et al., 1997). The C-tail of the CaSR is generally more variable than the VFT and 7TM 

among different species (Pin et al., 2003), although residues 863-925 (responsible for maintaining 

cell surface expression and biological activity) and residues 960-984 (responsible for binding to 

accessory proteins) are highly conserved among different species (Awata et al., 2001; Hjälm et al., 

2001; Pin et al., 2003; Ray et al., 1997). The membrane proximal region of the CaSR contains 

residues responsible for both initiation of signalling cascades and receptor cell surface expression 

(Chang et al., 2001; Gama & Breitwieser, 1998; Ray et al., 1997). For instance, H880A and F882A 

mutants, located in a region of the C-tail predicted to form a helix, show reduced biological activity 

compared to the wild type (WT) receptor (Gama & Breitwieser, 1998). Also, while protein kinase 

C (PKC) has an inhibitory effect on CaSR-mediated Ca2+
i mobilisation, this is largely decreased 

in HEK293 cells expressing CaSR mutated at T888A, S895A or S915A, suggesting these three 

residues are PKC phosphorylation sites (Bai et al., 1998). Furthermore, CaSR activators enhance 

the phosphorylation of T888, suggesting that CaSR activates PKC, which in turn phosphorylates 

the CaSR at T888 to inhibit CaSR activity (Davies et al., 2006).  

1.4. Ligands of the CaSR and their binding sites 

1.4.1 Cations and anions 

In addition to the primary physiological agonist Ca2+
o, the CaSR responds to a large variety of 

divalent cations including Sr2+ Ba2+, Co2+, Fe2+, Ni2+, Mg2+ and Pb2+, as well as trivalent cations 

including Gd3+, Al3+, Y3+, Eu3+ and Tb3+ (Chen et al., 1989; Katsuyuki et al., 2010; McGehee et 

al., 1997). Four binding sites for Ca2+
o within the VFT domain have been revealed, which are, 

surprisingly, topographically distinct from the conserved orthosteric sites in all other class C 

GPCR members. Ca2+
o forms interactions with: 1) backbone carbonyl oxygen atoms of I81, S84, 

L87 and L88; 2) hydroxyl group of T100 and carbonyl atom of N102; 3) hydroxyl groups of S302 

and S303 4) carboxylate group of D234 and carbonyl oxygen of E231 and G557 (Figure 1.2). At 

least one binding site for Ca2+
o also exists in the 7TM because Ca2+

o stimulates Ca2+
i mobilisation 

at an N-terminally truncated CaSR (Leach et al., 2016). In a separate experimentally-determined 
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ECD structure, two Mg2+ binding sites were identified, one of which was very close to Ca2+
o 

binding site 1 (Mg2+ is coordinated with the backbone of I81, L87 and L88) (site 5;) and the other 

binding site is mediated through E231, S240 and E241 (Zhang et al., 2016) (site 6; Figure 1.2).  

Compared to cations, which activate the CaSR, anions such as phosphate (PO4
3-) and sulphate 

(SO4
2-) are important for stabilising the inactive VFT conformation. Binding sites for these two 

anions have been revealed (Geng et al., 2016). Sulphate binds to the CaSR via coordination with 

R62 and Y63 (site 7), R66, T412 and H413 (site 8) as well as R69, W70, R415 and S417 (site 9). 

Two PO4
3- binding sites were identified, site 10 (in coordination with R66, R69, W70, R415 and 

S417) and site 11 (E191, H192, R520 and K517) (Figure 1.2). However, experimental data is 

required to validate these anion binding sites. A Gd3+ binding site was also identified and mediated 

through E228, E229 and E232 (site 12). Notably, effects of mutations in the ligand binding sites 

on agonist affinity or efficacy (and mutant cell surface expression) have not been quantified and 

these binding sites have therefore not been validated experimentally (Geng et al., 2016; Zhang et 

al., 2016). 

1.4.2 L-Amino acids 

L-amino acids are allosteric modulators of CaSR activity, as they enhance Ca2+-elicited CaSR

activation but have no activity on their own (Conigrave et al., 2000; Zhang et al., 2002). 

Furthermore, Ca2+
o only acts as a full agonist when L-amino acids are present, as the fully active 

VFT conformation only occurs when the cleft is bound to an L-amino acid or similar entity (Geng 

et al., 2016; Zhang et al., 2016). In general, the CaSR shows greater affinity for larger aliphatic 

and aromatic L-amino acids and their rank order of effectiveness to left-shift the concentration-

response curve to Ca2+ (from the lowest to the highest) is: L-Leu = L-Arg < L-Glu< L-Ala < L-

His < L-Trp = L-Phe (Brown & Macleod, 2001; Conigrave et al., 2000). L-amino acids positively 

modulate the actions of Ca2+
o as measured by Ca2+

i mobilisation, IP3 formation and MAPK activity 

(Conigrave et al., 2000; Kifor et al., 2001) and also in native tissues, as measured by PTH release 

(Conigrave et al., 2004). Intriguingly, compared with cations, L-amino acids have a biased effect 

towards CaSR-mediated Ca2+
i mobilisation versus phosphorylation of ERK1/2 (Lee et al., 2007). 

CaSR ECD crystal structures reveal that L-Trp forms hydrogen bonds with S147, A168, S170, 

E297, in addition to hydrophobic contacts with W70, T145, Y218 and A298 (site 13; Figure 1.2.) 
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(Geng et al., 2016). Furthermore, the tryptophan derivative, L-1,2,3,4-tetrahydronorharman-3-

carboxylic acid (TNCA) binds to the CaSR at S147, E297 and A298 (site 14; Figure 1.2) 

Interestingly, the L-amino acid binding site is in the conserved cleft that is the orthosteric binding 

site in other class C GPCRs (Broadhead et al., 2011; Geng et al., 2016; Mun et al., 2005; Mun et 

al., 2004; Zhang et al., 2016; Zhang et al., 2002).  

1.4.3 Polyamines 

Endogenous polyamines can also activate the CaSR, with spermine (with four positive charges), 

spermidine (with three positive charges) and putrescine (with two positive charges) as the most 

potent (Quinn et al., 1997). The rank order of polyamine potency at the CaSR is as follows (from 

the lowest to the highest): putrescine < spermidine < spermine, the same as their positive charges 

(Quinn et al., 1997). Current studies suggest that polyamines bind to the CaSR 7TMs but further 

investigation is required (Ray & Northup, 2002).  

1.4.4 Polypeptides and proteins 

Before the CaSR was identified, poly-arginine and poly-lysine were known to activate similar 

cellular responses to Ca2+
o in bovine parathyroid cells (Brown et al., 1991). Later, these 

polypeptides were shown to exert such cellular effects through the CaSR (Ruat et al., 1996). 

Similarly, amyloid peptide, which is also positively charged, stimulates the CaSR (Brown & 

Macleod, 2001). Other polypeptides, such as eosinophil cationic protein (ECP), activate the CaSR 

to elicit pathophysiological functions (Yarova et al., 2015). However, the binding sites of 

polypeptides have not been elucidated.  

Etelcalcetide is the only approved peptide therapeutic that targets the CaSR, used as a treatment 

for secondary hyperparathyroidism in haemodialysis patients (Walter et al., 2013). Etelcalcetide is 

comprised of seven D-amino acids and has been classified as a PAM-agonist because it can both 

potentiate Ca2+
o-mediated receptor activity and activate the receptor in the absence of Ca2+

o in vitro 

(Walter et al., 2013). However, 0.5 mM MgCl2 was present in the assay buffer when discerning 

etelcalcetide had efficacy in IP1 accumulation assays. Therefore, it is not well-validated whether 

etelcalcetide activates IP1 accumulation due to its own agonism or potentiation of Mg2+ in the 
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buffer (Walter et al., 2013). In vivo, etelcalcetide reduces PTH and serum Ca2+ in both normal and 

renally comprised rats (Walter et al., 2013). In two parallel phase III, randomised studies, more 

than 70% of haemodialysis patients who received etelcalcetide, achieved >30 % PTH reduction 

from baseline (Block et al., 2017b).  

Etelcalcetide is the only peptide CaSR PAM discovered so far.  Etelcalcetide has a distinct binding 

site in the CaSR VFT compared with small molecule CaSR PAMs (the binding sites of small 

molecule PAMs will be further discussed in section 1.4.5.). Etelcalcetide coordinates with C482 

via a disulphide bond  (Alexander et al., 2015) (Site 15; Figure 1.2). However, the affinity and 

cooperativity of etelcalcetide at the CaSR has not been quantified. 

1.4.5 Exogenous allosteric ligands 

1.4.5.1 Small molecule PAMs 

For the first generation of CaSR PAMs, several structurally related arylalkylamine CaSR PAMs 

were developed, including NPS R-467, NPS R-568 and cinacalcet (reviewed in Nemeth et al., 

2018). Arylalkylamine PAMs are PAM-agonists. That is, arylalkylamine PAMs enhance Ca2+
o- 

mediated Ca2+
i mobilisation in recombinant cells or reduce PTH secretion from parathyroid cells 

in vitro and activate the CaSR in the absence of cations (i.e. Ca2+
o, Mg2+) (Cook et al., 2015; Keller 

et al., 2018; Nemeth et al., 2004). Due to the absence of a high resolution full CaSR structure, 

mutagenesis studies and computational docking have been applied to determine the binding site(s) 

of arylalkylamine PAMs (Bu et al., 2008; Keller et al., 2018; Leach et al., 2016; Miedlich et al., 

2004; Petrel et al., 2004; Petrel et al., 2003). More recent studies have quantified the effect of 

amino acid substitutions on PAM affinity, cooperativity and agonism using an operational model 

of allosterism (Gregory et al., 2020; Leach et al., 2007). Key amino acid residues that contribute 

to the affinity of arylalkylamine PAMs are located in TMs 2, 3, 5, 6 and 7, as well as ECLs 2 and 

3; F6682.56 (numbering in superscript refers to that assigned in Pin et al. (2003) to denote the residue 

position relative to the most highly conserved residue in each TM domain across the class C 

GPCRs), F6843.36, F6883.40, A7725.39, W8186.50, F8216.53, Y8256.57, E8377.32, A8407.35, I8417.36, 

E767ECL2 and V833ECL3  (Keller et al., 2018). Mapping these residues onto a homology model of 

the CaSR based on the mGlu1 and mGlu5 receptor crystal structures revealed a large small 
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molecule binding cavity that spans from the top to the middle of the 7TMs (Figure 1.2). PAM 

binding in this cavity is predicted to be facilitated by a hydrogen bond interaction between E8377.32 

and the secondary amine of the arylalkylamines (Bu et al., 2008; Keller et al., 2018; Leach et al., 

2016; Miedlich et al., 2004; Petrel et al., 2004; Petrel et al., 2003). The predicted 7TM binding 

pocket of CaSR arylalkylamine PAMs is commensurate with that observed for the binding site of 

a NAM co-crystallised with mGlu1 (Wu et al., 2014), and common across the class C GPCR family. 

Sample arylalkylamine PAMs of the CaSR are listed in Figure 1.3. 

In 2010, ACADIA pharmaceuticals discovered benzothiazole-containing CaSR PAMs that were 

structurally and chemically distinct from the arylalkylamine PAMs, leading to the identification 

of AC265347 (Gustafsson et al., 2010; Ma et al., 2011). Like the arylalkylamines, AC265347 

demonstrates agonist activity in the absence of cations, but it is a more potent and efficacious 

agonist (Cook et al., 2015). AC265347 is also a biased CaSR allosteric modulator that 

preferentially enhances CaSR-mediated phosphorylation of ERK1/2 versus Ca2+
i mobilisation. In 

contrast, phenylalklyamine PAMs show the reverse biased modulatory profile (Cook et al., 2015). 

While AC265347 is predicted to bind within the 7TM cavity, it is unaffected by many of the 

mutations that reduce cinacalcet affinity (Leach et al., 2016). Importantly, AC265347 lacks an 

ionisable nitrogen and is therefore not predicted to form an ionic interaction with E8377.32. 

Computational docking studies supported by mutagenesis suggest that AC265347 sits deeper in 

the 7TM bundle in comparison to the arylalkylamine PAMs (Leach et al., 2016) (Figure 1.2). By 

binding deeper within the 7TM bundle, AC265347 may stabilise distinct receptor states relative to 

arylalkylamine PAMs, engendering biased CaSR signalling. 

1.4.5.2 Small molecule NAMs 

A high throughput screen and subsequent medicinal chemistry effort at SmithKline Beecham led 

to the discovery of the first CaSR NAM, NPS2143, which has an arylalkylamine scaffold (Marquis 

et al., 2009). Subsequent efforts to progress arylalkylamine NAMs clinically led to the 

development of several NAMs with structural and chemical similarity to NPS2143, including 

ronacaleret (Marquis et al., 2010; Marquis et al., 2009), JTT305 (otherwise known as MK3552) 

(Shinagawa et al., 2011), and NPSP795 (Lago et al., 2006). Arylalkylamine NAMs are predicted 

to bind within the same 7TM cavity as arylalkylamine PAMs and form a hydrogen bond with 
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E8377.32 via their secondary amine (Josephs et al., 2020; Leach et al., 2016). In fact, the predicted 

binding pose for the arylalkylamine NAMs is very similar to the predicted pose for arylalkylamine 

PAMs, making it difficult to discern from computational modelling how these structurally similar 

PAMs and NAMs have opposing effects on CaSR signalling. Future structural elucidation of the 

CaSR 7TM bound to PAMs and NAMs is needed to fully appreciate how these small molecules 

alter CaSR structure and function. 

In addition to the arylalkylamine NAMs, a screening program at Novartis identified quinazolinone-

containing compounds as CaSR NAMs, which were advanced to yield ATF936 and AXT914 

(Widler, 2011; Widler et al., 2010). ATF936 has greater negative cooperativity in comparison to 

NPS2143, meaning that it is better at blocking CaSR activity (Josephs et al., 2020). Mutagenesis 

and docking studies predict the quinazolinone-containing NAMs bind in the 7TM allosteric cavity, 

but in a distinct manner to the arylalkylamine PAMs and NAMs (Bu et al., 2008; Josephs et al., 

2020; Miedlich et al., 2004). For instance, some mutations that reduce NPS2143 affinity have no 

effect on the affinity of ATF936 affinity (Josephs et al., 2020; Widler et al., 2010). A more detailed 

structural understanding of the binding of quinazolinone-containing NAMs may afford the 

opportunity to design NAMs with even greater affinity or cooperativity. 

Intriguingly, a structurally and chemically distinct CaSR NAM, known as BMS compound 1, is 

predicted to bind to a second as yet unidentified allosteric site in the CaSR’s 7TM or ECLs 

(Josephs et al., 2020). Multiple allosteric binding sites within the 7TM of class C GPCRs is not 

unprecedented. For mGlu5, several PAM chemotypes are thought to bind outside the common 

allosteric pocket as evidenced by non-competitive interactions with a radiolabelled NAM 

(Hammond et al., 2010; Noetzel et al., 2013).  Once again, structural resolution of the BMS 

compound 1 binding site would provide further opportunities for drug discovery efforts at the 

CaSR to identify novel allosteric modulators that target this site and may give rise to NAMs with 

biased modulatory properties. Sample arylalkylamine NAMs of the CaSR are listed in Figure 1.4. 

1.4.5.3 Mode-switching allosteric modulator 

Calhex231 is structurally and chemically related to cinacalcet and the other arylalkylamine PAMs, 

and indeed it was discovered from an SAR study based on the PAM calindol. Surprisingly, 
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calhex231 was reported to be a NAM because it inhibited a maximally effective concentration of 

Ca2+
o in an IP accumulation assay (Kessler et al., 2006). Recent work, however, has revealed that 

calhex231 is both a PAM and a NAM depending on whether it occupies a single protomer in the 

CaSR dimer or both protomers (Gregory et al., 2018). The binding of calhex231 to one protomer 

inhibits the binding of calhex231 to the second protomer. Using an allosteric quaternary complex 

model, it was shown that calhex231 switches to a NAM because its negative cooperativity with 

itself is greater in the presence of an agonist (Gregory et al., 2018). The calhex231 binding site 

overlaps with the binding site for cinacalcet, NPS2143 and other arylalkylamine PAMs and NAMs 

(Gregory et al., 2018). The ability of calhex231, but not other PAMs and NAMs, to mode-switch 

is predicted to be due to a cyclohexane ring in calhex231, which may offer more flexibility when 

bound to the CaSR and thus allow calhex231 to adopt at least two distinct binding poses (Gregory 

et al., 2018). 
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Figure 1.2. CaSR model and predicted ligand binding sites. The published crystal structure of the CaSR ECD (PDB) was superimposed onto a published model of 

the CaSR’s 7TM (Josephs et al., 2020). ECLs and ICLs based on homology with the metabotropic glutamate receptor 5 crystal structure (PDB 4OO9). Numbers 

correspond to ligand binding sites predicted as follows: Ca2+ (sites 1-4), Mg2+ (5-6), SO4
2- (7-9), PO4

3- (10-11), Gd3+ (12), L-Trp (13), TNCA (14), etelcalcetide 

(15), AC265347 (16), quinazolinone-containing NAMs (17) and arylalkylamine PAMs and NAMs (18). Figure adapted from Diao et al. (2021) 
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Figure 1.3. Chemical structures of arylalkylamine PAMs of the CaSR 
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Figure 1.4. Chemical structures of chemically distinct NAMs of the CaSR. 
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1.5. CaSR signalling mechanisms 

The CaSR couples to Gq/11, Gi/o, Gs (under certain conditions) and potentially G12/13 (Conigrave & 

Hampson, 2010; Leach et al., 2020; Mamillapalli & Wysolmerski, 2010). Furthermore, activation 

of the CaSR can also increase intracellular calcium (Ca2+
i) concentrations by stimulating L-type 

voltage-gated and transient receptor potential ion channels on the plasma membrane, probably via 

a PKC-dependent mechanism (McGehee et al., 1997; Thomsen et al., 2012b). The underlying 

reasons for CaSR coupling to multiple different heterotrimeric G proteins still remain to be 

investigated (Conigrave & Hampson, 2010). However, binding of different ligands to the CaSR 

leads to stabilisation of distinct conformational receptor states and consequent coupling to different 

G proteins, suggesting that the CaSR’s promiscuous coupling to different transducers is important 

for its function. The principal downstream signalling pathways to the CaSR are summarised in 

Figure 1.5. 

1.5.1. Gq/11 

Coupling of the CaSR to Gq/11 leads to activation of phosphatidylinositol-specific phospholipase 

C (PI-PLC), which results in the production of inositol triphosphate (IP3) and diacylglycerol (DAG) 

(Conigrave & Hampson, 2010). The subsequent binding of IP3 to IP3 receptors on the endoplasmic 

reticulum releases Ca2+
i (Nemeth & Scarpa, 1986; Nemeth & Scarpa, 1987). Increased Ca2+

i leads

to activation of phospholipase A2 (PLA2) and PKC (Hofer & Brown, 2003; Kifor et al., 2001). 

CaSR-Gq/11 pathways are observed in various cell types, including parathyroid cells and 

osteoblasts (Godwin & Soltoff, 2002; Wettschureck et al., 2007). In the parathyroid gland, double 

knockout of Gq and G11 α-subunits depleted Ca2+
o-dependent negative control of parathyroid 

hormone secretion (Wettschureck et al., 2007). The migration of pre-osteoblasts to sites of bone 

resorption also involves a PLC-dependent pathway (Godwin & Soltoff, 2002). ERK1/2 may also 

contribute to the activation of PLA2 in HEK293-CaSR downstream from Gq/11 (Handlogten et al., 

2001) although in another study, activation of PLA2 was independent of the ERK pathway in 

bovine parathyroid and HEK293-CaSR (Kifor et al., 2001). Similarly, while pre-treatment of 

parathyroid cells or HEK293-CaSR cells with 2 mM Ca2+
o resulted in down-regulation of PKC 

and abolishment of phospholipase D (PLD) activity in one study (Kifor et al., 1997), another study 

demonstrated that exposure of Madin-Darby canine kidney (MDCK)-CaSR cells to 5 mM Ca2+
o 
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did not lead to a reduction in PLD activity (Huang et al., 2004). Such inconsistent results may be 

due to the different cell types or concentrations of Ca2+
o used in different studies (Hjälm et al., 

2001; Huang et al., 2004), demonstrating the importance of using relevant cell types and agonist 

concentrations to investigate CaSR-Gq/11 pathways.  

1.5.2. G12/13 

It is still not fully validated whether CaSR directly couples to G12/13 due to a lack of specific G12/13 

inhibitors and overlapping effectors downstream from G12/13 and Gq/11. Activation of the CaSR 

leads to phosphorylation of Rho and PLD, probably via G12/13 (Kelly et al., 2007; Siehler, 2009). 

Besides Rho family kinases, G12/13 also modulates tyrosine kinases, protein phosphatases including 

protein phosphatase 2A (PP2A) and Wnt3a-Frizzled signalling, supporting various CaSR-

mediated effects on cell fate (Kelly et al., 2007). In MDCK cells, activation of the CaSR by Ca2+
o 

resulted in the translocation of Rho to the cell membrane as well as activation of serum response 

element (SRE)-mediated gene transcription (Huang et al., 2004; Pi et al., 2002). Treatment with 

the Rho family inhibitor, C3 exoenzyme, lead to inhibition of SRE activity in HEK293-CaSR cells, 

while activation of Rho involved the recruitment of the Rho-guanine nucleotide exchange factor, 

Lbc and filamin (Pi et al., 2002). However, these studies do not confirm whether CaSR-mediated 

Rho activity is directly linked to G12/13. 

1.5.3. Gi/o 

The CaSR couples to Gi/o, resulting in inhibition of adenylyl cyclase (AC) thereby reducing cyclic 

adenosine monophosphate (cAMP) levels. CaSR-mediated Gi/o activation also stimulates 

extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 MAPK 

(Ogata et al., 2006). Src kinases induce a signalling cascade that leads to phosphorylation of ERK, 

via the Raf-MEK-ERK pathway (Kifor et al., 2001; McNeil et al., 1998). Furthermore, CaSR-

mediated PLC and PKC also activate ERK1/2, probably via coupling to Gq/11 and Gi/o subunits 

(Kifor et al., 2001). Multiple studies have revealed different cascades downstream from CaSR-

mediated Gi/o activation in different cell types, such as PI3K in HEK-CaSR cells and ovarian 

surface epithelial cells (Hobson et al., 2003), JNK in NIH/3T3 cells (a fibroblast cell line) and p38 
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MAPK in mouse osteoblastic cells and rat H-500 Leydig cancer cell lines (Hoff et al., 1999; Tfelt-

Hansen et al., 2003). Similar to the Gq/11 coupling pathway, different specific cascades that are 

involved with CaSR-Gi/o are observed in different cell backgrounds. 

1.5.4. Gs 

In some cell types, the CaSR couples to Gs proteins, leading to increased intracellular cAMP levels 

and activation of PKA. CaSR-Gs
 coupling was identified in immortalised and malignant breast 

cells and in an AtT-20 pituitary-derived cell line (Mamillapalli et al., 2008; Mamillapalli & 

Wysolmerski, 2010; Thomsen et al., 2012b).  However, cAMP production is not observed in 

HEK293-CaSR cells (Thomsen et al., 2012a). Compared to CaSR-activated Gi/o and Gq/11 

pathways, the detailed signalling cascades downstream from CaSR-mediated Gs coupling remain 

to be investigated.  
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Figure 1.5.  The principal downstream signalling pathways of the CaSR. The CaSR couples to heterotrimeric G proteins, Gq, Gi/o, Gs and possibly G12/13. CaSR 

coupling to Gq/11 results in PI-PLC-IP3-mediated Ca2+
i mobilisation. Activation of Gq and possibly G12/13 leads to RhoA kinase activity. CaSR coupling to Gi/o leads 

to activation of MARK (including ERK1/2 and JNK) and inhibition of AC and cAMP. CaSR coupling to Gs stimulates AC and cAMP.  
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1.6 The (patho) physiological roles of the CaSR in various organs 

1.6.1 Parathyroid glands 

The CaSR is a key mediator of the negative feedback loop regulating PTH secretion and 

parathyroid cell proliferation in response to changes in blood Ca2+
o concentrations (Fan et al., 

2018; LeBoff et al., 1985; Nemeth & Scarpa, 1986). The normal Ca2+
o concentration range is 

between 1.1-1.3 mM). Under hypercalcaemia condition, PTH secretion activates PTH1 

receptor on the bone and kidneys to enhance bone resorption and CaSR in the renal cortical 

thick ascending limbs (TALs) of Henle’s loop is activated to increase Ca2+
o excretion (Loupy 

et al., 2012). Expression of the CaSR in the parathyroid glands is regulated by the active form 

of vitamin D, 1, 25(OH)2D, which influences vitamin D response elements on the CASR gene 

promotor. Under normal physiological conditions, activation of the CaSR leads to AC 

inhibition, PKC activation and Ca2+
i mobilisation from intracellular stores, which collectively 

decrease PTH gene transcription and PTH secretion (Kifor et al., 1997). Under 

pathophysiological conditions, such as hypocalcaemia, low concentrations of Ca2+
o lead to 

parathyroid cell proliferation to maintain high levels of PTH release (Corbetta et al., 2002). 

The physiological importance of the CaSR in PTH secretion is demonstrated by mice with 

parathyroid-specific CaSR ablation, which have hyperparathyroidism and hypercalcaemia 

(Chang et al., 2008).  

1.6.1 Kidney 

The CaSR is highly expressed and plays specific roles at each distinct section in the kidney.  

The CaSR in the kidneys responds to increased concentrations of serum Ca2+ by decreasing 

Ca2+ reabsorption via both PTH-dependent and independent pathways (Kos et al., 2003; 

Riccardi et al., 1998; Riccardi D, 1995). The kidney CaSR plays roles in regulating ion 

homeostasis in the proximal tubule, ascending limb, distal convoluted tubule amongst other 

regions of the kidneys (Ba et al., 2003; Douglas et al., 2010; Loupy et al., 2012; Renkema et 

al., 2009; Riccardi & Valenti, 2016; Topala et al., 2008). In the thick ascending limb (TAL), 

CaSR detects Ca2+
o concentrations and regulates renal Ca2+ excretion, probably via the claudin 

14 tight junction protein (Kantham et al., 2009; Tadatoshi et al., 2017; Toka, 2014; Toka et al., 

2012). In the proximal TAL, CaSR activation inhibits Na-K-Cl co-transporters and inwardly 

rectifying K+ channels, resulting in decreased Na+, Cl-, and K+ reabsorption (Cha et al., 2011; 

Watanabe Sumiyo, 2002). In the medullary TAL and cortical TAL, CaSR activation inhibits 
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NaCl and Ca2+ and Mg2+ reabsorption, respectively (Sands et al., 1997). In the inner medullary 

collecting duct, CaSR activation inhibits vasopressin-elicited water reabsorption (Sands et al., 

1997). In the juxtaglomerular apparatus, activation of the CaSR by the calcimimetic, cinacalcet, 

inhibits renin secretion in rats (Atchison et al., 2010). In the distal convoluted tubule, activation 

of the CaSR stimulates the epithelial transient receptor potential cation channel subfamily V 

member 5 (TRPV5) channel to regulate Ca2+ reabsorption (Topala et al., 2009).  Overall, the 

CaSR in the kidney balances ion homeostasis by adjusting ion excretion and reabsorption. 

1.6.3 Bone 

The CaSR is expressed in osteoblasts and osteoclasts as well as chondrocytes, with distinct 

functions in each cell type (Chang et al., 2008; Yamaguchi et al., 1998). The CaSR promotes 

osteoblast proliferation, likely via JNK signalling (Chattopadhyay et al., 2004; Dvorak et al., 

2004), and participates in both differentiation and apoptosis of osteoclasts through the PLC 

pathway (Mentaverri et al., 2006). In preclinical studies, activation of the CaSR in osteoblasts 

by strontium activated bone anabolic pathways including Wnt signalling and Akt 

phosphorylation, suggesting the therapeutic potential of the CaSR to treat osteoporosis 

(Fromigué et al., 2009). The CaSR is also highly expressed in cartilage chondrocytes in the 

growth plate of long bones. Osteoblast-or chondrocyte specific-CaSR knockout mice 

demonstrated bone undermineralisation, spontaneous bone fractures, growth plate 

chondrogenesis and other bone-related symptoms, highlighting the physiological importance 

of the CaSR in osteoblasts and chondrocytes (Chang et al., 2008; Dvorak‐Ewell et al., 2011).  

Therefore, the CaSR has been regarded as a drug target of interest to treat bone anabolic 

diseases.  

1.6.4 Digestive system 

The CaSR is widely distributed in the digestive system, from the oesophagus to the stomach, 

small intestine and colon (Chattopadhyay et al., 1998; Riccardi et al., 1995). The CaSR senses 

nutrients and regulates enteroendocrine hormone secretion, fluid balance, and cell proliferation 

and differentiation (Alamshah et al., 2017; MacLeod, 2013; Tang et al., 2016). The CaSR in 

the digestive system functions likely via phosphorylation of ERK and stimulation of Ca2+
i 

mobilisation (Buchan et al., 2001; Busque et al., 2005; Chakrabarty et al., 2003; Justinich et 
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al., 2008). CaSR activation induces gastrin secretion from D and G cells and also acid secretion 

from parietal cells (Bevilacqua et al., 2005). Its stimulation in G cells induces cellular 

proliferation (Feng et al., 2010; Rey et al., 2012). CaSR activation by L-amino acids promotes 

anti-inflammatory effects in intestinal epithelial cells (Mine & Zhang, 2015). Treatment with 

5 mM L-Trp inhibited tumour necrosis factor (TNF)-α-induced interleukin (IL)-8 secretion in 

HT-29 (human colorectal adenocarcinoma cell line) or Caco-2 cells (human colorectal 

adenocarcinoma cell line) as well as enhancing phosphorylation of JNK or IκBα (Mine & 

Zhang, 2015). The fact that these inhibitory effects were opposed by NPS2143 suggests CaSR 

activation mediates anti-inflammatory effects in the digestive system.  

1.6.5 Nervous system 

The CaSR is expressed in both the central and peripheral nervous systems, including on nerve 

terminals, astrocytes, and microglial cells (Ruat et al., 1995; Yano et al., 2004). The CaSR in 

the nervous system senses various stimuli, including Ca2+, Na+ and spermine (Chattopadhyay 

et al., 2007; Tharmalingam et al., 2016). The CaSR regulates neuronal excitability by 

regulating ion currents that mediate the initiation of action potentials and associated neuronal 

depolarization, regulating Ca2+-activated K+ channels (Vassilev et al., 1997; Yano S, 2004; Ye 

et al., 1997). Furthermore, the CaSR promotes dendritic growth within the hippocampus 

(Vizard et al., 2008). The pathophysiological functions of the CaSR are implicated in brain 

disorders, such as Alzheimer disease and ischaemic brain injury (Conley et al., 2009). The 

CaSR is activated by amyloid-β1–42 peptide fragment (Aβ1-42), which is implicated in 

Alzheimer’s disease (Conley et al., 2009).  Further, the treatment with NPS2143 inhibited Aβ1-

42 and p-tau secretion in mouse model (Chiarini et al., 2017), suggesting that CaSR NAMs 

have the potential to oppose progression of this neurodegenerative disease. 

1.6.6 Breast 

The CaSR is expressed in breast epithelial cells and CaSR expression and activity are increased 

during lactation (Cheng et al., 1998; VanHouten et al., 2004). The main role of the CaSR in 

breast epithelial cells is to regulate Ca2+ transportation into milk. During maternal 

hypocalcaemia, parathyroid hormone-related protein (PTHrP) produced from breast cells is 
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increased as a result of reduced activity of the CaSR. PTHrP stimulates bone reabsorption of 

Ca2+ to restore Ca2+ in the body (Kim & Wysolmerski, 2016) to protect from hypocalcaemia.  

1.6.7 Cardiovascular system 

The CaSR is also found in cardiac tissues, including arterial vessels, vascular smooth muscle 

cells and endothelial cells (Guerman et al., 2007; Schepelmann et al., 2016; Schreckenberg & 

Schlüter, 2018; Wang et al., 2003). In general, activation of the CaSR stimulates vascular 

smooth muscle cell proliferation and calcification, and regulates blood pressure. Ablation of 

CaSRs in vascular smooth muscle cells caused loss of contractility of the aorta and mesenteric 

arteries and decreases diastolic and mean arterial blood pressure. Intracisternal injection of the 

PAM, NPS R-467, reduced blood pressure associated with sympathoinhibition in a dose-

dependent manner in vivo (Kobayashi-Torii et al., 2011).  Further, CaSR levels were negatively 

correlated with the levels of cAMP and angiotensin II, but positively correlated with renin, 

which promotes increased vascular modelling and vascular smooth muscle cell proliferation 

(Qu et al., 2016; Smajilovic et al., 2011). These data suggest that the CaSR plays a role in the 

renin-angiotensin system and regulates blood pressure.  

1.6.8 Respiratory system 

The CaSR is expressed in both human fetal and adult lungs. The main roles of the CaSR in 

human fetal lungs include regulation of fluid secretion, lung growth and development (Brennan 

et al., 2016; Roesler et al., 2019). Furthermore, activation of the CaSR by NPS R-568 inhibited 

branching morphogenesis (Finney et al., 2008). The fetal CaSR modulates the intrinsic lung 

developmental programme (Roesler et al., 2019).  

In adult lungs, the CaSR is expressed on airway smooth muscle (ASM) and its expression is 

increased in ASM cells from human with asthma and in pulmonary arterial smooth muscle cells 

from patients with idiopathic pulmonary artery hypertension, as measured by quantitative 

reverse transcription polymerase chain reaction (qRT-PCR) and western blot analysis CaSR 

protein expression (Yamamura et al., 2012; Yarova et al., 2015). In allergen-sensitised mice, 

CaSR mRNA expression was increased in ASM cell exposure to the asthma-associated pro-

inflammatory cytokines TNF-α and IL-13 in comparison to unsensitised mice (Yarova et al., 

2015). Furthermore, polyamines induce airway contraction and inflammation by activating the 
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CaSR. Treatment with nebulized CaSR NAMs of BALB/c mice showed a trend of decreased 

polyamine-induced airway contraction and decreased airway inflammation to the same degree 

as ICSs (especially macrophages, eosinophil and lymphocytes) without unwanted systemic 

effects (Yarova et al., 2021; Yarova et al., 2015). Consistent with this, NPS2143 decreased 65% 

of immune cells in bronchoalveolar fluid and reduced ASM thickness and fibrosis in a mixed 

allergen treated mouse model of asthma or lipopolysaccharide-induced lung injury (Lee et al., 

2017; Thompson et al., 2016), suggesting the potential of CaSR NAMs to treat asthma 

(discussed in greater detail in section 1.10).  

1.7 Clinical utility of CaSR allosteric modulators 

1.7.1 CaSR PAMs for hyperparathyroidism 

Given the CaSR’s pivotal role in negatively regulating PTH secretion, three CaSR PAMs are 

currently on the market to treat hyperparathyroidism. Most commonly, hyperparathyroidism is 

caused by parathyroid adenoma or carcinoma resulting in primary hyperparathyroidism 

(PHPT). It can also occur secondary to chronic kidney disease, where impaired phosphate 

excretion and renal 1,25-dihydroxyvitamin D3 synthesis lead to decreased Ca2+
o and a 

consequent increase in PTH synthesis and secretion, as well as parathyroid hyperplasia.  

Cinacalcet (Sensipar™) was the first CaSR-targeting drug to gain FDA approval in 2004 for 

haemodialysis patients with secondary hyperparathyroidism (SHPT) caused by chronic kidney 

disease (Lindberg et al., 2003; Quarles et al., 2003). Cinacalcet was also the first FDA-

approved GPCR allosteric modulator to reach the market. Cinacalcet has since been FDA-

approved to treat hypercalcemia in adults with parathyroid carcinoma or who cannot undergo 

parathyroidectomy. Cinacalcet is generally safe and well tolerated, although gastrointestinal 

(GI) adverse events, including nausea, vomiting or loss of appetite, occur in approximately 30% 

of patients (Bover et al., 2016; Fukagawa et al., 2018).  Cinacalcet can also cause transient 

episodes of hypocalcaemia in some patients. Further, there is some variability in the degree to 

which patients respond to cinacalcet (Rottembourg et al., 2019). While cinacalcet 

responsiveness can depend on the severity of SHPT, CaSR single nucleotide polymorphisms 

(SNP) may influence cinacalcet efficacy. For instance, SHPT patients with an R990G SNP 

demonstrate higher sensitivity to cinacalcet, with a larger proportion of G990 carriers 

experiencing a cinacalcet-mediated suppression in PTH compared to patients with the 

predominant R990 allele (Jeong et al., 2016; Rothe et al., 2008; Rothe et al., 2005). These 
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findings suggest that a personalised medicines approach may need to be considered when 

treating patients with CaSR-targeting therapies. 

In 2017, etelcalcetide (Parsabiv) was approved by the FDA as an intravenous CaSR PAM for 

the treatment of SHPT in adults. Etelcalcetide’s intravenous (i.v.) route of administration is 

advantageous because it can be delivered at the end of a haemodialysis session, thus ensuring 

patient compliance. While etelcalcetide was expected to induce fewer GI adverse events 

compared to cinacalcet because it is not ingested orally, self-reported symptoms of nausea and 

vomiting were not significantly different between SHPT patients given i.v. etelcalcetide or oral 

cinacalcet (Block et al., 2017a). Nonetheless, a one-year safety and efficacy trial of i.v. 

etelcalcetide revealed no major safety concerns (Bushinsky et al., 2019), although like 

cinacalcet, etelcalcetide can cause hypocalcaemia (Palmer et al., 2020).  

Recently, evocalcet (alternative names MT-4580 and KHK7580) was approved for the 

management of SHPT in Japanese patients that remain refractory to SHPT with cinacalcet 

(Akizawa et al., 2018; Fukagawa et al., 2018; Kawata et al., 2018; Shigematsu et al., 2018). 

For these patients, the cinacalcet dose cannot be sufficiently increased due to adverse 

gastrointestinal events (Block et al., 2009; Gincherman et al., 2010). Evocalcet has higher 

bioavailability in comparison to cinacalcet, and lower doses are therefore required to suppress 

serum PTH levels (Kawata et al., 2018). In rats, evocalcet suppresses PTH secretion while 

having no significant effect on gastric emptying, unlike cinacalcet treated rats and patients 

where emptying is delayed (Kawata et al., 2018). Evocalcet also had a reduced incidence of 

vomiting compared to cinacalcet in marmosets (Fukumoto et al., 2010; Kawata et al., 2018). 

In humans, evocalcet offers good short-term tolerability in terms of upper gastrointestinal 

symptoms while still providing therapeutic efficacy similar to cinacalcet (Shigematsu et al., 

2018). However, while the severity of these side effects is reduced compared to cinacalcet 

(Palmer et al., 2020), approximately 19% of evocalcet-treated patients still experience nausea 

and vomiting, compared to 33% of patients treated with cinacalcet (Fukagawa et al., 2018).   

1.7.2 PAMs for hypercalcaemia 

The importance of the CaSR in Ca2+
o homeostasis is highlighted by the many naturally 

occurring mutations in the CASR gene itself, or in genes encoding G11 (GNA11; located on 

chromosome 19p13.3), which mediates CaSR signal transduction, or adapter protein 2 sigma 

subunit 1 (AP2S1; located on chromosome 19q13.3), which regulates CaSR cell surface 
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expression (Nesbit et al., 2013). Inactivating mutations in these proteins cause familial 

hypocalciuric hypercalcaemia (FHH) or neonatal severe primary hyperparathyroidism 

(NSHPT).  

FHH type 1 (FHH1; the most common form of FHH) and NSHPT are caused by inactivating 

CASR mutations (Hannan et al., 2019) that reduce CaSR sensitivity to Ca2+
o, or impair the 

biosynthesis and post-translational processing of the CaSR within the endoplasmic reticulum 

or Golgi apparatus, leading to CaSR mis-folding and impaired cell surface expression (Huang 

& Breitwieser, 2007; White et al., 2009). Furthermore, some CASR mutations engender biased 

agonism by altering the preference of the CaSR for coupling to particular signalling pathways 

(Leach et al., 2012). The prevalence of FHH1 is up to 1 per 1350 (Dershem et al., 2020). 

FHH1 is characterised by mild or moderate elevations of serum calcium and magnesium, with 

mildly elevated or normal PTH levels. While FHH1 patients are often asymptomatic, up to 

30% of patients experience symptomatic hypercalcaemia, whereas others develop 

chondrocalcinosis, acute pancreatitis and gallstones (Thakker, 2004). Importantly, FHH1-

causing mutations increase the risk of cardiovascular disease, heart failure, dementia, major 

depression, alcohol abuse, neck and leg fractures, osteoarthritis, kidney stones, pancreatitis, 

asthma and other diseases (Dershem et al., 2020; Eller-Vainicher et al., 2014; 

Gorvin, 2019; Grzegorzewska et al., 2018; Marz et al., 2007; Vezzoli et al., 2011; Vezzoli et 

al., 2013; Wang et al., 2016). These findings suggest that it may be appropriate to treat FHH1 

even in asymptomatic patients. Further, the much rarer but more severe disorder, 

NSHPT, is characterised by life threatening hypercalcaemia, skeletal under-mineralisation 

and deformities, and death if left untreated (Hannan et al., 2016), therefore it is essential that 

infants diagnosed with NSHPT are treated.  

Increasingly cinacalcet is being recognised as a viable therapeutic for the treatment of NSHPT 

and symptomatic FHH1, and cinacalcet has shown some success in treating NHSPT in 

addition to complications related to FHH1 in patients harbouring loss-of-function or loss-of-

expression CaSR mutations (Alon & VanDeVoorde, 2010; Fisher et al., 2015; Gannon et 

al., 2014; Gunganah et al., 2014; Mastromatteo et al., 2014; Timmers et al., 2006; Wilhelm-

Bals et al., 2012). There are, however, increasing reports of NSHPT patients who do 

not respond adequately to cinacalcet, in some cases due to homozygous mutations that result 

in truncation of the CaSR before the 7TM cinacalcet binding site (Atay et al., 2014; Savas-

Erdeve et al., 2016). Cinacalcet-unresponsive patients may also harbour missense 

mutations or in-frame deletions that result in expression of a full-length CaSR with single 

amino acid mutations, or a 
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CaSR in which exon 5, encoding amino acids 476-536 in the ECD is deleted (Capozza et al., 

2018; García Soblechero et al., 2013; Murphy et al., 2016). In these instances, cinacalcet may 

be ineffective because the mutation may reduce cinacalcet affinity or its ability to potentiate 

Ca2+
o by decreasing allosteric cooperativity. In cases of severe mutation-induced receptor 

impairment, the mutation may render cinacalcet unable to sufficiently restore receptor function 

even if affinity or cooperativity are unaffected (Leach et al., 2013). Interestingly, compared to 

cinacalcet, AC265347 was more effective a potentiating Ca2+
o-mediated signalling responses 

at four FHH1/NSHPT-causing CaSR mutants, suggesting that alternative PAMs may be better 

than cinacalcet at rescuing inactivating CaSR mutants (Ma et al., 2011). However, as 

AC265347 is not approved clinically, total parathyroidectomy is currently required to 

normalise serum PTH levels in patients who do not respond to current therapeutic interventions. 

Four GNA11 mutations have been identified in FHH2-affected individuals (FHH2 is the least 

common form of FHH), which are predicted to impair guanine nucleotide binding or disrupt G 

protein activation of intracellular signalling proteins such as PLC (Hannan et al., 2016; Nesbit 

et al., 2013). FHH2 patients typically have mild hypercalcaemia and normal serum 

concentrations of PTH (Nesbit et al., 2013). In recombinant cells expressing FHH2-causing 

GNA11 mutations, cinacalcet restored impaired CaSR signalling (Babinsky et al., 2016). 

Similarly, in mice with a germline loss-of-function GNA11 mutation, cinacalcet corrected 

hypercalcaemia and reduced elevated serum PTH concentrations (Howles et al., 2017). 

Importantly, cinacalcet also normalised serum calcium concentrations in a FHH2 patient with 

hypercalcaemia (Gorvin et al., 2018a). However, given the typically asymptomatic nature of 

FHH2, there is no clear benefit in treating most FHH2 patients with pharmacological 

interventions. 

Four missense AP2S1 mutations that cause FHH3 have been identified (Fujisawa et al., 2013; 

Hendy et al., 2014; Vargas-Poussou et al., 2016). FHH3-causing mutations disrupt AP2σ-

mediated CaSR endocytosis, and consequently impair CaSR signalling from endosomes 

(Gorvin et al., 2018b; Nesbit et al., 2013). FHH3 is the most severe form of FHH, and is more 

commonly characterised by symptomatic hypercalcaemia (Hannan et al., 2015a; Vargas-

Poussou et al., 2016). FHH3 may also be associated with recurrent pancreatitis and cognitive 

dysfunction (McMurtry et al., 1992). Cinacalcet corrected impaired CaSR signalling resulting 

from FHH3-causing AP2S1 mutations, and rectified symptomatic hypercalcaemia in three 

FHH3 patients (Howles et al., 2016). These findings demonstrate that CaSR PAMs such as 

cinacalcet may be useful in the management of FHH3. 
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1.7.3 NAMs for osteoporosis 

The first manifestation of osteoporosis is typically a fracture (Sözen et al., 2017). Therefore, 

treatments are aimed at preventing further bone loss, such as with the use of bisphosphonates 

(e.g. alendronate), or restoring bone mass and density with recombinant human PTH (1-34) 

(rhPTH (1-34)) or rhPTH (1-84), which have anabolic actions by increasing the number of 

bone-forming osteoblasts (Brixen et al., 2004). However, rhPTH (1-34) has received a black 

box warning label in the USA because high doses induced osteosarcoma in long-term 

carcinogenicity studies in rats (Tashjian & Goltzman, 2008). Further, rhPTH requires daily 

subcutaneous administration, and an orally active anabolic compound therefore continues to 

be of interest. Small molecule CaSR NAMs have been consequently developed as potential 

orally available therapeutics for osteoporosis because they stimulate the release of endogenous 

PTH by mimicking a drop in Ca2+
o levels.  

NPS2143 was the first CaSR NAM to be evaluated in an ovariectomised rat model of 

postmenopausal osteoporosis. However, following 5 weeks of daily NPS2143 administration, 

no net increase in bone mass and density was observed (Gowen et al., 2000b; Marquis et al., 

2009; Nemeth, 2002). The high volume of NPS2143 distribution resulted in prolonged 

NPS2143 exposure and sustained elevations in PTH levels, in contrast to plasma levels of 

rhPTH (1-34), which reached a comparable maximum concentration but returned to baseline 

much more rapidly. It was soon realised that CaSR NAMs would best exert an anabolic effect 

if they had a short half-life to ensure transient stimulation of PTH release that promptly returned 

to basal levels. This is because prolonged exposure to PTH mimics hyperparathyroidism, thus 

stimulating bone resorption at the expense of bone formation (Dobnig & Turner, 1997).  

Ronacaleret was the second CaSR NAM to be evaluated in osteoporosis. While ronacaleret is 

structurally similar to NPS2143, it is more metabolically labile (Balan et al., 2009; Kumar et 

al., 2010). However, a clinical trial in postmenopausal women given ronacaleret for 12 months 

demonstrated only a modest increase in bone mass and density of the lumbar spine compared 

to large increases seen in patients receiving rhPTH(1-34) or alendronate, while hip, femoral 

neck and trochanter bone mass and density were decreased in the ronacaleret-treated group 

(Fitzpatrick et al., 2012). Similarly, in a phase 2 clinical trial in postmenopausal women treated 

with JTT305/MK-5442 for 6 months, no significant increases in bone mass and density were 

observed over placebo, despite evidence of an increase in markers of bone formation (Halse et 

al., 2014b). A clinical trial of AXT914 was also terminated early due to a lack of effect of 
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AXT914 on bone formation markers and a dose-limiting increase in serum calcium after 4-

weeks of treatment (John et al., 2014). 

The reasons why CaSR NAMs do not stimulate bone formation are not fully understood, but 

may be linked to on-target CaSR effects in cells and tissues outside the parathyroid gland. For 

instance, CaSR NAMs may inhibit the important function of the CaSR in bone-forming 

osteoblasts, thus counteracting the effects of transient PTH release. Further, while the 

pharmacokinetic profiles of ronacaleret, JTT305/MK3552 and AXT914 were more favourable 

than NPS2143, NAM-mediated elevations in serum PTH concentrations remained above 

baseline in humans for more than 3.5 hours (Fitzpatrick et al., 2012; Halse et al., 2014b; John 

et al., 2014), whereas levels of rhPTH return to baseline rapidly following rhPTH injection 

(Caltabiano et al., 2013). Prolonged PTH release was more apparent at higher NAM doses that 

were cleared less rapidly, therefore the design of NAMs that can be administered at lower doses, 

such as those with greater affinity or cooperativity, could help to overcome this issue. 

Regardless of the reasons for CaSR NAM failures in the clinic, the development of NAMs for 

osteoporosis has been discontinued, and efforts have instead focussed on repurposing CaSR 

NAMs for alternative disorders. 

1.7 NAMs for ADH and Bartter syndrome V 

Recent interest has been garnered in repurposing CaSR NAMs for heterozygous activating 

mutations in the CASR or GNA11 genes, which cause autosomal dominant hypocalcaemia type 

1 (ADH1) or Bartter syndrome V (CASR), or ADH2 (GNA11). ADH is characterised by a mild 

or moderate decrease in serum calcium and PTH concentrations (Hannan et al., 2016; Hannan 

et al., 2012; Li et al., 2014; Nesbit et al., 2013). Many ADH sufferers experience symptomatic 

hypocalcaemia, which may include tingling and painful muscular spasms in the hands and feet, 

as well as seizures. Some ADH1 patients also suffer from calcifications in the kidneys and 

basal ganglia or elevated bone mineral density (Hannan et al., 2016). In more severe cases, 

gain-of-function CASR mutations promote renal loss of sodium, potassium, magnesium and 

chloride ions, and consequent hypokalaemic alkalosis and hyperreninaemic 

hyperaldosteronism, a condition called Bartter syndrome V (Hannan et al., 2016). The 

prevalence of ADH1 is approximately 1 per 25,000 (Dershem et al., 2020). Currently, over 90 

different CaSR mutations have been linked to ADH1. Among them, over 95% are missense 

mutations, with the remaining 5% represented by frame-shift or in-frame insertion and deletion 
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mutations (Li et al., 2014). ADH2 is rarer than ADH1 and has been associated with six different 

activating missense GNA11 mutations, located at the interface between the helical and GTPase 

domains of the G11 protein (Mannstadt et al., 2013; Piret et al.). This region is involved in 

GDP-GTP exchange, and located at the Gα11 carboxyl terminal, which is involved with 

coupling to downstream G proteins. CaSR NAMs are a viable therapeutic strategy for caused 

by gain-of-function mutations in both the CaSR and G11. 

Promisingly, NPS2143 can normalise signalling responses associated with ADH-causing 

CASR and GNA11 mutations in vitro (Babinsky et al., 2016; Hannan et al., 2015b; Leach et al., 

2013; Letz et al., 2010). NPS2143 can also increase Ca2+
o and PTH concentrations in ADH1 

and ADH2 mouse models (Gorvin et al., 2017; Hannan et al., 2015b; Roszko et al., 2017), and 

prevent nephrocalcinosis in an ADH1 mouse model (Dong et al., 2015). However, NPS2143 

is less effective, at least in vitro, at gain-of-function CASR mutations that cause Bartter 

syndrome type V (Leach et al., 2013; Letz et al., 2010). In contrast, quinazolinone-derived 

NAMs (such as ATF936) can better rectify Bartter syndrome type V mutations in vitro (Letz 

et al., 2014) and may represent a class of NAMs with lower propensity to be affected by 

pharmacogenetic effects compared to arylalkylamine-derived NAMs like NPS2143. 

Although originally developed for osteoporosis, the arylalkylamine-derived NAM, NPSP795, 

entered phase II clinical trials for the treatment of ADH1. NPSP795 robustly increased PTH in 

3 out of 5 ADH1 trial patients and caused a small reduction in renal Ca2+ excretion. However, 

NPSP795 had no significant effect on serum Ca2+
o levels, and had variable effects on PTH 

(Roberts et al., 2019). The high variability in NPSP795 efficacy may in part be attributable to 

the underlying disease-causing mutations. Some ADH1 mutations are in close proximity to the 

common 7TM allosteric binding site, or NPSP795 may not have sufficient affinity or 

cooperativity to overcome some mutation-induced enhancement in CaSR signalling (Leach et 

al., 2016; Leach et al., 2013). However, pharmacogenetic effects do not completely explain 

interpatient variation in the efficacy of NPSP795. For instance, two patients in the study carried 

the same mutation (A840V). A840V faces into the 7TM binding cavity and contributes to the 

binding of the arylalkylamine NAM, NPS2143 (Leach et al., 2016). However, while serum 

PTH levels were robustly increased in one A840V-harbouring patient, NPSP795 had only a 

modest effect on PTH levels in the other, despite similar NPSP795 concentrations being 

reached in both patients. It therefore remains to be determined why some ADH patients may 

respond to CaSR NAMs, while others do not. 
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1.8  Asthma 

Asthma is a chronic airway disorder, characterised by recurrent attacks of breathlessness, 

wheezing, coughing and chest tightness (Holgate et al., 2015). It comprises chronic progression 

and acute exacerbation, involving long-term disordered narrowing of the airway with a further 

narrowing during an acute attack. The latter is usually triggered by a stimulus, such as pollen, 

smoke, air pollution or viral infection (Subbarao et al., 2009). During an asthmatic attack, the 

hypersensitive airways become sore, swollen, allergic and irritated, with the affected individual 

developing breathing difficulties (Martinez & Verceli, 2013). This shortness of breath can be 

lethal if treated improperly but its mortality rate is relatively low compared to other chronic 

airway diseases (World Health Organization, 2017b).  

There are three major pathophysiological components of asthma: i) airway inflammation, ii) 

airway remodelling, and iii) airway hyperresponsiveness (AHR) (Holgate, 2012). Although 

previously classified as either atopic (allergic) or non-atopic, it is clear that asthma has multiple 

phenotypes, differentiated by the age of onset, the type of inflammation and/or comorbidities 

(Holgate et al., 2015). The most common type of asthma is early-onset allergic asthma, driven 

by a Th2-mediated response to allergens, with other asthma types including exercise- and 

aspirin-induced bronchoconstriction, neutrophilic asthma and asthma either worsened or 

associated with obesity. 

1.8.1 The socio-economic impact of asthma 

Asthma is one of the most common airway diseases. Despite numerous approaches to treat 

asthma, its prevalence, mortality and economic burden have increased over the past two 

decades. Globally, there are >300 million patients currently suffering from asthma and it caused 

~383,000 deaths in 2015, accounting for 1% of the global disease-related deaths (World Health 

Organization, 2017b). The World Health Organization (2017a) also estimates that the number 

of asthma deaths will continue to increase without appropriate treatments or diagnoses. Besides 

its lethality, asthma can also reduce life quality. Depending on the severity, asthma patients are 

generally limited from active physical exercise and have significantly higher risk of psychiatric 

disorders (Bateman et al., 2008; Kuehn, 2008). 

Among all ages of patients, children (aged from 3 to 15 years old) and the elderly (over 65 

years old) are most severely affected by asthma and have the highest mortality rate (Gong et 
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al., 2014). The prevalence of asthma is higher in developed versus developing countries 

(Akinbami et al., 2012). Australia has one of the highest prevalences of asthma in the world 

(10.8%) and the underlying reasons are still controversial (Australian Bureau of Statistics, 2015; 

Masoli et al., 2004). In terms of economic burden, the Australian Bureau of Statistics (2015) 

reported that the Australian government spent $655 million dollars on asthma in 2008-2009, 

with half spent on prescription pharmaceuticals. Although the number of asthma-related deaths 

in Australia is lower than other countries (e.g. 455 asthma-related deaths in 2015 reported by 

National Asthma Council Australia), deaths have been at the same level for many years, 

suggesting that better treatment strategies are still required (Australian Centre for Asthma 

Monitoring, 2007; Australian Centre for Asthma Monitoring, 2008). 

1.8.2 Pathogenesis of asthma  

1.8.2.1 Excessive contraction of the airway 

The ASM cell is the main effector cell responsible for the excessive contraction of the airways 

in asthma, termed AHR. ASM is one of the structural components of airway walls, present 

from the large trachea to the smallest respiratory bronchioles (reviewed in Gunst, 2012; 

Ouedraogo & Roux, 2014). In the lung trachea, ASM is only found within the trachealis 

membrane, which extends along the dorsal side of the trachea. In the main bronchi, ASM is 

arranged circumferentially and helically within the airway wall, surrounded by rings of 

cartilage. However, once the main bronchi divide into smaller bronchioles, extending into the 

lungs, the cartilage diminishes and ASM forms a continuous layer, representing the major 

structural component of the intralobular airways. 

The precise physiological function of ASM remains controversial but its pathophysiological 

role in asthma has been well established (Bara et al., 2010; Ouedraogo & Roux, 2014). One of 

the most accepted hypotheses for the physiological function of ASM is that it regulates the 

distribution of lung ventilation (Gunst, 2012). Since ASM is the major structural component in 

the intralobular airway, its contraction in this part of the lung could largely affect the 

distensibility of the lungs via modulating lung compliance (Oti, 1983).  

The contractile status of ASM is under the control of both neurotransmitters and mediators 

released from resident and inflammatory cells in the airway (Ouedraogo & Roux, 2014). Unlike 

skeletal, cardiac or other types of muscle, the source of Ca2+ required for initiating smooth 
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muscle contraction is mainly released from intracellular stores (Amrani & Panettieri, 2003). 

For example, histamine and acetylcholine induce ASM contraction via this pathway 

(Ouedraogo & Roux, 2014). The pro-contractile response of ASM is primarily regulated by 

GPCRs that are Gq and G12/13-coupled. Gq promotes activation of phospholipase C-β (PLCβ), 

which hydrolyses phosphatidylinositol 4,5-biphosphate (PIP2) leading to production of IP3 and 

DAG (Hall, 2000). IP3 binds to its receptor, IP3R, on the sarcoplasmic reticulum (SR) and 

results in release of Ca2+ into the cytosol (Berridge, 1993). Intracellular Ca2+ binds to 

calmodulin and forms a Ca2+-calmodulin complex, which promotes Ca2+-calmodulin complex-

dependent myosin light chain kinase (MLCK). MLCK phosphorylates regulatory MLCs 

forming phosphorylated-MLC (pMLC), which is responsible for regulating actin-myosin 

cross-bridge cycling and ASM contraction. To terminate ASM contraction, pMLC is usually 

dephosphorylated by myosin light chain phosphatase (MLCP). Both MLCK and MLCP 

activity are regulated by protein kinase A and protein kinase C (which is activated by DAG) 

(Morgan et al., 2014; Mukherjee et al., 2013). PKA phosphorylates IP3 receptors and MLCK 

to reduce their affinity for IP3 and calmodulin, respectively (Morgan et al., 2014). Both 

mechanisms limit the release of Ca2+
i and thereby inhibit ASM contraction.  

Compared to Gq-coupled receptors, Gs-coupled receptors promote relaxation of ASM.  The β2-

adrenoceptor (β2-AR) is the predominant Gs-coupled receptor on ASM (Billington & Penn, 

2003), although other Gs-coupled receptors such as adenosine 2B (A2B), also contribute to 

ASM relaxation (Brown et al., 2008). Gs activates adenylyl cyclase (AC), which catalyses the 

formation of cyclic AMP (cAMP) from cytoplasmic ATP. The production of cAMP leads to 

the activation of PKA, which reduces ASM contraction via the previously described 

mechanisms.  

Under normal physiological conditions, ASM contraction is well-regulated, which allows 

continuous and sufficient gas exchange in the lung. However, in asthma, pro-contractile Gq-

coupled receptor agonists, such as histamine, leukotrienes, prostaglandins and polyamines, are 

upregulated and released, in some instances by exaggerated infiltration of inflammatory cells 

(the details will be discussed in 2.4.3.) (Deshpande & Penn, 2006). Overall, this leads to 

increased constriction of ASM leading to potential airway closure and obstruction in asthma. 
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1.8.2.2 Airway inflammation 

Airway inflammation in asthma results from an exaggerated immune response to certain 

external stimuli, such as toxins and microbes  (Ganesan et al., 2013; Heijink et al., 2014). In 

the asthmatic airway, tyrosine kinase-linked receptors or GPCRs on epithelial and ASM cells 

are hyperreactive and this leads to release of excessive proinflammatory cytokines and 

chemokines. Epithelial cells release proinflammatory cytokines (e.g. thymic stromal 

lymphopoietin (TSLP), IL-25 and IL-33) and chemokines (Siracusa et al., 2012) whereas ASM 

cells release cytokines (e.g. IL-1, IL-5, IL-6, IL-8) and chemokines (e.g. eotaxin and RANTES) 

to recruit immune cells to the airway (Amrani & Panettieri, 2002; Freyer et al., 2001; Lazaar 

& Panettieri, 2001). In allergic T-helper (Th) asthma, eosinophils are the predominant immune 

cells recruited. Th2 cytokines, IL-4 and IL-13, induce the endothelial cells to express vascular 

cell adhesion molecule (VCAM)-1 (Bochner et al., 1995; Schleimer et al., 1992), which 

promotes eosinophil adherence to endothelial cells (Nagata et al., 1995; Nagata et al., 1999). 

Eosinophils then cross the endothelium via chemoattractants such as normal T cell expressed 

and secreted (RANTES), eotaxin, monocyte chemotactic protein (MCP)-3 and MCP-4 (Nagata 

et al., 2001). Eosinophils are activated and degranulated by granulocyte-macrophage colony-

stimulating factor (GM-CSF) (Nagata et al., 1998), releasing a variety of inflammatory 

mediators, including cysteinyl leukotrienes, reactive oxygen species, ECP, eosinophil 

peroxidase (EPX), major basic proteins (MBP) and cytokines (Gleich, 2000; Kita, 2013; Weller, 

2000) (the details will be discussed in section 2). Neutrophils, recruited by IL-8, are typically 

increased in more severe asthma and acute asthma exacerbations (Fahy et al., 1995; Kikuchi et 

al., 2006; Nakagome et al., 2012; Shannon et al., 2007). Neutrophils contribute to asthma 

severity via neutrophil-mediated oxidative stress or neutrophil protease-mediated goblet cell 

degranulation (Innes et al., 2009). Basophils secrete circulating granulocytes and contain 

cytoplasmic granules with histamine, which is a bronchoconstrictor agent (Nadif et al., 2013; 

Schwartz & Voehringer, 2011). A wide variety of inflammatory cells are recruited in different 

types of asthma. 

1.8.2.3  Airway remodelling 

Airway remodelling refers to the structural changes in the airway, including epithelial 

proliferation, hyperplasia and hypertrophy of ASM and deposition of extracellular matrix 

(ECM) (Martin & Verma, 2012). During an asthma attack, ASM function is dysregulated and 
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overreacts to contractile agonists such as acetylcholine (ACh) and spermine, leading to 

increased airway contraction (airway hyperresponsiveness; AHR) and resultant breathlessness. 

In asthma, airway remodeling and inflammation are closely correlated and affect each other 

by positive feedback, but airway remodeling can occur in the absence of airway inflammation 

(Tang et al., 2006). Proinflammatory mediators, such as epidermal growth factor receptor 

ligands, IL-9 and IL-13, also promote epithelial proliferation and goblet differentiation whereas 

the structural cells of the airways induce airway inflammatory responses (Cohn et al., 2004). 

In both human asthma and animal models of allergic airways disease, epithelial cells 

differentiate into mucus secreting goblet cells and both the number and size of mucus glands 

increase (Li & Wilson, 1997). The presence of excessive mucus, protein, and inflammatory 

cells contributes to obstruction of the airways and the disruption of surfactant functions. 

Furthermore, resident fibroblasts can differentiate to myofibroblasts and contribute to 

subepithelial collagen deposition, which results in thickening of the airway wall (Jeffery, 2001). 

This increase in airway wall thickness exacerbates airway narrowing (James et al., 1989). 

Collagen deposition also has important but controversial effects on airway responsiveness. 

During tidal breathing (air into or out of the lungs during quiet breathing), the parenchyma 

exerts forces on the airway wall, which results in bronchodilation but this effect is largely 

abolished by the increased thickness of the asthmatic airway wall (Gunst & Stropp, 1988). On 

the other hand, collagen deposition reduces buckling of the epithelium due to 

bronchoconstriction to a greater extent than under normal physiological conditions (Lambert 

et al., 1994). Therefore, the overall effects of collagen on AHR are unclear. 

1.8.3 Polycations in asthma 

Polyamines are aliphatic cations found ubiquitously in the body. Polyamines are implicated in 

a wide variety of cellular functions, such as cell growth and differentiation (Agostinelli et al., 

2010). Polyamines can be ingested in food or synthesized by human cells (Soda, 2010). 

Polyamine synthesis and metabolism are tightly regulated (Figure 1.7). Concentrations of 

polyamines in organs are relatively higher than in the peripheral circulation (Pegg, 2016). The 

levels of polyamines are low in non-proliferating cells, but their levels increase once mitogenic 

stimulation begins (Pegg, 2016). Although full details of their actions remain to be investigated, 

polyamines have been shown in multiple studies to contribute to inflammation and cell 
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proliferation (Jain, 2018), and polyamines may play a role in exacerbating asthma (Yarova et 

al., 2015).  

The effects of polyamines on inflammation have been well established. Polyamines prolong 

the eosinophil life span by inhibiting apoptosis and they regulate eosinophil migration by 

enhancing the cell-surface levels of the adhesion molecule integrin CD11b (Ilmarinen et al., 

2015; Ilmarinen et al., 2012). Furthermore, polyamines induce the release of histamine from 

mast cells, which can exacerbate inflammation and potentially cause acute bronchoconstriction 

in asthma (García-Faroldi et al., 2010). In terms of neutrophils and macrophages, polyamines 

induce the respiratory burst (exogenous superoxide) generated by neutrophils or increase 

macrophage differentiation by inducing IL-4 and polarizing monocytes into M2 macrophage 

subtypes, both exacerbating asthma severity (Guarnieri et al., 1987; Van den Bossche et al., 

2012). The depletion of polyamines via induction of polyamine catabolism reduced the gene 

expression level of M2 macrophages, which are the main subtypes in asthma (Van den Bossche 

et al., 2012). All of these inflammatory cells play an important role in airway inflammation as 

described in section 1.8.2.2. 

Previous studies have demonstrated that arginase activity is increased in murine asthma models, 

and results in increased production of polyamines and consequent AHR (Kurosawa et al., 1992; 

North et al., 2013). The polyamine spermine increases ACh-mediated contraction of ASM cells 

ex vivo (Grasemann et al., 2012). A possible explanation for this potentiation is that the level 

of the endogenous bronchodilator nitric oxide (NO) is reduced because L-arginine is a common 

precursor for the synthesis of both polyamines and NO. Alternatively, polyamines may directly 

activate the CaSR expressed on ASM cells, inducing the release of Ca2+
i and amplifying ACh-

mediated contraction (discussed in 1.8.2.1) (Yarova et al., 2015). 

As discussed in section 1.8.2.2., the release of polycations by eosinophils may increase asthma 

severity. MBP disrupts the integrity of lipid bilayers via cytotoxic effects whereas EPX is a 

peroxidase that produces reactive oxidants and radical species (Blanchard & Rothenberg, 2009).  

However, recently, Yarova et al. (2015) provided evidence that polycations mediate ASM 

contraction via the CaSR. Polyamines induce Ca2+
i mobilisation, p38 MARK phosphorylation 

and cAMP breakdown in ASM cells via the CaSR (Yarova et al., 2015). All of these effects 

were abolished once CaSR on the ASM was knocked out, suggesting that the CaSR plays an 

important role in mediating the effect of polycations in asthma.  
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Figure 1.7. The polyamine metabolic pathway. The first precursor for polyamine synthesis is arginine, which 

is converted into L-ornithine by arginase (Raina A, 1984). Putrescine is then synthesised from L-ornithine by 

ornithine decarboxylase (ODC) and further converted into spermidine and spermine by two distinct aminopropyl 

transferase synthases (Agostinelli et al., 2010; Iacomino et al., 2012; Maarsingh et al., 2008).  MTA, 5'-

methylthioadenosine; ODC, ornithine decarboxylase; SSAT, spermidine/spermine-N1 acetyl-transferase; PAO, 

acetylpolyamine oxidase. 

1.8.4 Current treatments for asthma and their limitations 

Mainstream treatments for asthma include inhaled anti-inflammatory corticosteroids (ICSs) 

and bronchodilator β2-AR agonists, either alone or as combination therapy, and leukotriene 

receptor antagonists (Fergeson et al., 2017). ICSs and β2-AR agonists have been used to treat 

asthma since the 1950s and they significantly reduce asthmatic symptoms and mortality rates 

(Tattersfield, 1997). On the basis of potential dual bronchoprotective and anti-inflammatory 

effects, leukotriene antagonists were predicted to have significant benefits in asthma, but 
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clinical outcomes have been disappointing, and ICSs and β2-AR agonists remain the preferred 

treatments (Ducharme et al., 2006; Nelson et al., 2000). Countless efforts have been made to 

discover new treatments for asthma over the past two decades. The introduction of omalizumab 

targeting IgE in allergic asthma, or mepolizumab and dupilimab targeting IL-5 or IL-4/IL-13 

has led to improved outcomes in selected patients who are not well-controlled despite 

optimised doses of standard therapy.  

Despite this progress, there remains an unmet need for more effective asthma treatments. 

Notably, the frequent use of β2-AR agonists is associated with receptor desensitization and loss 

of efficacy, while steroid resistance can result in uncontrolled inflammation. No current drug 

effectively prevents AHR or reverses established airway remodelling. Targeting of GPCRs 

holds the most potential for drug discovery to overcome these limitations, Identification of a 

therapy that targets more than one pathophysiological aspect of asthma would be potentially 

more powerful than any current treatments.  

1.9.1 ICSs 

ICSs have been used as the first line therapy for patients with persistent asthma for decades 

(reviewed in Alangari, 2014; Barnes, 2006b). They can be used for mild and moderate levels 

of asthma, and in both chronic progression and acute exacerbation (Dahl et al., 1993; Juniper 

et al., 1990a; Juniper et al., 1990b). Pulmonary function, relapse rate and rate of hospital 

admission or length of stay are improved with ICSs (Rowe et al., 1999). However, ICSs have 

no effect on peak expiratory flow rate (maximum speed of expiration, used to define a person’s 

ability to breath out air), even at the highest dosage (Brenner et al., 2000).  

ICSs reduce the frequency and severity of asthma attacks via their anti-inflammatory effects. 

ICSs bind to cytoplasmic glucocorticoid receptors (GRs), thus stimulating GR translocation to 

the nucleus, where they homodimerise (Barnes, 2006a). The GR homodimer consequently 

binds to a glucocorticoid response element (GRE) in the promoter region of steroid responsive 

genes, thereby enhancing transcription of anti-inflammatory genes, including those that encode 

cytokines and chemokines (e.g. IL-10, IL-12 and IL-1), mitogen-activated protein kinase 

phosphatase-1 (an inhibitor of the MAPK inflammatory pathway), and β2-ARs (which will be 

further discussed in section 1.9.2.) (Barnes, 2006a; Clark et al., 2008; Hart et al., 2000). On the 

other hand, GRs also decrease inflammatory cytokines by suppressing gene transcription of 

chemotactic mediators and adhesion molecules mediated by transcription factors such as 
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nuclear factor-κB (NF-κB) and activator protein-1 and inhibiting the survival of inflammatory 

cells in the airways, especially eosinophils, T-lymphocytes and mast cells (Barnes, 2006b). 

Besides its interaction with GR element (GRE), GRs can also regulate gene transcription by 

working with CREB-binding protein and thus enhancing recruitment of histone deacetylase 

(HADAC2) (Barnes, 2006a). HADAC2 induced by administration of ICSs reverses histone 

acetylation, therefore reducing airway inflammation in asthma (Barnes, 2006a).  

Some asthmatic patients do not benefit from corticosteroid treatments because they are 

intolerant or resistant. Ten percent of asthmatic patients need maximal dosages of ICSs to 

control their asthma symptoms and symptoms in ~1% of asthmatic patients cannot be treated 

by ICSs at all (Barnes et al., 1995). Resistance to ICSs may result from ICS-induced reduced 

expression or activity of GRs (Barnes, 2004a) although many other mechanisms have been 

implicated (Wadhwa et al., 2019).  

1.9.2 β2-AR agonist treatment 

β2-AR agonists are effective bronchodilators, opposing ASM contraction irrespective of the 

contractile stimulus (Kume et al., 1994). β2-AR agonists couple to Gs and adenylate cyclase, 

leading to increased cAMP to oppose calcium signalling resulting in airway relaxation. Both 

short-acting β2-agonists (SABAs) and long-acting β2-agonists (LABAs) are used in asthma, 

with the latter only used in combination with ICS as preventer medication. β2-agonists have 

several limitations, as excessive use can result in tolerance due to β2-AR desensitisation, which 

in turn predisposes to increased risk of life-threatening attacks (Bush, 2019). Desensitisation 

of β2-ARs is mediated by several mechanisms: phosphorylation and uncoupling from G 

proteins, internalisation and down-regulation (Shore & Moore, 2003). PKA directly 

phosphorylates β2-AR itself whereas G protein receptor kinases (GRK) bind to β2-AR and the 

GRK-phosphorylated receptors then bind to arrestins, ultimately leading to uncoupling of G 

proteins from β2-AR and termination of receptor signalling (Bouvier et al., 1989; Krupnick & 

Benovic, 1998). Internalisation of β2-AR is also induced by arrestins, which act as scaffolding 

proteins, connecting β2-AR with clathrin. The β2-AR is subsequently endocytosed into 

endosomes (Goodman et al., 1997). Although β2-AR agonists are the most commonly used 

treatment for excessive bronchoconstriction in asthma, the potential for receptor desensitisation 

identifies a need for alternative or adjunct dilator therapies. 
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1.10 Novel therapeutics for asthma 

Previous studies have demonstrated that CaSR NAMs have various therapeutic effects in 

different disease models, including models of acute lung injury induced by lipopolysaccharide, 

allergic airways disease induced by ovalbumin or mixed allergen challenge (Lee et al., 2017; 

Yarova et al., 2015). CaSR NAM NPS89636 treatment reduced airway inflammatory cells and 

pro-inflammatory cytokines in the airway (Lee et al., 2017; Yarova et al., 2015).  NPS2143 

inhibited ASM thickening and airway fibrosis but could not reverse airway inflammation, 

following mixed allergen challenge (Lee et al., 2017; Thompson et al., 2016). Furthermore, 

NPSP-795 had better ant-inflammatory efficacy than the steroid fluticasone propionate when 

daily treatment commenced after ovalbumin sensitisation and challenge (Yarova et al., 2021). 

In terms of bronchodilator effects, NPS89636 prevented in vitro contraction to spermine in 

small mouse airways (Yarova et al., 2015) whereas NPSP-795 and ronacaleret, reversed 

contraction of mouse trachea to acetylcholine (Yarova et al., 2021; Yarova et al., 2015). These 

results suggest it is important to screen different CaSR NAM chemotypes against different 

asthma aspects. The multiple effects of NAMs may arise from inhibition of CaSR coupling to 

multiple heterotrimeric G proteins, including Gq/11, G12/13 and Gi/o, which are all involved in 

pathophysiological pathways in asthma (Conigrave & Ward, 2013). 

1.11 Aims

Despite growing evidence for the CaSR being a putative therapeutic target in asthma, there is 

still a lack of understanding of: i) the signalling pathways relevant to asthma that are activated 

by polyamines via the CaSR; ii) the efficacy profile of biased and probe-dependent NAMs to 

reverse airway contraction, and; iii) the structural basis for polyamine binding to and activation 

of the CaSR.  

In this project, we sought to validate the CaSR as a therapeutic target for treating asthma by 

determining whether CaSR NAMs can reverse or prevent mouse airway contraction (Aim 1) 

or increased CaSR expression and signalling activated by polyamines in primary healthy and 

asthmatic ASM cells (Aim 2). Finally, we sought to determine the binding sites and efficacy 

residues of polycations in the CaSR (Aim 3).
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2.1 Introduction 

Asthma is a heterogeneous chronic airway disease, characterised by airway inflammation and 

airway remodelling leading to AHR (Holgate, 2012). SABAs, such as salbutamol, relieve 

symptoms of breathlessness, while anti-inflammatory ICS alone or in combination with 

LABAs reduce inflammation and the frequency and severity of asthma attacks (Fergeson et al., 

2017). With increasing disease severity, the frequent use of higher doses of salbutamol can lead 

to potential receptor desensitization and loss of dilator efficacy. Novel therapies that overcome 

these limitations are required to improve symptom control and reduce mortality when current 

dilator treatments are ineffective (Cazzola et al., 2012). 

The ASM cell is the main effector cell responsible for AHR in asthma. In asthma, chronic 

airway inflammation promotes ASM cell sensitivity to elevations in intracellular calcium 

(Ca2+
i), as well as airway remodelling that increases the bulk of ASM. These changes enhance 

contractile responses to non-specific stimuli (reviewed in Lam et al., 2019). The contractile 

status of ASM is under the control of neurotransmitters and inflammatory mediators acting via 

GPCRs (Billington & Penn, 2003). Gq/11-coupled GPCRs, including the M3 muscarinic 

acetylcholine receptor (mAChR), stimulate IP3 production and consequent release of Ca2+
i to 

promote ASM contraction. In contrast, Gs-coupled GPCRs, such as the β2 AR, increase 

signalling via cAMP and PKA pathways to oppose Ca2+-mediated contraction and elicit airway 

relaxation. 

The CaSR is expressed in ASM (Roesler et al., 2019; Yarova et al., 2015) and has a well-

established role in Ca2+
o homeostasis (Brown et al., 1993). However, activation of the CaSR 

increases Ca2+
i mobilisation and can therefore also drive ASM contraction (Yarova et al., 2015). 

Of note, CaSR expression is upregulated in ASM from human asthmatic subjects and from 

mice sensitised with mixed allergens (ovalbumin, Aspergillus sp, Alternaria sp and HDM) 

(Yarova et al., 2015). Furthermore, endogenous CaSR agonists, such as the polyamine 

spermine, are increased in blood and sputum from asthmatics (Kurosawa et al., 1992) and 

induce contraction of isolated airways (Yarova et al., 2015), suggesting that the CaSR may be 

a novel target for asthma treatment.  

Synthetic small molecule CaSR NAMs have been discovered. These include amino alcohol 

NAMs such as NPS2143, NPS89636 and ronacaleret (Gowen et al., 2000a; Yang et al., 2009), 

quinazolinone NAMs such as ATF936, as well as structurally distinct NAMs such as BMS 

compound 1 and Pfizer compound 1 (Figure 1.4). Mutagenesis studies have shown that CaSR 
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NAMs bind to sites that are topographically distinct from the endogenous CaSR agonist, Ca2+
o, 

and inhibit Ca2+
o-mediated Ca2+

i mobilisation in HEK293 cells (Josephs et al., 2019). However, 

different NAMs display distinct pharmacological profiles at the CaSR in terms of their ability 

to inhibit Ca2+
o-mediated signalling. These differences are due to their distinct affinities and 

cooperativities (magnitude and direction of allosteric effects) at the receptor. Little is known 

about how CaSR NAMs inhibit polyamine activity at the CaSR.   

The effects of in vivo treatment with CaSR NAMs has previously been assessed in a model of 

acute lung injury induced by lipopolysaccharide (Lee et al., 2017), models of allergic airways 

disease induced by ovalbumin or mixed allergen challenge (Lee et al., 2017; Yarova et al., 

2015). Preventative treatment with NPS89636 reduced inflammatory cell influx and levels of 

pro-inflammatory cytokines in the lung (Lee et al., 2017; Yarova et al., 2015) while NPS2143 

also inhibited allergen-induced ASM thickening and airway fibrosis (Lee et al., 2017; 

Thompson et al., 2016). Chronic treatment with either NAM prevented the development of 

AHR to MCh following allergen challenge (Lee et al., 2017; Yarova et al., 2015). Although 

NPS2143 failed to reverse inflammation when administered after mixed allergen challenge 

(Lee et al., 2017; Thompson et al., 2016), a recent study showed that NPSP-795, a CaSR NAM 

previously tested in clinical trials for osteoporosis, had greater ant-inflammatory efficacy than 

the steroid fluticasone propionate when daily treatment commenced after ovalbumin 

sensitisation and challenge (Yarova et al., 2021).  

Of note, CaSR NAMs have also shown efficacy as acute bronchodilators. NPS89636 prevented 

in vitro contraction to spermine in mouse intrapulmonary airways in PCLS (Yarova et al., 

2015), while a series of CaSR NAMs, including NPSP-795 and ronacaleret, reversed 

contraction of mouse trachea to acetylcholine (Yarova et al., 2021). Further investigation of 

the mechanisms whereby different NAMs inhibit the activity of polyamines such as spermine 

at the CaSR is required. It is also important to establish whether all different CaSR NAM 

chemotypes reverse ASM contraction, and to compare their acute effects with salbutamol to 

support their therapeutic potential for the treatment of asthma.  

In this study, we have assessed the ability of different CaSR NAMs to inhibit polyamine-

mediated cellular Ca2+
i mobilisation and IP1 accumulation in recombinant HEK293 cells. 

Mouse PCLS were then used to compare the relative dilator efficacy of selected NAMs to β2 

AR agonists.  We demonstrate differential bronchodilator effects of CaSR NAMs, maintained 
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under conditions of β2 AR desensitization, supporting their use as novel alternative or adjunct 

agents to oppose airway contraction.  

2.2 Methods 

2.2.1 Materials 

The following materials were synthesized: Pfizer compound 1, ATF936 and ronacaleret 

(Institut de Recherches Servier, France) as described previously (Li et al., 2013; Widler et al., 

2010); BMS compound 1 (SYNthesis Med Chem Research PTY, Parkville, Australia) as 

described (Yang et al., 2009). The following materials were purchased: Flp-InTM TREXTM 

Human Embryonic Kidney (HEK) 293 cells and ultra-pure low melting point agarose 

(Invitrogen, Carlsbad, USA); Fluo-4-AM (Molecular Devices, San Jose, USA); Fluo-8-AM 

(acetoxymethyl ester) (Abcam, Cambridge, USA); Methacholine (MCh), ionomycin, 

salbutamol (Sigma Aldrich, St Louis, USA), USA); Hank’s balanced salt solution (HBSS; 

Thermo Fisher, USA); Dulbecco’s Modified Eagle’s Medium (high glucose), poly-D-lysine 

(PDL) and blasticidin HCl (Invitrogen, Carlsbad, USA), hygromycin B (Roche, Mannheim, 

Germany), tetracycline (dissolved in 100% ethanol, stored at 3 mg/mL at -20°C); 1M N-2-

hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) (Gibco Life Technologies, AU). 

2.2.2 Generation and Maintenance of FlpIn HEK TRex Cells stably expressing the 

CaSR 

The generation of DNA and FlpIn HEK TREx cells stably expressing c-myc-tagged WT CaSR 

in pcDNA5/frt/TO has been described previously (Davey et al., 2012; Leach et al., 2016).  FlpIn 

HEK TREx CaSR cells were maintained in DMEM containing 5% FBS, 200 μg/mL 

hygromycin B and 5 μg/mL blasticidin S HCl.    

2.2.3 Ca2+
i mobilisation assay 

FlpIn HEK293 TRex-expressing CaSR cells were seeded in clear 96-well plates coated with 

PDL (50 µg mL-1) at 80,000 cells/well and incubated overnight in the presence of 5 or 100 ng 

mL-1 tetracycline to induce low or high CaSR expression. On the following day, cells were 

washed with assay buffer (150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 10 mM D-Glucose, 
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10 mM HEPES, 1.2 mM CaCl2, 0.5 % BSA and 4 mM probenecid at pH 7.4) and loaded with 

Fluo-8 AM (1 μM in assay buffer) for 1 hr at 37 oC. CaSR NAMs were added to cells and pre-

incubated for 20 min prior to the addition of spermine using a Flexstation 1 or 3 (Molecular 

Devices; Sunnyvale, California). Alternatively, for NAM interaction experiments, cells were 

washed, loaded with Fluo-8 AM and pre-incubated with CaSR NAMs as described before but 

using assay buffer with 1.2mM CaCl2. The effects of NAMs on release of Ca2+
i in response to 

spermine were measured at 37°C using a Flexstation. Fluorescence was detected for 60 sec at 

490 nm excitation and 520 nm emission and the peak Ca2+
i mobilisation response 

(approximately 12 sec after agonist addition) was used for the subsequent determination of the 

agonist response. Relative peak fluorescence units were normalised to the fluorescence 

stimulated by 1 μM ionomycin to account for differences in cell number and loading efficiency. 

2.2.4 IP1 accumulation assay 

Following overnight induction of CaSR receptor expression with 100 ng/mL tetracycline, cells 

were harvested and re-suspended in assay buffer (150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 

10 mM D-glucose, 10 mM HEPES, 0.1 mM CaCl2, 50 mM LiCl, pH 7.4) at 1.43 x106 cells per 

mL. Spermine was added with either vehicle (assay buffer) or NAM along with 1x104 cells in 

a total volume of 14 µL to each well of 384-well white proxiplates (PerkinElmer). Plates were 

then centrifuged for 1 min at 350 x g and incubated at 37 oC for 45 min.  The IP- One Tb™ 

assay kit (CisBio Bioassays, Codolet, France) was used to detect myo-IP1, based on FRET 

between d2-conjugated IP1 and Lumi4™-Tb cryptate conjugated anti-IP1 antibody. These 

reagents were diluted 1:30 with lysis buffer and 3 μL of each was added to wells following 

agonist stimulation.  Lysates were incubated for 1 hr and FRET was detected using an Envision 

plate reader (PerkinElmer) where emission of Lumi4-Tb cryptate was detected at 620 nm and 

emission of d2-conjugated IP1 at 665 nm. Results were calculated from the 665 nm/620 nm 

ratio.  

2.2.5 Animals 

All animal experimental procedures were approved by Monash University Animal Ethics 

Research Committee (approval MARP-2, #7135 and #15151) and complied with the 

Guidelines of the National Health and Medical Research Council (NHMRC) of Australia on 
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Animal Experimentation.  Male C57/BL6 mice (6-8 weeks old) were obtained from the Animal 

Research Platform, Monash University.  Mice were caged at 22oC and given free access to food 

and water. 

2.2.6 PCLS 

PCLS were prepared as previously described (Bourke et al., 2014). After euthanasia, mouse 

lungs were inflated with warm 2% w/v ultra-pure low melting point agarose in HBSS 

supplemented with 40 mM HEPES (sHBSS) via a tracheal cannula, followed by a small bolus 

of air to push the agarose into alveolar spaces. The agarose was solidified at 4oC for 20 min, 

before a single lung lobe was dissected and mounted in a vibratome (VT 1000S, Leica 

Microsystems) in cold sHBSS to prepare serially sectioned into 150-220 μm thick PCLS.  

Slices were cultured in 24 well plates for up to 48 hr in high-glucose DMEM supplemented 

with 1% penicillin-streptomycin solution, at 37oC and 5% CO2. Slices were cultured for 16-24 

hr before assessment of airway reactivity, with some slices also treated with CaSR NAMs (10 

µM) or salbutamol (100 µM) to assess potential bronchoprotection and/or desensitisation 

(Donovan et al., 2014).  

2.2.7 Acquisition of small airway images. 

Phase contrast microscopy was conducted using an inverted microscope (Eclipse Ti-U; Nikon).  

Individual slices were placed in a custom-made perfusion chamber between 2 cover glasses 

(approximately 100 μL volume) and covered in fine wire mesh (Small Parts Inc.) with a small 

hole cut over the airway under examination. A single airway (150–400 μm diameter) was 

selected for experimentation based on the presence of an intact layer of epithelial cells 

displaying ciliary activity. PCLS were perfused with sHBSS or drugs (spermine, MCh, 

salbutamol, NPS2143, Pfizer compound 1 or BMS compound 1), delivered using a gravity fed 

system, for assessment of airway responses.  

Some slices were treated with 20 mM caffeine and 50 μM ryanodine as a model to examine the 

relative contributions of inhibition of Ca2+ oscillations and Ca2+ sensitivity to dilator responses 

(Bai & Sanderson, 2006; Bourke et al., 2014). Treatment with caffeine and ryanodine has been 

shown to empty internal Ca2+ stores, clamp Ca2+
i at a sustained high level and abolish 

subsequent contractile agonist-induced Ca2+ oscillations. Under these conditions, subsequent 
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airway contraction is due to increases in Ca2+ sensitivity alone, mediated by activation of 

RhoA/Rho kinase and/or PKC/CPI-17 pathways to decrease the activity of myosin light chain 

phosphatase and oppose relaxation (Bai & Sanderson, 2006; Bourke et al., 2014). 

2.2.8 Image analysis. 

Digital images were recorded in time lapse (0.5 Hz) using image acquisition software (Video 

Savant; IO industries, Inc.), converted to TIFF files and analysed using PC software NIH/Scion 

(Scion Corporation). An appropriate grey scale threshold was chosen to distinguish between 

the airway lumen and surrounding tissue, with lumen area in each image calculated by pixel 

summation.  Responses were averaged over the last minute or measured as the maximal 

relaxation/contraction during each perfusion condition.    

For PCLS experiments, airway contraction to spermine or MCh was measured as the decrease 

in lumen area, normalised as a percentage of the initial area. Airway relaxation to salbutamol 

or NAMs was expressed as a percentage of the MCh-induced pre-contraction.  

2.2.9 Data and Statistical analysis 

All non-linear regression analysis was performed using GraphPad Prism® 8.0.2 (GraphPad 

Software, San Diego, Cam USA).  All parameters were derived as logarithms. 

The following four-parameter equation was fitted to concentration-response data for spermine 

in mouse PCLS, and MCh and salbutamol in PCLS: 

Response = Bottom +  
(Top − Bottom) X (𝐴𝑛𝐻) 

𝐴𝑛𝐻 + 𝐸𝐶50
𝑛𝐻

Eq. 1 

Where Bottom and Top represent the bottom and top asymptotes of the curve, respectively; A 

denotes the agonist concentration; nH (hill slope) describes the steepness of the curve, 

constrained to unity for PCLS; and EC50 is the concentration of agonist that gives the mid-point 

response between Bottom and Top. 
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The following operational model of agonism was fitted to data describing spermine at the CaSR 

in HEK293 cells: 

Eq. 2 

Where [A] is agonist concentration, KA
 is the agonist equilibrium dissociation constant; τA is 

the agonist efficacy; Em is the maximal system response and was determined from the response 

to Ca2+
o at the CaSR; nT is the logistic transducer function linking agonist concentration to 

response and was constrained to unity; nB is the slope of agonist binding linking agonist 

concentration to occupancy.  

The following operational model of allosterism was fitted to data describing the interaction 

between spermine and the NAMs in HEK293 cells: 

Response =  
𝐸𝑚  (𝜏𝐴 [𝐴]𝑛𝐵(𝐾𝐵 + 𝛼𝛽 [𝐵] +  𝜏𝐵 [𝐵][𝐾𝐴]𝑛𝐵)𝑛𝑇

([𝐴]𝑛𝐵𝐾𝐵 + 𝐾𝐴
 𝑛𝐵𝐾𝐵 +  𝐾𝐴

𝑛𝐵  [𝐵] +  𝛼𝛽 [𝐵] + 𝜏𝐵[𝐵][𝐾𝐴]𝑛𝐵)𝑛𝑇

Eq. 3 

Where KA, τA, [A], nB, nT and Em are the same as in Eq 2; KB is the affinity of the NAM; τB is 

the operational efficacy of the NAM; α and β are the allosteric effects on orthosteric agonist 

affinity and efficacy, respectively; and [B] is the NAM concentration 

The following biphasic equation was fitted to concentration-response curves for NAM-

mediated bronchorelaxation in PCLS: 

Response = 𝐵𝑜𝑡𝑡𝑜𝑚 +
(𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚) × 𝐹𝑟𝑎𝑐

10(𝐸𝐶50_1−𝐴)×𝑛𝐻1
+

(𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚) × (1 − 𝐹𝑟𝑎𝑐)

10(𝐸𝐶50_2−𝐴)×𝑛𝐻2

Eq 4. 

Where Top and bottom are the same as in the Equation 1, nH1 and nH2 are unitless slope 

factors and were constrained to unity in this study, Frac is the fraction of the concentration-

response curve derived from the more potent phase, EC50_1 and EC50_2 are the agonist 

Response=
𝐸𝑚 𝜏𝐴𝑛𝑇[𝐴]𝑛𝐵𝑛𝑇

𝜏𝐴𝑛𝑇[𝐴]𝑛𝐵𝑛𝑇 + ([𝐴]𝑛𝐵 + 𝐾𝐴𝑛𝐵)𝑛𝑇
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concentrations that give half-maximal responses in the first and second phases of the 

concentration-response curves. 

2.3 Results 

2.3.1 Spermine causes transient contraction and potentiates MCh-induced contraction 

in mouse airways 

As previously reported, the CaSR agonist spermine induces airway contraction (Yarova et al., 

2015). In the present study, in mouse PCLS, spermine elicited contraction in a concentration-

dependent manner, but each response was transient, lasting less than one minute (Figure 2.1A, 

B). All airways responded to 300 μM spermine, with variability in lower threshold 

concentrations evident between preparations (Figure 2.1C). From individually fitted curves 

(dotted lines), the estimated maximal reduction in airway area to spermine was 54±9%, with a 

pEC50 of 5.1±0.6 (Table 2.1). By comparison, MCh caused similar maximal reduction in 

airway area (Figure 2.1D, Table 2.1) but was 20-fold more potent than spermine (*P<0.05; 

unpaired t test; Table 2.1).  

We next investigated whether spermine potentiated MCh-induced contraction consistent with 

a previous report (Yarova et al., 2015).  Contraction to MCh was increased in the presence of 

300 µM spermine (EC80) (Figure 2.1A), with spermine causing a leftward shift in the MCh 

concentration-response curve (Figure 2.1D). There was a trend towards an increased maximal 

MCh response, and a significant 7.9-fold increase in MCh potency in the presence of spermine 

(#P<0.01; paired t test; Table 2.1). 
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Figure 2.1. The CaSR agonist spermine causes transient airway contraction and increases contraction to 

MCh in mouse PCLS. PCLS were prepared from naïve male C57/Bl6J mice for concentration-response curves 

to spermine and MCh. A. Representative images of airways during perfusion with HBSS buffer, 300 μM spermine 

or 3 μM MCh with spermine. Scale bar = 50 μm. B. Representative trace showing transient contraction to 300 μM 

spermine followed by stable contractions to increasing concentrations of MCh, perfused at 5-minute intervals in 

the presence of spermine. C. Contraction to spermine, shown as grouped data (solid line) and individual fitted 

curves (n=5).  D. Contraction to MCh alone (n=4) and MCh in the presence of 300 μM spermine (n=4). S = 

spermine alone before MCh. Data are expressed as % initial airway lumen area, mean ± s.e.m. Curves through the 

data points are the best fit of equation 2 to the data. 
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Table 2.1.  Comparison of potency and maximum contraction of spermine or MCh in the absence and 

presence of 300 μM spermine in mouse small airways in vitro. Airway reactivity was assessed in PCLS, with 

potency and maximum (% reduction in initial area) obtained from individual log concentration-response curves. 

Data are expressed as mean ± s.e.m. *P<0.05, unpaired t test compared with spermine; #P<0.01, paired t test 

compared with MCh. 

2.3.2 CaSR NAMs differentially inhibit spermine-induced Ca2+
i mobilisation and IP1 

accumulation in FlpIn HEK293 TRex cells via the CaSR. 

The following NAMs were investigated in this study: i) NPS2143 and ronacaleret are amino 

alcohol NAMs and two of the first CaSR NAMs to be discovered and evaluated for 

osteoporosis in preclinical (NPS2143) or human clinical (ronacaleret) trials (Fitzpatrick et al., 

2011; Gowen et al., 2000a); ii) ATF936 is a quinazolinone NAM that failed in clinical trials 

for osteoporosis due to limited efficacy (Cosman et al., 2016; Halse et al., 2014a); iii) BMS 

compound 1 and Pfizer compound 1 are chemically distinct NAMs that did not progress to 

clinical trials for osteoporosis.  

We characterised how CaSR NAMs inhibit spermine-induced IP1 accumulation and Ca2+
i-

mobilisation via the CaSR in HEK293 cells because these two pathways contribute to ASM 

contraction. We initially characterised the interactions of spermine with the CaSR in Ca2+
i 

mobilisation assays (Figure 2.2A). Using 100 ng/mL tetracycline to induce maximum CaSR 

expression, spermine potency was 4.40±0.02, the maximum spermine response approached 

100% of the 1 μM ionomycin response, and the binding slope and hill slope was 1.8±0.2 and 

2.3±0.12, respectively (Figure 2.2A). The steep spermine hill slope is consistent with the steep 

Ca2+
o hill slope driven by Ca2+

o binding to multiple binding sites in a positively cooperative 

manner (Gregory et al., 2020). Spermine concentration-response assays were additionally 

performed in cells where CaSR expression was submaximally induced using 5 ng/mL 

tetracycline. Under these low CaSR expression conditions, receptor reserve was decreased, 

causing the spermine concentration-response curve to shift to the right, as well as a reduction 

in the spermine maximum response (to approximately 70% of the ionomycin response) (Figure 

2.2A). Equation 2 was fitted to spermine concentration-response data generated under high and 

low CaSR expression conditions to derive the spermine affinity (pKA), efficacy (logτA) and 

binding slope (nB) at the CaSR (Figure 2.2A & Table 2.2).  These data confirmed that the 

(n) pEC50 Maximum contraction 

(%) 

Spermine 5 5.1±0.6 54±9 

MCh 4 6.4±0.2* 70±4 

MCh + spermine 4 7.3±0.3# 83±4 
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spermine binding slope was greater than unity, suggesting that spermine binds to more than 

one site on the CaSR. In this study, we assume binding slope of spermine-mediated Ca2+
i and 

IP1 accumulation is equal to1.8 for simplicity (Gregory et al., 2020). 

Next, spermine-mediated IP1 accumulation was assessed. In the IP1 accumulation assay, the 

maximum spermine-induced response was only 70% that of Ca2+
o (Figure 2.2B), meaning 

spermine was a partial agonist compared to Ca2+
o. Therefore, spermine affinity and efficacy in 

the IP1 accumulation assay were derived using the response to Ca2+
o as the maximum system 

response.  For this analysis, we assumed the simplest scenario where nB did not differ between 

signalling pathways, and nB was therefore constrained to the value derived from analysis of 

spermine-mediated Ca2+
i mobilisation data. Spermine affinity was 10-fold higher for Ca2+

i 

mobilisation than IP1
 accumulation. (pKA: 3.5±0.05 vs 2.5±0.09), while efficacy was more than 

10-fold higher for the Ca2+
i mobilisation pathway (logτA: 1.70±0.04 vs -0.0523) (Table 2.2).

Next, we assessed the ability of five CaSR NAMs (NPS2143, Pfizer compound, BMS 

compound 1, ATF936 and ronacaleret) to inhibit spermine-mediated signalling. All CaSR 

NAMs investigated in this study inhibited spermine-induced Ca2+
i mobilisation but to varying 

extents (Figure 2.2C, E, G, I, K). Pfizer compound 1 and ATF936 almost completely 

abolished the spermine response (Figure 2.2E & I). In comparison, NPS2143 reduced 

spermine potency but only partially attenuated the spermine maximum response, while BMS 

compound 1 reduced spermine potency but had no effect on the spermine maximum response 

(Figure 2.2G). NAMs were also assessed for their ability to inhibit spermine-mediated IP1 

accumulation. While NPS2143, Pfizer compound 1, ATF936 and ronacaleret inhibited IP1 

accumulation stimulated by spermine, BMS compound 1 was without effect (Figure 2.2D, F, 

H, J & L).    

The interactions between the CaSR NAMs and spermine at the CaSR were analysed using an 

operational model of allosterism to quantify NAM functional affinities (referred to herein as 

pKB) and cooperativities (αβ) (Eq 3). Since CaSR NAMs alone did not mediate any responses 

in Ca2+
i mobilisation or IP1 accumulation assays, τ was constrained to 0 for this analysis.  The 

affinities of NAMs for the CaSR varied by up to 100-fold in Ca2+
i mobilisation assays (one-

way ANOVA with Tukey’s multiple comparisons test). The rank NAM pKB order was 

NPS2143 = Pfizer compound 1 > ATF936 > Ronacaleret > BMS compound 1(Table 2.2).  The 

rank logαβ order of the NAMs was Pfizer compound 1 = ATF936 > NPS2143 > ronacaleret > 

BMS compound 1 (Table 2.2). As observed in Ca2+
i mobilisation assays, CaSR NAMs also 
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showed differential modulation in IP1 accumulation assays. The rank NAM pKB order in IP1 

assays was NPS2143 = Pfizer compound 1 > ATF936 > ronacaleret > BMS compound 1. The 

rank NAM logαβ order in IP1 assays was Pfizer compound 1 = ATF936 = ronacaleret = 

NPS2143 > BMS compound 1 (Table 2.2).  BMS compound 1 was without effect in IP1 assays 

(Figure 2.2 G, H).   

Based on the results of NAM interaction studies with spermine in Ca2+
i mobilisation and IP1 

accumulation assays, we selected Pfizer compound 1 with the highest cooperativity and affinity 

in opposing spermine in Ca2+
i and IP1 assays, NPS2143 as a prototypical CaSR NAM, and 

BMS compound 1 with the lowest cooperativity and biased effects towards opposing Ca2+
i 

mobilisation versus IP1 accumulation, to assess their potential bronchorelaxant effects in mouse 

airways.  
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Figure 2.2. CaSR NAMs differentially inhibit spermine-induced Ca2+
i mobilisation and IP1 accumulation 

in FlpIn HEK293 TRex cells stably expressing the CaSR.  Spermine induces A. Ca2+
i mobilisation and B. IP1 

accumulation in FlpIn HEK293 TRex cells stably transfected with the CaSR induced by 5ng/mL or 100ng/mL 

tetracycline overnight. The effects of C. NPS2143 E. Pfizer compound 1 G. BMS compound 1, I. ATF936, K. 

ronacaleret on the peak Ca2+
i mobilisation responses to spermine were determined and corrected to the baseline 

response prior to the addition of agonist or vehicle and normalised to 1μM ionomycin.  The effects of D. NPS2143 

F. Pfizer compound 1, H. BMS compound 1, J. ATF936, I. ronacaleret on the IP1 accumulation response to

spermine were measured and normalized as fold over basal (vehicle).  Data are mean ± s.e.m. determined in 4-5

separate experiments performed in duplicate.  Curves through the data points are the best fit of equation 2 to the

data in A&B and equation 2 in C-L.
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Table 2.2. Spermine affinity (pKA), efficacy (logτA) and NAM affinity (pKB) and cooperativity (logαβ) estimates derived from Ca2+
i mobilisation and IP1 accumulation 

assays measuring NAM inhibition of spermine responses.  Data are mean ±s.e.m from the indicated number of independent experiments (n) performed in duplicate, analysed 

using equation 3. NR denotes to no response. ND denotes to not determined 

Ca2+
i mobilisation IP1 accumulation 

pKA (n) logτA pKB Logαβ (αβ) pKA (n) LogτA pKB Logαβ (αβ) 

NPS2143 3.32±0.01 (5) 1.69±0.09 7.94±0.13 -1.89±0.10 2.67±0.22 (4) 0.25±0.19 6.49±0.33 -0.90±0.33

Pfizer 

compound 

1 

3.39±0.04 (5) 1.38±0.08 7.66±0.13 -2.27±0.17 2.53±0.15 (3) 0.30±0.19 7.02±0.13 -1.2±0.17

BMS 

compound 

1 

3.32±0.06 

(4) 
1.49±0.17 6.13±0.22 -1.26±0.26

NR 

(4) 

ATF936 
3.50±0.01 

(4) 
1.30±0.07 7.03±0.28 -2.03±0.30 2.53±0.10 (3) 0.26±0.03 6.98±0.35 -1.51±0.19

Ronacaleret 
3.35±0.04 

(3) 
1.53±0.26 6.61±0.21 -1.68±0.15 2.33±0.12 (4) 0.53±0.16 5.98±0.23 -1.35±0.16
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2.3.3 CaSR NAMs elicit relaxation in mouse small airways 

We assessed the dilator potency and efficacy of CaSR NAMs compared to salbutamol in 

mouse PCLS (Figure 2.3).  Representative traces and images from airways pre-contracted

with a submaximal concentration of MCh (300 nM) show that salbutamol and the CaSR 

NAM, NPS2143 (or Pfizer), elicit concentration-dependent (or not if images only) partial 

relaxation of small airways (Figure 2.3A, B).  

In airways pre-contracted to a similar extent with 300nM MCh (Table 2.3), average maximal 

relaxation was 50±7% for salbutamol (Figure 2.3C). For the CaSR NAMs, Pfizer compound 

1 had the highest maximal relaxation (Pfizer compound 1 70±16%; NPS2143, 32±8%; P<0.05).  

(Figure 2.3D, E, F). Notably, all CaSR NAMs, but not salbutamol, showed biphasic 

concentration-response curves (Figure 2.3D, E, F). Based on EC50_1 values (first phase 

potency), CaSR NAMs were approximately 1000-fold more potent than salbutamol, but no 

greater efficacy than salbutamol overall (Table 2.3).  

We then assessed the relative abilities of each bronchodilator in airways pre-contracted with 

3000 nM MCh.  The relaxation response to salbutamol against 3000 nM MCh was almost 

abolished (Figure 2.3C). The dilator CR curves for all NAMs were also right-shifted, with the 

apparent loss of the first phase of the dilator response (Figure 2.3D, E, F).  Nevertheless, all 

were still able to elicit robust partial relaxation at the maximum concentration tested.    

We explored this potential functional antagonism of dilator responses further, by correlating 

the % reduction in airway area in response to either 300 or 3000 nM MCh in individual PCLS 

with the matched relaxation to the highest concentration of each dilator tested (10 μM) (Figure 

2.4). Consistent with Figure 2.3, there was a reduction in dilator responses to salbutamol or the 

NAMs, irrespective of the concentration of MCh used. However, extrapolation of this 

relationship suggested that relaxation for salbutamol and BMS would be completely abolished 

in maximally contracted airways, while Pfizer compound 1 and NPS2143 would retain some 

dilator efficacy. 
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Figure 2.3. CaSR NAMs elicit concentration-dependent relaxation in mouse small airways. Airways in PCLS 

were pre-contracted with 300 nM or 3000 nM MCh, prior to perfusion with salbutamol, NPS2143, Pfizer 

compound 1 or BMS compound 1 (1 nM-10 μM).  Representative images show changes in airway area during 

pre-contraction to 300 nM MCh and then relaxed after perfusion to 10 μM A) salbutamol or B) NPS2143. 

Representative traces show changes in airway area during pre-contraction to 300 nM MCh prior to cumulative 

perfusion of C) salbutamol or D) NPS2143. Grouped relaxation data for E) salbutamol, F) NPS2143, G) Pfizer 

compound 1 or H) BMS compound 1 after pre-contraction (% reduction in area) with 300 nM or 3000 nM MCh. 

E-H) Relaxation is expressed as the % relaxation of the pre-contraction to MCh, I) Maximum relaxation

stimulated by 10 µM NAM post 300 or 3000 nM MCh-mediated contraction. All data are expressed as mean ±

s.e.m, n=4-7 independent experiments. Curves through the data points are the best fit of equation 4 to the data in

C and equation 3 to the data in D-F.

MCh
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Table 2.3. Effect of pre-contraction on potency and maximum relaxation of salbutamol and CaSR NAMs. Mouse airways were pre-contracted with 300 nM or 3000 nM 

MCh before dilator response curves were generated. For SALBUTAMOL and CaSR NAMs, % relaxation is shown for 10 μM of each dilator post 300 nM or 3000 nM MCh. 

For SALB, potency (pEC50) was derived from single phase curve fits using equation 1. NAM potency at the first phase (pEC50_1) was derived from biphasic curve fits using 

equation 4. Data are mean ± s.e.m. from (n) independent experiments with NAM pEC50 only estimated when a plateau in the response to NAM was achieved. ****P<0.00001 

compared with SALB, $P<0.05 compared with NPS2143, using one-way ANOVA with Tukey’s multiple comparisons.  ND denotes not determined due to incomplete curves. 

300 nM MCh 3000 nM MCh 

salbutamol NPS2143 
Pfizer 

compound 1 

BMS 

compound 1 
salbutamol NPS2143 

Pfizer 

compound 1 

BMS 

compound 1 

n 5 5 5 6 5 4 7 7 

pre-contraction 

(% initial area) 
76±3 49±10 59±5 65±2 67±11 61±10 49±7 56±3 

% relaxation 44±9 23±6 62±16$ 48±6 6±3 13±6 28±8 24±8 

pEC50_1 

5.7±0.2 

8.8±0.3 **** 8.6±0.1 **** 8.7±0.2 **** 

ND 

pEC50_2 ND 
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Figure 2.4. Correlation between pre-contraction to MCh and bronchodilator response to salbutamol and 

CaSR NAMs.  Mouse small airways were pre-contracted with MCh (300 nM, open symbols or 3000 nM, closed 

symbols), prior to A) SALB, B) NPS2143, C) Pfizer compound 1 or D) BMS compound 1. Relaxation responses 

to 10 µM of each dilator were assessed. All data are expressed as mean ± s.e.m., n=10-12 independent experiments. 
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2.3.4 NAM-mediated airway relaxation is not due to Ca2+ sensitivity 

Relaxation of mouse airways in PCLS to salbutamol has previously been shown to be due to 

inhibition of both MCh-induced Ca2+ oscillations and sensitivity (Donovan et al., 2014). The 

potential contribution of inhibition of Ca2+ sensitivity to NAM-mediated airway relaxation was 

therefore tested, using PCLS that were left untreated or treated with 20 mM caffeine and 50 

µM ryanodine (Figure 2.5A, B). This treatment abolishes Ca2+ oscillations so that MCh-

induced airway contraction following caffeine/ryanodine treatment is then attributed to 

increased Ca2+ sensitivity alone.  

In untreated slices, dilator responses to the same NAM were reproducible (Figure 2.5A, C, D, 

E, shown as C1 and C2). A representative trace from a caffeine/ryanodine treated slice shows 

the transient contraction to treatment, due to release of Ca2+
i due to activation of ryanodine 

receptors, with the lack of subsequent contraction to 20 mM caffeine confirming store depletion 

(Figure 2.5B). Relaxation to 10 µM NPS2143 was completely abolished after 

caffeine/ryanodine (Figure 2B, C), indicating that this CaSR NAM cannot oppose contraction 

due to increased Ca2+ sensitivity. Dilator responses to BMS compound 1 and Pfizer compound 

1 were variable and reduced overall post caffeine/ryanodine (Figure 2D,E), suggesting that 

these NAMS may also have limited efficacy when contraction is driven by Ca2+ sensitivity. 
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Figure 2.5. CaSR NAMs do not relax small airways following Ca2+-permeabilisation. Slices were 

permeabilised to Ca2+ by simultaneous treatment with 20 mM caffeine and 50 µM ryanodine to lock ryanodine 

receptors open to clamp Ca2+
i concentrations. Representative trace showing the response to 300 nM MCh under 

A) control and B) Ca2+ permeabilised conditions. Relaxation responses (mean ± s.e.m.) represent the % relaxation

following pre-contraction mediated by MCh, averaged over the best relaxation during the perfusion with 10 µM

CaSR NAMs C) NPS2143 D) Pfizer compound 1 E) BMS compound 1. All data are expressed as mean ± s.d.,

n=2-4 independent experiments. C1 and C2 refer to the two relaxation responses to CaSR NAMs on the same

mouse PCLS, without caffeine/ryanodine treatment (panel A). C refers to the first relaxation to CaSR NAMs and

caff/ryan refers to the relaxation to CaSR NAMs after caff/ryan treatment.
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2.3.5 CaSR NAMs do not reverse MCh & spermine induced airway contraction.  

As described before, the CaSR agonist spermine potentiated MCh-induced airway contraction 

(Figure 2.1D).  Given the reduced efficacy of all dilators with increased MCh-induced 

contraction, we characterised whether CaSR NAMs could reverse the increased airway 

contraction induced by the combination of spermine and MCh.   

Representative traces show greater reduction in airway area in response to spermine and MCh 

compared to MCh alone, with complete loss of dilator efficacy for Pfizer compound 1 (Figure 

2.6A, B). Although all three CaSR NAMs caused partial relaxation of MCh-induced 

contraction, they were unable to reverse the increased airway contraction caused by combined 

spermine and MCh. In contrast, salbutamol maintained its bronchorelaxant effect irrespective 

of the contractile stimulus (Figure 2.6C, D).  

Figure 2.6. CaSR NAMs do not reverse airway contraction induced by MCh in combination with spermine. 

Representative trace showing contraction to 300 nM MCh in the A) absence or B) presence of 300 μM spermine 

added prior to addition of 10 μM Pfizer compound 1. Maximum % relaxation responses to 10 μM salbutamol or 

CaSR NAMs after pre-contraction to D) MCh or E) MCh and spermine (mean ± s.e.m.). All data are expressed 

as mean ± s.e.m, n=4-8 independent experiments 
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2.3.6 CaSR NAMs elicit airway relaxation in mouse small airways despite β2-AR 

desensitisation.  

A major limitation of current therapy with β2-AR agonists is loss of efficacy due to receptor 

desensitization. To assess whether dilator responses to CaSR NAMs are affected by 

heterologous receptor desensitization, lung slices were incubated overnight with a high 

concentration of salbutamol (100 µM). β2-AR-induced relaxation in response to 10 µM 

salbutamol was completely abolished, (Figure 2.7A, B). In contrast, NAM-mediated relaxation 

(NPS2143, Pfizer compound 1 and BMS compound 1) was maintained with similar potency 

and efficacy compared to untreated lung slices (Figure 2.7C-E). 
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Figure 2.7. CaSR NAMs elicit concentration-dependent relaxation of mouse small airways in lung slices 

following β2-AR desensitisation.  Slices were incubated overnight with vehicle (0.1% distilled water) or 

SALBUTAMOL (100 µM).  Airways were pre-contracted with 300 nM MCh prior to addition of 10 µM salbutamol 

(SALB) or varying concentrations of NPS2143, Pfizer compound 1 or BMS compound 1. A) Representative trace 

showing NPS2143 concentration-dependent responses following overnight incubation with vehicle or SALB. 

Grouped data for B) salbutamol C) NPS2143 D) Pfizer compound 1 E) BMS compound 1 added cumulatively. 

Relaxation (mean ±s.e.m.) represent the % relaxation following pre-contraction to 300 nM MCh,****P<0.0001 

compared with untreated. 

2.3.7 Overnight exposure to CaSR NAMs differentially prevents MCh-induced small 

airway contraction  

Having shown that CaSR NAMs maintain efficacy under condition of β2-AR desensitisation, we 

aimed to assess whether their dilator response were affected by homologous desensitisation. To 

address this aim, we treated PCLS overnight with increasing concentrations of NPS2143, Pfizer 
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compound 1or BMS Compound 1 that had been shown to relax pre-contracted airways (Figure 

2.3). 

We tested whether prolonged treatment with these NAMs affected MCh-induced contraction the 

next day, as a measure of maintained airway viability. Due to time constraints, dilator responses 

to the CaSR NAMs after overnight treatment were not assessed.  

Maximum reductions in airway area to MCh in PCLS after overnight treatment with vehicle were 

approximately 50-60% (Figure 2.8A, B, C). Prior treatment with NPS2143 and Pfizer compound 

1 reduced MCh-mediated contraction in a concentration-dependent manner, despite MCh 

contraction being assessed in the absence of CaSR NAMs. Contraction was completely abolished 

following 10 μM NPS2143 overnight, while 10 μM Pfizer compound 1 also significantly reduced 

MCh efficacy (from 59±5% reduction in airway area to 33±14%, n=8, 7).  In contrast, MCh-

induced airway contraction was unaltered after overnight incubation of lung slices with 1 or 10 

μM BMS compound 1.   

Figure 2.8. Overnight pre-incubation with CaSR NAMs differentially prevents MCh-mediated contraction.  

PCLS were pre-incubated with 0.01% DMSO (vehicle), 1 or 10 µM of A) NPS2143. B) Pfizer compound 1 or C) 

BMS compound 1.  Lung slices were washed three times for 20 min with HBSS prior to perfusion with increasing 

concentrations of MCh. All data are expressed as mean ± s.e.m, n=4-8 independent experiments. No error bars are 

visible for 10 µM NPS2143 due to the error bars falling within the data point symbols  
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2.3.8 CaSR NAMs do not cause acute bronchoprotection of MCh-induced small airway 

contraction  

Given the potential inhibitory effects of overnight treatment of CaSR NAMs on MCh-induced 

contraction (Figure 2.8), we then assessed whether short-term treatment with CaSR NAMs or 

formoterol was bronchoprotective. For these studies, a control contraction to MCh was established 

before PCLS were treated with 10 μM NPS2143 (or 0.1% DMSO as vehicle control) for 20 min 

prior to and during a single addition of spermine (300 μM) followed by MCh (300 nM). 

Representative traces show transient contraction to spermine in DMSO-treated PCLS, but not in 

the continued presence of NPS2143 (Figure 2.9A, B). Spermine (300 μM) caused 25±4% 

reduction in airway size with vehicle but only 6±4% in the presence of NPS2143 (**P<0.01, 

unpaired t-test; Figure 2.9D). In comparison, the contraction to MCh in the absence and presence 

of NPS2143 within the same slice remained unchanged, as showed in Figure 2.9C. Similarly, 20 

min pre-incubation of lung slices with Pfizer compound 1 or BMS compound 1 did not reduce 

MCh-induced airway contraction (Figure 2.9E). In comparison, 20 min incubation with the LABA 

formoterol prevented 300 nM MCh induced airway contraction (Figure 2.9E).   
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Figure 2.9. 20 min pre-incubation of lung slices with CaSR NAMs prevents contraction to spermine but not 

MCh. A representative trace of contraction to 300 nM MCh pre and post 20 min static incubation with A) 0.1% DMSO 

or B), C) 10 µM NPS2143 or D) 10 µM formoterol followed by A), B) 300 µM spermine or C), D) 300 nM MCh. 

Grouped data for E) contraction to spermine in separate PCLS in the absence or presence of NPS2143 F) contraction 

to MCh in the matched PCLS pre and post CaSR NAMs, 0.1% DMSO, 10 µM NPS2143, Pfizer compound 1, BMS 

compound 1, or formoterol. Data are expressed as mean ± s.e.m (panel E), N=4-5; #P< 0.01, paired t-test compared 

with responses to spermine before NPS2143 incubation; *P<0.05, paired t-test compared with responses to MCh 

before formoterol incubation.  
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2.4 Discussion 

The current study has shown that CaSR NAMs are effective bronchodilators in mouse PCLS, and 

when studied for their ability to reverse MCh-mediated mouse airway contraction, have higher 

potency and similar maximal relaxation effects compared to salbutamol. We also confirmed that 

the CaSR agonist, spermine, induces bronchoconstriction in mouse airways, with lower but similar 

efficacy to MCh. Since spermine-mediated airway contraction was transient, it was not possible to 

assess the effects of NAMs on spermine-mediated contraction. However, we have now 

demonstrated that CaSR NAMs maintain their potency and efficacy in opposing MCh-induced 

contraction under condition of β2 AR desensitisation when salbutamol-mediated relaxation is 

abolished. Although we were unable to establish acute bronchoprotective effects, we showed that 

longer term treatment with selected NAMs may also prevent bronchoconstriction.   

A previous study demonstrated that the amino alcohol NAM, NPS89636, stimulated a small but 

non-significant relaxation of small airways that had been constricted with spermine (Yarova et al., 

2015). However, until now, no study had quantified the ability of CaSR NAMs to inhibit spermine-

mediated CaSR activation, therefore, it was unclear whether amino alcohol NAMs were the best 

candidates for asthma therapeutics. We therefore assessed different NAMs in our study. Initial 

pharmacological characterisation was performed with a range of CaSR NAMs in FlpIn HEK293-

CaSR TREx cells in Ca2+
i mobilisation and IP1 accumulation, as these two signalling pathways are 

important for ASM contraction (Billington & Penn, 2003). Interestingly, the potency, affinity and 

efficacy of spermine were higher in Ca2+
i mobilisation compared to IP1 accumulation assays. This 

may be because CaSR activation increases Ca2+
i concentrations via IP-mediated Ca2+

i
 release from 

the endoplasmic reticulum as well as via Ca2+
o influx through calcium channels (Thomsen et al., 

2012b), suggesting the superior ability of spermine to elevate Ca2+
i is due to the contribution of 

Ca2+
o influx through channels. Pfizer compound 1 and ATF936 had strongest cooperativity in 

spermine-mediated Ca2+
i mobilisation and IP1 accumulation assays, consistent with a previous 

study demonstrating these two NAMs showed the strongest negative cooperativity when Ca2+
o was 

used as the agonist in Ca2+
i mobilisation (Josephs et al., 2019). BMS compound 1 showed 

intriguing biased effects towards Ca2+
i mobilisation, and was without effect in IP1 accumulation 

assays. BMS compound 1 inhibited Ca2+
i mobilisation presumably via inhibition of CaSR-

mediated Ca2+
o influx through channels. All other NAMs had inhibitory effects in both pathways. 
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These results are reminiscent of similar findings with CaSR PAMs, which show differential effects 

on Ca2+
i mobilisation versus IP1 accumulation (Davey et al., 2012). 

Having deduced that Pfizer compound 1 and BMS compound 1 had the highest and lowest 

affinities and cooperativities, respectively, in Ca2+
i and IP1 assays, we chose these two NAMs to 

study in mouse PCLS studies, in addition to NPS2143 as a prototypical amino alcohol NAM. As 

we could not assess the ability of NAMs to reverse spermine-mediated airway contraction due to 

its transient nature, we pre-contracted airways with MCh as a gold standard bronchoconstrictor.  

Following airway contraction induced by a submaximal concentration of MCh, all CaSR NAMs 

reversed airway contraction. Intriguingly, all CaSR NAMs showed biphasic bronchorelaxation 

effects. Biphasic responses at the CaSR have been previously reported, where lower concentrations 

of Ca2+
o induced vasoconstriction but higher concentrations resulted in vasodilation in 

subcutaneous arteries (Li et al., 2011). Possible mechanisms of the NAM biphasic responses 

include NAM binding to two non-equal binding sites, or differential inhibition of two distinct 

spermine binding sites.  

Importantly, the amino alcohol NAM, NPS2143 was the least effective NAM at reversing the 

effects of MCh. In contrast, Pfizer compound 1 was the most efficacious NAM at reversing MCh-

mediated airway contraction, followed by BMS compound 1. The efficacy of all NAMs was 

reduced when airways were contracted with 3000 nM MCh, a concentration previously shown to 

cause maximum airway contraction in mouse PCLS. It remains to be determined whether the total 

biphasic response to the NAMs actually lost efficacy, or whether just the first phase was abolished, 

since this may provide insights into their dilator mechanisms.  

Similar findings indicative of functional antagonism were observed for salbutamol, consistent with 

a previous study (Donovan et al., 2014). Airway relaxation was inversely correlated with MCh-

induced reductions in airway area, irrespective of the concentration of MCh used. Notably, this 

analysis revealed that while dilator responses to both salbutamol and BMS compound 1 would be 

completely abolished in maximally contracted airways, both Pfizer compound 1 and NPS2143 

would still elicit some bronchodilation. These findings demonstrate that different NAM 

chemotypes have varying capacity to act as bronchodilators, and highlight the importance of 

selecting the best NAM candidate for asthma. 
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Given these positive findings, we explored the potential mechanisms by which CaSR NAMs 

reversed airway contraction. We treated PCLS with caffeine and ryanodine, which abolishes the 

MCh-induced increase in Ca2+
i-oscillations, to assess whether CaSR NAMs can elicit relaxation 

when contraction is due to Ca2+
i-dependent mechanisms. These mechanisms are mediated by 

activation of RhoA/Rho kinase and/or PKC/CPI-17 pathways to decrease the activity of myosin 

light chain phosphatase and oppose relaxation, termed Ca2+sensitivity (Bai & Sanderson, 2006; 

Bourke et al., 2014). 

Previous studies have demonstrated that SABAs elicit relaxation via inhibition of Ca2+
 oscillations, 

measured by confocal microscopy of ASM cells in PCLS, and inhibition of Ca2+sensitivity in 

caffeine/ryanodine-treated PCLS (Delmotte & Sanderson, 2008; Donovan et al., 2014). Since 

CaSR NAMs lost their bronchodilator effects after caffeine and ryanodine treatment, it is possible 

that CaSR NAMs cannot reverse airway contraction when it is due to increases in Ca2+ sensitivity 

alone. These combined findings suggest possible complementary actions in severe asthma, 

whereby CaSR NAMs may be more effective in opposing functional antagonism, while SABA 

may be required to oppose increased Ca2+ sensitivity 

Because spermine is elevated in asthma and potentiates MCh-induced airway contraction 

(Kurosawa et al., 1992; Yarova et al., 2015), we also assessed CaSR NAMs and salbutamol against 

MCh-induced airway contraction in the presence of spermine.  In comparison to the comparable 

maximum bronchorelaxation effects of CaSR NAMs and salbutamol against MCh alone, CaSR 

NAMs lost their bronchodilator effects against airway contraction mediated by a combination of 

MCh and spermine, whereas salbutamol maintained its bronchodilator effects. When combine with 

evidence of their differential abilities to oppose contraction in caffeine/ryanodine treated PCLS, 

these results may reflect an increased contribution of Ca2+ sensitivity to contraction in response to 

the combination of MCh and spermine. 

The lack of bronchorelaxation effects of NAM in the presence of MCh plus spermine is likely to 

also be because spermine and the NAMs both target the same receptor, therefore it is harder for 

CaSR NAMs to reverse the effects of spermine-mediated CaSR activation. The latter may be 

because CaSR NAMs and spermine bind to similar sites in the CaSR 7TM meaning spermine 

competes with the NAMs for binding thus reducing NAM activity (Josephs et al., 2019). The 
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development of NAMs that bind to alternative binding sites may therefore be important for future 

drug discovery.  

β2-AR desensitisation limits the therapeutic efficacy of salbutamol and formoterol.  Therefore, we 

assessed the bronchodilation of CaSR NAMs following overnight salbutamol incubation, which 

causes β2-AR desensitisation (Donovan et al., 2014).  CaSR NAMs maintained their efficacy and 

potency following β2-AR desensitisation. Further, CaSR NAMs maintained their bronchodilator 

effects to successive applications (shown in untreated PCLS used as controls for Ca2+ sensitivity 

studies), suggesting that CaSR NAMs may not induce acute receptor desensitisation themselves. 

Therefore, CaSR NAMs could serve as alternative bronchorelaxants in patients where frequent use 

of β2-AR agonists such as salbutamol reduces β2-AR agonist efficacy.  

Due to time constraints, it was not possible to complete planned studies to address whether 

prolonged exposure to high concentrations of CaSR NAMs induces homologous desensitisation, 

potentially limiting their dilator efficacy in reversing MCh-induced contraction. However, our 

preliminary data revealed an unexpected finding, showing that PCLS treated overnight with 

increasing concentrations of NPS2143 and Pfizer compound 1, but not or BMS Compound 1, 

resulted in reduced MCh-induced contraction, despite these experiments being conducted after the 

PCLS were washed three times with assay buffer to remove the CaSR NAMs. NPS2143 The 

effects of Pfizer compound 1 and NPS2143 may be due to a NAM-mediated reduction in CaSR 

expression or to the ability of NPS2143 and Pfizer compound 1 to remain bound to the CaSR after 

PCLS were washed with assay buffer. These data suggest that the different NAMs may be 

mechanistically distinct in their capacity to prevent MCh-mediated bronchoconstriction.  

Alternatively, while BMS compound 1 may be readily washed from the lung slices following 

overnight treatment and washing of lung slices, NPS2143 and Pfizer compound 1 could bind 

pseudo-irreversibly to the CaSR, given them longer-term activity in preventing airway contraction. 

These possibilities remain a topic for future research, with implications for clinical translation. 

Acute bronchoprotective effects are also clinically relevant given the prophylactic use of SABA 

for exercise-induced bronchoconstriction and the use of LABA in combination with GCS as 

preventer medication in asthma. However, in contrast to formoterol, 20 min pre-incubation with 

the CaSR NAMs did not prevent MCh-mediated airway contraction. The observation that neither 

Pfizer compound 1 or NPS2143 showed acute bronchoprotection but prevented airway contraction 
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after overnight treatment is consistent with a long-term mechanism underlying their inhibitory 

effects, and suggests that some CaSR NAMs could have long-term efficacy in protecting against 

bronchoconstriction.  

It was interesting to note that the bronchodilator and bronchoprotection patterns of CaSR NAMs 

were not exactly as would be predicted based on their pharmacological profile in HEK293 cells in 

Ca2+
i or IP1 accumulation assays, despite the contributions of these pathways to airway contraction. 

For instance, while BMS compound 1 affinity and cooperativity in these assays were significantly 

lower than those of NPS2143, its dilator efficacy in mouse PCLS was not. Other potential second 

messengers that could be involved in NAM-mediated bronchodilation are cAMP and cGMP as 

both are important for inducing bronchorelaxation in response to 2-AR agonists (Billington et al., 

2013). Furthermore, receptor-mediated signalling events can be cell type-specific, therefore the 

effects of CaSR NAMs against spermine in recombinant FlpIn HEK293 Trex cells may not reflect 

pathways coupled to the interactions of CaSR NAMs with MCh-induced contraction in ASM cells. 

This highlights the importance of investigating CaSR NAMs in primary cell cultures, such as 

human primary ASM cells.   

In summary, there are current limitations of β2-AR agonists including limited efficacy and receptor 

desensitisation, suggesting they should not be used as a sole therapy even for mild asthma. There 

is still a clinical need for safe and effective bronchodilators that could provide alternate and 

additional benefits in asthma, and particularly in more severe asthma or following β2-AR 

desensitisation (Barnes & Woolcock, 1998; Dockrell et al., 2007). In addition to our current 

findings, CaSR NAMs reduce airway inflammation, remodelling and hyperresponsiveness in 

preclinical models of chronic asthma (Lee et al., 2017; Thompson et al., 2016; Yarova et al., 2021; 

Yarova et al., 2015), suggesting CaSR NAMs may be beneficial in treating multiple aspects of 

asthma.  Future studies should validate that CaSR NAMs retain bronchodilator effectiveness in 

preclinical models of asthma, including models that display airway inflammation, remodelling and 

AHR induced by asthma-relevant allergens, such as HDM. 
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3.1 Introduction 

Human airways are composed of different airway cell types, including epithelial, endothelial and 

ASM cells. While these airway cell types all contribute to airway structure and function, ASM 

cells have a critical role in regulating airway tone and contractility. Therefore, ASM itself is an 

important drug target in asthma and bronchodilators used clinically to treat asthma act via receptors 

expressed on ASM. 

The molecular mechanisms underlying ASM contraction were discussed in detail in section 1.8.2.1. 

Briefly, Gq-coupled GPCRs are activated by contractile mediators, including ACh acting via the 

M3 mAChR and spermine activating the CaSR. Receptor coupling to Gq leads to IP3 synthesis, 

which induces the release of Ca2+
i from the sarcoplasmic reticulum into the cytosol, causing airway 

contraction via actin and myosin cross bridge formation. In contrast, airway relaxation is 

predominantly mediated by Gs-coupled GPCRs, which stimulate cAMP production resulting in 

PKA-mediated inhibition of Ca2+
i release. The 2-AR mediates bronchodilation when activated by 

agonists, such as salbutamol and formoterol. However, other GPCRs also have bronchorelaxant 

roles in the lungs including the Gs-coupled adenosine 2B (A2B) receptor, bitter taste receptors, 

GABA receptors (Barnes, 2004b; Breschi et al., 2007; Brown et al., 2008; Pera & Penn, 2016).  

The CaSR is expressed in both human fetal and adult ASM (Yarova et al., 2015) and is upregulated 

at both the gene and protein level in human asthmatics compared to healthy individuals (Yarova 

et al., 2015). Fetal lungs have a higher Ca2+
o concentration than adult lungs. Compared to adult 

ASM, CaSR expression in fetal ASM was shown to be higher and more sensitive to activation by 

Ca2+
o (Roesler et al., 2019). In asthma, IL-1β and other cytokines are responsible for increasing 

CaSR expression in ASM cells (Yarova et al., 2015). Upregulation of CaSR expression enhances 

its responsiveness to contractile stimuli such as spermine. 

In Chapter 2, we demonstrated that CaSR NAMs have different bronchodilator efficacies in 

airways in mouse PCLS and distinct abilities to prevent MCh-induced airway contraction after 

overnight PCLS incubation. However, the underlying signalling pathways that drive NAM-

mediated bronchodilation in ASM are yet to be fully characterised. It is important to identify 

signalling pathways contributing to (patho) physiological ASM functions for the future rational 

design of CaSR NAMs that inhibit these pathways. 
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Therefore, the aim of this study was to characterise the CaSR in human ASM cells and investigate 

CaSR related (patho) physiological signalling pathways in ASM cells. Previous studies have 

shown that activation of the CaSR in ASM cells leads to increased Ca2+
i concentrations, reduced 

cAMP and activation of MAPK (Roesler et al., 2019; Yarova et al., 2015). In this study, we sought 

to detect CaSR mRNA expression in human ASM cells from healthy, mild asthmatic or severe 

asthmatic donors using real-time quantitative polymerase chain reaction (RT-qPCR). We also 

measured the Ca2+
i mobilisation responses of the human ASM cells to the endogenous contractile 

mediators MCh, spermine and Ca2+
o, because Ca2+

i mobilisation is an important signalling 

pathway for ASM contraction.  
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3.2 Methods 

3.2.1 Materials

The following materials were purchased: DMEM, penicillin streptomycin, TaqMan™ Fast 

Advanced Master Mix, Hard-Shell ® 96-well PCR plates, RNase Zap RNase Decontamination 

Solution, ULtraPure™ DNase/RNase-Free Distilled water, SYBR Safe DNA Gel Stain, 5x 

Gelpilot DNA Loading Dye, agarose, DNA ladder, TURBO DNA-free kit, iScript™ Reverse 

Transcription Supermix, trypsin, ethanol, TRI reagent, chloroform (Sigma Aldrich); Taqman 

probes (CaSR, ADORA2B and β-actin) (Thermo Fisher, Melbourne, Vic, Australia); Human 

ASM cells were a gift from A/Prof Brian Oliver (University of Technology Sydney). Cells were 

harvested from healthy donors, or donors with mild, moderate or severe asthma.  

3.2.2 Harvesting human ASM cells 

Human ASM cells were provided by A/Prof Brian Oliver (University of Technology 

Sydney), harvested from bronchial biopsies from healthy donors, or donors with mild or severe 

asthma, as previously described (Tan et al., 2013),  

Table 3.1. Characteristics of donor subjects whose human ASM cells was used for RT-PCR

or Ca2+
i mobilisation assays as shown.    

Subject ID Diagnosis Sex Age RT-PCR Ca2+ 

2724 Healthy M 20 ✓ ✓ 

2727 Healthy F 27 ✓ 

3205 Mild asthma M 23 ✓ 

3226 Mild asthma M 22 ✓ 

3254 Mild asthma M 21 ✓ 

4358 Severe asthma M 63 ✓ 

4270 Severe asthma F 64 ✓ 

4445 Severe asthma M 58 ✓
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3.2.3 Maintenance of cell lines 

Human ASM cells were maintained in DMEM with 10% FBS, supplemented with 25 mM HEPES 

and 1% penicillin and streptomycin at 37oC in a humidified atmosphere of 5% CO2, 95% O2. Cells 

were detached from tissue culture flasks using phosphate saline solution (PBS) (137 mM NaCl, 

2.7 mM KCl, 4.3 mM Na2HPO4, 1.5 mM KH2PO4) supplemented with 0.67 mM 

ethylenediaminetetraacetic acid (EDTA) and 0.1% trypsin. Cells were centrifuged at 350 x g for 3 

min, resuspended in media and reseeded into T75cm2 flasks at a dilution of 1:2. Cells were 

passaged up to passage 10. 

3.2.4 Freezing and thawing cells 

Cells in T75cm2 flasks reaching 70% confluence were harvested with 0.67 mM EDTA and 0.1% 

trypsin-supplemented PBS and centrifuged at 350 x g for 5 min. Cells were re-suspended in 1 mL 

freezing solutions (pre-cooled to 4°C, 90% FBS, 10% DMSO) and transferred into cyro-vials. 

Cryo-vials containing cells were placed in an isopropanol bath at -80°C for at least 24 hours before 

transfer to liquid nitrogen tanks or a vapour phase nitrogen storage system. For thawing cells, cells 

were bought up from storage by rapid defrosting at 37 °C and immediately transferred into a 

T75cm2 flask containing pre-warmed DMEM supplemented with 10% FBS. Cells were allowed 

to adhere and grow prior to use in assays.  

3.2.5 RNA extraction 

Human ASM cells were processed and assessed for mRNA expression using established TRIzol 

methods, which have been described in detail previously (Zhong et al., 2004). Cells were harvested 

and stored at -80 oC immediately. Total RNA was extracted and purified by adding 1 mL Trizol in 

the fume hood according to the manufacturer’s instructions. Following incubation at room 

temperature for 5 min, 200 µL of chloroform was added and samples were inverted vigorously for 

15 secs. After incubation for 3 min at room temperature, samples were centrifuged at 12,000 x g 

for 15 min at 4 °C resulting in separation into 3 layers. The upper clear supernatant was collected 

carefully and mixed with 500 µL isopropanol. The samples were then incubated for 10 min at room 
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temperature and centrifuged again at 12, 000 x g for 10 min at 4 oC. The white pellet (RNA sample) 

was collected and washed with 200 µL 75% ethanol. Ethanol was subsequently removed after 

centrifuging at 7,500 x g for 5 min at 4 °C. RNA was dissolved in 20 µL of DNase/RNase-free 

water and the RNA concentration was detected using a Nanodrop Spectrophotometer at 260 nm. 

The purity of RNA was confirmed by a 𝞴 260/280 absorbance ratio of 1.8-2.0, indicating the 

RNA was not contaminated by reagents used during extraction. 

3.2.6 cDNA synthesis 

Before cDNA synthesis, all RNA samples were run on an agarose gel (0.13%) to check the 

integrity and purity of the sample. RNA samples were treated with Turbo DNase and DNase 

Inactivation Reagents according to the manufacturer’s instruction to remove genomic DNA 

contamination. The concentration of mRNA used to produce cDNA was equalised for all samples 

to minimise any errors due to differences arising from small amounts of starting mRNA. 2 µL 5x 

iScript RT Supermix was added to 500 ng RNA or negative control containing only iScript RT

Supermix. Reverse transcription to generate cDNA was performed on an Applied Biosystems 2720 

Thermal cycler (conditions outlined in Table 3.2), prior to. Samples being collected and stored at 

-20 °C.

Table 3.2. The program used for reverse transcription cycle. 

1x 25 oC for 5 min 

1x 42 oC for 30 min 

2x 85 oC for 5 min 

1x 4 oC until stored at -20 oC 

3.2.7 RT- PCR 

RT- PCR was performed using Taqman® primers (CASR: Hs01047795_m1; ADORA2B: 

Hs00248984_m1; β-actin: Hs01060665_g1) and Taqman master mix (ThermoFisher). A mixture 

of 6 ul of probe-master mix and 4 µL of cDNA was added into each well of a qPCR plate. The 
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plate was carefully sealed and quickly centrifuged. qPCR was performed in duplicate using a qPCR 

BioRad machine, using the following protocol (Table 3.3).   

Table 3.3. The program used for RT-qPCR 

1x 50 oC for 2 min 

2x 95 oC for 10 min 

39x 95 oC for 15 sec 

60 oC for 1 min 

4 ℃ until sample transferred to fridge 

3.2.8 Ca2+
i mobilisation assays 

Human ASM cells were harvested and seeded into 96-well cleared bottom plates at a density of 

1x104 cells/well. Cells were allowed to grow to 70% confluency (approximately 7 days of growth). 

Cell media was changed every 3-4 days. Assays were performed in an isotonic buffer consisting 

of 150 mM NaCl, 2.6 mM KCl, 1.2 mM CaCl2, 1.18 mM MgCl2, 10 mM D-glucose, 25 mM 

HEPES, 4 mM probenecid and 0.5% w/v BSA, pH 7.4. Assay buffer was prepared as a 10x stock 

(without probenecid or BSA). A 1x stock (500mL) of assay buffer was prepared by adding 50 mL 

10x stock, 2.5 g BSA and 5 mL of 400 mM probenecid (dissolved in 1 M NaOH) to 450 mL MQ, 

and pH adjusted to 7.4 with 1 M HCl or 1M NaOH. Cells were washed with 100 µL assay buffer 

before being loaded with 50 μL assay buffer containing 1 µM Fluo-8-AM. After one-hour 

incubation at 37°C in a humidified atmosphere of 5% CO2, 95% CO2, Fluo-8-AM containing 

buffer was aspirated and 90 μL assay buffer added to each well. Ligands were added using a 

Flexstation 1 or 3 microplate reader (Molecular Devices; Sunnyvale, California). Peak 

fluorescence within 120 sec was detected at 485 nm excitation and 525 nm emission using a 

Flexstation 1 or 3 microplate reader.  

3.2.9 Data analysis 

For qPCR experiments, mRNA expression was determined using RNA extracted and processed 

under identical conditions for each sample to avoid any procedural differences. Expression of 
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CASR and ADORA2B mRNA was calculated relative to the housekeeping gene, β-actin, and 

expressed, where Cq is the crossing point threshold of the sample for the amplified gene cycle 

number required for the fluorescent signal to exceed the background fluorescence (equation 1). 

Multiplication of all values by 1,000 does not change the relative expression levels and facilitates 

viewing of the data for poorly expressed genes. 

Relative mRNA level = 2-Cq * 1000 

For Ca2+
i mobilisation experiments, responses to ligands were normalised as fold over the average 

of the baseline readings taken prior to ligand addition. Peak fold over basal responses to ligands 

were retrieved for data analysis. All experiments were performed in duplicate. 



Chapter 3  

CaSR characterisation in human ASM cells 

85 

3.3.Results 

3.3.1. Human ASM cells did not express CASR or ADORA2B 

We first investigated CASR and ADORA2B gene expression in ASM cells from healthy, mild 

asthma and severe asthma donors (Table 3.1). Untransfected FlpIn HEK293 TRex cells or FlpIn 

HEK293 cells stably transfected with the CaSR (HEK293-CaSR) were used as negative and 

positive controls, respectively. The adenosine A2B receptor contributes to ASM relaxation, as 

described previously (Zhong et al., 2004), but its expression levels are lower than M3 mAChR 

(Barnes, 2004b; Brown et al., 2008) so this qPCR assay was performed to validate detection of 

transcripts of a GPCR that is present but not expressed abundantly in human ASM cells.  

As expected, abundant CASR mRNA expression was detected in HEK293-CaSR cells (Figure 3.1), 

demonstrating the integrity of the CaSR Taqman probes and that CASR mRNA was not degraded 

during the RNA extraction or RT-PCR experiments.  

Only the #2724 cell line from a healthy donor demonstrated CASR mRNA expression at levels 

greater than those observed in untransfected HEK293 cells. Similarly, only minimal ADORA2B 

mRNA expression was detected in any of the ASM cell lines or in either the untransfected or 

transected HEK293 cells (Figure 3.1). Overall, our RT-qPCR data suggested minimal gene 

expression of either the CASR or ADORA2B in human ASM cells from healthy donors or donors 

with mild or severe asthma.  

Figure 3.1. Human ASM cells demonstrate minimal CASR or ADORA2B gene expression. CASR and ADORA2B 

mRNA levels were normalised to β-actin in each sample using Equation 1. Data are expressed as mean from n=1. 
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3.3.2. Contractile stimuli induce variable Ca2+
i mobilisation responses in ASM cells 

We next investigated Ca2+
i mobilisation in response to contractile mediators in human ASM cells, 

testing Ca2+
o as a stimulus as well as spermine and MCh. Each mediator was tested at two different 

concentrations, based on their effective concentration ranges in studies performed in FlpIn 

HEK293-CaSR cells and mouse PCLS in Chapter 2.  

The Ca2+
i mobilisation responses induced by the higher concentrations of each agonist tested over 

2 min are presented in Figure 3.2 and the peak responses following drug additions at both 

concentrations are summarised in Table 3.4. The peak responses occurred ~30 sec following drug 

addition and responses returned to baseline within 2 min (Figure 3.2).  

These data represent technical replicates performed in ASM from a subject without asthma (#2724) 

and four subjects with mild (#3205, #3226) or severe asthma (#4358, #4445). The average peak 

responses to ionomycin were less than 1.5- fold over basal in all samples (Table 3.4). However, 

there were considerable differences between some technical replicates, particularly in response to 

high Ca2+
o in samples #3205 (mild asthma) and #4445 (severe asthma) (Figure 3.2).  

To be more specific, in the healthy ASM cells (#2724), the responses to various agonists ranged 

from 1.1- to 1.4-fold over basal, with the highest responses seen in response to 10 mM Ca2+
o (Table 

3.4). Of note, one mild asthma ASM cell line (#3226) was more sensitive to contractile agonists 

compared to other cell lines, with 1.3- and 1.5-fold over basal responses to 10 µM MCh and 1 mM 

spermine, respectively.  In terms of severe asthma ASM donors, the responses to various agonists 

were quite similar to the same agonist in different cell lines, with 1.1- to 1.2-fold over basal. 

However, one severe asthma ASM cell line (#4445) gave 1.4-fold over basal responses to 10 mM 

Ca2+
o. 

Since only a single experimental replicate was performed to measure Ca2+
i mobilisation in 

response to MCh, spermine and Ca2+
o for each ASM cell line, no further interpretation can be made 

on this limited data.  Due to restrictions imposed by COVID-19-related lockdowns in Melbourne, 

there was insufficient time to continue with these studies in ASM cells during the course of this 

thesis, and further experiments were therefore discontinued. 
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Figure 3.2. Contractile mediators stimulate Ca2+
i mobilisation in human ASM cells. The trace graphs of Ca2+

i mobilisation of A) healthy, B) & C) mild asthmatic, 

D) & E) severe human asthmatic ASM cells to various agonists. Responses after drug additions are expressed as the fold over the basal response prior to ligand

addition. Data are mean± s.d. from technical duplicates.
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Table 3.4. Peak Ca2+
i mobilisation responses to contractile mediators in human ASM cells. Peak responses after drug addition are expressed as the fold over the 

basal response prior to ligand addition. Data are mean± s.d. from technical replicates. 

Cell 

line 

number 

Buffer Spermine MCh Ca2+
o Ionomycin 

10-4 M 10-3 M 10-5 M 10-4 M 10-3 M 10-2 M 10-6 M

Healthy 2724 1.08±0.02 1.12±0.05 1.15±0.02 1.13±0.07 1.13±0.11 1.08±0.05 1.39±0.09 1.21±0.04 

Mild 

asthma 

3205 1.07±0.07 1.08±0.01 1.10±0.02 1.09±0.03 1.10 ± 0.09 1.06±0.06 1.16±0.22 1.14±0.05 

3226 1.17±0.06 1.16±0.06 1.46±0.05 1.28±0.02 1.25±0.05 1.15±0.06 1.30±0.05 1.17±0.04 

Severe 

asthma 

4358 1.11±0.01 1.07±0.04 1.19±0.04 1.12±0.01 1.11±0.06 1.05±0.01 1.04±0.01 1.19±0.05 

4445 1.10±0.01 1.01±0.01 1.13±0.03 1.06±0.03 1.11±0.04 1.14±0.11 1.36±0.27 1.15±0.03 
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3.4 Discussion 

The aim of the current study was to compare CaSR mRNA expression and Ca2+
i mobilisation 

responses to ASM contractile mediators (MCh, spermine and Ca2+
o) in human ASM cells from 

donors of varying health status; healthy, mild asthma or severe asthma. Collectively, we 

detected minimal CaSR and A2B receptor mRNA expression and variable Ca2+
i mobilisation 

responses to these contractile mediators that were not related to asthma status. 

We could not detect considerable CASR or ADORA2B gene expression in human ASM cells. 

These findings were not consistent with multiple studies that have validated CASR or 

ADORA2B mRNA expression in human ASM cells (Lazrak et al., 2020; Yarova et al., 2015; 

Zhong et al., 2004). A few possible explanations are discussed. First, CASR and ADORA2B 

gene expression could have been lost during passaging and maintenance of the cells in culture 

media. Previous studies that detected CASR or ADORA2B gene expression in human ASM cells 

used younger primary cells (passage number 2-4) compared to our study (passage number 7-8) 

(Yarova et al., 2015; Zhong et al., 2004). Second, multiple studies have evaluated poor 

correlations between mRNA and protein levels of GPCRs of interest (Koussounadis et al., 

2015). Thirdly, different mRNA techniques could detect different levels of mRNA in the same 

sample (Sriram et al., 2019). Numerous techniques have been developed to measure mRNA 

levels of genes of interest, including TaqMan arrays and RNA sequencing (RNA-seq). 

However, when directly compared, these techniques detect significantly different mRNA levels 

of the same gene (Sriram et al., 2019) demonstrating differences in sensitivities. Therefore, we 

could apply more sensitive techniques to measure CaSR mRNA levels in the future.  

Several CASR gene expression regulatory elements have been identified and could be used in 

the future to maintain CASR gene expression to detectable levels. These factors include vitamin 

D and IL-1β, a pro-inflammatory cytokine involved in asthma (reviewed in Hendy & Canaff, 

2016; Schepelmann et al., 2016; Yarova et al., 2015). These regulatoy elements are present in 

in vivo systems but absent in the media used in this study.  

Alternatively, we could also measure CaSR protein levels in addition to CaSR mRNA. Multiple 

studies have validated CaSR protein expression in human fetal and adult smooth muscle cells 

using immunofluorescence and western blot analysis of cell lysates and increased CaSR protein 

expression (Roesler et al., 2019; Yarova et al., 2015). Indeed, CaSR protein was detected in 

human ASM cells and also increased after treatment with TNF-α and IL-13 (Yarova et al., 

2015). 
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We did detect Ca2+
i mobilisation responses to the CaSR agonists Ca2+

o and spermine, as well 

as the M3 agonist MCh, in human ASM cells. The reason for variable responses detected within 

some technical replicates for the same agonist tested in the same cell line is unclear. All cells 

were checked under a microscope after Ca2+
i mobilisation assays and no abnormalities in cell 

phenotype, health or distribution of cell numbers in different wells were observed. All agonists 

stimulated responses that were approximately 1.2 to 1.5-fold above basal. Somewhat 

surprisingly, responses in each cell line to a single agonist were generally similar when 

comparing the low and high concentrations of MCh, spermine and Ca2+
o, apart from two 

experiments (Ca2+
o in a healthy cell line, spermine in a mild asthma line). Furthermore, there 

were no marked differences with asthma status when comparing Ca2+
i mobilisation to the 

same agonist between different cell lines originating from healthy, mild asthma and severe 

asthma. 

Although we did not validate M3 receptor expression, there was a detectable response to 

MCh in the Ca2+
i mobilisation assays that was similar in healthy and asthmatic ASM. 

Increased M3 expression is not thought to contribute to AHR in asthma, but changes in 

downstream signalling have been implicated in increased contraction (Zaagsma et al., 1997). 

The current findings do not provide any evidence of increased Ca2+
i mobilisation in response 

to MCh in human ASM with increased disease severity. Although a single study has 

reported increased Ca2+
i oscillations in ASM from asthmatics (Sweeney et al., 2014), the 

current findings are consistent with another study which showed similar basal Ca2+
i 

concentrations and no difference in bradykinin-stimulated increases in Ca2+
i in ASM 

from subjects with and without asthma (Sweeney et al., 2015). The contribution of altered 

Ca2+
 signalling to AHR remains an active subject of investigation.   

Since only minimal CASR gene expression was detected in ASM cells, and protein expression 

was not measured, we could not define whether Ca2+
i mobilisation in response to 

spermine were mediated via the CaSR. In the future, we could measure and compare 

responses to these agonists after pre-incubation with CaSR NAMs to validate CaSR-specific 

responses in human ASM cells. Future experiments should also involve elucidation of 

additional signalling pathways in human ASM, including ERK1/2 phosphorylation, 

cAMP inhibition and accumulation. These pathways are potentially important in asthma 

pathophysiology, since cAMP has relaxant effects in ASM (Kume et al., 1994)., while 

phosphorylation of ERK1/2 regulates ASM proliferation and hypertrophy (Pascual & Peters, 

2005).  
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Overall, minimal CASR gene expression was detected in ASM, irrespective of asthma status, 

suggesting that further optimisation using more sensitive detection methods is required to 

explore the role of CaSR in asthma. Future experiments could also use asthma-relevant 

inflammatory cytokines to stimulate CaSR expression in culture. Until then, the contribution 

of CaSR to multiple processes contributing to altered airway structure and functions in asthma, 

and their potential targeting by CaSR NAMs, remains to be elucidated.   
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4.1 Introduction 

As described in chapter 1, the CaSR is a multimodal sensor that maintains diverse physiological 

functions. In addition to its primary physiological agonist, Ca2+
o, the CaSR responds to a wide 

range of endogenous and exogenous ligands, including divalent and trivalent ions, L-amino 

acids, polyamines and pH. However, little is known about how many of the endogenous ligands 

of the CaSR interact with and activate the receptor; only Ca2+
o and L-amino acid binding sites 

have been elucidated so far (Geng et al., 2016; Ling et al., 2021; Zhang et al., 2016). Major 

obstacles in understanding the molecular mechanisms of CaSR ligand binding and activation 

include a lack of high resolution full-length active-state CaSR structures, as well as difficulties 

in quantifying CaSR ligand binding and efficacy. The latter has hindered studies seeking to 

elucidate how agonist binding and efficacy are altered by amino acid substitutions, which are 

typically undertaken to probe the involvement of residues in receptor structure and function.  

The full-length and ECD structures of the CaSR have been solved recently (Geng et al., 2016; 

Ling et al., 2021; Zhang et al., 2016). Similar to other class C GPCRs, the CaSR ECD is 

composed of two protomers, which each consist of three domains, lobe (LB) 1, LB2 and a 

cysteine rich domain (CRD; Figure 4.1). Activation of the CaSR stabilises large 

conformational changes in the CaSR ECD (Geng et al., 2016; Ling et al., 2021; Zhang et al., 

2016). In the inactive state, the ECD protomers are in an “open” conformation (Figure 4.1A), 

while in the active state, both ECD protomers adopt a so-called closed conformation bound to 

agonist (closed-closed) (Figure 4.1B). The closed-closed state refers to the fact that LB1 and 

LB2 in both protomers are closed around a cleft, which in all other class C GPCRs is a 

conserved binding site for orthosteric agonists. However, in the CaSR, the cleft is an allosteric 

binding site for L-amino acids and other molecules (Geng et al., 2016; Zhang et al., 2016). 

While structural studies indicate di- and trivalent cations bind to the CaSR VFT (Geng et al., 

2016; Ling et al., 2021; Zhang et al., 2016), pharmacological studies have shown Ca2+
o, Gd3+ 

and polyamines activate the CaSR in the absence of the ECD, demonstrating endogenous 

agonist binding sites outside the ECD (Leach et al., 2016; Ray & Northup, 2002). Similarly, a 

number of synthetic molecules bind in the 7TM and/or ECL domains of the CaSR (Josephs et 

al., 2019; Keller et al., 2018; Leach et al., 2016). The details of binding sites were discussed in 

Chapter 1 and are summarised in Figure 4.1C. In the structures of the ECD in isolation, four 

Ca2+
o binding sites were discovered (sites 1-4; Figure 4.1C). Binding sites 1 and 2 were 

suggested to be high affinity sites because these sites were occupied by Ca2+
o in the inactive 
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state, whereas sites 3 and 4 were only occupied in the active state (Geng et al., 2016). However, 

in the active-state full-length CaSR, only site 4 was occupied by Ca2+
o as well as a fifth site in 

the ECD cleft (Ling et al., 2021). Given the differences in Ca2+
o binding sites identified in 

different structures, it is unclear whether these sites are physiologically relevant or simply an 

artefact of the conditions used for structural determination. Efforts to validate these binding 

sites using mutagenesis relied on changes in agonist potency or Emax after mutation of amino 

acids suggested to contribute to Ca2+
o binding (Geng et al., 2016; Zhang et al., 2016). However, 

changes in potency or Emax alone can reflect mutation-induced alterations in receptor 

expression, agonist efficacy or agonist affinity. Without delineation of these effects, none of 

the Ca2+
o binding sites have been experimentally validated. 
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Figure 4.1. Structures of the CaSR ECD determined using x-ray crystallography. A) CaSR ECD inactive-state 

structure following ECD purification in the presence of 2 mM Ca2+
o (PDB ID: 5k5t) B) CaSR ECD active-state 

structure following ECD purification in the presence of 10 mM Ca2+
o and 10 mM L-Trp (PDB ID: 5k5s). 

Structures are shown in cartoon form (ligands not shown). The CaSR ECD is composed of two protomers that 

each consist of three domains: LB1 (blue), LB2 (grey) and CRD (cyan). C) CaSR ECD active-state structure 

(PDB: 5k5s) was superimposed onto a published model of the CaSR’s 7TM (Josephs et al., 2019), ECLs and ICLs 

based on homology with the metabotropic glutamate receptor 5 crystal structure (PDB: 4OO9). Numbers 

correspond to ligand binding sites predicted as follows: Ca2+ (sites 1-4), SO4
3- (7-9), PO4

3- (12-13) and L-Trp (10) 

by electron density distribution in the crystallised ECD (Geng et al., 2016); Mg2+ (5-6), Gd3+ (15) and TNCA (11) 

by electron density distribution in the crystallised VFT (Zhang et al., 2016); etelcalcetide (14) from mutagenesis 

and mass spectrometry (Alexander et al., 2015); AC265347 (16), quinazolinone-containing NAMs (17) and 

arylalkylamine PAMs and NAMs (18), from mutagenesis combined with homology modelling and computational 

docking (Josephs et al., 2019). Panel C is adapted from (Diao et al., 2021). 
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In addition to the aforementioned shortcomings in validating Ca2+
o binding sites, little is known 

about the location of polyamine binding sites in the CaSR, or how polyamines activate the 

CaSR. Polyamine and CaSR expression are upregulated in asthma, and inhibition of CaSRs in 

the lungs attenuates airway hyperresponsiveness, airway inflammation and remodelling in 

murine asthma models (Kurosawa et al., 1992; Lee et al., 2017; North et al., 2013; Thompson 

et al., 2016; Yarova et al., 2015), suggesting blockade of CaSR activation by polyamines may 

be beneficial in asthma. Therefore, understanding how polyamines bind to and activate the 

CaSR will inform future drug discovery efforts seeking to disrupt the polyamine-CaSR 

interaction in asthma.  

Herein, we undertook a structure-function approach combining mutagenesis, cellular assays 

(Ca2+
i release) and analytical pharmacology (Figure 4.2), to probe how different CaSR residues 

affect the binding of, and activation by, polyamines and Ca2+
o. Since there are no commercially 

available radioligands for the CaSR, we measured Ca2+
i mobilisation in response to agonists 

and quantified agonist affinity and efficacy using an operational model of agonism called the 

cooperative agonist operational model (Gregory et al., 2020). The cooperative agonist 

operational model is based on the operational model of agonism postulated by Black and Leff 

(1983) (referred to herein as the Black and Leff operational model of agonism). The Black and 

Leff operational model of agonism assumes agonist-receptor interactions are governed by the 

law of mass action, i.e. the rate at which drug-receptor complexes form is dependent on the 

ligand concentration, the number of unoccupied receptors, and the association rate constant 

(Kon). If complex formation is reversible, the ligand-receptor complex dissociates into free 

receptor and ligand, which is dependent on the concentration of ligand-receptor complexes and 

the dissociation rate constant (Koff).  The Black and Leff operational model of agonism dictates 

that agonist responses are governed by agonist affinity (equilibrium dissociation constant, KA) 

and agonist efficacy in a given system (transducer ratio, τ; a ratio of the total receptor number 

and a transducer parameter that defines the avidity with which a given agonist-occupied 

receptor complex promotes the final observed pharmacological effect), which accounts for both 

the intrinsic efficacy of an agonist and tissue-specific factors that influence the sensitivity of 

the response, such as receptor expression (Figure 4.2). When receptor expression levels are 

high, there is an increase in the number (but not proportion) of agonist-receptor complexes that 

form compared to when expression levels are low. Therefore, in high expressing systems, 

agonist responses are enhanced, and lower agonist concentrations are required to elicit such 

responses, resulting in: 1) an upward shift of the maximum asymptote of the agonist 
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concentration-response curve until the maximum system response (Em) is reached; and 2) a 

leftward shift in the agonist concentration-response curve because Em is achieved at 

submaximal receptor occupancy. The latter scenario is referred to as receptor reserve. When 

receptor reserve is high and an agonist stimulates Em (i.e. the agonist is a full agonist), τ can 

only be calculated if KA is known. One means to calculate τ for a full agonist using the 

operational model of agonism is to fix KA determined, for example, in a radioligand binding 

assay, thus enabling determination of the extent to which agonist potency (EC50) deviates from 

KA. Alternatively, receptor expression levels may be titrated down to diminish receptor reserve 

and convert a full agonist to a partial agonist, where EC50 approaches KA and both τ and KA 

can be calculated from the maximum agonist response relative to Em and from the agonist EC50. 

(Figure 4.2).  

The Black and Leff operational model of agonism can be used to analyse both rectangular 

hyperbolic or non-hyperbolic concentration-response curves that are normally empirically 

characterised by Hill slopes that are equal to or different from unity, respectively. Therefore, 

the operational model of agonism can be used to characterise agonist actions at the CaSR, 

which have steep concentration-response curves. However, the Black and Leff operational 

model assumes that the steepness of the agonist response curve is due to post-receptor 

mechanisms that transduce agonist responses, and that the initial agonist binding event follows 

a simple one-to-one agonist-receptor binding interaction. In this instance, steep agonist 

concentration-response curves are described by a transducer function, nT. However, for the 

CaSR, steep concentration-response curves are presumed to arise from the binding of multiple 

agonist molecules in a positive cooperative manner. As such, our lab developed and validated 

a “cooperative agonist operational model” that accounts for orthosteric agonist binding to 

multiple sites in a cooperative manner (Gregory et al., 2020). In the cooperative agonist 

operational model, steep agonist concentration-response curves are described by a binding 

function, nB. The development and validation of this model is described in detail in Appendix 

2, but the same principles can be applied to calculate agonist efficacy and affinity as are used 

for the Black and Leff operational model of agonism.
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Figure 4.2. Schematic outline of the structure-function approach to quantify agonist binding and function, with a 

combination of A) site-directed mutagenesis, B) pharmacological assays and C) analytical modelling. Agonist-

receptor complex is driven by KA in the operational model of agonism and the response mediated by this complex 

is governed by transducer effector, τ, taken account into receptor expression and efficacy of agonist. 

In the present study, we used FlpIn HEK293 TREx cells stably transfected with WT and mutant 

CaSRs to quantify the effects of single amino acid substitutions on receptor expression, and on 

polyamine and Ca2+
o affinity and efficacy. The HEK293 TREx system is a tetracycline-

inducible expression system that allowed us to titrate receptor expression levels down to 

calculate the affinity and efficacy of agonists that were full-agonists when receptor expression 

levels were maximally induced. Comparison of agonist affinity and efficacy at WT versus 

mutant CaSRs established residues that contribute to the binding or signalling of CaSR agonists, 

thus unravelling agonist binding and activation residues. 
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4.2 Methods 

4.2.1. Reagents 

The following materials were purchased: Dulbecco’s Modified Eagle’s medium (DMEM) and 

fetal bovine serum (FBS; Sigma Aldrich, St Louis, USA); hygromycin B (Roche, Mannheim, 

Germany); tetracycline (tet; dissolved in 100% ethanol, stored at 3mg/mL at -20°C), FlpIn 

HEK293 TRex Cells (Human Embryonic Kidney 293-Tet Regulated Expression), poly-D-

lysine (PDL) and blasticidin HCl (Invitrogen, Carlsbad, USA); Fluo-4-AM (Molecular Probes, 

Eugene, USA) and Fluo-8-AM (Abcam, Cambridge, United Kingdom); ionomycin (Sigma 

Aldrich, St Louis, USA). 

4.2.2. Molecular biology 

Protocols for the generation of c-myc-tagged CaSR DNA in pcDNATM5/frt/TO and FlpIn 

HEK293 Trex cell lines expressing the cmyc-tagged CaSR have been described previously 

(Davey et al., 2012; Leach et al., 2016). C-myc-tagged CaSR or c-myc-tagged N-terminally 

truncated CaSR were subjected to Quikchange® II site-directed mutagenesis (Agilent 

Technologies) according to the manufacturer’s instructions. Primers for mutagenesis are listed 

in Table S1. Briefly, 2 ng of template c-myc-tagged CaSR DNA in pcDNATM5/frt/TO was 

incubated with 2 µM of primer (both sense and anti-sense), Pfu Ultra II HF HS Phusion, 1 µL 

of Pfu reaction buffer, 0.2 µM of free nucleotides (dNTPs), 0.25 µL of DMSO in a final volume 

of 10 µL with MilliQ water. Solutions were heated at 60 °C for 30 sec and 68 °C for 6 min for 

10 cycles, then heated at 95 °C for 30 sec (to allow primer denaturation), 55 °C for 1 min and 

68 °C for 6 min for 10 cycles. 

To amplify the DNA constructs, 2 µL of mutated DNA was added to 30 µL of competent 

bacterial cells and placed on ice for 20 min.  Competent cells were then heat shocked at 42 °C 

for 30 sec. Cells were added to 150 µL Luria-Bertani medium (LB; 10 g peptone 140, 5 g/L 

yeast extract, 5g/L NaCl) and incubated at 37 °C for 30 min. Cells were then evenly spread 

onto LB-agar (LB with 12g/L Agar) containing carbenicillin (100 µg/mL) and incubated at 

37 °C overnight.  A single bacterial colony was picked and transferred to 5 mL LB containing 

50 µg/mL ampicillin, incubated for overnight.  The bacterial culture was harvested after 16-20 

hr. DNA was extracted from the culture using the Promega Wizard Plus SV Miniprep DNA 
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purification System following the manufacturer’s instructions. All constructs were sequenced 

to verify their integrity and accuracy.  

4.2.3. Cell culture 

4.2.3.1. Generation of stable cell lines 

FlpIn HEK293 Trex cells were allowed to grow to 70% confluency in T25 cm2 flasks in DMEM 

containing 5% FBS. On the day of transfection, 5 μg DNA and lipofectamine 2000 or 

polyethylenimine (PEI) were added to the cells using a ratio of 1:4. Twenty-four hours 

following transfection, cells were detached and transferred to a T75 cm2 flask, and one day 

after, cell media was changed to DMEM with 5% FBS, 200 μg/ml hygromycin B and 5 μg/ml 

blasticidin S HCl. Selection media was changed every 2-4 days if necessary, for 3-4 weeks.  

4.2.3.2.Maintenance of cells 

FlpIn HEK293 Trex cells transfected with either WT or mutated CaSR were selected and 

maintained in DMEM, 5% FBS, 5 μg/mL blasticidin and 200 µg/mL hygromycin B at 37°C in 

a humidified atmosphere of 5% CO2, 95% O2. Cells were passaged every 3-4 days up to passage 

number 30. Cells were detached from tissue culture flasks using PBS supplemented with 2 mM 

EDTA. Cells were centrifuged at 350 x g for 3-10 min, re-suspended in media and reseeded 

into T175 cm2 flasks at a dilution of between 1:20 and 1:2. 

4.2.3.3. Freezing and thawing cells 

Cells were expanded into 6x 175 cm2 flasks and upon reaching 70% confluence were harvested 

with 2 mM EDTA-supplemented PBS and centrifuged at 350 x g for 5 min. Cells were re-

suspended in 4 mL freezing solution (pre-cooled to 4°C, 50% FBS, 45% DMEM, 5% DMSO) 

and 400 µL aliquots were dispensed into 10x cryo-vials. Cryo-vials containing cells were 

placed in an isopropanol bath at -80°C for at least 24 hours before transfer to liquid nitrogen 

tanks or a vapour phase nitrogen storage system. 
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For thawing cells, cells were bought up from storage by rapid defrosting at 37°C and 

immediately transferred into a 75 cm2 flask containing DMEM supplemented with 10% FBS. 

Cells were allowed to adhere and grow for a minimum of seven days prior to use in assays.  

 

4.2.4. Cell seeding for Ca2+
i mobilisation and flow cytometry assays 

For Ca2+
i mobilisation assays, prior to seeding cells, plastic plates were coated with PDL to 

allow for sufficient cell adherence. 96-well plates (0.92 cm2/well) were coated with 32-50 μL 

50 μg/mL PDL (stored for up to eight weeks at 4°C) for at least 15 min followed by 1x wash 

with 50 µL PBS. For flow cytometry assays, cells were seeded into uncoated plates. 50 µl 

media with or without tetracycline (10-100 ng/ml) were added to wells. Cells were harvested, 

centrifuged, and re-suspended in DMEM containing 5% FBS. Cells were then seeded into 96-

well plates at a density of 80,000 cells/well (100 µL per well) and incubated overnight.  

 

4.2.5. Flow cytometry for cell-surface c-myc-CaSR expression 

On the day of the experiment, media was aspirated, and cells were harvested with 50 µL 2mM 

EDTA in PBS. Cells were transferred to a V-bottom shaped 96 well plate and centrifuged for 

3 min at 350 x g and 4°C. EDTA/PBS was removed, and cells were re-suspended in 50 μL 

blocking buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.5 mM KH2PO4, 10 % 

bovine serum albumin (BSA)) containing 1 µg/µL mouse 9E10 anti-c-myc antibody 

conjugated to AF647, and incubated on ice for 30 min, away from light. Following 

centrifugation (at 350 x g and 4°C) and removal of the primary antibody, cells were re-

suspended in 200 µL wash buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.5mM 

KH2PO4, 5% BSA) and centrifuged for 3 min at 350 x g and 4°C. Cells were then re-suspended 

in 200 µL wash buffer containing 1 µg/mL propidium iodide (PI). Following centrifugation 

and 1x wash with washing buffer, cells were transferred to filter-top tubes in a final volume of 

400 μL wash buffer. Only live cells were gated and analysed and fluorescence was quantified 

using a BD FACS Canto II. Data was analysed using FlowJo to determine the mean AF647 

fluorescence per live cell.  
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4.2.6. Ca2+
i mobilisation assays 

Assays were performed in an isotonic buffer consisting of 150 mM NaCl, 2.6 mM KCl, 0.1 

mM CaCl2, 1.18 mM MgCl2, 10 mM D-glucose, 10 or 25 mM HEPES, 4 mM probenecid and 

0.5% w/v BSA, pH 7.4. Assay buffer was prepared as a 10x stock (without probenecid or BSA). 

A 1x stock (500 mL) of assay buffer was prepared by adding 50 mL 10x stock, 2.5 g BSA and 

5 mL of 400 mM probenecid (dissolved in 1 M NaOH) to 450 mL MQ, and pH adjusted to 7.4 

with 1 M HCl or 1M NaOH. Cells were washed with 100 µL assay buffer before being loaded 

with 50 μL assay buffer containing 1 µM Fluo-4-AM or Fluo-8-AM. After one-hour incubation 

at 37°C in a humidified atmosphere of 5% CO2, 95% CO2, Fluo-4-AM or Fluo-8-AM 

containing buffer was removed and 90 μL assay buffer added into each well. Ligands were 

added on a Flexstation 1 or 3 microplate reader (Molecular Devices; Sunnyvale, California). 

Peak fluorescence within 30 sec was detected using 485 nm excitation and 525 nm emission 

filters. Results were normalised to the response to 1 µM ionomycin. 

4.2.7. Data analysis 

For Ca2+
i mobilisation assays, data from individual experiments were fitted to a four-parameter 

Hill equation (equation 1) or to a cooperative agonist operational model of agonism (equation 

2) (Gregory et al., 2020) using Graphpad Prism 8.0.2. Data are represented as mean ± s.e.m of

the stated number (n) of experiments performed in duplicate. 

Equation 1.  

Where [A] is the agonist concentration, basal is the response in the absence of agonist, nH is 

the hill slope and EC50 is the concentration of agonist, A, that gives the mid-point response 

between basal and Emax, which are the lower and upper asymptotes of the response, respectively. 

Equation 2. 

Effect=basal+ 
(Emax − basal) x [𝐴]𝑛𝐻 

𝐴𝑛𝐻 + 𝐸𝐶50nH

Effect=
𝐸𝑚 𝜏𝐴𝑛𝑇[𝐴]𝑛𝐵𝑛𝑇

𝜏𝐴𝑛𝑇[𝐴]𝑛𝐵𝑛𝑇 + ([𝐴]𝑛𝐵 + 𝐾𝐴𝑛𝐵)𝑛𝑇
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Where [A] is agonist concentration, KA
 is the agonist equilibrium dissociation constant; τA is 

the agonist efficacy; Em is the maximal system response and was determined from the response 

to Gd3+ at the WT or headless CaSR; nT is the logistic transducer function linking agonist 

concentration to response and was fixed to 1; nB is the slope of agonist binding linking agonist 

concentration to occupancy. An F-test was performed to determine whether equation 1 or 2 

was fitted best to the grouped data when nH in equation 1 or nB in Equation 2 was the same or 

differed between agonists at each mutant and WT CaSR. Statistical differences in pKA and 

logτA between WT and mutant CaSR were determined via a one-way ANOVA followed by 

Dunnett’s post-test, where significance was defined as P<0.05.  

 

For FACS analysis, statistical differences between the expression levels of the WT versus 

mutant receptors were determined by the 95% confidence interval (CI), where only CIs 

excluding 100% were considered significant.  
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4.3 Results 

4.3.1. Rationale for location of mutations 

Mutations were introduced at residues predicted to contribute to: i) polyvalent ion binding sites 

in the VFT: Ca2+
o (I81, S84, T100, N102, E231, D234, S303), Mg2+ (I81, S84, E228, E231, 

E241), Gd3+ (E228, E232), L-Trp (S170) (Geng et al., 2016; Zhang et al., 2016); and ii) 7TM 

and ECL small molecule allosteric binding pocket residues: F6682.56A, F6843.36A, F6883.40A, 

E767ECL2A, E8377.32I, I8417.36A, in an N-terminally truncated CaSR otherwise known as the 

headless CaSR (Leach et al., 2016) in addition to other 7TM or ECL residues such as 

S750ECL2A, R752ECL2A, Q754ECL2A, E755ECL2A, I760ECL2A, I761ECL2A, to remove potential 

compensatory effects of the presence of primary binding sites in the VFT (Figure 4.1C). 

4.3.2. CaSR mutations alter cell surface expression 

First, the effects of amino acid substitutions on CaSR cell surface expression were investigated. 

While the majority of amino acid substitutions in the VFT had no effect on surface expression 

(Figure 4.3A & Table 4.1), five out of thirteen mutations altered receptor expression, four of 

which were located on the top of LB1 (I81A and S84A) or on the bottom of LB1 (T100A, 

N102A and S170A). In contrast, mutations in LB2 did not affect receptor expression (Figure 

4.3A & Table 4.1). Among all VFT mutants, I81A and T100A were expressed at the lowest 

level at 8±1% and 10±10% of the WT CaSR, respectively. These data suggest that amino acids 

on the top or bottom of LB1 are critical for receptor expression.  

For analysis of 7TM and ECL mutants, we used a “headless” CaSR that lacked its entire ECD. 

F6682.56A and I8417.36A mutations almost abolished headless CaSR cell surface expression 

(Figure 4.3B & Table 4.2). F6883.40A, I760ECL2A, E767ECL2A and E8377.32I mutations 

significantly reduced receptor expression levels, whereas the other 7TM or ECL mutants had 

no effect on headless CaSR expression (Figure 4.3B & Table 4.2). These results suggest that 

some amino acids in the ECL and 7TM are important for receptor expression. 
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Figure 4.3. Cell surface expression of A) VFT mutants and headless CaSR compared to WT CaSR (represented 

as % WT CaSR); B) ECL and 7TM headless mutants compared to headless CaSR. Red or green bar = 95% CI 

excluding 100%, *significantly different to WT or headless CaSR, white bar = not significant. Data are mean ± 

s.e.m from 3-14 independent experiments.  

 

Table 4.1. WT and VFT mutant expression levels determined in FACs experiments. Data are mean ± s.e.m from 

the indicated number of experiments (n). Expression levels are represented as a percentage of WT CaSR. *95% 

CI excluding 100% were considered significant. 

Full length WT or 

mutant 

Expression 

(% WT 

CaSR) 

n Full length 

mutant 

Expression  

(% WT 

CaSR) 

n 

WT 100 21 E231A 99±10 3 

I81A 8±1* 5 E232A 121±23 5 

S84A 42±10* 5 D234A 110±24 4 

T100A 10±10* 5 S240A 121±23 4 

N102A 53±5* 5 E241A 86±19 6 

S170A 28±6* 7 S302A 138±32 5 

E228A 124±26 5 S303A 138±32 5 

Headless  212±13* 11    
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Table 4.2. Headless and headless mutant expression levels determined in FACs experiments. Data are mean ± 

s.e.m. from the indicated number of experiments. Expression levels are represented as a percentage of N-

terminally truncated CaSR. *CI excluding 100% were considered significant.

Headless or headless 

mutant 

Expression 

(% headless 

CaSR) 

n Headless mutant Expression 

(% headless 

CaSR) 

n 

Headless 100 14 E755ECL2A headless 109±14 7 

F6682.56A headless 5±5* 3 I760ECL2A headless 74±5* 6 

F6843.36 headless 171±14* 6 I761ECL2A headless 89±4 7 

F6883.40A headless 28±7* 7 E767ECL2 headless 66±5* 8 

S750ECL2A headless 137±6* 7 E8377.32I headless 28±7* 5 

R752ECL2A headless 134±13 7 I8417.36A headless 2±2* 3 

Q754ECL2A headless 127±11 7 

4.3.3. Polycations stimulate Ca2+
i mobilisation via the CaSR 

The concentration-response profiles of polycations in Ca2+
i mobilisation assays were first 

characterised at the WT CaSR. All agonists stimulated a concentration-dependent increase in 

Ca2+
i mobilisation in HEK293-CaSR cells, whereas none of the agonists stimulated a 

significant response in non-transfected HEK293 cells (Figure 4.4A & B).  Data were analysed 

using Equation 1 to quantify agonist Hill slopes, potencies (pEC50) and maximum responses 

(Emax). Gd3+ and spermine were the most potent agonists sharing similar potencies, whereas 

putrescine was the least potent agonist, being 40-fold less potent than Gd3+ or spermine (Table 

4.3). Gd3+, Ca2+
o, spermidine and spermine were full agonists with maximum responses close 

to 100% of the ionomycin response (Table 4.3). Putrescine and agmatine were partial agonists, 

inducing 60% or 84% of the ionomycin response, respectively (Table 4.3). When Equation 1 

was fitted to agonist-mediated stimulation of Ca2+
i mobilisation, an F-test established the Hill 

slope was not significantly different between agonists at the WT CaSR, which was 2.3±0.1. 

Such steep Hill slopes suggest polyamines bind to multiple sites at the WT CaSR, similar to 

Ca2+
o and Gd3+.  

We next sought to fit Equation 2 to agonist concentration-response data at the WT CaSR to 

derive agonist pKA and logτA values. Equation 2 was fitted to putrescine and agmatine 

concentration-response data to quantify partial agonist affinity and efficacy, where the maximal 
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response to Gd3+ was used to define the maximum system response (Em). Since Ca2+
o, Gd3+, 

spermidine and spermine were full agonists at the WT CaSR, thus preventing determination of 

pKA, we took advantage of the tetracycline-inducible HEK293 TRex system and titrated 

receptor expression levels by exposing cells to different tetracycline concentrations (0-30 

ng/mL) (Figure 4.5). Equation 2 was subsequently fitted to agonist concentration-response 

data under high (100 ng/ml tetracycline) and low (0-30 ng/ml tetracycline) expression 

conditions to derive Ca2+
o, Gd3+, spermidine and spermine pKA and logτA values. This analysis 

demonstrated that the affinity and efficacy of polycations varied widely (Table 4.3). The rank 

pKA order was as follows (from low to high): putrescine < agmatine = spermidine < Ca2+
o
 < 

spermine = Gd3+ and the rank order of agonist efficacies under the highest expression level 

induced by 100 ng/mL tetracycline was: putrescine < agmatine = spermidine < spermine = 

Ca2+
o < Gd3+ (Table 4.3). Spermine had the highest efficacy and affinity among the polyamines, 

with values 3- and 20-fold higher than putrescine, respectfully (Table 4.3).  

Figure 4.4. Polycations stimulate Ca2+
i mobilisation in FlpIn HEK293 TREx cells stably expressing the WT CaSR, 

but do not stimulate responses in non-transfected FlpIn HEK293 TREx cells. A) FlpIn HEK293 TREx cells were 

stably transfected with WT CaSR. B) FlpIn HEK293 TRex cells were non-transfected. Data are mean ± s.e.m. 

from 4-6 pooled independent experiments performed in duplicate. Curves through the data points are the best fit 

of Equation 2 to the grouped data. 

Figure 4.5. Polycation concentration-response curves at the WT CaSR upon titration of receptor expression. FlpIn 

HEK293 TREx cells were pre-incubated with different concentrations of tetracycline overnight and then treated 

with A) Gd3+, B) Ca2+
o, C) spermidine, or D) spermine. Closed symbol = 100 ng/mL tetracycline, open symbol=0-

30 ng/mL tetracycline. Data are mean ± s.e.m. from 4 independent experiments performed in duplicate. Curves 

through the data points are the best fit of Equation 2 to the grouped data. 
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4.3.4. Polycations stimulate Ca2+
i mobilisation via VFT and 7TM residues 

Next, we aimed to investigate whether polycations bind to and signal through both the 

extracellular and 7TM domains of the CaSR. Previous studies suggest that Ca2+
o, Gd3+ and 

polyamines bind to both regions (Geng et al., 2016; Leach et al., 2016; Ray & Northup, 2002). 

To address this, the headless CaSR was used to assess polycation responses in the absence of 

the CaSR ECD. When headless CaSR expression was maximally induced with 100 ng/ml 

tetracycline, all polycations except putrescine stimulated Ca2+
i mobilisation via the headless 

CaSR (Figure 4.6). The complete loss of response to putrescine was due to either reduced 

affinity or efficacy. 

Next, CaSR agonist potencies, Emax, affinities and efficacies at the headless CaSR were 

quantified using Equations 1 and 2. In contrast to the WT CaSR, an F-test determined that Hill 

slopes were not significantly different to unity and shared among all agonists, demonstrating a 

significant reduction in Hill slope at the headless CaSR compared to at the WT CaSR (Table 

4.3). Gd3+ stimulated responses at the headless CaSR significantly higher than responses at the 

full-length WT CaSR (Table 4.3), whereas the other agonists that were full agonists at the WT 

CaSR (i.e., spermidine, spermine and Ca2+
o) were partial agonists compared to Gd3+ at the 

headless CaSR, stimulating only 50-70% of the ionomycin response (Table 4.3 & Figure 

4.4C). The response to agmatine was also reduced by 40% after removal of the N-terminus 

(Table 4.3 & Figure 4.4C). Equation 2 was fitted to partial agonist concentration-response 

data to quantify agonist affinity and efficacy, where the maximal response to Gd3+ was used to 

define the maximum system response (Em). All partial agonists except agmatine had reduced 

affinity at the headless CaSR (Table 4.3).  For instance, the affinity of Ca2+
o was reduced 10-

fold and spermine 3-fold after the removal of the CaSR N-terminus (Table 4.3). Further, 

binding slopes (nB) were not significantly different to unity for all agonists (F-test), indicating 

a loss in positive cooperativity between agonist binding sites upon removal of the N-terminus. 

These findings suggest that CaSR agonists likely bind to both the CaSR VFT and 7TM.  
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Figure 4.6. Polycations stimulate Ca2+
i mobilisation at the headless CaSR. FlpIn HEK293 TREx cells were stably 

transfected with the headless CaSR. Data are mean ± s.e.m. from 6 independent experiments performed in 

duplicate. Curves through the data points are the best fit of Equation 2 to the grouped data. 
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Table 4.3. Hill slope (nH), potencies (pEC50), maximum response (Emax) as a % of ionomycin, functional affinity (pKA) and efficacy (logτA) for polycations at WT and headless 

(∆H) CaSRs determined in Ca2+
i mobilisation assays. Data are represented as mean ± s.e.m. from n=4-6 independent experiments performed in duplicate and analysed via one-

way ANOVA followed by Dunnett’s post-test compared with WT CaSR value, *P<0.05, **P<0.01, ***P<0.001.  #nH is not significantly different from unity, determined by 

F-tests. NR denotes no response. 

 Gd3+ Ca2+
o Agmatine Putrescine Spermidine Spermine 

 WT ∆H WT ∆H WT ∆H WT ∆H WT ∆H WT ∆H 

pEC50 4.61±0.03 
4.51±

0.08 
3.56±0.02 2.52±0.18 2.35±0.03 2.37±0.14 1.75±0.04 NR 3.45±0.01 3.07±0.20 4.51±0.02 3.35±0.12 

nH 2.3±0.1 1.0# 2.30±0.12 1.0# 2.30±0.12 1.0# 2.30±0.12 NR 2.30±0.12 1.0# 2.30±0.12 1.0# 

Emax 98±2 
123±6

* 
97±1 82±7 84±3 43±5**** 61±3 NR 98±4 56±1 ** 120±3 63±6** 

pKA 3.62±0.14 ND 3.07±0.05 
1.93±0.09 

** 
1.93±0.04 2.07±0.01 1.59±0.03 NR 3.32±0.05 2.70±0.03 ** 3.80±0.04 3.21±0.01** 

LogτA 0.94±0.10 ND 0.56±0.04 
0.21±0.09 

*** 
0.85±0.08 -0.34±0.08** 0.12±0.03 NR 0.48±0.05 0.09±0.19** 0.66±0.05 0.11±0.15* 

nB 2.4±0.1 
1.0±0.

1 
2.4±0.1 1.0±0.1 2.4±0.1 1.0±0.1 2.4±0.1 NR 2.4±0.1 1.0±0.1 2.4±0.1 1.0±0.1 
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4.3.5. VFT and 7TM mutations alter polycation pEC50, maximum responses and nH 

Having established that spermidine, spermine and Ca2+
o signal through both the CaSR ECD 

and ECLs/7TM domains, we sought to determine amino acid residues in these domains that 

contribute to polycation binding and signaling. We focused on key residues previously 

identified to be important for the binding or function of Ca2+
o in the VFT (Geng et al., 2016; 

Zhang et al., 2016), as well as residues within a large cavity in the 7TM that accommodates the 

binding of small molecule NAMs and PAMs (Leach et al., 2016). 

First, we investigated the effects of amino acid substitutions in four Ca2+
o binding sites located 

in the CaSR VFT (Geng et al., 2016). Agonist concentration-response curves at VFT mutants, 

and parameter estimates from the data analyses are summarised in Figure 4.7 & Table S4.2. 

Ala substitution of E228 reduced all agonist Hill slopes from 2.3±0.1 to 1.2±0.1, suggesting 

the E228A mutation reduces positive cooperativity between sites (Table S4.2). E231A, E232A, 

D234A and S240A also reduced the Hill slope of Gd3+ responses but did not affect the Hill 

slope of any other agonists. The reduction in Gd3+ Hill slopes upon mutation of these 

aforementioned residues is consistent with abolishment of the direct interaction between Gd3+

and E232, or disruption of the Gd3+ binding site by virtue of E231A, E232A and S240A 

mutations being in close proximity to the Gd3+ binding site and therefore likely disrupting the 

integrity of the site (Figure 4.1). Consistent with the large (72% or greater) reduction in cell 

surface expression caused by I84A, T100A and S170A, these three mutations reduced the 

potency or Emax of all agonists tested. Interestingly, S84A and N102A, which also reduced 

CaSR surface expression, reduced putrescine, agmatine, spermidine and spermine potencies 

and Emax but did not affect Ca2+
o or Gd3+ (Table S4.2). Intriguingly, agmatine’s potency was 

increased 3-fold by E228A. For mutants on the interface between LB2 on the two protomers 

(referred to herein as the LB2-LB2 interface), D234A, S240A, E241A, S302A and S303A 

reduced agmatine’s maximum response and S302A reduced putrescine’s maximum response, 

but these mutations did not alter maximal responses to the other agonists. These results suggest 

that polycation potency and Emax are affected by some common but also different amino acids 

in the CaSR VFT. 

We also investigated substitutions of 7TM and ECL amino acids in the headless CaSR to 

remove the possibility of compensatory effects of ECD binding sites (Leach et al., 2016). 

Concentration-response data and parameter estimates from the data analyses are summarised 

in Figure 4.8 & Table S4.2. With the exception of Gd3+, agonists were partial agonists at all 
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headless mutants where responses were stimulated (Figure 4.8 & Table S4.2). Consistent with 

a large reduction in cell surface expression caused by F6883.40A, E8377.32I and I8417.36A, the 

Emax of Gd3+ at F6883.40A and E8377.32I headless was reduced compared to headless CaSR. 

Further Gd3+ stimulated no responses at I8417.36A headless. Similarly, no other agonist 

stimulated responses at these three loss-of-expression mutants (Figure 4.8 & Table S4.2 & 

Table 4.2). Gd3+ potency was decreased at I760ECL2A, I761ECL2A and E767ECL2 (Table S4.3), 

and Gd3+ potency and effifcacy were reduced at F6843.36A headless. F6843.36A also completely 

abolished the responses to Ca2+
o and polyamines despite good cell surface expression. These 

findings suggest that F6843.36 is crucial for polycation function. One amino acid substitution, 

I760ECL2A, reduced the Emax of all polyamines but did not affect Gd3+ or Ca2+
o Emax values 

(Table 4.2 & Table S4.3), while spermine potency was increased 6-fold at R752ECL2A. Of note, 

putrescine could signal via two gain-of-function headless CaSR mutants, E767ECL2A and 

R752ECL2A (Figure 4.8E & I). These results suggest putrescine can bind to the CaSR 7TM 

domains, but the responses were not detectable at the headless CaSR, most likely because 

putrescine lost efficacy.  

 No other agonist potencies were affected by CaSR 7TM or ECL mutations. The Hill slopes of 

Gd3+ were increased significantly at F6843.36A and E8377.32I compared to at the headless CaSR 

whereas no other mutations affected polycation Hill slopes (Table S4.3). Together, these 

findings suggest that polycations are sensitive to mutations in both the CaSR VFT and 7TM. 

4.1.1. VFT and 7TM mutations alter polycation affinity 

Similar to quantification of agonist affinity at the WT and headless CaSRs, we used the 

cooperative agonist operational model (Equation 2) to quantify agonist affinity at full length 

and headless mutant CaSRs. To quantify partial agonist affinity, we defined the system 

maximum response (Em) using the Gd3+ Emax if the Gd3+ Emax at the mutant was comparable to 

the WT or headless CaSR Emax. If Gd3+ Emax was significantly reduced at a mutant CaSR 

compared to the WT or headless CaSR, we used the Gd3+ Emax at the WT or headless CaSR to 

define the system Em. To quantify full agonist affinity at mutant CaSRs, we titrated receptor 

expression levels by using different tetracycline concentrations (0, 30 or 100 ng/mL), and 

equation 2 was fitted to concentration-response data under different receptor expression levels 

(summarised in Figure 4.7 & 4.8 & 4.9). Where nB is not significantly different to unity (e.g. 
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at the headless CaSR and many of the mutants thereof), the cooperative agonist operational 

model of agonism collapses down to the Black and Leff operational model of agonism. 

Surprisingly, Ca2+
o affinity was not affected by any of the VFT mutations, despite many of the 

mutations being located at residues suggested from structural studies to contribute to Ca2+
o 

binding (Figure 4.10 & Table 4.4). In contrast, VFT mutations, specifically those located at 

the top of LB1, altered polyamine affinity, albeit differentially (Figure 4.10 & Table 4.6). 

With the exception of S84A, mutations on the LB1 completely abolished the putrescine 

response, therefore we could not quantify putrescine affinity at these mutants (Figure 4.10 & 

Table 4.4). I81A reduced the affinity of all the polyamines (Table 4.4). To be more specific, 

Ala substitution of I81 (located in Ca2+
o binding site 1 at the top of LB1) and N102 (located in 

Ca2+
o binding site 2) reduced agmatine affinity by 2-fold (Figure 4.10 & Table 4.4). I81A, 

S84A, and T100A reduced spermidine affinity 3 to 9-fold (Figure 4.10 & Table 4.4). 

Furthermore, E228A located on LB2 increased putrescine and decreased spermidine affinity, 

respectively, by 4-fold (Figure 4.10 & Table 4.4). Overall, the mutations on the top and bottom 

of LB1 and the LB1-LB2 interface (within the same protomer) affected polyamine affinity. 

As discussed earlier, Ca2+
o and polyamines did not signal at several 7TM mutant headless 

CaSRs, including F6682.56A headless, F6883.40A headless, E8377.32I headless and I8417.36A 

headless mutants, which significantly reduced receptor expression (Figure 4.3B & Table 4.2& 

Figure 4.8). Also as mentioned previously, Ala substitution of F6843.36A headless also 

abolished the responses to Ca2+
o and polyamines, despite good cell surface expression of this 

mutant (Figure 4.8). Therefore, agonist affinities could not be quantified at these mutants. 

Intriguingly, two mutations in ECL2, R752ECL2A headless and E767ECL2A headless, 

significantly increased spermidine and spermine affinity by 4 to 7-fold (Table 4.7), but had no 

effect on the affinity of the other agonists. Collectively, these data suggest that mutations in 

the small molecule binding pocket affect spermidine and spermine affinity.  Residues where 

mutations affect polycation affinity are highlighted in the CaSR VFT structure or 7TM 

homology model in Figure 4.14A, 4.15A, 4.16A and 4.17A. 

4.1.2. VFT and 7TM mutations reduce polycation efficacy 

We next quantified polycation efficacy at each full length and headless mutant CaSR. 

Following derivation of agonist logτA with the cooperative agonist operational model 
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(Equation 2), we corrected logτA at each mutant to account for mutant-induced changes in 

receptor expression levels where mutant expression was significantly different compared to the 

WT or headless CaSR (Table 4.1 & Table 4.2). The corrected logτA is expressed as logτC. In 

the CaSR VFT, some common mutations that affected polyamine affinity also had effects on 

efficacy, including N102A and E228A (Table 4.6). For example, E228A reduced agmatine but 

increased spermidine and spermine efficacy (Table 4.6). Other mutations that did not have 

effects on Ca2+
o or polyamine affinity, such as D234A, reduced the efficacy of agmatine by 

~10-fold (Table 4.6). Mutations E231A, S240A and E241A located on LB2 also reduced 

agmatine efficacy. However, these mutations had no effect on putrescine, spermidine or 

spermine efficacy (Table 4.6). Furthermore, when efficacy was corrected for differences in 

receptor expression levels, mutations that reduced both the receptor expression and Emax of 

polycations, including I81A and S84A, did not alter the logτC of Ca2+
o or polyamines, 

indicating that reductions in Emax were due solely to the reduced cell surface receptor 

expression and not due to impairments in agonist efficacy (Table 4.6).  

With regards to 7TM or ECL mutations in the headless CaSR, the logτC of Ca2+
o and 

polyamines was differentially altered. As discussed earlier, Ca2+
o and polyamines lost their 

responses at several headless mutants preventing quantification (Figure 4.8 & Table 4.5). 

Further, E755ECL2A headless and I760ECL2A headless reduced spermidine and spermine 

efficacy by 3 to 6- fold but had no effect on Ca2+
o or agmatine, whereas Q754ECL2A headless 

reduced agmatine efficacy by 6-fold but did not affect Ca2+
o, spermidine or spermine (Table 

4.6). Mutations that affect polycation efficacy are shown in the CaSR VFT structure and 7TM 

homology model in Figure 4.14B, 4.15B, 4.16B and 4.17B. 
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Figure 4.7. VFT mutations alter the activity of polycations at the CaSR. Concentration-response curves to polycations were determined in Ca2+
i mobilisation assays to identify 

mutations that altered polycation activity. FlpIn HEK293 TRex cells were stably transfected with: A) WT, B) I81A, C) S84A, D) T100A, E) N102A, F) S170A, G) E228A, H) 

E231A, I) E232A, J) D234A, K) S240A, L) E241A, M) S302A, N) S303A CaSR. Data are mean ± s.e.m. from 4-7 pooled independent experiments performed in duplicate. 

Curves through the data points are the best fit of Equation 2 to the pooled data. 
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Figure 4.8. 7TM and ECL mutations alter the activity of polycations at the CaSR. Concentration-response curves to polycations were determined in Ca2+
i mobilisation assays 

to identify mutations that altered polycation activity. FlpIn HEK293 Trex cells were stably transfected with: A) headless, B) F6682.56A, C) F6843.36A, D) F6883.40A, E) 

S750ECL2A; F) R752ECL2A, G) Q754ECL2A, H) E755ECL2A, I) I760ECL2A, J) I761ECL2A, K) E767ECL2A, L) E8377.32I, M) I8417.36A headless CaSR. Data are represented as mean 

± s.e.m. from 3-7 pooled independent experiments performed in duplicate. Curves through the data points are the best fit of Equation 2 to the pooled data.
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Figure 4.9. Ca2+
o stimulated Ca2+

i mobilisation via mutant CaSR after overnight pre-incubation with different concentrations of tetracycline. FlpIn HEK293-Trex cells were 

transfected with A) S84A, B) N102A, C) E228A, D) E231A, E) E232A, F) D234A, G) S240A, H) E241A, I) S302A, J) S303A CaSR, pre-incubated with different 

concentrations of tetracycline. Closed symbol = 100ng/mL tetracycline, open symbol=0-30 ng/mL tetracycline. Data are represented as mean ± s.e.m from 3-4 independent 

experiments performed in duplicate. Curves through the data points are the best fit of Equation 2 to the pooled data. 
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Figure 4.10. The concentration-response curve of spermidine in HEK293-Trex transfected with A) E228A, B) E231A, C) E232A, D) D234A, E) S240A, F) E241A, G) S302A 

H) S303A CaSR, pre-incubated with different concentrations of tetracycline overnight. Closed symbol = 100ng/mL tetracycline, open symbol=0-30 ng/mL tetracycline. Data 

are represented as mean ± s.e.m from 4 independent experiments performed in duplicate. Curves through the data points are the best fit of Equation 2 to the pooled data. 
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Figure 4.11. The concentration-response curve of spermine in HEK293-Trex transfected with A) E228A, B) E231A, C) E232A, D) D234A, E) S240A, F) E241A, G) S302A 

H) S303A CaSR, pre-incubated with different concentrations of tetracycline overnight. Closed symbol = 100ng/mL tetracycline, open symbol=0-30 ng/mL tetracycline. Data 

are represented as mean ±s.e.m from 4-5 independent experiments performed in duplicate. Curves through the data points are the best fit of Equation 2 to the pooled data. 
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Table 4.4. Functional affinity (pKA), corrected efficacy (logτC) and binding slope (nB) parameters for polycations at WT and VFT mutants determined in Ca2+
i mobilisation 

assays. Data are mean ± s.e.m. from 3-6 independent experiments performed in duplicate, and analysed via one-way ANOVA followed with Dunnett’s post-test, *P<0.05, 

**P<0.01, ***P<0.001, significantly different to WT CaSR. . #nB at each mutant CaSR is not significantly different from nB at WT CaSR, determined by F-tests. NR denotes 

no responses.

Ca2+
o Agmatine Putrescine Spermidine Spermine 

pKA logτC 
nB 

pKA logτC 
nB 

pKA logτC 
nB 

pKA logτC 
nB 

pKA logτC 
nB 

WT 
2.95±0.

06 

1.11±

0.19 2.4±0.1 
1.93±0.04 

0.85±0.0

8 2.4±0.1 
1.59±0.03 

0.12±0.

03 
2.4±0.

1 

3.28±0

.04 

0.66±0.0

7 2.4±0.1 
3.81±0.04 

0.64±0.0

4 2.4±0.1 

I81A 
2.61±0.

13 

1.58±

0.17 2.4# 
1.65±0.02

** 

0.29±0.1

1 2.4# 
NR 

2.4# 
2.61±0

.08* 

0.80±0.0

9 2.4# 
3.38±0.03

*** 

0.95±0.0

3 2.4# 

S84A 
2.93±0.

07 

1.43±

0.19 1.8±0.1 
1.89±0.07 

0.67±0.0

4 1.8±0.1 
1.59±0.11 

0.41±0.

09 
1.8±0.

1 

2.46±0

.08* 

0.57±0.0

6 1.8±0.1 
3.30±0.06

*** 

0.72±0.0

7 1.8±0.1 

T100

A 

2.73±0.

13 

1.21±

0.23 1.4±0.3 NR NR 
2.39±0

.25* 

0.72±0.3

7 1.4±0.3 
3.15±0.06

** 

0.84±0.1

1 1.4±0.3 

N102

A 

2.80±0.

06 

1.37±

0.20 2.4# 
1.64±0.06

** 

0.26±0.0

7** 2.4# NR 
2.73±0

.11* 

0.74±0.2

4 2.4# 
3.66±0.05 

0.94±0.1

0 2.4# 

S170

A 

2.71±0.

09 

1.54±

0.21 1.0±0.2* NR NR 
3.13±0

.23 

0.17±0.1

1** 1.0±0.2 
3.44±0.08 

0.13±0.0

7** 1.0±0.2 

E228

A 

2.68±0.

24 

1.01±

0.32 1.6±0.1 
2.23±0.06 

0.38±0.0

3** 1.6±0.1 
2.20±0.09*

*** 

0.24±0.

07 
1.6±0.

1 

2.71±0

.08* 

1.78±0.0

3** 1.6±0.1 
3.74±0.09 

1.52±0.2

3* 1.6±0.1 

E231

A 

2.86±0.

049 

1.27±

0.14 2.4# 
1.95±0.04 

0.35±0.0

8** 2.4# 
1.61±0.06 

0.24±0.

11 2.4# 
3.03±0

.02 

0.48±0.0

4 2.4# 
3.75±0.02 

0.64±0.0

3 2.4# 

E232

A 

3.02±0.

07 

0.74±

0.25 2.4# 
2.09±0.02 

0.25±0.0

8** 1.6±0.2 
1.48±0.02 

0.09±0.

03 2.4# 
2.91±0

.05 

0.55±0.0

7 2.4# 
3.73±0.04 

0.51±0.0

4 2.4# 

D234

A 

3.00±0.

08 

0.70±

0.27 2.4# 
2.11±0.05 

0.48±0.0

3** 2.4# 
1.70±0.03 

0.12±0.

05 2.4# 
3.18±0

.04 

0.15±0.0

5 2.4# 
3.66±0.05 

0.42±0.0

4 1.7±0.2 

S240

A 

2.88±0.

05 

1.06±

0.15 2.4# 
2.01±0.06 

0.35±0.0

3** 2.4# 
1.43±0.08 

0.19±0.

059 2.4# 
3.09±0

.04 

0.64±0.0

7 2.4# 
3.76±0.06 

1.07±0.1

2 2.4# 
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E241

A 

2.92±0.

12 

0.88±

0.24 2.4# 
2.20±0.03 

0.33±0.0

3** 2.4# 
1.74±0.04 

-

0.05±0.

14 
2.4# 

2.90±0

.07 

0.69±0.0

9 2.4# 
3.42±0.08 

0.92±0.0

7 2.4# 

S302

A 

2.67±0.

10 

1.15±

0.19 1.6±0.2* 
2.08±0.04 

0.00±0.0

5** 2.4# 
1.84±0.06* 

-

0.80±0.

19** 

1.0±0.

4 

3.05±0

.08 

0.62±0.1

4 2.4# 
3.63±0.08 

0.81±0.1

0 2.4# 

S303

A 

2.95±0.

05 

1.07±

0.17 2.44# 
1.95±0.06 

0.33±0.0

3 1.9±0.3 
1.45±0.05 

0.04±0.

08 
1.4±0.

4 

2.95±0

.03 

0.74±0.0

6 2.8±0.4 
3.59±0.09 

0.67±0.0

4 2.8±0.4 
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Figure 4.12. Change in pKA of: A) Ca2+
o, B) agmatine, C) putrescine; D) spermidine and E) spermine at VFT mutations compared to WT CaSR. Equation 2 was fitted to 

agonist concentration-response data determined in Ca2+
i mobilisation assays and the change in agonist pKA (∆pKA) at the VFT mutants compared to the WT CaSR were 

calculated. Bars that sit above and below zero represent an increase or decrease in pKA, respectively. Green and red bars represent mutations that caused a significant increase 

or decrease in pKA in comparison to the WT CaSR, respectively. White bars represent no significant changes in pKA. NR denotes no agonist response. Data are mean ± s.e.m. 

from 3-6 independent experiments performed in duplicate, and analysed via one-way ANOVA followed with Dunnett’s post-test, *P<0.05, **P<0.01.  
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Figure 4.13. Change in logτc of A) Ca2+
o, B) agmatine, C) putrescine, D) spermidine, E) spermine at VFT mutations compared with WT CaSR. Equation 2 was fitted to agonist 

concentration-response data determined in Ca2+
i mobilisation assays and the change in agonist logτc (∆logτc) at the VFT mutants compared to the WT receptor CaSR were 

calculated. Bars that sit above and below zero represent an increase or decrease in logτC in comparison to the WT receptor, respectively. Green and red bars represent mutations 

that caused a significant increase or decrease in logτc, respectively. White bars represent no significant changes in logτC. NR denotes for no responses. Data are mean ± s.e.m 

from 3-6 independent experiments performed in duplicate, and analysed via one-way ANOVA followed with Dunnett’s post-test, *P<0.05, **P<0.01, ***P<0.001.  
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Table 4.5. Functional affinity (pKA), corrected efficacy (logτC) and binding slope (nB) parameters for polycation ligands at WT and headless CaSR, and 7TM and ECL mutant 

CaSRs determined in Ca2+
i mobilisation assays and analysed with Equation 2. Data are mean ± s.e.m. from 4-7 independent experiments performed in duplicate. Parameters 

for 7TM and ECL mutant CaSR were analysed via one-way ANOVA followed with Dunnett’s post-test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, significantly different 

to headless CaSR. NR denotes for no responses. NP denotes for not performed. 

 Ca2+
o Agmatine Putrescine Spermidine Spermine 

 pKA logτC nB pKA logτC nB pKA logτC nB pKA logτC nB pKA logτC nB 

∆H 
1.93±

0.06 

0.44±0.

14 
1.0±0

.1 

2.24±0.

18 

-

0.27±0.0

7 

1.0±0

.1 
NR 

1.0±0

.1 
2.60±0.08$$ 

0.01±0.1

2 
1.0±0

.1 

3.03±0.0

9$$ 

0.03±0.0

4 
1.0±0

.1 

F6682.56A 

∆H 
NR 

 

F6843.36A 

∆H NR 

F6883.40A 

∆H NR 

S750ECL2A 

∆H 

2.27±

0.10 

0.32±0.

13 1.0# 
2.25±0.

02 

-

0.36±0.0

8 
1.0# NR 1.0# 2.89±0.09 

0.13±0.0

5 1.0# 
3.29±0.1

1 

0.27±0.0

6 1.0# 

R752ECL2A 

∆H 

2.65±

0.34 

0.11±0.

14 1.0# 
2.44±0.

14 

0.11±0.1

4 1.0# 
2.28±0.

40 

-

0.99±0.

18 

1.0# 
3.32±0.03*

*** 

-

0.17±0.0

3 
1.0# 

3.89±0.0

5* 

-

0.02±0.0

2 
1.0# 

Q754ECL2A 

∆H 

2.32±

0.21 

0.48±0.

01 1.0# 
2.01±0.

30 

0.48±0.0

1* 1.0# NR 1.0# 2.83±0.05 

-

0.03±0.0

4 
1.0# 

3.34±0.0

6 

-

0.09±0.0

3 
1.0# 

E755ECL2A 

∆H 

2.37±

0.15 

0.02±0.

14 0.7± 
2.07±0.

03 

0.02±0.1

4  NR  2.82±0.12 

-

0.51±0.0

5* 
 

2.79±0.0

9 

-

0.40±0.0

4* 
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I760ECL2A 

∆H 

2.68±

0.17 

0.18±0.

38 1.0# 
2.27±0.

18 

0.18±0.3

8 1.0# NR 1.0# 2.85±0.08 

-

0.72±0.0

8** 
1.0# 

3.30±0.1

2 

-

0.51±0.0

5* 
1.0# 

I761ECL2A 

∆H 

2.42±

0.22 

0.36±0.

10 1.0# 
2.51±0.

11 

-

0.54±0.0

4 
1.0# NR 1.0# 2.75±0.10 

-

0.19±0.0

5 
1.0# 

3.04±0.0

8 

-

0.04±0.0

4 
1.0# 

E767ECL2A 

∆H 
NP 1.0# 

2.17±0.

08 

-

0.13±0.0

6 

2.51±0.

43 

-

0.72±0.

13 

1.0# 
3.23±0.13*

** 

-

0.30±0.0

5 
1.0# 

3.60±0.1

1* 

-

0.07±0.0

5 
1.0# 

E8377.32I 

∆H 

NR 

I8417.36A 

∆H 
NR 
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Figure 4.14. Change in pKA
 of: A) Ca2+

o, B) agmatine, C) spermidine, D) spermine at ECL/7TM mutations within the headless CaSR. Equation 2 was fitted to agonist 

concentration-response data determined in Ca2+
i mobilisation assays and the change in agonist pKA (∆pKA) at the ECL/7TM compared to the headless CaSR receptor were 

calculated. Bars that sit above and below zero represent ∆pKA, respectively. Green and red bars represent mutations that caused a significant increase or decrease in pKA in 

comparison to the WT headless receptor, respectively. White bars represent no significant changes in pKA. Data are mean ± s.e.m from 3-6 independent experiments performed 

in duplicate, and analysed via ONE-WAY ANOVA followed with Dunnett’s post-test, *P<0.05, **P<0.01, ***P<0.001. NR denotes for no response. Significant difference in 

comparison to the WT (*P < 0.05, **P<0.01, ***P<0.001, one-way ANOVA with Dunnett’s multiple comparisons post-test) 
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Figure 4.15. Change in logτc of A) Ca2+
o, B) agmatine, C) putrescine, D) spermidine, E) spermine at ECL/7TM mutations within the headless CaSR. Equation 2 was fitted to 

agonist concentration-response data determined in Ca2+
i mobilisation assays and the change in agonist logτc (∆logτc) at the ECL/7TM mutants compared to the headless receptor 

CaSR were calculated. Bars that sit above and below zero represent an increase or decrease in logτC in comparison to the WT receptor, respectively. Green and red bars represent 

mutations that caused a significant increase or decrease in logτc, respectively. White bars represent no significant changes in logτC. NR denotes for no responses. Data are mean 

± s.e.m from 3-6 independent experiments performed in duplicate, and analysed via ONE-WAY ANOVA followed with Dunnett’s post-test, *P<0.05, **P<0.01. 
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Figure 4.16. Residues that alter A) affinity and B) efficacy of agmatine, labelled in the CaSR VFT structure (PDB: 5k5s) and 7TM homology models (mGlu5; PDB: 4OO9). 

Residues coloured red are those where mutations reduce affinity or efficacy. Residues coloured green are those where mutations increase efficacy. Residues coloured orange 

are those where mutations abolish receptor expression and residues coloured black are those where mutations abolish the response to agmatine. 
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I81A 
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T100A 

S170A 
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E228A 
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T100A 

S170A 
S302A 

B A 

Figure 4.17. Residues that alter A) affinity and B) efficacy of putrescine, labelled in CaSR VFT crystal structures. Residues coloured red are those where mutations reduce 

affinity or efficacy. Residues coloured green are those where mutations increase affinity. Residues coloured black are those where mutations abolish the response to 

putrescine. 
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F6682.56A 

F6883.40A 

E8377.32I 

I8417.36A 

E755ECL2A 
I760ECL2A 

S170A 

E228A 

I81A 

T100A 

N102A 

S84A 

F6682.56A 

F6843.36A 

F6883.40A 

I8417.36A 

R752ECL2A 
E767ECL2A 

A 

Figure 4.18. Residues that alter A) affinity and B) efficacy of spermidine, labelled in CaSR VFT crystal structures and 7TM homology models (mGlu5). Residues coloured 

red are those where mutations reduce affinity or efficacy. Residues coloured green are those where mutations increase affinity. Residues coloured orange are those where 

mutations abolish receptor expression and residues coloured black are those where mutations abolish the response to spermidine. 
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E8377.32I F6843.36A 
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I81A 

T100A 

S84A 

F6682.56A 

F6843.36A 

F6883.40A 
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S170A 

E228A 

F6682.56A 

F6843.36A 

F6883.40A 

E8377.32I 

I8417.36A 

E755ECL2A I760ECL2A 

Figure 4.19. Residues that alter the A) affinity and B) efficacy of spermine at the CaSR, labelled in CaSR VFT crystal structures and 7TM homology models (mGlu5). 

Residues coloured red are those where mutations reduce affinity or efficacy. Residues coloured green are those where mutations increase affinity. Residues coloured orange 

are those where mutations abolish receptor expression and residues coloured black are those where mutations abolish the response to spermidine. 

A B 
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4.2 Discussion 

The current study probed the location of agonist binding sites and activation residues in the 

CaSR VFT, 7TM and ECL domains. We applied mutagenesis and Ca2+
i mobilisation assays 

combined with a cooperative agonist operational model of agonism to quantify the affinity and 

efficacy of six polycations (Gd3+, Ca2+
o, putrescine, agmatine, spermidine, and spermine) at the 

WT CaSR, headless CaSR, and mutants thereof. We provide evidence that agonists bind to 

multiple binding sites located both in the CaSR VFT and 7TM or ECL domains, but binding 

sites and activation residues likely differ between agonists.  

First, we demonstrated distinct agonist affinities and efficacies at the WT CaSR. Agmatine and 

putrescine affinities were ~20-fold lower than spermine. Spermine had higher affinity than the 

orthosteric agonist, Ca2+
o. The rank orders of agonist affinity and efficacy was consistent with 

previous findings demonstrating that the potency of polyamines depends on the number of 

positive charges (Quinn et al., 1997) and that trivalent cations are better than divalent cations 

at activating the CaSR (reviewed in Leach et al., 2020).   

Next, we investigated how removal of the CaSR’s N-terminus affects the pharmacological 

properties of different polycations. All polycations except for putrescine signalled through the 

headless CaSR. However, removal of the N-terminus reduced the affinity of Ca2+
o, spermine 

and spermidine but not agmatine (Gd3+ affinity at the headless CaSR was not determined in the 

current study and putrescine affinity could not be determined due to its loss of activity). These 

findings suggest the N-terminus of the CaSR may contain binding sites for Ca2+
o, spermine and 

spermidine. In support of this, removal of the N-terminus reduced spermidine and spermine 

affinity by 3-fold and reduced Ca2+
o affinity 10-fold, consistent with the CaSR ECD containing 

the primary binding sites for Ca2+
o and other polycations.  

Also consistent with this notion, polycation Hill slopes were reduced at the headless CaSR 

including those for agmatine and Gd3+, suggesting a loss in positive cooperativity between 

multiple binding sites after removal of the CaSR N-terminus. A loss in positive cooperativity 

upon removal of the N-terminus would be expected to result in a loss in agonist affinity because 

positive binding cooperativity is reciprocal. The fact that agmatine affinity and Gd3+ potency 

were not reduced at the headless CaSR suggests agmatine and Gd3+ bind more favourably to 

the 7TM in the absence of the VFT, thus counteracting the loss in positive cooperativity 

between the VFT and 7TM binding sites.  
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Next, we investigated how different amino acid substitutions affect agonist binding at the CaSR. 

Surprisingly, VFT mutations located at sites occupied by Ca2+
o in the solved VFT and full-

length structures did not affect Ca2+
o affinity in our study. Of note, previous studies seeking to 

validate Ca2+
o binding sites did not quantify effects of mutations on agonist affinity or efficacy 

but instead relied on mutation-induced changes in agonist potency and Emax with no 

consideration of the effect of mutations on receptor expression levels (Geng et al., 2016; Zhang 

et al., 2016). In the current study, reductions in Ca2+
o potency were indeed observed at VFT 

mutants, consistent with previous studies (Geng et al., 2016; Zhang et al., 2016). However, in 

the presence of receptor reserve, potency is a composite value of agonist affinity and efficacy. 

Therefore, we delineated Ca2+
o affinity at WT and VFT mutant CaSRs and found that VFT 

mutations do not affect Ca2+
o affinity. This inconsistency could be because Ca2+

o
 interacts with 

the CaSR via multiple binding sites and single amino acid substitutions do not significantly 

alter its binding affinity.  

In comparison to Ca2+
o, polyamine affinity was affected by several VFT mutations. For 

example, I81A and S84A located in Ca2+
o binding site 1 reduced spermidine and spermine 

affinity, suggesting that spermidine and spermine either interact directly with the primary Ca2+
o 

binding site or these amino acid mutations cause indirect conformational changes that reduce 

polyamine affinity. Of note, as mentioned before, removal of the N-terminus did not reduce 

agmatine affinity, but I81A and S84A mutations caused a small (~2-fold) but significant 

decrease in agmatine affinity. This inconsistency could be due to the fact that these mutational 

effects were minimal and were not reflected when removing the N-terminus, or because while 

agmatine binding to the 7TM may be favoured by complete N-terminal removal, the same is 

not true when the agmatine VFT binding site alone is removed.  

Ca2+
o and polyamines lost their ability to signal at five headless 7TM and ECL mutants. Among 

them, Ala substitution of F6682.56, I8417.36 or F6883.40, and Ile substitution of E8377.32 abolished 

or significantly reduced receptor expression, demonstrating the importance of these residues 

for correct receptor folding and expression. Intriguingly, Ca2+
o and polyamines lost responses 

at the F6843.36A headless mutant, despite this mutant maintaining considerable receptor 

expression, and Gd3+ retaining agonism. These results suggest Ca2+
o and polyamines exhibit 

distinct binding or activation mechanisms compared to Gd3+. While we have established that 

F6843.36 is critical to Ca2+
o and polyamine activity, we cannot distinguish whether this mutation 

caused a loss in Ca2+
o and polyamine binding versus efficacy.  
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Spermidine and spermine affinities were increased, and putrescine signalling restored, by two 

ECL mutations in the headless CaSR: R752ECL2A and E767ECL2A, the latter of which 

contributes to a small molecule binding pocket (Leach et al., 2016). Of note, these two 

mutations did not alter Ca2+
o or agmatine affinity. This is unsurprising as spermidine and 

spermine share similar chemical structures therefore it is likely that they interact with common 

amino acids or are similarly affected by mutations that stabilise conformational changes that 

have indirect effects on agonist affinity.  

In addition to residues involved in agonist binding, we also investigated residues that contribute 

to agonist efficacy. The CaSR VFT undergoes large conformational rearrangements that 

include movement of LB1-LB2 and LB2-LB2 towards each other, resulting in a closed-closed 

conformation (Geng et al., 2016; Ling et al., 2021; Zhang et al., 2016) (Figure 4.1). Therefore, 

mutations at amino acids on the LB1-LB2 and LB2-LB2 likely disrupt rearrangements and 

stabilisation of the VFT upon agonist activation, affecting the signalling efficacy of agonists. 

However, interestingly, mutations at the LB2-LB2 interface only reduced agmatine efficacy 

and had no effects on Ca2+
o or the other polyamines. Furthermore, previous structural studies 

demonstrated that T100A and S170A mutations (located in the LB1-LB2 interdomain cleft) 

reduced Ca2+
o potency and maximal responses and concluded that these two residues were 

involved in Ca2+
o binding (Geng et al., 2016; Zhang et al., 2016). However, we demonstrated 

that both T100A and S170A lost significant receptor expression, causing a reduction in potency 

and maximal agonist responses, but neither Ca2+
o affinity nor efficacy was reduced after 

correcting for receptor expression levels. Changes in Emax alone are therefore a gross 

misinterpretation when deducing affinity or efficacy residues. In comparison, we demonstrated 

S170A reduced spermidine and spermine efficacy when corrected for expression levels and 

abolished agmatine and putrescine responses. Similarly, in the CaSR 7TM, two mutations 

affected spermidine and spermine affinity (E755ECL2A) or efficacy (I760ECL2A) but did not 

affect other agonists, suggesting unique binding and activation residues utilised by spermidine 

and spermine. However, it is difficult to draw conclusions about where polycations bind in the 

7TM as most mutations abolished polycation responses thereby preventing delineation of 

mutation effects on agonist affinity versus efficacy.   

In conclusion, this study provides structure-function evidence that CaSR agonists bind to both 

the CaSR’s VFT and 7TM. We demonstrate polycations likely interact with residues in Ca2+
o 

binding site 1 in the VFT as well as residues in a small molecule 7TM binding site, and 

polyamines utilise similar residues to transmit agonism. Further investigation including 
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computational docking of polyamines as well as solving an active CaSR structure in the 

presence of polyamines would be essential to support the mutagenesis results presented herein. 

Together, these results will inform future rational drug design seeking to disrupt polyamine-

CaSR signalling in asthma.  
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4.3 Supplementary information 

Table S1. Primers used to generate mutant CaSR constructs via Quikchange II site-directed mutagenesis 

Sense (5’-3’) Antisense (5’-3’) 

I81A Aagggctgggctgctgtttgcctcctctatggcaaatatc gatatttgccatagaggaggcaaacagcagcccagccctt 

S84A Gggaagaagggctggggcgctgtttatctcctct agaggagataaacagcgccccagcccttcttccc 

T100A Ttagaaacggtgttgcaagcgtcaaatatcctgtatccc gggatacaggatatttgacgcttgcaacaccgtttctaa 

N102A Caaggccttagaaacggtggcgcaagtgtcaaatatcctg caggatatttgacacttgcgccaccgtttctaaggccttg 

S170A Tgaggagtctgctggcggaggcataactgac gtcagttatgcctccgccagcagactcctca 

E228A Ccctttcctcagcttccgctcggaatttctcaatc gattgagaaattccgagcggaagctgaggaaaggg 

E231A Ttccgagaggaagctgcggaaagggatatctgc gcagatatccctttccgcagcttcctctcggaa 

E232A Gatgcagatatcccttgcctcagcttcctctcg cgagaggaagctgaggcaagggatatctgcatc 

D234A Tgaagtcgatgcagatagccctttcctcagcttcc ggaagctgaggaaagggctatctgcatcgacttca 

S240A Gtactgggagatgagttcagcgaagtcgatgcagatatcc ggatatctgcatcgacttcgctgaactcatctcccagtac 

E241A Agtactgggagatgagtgcactgaagtcgatgcag ctgcatcgacttcagtgcactcatctcccagtact 

S302A Cgatcagggaggcgctggcccaggc gcctgggccagcgcctccctgatcg 

S303 A Ggcgatcagggcggagctggccc gggccagctccgccctgatcgcc 

F6682.56A Ccagctccctgttcgccatcggggagcccc ggggctccccgatggcgaacagggagctgg 

F6843.36A Gcgccagccggccgctggcatcagcttc gaagctgatgccagcggccggctggcgc 

F6883.40A Ggcctttggcatcagcgccgtgctctgcatctca tgagatgcagagcacggcgctgatgccaaaggcc 

S750ECL2A Ctggttgcggtaggctgaggggggcgcg cgcgcccccctcagcctaccgcaaccag 

R752ECL2A Ccagctcctggttggcgtagcttgaggggg ccccctcaagctacgccaaccaggagctgg 

Q754ECL2A Ctcatcctccagctccgcgttgcggtagcttgag ctcaagctaccgcaacgcggagctggaggatgag 

E755ECL2A Tctcatcctccagcgcctggttgcggtag ctaccgcaaccaggcgctggaggatgaga 

I760ECL2A Ggcacgtgatgaagatggcctcatcctccagctcct aggagctggaggatgaggccatcttcatcacgtgcc 

I761ECL2A Cgtggcacgtgatgaaggcgatctcatcctccagct agctggaggatgagatcgccttcatcacgtgccacg 

E767ECL2A Atcacgtgccacgcgggctccctcatg catgagggagcccgcgtggcacgtgat 

E8377.32I Gcaagtttgtctctgccgtaatagtgattgccatcctggcag ctgccaggatggcaatcactattacggcagagacaaacttgc 

I8417.36A Cgtagaggtgattgccgccctggcagccagcttt gcatctccactaacggcgggaccgtcggtcgaaa 
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Table S4.2. Potency (pEC50), maximal response (Emax) and Hill slope (nH) parameters at WT and full-length mutants determined in Ca2+
i mobilisation assays. Data 

are represented as mean ± SEM from 3-6 independent experiments performed in duplicate, and analysed via one-way ANOVA followed by Dunnett’s post-test, 

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 

  Gd3+ Ca2+
o Agmatine Putrescine Spermidine Spermine 

 pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH 

WT 
4.61±

0.03 

98±

2 

2.3±

0.1 

3.56±

0.02 

97±

1 

2.3±

0.1 

2.35±0.

03 
84±3 

2.3±

0.1 

1.75±

0.04 
61±3 

2.3±0.

1 

3.45±0.

01 
98±4 

2.3±0.

1 

4.51±0

.02 
120±3 

2.3±

0.1 

I81A 
4.10±

0.04 

57±

2 

***

* 

1.8±

0.2 

3.18±

0.04* 

53±

2**

** 

2.6±

0.1 

1.78±0.

05**** 

18±2*

*** 

2.8±

0.5 
NR NR NR 

2.74±0.

05*** 

18±2

**** 

2.5±0.

3 

3.46±0

.02***

* 

43±1**

** 

2.5±

0.3 

S84A 
4.56±

0.04 

83±

2 
1.0 

3.33±

0.04 

82±

3 

2.7±

0.4 

2.13±0.

07 

54±3*

*** 

1.7±

0.2 

1.60±

0.25 

31±11

** 

1.9±0.

7 

2.93±0.

06** 

53±3

**** 

1.5±0.

3 

3.56±0

.04***

* 

67±2**

** 

1.7±

0.3 

T100A 
3.92±

0.08 

49±

4**

** 

1.0 

2.89±

0.16*

*** 

34±

5**

** 

1.0 NR NR 
2.64±0.

30**** 

13±1

0***

* 

2.6±0.

6 

3.11±0

.06***

* 

35±3**

** 

1.7±

0.4 

N102A 
4.41±

0.03 

108

±3 

1.9±

0.1 

3.25±

0.04 

95±

3 

1.9±

0.1 

1.78±0.

08**** 

47±4*

*** 

1.9±

0.1 
NR  

2.79±0.

04*** 

100±

5 

1.9±0.

1 

3.94±0

.04* 
87±3 

1.9±

0.1 

S170A 

3.83±

0.06*

* 

80±

5 

1.5±

0.2 

2.43±

0.15*

*** 

50±

10*

*** 

1.5±

0.2 
NR  NR  

2.79±0.

16*** 

33±7

*** 

1.5± 

0.2 

3.58± 

0.41**

** 

19±6**

** 

1.5± 

0.2 

E228A 
4.33±

0.08 

77±

4 

1.2± 

0.1* 

3.58± 

0.07 

76± 

3** 

1.2± 

0.1* 

2.86± 

0.09***

* 

51± 

1*** 

1.2± 

0.1 

2.48± 

0.11*

* 

46± 

3 

1.2± 

0.1* 

3.76± 

0.06 
83±4 

1.2± 

0.1* 

4.61± 

0.05 
86±2 

1.2± 

0.1 

E231A 
4.40±

0.07 

121

±7 

1.1±

0.1 

3.38± 

0.03 

116

±3* 

2.3± 

0.3 

2.28± 

0.04 

75± 

3 

2.3± 

0.4 

1.64± 

0.13 

98± 

21 

1.4± 

0.4 

3.28±0.

02 

89± 

2 

2.7± 

0.2 

4.08± 

0.02 

97± 

2 

2.7± 

0.2 

E232A 
4.20±

0.06 

123

±6* 

2.2±

0.1 

3.30± 

0.04 

106

± 

4 

2.2± 

0.4 

2.01±0.

06 
76±3 

1.6±

0.2 

1.60±

0.06 
66±5 

1.8±0.

3 

3.30±0.

05 
92±5 

1.9±0.

3 

4.14±0

.04 
90±3 

1.7±

0.3 

D234A 
4.05±

0.18 

125

±16

* 

1.0 
3.44±

0.05 

94±

4 

2.0±

0.4 

2.42±0.

06 
71±3 

2.0±

0.6 

1.87±

0.06 
76±4 

2.1±0.

6 

3.30±0.

06 
76±6 

2.0±0.

5 

4.07±0

.04 
87±3 

1.7±

0.2 
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S240A 
4.39±

0.05 

106

±4 

1.3±

0.2 

3.34±

0.03 

107

±3 

2.3±

0.3 

2.28±0.

04 
67±3* 

2.0±

0.3 

1.66±

0.05 
62±4 

2.1±0.

4 

3.36±0.

04 
87±5 

2.4±0.

4 

4.31±0

.04 
95±3 

2.2±

0.4 

E241A 
4.54±

0.05 

94±

4 

2.1±

0.1 

3.49±

0.04 

92±

3 

2.1±

0.1 

2.44±0.

04 

55±2*

*** 

2.1±

0.1 

1.90±

0.04 
43±3 

2.1±0.

1 

3.50±0.

02 
90±2 

2.1±0.

1 

4.27±0

.03 
102±2 

2.1±

0.1 

S302A 
4.14±

0.05 

79±

3* 

1.77

±0.1

4 

3.41±

0.05 

82±

3 

1.8±

0.1 

2.24±0.

09 

43±3*

*** 

1.8±

0.1 

1.68±

0.30 

18±6*

*** 

1.8±0.

1 

3.24±0.

06 
77±5 

1.8±0.

1 

4.17±0

.04 
81±3 

1.8±

0.1 

S303A 
4.35±

0.05 

99±

4 

1.4±

0.1 

3.41±

0.02 

97±

2 

2.4±

0.3 

2.26±0.

02 

65±1*

** 

1.9±

0.1 

1.42±

0.07 
61±5 

1.4±0.

2 

3.26±0.

02 
83±2 

2. 

7±0.6 

4.24±0

.04  
93±3 

2.8±

0.6 
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Table S4.3. Potency (pEC50), maximal response (Emax) and Hill slope (nH) parameters at headless and headless mutants determined in Ca2+
i mobilisation assays. 

Data are represented as mean ± SEM from 4-7 independent experiments performed in duplicate, and analysed via one-way ANOVA followed by Dunnett’s post-

test, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

 Gd3+ Ca2+
o Agmatine Putrescine Spermidine Spermine 

 pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH 

∆H 
4.51±

0.08 

123

±6 
1.0# 

2.52±

0.18 

90±

8 
1.0# 

2.37±

0.14 
43±5 1.0# NR 

3.07±

0.20 

56±1

1 
1.0# 

3.35±

0.12 
63±6 

1.0
# 

F6682.56A 

∆H NR 

F6843.36A 

∆H 

3.77±

0.09*

*** 

91±

6** 

1.6

±0.

2** 

NR 

F6883.40A 

∆H 

3.79±

0.07 

57±

5 

2.3

±0.

7 

NR 

S750ECL2A 

∆H 

4.54±

0.03 

125

±3 

1.2

±0.

1 

2.69±

0.11 

83±

7 

1.2

±0.

1 

2.16±

0.21 
36±5 

1.16

±0.

07 

NR 
 

3.00±

0.14 
51±6 

1.2±

0.1 
3.69±

0.09 
63±3 

1.2

±0.

1 

R752ECL2A 

∆H 

4.34±

0.05 

119

±4 
1.0# 

2.85±

0.09 

107

±7 
1.0# 

2.47±

0.21 
33±4 1.0# 

2.22±

0.67 
12±5 

1.0
# 

3.42±

0.13 
55±4 

1.6±

0.3 

4.10±

0.12*

** 

65±3 
1.0

# 

Q754ECL2A 

∆H 

4.39±

0.04 

123

±4 
1.0# 

2.45±

0.23 

112

±23 
1.0# 

2.17±

0.24 
27±6 1.0# NR 

3.01±

0.08 
64±4 1.0# 3.64±

0.08 
68±3 

1.0
# 

E755ECL2A 

∆H 

3.93±

0.05*

*** 

130.

3±5

.34 

1.0# 
2.47±

0.15 

69±

11 
1.0# 

2.13±

0.30 

19±4

** 
1.0# NR 

2.58±

0.19 
42±8 1.0# 2.80±

0.16* 

46±7

* 

1.0
# 

I760ECL2A 

∆H 

4.11±

0.05*

* 

115

±5 
1.0# 

2.67±

0.33 

70±

18 
1.0# 

2.35±

0.18 

20±3

** 
1.0 NR 

3.10±

0.15 

23±3

** 
1.0# 3.38±

0.15 

28±3

**** 
1.0 
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I761ECL2A 

∆H 

4.10±

0.05*

** 

119

±4 
1.0# 

2.97±

0.08 

96±

6 
1.0 

2.60±

0.25 
27±4 1.0# NR 

2.88±

0.16 
42±6 1.0# 3.28±

0.11 
51±4 

1.0
# 

E767ECL2A 

∆H 

4.11±

0.12*

* 

125

±11 
1.0 

2.35±

0.44 

125

±34 

0.6

±0.

1 

2.52±

0.07 
41±2 

1.8

±0.

5 

2.62±

0.08 
15±1 

3.5

±1.

8 

3.35±

0.10 
43±3 

1.5±

0.5 
3.80±

0.08 
59±3 

1.3

±0.

3 

E8377.32I 

∆H 

3.95±

0.04*

*** 

37±

2**

** 

3.90

±0.

26*

*** 

NR 

I8417.36A 

∆H 
NR 
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Asthma is a heterogeneous chronic airway disease, characterised by airway inflammation and 

remodelling leading to airway hyperresponsiveness. Asthma affects ~340 million patients 

worldwide and 10% of patients have poorly controlled asthma (World Health Organization, 2017b). 

Of note, no current drug therapies target all the pathophysiological features of asthma.  First-line 

drugs, including β2-AR agonists and ICSs, only target bronchoconstriction and airway 

inflammation, respectively (Dockrell et al., 2007). Notably, the efficacy of β2-AR agonists is 

limited in severe asthma and reduced after repeated doses due to β2-AR desensitisation (Barnes & 

Woolcock, 1998; Dockrell et al., 2007). Further, ICSs are ineffective in severe asthma patients and 

have side effects that lead to poor compliance (Barnes, 2004a). Therefore, new therapies are 

needed for severe asthma, particularly those that treat all the pathological features. 

The main aim of this study was to validate the CaSR as a novel therapeutic drug target for the 

treatment of asthma. The current study combined mutagenesis, cell biology, analytical 

pharmacology, and computational biology and ex vivo PCLS studies to progress preclinical CaSR 

drug discovery (Figure 5.1). The best-characterised role of the CaSR is to maintain whole body 

Ca2+
o homeostasis by detecting small changes in Ca2+

o, but CaSR is expressed on ASM cells and 

CaSR agonists (e.g. polyamines) are upregulated in asthmatic patients and in murine asthma 

models (Kurosawa et al., 1992; Yarova et al., 2015), suggesting additional CaSR 

(patho)physiological roles. Indeed, CaSR NAMs reduce airway inflammation, remodelling and 

bronchoconstriction in murine asthma models (Lee et al., 2017; Thompson et al., 2016; Yarova et 

al., 2021; Yarova et al., 2015). The current knowledge gap involves: i) lack of comparison of 

bronchodilator effects between CaSR NAMs and standard-of-care treatments, ii) lack of in vitro 

characterisation of different CaSR NAM classes against the most potent polyamine, spermine (i.e., 

biased agonism and probe dependence as demonstrated in chapter 1), and iii) lack of understanding 

how polyamines bind and activate the receptor. 

We now provide further evidence that CaSR NAMs are as efficacious as the standard-of-care 

bronchodilator, salbutamol, as acute bronchodilators that reverse MCh-mediated 

bronchoconstriction in ex vivo mouse PCLSs. We attempted to elucidate CaSR-induced signalling 

pathways in healthy and asthmatic ASM cells that may contribute to NAM bronchodilator effects, 

but this part of the study was only partially completed due to time limitations presented by the 

COVID-19 pandemic, which slowed research efforts during 2020. Finally, using mutagenesis 
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combined with functional assays in recombinant HEK293-CaSR cells and analytical 

pharmacology, we identified key amino acid residues that contribute to the binding and signalling 

of different polyamines, providing a better understanding of polyamine-CaSR interactions at a 

molecular level. As a whole, this study will inform the future development of CaSR NAMs for 

asthma, by contributing knowledge that will facilitate how best to undertake lead identification 

and drug candidate selection, in vitro cell and preclinical mouse models of asthma in which to test 

CaSR NAMs. 

Figure 5.1. A schematic diagram of the drug discovery process undertaken in this study. 

In Chapter 2, we demonstrated that spermine both induced airway contraction and enhanced MCh-

mediated airway contraction in mouse airways, consistent with a previous study (Yarova et al., 

2015). We applied high throughput functional assays (Ca2+
i mobilisation and IP1 accumulation) to 

evaluate the cellular and molecular effects of five chemically distinct CaSR NAMs (NPS2143, 

Pfizer compound 1, BMS compound 1, ATF936 and ronacaleret), before applying them to mouse 
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PCLS to assess CaSR NAMs for their ability to reverse airway contraction. Intriguingly, we 

observed differences in the affinity and cooperativity of the different CaSR NAMs, and more 

importantly, BMS compound 1 demonstrated significant bias towards inhibition of spermine-

induced Ca2+
i mobilisation over IP1 accumulation. We thereby progressed three NAMs to use to 

validate the CaSR as a druggable target for reversing or preventing bronchoconstriction: Pfizer 

compound 1 for its overall greatest negative cooperativity, BMS compound 1 for its biased 

modulation (inhibitory effects in Ca2+
i mobilisation but no effects in IP1 accumulation) and 

NPS2143, a prototypical CaSR NAM.  

Interestingly, CaSR NAMs showed differential effects on MCh-induced airway contraction, with 

Pfizer compound 1 exhibiting greater bronchodilator efficacy than NPS2143 as well as greater 

efficacy and potency than salbutamol, a current standard-of-care β2-AR agonist treatment. 

However, NPS2143 showed complete prevention of MCh-induced airway contraction after 

overnight incubation with PCLS even though slices were washed to remove NAMs prior to 

measuring MCh-mediated contraction. In contrast, Pfizer compound 1 showed partial prevention 

of MCh-induced airway contraction following overnight incubation, while BMS compound 1 was 

unable to prevent contraction in this experimental paradigm despite demonstrating comparable 

ability to Pfizer compound 1 for reversing MCh-mediated airway contraction. Importantly, all 

CaSR NAMs maintained their bronchodilator effects after β2-AR desensitisation, which is 

important as β2-AR desensitisation is a major clinical problem that reduces salbutamol efficacy 

(Billington & Penn, 2003).   

Combined with previous findings by others demonstrating that CaSR NAMs have anti-

inflammatory and anti-remodelling effects in murine asthma models, our findings validating CaSR 

NAMs are as effective as salbutamol as bronchodilators indicate that CaSR NAMs have the 

potential to target multiple aspects of asthma pathobiology. However, our findings that NAMs had 

distinct effects depending on the assay paradigm, and that Pfizer compound 1 had the highest 

cooperativity, correlating with its superior efficacy for reversing MCh-mediated airway 

contraction, demonstrate the importance of screening and filtering CaSR NAMs in in vitro cell 

models before applying them to mouse models to ensure the most efficient progression to ex vivo 

studies and beyond. 
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It is interesting to note that CaSR NAMs did not demonstrate acute bronchoprotection effects after 

20 min incubation with PCLS, demonstrating the NAMs could reverse but not prevent MCh-

induced airway contraction after only 20 min. Nonetheless, the fact that overnight incubation of 

PCLS with NPS2143 and Pfizer compound 1 prevented MCh-induced airway contraction suggests 

long-term modulatory effects of CaSR NAMs worthy of further investigation. This is important 

because CaSR NAMs have potential as long term bronchoprotective drugs similar to the standard-

of-care treatment, formorterol, which is used for acute bronchoprotection before a potential asthma 

attack.  

Unfortunately, CaSR NAMs lost bronchodilator effects against combined MCh and spermine 

induced airway contraction.  This could be due to the fact that spermine and CaSR NAMs target 

the same receptor, therefore it is harder for the NAMs to reverse MCh-mediated airway contraction 

when CaSR activity is enhanced by spermine. Findings from mutagenesis studies indicated that 

spermine binds to the 7TM of the CaSR, similar to small molecule NAMs (Josephs et al., 2019). 

A better understanding of polyamine binding sites could aid the development of novel NAMs that 

bind to alternative sites on the CaSR.   

Furthermore, CaSR NAM bronchodilator effects should be assessed in preclinical severe and 

exacerbated asthma models.  The house dust mite (HDM)-induced asthma model is one of the 

potential platforms to investigate such effects, in which mice develop airway remodelling, and 

inflammation (mostly eosinophilic infiltration) (Woo et al., 2018).  In addition to the acute effects 

of CaSR NAMs on established AHR in these models, we could also investigate whether chronic 

treatment with CaSR NAMs inhibits the development of other asthma aspects, such as airway 

inflammation and remodelling, cytokine secretion and collagen production. Current drug 

treatments do not adequately oppose these aspects in severe asthma (reviewed in Pera & Penn, 

2016). These in vivo mouse models may reflect the potential role of CaSR NAMs in regulating in 

situ responses relevant to asthma.  

In addition to using mouse models, it is also important to validate the role of the CaSR in human 

ASM cells, rather than recombinant FlpIn HEK293 TRex cells stably transfected with the CaSR, 

to support clinical translation of CaSR NAMs. Therefore, following evaluation of bronchodilator 

and bronchoprotective effects of CaSR NAMs in mouse airways, we aimed to elucidate the full 

scope of ASM (patho) physiological signalling pathways in healthy and asthmatic ASM cells. The 
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advantage of using healthy and asthmatic ASM cells compared to mouse PCLS experiments 

includes: i) the (patho) physiological cellular signalling pathways in ASM cells can be determined; 

ii) studies are undertaken in human cells, which is important because animal experiments often do

not translate into human asthmatic conditions (Bracken, 2009).  We showed that in ASM cells 

isolated from healthy and asthmatic human donors, only a low level of CASR gene expression was 

detected (including in cells from asthmatics with mild and severe asthma). Preliminary results 

indicated that Ca2+
i release was stimulated by contractile agonists (e.g., MCh, spermine and Ca2+

o) 

in some ASM cell lines. However, responses to different stimuli were variable and so assays need 

further optimisation.  The low level of CASR gene expression may indicate that primary ASM cells 

in culture may not be suitable to investigate CaSR-mediated signalling pathways in ASM. 

However, CaSR expression in these cells still needs to be determined using SDS PAGE and 

western blotting to establish whether the CaSR protein is present. Further progress of our studies 

on ASM cells was largely compromised due to the COVID-19 pandemic, which hindered 

additional experiments to confirm these findings and to extend analysis to additional signalling 

pathways. 

Finally, we probed the binding and function of polyamines at the CaSR. Previous mutagenesis and 

structural studies have focused on investigating Ca2+
o-mediated CaSR activation but polyamine 

binding and function at the CaSR have not been investigated in detail. It is important to probe the 

polyamine-mediated CaSR binding and activation network compared to Ca2+
o-mediated networks 

due to the possibility of probe dependence. Previous mutagenesis studies suggest that polyamines 

bind to both the CaSR VFT and 7TM (Northup et al.), similar to Ca2+
o. Therefore, we first 

investigated the effects of removal of the N-terminus of the CaSR. Removal of the N-terminus had 

less effect on polyamine binding affinity (~3-fold reduction) compared to the ~10-fold reduction 

in Ca2+
o affinity, suggesting that polyamine primary binding sites are most likely located in the 

7TM. Furthermore, the affinity and efficacy of polyamines were similarly affected by distinct 

amino acid residues, suggesting similar binding or function networks for different polyamines. 

The affinity and efficacy of spermidine and spermine (which share the most similar chemical 

structure compared to other polyamines) were affected by the same amino acid substitutions, 

suggesting that it is likely that spermidine and spermine utilise similar residues to transmit signals. 

However, further investigation such as computational docking of polyamines or solving active 

CaSR structures bound to polyamines are important to validate these mutagenesis results. In 
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conclusion, this study provides mutagenesis evidence that CaSR agonists bind to both the CaSR’s 

VFT and 7TM. We demonstrate that polycations likely interact with residues in Ca2+
o binding site 

1 in the VFT as well as residues in a small molecule 7TM binding site. However, further 

investigation including computational docking of polyamines as well as solving an active CaSR 

structure when bound to polyamines would be essential to support the mutagenesis results in this 

study. 

Overall, current drug treatments for asthma, including SABAs and LABAs, have limited efficacy 

and receptor desensitisation therefore safe and more effective bronchodilators are required for 

treating asthma, particularly in more severe asthma condition or after β2-AR desensitisation.  We 

herein demonstrate that CaSR NAMs elicite bronchodilator effects in naïve mice, suggesting their 

potential therapeutic effects for treating asthma. 
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ABSTRACT: The CaSR is a class C G protein-coupled receptor (GPCR) that acts as a multimodal
chemosensor to maintain diverse homeostatic functions. The CaSR is a clinical therapeutic target in
hyperparathyroidism and has emerged as a putative target in several other diseases. These include hyper- and
hypocalcaemia caused either by mutations in the CASR gene or in genes that regulate CaSR signaling and
expression, and more recently in asthma. The development of CaSR-targeting drugs is complicated by the fact
that the CaSR possesses many different binding sites for endogenous and exogenous agonists and allosteric
modulators. Binding sites for endogenous and exogenous ligands are located throughout the large CaSR
protein and are interconnected in ways that we do not yet fully understand. This review summarizes our
current understanding of CaSR physiology, signaling, and structure and how the many different binding sites
of the CaSR may be targeted to treat disease.

KEYWORDS: CaSR, hyperparathyroidism, asthma, CASR gene, FHH, ADH, osteoporosis, allosteric modulator

The CaSR is ubiquitously expressed in the human body but
is found abundantly in the parathyroid glands and kidney.

In these organs, the CaSR is responsible for exquisite control of
extracellular Ca2+ (Ca2+o) to maintain systemic ionized Ca2+o
concentrations within 1.2−1.4 mM (reviewed in ref 1). The
CaSR negatively regulates parathyroid hormone (PTH)
secretion in response to elevated Ca2+o. When Ca2+o
concentrations rise, CaSR-mediated suppression of PTH
synthesis and secretion decreases Ca2+ resorption from bone
and Ca2+ reabsorption in the renal thick ascending limb of the
loop of Henle. Within the kidneys, the CaSR responds to
elevated Ca2+o independently of PTH to further decrease Ca2+

reabsorption.2 Elevated Ca2+o concentrations are thus reduced.
The CaSR is expressed in additional tissues involved in Ca2+o
homeostasis. In the thyroid, elevated Ca2+o stimulates
calcitonin release via the CaSR,2 leading to Ca2+ uptake into
bone. The CaSR also promotes differentiation and prolifer-
ation of bone-forming osteoblasts,3 inhibits osteoclast-medi-
ated bone resorption,4 and facilitates chondrocyte-mediated
skeletal growth and development.5 In mammary epithelial cells,
the CaSR mediates Ca2+ transport into milk6 and suppresses
mammary gland release of parathyroid hormone-related
protein to reduce osteoclast-mediated release of Ca2+ from
bone.7

The pivotal role of the CaSR in Ca2+o homeostasis is well-
established; however, the CaSR also responds to additional
stimuli to mediate a number of noncalciotropic functions. In
taste buds, the CaSR responds to food-derived γ-glutamyl

peptides to enhance certain tastes.8 The CaSR is expressed
along the entire gastrointestinal (GI) tract, where it senses
amino acids to regulate inflammatory responses9 as well as
nutrient intake and digestion via the release of satiety and
pancreatic hormones.10,11 CaSRs in the pancreas also
contribute to glucose-mediated insulin secretion, thus helping
to maintain blood glucose levels.12 In the vasculature, CaSR
activation on vascular smooth muscle leads to vasodilatation,
thus contributing to blood pressure control.13 In the skin, the
CaSR promotes keratinocyte differentiation, barrier function,
and wound healing.14 CaSRs located in the lungs detect
fluctuations in local polyamines to mediate airway defense
mechanisms such as airway contraction and inflammation.15 In
addition to responding to different stimuli in a tissue specific
manner, CaSR expression in both calciotropic and non-
calciotropic tissues is controlled in a tissue- and environment-
specific manner. CASR gene promoters contain response
elements for 1,25-dihydroxyvitamin D, pro-inflammatory
cytokines, and the parathyroid cell-specific transcription factor,
glial cells missing-2. Consequently, CaSR expression may be
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increased in inflammation and decreased in states of vitamin D
deficiency.16,17 The many diverse CaSR functions and changes
in CaSR expression during pathophysiological situations
highlight that the CaSR is a multifunctional chemosensor in
human (patho)physiology. This review will focus on how its
many allosteric ligands bind to the CaSR and how allosteric
binding sites have been targeted to manipulate CaSR activity in
disease.

■ CASR SIGNALING
The CaSR couples primarily to Gi/o and Gq/11 G proteins to
reduce cyclic adenosine monophosphate (cAMP) levels18 and
trigger the release of intracellular Ca2+ (Ca2+i) from stores,
respectively (Figure 1). The CaSR also increases Ca2+i via

influx through L-type voltage-gated and transient receptor
potential ion channels on the plasma membrane,19−21 in part
via a PKC-dependent mechanism.20

In addition to canonical G protein coupling, the CaSR
stimulates mitogen activated protein kinases (MAPK) down-
stream from Gq/11, Gi/o, and β arrestin.22−25 In some cell types,
the CaSR couples to G12/13,

26 although the (patho)-
physiological relevance is unknown. The CaSR also activates
Gs proteins in immortalized or malignant breast cells27 and in
murine pituitary corticotroph-derived AtT-20 cells,28 resulting
in increased cAMP production in these cell types. Thus, the
CaSR is promiscuously coupled to several different G protein
families, adding even greater pharmacological complexity.
Due to its promiscuous G protein coupling preferences, the

CaSR is subject to biased agonism whereby distinct ligands
activate or inhibit a subset of possible signaling pathways
linked to the CaSR to the relative exclusion of others.25,29,30

While the physiological relevance of biased CaSR agonism is
not known, it likely plays an important role in regulating CaSR

activation by its many varied endogenous ligands. Small
molecule allosteric ligands also engender biased modulation at
the CaSR (discussed in more detail below), demonstrating that
CaSR function may be fine-tuned with allosteric drugs.

■ STRUCTURE

The CaSR protein is encoded by 7 exons and is expressed as a
1078 amino acid polypeptide. Exons 2−6 encode the large
extracellular domain (ECD), while exon 7 encodes the 7
transmembrane (7TM)-spanning region and C-terminal tail.
The CaSR forms a homodimer mediated by covalent and
noncovalent interactions.31,32 The ECD contains a bilobed
“venus flytrap” (VFT) domain, so-called because the two lobes
(named LB1 and LB2) open and close around a ligand-binding
cleft31,33 much like the VFT plant closes around its prey
(Figure 2).
The VFT is linked via a cysteine-rich domain (CRD) to the

7TM and its connecting intracellular and extracellular loops
(ICL and ECL, respectively). The structural integrity of the
7TM is in part maintained by a disulfide bond between C677
in ECL1 and C765 in ECL2.34 The 7TM is proceeded by a
large C-terminal tail that contributes to cell surface expression,
signaling, and binding to accessory proteins.35−37 Further, C-
terminal tail residues (S875 and T888) are predicted to be key
protein kinase C (PKC) phosphorylation sites, which serve to
negatively regulate CaSR activity.38,39

■ ENDOGENOUS CASR LIGANDS AND THEIR
BINDING SITES

The primary physiological ligand of the CaSR is Ca2+. X-ray
crystallography combined with anomalous scattering analysis
suggest Ca2+ binds to four sites within the VFT domain
(Figure 2)31 in a cooperative manner, such that binding to one
site positively modulates Ca2+ binding to the other sites.40 A
loss in Ca2+o agonism was observed upon mutation of residues
located in the four Ca2+ sites, although the effects of mutations
on receptor expression, Ca2+o affinity, and Ca2+o efficacy were
not delineated. Consequently, it is unclear to what extent these
mutations alter Ca2+o binding to the CaSR and therefore
whether these sites are physiologically relevant or simply an
artifact of the crystallization conditions. Ca2+ also binds to at
least one site in the 7TM or ECLs, evidenced by the fact that
Ca2+o retains agonist activity at a CaSR lacking its entire
ECD.41 Thus, while Ca2+o is considered the orthosteric agonist,
strictly speaking Ca2+o is an allosteric modulator of itself. In
addition to Ca2+o, the CaSR responds to additional divalent
cations, including Mg2+, as well as trivalent cations such as
Gd3+.42,43 Structural studies suggest a Mg2+ binding site that
overlaps with a Ca2+ binding site in the VFT, as well as other
distinct binding sites for Mg2+ and Gd3+33 (Figure 2).
However, anomalous scattering analysis was not used to assign
Mg2+ or Gd3+ in the CaSR VFT crystal structure and can
therefore be made with less confidence. Importantly, all six
cation binding sites are topographically distinct from the VFT
cleft between LB1 and LB2, which is the orthosteric agonist
binding site in all other class C GPCRs.
The CaSR VFT cleft is the binding site for endogenous

positive allosteric modulators (PAMs), which include aromatic
L-amino acids44 and γ-glutamyl peptides.45 Larger aliphatic
and aromatic L-amino acids, in particular L-Phe and L-Trp, are
the most potent PAMs at the CaSR.44 CaSR VFT domain
structures solved by X-ray crystallography suggest the fully

Figure 1. Principal CaSR signaling pathways. CaSR activation of Gi/o
inhibits adenylyl cyclase (AC) to reduce cAMP levels. CaSR coupling
to Gq/11 activates phosphatidylinositol-specific phospholipase C (PI−
PLC) to increase inositol triphosphate (IP3) and diacyl glycerol
(DAG) and trigger the release of Ca2+i from stores. Ca2+i activates
phospholipase A2 (PLA2) and PKC. The CaSR also increases Ca2+i via
influx through L-type voltage-gated and transient receptor potential
ion channels (IC), in part via PKC. The CaSR activates MAPK
signaling cascades via Gq/11-mediated PKC, Gi/o-mediated activation
of epidermal growth factor receptor (EGFR), and β arrestin.
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active (closed) VFT conformation only exists when the cleft is
occupied by an L-amino acid or similar entity.31,33 The CaSR
also responds to other positively charged endogenous ligands
that interact with allosteric sites. These include polyamines
such as spermine, spermidine, and putrescine.46 Polyamines
activate the CaSR in the absence of Ca2+o and are therefore
agonists, but they may also act as PAMs.46 The binding site for
polyamines has not been elucidated, but it is located
somewhere in the 7TM, ECLs, or ICLs.47

In addition to numerous endogenous activators, anions such
as phosphate and sulfate, protons, or elevated osmolarity all
serve to inhibit CaSR activity.31,48−50 While anions bind in the
CaSR VFT,31 the site of action of protons is unknown.49 These
findings suggest potential clinical implications for changes in
the CaSR’s environment, which may occur in pathophysio-
logical states such as alkalosis, elevated serum phosphate
observed in chronic kidney disease, or increased osmolarity as
occurs during dehydration. Altered levels of endogenous CaSR
activators or inhibitors in different physiological or disease
states may also impact discovery and validation of CaSR small
molecule allosteric ligands.

■ EXOGENOUS ALLOSTERIC LIGANDS AND THEIR
BINDING SITES

Small Molecule PAMs. Given that the endogenous ligands
of the CaSR bind to a number of distinct sites in a cooperative
manner, it is unsurprising that the CaSR possesses several

distinct allosteric sites for exogenous molecules. The first
CaSR-targeting small molecules discovered were the calcium
channel blockers fendiline and prenylamine (Figure 3), which
gave rise to the arylalkylamine CaSR PAMs, NPS R-467, NPS
R-568, and cinacalcet (Figure 3, reviewed in ref 51). Several
structurally related CaSR PAMs have since been identified,
including evocalcet, calindol, and variants thereof (Figure 3).
Arylalkylamine PAMs potentiate CaSR-mediated Ca2+i mobi-
lization in recombinant cells or suppress PTH secretion from
parathyroid cells in culture in the presence of physiological
Ca2+o concentrations with reduced potency or affinity in the
absence of Ca2+o.

52−54 However, high arylalkylamine concen-
trations (>1 μM) activate the CaSR in the absence of cations,51

indicating arylalkylamines are most accurately referred to as
PAM agonists. The fact that the CaSR functions in the absence
of Ca2+o raises the question of whether endogenous agonists
can activate the CaSR by binding to the small molecule
allosteric binding site.
In the absence of a CaSR structure with a bound allosteric

modulator, mutagenesis studies combined with computational
docking have predicted the binding site of arylalkylamine
PAMs.41,53,55−58 Due to a lack of radiolabeled ligands, early
drug discovery campaigns did not determine the affinity of
CaSR PAMs; therefore, initial binding site predictions were
based on the effect of mutations on PAM potency for
potentiation of a single Ca2+o concentration.55−58 However,
potency changes do not discern individual effects of mutations

Figure 2. CaSR model and predicted ligand binding sites. The published crystal structure of the CaSR ECD (PDB 5K5S) was superimposed onto a
published model of the CaSR 7TM, ECLs, and ICLs71 based on homology with the mGlu5 crystal structure (PDB 6N51). Numbers correspond to
ligand binding sites predicted as follows: Ca2+ (sites 1−4) by anomalous scattering analysis and SO4

2− (5−7), PO4
3− (8−9), and L-Trp (10) by

electron density distribution analysis of the crystallized ECD (PDBs 5K5S and 5K5T);31 TNCA (11), Mg2+ (12−13), and Gd3+ (13) by electron
density distribution analysis of the crystallized VFT (PDBs 5FBK and 5FBH);33 etelcalcetide (15) from mutagenesis and mass spectrometry, where
the yellow stick represents a putative disulfide bond as a rough depiction of where etelcalcetide is predicted to bind;66 quinazolinone-containing
NAMs (16), arylalkylamine PAMs and NAMs (17), and AC265347 (18) from mutagenesis combined with homology modeling and computational
docking.41,71
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on affinity, cooperativity or efficacy. More recent studies have
quantified the effect of amino acid substitutions using an
operational model of allosterism59,60 (Figure 4). Key amino

acid residues that contribute to the affinity of arylalkylamine
PAMs are located in TMs 2, 3, 5, 6, and 7 as well as ECLs 2
and 3, where numbering in superscript throughout this
manuscript denotes residue positions relative to the most
highly conserved residue in each TM domain across the class C
GPCRs;61 F6682.56, F6843.36, F6883.40, A7725.39, W8186.50,
F8216.53, Y8256.57, E8377.32, A8407.35, I8417.36, E767ECL2, and
V833ECL3.41,53 Mapping these residues onto a homology model
of the CaSR based on the metabotropic glutamate receptor

subtypes 1 and 5 (mGlu1 and mGlu5) crystal structures
revealed a large cavity that spans from the top to the middle of
the 7TMs (Figure 2).41 The arylalkylamine PAM secondary
amine is protonated at physiological pH to form an ammonium
salt that facilitates PAM binding by hydrogen bonding with
E8377.32 in addition to forming a strong electrostatic
interaction.41,53,55−58 The predicted 7TM binding pocket of
CaSR arylalkylamine PAMs is commensurate with that
observed for the binding site of a NAM cocrystallized with
mGlu1

62 and common across the class C GPCR family.
In 2010, Acadia Pharmaceuticals discovered benzothiazole-

containing CaSR PAMs that were structurally and chemically
distinct from the arylalkylamine PAMs, leading to the
identification of AC265347 (Figure 3).63,64 Like the arylalkyl-
amines, AC265347 demonstrates agonist activity in the
absence of cations, but it is a more potent agonist when
compared to arylalkylamine PAMs.54 AC265347 is also a
biased CaSR allosteric modulator that preferentially enhances
CaSR-mediated phosphorylation of ERK1/2 (pERK1/2)
versus Ca2+i mobilization.54 In contrast, phenylalkylamine
PAMs show the reverse biased modulatory profile.54 While
AC265347 is predicted to bind within the 7TM cavity, it is
unaffected by many of the mutations that reduce arylalkyl-
amine affinity.41,53 Importantly, AC265347 lacks an ionizable
nitrogen and is therefore not predicted to form an ionic
interaction with E8377.32. Computational docking studies
supported by mutagenesis suggest that AC265347 sits deeper
in the 7TM bundle in comparison to the arylalkylamine
PAMs41 (Figure 2). By binding deeper within the 7TM bundle,
AC265347 may stabilize distinct receptor states relative to
arylalkylamine PAMs, engendering biased CaSR signaling.

The Peptide PAM, Etelcalcetide. In addition to small
molecule PAMs, etelcalcetide was identified as a unique CaSR
PAM, being an octapeptide comprising a linear chain of seven

Figure 3. CaSR agonists and PAMs and their structures.

Figure 4. An operational model of allosterism to quantify CaSR
agonist, PAM, and NAM actions. Endogenous CaSR agonists such as
Ca2+o bind with a mean equilibrium dissociation constant, KA, to
multiple sites. When the receptor is occupied by an agonist, the
agonist stimulates a response, depicted by an operational measure of
efficacy, τA. Allosteric modulators may alter the equilibrium
dissociation constant of the agonist via a cooperativity factor, α, or
alter the efficacy of the orthosteric agonist via a scaling factor, β.
Allosteric modulators may also have their own efficacy, τB.
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D-amino acids linked to a L-cysteine via a disulfide bond.65

Both the C- and N-terminus are capped and the D-amino acid
backbone is attached to four D-Arg residues. Etelcalcetide is
predicted to bind to the CaSR VFT by forming a disulfide
bond with C482 located near a “hinge” region in VFT LB1 that
mediates VFT closure.66 In the absence of Ca2+o, etelcalcetide
activity in HEK293 cells is significantly decreased.65 Nonethe-
less, etelcalcetide retains agonist activity in the absence of
Ca2+o; therefore, it is a PAM agonist.65 Given that etelcalcetide
interacts with a unique site relative to the small molecule
PAMs, etelcalcetide is likely to stabilize a distinct receptor
conformation and therefore has the potential to engender
biased CaSR agonism or modulation, although this remains to
be determined.
CaSR NAMs. A high throughput screen and subsequent

medicinal chemistry effort at NPS Pharmaceuticals and
SmithKline Beecham led to the discovery of the first CaSR
NAM, NPS2143 (Figure 5), which has an arylalkylamine
scaffold.67 Subsequent efforts to progress arylalkylamine NAMs
clinically led to the development of several NAMs with
structural and chemical similarity to NPS2143, including
ronacaleret,67,68 JTT305 (otherwise known as MK3552),69 and
NPSP79570 (Figure 5). Arylalkylamine NAMs are predicted to
bind within the same 7TM cavity as arylalkylamine PAMs, with
the NAM secondary amine predicted to interact with E8377.32

in a manner akin to the arylalkylamine PAMs.41,71 In fact, the
predicted binding pose for the arylalkylamine NAMs is very
similar to the predicted pose for arylalkylamine PAMs, making
it difficult to discern from computational modeling how these
structurally similar PAMs and NAMs could have opposing
effects on CaSR signaling. Future structural elucidation of the
CaSR 7TM bound to PAMs and NAMs is needed to fully

appreciate how these small molecules differentially alter CaSR
structure and function.
In addition to the arylalkylamine NAMs, a screening

program at Novartis identified quinazolinone-containing
compounds as CaSR NAMs, which were advanced to yield
ATF936 and AXT914 (Figure 5).72,73 ATF936 has greater
negative cooperativity in comparison to NPS2143, meaning
that it is better at blocking CaSR activity.71 Mutagenesis and
docking studies predict the quinazolinone-containing NAMs
bind in the 7TM allosteric cavity but in a distinct manner to
the arylalkylamine PAMs and NAMs.71 For instance, some
mutations that reduce NPS2143 affinity have no effect on the
affinity of ATF936 affinity.71 A more detailed structural
understanding of the binding of quinazolinone-containing
NAMs may afford the opportunity to design NAMs with even
greater affinity or cooperativity.
Intriguingly, a structurally and chemically distinct CaSR

NAM, known as BMS compound 1, is predicted to bind to a
second as yet unidentified allosteric site in the 7TM, ECLs, or
ICLs of the CaSR.71 Multiple allosteric binding sites within the
7TM of class C GPCRs is not unprecedented. For mGlu5,
several PAM chemotypes are thought to bind outside the
common allosteric pocket.74,75 Structural resolution of the
BMS compound 1 binding site could provide opportunities to
identify novel allosteric modulators that target this site and that
may possess biased modulatory properties.

Calhex231: A Mode-Switching Allosteric Modulator.
Calhex231 is structurally and chemically related to cinacalcet
and the other arylalkylamine PAMs, and indeed it was
discovered from an SAR study based on the PAM calindol.76

Surprisingly, calhex231 was reported to be a NAM because it
inhibited a maximally effective concentration of Ca2+o in an IP

Figure 5. CaSR NAMs and their structures.
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accumulation assay.76 Recent work, however, has revealed that
calhex231 is both a PAM and a NAM depending on whether it
occupies a single protomer in the CaSR dimer or both
protomers.77 The binding of calhex231 to one protomer
inhibits the binding of calhex231 to the second protomer.
Using an allosteric quaternary complex model, it was shown
that calhex231 switches to a NAM because its negative
cooperativity with itself is greater in the presence of an
agonist.77 The calhex231 binding site overlaps with the binding
site for cinacalcet, NPS2143 and other arylalkylamine PAMs
and NAMs.77 The ability of calhex231, but not other PAMs
and NAMs, to mode-switch is predicted to be due to a
disubstituted cyclohexane ring in calhex231, which may offer
more flexibility when bound to the CaSR and thus allow
calhex231 to adopt at least two distinct binding poses.77

■ CLINICAL UTILITY OF CASR ALLOSTERIC
MODULATORS

CaSR PAMs for Hyperparathyroidism. Given the pivotal
role of the CaSR in negatively regulating PTH secretion, three
CaSR PAMs are currently on the market to treat hyper-
parathyroidism. Hyperparathyroidism is typically caused by
parathyroid adenoma or carcinoma, resulting in primary
hyperparathyroidism (PHPT). Alternatively, it is secondary
to chronic kidney disease, where impaired phosphate excretion
and renal 1,25-dihydroxyvitamin D3 synthesis leads to
decreased Ca2+o and a consequent increase in PTH synthesis
and secretion as well as parathyroid hyperplasia. Cinacalcet
(Sensipar) was the first CaSR-targeting drug to gain FDA
approval in 2004 for hemodialysis patients with secondary
hyperparathyroidism (SHPT) caused by chronic kidney
disease. Cinacalcet was also the first FDA-approved GPCR
allosteric modulator to reach the market. Cinacalcet has since
been approved to treat hypercalcemia in adults with para-
thyroid carcinoma or who cannot undergo parathyroidectomy.
Cinacalcet is generally safe and well tolerated, although GI

adverse events including nausea, vomiting, or loss of appetite
occur in approximately 30% of patients.78 Cinacalcet can also
cause transient episodes of hypocalcaemia in some patients.
Further, there is some variability in the degree to which
patients respond to cinacalcet.79 While cinacalcet responsive-
ness can depend on the severity of SHPT, CaSR single
nucleotide polymorphisms (SNP) may influence cinacalcet
efficacy. For instance, SHPT patients with an R990G SNP
demonstrate higher sensitivity to cinacalcet, with a larger
proportion of G990 carriers experiencing a cinacalcet-mediated
suppression in PTH compared to patients with the
predominant R990 allele.80 These findings suggest that a
personalized medicines approach may need to be considered
when treating patients with CaSR-targeting therapies.
In 2017, etelcalcetide (Parsabiv) was approved by the FDA

as an intravenous CaSR PAM for the treatment of SHPT in
adults. The intravenous administration of etelcalcetide is
advantageous because it can be delivered at the end of a
hemodialysis session, thus ensuring patient compliance. While
intravenous etelcalcetide was expected to induce fewer GI
adverse events compared to oral cinacalcet, self-reported
symptoms of nausea and vomiting were not significantly
different between SHPT patients given etelcalcetide or
cinacalcet.81 Nonetheless, a one-year safety and efficacy trial
of intravenous etelcalcetide administration revealed no major
safety concerns,82 although, like cinacalcet, etelcalcetide can
cause hypocalcaemia.83

Recently, evocalcet (alternative names MT-4580 and
KHK7580) was approved for the management of SHPT in
Japanese patients that remain refractory to cinacalcet treatment
because adverse GI events prevent cinacalcet dose escalation.
Evocalcet has higher bioavailability in comparison to
cinacalcet, and lower doses are therefore required to suppress
serum PTH levels.84 In rats, evocalcet suppresses PTH
secretion while having no significant effect on gastric emptying,
which is delayed in cinacalcet-treated rats and patients.84

Evocalcet also had a reduced incidence of vomiting in
marmosets.84,85 In humans, evocalcet offers good short-term
tolerability in terms of upper GI symptoms while still providing
therapeutic efficacy similarly to cinacalcet.86 However, while
the severity of GI side effects is reduced compared to
cinacalcet,83 approximately 19% of evocalcet-treated patients
still experience nausea and vomiting compared to 33% of
patients treated with cinacalcet.78 Evocalcet also causes
hypocalcaemia in some patients.83 Thus, while all three
clinically approved CaSR PAMs are effective at reducing
PTH levels in hyperparathyroidism, the risk of hypocalcaemia
and incidence of GI side effects limits their use in the clinic.83

There is still therefore a need for novel PAMs with reduced
adverse effects.

PAMs for Hypercalcaemia. The importance of the CaSR
in Ca2+o homeostasis is highlighted by the many naturally
occurring mutations in the CASR gene or in genes encoding
Gα11 (GNA11), which mediates CaSR signal transduction, or
adapter protein 2 sigma subunit 1 (AP2S1), which regulates
CaSR cell surface expression. Inactivating mutations in these
proteins cause familial hypocalciuric hypercalcaemia types 1 to
3 (FHH1−3) or neonatal severe primary hyperparathyroidism
(NSHPT).
FHH1 (the most common form of FHH at 1 per 1350

people87) and NSHPT are caused by inactivating CASR
mutations. These mutations reduce CaSR sensitivity to Ca2+o
or impair the biosynthesis and post-translational processing of
the CaSR within the endoplasmic reticulum or Golgi
apparatus, leading to CaSR misfolding and impaired cell
surface expression.88,89 Furthermore, some mutations alter
CaSR coupling to signaling pathways to the relative exclusion
of others.90 FHH1 is characterized by mild or moderate
elevations of serum calcium and magnesium with mildly
elevated or normal PTH levels. While FHH1 patients are often
asymptomatic, up to 30% of patients experience symptomatic
hypercalcaemia, whereas others develop chondrocalcinosis,
acute pancreatitis, and gallstones.91 Importantly, FHH1-
causing mutations increase the risk of numerous diseases,
most notably cardiovascular, neurodegenerative, and psychi-
atric diseases.87 These findings suggest that it may be
appropriate to treat FHH1 even in asymptomatic patients.
Further, the much rarer but more severe disorder, NSHPT, is
characterized by life-threatening hypercalcaemia, skeletal
under-mineralization and deformities, and death if left
untreated.91 It is therefore essential that infants diagnosed
with NSHPT are treated. Increasingly, cinacalcet has shown
some success in treating NHSPT in addition to complications
related to FHH1 in patients harboring loss-of-function or loss-
of-expression CaSR mutations.92−98 There are, however,
increasing reports of NSHPT patients who do not respond
adequately to cinacalcet, in some cases due to homozygous
mutations that result in truncation of the CaSR before the
7TM cinacalcet binding site.99,100 Cinacalcet-unresponsive
patients may also harbor missense mutations or in-frame
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deletions that result in expression of a full-length CaSR with
single amino acid mutations or a shortened CaSR in which
exon 5, encoding amino acids 476−536 in the ECD, is
deleted.101−103 In these instances, cinacalcet may be ineffective
because the mutation may reduce cinacalcet affinity or its
ability to potentiate Ca2+o by decreasing allosteric coopera-
tivity. In cases of severe mutation-induced receptor impair-
ment, the mutation may render cinacalcet unable to sufficiently
restore receptor function even if affinity or cooperativity are
unaffected.104 Interestingly, compared to cinacalcet, AC265347
was more effective at potentiating Ca2+o-mediated signaling
responses at some FHH1/NSHPT-causing CaSR mutants,
suggesting that alternative PAMs may be better than cinacalcet
at rescuing inactivating CaSR mutants.64 However, as
AC265347 is not approved clinically, total parathyroidectomy
is currently required to normalize serum PTH levels in patients
who do not respond to current pharmacological interventions.
Four GNA11 mutations have been identified in FHH2-

affected individuals (FHH2 is the least common form of
FHH), which are predicted to impair guanine nucleotide
binding or disrupt G protein activation of intracellular signaling
proteins such as PLC.91,105 FHH2 patients typically have mild
hypercalcaemia and normal serum concentrations of PTH.105

In recombinant cells expressing FHH2-causing GNA11
mutations, cinacalcet restored impaired CaSR signaling.106

Similarly, in mice with a germline loss-of-function GNA11
mutation, cinacalcet corrected hypercalcaemia and reduced
elevated serum PTH concentrations.107 Cinacalcet also
normalized serum calcium concentrations in a FHH2 patient
with hypercalcaemia.108 These studies suggest that cinacalcet
stabilizes a CaSR conformation that couples more favorably to
G11, thus overcoming mutations that impair G11 function.
However, given the typically asymptomatic nature of FHH2,
there is no clear benefit in treating most FHH2 patients with
pharmacological interventions.
Four missense AP2S1 mutations that cause FHH3 have been

identified.109−111 FHH3-causing mutations disrupt AP2σ-
mediated CaSR endocytosis and consequently impair CaSR
signaling from endosomes.105,112 FHH3 is the most severe
form of FHH and is more commonly characterized by
symptomatic hypercalcaemia.109,113 FHH3 may also be
associated with recurrent pancreatitis and cognitive dysfunc-
tion.114 Cinacalcet corrected impaired CaSR signaling resulting
from FHH3-causing AP2S1 mutations and rectified sympto-
matic hypercalcaemia in three FHH3 patients.115 The
molecular mechanisms by which cinacalcet corrects muta-
tion-induced impairments in AP2σ-mediated CaSR internal-
ization are not known, but there are several possibilities.
Cinacalcet may simply stabilize a CaSR conformation that
interacts more favorably with AP2σ, thus restoring CaSR
internalization and trafficking to endosomes. Alternatively, by
crossing the cell membrane, cinacalcet may potentiate the
activity of CaSRs already localized to endosomes. Regardless,
these findings demonstrate that CaSR PAMs such as cinacalcet
may be useful in the management of FHH3.
NAMs for Osteoporosis. The first manifestation of

osteoporosis is typically a fracture.116 Therefore, treatments
are aimed at preventing further bone loss, such as with the use
of bisphosphonates (e.g., alendronate), or restoring bone mass
and density with recombinant human PTH(1−34)
(rhPTH(1−34) or rhPTH(1−84)), which have anabolic
actions by increasing the number of bone-forming osteo-
blasts.117 However, rhPTH(1−34) has received a black box

warning label in the United States because high doses induced
osteosarcoma in long-term carcinogenicity studies in rats.118

Further, rhPTH requires daily subcutaneous administration,
and an orally active anabolic compound therefore continues to
be of interest. Small molecule CaSR NAMs were consequently
developed as potential orally available therapeutics for
osteoporosis because they stimulate the release of endogenous
PTH by mimicking a drop in Ca2+o levels.
NPS2143 was the first CaSR NAM to be evaluated in an

ovariectomized rat model of postmenopausal osteoporosis.
However, following 5 weeks of daily NPS2143 administration,
no net increase in bone mass and density was ob-
served.67,119,120 The high volume of NPS2143 distribution
resulted in prolonged NPS2143 exposure and sustained
elevations in PTH levels, in contrast to plasma levels of
rhPTH(1−34), which reached a comparable maximum
concentration but returned to baseline much more rapidly. It
was soon realized that CaSR NAMs would best exert an
anabolic effect if they had a short half-life to ensure transient
stimulation of PTH release that promptly returned to basal
levels. This is because prolonged exposure to PTH mimics
hyperparathyroidism, thus stimulating bone resorption at the
expense of bone formation.121

Ronacaleret was the second CaSR NAM to be evaluated in
osteoporosis. While ronacaleret is structurally similar to
NPS2143, it is more metabolically labile.122,123 However, a
clinical trial in postmenopausal women given ronacaleret for 12
months demonstrated only a modest increase in bone mass
and density of the lumbar spine compared to large increases
seen in patients receiving rhPTH(1−34) or alendronate, while
hip, femoral neck, and trochanter bone mass and density was
decreased in the ronacaleret-treated group.124 Similarly, in a
phase 2 clinical trial in postmenopausal women treated with
JTT305 for 6 months, no significant increase in bone mass and
density was observed over placebo, despite evidence of an
increase in markers of bone formation.125 A clinical trial of
AXT914 was also terminated early due to a lack of effect of
AXT914 on bone formation markers and a dose-limiting
increase in serum calcium after four weeks of treatment.126

The reasons why CaSR NAMs do not stimulate bone
formation are not fully understood but may be linked to on-
target CaSR effects in cells and tissues outside the parathyroid
gland. For instance, CaSR NAMs may inhibit the important
function of the CaSR in bone-forming osteoblasts, thus
counteracting the effects of transient PTH release. Further,
while the pharmacokinetic profiles of ronacaleret, JTT305, and
AXT914 were more favorable than NPS2143, NAM-mediated
elevations in serum PTH concentrations remained above
baseline in humans for more than 3.5 h,124−126 whereas levels
of rhPTH return to baseline rapidly following rhPTH
injection.127 Prolonged PTH release was more apparent at
higher NAM doses that were cleared less rapidly. The design of
NAMs that can be administered at lower doses, such as those
with greater affinity or cooperativity, could help to overcome
this issue. Regardless of the reasons for CaSR NAM failures in
the clinic, the development of NAMs for osteoporosis has been
discontinued, and efforts have instead focused on repurposing
CaSR NAMs for alternative disorders.

NAMs for ADH and Bartter Syndrome V. Recent
interest has been garnered in repurposing CaSR NAMs for
heterozygous activating mutations in the CASR or GNA11
genes, which cause autosomal dominant hypocalcaemia type 1
(ADH1; caused by CASR mutations), Bartter syndrome V
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(CASR mutations), or ADH2 (GNA11 mutations). ADH is
characterized by a mild or moderate decrease in serum calcium
and PTH concentrations.91 Many ADH sufferers experience
symptomatic hypocalcaemia, which may include tingling and
painful muscular spasms in the hands and feet as well as
seizures. Some ADH1 patients also suffer from calcifications in
the kidneys and basal ganglia or elevated bone mineral
density.91 In more severe cases, gain-of-function CASR
mutations promote renal loss of sodium, potassium,
magnesium, and chloride ions and consequent hypokalaemic
alkalosis and hyperreninaemic hyperaldosteronism, a condition
called Bartter syndrome V.91 The prevalence of ADH1 is
approximately 1 per 25 000.87 Currently, over 90 different
CaSR mutations have been linked to ADH1. Among them,
over 95% are missense mutations, with the remaining 5%
represented by frameshift or in-frame insertion and deletion
mutations.128 ADH2 is rarer and has been associated with six
different activating missense GNA11 mutations. ADH2-causing
mutations are located at the interface between the helical and
GTPase domains of the Gα11 protein and involved in GDP-
GTP exchange or located at the Gα11 carboxyl terminal, which
is involved in receptor coupling.129,130 CaSR NAMs are a
viable therapeutic strategy for reducing hyper-function caused
by gain-of-function mutations in both the CaSR and Gα11.
Promisingly, NPS2143 can normalize signaling responses

associated with ADH-causing CASR and GNA11 mutations in
vitro104,106,131,132 as well as increase Ca2+o and PTH
concentrations in ADH1 and ADH2 mouse models131,133,134

and prevent nephrocalcinosis in an ADH1 mouse model.135

However, NPS2143 is less effective, at least in vitro, at
rectifying gain-of-function CASR mutations that cause Bartter
syndrome V.104,132 In contrast, quinazolinone-derived NAMs
(e.g., AXT914 and ATF936) can better rectify Bartter
syndrome V mutations in vitro136 and may represent a class
of NAMs with lower propensity to be affected by
pharmacogenetic effects compared to arylalkylamine-derived
NAMs like NPS2143.
Although originally developed for osteoporosis, the arylalkyl-

amine-derived NAM, NPSP795, entered phase II clinical trials
for the treatment of ADH1. NPSP795 robustly increased PTH
in 3 out of 5 ADH1 trial patients and caused a small reduction
in renal Ca2+ excretion. However, NPSP795 had no significant
effect on serum Ca2+o levels and had variable effects on
PTH.137 The high variability in NPSP795 efficacy may in part
be attributable to the underlying disease-causing mutations.
Some ADH1 mutations are in close proximity to the common
7TM allosteric binding site, or NPSP795 may not have
sufficient affinity or cooperativity to overcome some mutation-
induced enhancement in CaSR signaling.41,104 However,
pharmacogenetic effects do not completely explain interpatient
variation in the efficacy of NPSP795. For instance, two patients
in the study carried the same mutation (A840 V). A840 V faces
into the 7TM binding cavity and contributes to the binding of
the arylalkylamine NAM, NPS2143.41 However, while serum
PTH levels were robustly increased in one A840 V-harboring
patient, NPSP795 had only a modest effect on PTH levels in
the other, despite similar NPSP795 concentrations being
reached in both patients. It therefore remains to be determined
why some ADH1 patients may respond to CaSR NAMs, while
others do not.
NAMs for Asthma. Asthma affects ∼340 million people

worldwide, posing significant health risks particularly to
approximately 10% of asthmatics whose asthma is poorly

controlled with current drugs. The efficacy of asthma
medications, which include β2 adrenergic receptor agonists
and corticosteroids, is further limited by acute exacerbations
typically caused by respiratory virus infections or environ-
mental pollutants.138 Identifying novel treatments for poorly
controlled asthma is therefore a key health priority.
Recently, the CaSR was identified as a putative therapeutic

target in asthma. The CaSR is expressed in bronchial smooth
muscle and the epithelium.15 CaSR expression is upregulated
in human bronchial biopsies from asthmatics, in murine
asthma models, and in human airway smooth muscle cells
exposed to asthma-associated cytokines,15 presumably via
STAT and κB response elements in the CASR gene promoters.
Further, CaSR agonists such as polyamines are established
mediators of airway inflammation, remodelling, and con-
striction;139−146 polyamine concentrations are elevated in the
sputum or blood of human asthmatics and in murine models of
allergic airways disease.141,143,147 While spermine potentiated
airway smooth muscle contraction induced by acetylcholine,
this effect was diminished in mice with selective CaSR ablation
in airway smooth muscle cells.15 These findings were
consistent with observations that the CaSR NAM, NPS2143,
attenuated Ca2+i release in human airway smooth muscle cells
in response to acetylcholine or histamine,15 suggesting
potential benefit in opposing CaSR signaling in asthma.
In murine models of allergic airways disease, chronic

treatment with CaSR NAMs attenuated airway inflammation,
fibrosis, and airway hyper-responsiveness (AHR) to the
muscarinic acetylcholine receptor agonist, methacho-
line.15,148,149 The CaSR NAM, NPS2143, also decreased
immune cell counts in mouse bronchoalveolar lavage fluid
(BALF) following allergen challenge15 or lipopolysaccharide
(LPS)-induced lung injury,148 and suppressed serum and
BALF cytokine levels.148 The latter effects of in vivo treatment
with NPS2143 are consistent with the established role of the
CaSR in promoting pro-inflammatory cytokine release from T
cells,150 macrophages,151,152 and airway epithelial cells in
vitro.148 More recent findings demonstrated that the NAMs
ronacaleret, JTT-305, NPSP795, and AXT914 all reduced
airway inflammation and prevented goblet cell hyperplasia in a
chronic airway inflammation model.153 Taken together, the
potential benefits of CaSR NAMs in directly reducing aberrant
airway smooth muscle Ca2+i signaling and contraction as well
as attenuating airway inflammation, remodelling, and inhibiting
AHR in chronic disease models suggest the CaSR may be a
novel therapeutic target in asthma.

■ CONCLUSIONS
The CaSR is a multimodal chemosensor that responds to
diverse exogenous and endogenous stimuli via multiple
allosteric binding sites. While great efforts have been made
to therapeutically target the CaSR, to date, only CaSR PAMs
have reached the clinic. Despite CaSR NAMs demonstrating
promise as treatments for ADH, the reasons for the potential
interpatient variability in responsiveness to NAMs need to be
established to progress development of such compounds.
Thus, much can still be learned about how CaSR NAMs bind
to the receptor and how naturally occurring mutations alter the
binding and function of the NAMs. A better identification of
the CaSR’s many allosteric binding sites may enable drug
discovery efforts that target novel CaSR binding sites with
potential to identify distinct chemotypes of allosteric
modulators with unique pharmacological properties.
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ABSTRACT
Current operational models of agonism and allosterism quan-
tify ligand actions at receptors where agonist concentration-
response relationships are nonhyperbolic by introduction of
a transducer slope that relates receptor occupancy to response.
However, for some receptors nonhyperbolic concentration-
response relationships arise from multiple endogenous agonist
molecules binding to a receptor in a cooperative manner. Thus,
we developed operational models of agonism in systems with
cooperative agonist binding and evaluated the models by
simulating data describing agonist effects. The models were
validated by analyzing experimental data demonstrating the
effects of agonists and allosteric modulators at receptors where
agonist binding follows hyperbolic (M4 muscarinic acetylcholine
receptors) or nonhyperbolic relationships (metabotropic gluta-
mate receptor 5 and calcium-sensing receptor). For hyperbolic
agonist concentration-response relationships, no differences in
estimates of ligand affinity, efficacy, or cooperativity were ob-
served when the slope was assigned to either a transducer
slope or agonist binding slope. In contrast, for receptors
with nonhyperbolic agonist concentration-response relationships,

estimates of ligand affinity, efficacy, or cooperativity varied
depending on the assignment of the slope. The extent of this
variation depended on the magnitude of the slope value and
agonist efficacy, and for allostericmodulators on themagnitude of
cooperativity. The modified operational models described herein
are well suited to analyzing agonist and modulator interactions at
receptors that bind multiple orthosteric agonists in a cooperative
manner. Accounting for cooperative agonist binding is essential to
accurately quantify agonist and drug actions.

SIGNIFICANCE STATEMENT
Some orthosteric agonists bind to multiple sites on a receptor,
but current analytical methods to characterize such interactions
are limited. Herein, we develop and validate operational models
of agonism and allosterism for receptors withmultiple orthosteric
binding sites, and demonstrate that such models are essential to
accurately quantify agonist and drug actions. These findings
have important implications for the discovery and development
of drugs targeting receptors such as the calcium-sensing
receptor, which binds at least five calcium ions.

Introduction
The past 30 years have seen major advances in quantifying

the relationship between receptor occupancy and response,
with the operational model of agonism (Black and Leff, 1983)
representing one of the most common analytical approaches.
The operational model of agonism describes agonist effects
based on agonist affinity [equilibrium dissociation constant of
the orthosteric agonist (KA)] and observed efficacy in a given
test system. The latter is defined by a transducer ratio (t),
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ABBREVIATIONS: AC265347, 1-(1,3-benzothiazol-2-yl)-1-(2,4-dimethylphenyl)ethanol; ACh, acetylcholine; Ca21i , intracellular calcium; Ca21o ,
extracellular calcium; calcimimetic B, R-1-(6-methoxy-49-(trifluoromethyl)-3-biphenylyl)-N-(R)- 1-phenylethyl)ethanamine; CaSR, calcium-sensing
receptor; DMEM, Dulbecco’s modified Eagle’s medium; DPFE, 1-(4-(2,4-difluorophenyl)piperazin-1-yl)-2-((4-fluorobenzyl)oxy)ethanone; Em,
maximal system response; Emax, maximum effect; GPCR, G protein–coupled receptor; HEK, human embryonic kidney; KA, equilibrium dissociation
constant of the orthosteric agonist; KB, equilibrium dissociation constant of the allosteric ligand; LY2033298, 3-amino-5-chloro-6-methoxy-4-
methyl-thieno[2,3-b]pyridine-2-carboxylic acid cyclopropylamide; M-5MPEP, 2-[2-(3-methoxyphenyl)ethynyl]-5-methylpyridine; mAChR, musca-
rinic acetylcholine receptor; mGlu, metabotropic glutamate receptor; MPEP, 2-methyl-6-(2-phenylethynyl)pyridine; NAM, negative allosteric
modulator; nB, binding slope linking agonist concentration to receptor occupancy; nH, Hill slope; nT, transducer slope linking agonist concentration
to response; NPS2143, 2-chloro-6-[(2R)-2-hydroxy-3-[(2-methyl-1-naphthalen-2-ylpropan-2-yl)amino]propoxy]benzonitrile; PAM, positive allosteric
modulator; WT, wild type; VE-29, 2-chloro-6-[(2R)-2-hydroxy-3-[(2-methyl-1-naphthalen-2-ylpropan-2-yl)amino]propoxy]benzonitrile.
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which is a function of both tissue- and agonist-specific
components; it is the ratio of the total receptor number and
a transducer parameter that defines the avidity with which
a given agonist-occupied receptor complex promotes the final
observed pharmacological effect. As such, the operational
model of agonism is a useful tool for quantifying agonism in
a comparable manner across different test systems (Black and
Leff, 1983), and has subsequently been extended or modified
to also quantify effects of allosteric modulators and biased
agonists (Leach et al., 2007, 2010; Kenakin, 2012).
The operational model of agonism has been most commonly

applied to characterize the activity of agonists that display both
rectangular hyperbolic or nonhyperbolic concentration-response
curves, i.e., normally empirically characterized by Hill slopes
that are equal to or different from unity, respectively. The key
underlying assumption in themajority of instances to date where
an agonist concentration-response curve displays a Hill slope
significantly different from 1has been ascribed in the most
common form of the operational model to differences in the
postreceptor machinery that transduces occupancy to response,
i.e., through introduction of a so-called transducer slope (n) (Black
et al., 1985). For instance, steep or shallowHill slopes could arise
due to changes in thesensitivityof oneormoresteps inareceptor’s
signal transduction mechanism, while the initial agonist-
receptor binding event is assumed to be characterized by a simple
hyperbolic one-to-one relationship.However, for ion channels and
a number of G protein–coupled receptors (GPCRs), particularly
the class C GPCR subfamily, nonhyperbolic concentration-
response relationships can also arise from cooperative binding
of multiple equivalents of the same endogenous agonist molecule
prior to any subsequent processing of the stimulus by the cellular
transduction machinery. For example, while a number of small
molecule calcium-sensing receptor (CaSR) agonists produce
responses characterized by Hill slopes close to unity (Cook
et al., 2015; Keller et al., 2018), indicating a transducer slope
equal to unity, it is also well established that CaSR responses to
its endogenous activator, extracellular calcium (Ca21o ), and other
divalent cations are characterized by extremely high Hill slopes,
ranging from 2 to 4 (Brown, 1983; Davey et al., 2012; Leach et al.,
2015). The most parsimonious explanation to account for these
disparate observations is that the operational transducer slope
linking CaSR agonist occupancy to response can adequately be
described by a transducer slope equal to unity, which suggests
that the cooperativity observed in response to activators such as
Ca21o ions arises at the level of binding, not function. This is also in
accord with known pharmacological and structural studies of the
CaSR that have identified multiple binding sites for Ca21o ions
(Geng et al., 2016). As a consequence, the classic operational
model of agonism as applied to concentration-response curves of
nonunit Hill slopes is suboptimal for such situations.
Herein, we sought to develop and evaluate an operational

model of agonism that describes orthosteric agonist binding to
multiple sites in a cooperative manner, referred to as the
cooperative agonist operational model. The cooperative ago-
nist operational model was superior to the original Black-
Leff operational model of agonism in fitting Ca21o -CaSR
concentration-response data. We also extended this coopera-
tive agonist operational model to incorporate allosteric mod-
ulation of the affinity and efficacy of an agonist that binds
cooperatively to multiple sites. This operational model of
allosterism with cooperative agonist binding was fitted to
data describing the actions of CaSR positive allosteric

modulators (PAMs) and negative allosteric modulators
(NAMs), and revealed that if cooperative agonist binding is
not taken into consideration, under- or overestimates of PAM
and NAM affinity and cooperativity can occur.

Materials and Methods
Materials. Dulbecco’s modified Eagle’s medium (DMEM), Flp-In

human embryonic kidney (HEK) T-REx cells, blasticidin S HCl, and
FBS were obtained from Invitrogen (Carlsbad, CA), while hygromycin
B was obtained from Roche (Mannheim, Germany). Fluo-8 AM was
obtained from Abcam (Cambridge, MA).

CaSR-Expressing HEK293 Cell Lines. The generation of DNA
and Flp-In HEKT-REx cells stably expressing c-myc-tagged wild-type
(WT) CaSR in pcDNA5/frt/TO have been described previously (Davey
et al., 2012; Leach et al., 2016). Flp-In HEK T-REx CaSR cells were
maintained in DMEM containing 5% FBS, 200 mg/ml hygromycin B,
and 5 mg/ml blasticidin S HCl. To generate a tetracycline-inducible
Flp-In HEK cell line stably expressing an N-terminally truncated
CaSR, N-terminally truncated CaSR corresponding to amino acids
600–903 with an N-terminal influenza hemagglutinin signal peptide
followed by a c-myc epitope and rhodopsin signal peptide in
pcDNA3.11 (Leach et al., 2016) was transferred to pcDNA5/frt/TO
using BamHI and NotI restriction sites. Flp-In HEK T-REx cells were
seeded into 25 cm2 flasks in DMEM containing 5% FBS and allowed to
reach 80% confluency. Cells were transfected with 0.5 mg pcDNA5/frt/
TO containing the N-terminally truncated CaSR plus 5 mg POG44
with lipofectamine 2000 (1:4 DNA:lipofectamine 2000) according to
the manufacturer’s instructions. The following day, cells were trans-
ferred to a T75 cm2 flask, and 24 hours later DMEMwas replacedwith
DMEM containing 5% FBS, 200 mg/ml hygromycin, and 5 mg/ml
blasticidin S HCl. The selection DMEM was replaced every 3 days
until untransfected cells had died (∼10 days), and antibiotic-resistant
cells were expanded and maintained in DMEM containing 5% FBS,
200 mg/ml hygromycin, and 5 mg/ml blasticidin S HCl. All cell lines
were routinely tested for mycoplasma contamination using the Lonza
MycoAlert mycoplasma detection kit.

Determination of WT and N-Terminally Truncated CaSR
Cell Surface Expression Using Fluorescence-Activated
Cytometry. Flp-In HEK T-REx WT and N-terminally truncated
CaSR-expressing cells were seeded at 80,000 cells per well into a 96-
well plate and expression was induced with 100 ng/ml tetracycline
overnight at 37°C. The following day, cells were harvested andwashed
in 1X PBS with 0.1% bovine serum albumin and 2 mM EDTA (wash
buffer) by centrifugation (350g, 4°C for 3 minutes) before resuspen-
sion and 30-minute incubation in 100 ml blocking buffer (1X PBS,
5%bovine serumalbumin, and 2mMEDTA) containing 1mg/mlAF647-
conjugated 9E10 made in-house as previously described (Cook et al.,
2015). Cells were washed as previously described and resuspended in
wash buffer containing propidium iodide. Live cell fluorescence was
measured using a BD FACS Canto analyzer (Becton Dickinson).

Calcium Mobilization Assays. Cells were seeded in clear 96-
well plates coated with poly-D-lysine (50 mg/ml21) at 80,000 cells per
well and incubated overnight in the presence of 0 or 100 ng/ml21

tetracycline. The following day, cells were washed with assay buffer
(150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 10 mM D-Glucose,
10mMHEPES, 0.1mMCaCl2, 0.5% bovine serumalbumin, and 4mM
probenecid at pH 7.4) and loaded with Fluo-8 AM (1 mM in assay
buffer) for 1 hour at 37°C. Cells were washedwith assay buffer prior to
the addition of fresh assay buffer.

For all studies, each well was treated with a single agonist
concentration. The release of intracellular calcium (Ca21i ) was mea-
sured at 37°C using FlexStation 1 or 3 (Molecular Devices, Sunnyvale,
CA). Fluorescence was detected for 60 seconds at 490 nm excitation
and 520 nm emission and the peak Ca21i mobilization response
(approximately 12 seconds after agonist addition) was used for the
subsequent determination of the agonist response. Relative peak
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fluorescence units were normalized to the fluorescence stimulated by
1 mM ionomycin to account for differences in cell number and loading
efficiency.

Model Derivation and Data Analysis. The derivation of oper-
ational models describing the effect of an agonist in the absence or
presence of an allosteric modulator at a receptor withmultiple agonist
binding sites is presented in the Supplemental Appendix. The script
input to use the two equations in the GraphPad Prism program is also
presented in the Supplemental Appendix.

Data simulations were performed using the original Black-Leff
operationalmodel of agonism, referred to hereinafter as theBlack-Leff

model (eq. 1), or a modified cooperative agonist operational model
(eq. 2), where an additional slope [i.e., the binding slope linking agonist
concentration to receptor occupancy (nB)] was incorporated to take into
account multiple agonist binding sites, and thus the steepness of the
slope describing the agonist concentration-occupancy relationship:

Effect5
Emt

nT
A ½A�nT

tnT
A ½A�nT 1 ð½A�1KAÞnT

(1)

Effect5
Emt

nT
A ½A�nBnT

tnT
A ½A�nBnT 1

�½A�nB 1KnB
A

�nT
(2)

where [A] is the agonist concentration, KA is the agonist equilibrium
dissociation constant; tA is an operational measure of agonist efficacy;
Em is the maximal system response; and nT is the transducer slope
linking agonist concentration to response.

For simplicity, the modified cooperative operational model of
agonism (eq. 2) makes the following assumptions:

1. The receptor is either empty or fully occupied, and only the
fully occupied receptor exerts an effect. The lack of partially
occupied receptor molecules could arise if multiple agonist
molecules bind simultaneously to the receptor, or if agonist
molecules bind sequentially with high positive cooperativity.
Thus, once one binding site is occupied, positive cooperativity
drives occupancy of all other sites. The latter scenario is most
likely; hence, this is why we have called this model the
cooperative agonist operational model.

2. The model cannot discern cooperativity between the multiple
binding sites, thus nB may not be the true number of binding
sites; therefore, nB is a binding slope coefficient.

3. The KA value is a geometric mean of the microscopic
dissociation constants for each binding site.

The Eqs. 1 or 2 were fitted to agonist concentration response data in
order to quantify agonist affinity and efficacy. When fitting eq. 2 to
experimental data, the transducer slope was constrained to unity (see
Results for validation of this assumption).

Data describing the interaction between glutamate and PAMs
and NAMs at metabotropic glutamate receptor (mGlu) subtype 5,
or between acetylcholine (ACh) and 3-amino-5-chloro-6-methoxy-
4-methyl-thieno[2,3-b]pyridine-2-carboxylic acid cyclopropylamide
(LY2033298) at the M4 muscarinic acetylcholine receptor (mAChR),
were fitted to our original operational model of allosterism (eq. 3) or to
the new operational model of allosterism with cooperative agonist
binding (eq. 4). For simplicity and for the purpose of fitting experi-
mental data, eqs. 3–8 assume a single allosteric modulator binding
site; therefore, they do not take into account modulator cooperative
binding:

whereKA is the equilibrium dissociation constant of the orthosteric
agonist, which was fixed in some instances to the affinity de-
termined in radioligand binding assays (Mutel et al., 2000; Leach
et al., 2010); KB is the equilibrium dissociation constant of the
allosteric ligand; tA and tB are the operational efficacies of the
orthosteric agonist and allosteric ligand, respectively; a and b are
the allosteric effects on orthosteric agonist affinity and efficacy,
respectively (it should be noted that b is not a reciprocal efficacy
cooperativity factor) (Leach et al., 2007; Giraldo, 2015); and [A] and
[B] are the orthosteric agonist and allosteric ligand concentrations,
respectively.

To fit the operational model of allosterism to data describing the
interaction between Ca21o and cinacalcet at the CaSR, the original
operational model of allosterism shown by eq. 3 was simplified,
because for a full agonist like Ca21o (i.e., one that generates the
maximal system response at submaximal receptor occupancies) KA

.. [A]. Furthermore, because the CaSR’s orthosteric agonist, Ca21o ,
was present in the assay buffer, the contaminating agonist was
included in the equations used to analyze CaSR PAM (cinacalcet)
and NAM (2-chloro-6-[(2R)-2-hydroxy-3-[(2-methyl-1-naphthalen-2-
ylpropan-2-yl)amino]propoxy]benzonitrile [NPS2143]) data (Keller
et al., 2018). Therefore, data describing the interaction between
Ca21o and cinacalcet or NPS2143 at the CaSR were fitted to the
original operational model of allosterism with the contaminating
agonist (eqs. 5 and 6, respectively) or to an operational model of
allosterism with cooperative agonist binding and contaminating
agonist (eqs. 7 and 8, respectively):

Effect5
Emf½A1C�ðKB 1ab½B�Þ1 tB½B�½EC50�gnT

½EC50�nT ðKB 1 ½B�ÞnT 1 f½A1C�ðKB 1ab½B�Þ1 tB½B�½EC50�gnT

(5)

where EC50 is the agonist concentration that elicits a half-maximal
response, in which it should be noted that inclusion of [EC50] involves
some simplifying assumptions that facilitate data fitting (Aurelio
et al., 2009; Giraldo, 2015); [C] is the contaminating agonist concen-
tration; and all other parameters are as described for eq. 3:
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ð½A�KB 1KAKB 1KA½B�1a½A�½B�ÞnT 1 ftA½A�ðKB 1ab½B�Þ1 tB½B�KAgnT
(3)
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where EC50,KB, tB, a, b, [A], [B], [C], andEm are as described for eq. 5:

where all other parameters are as described for eq. 4.
The Hill equation (Eq 9) was fitted to simulated data:

Effect5
½A�nHEmax

½A�nH 1ECnH
50

(9)

where [A] is the agonist concentration; Emax is the maximum agonist
effect; and nH is the Hill slope.

Nonlinear regression analysis was performed in GraphPad Prism 7
or 8. Potency, affinity, cooperativity, and efficacy parameters were

estimated as logarithms (Christopoulos, 1998). An extra sum of
squares F test was used to determine whether data were fitted best
when the Hill slope, binding slope, or transducer slope (nH, nB, or nT,
respectively) were significantly different from unity, where P , 0.05
was considered significant.

Results
The Contribution of Slope Factors to Agonist

Concentration-Response Relationships. We first evalu-
ated the contribution of the agonist binding slope (nB) or
transducer slope (nT) to the concentration-response curve of
two agonists with different efficacies by simulating variations
in nB or nT using the cooperative agonist operational model
(eq. 2). We specifically wanted to evaluate a system with
cooperative agonist binding; therefore, we based our simula-
tions on Ca21o activation of the CaSR. The Ca21o concentration-
response relationship for the CaSR’s best characterized
physiologic role, inhibition of parathyroid hormone secretion,
occurs over a Ca21o concentration range of 0.8–1.5 mMwith an
EC50 value of ∼1.2 mM (Brown, 1983). Thus, for these
simulations, the affinity of the agonist (KA) was assumed to
be 1.2 mM and nB or nT were assumed to be between 1 and 3.
Simulated data were subsequently fitted to a Hill equation
(eq. 9). Unsurprisingly, increasing nB or nT increases the Hill
slope of the agonist concentration-response curve (Fig. 1;
Table 1). Furthermore, increasing nT decreases agonist po-
tency. Interestingly, the effect of nB on agonist potency
depends on the magnitude of nT and tA. For instance, in-
creasing nB decreases agonist potency for higher efficacy
agonists (tA 3). However, for lower efficacy agonists (tA 1),
increasing nB decreases agonist potency when nT # 1, but
increases agonist potency when nT $ 2.
We next sought to directly compare the influence of the

binding or transducer slope by simulating concentration-
response curves for agonists with varying efficacies using
the Black-Leff operational model (eq. 1, which contains
a transducer slope, nT) and the cooperative agonist opera-
tional model (eq. 2, which contains transducer and binding
slopes, nT and nB, respectively). As can be seen in Fig. 2 and
Table 2, when nT or nB are equal to 1, variations in tA have an
identical effect on empirical agonist concentration-response
parameters (potency, Hill slope, or Emax) regardless of the
model. In contrast, when nT or nB are greater than 1,
variations in tA result in major differences in the agonist

concentration-response profile predicted with the two differ-
ent operational models of agonism. Specifically, the Black-Leff
model predicts that high-efficacy agonists have greater po-
tency relative to affinity (due to amplification of the steps
between agonist binding and response), while for low-efficacy
agonists, the EC50 value may be less than the KA value
for curves that possess nonunity Hill slopes. The latter was
previously noted by Black et al. (1985). Furthermore, the Hill
slope decreases alongside decreases in tA. In comparison, the

Fig. 1. The nT and nB values differentially contribute to agonist
concentration-response relationships. Simulations demonstrating the in-
fluence of nT or nB on concentration-response relationships for agonists
with different efficacies (tA). Data were simulated using the cooperative
agonist operational model (eq. 2), where the affinity of the agonist (KA) is
1.2 mM and nT and nB are between 1 and 3. Curves through the data are
the fits to a four-parameter Hill equation (eq. 9), where the parameters
describing the fits are given in Table 1.
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cooperative agonist operational model predicts that when nT 5 1,
agonist EC50 may approach but not be less than its KA value,
regardless ofwhethernB. 1, and there is no effect of tA on theHill
slope of the agonist concentration-response curve (Fig. 2; Table 2).
Quantification of Experimentally Derived Agonist

Concentration-Response Data. We next tested whether
our simulations were recapitulated in a functional assay
that measures CaSR activation. To do so, we measured
Ca21o -mediated Ca21i mobilization following titration of CaSR
expression using a tetracycline inducible system. In the
absence of tetracycline, the maximal response to Ca21o is

approximately 50% of the maximal response obtained under
full induction of receptor expression (100 ng/ml tetracycline).
In this system, fitting a Hill equation (eq. 9) to both data sets
indicated that the data were fitted best when the Hill slope
was unchanged with different receptor expression levels,
i.e., differentmagnitudes of tA (P, 0.05, extra sum-of-squares
F test; data not shown). For the CaSR, the small molecule
allosteric agonists 1-(1,3-benzothiazol-2-yl)-1-(2,4-dimethyl-
phenyl)ethanol (AC265347) and R-1-(6-methoxy-49-(trifluoro-
methyl)-3-biphenylyl)-N-(R)- 1-phenylethyl)ethanamine
(calcimimetic B) activate the CaSR with a Hill slope of 1

TABLE 1
Simulation of agonist concentration-response relationships upon changes in binding or transducer slopes and tA
Data were simulated using the cooperative agonist operational model (eq. 2) and a Hill equation (eq. 9) was fitted to simulated data to determine agonist potency, maximum
effect, and Hill slope.

Parameter

eq. 2

nB 0.5 nB 1 nB 2 nB 3

pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH

tA 1
nT 0.5 4.8 51 0.3 3.9 50 0.7 3.4 50 1.3 3.3 50 2.0
nT 1 3.5 51 0.5 3.2 51 1.0 3.1 51 2.0 3.0 51 3.0
nT 2 2.6 51 0.6 2.8 51 1.3 2.8 51 2.4 2.9 51 3.5
nT 3 2.2 52 0.7 2.6 52 1.4 2.7 52 2.9 2.8 52 4.1

tA 3
nT 0.5 5.2 66 0.3 4.1 65 0.6 3.5 64 1.3 3.3 64 1.9
nT 1 4.2 76 0.5 3.5 76 1.0 3.2 76 2.0 3.1 76 3.0
nT 2 3.7 90 0.8 3.3 90 1.5 3.1 91 3.3 3.1 91 4.9
nT 3 3.6 96 1.1 3.3 97 2.1 3.1 97 4.7 3.0 97 6.0

pEC50, agonist potency.

Fig. 2. Cooperative agonist binding influences agonist concentration-response relationships. Simulations demonstrating the influence of agonist efficacy
(tA) on agonist concentration-response relationships when the slope is governed by the transducer slope (nT, Black-Leff operational model of agonism) or
the agonist binding slope (nB, cooperative agonist operational model). Data were simulated using the Black-Leff model (eq. 1) or the cooperative agonist
operational model (eq. 2), where the affinity of the agonist (KA) is 1.2 mM and nT and nB are between 1 and 3. Curves through the data are the fits to a Hill
equation (eq. 9), where the parameters describing the fits are given in Table 2.
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(Cook et al., 2015; Keller et al., 2018). Similarly, when
cooperative agonist binding is prevented by removal of the
CaSR’s N-terminal domain, and consequently the primary
Ca21o binding sites, the Hill slope for Ca21o is not significantly
different from unity (as shown subsequently). This provides
experimental evidence that the CaSR’s transducer slope is
equal to unity, and that the steep Hill slopes observed for
Ca21o at the full-length CaSR thus likely arise from a binding
slope greater than 1. Thus, when fitting CaSR experimental
data to the cooperative agonist operational model, nT was
constrained to unity.
When the data were fitted to the classic Black-Leff model,

the estimated KA value was 0.2 mM (Fig. 3A; Table 3). In
comparison, the cooperative agonist operationalmodel yielded
a KA estimate of 1.1 mM, which is in close agreement with the
EC50 value (1.2 mM) of Ca21o for suppressing parathyroid
hormone release (Brown, 1983) andCa21o affinity estimates for
the CaSR extracellular domain determined using spectro-
scopic approaches (Huang et al., 2009; Zhang et al., 2014). For
both analyses, data were fitted best when the binding slope
(cooperative agonist operational model) or transducer slope
(Black-Leff model) were different from unity (P , 0.05, extra
sum of squares F test).
To further validate our simulations in a functional assay, we

next sought to quantify the affinity and efficacy of a CaSR

partial agonist. To do so, we took advantage of observations
that in comparisonwith at theWTCaSR (Fig. 3B), Ca21o acting
via the 7 transmembrane domain is a partial agonist at an
N-terminally truncated CaSR (depicted in Fig. 3C) relative to
the extracellular trivalent gadolinium cation (Fig. 3D). The
fluorescence-activated cytometry analysis confirmed cell sur-
face expression of the WT and N-terminally truncated CaSR
(Supplemental Fig. 1). We quantified Ca21o affinity and
efficacy at theN-terminally truncated CaSR using the original
Black-Leff model or the cooperative agonist operational model
(Table 3). In both instances, data were best fitted when the
binding slope (the cooperative agonist operational model) or
transducer slope (the Black-Leff model) were not different
from unity (P , 0.05, extra sum of squares F test), which
is consistent with a reduction in positively cooperative
Ca21o binding, as would be expected upon removal of the four
primary Ca21o binding sites located in the N-terminal domain
(Geng et al., 2016). Thus, the parameters determined at the
N-terminally truncated receptor were identical regardless of
the equation used to analyze the data. The Ca21o affinity and
cooperativity estimates at the N-terminally truncated recep-
tor were compared with those determined at the full-length
WT CaSR, indicating a reduction in Ca21o affinity at the
N-terminally truncated receptor in comparison with WT
(Table 3), again consistent with removal of the primary

TABLE 2
Simulation of agonist concentration-response relationships upon changes in binding or transducer slopes
and tA
Data were simulated using the Black-Leff model (eq. 1) or the cooperative agonist operational model (eq. 2) and a Hill
equation (eq. 9) was fitted to simulated data to determine agonist potency, maximum effect, and Hill slope.

tA

eq. 1; nT 1 eq. 1; nT 3 eq. 2; nT 1, nB 1 eq. 2; nT 1, nB 3 eq. 2; nT 3, nB 3

pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH pEC50 Emax nH

100 4.9 99 1.0 4.9 100 3.0 4.9 99 1.0 3.6 99 3.0 3.6 100 8.9
10 4.0 91 1.0 3.9 100 2.7 4.0 91 1.0 3.3 91 3.0 3.2 100 7.6
1 3.2 51 1.0 2.6 50 1.5 3.2 51 1.0 3.0 51 3.0 2.8 51 4.5
0.3 3.0 24 1.0 2.4 3.0 1.4 3.0 24 1.0 3.0 24 3.0 2.7 3.0 3.9
0.1 3.0 9.0 1.0 2.3 0.1 1.4 3.0 9.0 1.0 3.0 9.0 3.0 2.7 0.1 3.8

pEC50, agonist potency.

Fig. 3. Ca21o -CaSR concentration-response relation-
ships fit well to the cooperative agonist operational
model. (A) Ca21o -mediated Ca21i mobilization at the WT
CaSR following overnight receptor induction with
100 ng/ml tetracycline (tet) or in the absence of tetracy-
cline. Data are mean 1 S.D. from four independent
experiments performed in duplicate. Curves through
the data are the fits to the Black-Leff model (blue line)
or the cooperative agonist operational model (red line),
where the parameters describing the fits are given in
Table 3. Although both models fit the data, the co-
operative agonist operational model more accurately
predicts the expected affinity of Ca21o at the CaSR
(Table 3). (B) Extracellular trivalent gadolinium (Gd31o )
and Ca21o concentration-response curves at theWTCaSR
following overnight receptor induction with 100 ng/ml
tetracycline. Data are mean 1 S.D. from four indepen-
dent experiments performed in duplicate. Curves
through the data are the fits to a four-parameter Hill
equation. (C) N-terminally truncated CaSR snake dia-
gram. (D) Gd31o and Ca21o concentration-response curves
at an N-terminally truncated CaSR following overnight
receptor induction with 100 ng/ml tetracycline. Data are
mean 1 S.D. from five independent experiments per-
formed in duplicate. Curves through the data are the fits
to the cooperative agonist operational model, where the
parameters describing the fits are given in Table 3.
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Ca21o binding sites. However, due to a lower estimate of
Ca21o efficacy at the WT receptor when WT data were analyzed
using the Black-Leff model, only the cooperative agonist oper-
ational model accurately quantified a reduction in Ca21o efficacy
at the N-terminally truncated receptor in comparison with at
the WT receptor. This is consistent with a lower Ca21o Emax

value at the N-terminally truncated receptor (∼60% of the
maximum response stimulated by extracellular trivalent
gadolinium) in comparison with WT (∼100% extracellular
trivalent gadoliniumEmax) (Table 3). Thus, only the cooperative
agonist operational model accurately estimated Ca21o partial
agonism at the N-terminally truncated receptor.
Quantifying Allosteric Interactions in Systems with

Different Degrees of Cooperative Agonist Binding.
Having established that the cooperative agonist operational
model best fitted our Ca21o -WT CaSR concentration-response
curves with Hill slopes greater than 1, we next extended this
model to allow for quantification of allosteric modulation of an
agonist response. The operational model of agonism and
allosterism (Leach et al., 2007, 2010) (referred to herein as
the original operational model of agonism and allosterism),
which takes into account the allosteric effects on agonist
affinity and efficacy, combines the allosteric ternary complex
models developed by Stockton et al. (1983) and Ehlert (1988)
and the Black-Leff operational model of agonism. In our
original model (Leach et al., 2007), the allosteric modulator
can also possess intrinsic efficacy. Introduction of a slope in
that model once again assumed that the slope linked occu-
pancy to response, not to the original binding events, which
were assumed to be described as simple one-to-one hyperbolic
functions. Therefore, we adapted this operational model of
allosterism to account for cooperative agonist binding, re-
ferred to hereinafter as the operational model of allosterism
with cooperative agonist binding. To validate this operational
model of allosterism with cooperative agonist binding, we
reanalyzed existing data demonstrating positive and negative
allosteric modulation at three model GPCRs with different
agonist Hill slopes: CaSR (a class C GPCR where the primary
endogenous agonist, Ca21o , has a Hill slope of 2–4), mGlu5

(a class C GPCR where the primary endogenous agonist,
L-glutamate, has a Hill slope of ∼1.8) (Sengmany and
Gregory, 2016), and M4 mAChR (a class A GPCR where the
endogenous agonist, acetylcholine, has a Hill slope of 1)
(Leach et al., 2010, 2011) (Supplemental Fig. 2). In all
instances, nT was assumed to be unity and all allosteric

modulators were assumed to bind to a single site (i.e., the
modulator binding slope is unity).
For the CaSR, we analyzed allosteric modulation of Ca21o by

cinacalcet (PAM) or NPS2143 (NAM) (Leach et al., 2016) with
the original operational model of agonism and allosterism
with contaminating (i.e., ambient buffer) agonist (eqs. 5 or 6,
respectively) and the newly derived operational model of
allosterism with cooperative agonist binding and contaminat-
ing agonist (eqs. 7 or 8, respectively) (Fig. 4). Similar to our
analysis of agonist concentration-response curves, data were
fitted best when the binding slope (operational model of
allosterism with cooperative agonist binding) or transducer
slope (original operational model of agonism and allosterism)
was different fromunity (P, 0.05, extra sum of squares F test).
Compared with the original operational model of agonism and
allosterism, the estimated affinity for Ca21o determined using
the operational model of allosterism with cooperative agonist
binding (1.4 mM) (Table 4) was once again closer to the
assumed Ca21o affinity based on its EC50 value for suppression
of parathyroid hormone release (1.2 mM) and quantification
of the Ca21o KA at the extracellular domain using spectro-
scopic approaches (3–5mM) (Huang et al., 2009; Zhang et al.,
2014). Furthermore, the estimated affinity and negative
cooperativity of NPS2143 were greater (5.5- and 35-fold,
respectively) when cooperative agonist binding was fac-
tored into the analysis (Table 4). For the PAM, cinacalcet,

TABLE 3
Quantification of Ca21o affinity and efficacy for CaSR-Ca21i mobilization using the operational model of agonism
Ca21o concentration-response curves were generated at the WT receptor following overnight incubation of cells with or without 100 ng/ml tetracycline to induce receptor
expression. For N-terminally truncated CaSRs, Ca21o and Gd31o concentration-response curves were generated upon induction of expression with 100 ng/ml tetracycline, where
Ca21o is a partial agonist and Gd31o is a full agonist. The Black-Leff model (eq. 1) or the cooperative agonist operational model (eq. 2) was fitted to data to determine agonist
affinity, efficacy, and transducer or binding slope.

Parameter
WT N-terminally truncated CaSR

eq. 1 eq. 2 eq. 1 eq. 2

pKA [KA
(mM)]

3.7 6 0.3 (0.2) 3.0 6 0.1 (1.0) 2.3 6 0.2 (5.0) 2.3 6 0.2 (5.0)

Log tA (tA) 100 ng/ml tet: 0.2 6 0.1 (1.6) 0 tet: 20.01 6 0.01
(1.0)

100 ng/ml tet: 1.2 6 0.2 (16) 0 tet: 20.1 6 0.1
(0.8)

0.2 6 0.1 (1.6) 0.2 6 0.1 (1.6)

n 6.0 6 3.0a 2.0 6 0.3a 1.0b 1.0b

Dfd, degrees of freedom denominator; Dfn, degrees of freedom numerator; Log tA (tA), efficacy; n, transducer or binding slope; pKA (KA), agonist affinity; tet, tetracycline.
aAn F test determined that data were fitted best when the binding or transducer slopes were different from unity. The F data used to test the hypothesis that n differed from

1 were the following: eq. 1 P , 0.0001, F [(Dfn, Dfd) 48.57 (1, 74)]; and eq. 2 P , 0.0001, F [(Dfn, Dfd) 45.78 (1, 74)].
bAn F test determined that data were fitted best when the binding or transducer slopes were not different from unity. The F data used to test the hypothesis that n differed

from 1 were the following: eq. 1 P , 0.2282, F [(Dfn, Dfd) 1.470 (1, 101)]; and eq. 2 P , 0.5332, F [(Dfn, Dfd) 0.3910 (1, 101)].

Fig. 4. Allosteric modulation at the CaSR is fitted well by an operational
model of allosterism with cooperative agonist binding. Allosteric modula-
tion of Ca21o -mediated Ca21i mobilization at the CaSR by NPS2143 (NAM)
or cinacalcet (PAM). Data were previously published (Leach et al., 2016)
and are mean1 S.D. from at least 11 independent experiments performed
in duplicate. Curves through the data are the fits to the operational model
of allosterism with cooperative agonist binding and contaminating agonist
(eq. 7 for cinacalcet and eq. 8 for NPS2143), where the parameters
describing the fits are given in Table 4.
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the operational model of allosterismwith cooperative agonist
binding yielded a 3-fold lower affinity estimate but an 8-fold
greater magnitude of positive cooperativity.
We next analyzed allosteric modulation of glutamate at

mGlu5 (eqs. 3 or 4) by a representative full NAM (2-methyl-6-
(2-phenylethynyl)pyridine [MPEP]) that completely inhibits
glutamate-mediated activation of Ca21i mobilization, a partial
NAM (2-[2-(3-methoxyphenyl)ethynyl]-5-methylpyridine [M-
5MPEP]) that only partially inhibits glutamate-mediated
activation of Ca21i mobilization (Sengmany et al., 2019), a pure
PAM (N-(1,3-Diphenyl-1H-pyrazolo-5-yl)-4-nitrobenzamide
[VU-29]), and a mixed PAM-agonist (1-(4-(2,4-difluoro-
phenyl)piperazin-1-yl)-2-((4-fluorobenzyl)oxy)ethanone
[DPFE]) (Sengmany et al., 2017). Similar to analyses at the
CaSR, all data were fitted best when the binding slope
(operational model of allosterism with cooperative agonist
binding) or transducer slope (original operational model of
agonism and allosterism) was different from unity (P , 0.05,
extra sum of squares F test). However, for eachmodulator, the
affinity and cooperativity estimates were similar (within
3-fold) irrespective of the analytical model applied (Fig. 5;
Table 5). Therefore, although the glutamate-mGlu5

concentration-response relationship has a Hill slope greater
than unity, quantification of allosteric interactions at mGlu5
is largely unaffected by whether the empirical slope is assumed
to be determined by the transducer slope or the agonist
binding slope.
For the M4 mAChR, we analyzed previously published

positive allosteric modulation of ACh by the PAM agonist
LY2033298 in guanosine 59-O-(3-[35S]thio)triphosphate bind-
ing assays (Leach et al., 2010) (eqs. 3 or 4). As expected, in the
absence of cooperative ACh binding at the M4 mAChR, data
for the interaction between ACh and LY2033298 were fitted
best by both operational models of agonism and allosterism
when the slope was not different from unity (P , 0.05, extra
sum of squares F test); therefore, both equations yielded
identical estimates of affinity and cooperativity (Fig. 6;
Table 6).
We next sought to establish why quantification of PAM and

NAM affinity and cooperativity were not greatly affected by

the assignment of the slope at mGlu5, where the glutamate
Hill slope is greater than unity. To do so, we simulated the
interaction between an orthosteric agonist and aNAMor PAM
with the operational model of allosterism with cooperative
agonist binding and analyzed the simulated data with the
original operational model of agonism and allosterism. For
these simulations, orthosteric agonist affinity (1 mM), tA (10),
and modulator affinity (10 nM) were held constant, and
different magnitudes of positive or negative cooperativity
were examined alongside changes in the magnitude of co-
operative agonist binding. Consistent with our analysis of
mGlu5 allosteric interaction data, when the agonist binding

TABLE 4
Comparison of parameters describing CaSR allosteric interactions analyzed with different allosteric
models
CaSR allosteric interactions with Ca21o in Ca21i mobilization assays were analyzed with the original operational model of
agonism and allosterism (eqs. 5 or 6) vs. the operational model of allosterism with cooperative agonist binding (eqs. 7 or 8)
to determine Ca21o potency, efficacy, and affinity; modulator affinity, cooperativity, and transducer or binding slope; and
maximum system response.

Parameter
Ca21o vs. Cinacalcet Ca21o vs. NPS2143

eq. 5 eq. 7 eq. 6 eq. 8

pEC50 3.3 6 0.01 3.3 6 0.01 n.d. n.d.
pKA [KA (mM)] n.d. n.d. 3.6 6 0.2 (0.3) 2.9 6 0.1 (1.3)
pKB [KB (mM)] 6.3 6 0.04 (0.5) 5.8 6 0.1 (1.6) 6.6 6 0.04 (0.3) 7.3 6 0.1 (0.05)
Log tA (tA) n.d. n.d. 0.2 6 0.1 (1.6) 1.8 6 0.1 (63)
Log tB (tB) n.a. (0) n.a. (0) n.a. (0) n.a. (0)
Log ab (ab) 0.5 6 0.01 (3.2) 1.4 6 0.1 (25) 20.2 6 0.1 (0.6) 21.7 6 0.1 (0.02)
n 2.8 6 0.1a 2.8 6 0.1a 12 6 4.0a 3.5 6 0.2a

Em (% ionomycin) 79 6 1.0 80 6 1.0 78 6 1.0 80 6 2

Dfd, degrees of freedom denominator; Dfn, degrees of freedom numerator; Em, maximum system response; Log ab (ab),
modulator cooperativity; Log tA (tA), Ca

21
o efficacy; Log tB (tB), modulator efficacy; Ca21o efficacy; n, transducer or binding

slope; n.a., no agonist activity [log tB fixed to 2100 (tB 0)]; n.d., not determined; pEC50, Ca
21
o potency; pKA (KA), Ca

21
o

affinity; pKB (KB), modulator affinity .
aAn F test determined that data were fitted best when the transducer or binding slopes were different from unity. The

F data used to test the hypothesis that n differed from 1 were the following: eq. 5 cinacalcet P, 0.0001, F [(Dfn, Dfd) 1249
(1, 2429)]; eq. 5 NPS2143 P , 0.0001, F [(Dfn, Dfd) 1022 (1, 908]; eq. 7 cinacalcet P , 0.0001, F [(Dfn, Dfd) 1241 (1, 2429)];
and eq. 7 NPS2143 P , 0.0001, F [(Dfn, Dfd) 504.5 (1, 907)].

Fig. 5. Allosteric modulation at mGlu5 is fitted well by an operational
model of allosterism with cooperative agonist binding. Allosteric modula-
tion of glutamate-mediated Ca21i mobilization at mGlu5 by MPEP (full
NAM), M-5MPEP (partial NAM), VU-29 (PAM), and DPFE (ago-PAM).
Data were previously published (Sengmany et al., 2017, 2019) and are
mean 1 S.D. from at least three independent experiments performed in
duplicate previously published. Curves through the data are the fits to the
operational model of allosterism with cooperative agonist binding (eq. 4),
where the parameters describing the fits are given in Table 5.
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slope ranged from 1 to 2 the affinity of NAMs and PAMs
estimated using the original operationalmodel of agonism and
allosterism fell within ∼3-fold of the affinity simulated with
the operational model of allosterism with cooperative agonist
binding. Furthermore, only the affinity of the full NAM (where
ab is assumed to approach zero) fell outside this 3-fold window
once the agonist binding slope exceeded 2 (Fig. 7A). Similarly,
when analyzed with the original operational model of agonism
and allosterism, the ab values (0.1–10) were within a 3-fold
range of simulated data when nT ranged from 1 to 2. However,
where the magnitude of cooperativity exceeded 10 for a PAM,
or 0.1 for a NAM, the influence of cooperative agonist binding
becomes more pronounced (Fig. 7B). These simulations con-
firm that the assignment of n to a transducer or binding slope
would not be expected to greatly influence quantification
of mGlu5 allosteric modulation of glutamate for modulators
with moderate cooperativity, which is consistent with our
Ca21i mobilization data.

Discussion
In the current study, we have assessed operational models

of agonism and allosterism that account for receptors whose
agonists bind multiple binding sites in a cooperative manner.
The modified models accurately fit experimental data at an
exemplar GPCR, the CaSR, which has high sensitivity for
Ca21o due to multiple Ca21o binding sites that are linked in
a positively cooperative manner. We show that agonist Hill
slopes that differ from unity and remain unchanged by
alterations in receptor expression levels or cellular coupling
efficiencies (i.e., where tA differs) may be indicative of co-
operative agonist binding. We demonstrate that if a steep Hill
slope such as that observed at the CaSR is attributed to the
transducer slope rather than to the agonist binding slope, the
Black-Leff operational model of agonism underestimates
agonist efficacy and overestimates agonist affinity. Extension
to allosteric interactions shows the importance of accounting
for cooperative agonist binding, since differentmodels fitted to
the same allosteric interaction data yield divergent modulator
affinity and cooperativity estimates. For instance, the original
operational model of agonism and allosterism estimates lower
CaSR PAMandNAM cooperativity values and higher or lowerT
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Fig. 6. Allosteric modulation at the M4 mAChR is fitted well by an
operational model of allosterism with no cooperative agonist binding.
Positive modulation of ACh-mediated guanosine 59-O-(3-[35S]thio)triphos-
phate ([35S]GTPgS) binding by LY2033298 (ago-PAM) at the M4 mAChR.
Data were previously published (Leach et al., 2010) and are mean 1 S.D.
from at least three independent experiments performed in duplicate.
Curves through the data are the fits to the operational model of allosterism
with cooperative agonist binding (eq. 4), where the equation was fitted best
when n 5 1 (i.e., no cooperative agonist binding). The parameters
describing the fits are given in Table 6.

Operational Models for Receptors with Multiple Agonist Sites 43

 at A
SPE

T
 Journals on February 17, 2021

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


affinity values, respectively. Data simulations support these
findings and demonstrate that the impact of cooperative
binding on estimates of modulator affinity and cooperativity is
more pronounced as themagnitude ofmodulator cooperativity or
cooperative agonist binding is increased. This was evidenced by
our demonstration that for mGlu5, where the glutamate Hill
slope is ∼1.8, differences in affinity and cooperativity are within
themargin of experimental error (∼3-fold range). Accordingly, for
agonist-receptor concentration-response relationships with Hill
slopes equal to unity, it does not matter whether the slope is
governed by the transducer slope or the agonist binding slope.
The operational models of agonism and allosterism with

cooperative agonist binding have important practical uses for
analyzing data at receptors that possess multiple agonist
binding sites. This is particularly true for the CaSR, but also
for ion channels and other GPCRs where agonist binding
coefficients differ from unity, such as GPR39, which binds at
least two Zn21 ions and responds to Zn21 with a Hill slope of
2–3 (Storjohann et al., 2008; Sato et al., 2016). Similarly,
cooperative binding can occur across a GPCR dimer, which
may account for the steep Hill slope at mGlu5 demonstrated in
the present study. For instance, the mGlu2 orthosteric agonist

(1S,2S,5R,6S)-2-aminobicyclo[3.1.0]hexane-2,6-dicarboxylic
acid (LY354740) stabilizes conformational rearrangements of
a metabotropic glutamate receptor subtype 2 and 4 hetero-
dimer (mGlu2-mGlu4) with a shallow Hill slope (Moreno
Delgado et al., 2017), which is increased to unity when
LY354740 is prevented from binding to the mGlu2 or mGlu4

orthosteric binding site in the dimer. In contrast, the gluta-
mate Emax value is reduced when it can bind to only one of the
orthosteric sites in the heterodimer (Moreno Delgado et al.,
2017). These findings indicate negative (LY354740) and
positive (glutamate) cooperativity across the dimer, respec-
tively. Negative cooperative binding has also been demon-
strated at several class A GPCRs dimers, including the
5-hydroxytryptamine2A, A3 adenosine, H3 histamine, and D2

dopamine receptors (Sinkins and Wells, 1993; Vivo et al.,
2006; Brea et al., 2009; May et al., 2011). Accurate quantifi-
cation of ligand affinity, efficacy, and cooperativity at such
receptors using functional assays is critical, particularly where
radioligand binding–based methods are not available. Indeed,
there are no commercially available radioligands for the CaSR,
thus pharmacological characterization, and indeed drug discov-
ery at this receptor has generally relied upon functional
measures of receptor activity to quantify drug actions. However,
it must be noted that experimentally derived pharmacological
data for agonistswith steepHill slopeswill likely only be fitted to
the cooperative agonist operational model and the operational
model of allosterism with cooperative agonist binding when one
of the binding or transducer slopes (nB or nT) is known and
constrained as such. This was a key advantage of analyzing
pharmacological data at the CaSR, where we showed experi-
mentally that the transducer slope is 1.
Our findings have important implications for past and

present drug discovery efforts at class C GPCRs and beyond.
Establishing structure-activity relationship profiles that dic-
tate drug affinity and cooperativity is essential for predicting
drug efficacy in vivo. However, underestimates of coopera-
tivity at class C GPCRs with cooperative agonist binding may
explain previous observations that class C GPCR allosteric
modulators have limited cooperativity when compared with
their class A GPCR counterparts. For example, PAMs with ab
values .100 have been reported for class A GPCRs (Leach
et al., 2010; Abdul-Ridha et al., 2014), whereas for the CaSR
potentiation is atmost 5-fold formanymodulators (Cook et al.,
2015; Leach et al., 2016; Diepenhorst et al., 2018). Thus, for
GPCRs with cooperative agonist binding, larger differences
between modulator cooperativities were likely previously
unappreciated. This is important because allostericmodulator

TABLE 6
Comparison of parameters describing M4 mAChR allosteric interactions
analyzed with different allosteric models
M4 mAChR LY2033298 interactions with ACh in guanosine 59-O-(3-[35S]thio)
triphosphate binding assays were analyzed with the original operational model of
agonism and allosterism (eq. 3) or the operational model of allosterism with
cooperative agonist binding (eq. 4) to determine agonist or modulator affinity, agonist
or modulator efficacy, cooperativity, transducer or binding slopes, and maximum
system response. Values obtained from fitting eqs. 3 and 4 to the data were identical;
therefore, they are only presented in a single column.

Parameter ACh vs. LY2033298 (eqs. 3 and 4)a

pKA [KA (mM)] 6.0 (1.0)b

pKB [KB (mM)] 5.9 6 0.3 (1.3)
Log tA (tA) 0.9 6 0.1 (7.9)
Log tB (tB) 0.5 6 0.2 (3.2)
Log ab (ab) 0.7 6 0.3 (5.0)
n 1.0c

Em (% ACh maximum) 112 6 5.0

Dfd, degrees of freedom denominator; Dfn, degrees of freedom numerator; Em,
maximum system response; Log ab (ab), cooperativity; Log tA (tA), agonist efficacy;
Log tB (tA), modulator efficacy; n, transducer or binding slope; pKA (KA), agonist
affinity; pKB (KB), modulator affinity.

aData analyzed are from Leach et al. (2010).
bThe pKA value was fixed to that determined in radioligand binding assays (Leach

et al., 2010).
cAn F test determined that data were fitted best when the transducer or binding

slopes were not different from unity. The F data used to test the hypothesis that n
differed from 1 were the following: eq. 3 P5 0.5766, F [(Dfn, Dfd) 0.3129 (1, 172)]; and
eq. 4 P 5 0.4541, F [(Dfn, Dfd) 0.5629 (1, 172)].

Fig. 7. Modulator affinity and cooperativity are influenced by assignment of the slope in the operational model of allosterism. Simulations demonstrating
the influence of the agonist binding slope on the estimated modulator affinity and cooperativity when interaction data are analyzed using the original
operational model of allosterism. Interaction data between an orthosteric agonist and a NAM or PAM were simulated with the operational model of
allosterism with cooperative agonist binding. Orthosteric agonist affinity (1 mM), tA (10), and modulator affinity (10 nM) were held constant; different
magnitudes of positive or negative cooperativity were examined alongside changes in themagnitude of cooperative agonist binding. The simulated datawere
analyzed with the original operational model of allosterism, and log KB (A) or log ab (B) estimates were plotted against the agonist binding slope.
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cooperativity can predict likely clinical efficacy or adverse
effect liability. Inaccurate estimation of allosteric modulator
affinity or cooperativity due to a failure to consider cooperative
agonist binding likely also impacts interpretation of structure-
function studies. If cooperativity values are narrowed, then
more subtle effects of mutations on modulator cooperativity
may have been missed.
In conclusion, we have validated a method for quantifying

agonist and allosteric modulator actions at receptors possess-
ingmultiple agonist binding sites that interact in a cooperative
manner. Our operational models of agonism and allosterism
with cooperative agonist bindingmore accurately quantify the
actions of both orthosteric and allosteric drugs acting at
GPCRs with cooperative agonist binding and may be used
for future drug discovery efforts at these important receptors.

Appendix

Cooperative agonist operational model
A model of signal transduction by a receptor with nB

binding sites is displayed in the equilibrium:

ðnBÞA1R⇔
KA1AR1 ðnB21ÞA⇔

KA2A2R

1 ðnB22ÞA⇔
KA3A3R1 ðnB2 3ÞA⇔:::⇔AnBR→

KEE

Where KE is the value of AnBR that elicits half the maximal
system effect and agonist affinity for each site can be described
by the equilibrium dissociation constants:

KA1 5
½A�½R�
½AR� ;KA2 5

½A�½AR�
½A2R� ;KA3 5

½A�½A2R�
½A3R� ; etc

We see that KA1 � KA2 � KA3 � :::� KAnB 5 ½A�nB ½R�
½AnBR� 5KA

nB,
where KA is the geometric mean of the individual equilibrium
dissociation constants.
For simplicity, the receptor is considered either empty (R) or

fully occupied (AnBR): ðnBÞA1R ⇔
K nB

A AnBR→
KEE

KA
nB 5

½A�nB½R�
½AnBR�

The total receptor concentration can be expressed as:

½R0�5 ½R�1 ½AnBR�

where

½R�5KA
nB½AnBR�
½A�nB

therefore

½R0�5KA
nB½AnBR�
½A�nB

1 ½AnBR�

½R0�5 ½AnBR�
 
KA

nB

½A�nB
11

!

½R0�5 ½AnBR� KA
nB 1 ½A�nB
½A�nB

!

Receptor occupancy is thus denoted:

½AnBR�5 ½R0�½A�nB
KA

nB 1 ½A�nB

In accordance with the scheme of the operational model of
agonism, the logistic function for the transduction of occu-

pancy into response is: E5 Em ½AnBR�nT
KE

nT 1 ½AnBR�nT
where nT is a logistic

slope factor describing the transduction of agonist binding into
a response (the transducer slope).
Using the previous expression of [AnBR] gives:

E5

Em
½R0 �½A�nB

KA
nB 1 ½A�nB

!nT

KE
nT 1 ½R0 �½A�nB

KA
nB 1 ½A�nB

!nT

Multiplying numerator and denominator by (KA
nB1 [A]nB)nT

gives:

E5
Em½R0�nT ½A�nBnT

KE
nT
�
KA

nB 1 ½A�nB
�nT

1 ½R0�nT ½A�nBnT

Dividing through by KE and redefining ½R0 �
KE

as tA gives an
operational model of agonism for a receptor with nB binding
sites (Eq 2 in the main text):

E5
EmtA

nT ½A�nBnT�
KA

nB 1 ½A�nB
�nT

1 tAnT ½A�nBnT

For use in Graphpad Prism or similar software, the above
equation is described by the following notations, where nT or
nBwill likely need to be fixed to a known or theoretical value to
fit real experimental data to this equation, andwhere a “Basal”
response parameter is introduced to accommodate ligand-
independent effects that deviate from zero:

KA510∧LogKA
A510∧X

tau510∧Logtau

Part15 ðEm2BasalÞ*tau*ðA∧nBÞ
Part25 tau*ðA∧nBÞ1 ðA∧nBÞ1 ðKA∧nBÞ

Y5Basal1 ðPart1∧nTÞ=ðPart2∧nTÞ

Operational model of allosterism with
cooperative agonist binding

In a ternary complex consisting of a receptor (lacking
constitutive activity), an orthosteric agonist that binds nB
binding sites, and an allosteric modulator, the stimulus-
generating species are AnBR, BR and AnBRB. A model of
ligand-receptor interactions in this ternary complex is dis-
played in the equilibrium:

ðnBÞA1R ⇔
K nB

A AnBR;    B1R⇔
KBBR  and   

AnBR1B ⇔

KB

a AnBRB

Where KA
nB 5 ½A�nB½R�

½AnBR� , KB 5 ½B�½R�
½BR� , and

KB
a 5 ½AnBR�½B�

½AnBRB�

Operational Models for Receptors with Multiple Agonist Sites 45

 at A
SPE

T
 Journals on February 17, 2021

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


From the latter expression we obtain:

a5
KB½AnBRB�
½AnBR�½B�

Assuming the pharmacological effect (E) is a function of the
total stimulus (ST) arising from the sum of the stimuli generated
from each individual ligand-bound receptor species, then:

ST 5SAnBR 1SBR 1SAnBRB

It is further assumed that the stimulus (S) generated from
each individual ligand-bound receptor species is proportional
to the product of the intrinsic efficacy of the ligand («) and the
concentration of the ligand-bound receptor species, thus:

SAnBR 5 «AnB ½AnBR�  ;   SRB 5 «B½BR�  ;   SAnBRB 5 «AnBB½AnBRB�  ;   and
«AnBB 5b«AnB

where «AnBdenotes the intrinsic efficacy of the orthosteric agonist,
«B denotes the intrinsic efficacy of the allostericmodulator, and b

is a coupling factor that describes the effect of the allosteric
modulator on the intrinsic efficacy of the orthosteric agonist
when the two ligands are bound to the same receptor.
Thus, the effect (E) of an agonist in the presence of an

allostericmodulator is processed through the following logistic
equation

E5
EmST

nT

KS
nT 1ST

nT

whereEmdenotes themaximumpossible response,KS denotes
a constant that governs the efficiency of stimulus-response
coupling and nT denotes a logistic slope factor (the transducer
slope).
If we consider the total receptor concentration:

½R0�5 ½R�1 ½AnBR�1 ½BR�1 ½AnBRB�

where

½AnBR�5 ½R0�½A�nB

½A�nB
�
11 a½B�

KB

	
1KA

nB
�
11 ½B�

KB

	

½BR�5 ½R0�½B�

½B� 11 a½A�nB
KA

nB

!
1KB 11 ½A�nB

KA
nB

! and 

½AnBRB�5 ½R0�½A�nB

½A�nB
�
11 KB

a½B�

	
1KA

nB
�

1
a1

KB
a½B�

	;

substituting the above terms into E5 EmST
nT

KS
nT 1ST

nT gives the
following operational model of allosterism at a receptor
with nB orthosteric agonist binding sites (Eq 4 in the main
text):

where

tA 5
«AnB ½R0�

KS

and

tB 5
«B½R0�
KS

For use in Graphpad Prism or similar software, the above
equation is described by the following notations, where nT or
nB will likely need to be fixed to a known or theoretical value
to fit real experimental data to this equation:

KA510∧LogKA
KA5 10∧LogKB 

tauA510∧LogtauA
tauB510∧LogtauB 

A5 ð10∧XÞ
alpha5 10∧Logalpha 
betta510∧Logbeta 

B5 10∧LogAllo

Part15 tauA*ðA∧nBÞ*ðKB1alpha*betta*BÞ1 tauB*B*ðKA∧nBÞ
Part25 ðA∧nBÞ*KB1 ðKA∧nBÞ*KB1B*ðKA∧nBÞ1alpha*ðA∧nBÞ*B

Stim5Part1=Part2

Y5Basal1 ððEm� BasalÞpðStim∧nTÞÞ=ððStim∧nTÞ1 ð1∧nTÞÞ

For the purposes of the current study, the model has been
simplified further to enable analysis of data when the
orthosteric agonist is a full agonist. Therefore, equation 4 in
the manuscript reduces to:

E5
Em

�
tA½A�nBðKB 1ab½B�Þ1 tB½B�KA

nB
�nT

KA
nBnTðKB 1 ½B�ÞnT 1

�
tA½A�nBðKB 1ab½B�Þ1 tB½B�KA

nB
�nT

Dividing through by tA
nT , and defining [EC50]5KA/tA yields

the following expression:

E5
Em

�
½A�nBðKB 1ab½B�Þ1 tB½B�½EC50�nB

�nT
½EC50�nBnTðKB 1 ½B�ÞnT 1

�
½A�nBðKB 1ab½B�Þ1 tB½B�½EC50�nB

�nT
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ABSTRACT
Calcium sensing receptor (CaSR) positive allosteric modulators
(PAMs) are therapeutically important. However, few are approved
for clinical use, in part due to complexities in assessing allostery at a
receptor where the endogenous agonist (extracellular calcium) is
present in all biologic fluids. Such complexity impedes efforts to
quantify and optimize allosteric drug parameters (affinity, coopera-
tivity, and efficacy) that dictate PAM structure-activity relationships
(SARs). Furthermore, an underappreciation of the structural mecha-
nisms underlying CaSR activation hinders predictions of how PAM
SAR relates to in vitro and in vivo activity. Herein, we combined site-
directedmutagenesis andcalciummobilizationassayswith analytical
pharmacology to compare modes of PAM binding, positive modu-
lation, and agonism. We demonstrate that 3-(2-chlorophenyl)-N-
((1R)-1-(3-methoxyphenyl)ethyl)-1-propanamine (NPSR568) binds to
a 7 transmembrane domain (7TM) cavity common to class C G

protein-coupled receptors and used by (aR)-(2)-a-methyl-N-[3-[3-
[trifluoromethylphenyl]propyl]-1-napthalenemethanamine (cina-
calcet) and 1-benzothiazol-2-yl-1-(2,4-dimethylphenyl)-ethanol
(AC265347); however, there are subtle distinctions in the contribution
of select residues to the binding and transmission of cooperativity by
PAMs. Furthermore, we reveal some common activation mecha-
nisms used by different CaSR activators, but also demon-
strate some differential contributions of residues within the
7TM bundle and extracellular loops to the efficacy of the
PAM-agonist, AC265347, versus cooperativity. Finally, we
show that PAMS potentiate the affinity of divalent cations.
Our results support the existence of both global and ligand-
specific CaSR activation mechanisms and reveal that allo-
steric agonism is mediated in part via distinct mechanisms to
positive modulation.

Introduction
The human calcium sensing receptor (CaSR) is a class C G

protein-coupled receptor (GPCR) that negatively regulates para-
thyroid hormone secretion in response to serum extracellular
calcium (Ca21o ) concentrations. As such, the small-molecule
positive allosteric modulator (PAM), (aR)-(2)-a-methyl-N-
[3-[3-[trifluoromethylphenyl]propyl]-1-napthalenemethanamine
(cinacalcet), is approved for the treatment of secondary hyper-
parathyroidism, and some instances for the treatment of primary
hyperparathyroidism (Nemeth and Goodman, 2016). Cinacalcet

has also been used off-label to correct disorders caused by
naturally occurring loss-of-function CaSR mutations (Mayr
et al., 2016). Although various CaSR small-molecule PAM
chemotypes have been discovered, cinacalcet remains the only
one on themarket. Failure to translate newerCaSRPAMs to the
clinic may reflect complexities associated with detecting and
quantifying in vitro allostericmodulator effects at classCGPCRs
(Leach and Gregory, 2017), thus hampering structure-activity
relationship (SAR) optimization efforts and predictions of in vivo
drug efficacy, and impeding dissection of allosteric mechanisms
of action. For instance, despite cinacalcet being the first clinically
approved GPCR allosteric modulator to reach the market,
surprisingly little is known about how cinacalcet and other
PAMs mediate positive allosteric modulation and/or agonism at
the CaSR. Understanding GPCR activation mechanisms can
help guide SAR optimization of ligands with desired activity.
Structural studies of class A and B GPCRs indicate that

during receptor activation a rotational and vertical movement
of transmembrane (TM) 6 and TM7 relative to TM3 occurs,
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resulting in conformational changes at the intracellular face of
the receptor that promote transducer coupling (reviewed in de
Graaf et al., 2017; Manglik and Kruse, 2017). For class C
GPCRs, most endogenous agonists predominantly bind in the
large extracellular Venus flytrap (VFT) domain, stabilizing
activating conformational rearrangements that transmit
through the 7 transmembrane domain (7TM) spanning re-
gions and/or extracellular loops (ECLs) to the intracellular
side of the receptor. Many synthetic molecules that target
class C GPCRs bind to allosteric sites in the 7TM domain
and/or ECL regions. Furthermore, for the CaSR, the 7TM
and/or ECL domains also contain additional binding sites for
endogenous agonists including polyamines and Ca21o (Ray and
Northup, 2002; Leach et al., 2016). However, the 7TM
molecular mechanisms that underlie class C GPCR allosteric
(and indeed orthosteric) activation are largely unknown. This
is due to a complete lack of active-state class C GPCR 7TM
structures, but also, in part, due to the difficulties in
interpreting mutation-based structure-function studies to de-
lineate residue contributions to the three key molecular
properties that govern allosteric activity; ligand affinity,
cooperativity, and efficacy.
In light of the difficulties associated with studying GPCR

allosteric modulator effects, we developed pharmacological
and analytical methods to robustly quantify allosteric modu-
lation of GPCRs (Leach et al., 2007), and recently employed
these methods to probe class C GPCR allostery (Gregory et al.,
2012, 2013, 2014; Leach et al., 2016). We demonstrated

unprecedented insights into class C GPCR drug actions
by combining pharmacological, analytical, and detailed
structure-function analyses. For instance, we identified a
CaSR 7TM domain cavity that accommodates small-
molecule CaSR PAMs and negative allosteric modulators,
and showed that structurally diverse modulators bind to
distinct regions in this cavity; the arylalkylamine PAM,
cinacalcet, binds toward the top of the 7TM domain cavity,
whereas the structurally distinct CaSR PAM-agonist,
1-benzothiazol-2-yl-1-(2,4-dimethylphenyl)-ethanol
(AC265347), binds deeper in the pocket (Leach et al., 2016).
Furthermore, we mapped residues that contribute to PAM
potentiation of the CaSR’s endogenous agonist, Ca21o , re-
vealing both shared and distinct activation mechanisms used
by cinacalcet and AC265347 (Leach et al., 2016).
Given the importance of understanding the structural basis

underlying ligand binding and activation mechanisms at class C
GPCRs, the current study sought to build on our prior analysis of
CaSR allostery by examining the structural basis of positive
allosteric modulation mediated by the small-molecule PAM, 3-(2-
chlorophenyl)-N-((1R)-1-(3-methoxyphenyl)ethyl)-1-propanamine
(NPS R568). The binding of NPS R568 and other arylalkylamine
PAMs is predicted to overlap with the cinacalcet binding site.
Given that arylalkylamine PAMs display comparable in vitro
pharmacology, we hypothesized that NPS R568 would demon-
strate similar structure-function relationships to cinacalcet. We
also hypothesized that the PAM-agonist, AC265347, mediates
agonism via engagement of residues that transmit positive

Fig. 1. Studying positive allosteric modulation at the CaSR. (A) Structures of the arylalkylamine PAM, NPS R568, and the PAM-agonist, AC265347,
investigated in this study. (B) According to the operational model of allosterism, the CaSR PAM effects on orthosteric agonist signaling are governed by
PAM affinity (KB), binding and/or efficacy cooperativity between the PAM and the orthosteric agonist (a and b, respectively), and the efficacy of the PAM
(tB); ab governs the magnitude of agonist potentiation, reflected by an increase in agonistEmax and/or potency, and enhanced vehicle-mediated signaling
plus a reduction in the slope of the transducer function, n, if ambient orthosteric agonists are present in the buffer. If the PAM is also an agonist, tB will
dictate PAM-mediated receptor signaling in the presence of vehicle. (C) Snake diagram of the primary CaSR 7TM domain and ECL sequence, indicating
residues that were mutated in the current study. Mutations at residues previously shown to be important for the binding of the PAMs, cinacalcet, and/or
AC265347, their cooperativity with Ca2+o , or both (Leach et al., 2016), are shown in blue, red, and orange, respectively. All engineered mutations were
substituted with alanine, with the exception of A6151.42, A7725.39, A8407.35, and A8447.3, which were substituted with valine, and E8377.32, which was
mutated to aspartic acid and isoleucine. The residue highlighted in green indicates where a naturally occurringmutation alters the activity of somePAMs
(Cook et al., 2015). Arrows point to the �.50 conserved class C amino acid residues based on a modified Ballesteros-Weinstein numbering system (Doré
et al., 2014).
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modulation. Thus, we usedmutagenesis to comparemechanisms
of positive allosteric modulation and direct allosteric agonism
mediated byNPSR568 andAC265347 (Fig. 1A).We identify both
global and ligand-specific activation mechanisms at the CaSR,
which could inform future drug discovery efforts seeking to
rationally optimize the activity of CaSR activators and/or
potentiators.

Materials and Methods
Materials. Dulbecco’smodified Eagle’smedium, blasticidin SHCl,

and fetal bovine serumwere obtained from Invitrogen (Carlsbad, CA),
while hygromycin B was obtained from Roche (Mannheim, Germany).
The Flp-In TREx human embryonic kidney 293 cells and Fluo-4 AM
acetoxymethyl ester were purchased from Invitrogen. Quikchange
mutagenesis kits were purchased from Agilent Technologies (Santa
Clara, CA). NPS R568 was prepared as described previously (Davey
et al., 2012). AC265347 and all other chemicals were from Sigma
Aldrich (St Louis, MO).

Generation andMaintenance of Cell Lines Expressing Wild-
Type (WT) and Mutant CaSRs. The generation of DNA and cells
stably expressing c-myc-tagged WT and mutant human CaSRs in
pcDNA5/frt/TO have been described previously (Davey et al., 2012;
Leach et al., 2016). Cells were maintained in Dulbecco’s modified
Eagle’s medium containing 5%–10% fetal bovine serum, 200 mg/ml
hygromycin B, and 5 mg/ml blasticidin S HCl.

Intracellular Calcium (Ca21
i ) Mobilization Assays. Cells were

seeded in clear 96-well plates coated with poly-D-lysine (50 mg/ml21)
at 80,000 cells/well and incubated overnight in the presence of
100 ng/ml21 tetracycline. The following day, cells were washed with
assay buffer (150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 10 mM
D-Glucose, 10 mM HEPES, 0.1 mM CaCl2, 0.5% bovine serum
albumin, and 4 mM probenecid at pH 7.4) and loaded with Fluo-4
AM acetoxymethyl ester (1 mM in assay buffer) for 1 hour at 37°C.
Cells were washed with assay buffer prior to the addition of fresh
assay buffer. For interaction studies between Ca21o and PAMs,
modulators were coadded with Ca21o . For assays in the absence of
ambient divalent cations, cells were treated as described previously,
except that the final assay buffer and the buffer used for washing and
loading the cells did not contain CaCl2 or MgCl2.

For all studies, each well was treated with a single agonist and/or
modulator concentration. The release of Ca21i was measured at 37°C
using Flexstation 1 or 3 (Molecular Devices, Sunnyvale, CA). Fluo-
rescence was detected for 60 seconds at 485 nm excitation and 525 nm
emission, and the peak Ca21i mobilization response (approximately
12 seconds after agonist addition) was used for the subsequent
determination of the agonist response. Relative peak fluorescence
units were normalized to the fluorescence stimulated by 1 mM
ionomycin to account for differences in cell number and loading
efficiency.

Data Analysis. All nonlinear regression analyses were performed
using GraphPad Prism 7 (GraphPad Software, San Diego, CA).
Parametric measures of potency, affinity, and cooperativity were
estimated as logarithms (Christopoulos, 1998). Interaction experi-
ments between Ca21o and allosteric modulators were fitted to an
operational model of allosterism (Leach et al., 2007; Aurelio et al.,
2009; Leach et al., 2010), which was modified to accommodate the
presence of ambient agonist (Davey et al., 2012):

E5
ðEmax 2 basalÞ ½ð½A�1 ½Ae�Þ ðKB 1ab½B�Þ 1 tB ½B� ½EC50��n

½EC50� ðKB 1 ½B�Þ 1 ½ð½A�1 ½Ae�Þ ðKB 1 ab ½B�Þ 1 tB ½B� ½EC50��n
(1)

where [A] denotes the concentration of exogenously added orthosteric
agonist to stimulate the response; [Ae] is the ambient orthosteric
agonist concentration in the buffer; [B] is the molar allosteric ligand
concentration; KB is the functional affinity of the allosteric ligand; tB

denotes allosteric ligand intrinsic efficacy; a and b are the allosteric
effects on orthosteric ligand binding affinity and efficacy, respectively
(estimated as a composite ab value); Emax is the maximal possible
system response; and n is the slope factor of the transducer function.

Concentration-response curves for Ca21o , NPS R568, and AC265347
in the absence of ambient divalent cations were fitted to the following
form of an operational model of agonism to obtain estimates of PAM
affinity and efficacy:

E5

�ðEmax 2basalÞ tB ½B�
ðKB 1 ½B�Þ1 tB ½B�

�n

(2)

where all parameters are as described for eq. 1.
Statistics. An F test (P , 0.001) was used to determine whether

eq. 1 best fit interaction data when NPS R568 and AC265347 were
assumed to have no agonist efficacy at theWT andmutant CaSRs (i.e.,
whether the best-fit value for tB was equal to or differed from zero).
Statistical differences between the Ca21o pEC50, or PAM pKB and
logab at theWT versus the mutant receptors were determined by one-
way analysis of variance (ANOVA) with Dunnett’s multiple compar-
isons post-test, where significance was defined as P, 0.05. Statistical
differences between PAM pKB at the WT and mutant receptors in the
absence versus the presence of ambient divalent cations was de-
termined by two-way ANOVA with Sidak’s comparisons post-test,
where significance was considered as P , 0.05.

Molecular Modeling and Docking Studies. A three-
dimensional model of the CaSR 7TM domain was constructed by
homology with mGlu5 (PDB: 5CGD) (Christopher et al., 2015) using
the ICM software package (Molsoft, San Diego, CA) (Abagyan
and Totrov, 1994) as previously described (Leach et al., 2016). The
7TM helices in the model were additionally refined to accom-
modate irregularities such as nonconserved proline residues (e.g.,
Pro6823.34) and a one-residue insertion in the extracellular part of
TM5 (Ile7775.44). Compound docking relied on the pharmacophore
properties of the TM cavity as well as the results of earlier and present
mutagenesis studies indicating that mutation of Glu8377.32 abrogates
activity of all arylalkylamines. A salt bridge is predicted to occur
between the protonated arylalkylamine secondary amine and the
Glu8377.32 side chain (Petrel et al., 2003, 2004; Miedlich et al., 2004;
Bu et al., 2008; Leach et al., 2016); therefore, the formation of this salt
bridge was enforced in our docking studies by imposing a harmonic
distance restraint between the corresponding atoms. The arylalkyl-
amine docking proceeded by extensive conformational sampling of the
ligands and the residue side chains lining the pocket in the internal
coordinates in the presence of this distance restraint. All complexes
were further refined by local minimization in the presence of distance
restraints maintaining receptor secondary and tertiary structures,
and inspected manually.

Results
Rationale for the Study. We have previously evaluated

the effects of CaSR 7TM and ECL mutations on allosteric
modulator activity using an interaction paradigm (Davey
et al., 2012; Cook et al., 2015; Leach et al., 2016). Here, the
effect of a CaSR PAM can manifest as: 1) modulation of the
exogenously added agonist to stimulate the response, reflected
by a change in the added agonist potency and/or Emax; 2)
modulation of ambient agonist present in the buffer, reflected
by an increase in the baseline response and/or a shallowing of
the agonist concentration-response curve; and 3) direct PAM-
mediated agonism, also reflected by an increase in the
baseline response (Davey et al., 2012; Cook et al., 2015;
Leach et al., 2016) (Fig. 1B). In this work, we have extended
our analysis to account for ambient Ca21o ions present in the
assay buffer. Including the ambient Ca21o concentration in the
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operational model of allosterism allows delineation of PAM-
mediated increases in the vehicle (buffer) response due to
agonism versus potentiation of ambient Ca21o (eq. 1). Accord-
ingly, we are now able to quantify and delineate the effect of
CaSR mutations on PAM affinity (pKB), allosteric coopera-
tivity with the orthosteric agonist (ab), and allosteric agonism
(tB).
Using this analytical paradigm, we examined two tool

compounds; NPS R568 and AC265347. NPS R568 (Fig. 1A)
was among the first identified CaSR PAMs (Nemeth et al.,
1998) and a precursor to cinacalcet, which is an approved
clinical treatment of human hyperparathyroidism. Both
PAMs display similar in vitro pharmacology (Cook et al.,
2015), despite subtle differences in their chemical structure;
although NPS R568 and cinacalcet share a three carbon
aliphatic chain linked to a secondary amine, they differ in
their terminal aromatics: chlorophenyl and methoxyphenyl
groups in NPS R568 were replaced with tri-fluoromethyl-
phenyl and naphthyl groups in cinacalcet. With these differ-
ences in mind, we aimed to examine the SAR of NPS R568 in
comparison with cinacalcet in more detail. Furthermore,
whereas cinacalcet and NPS R568 exhibit little agonism, the
chemically distinct CaSR PAM, AC265347, is both a PAM and
an agonist (a PAM-agonist) (Cook et al., 2015). We were,
therefore, interested in elucidating the different activation

mechanisms used by these chemically and pharmacologically
distinct CaSR activators. Of further interest, AC265347
exhibits biased CaSR modulation when compared with cina-
calcet, presumably via stabilizing different active states
(Davey et al., 2012; Leach et al., 2013, 2016; Cook et al., 2015).
Therefore, in this work, we used mutagenesis in combina-

tion with an operational model of allosterism that explicitly
accommodates ambient agonist levels (eq. 1), to characterize
important features of NPS R568 binding and positive cooper-
ativity, and to directly probe AC265347 agonism. 7TM
and ECL mutations were selected based on those known to
alter the affinity and/or cooperativity of cinacalcet and/or
AC265347 (Fig. 1C).
NPS R568 Binds to a Common 7TM Allosteric

Binding Site. We first confirmed that NPS R568 bound
within the same 7TM cavity used by other arylalkylamine
modulators (Leach et al., 2016). We fitted NPS R568 in-
teraction data at the WT and 7TM mutant receptors to an
operational model of allosterism with ambient agonist to
assess the impact of 7TM amino acid substitutions on NPS
R568 affinity (pKB). WT and representative mutants are
shown in Fig. 2 that exemplify the different profiles observed.
Similar to our previous observations with cinacalcet (Leach
et al., 2016), F6682.56A, F6843.36A, F6883.40A, E8377.32I, and
I8417.36A mutations abolished NPS R568 activity or reduced

Fig. 2. 7TMmutations alter the activity of NPSR568 at the
CaSR. Concentration-response curves to Ca2+o in the ab-
sence and presence of NPS R568 were determined in Ca2+i
mobilization assays to identify mutations that altered NPS
R568 activity (A–E). Representative mutants are shown
that reduced NPS R568 affinity (F6843.36A), increased NPS
R568 affinity (A8447.39V), reduced NPS R568 cooperativity
(V8176.49A), or increased NPS R568 affinity while decreas-
ing cooperativity (F8216.53A). Data are mean + S.E.M.
pooled from at least four separate experiments performed
in duplicate. Curves are the best fit of the data to eq. 1.
Vehicle (buffer) is plotted as the smallest [Ca2+o ] in accor-
dance with the logarithmic scale.
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NPS R568 pKB, whereas F8216.53A, E8377.32D, and A8447.39V
increasedNPS R568 pKB (Fig. 2; Fig. 3A; Supplemental Fig. 1;
Table 1). Furthermore, although the magnitude of NPS R568
potentiation of Ca21o potency at the Y8256.57A mutant was
reduced (Supplemental Fig. 1), a significant and maximal ∼2-
fold increase in Ca21o potency was reached in the presence of
0.1 mMNPSR568, suggesting the PAM pKB was increased. To
confirm this finding, we performed interaction studies be-
tween AC265347 and NPS R568. We found that 0.1–10 mM
NPS R568 caused a dextral translocation of the AC265347
concentration-response curve at the Y8256.42A mutant, with
no apparent decrease in AC265347 Emax (Supplemental Fig.
2); although limitations in AC265347 solubility prevented
determination of complete AC265347 concentration-response
curves in the presence of the higher NPS R568 concentrations.
Nonetheless, these findings suggest that the interaction
between NPS R568 and AC265347 is competitive, or an
allosteric interaction governed by extremely high negative
cooperativity. In support of a competitive or highly negatively

cooperative interaction, when AC265347 and NPS R568
interactions at the Y8256.42A mutant were fitted to a modified
Hill/Gaddum/Schild equation (Motulsky and Christopoulos,
2004; Langmead et al., 2006), the Schild slope was not signif-
icantly different from unity. Under these circumstances, the
concentration of NPS R568 that shifts the AC265347 EC50

2-fold is equal to the NPS R568 pKB; this analysis confirmed
that the NPS R568 pKB was increased by the Y8256.57A
mutation (Table 1). A similar increase in cinacalcet pKB has
been observed at this mutant (Leach et al., 2016). Our findings
are consistent with NPS R568 binding in the 7TM cavity in a
similar pose to cinacalcet, concordant with previous predictions
that E8377.32 forms a hydrogen bond with the core secondary
amine in arylalkylamine modulators (Petrel et al., 2003, 2004;
Miedlich et al., 2004; Bu et al., 2008; Leach et al., 2016). With
this interaction, the terminal naphthyl (cinacalcet) or methox-
yphenyl (NPS R568) moiety extends downward, p-stacking
with F6843.36 and forming hydrophobic interactions with
F6682.56, F6883.40, and I8417.36.

Fig. 3. 7TM and ECLmutations alter the affinity and cooperativity of NPS R568 at the CaSR. (A) Concentration-response curves to Ca2+o in the absence
and presence of NPS R568 determined in Ca2+i mobilization assays were fitted to an operational model of allosterism (eq. 1) to determine the change in
affinity (DpKB) (A) and cooperativity (Dlogab) (C) of NPS R568 at the mutant CaSRs in comparison with the WT receptor. White bars represent no
significant change in pKB or logab. Colored bars that sit above and below zero represent a significant increase or decrease in pKB or logab, respectively. A
1.5-fold or lower reduction in pKB and/or logab is represented by yellow bars, a 1.6-fold to 2.5-fold reduction is represented by orange bars, and a greater
than 2.5-fold reduction or increase is represented by red and blue bars, respectively. NA, negligible PAM activity. Data are the DpKB or Dlogab + S.E.M.
calculated fromWT and mutant pKB or logab values and experiment numbers shown in Table 1; *denotes significant difference in comparison with WT
(P, 0.05, one-way ANOVAwith Dunnett’s multiple comparisons post-test). Affinity (B) and cooperativity (D) residues are shown on a CaSR 7TMdomain
homology model (gray cartoon), along with the predicted NPS R568 pose from docking studies. Residue positions are shown as ball and stick, and colors
correspond to the fold change in affinity or cooperativity shown in (A and C).
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There were, however, subtle differences in the effects of
some mutations on NPS R568 pKB when compared with
cinacalcet. For instance, W8186.50A decreased, whereas
E767ECL2A, A7725.39V, or V833ECL3A increased, cinacalcet
pKB (Leach et al., 2016); in contrast, these mutations had no
significant effect on NPS R568 pKB (Fig. 3A; Table 1). To
better understand the differences in the pKB effects of these
mutations, we constructed a homologymodel of the CaSR 7TM
domain based on themGlu5 7TM structure (Christopher et al.,
2015) and interrogated this model bound to NPS R568
in silico. Since the NPS R568 core consists of an arylalkyl-
amine, whose secondary amine is predicted to interact directly
with E8377.32, the distance required for hydrogen bonding
between this residue and the secondary amine of NPS R568
was maintained during the docking process. Unsurprisingly,
this produced docking poses for NPS R568 that were consis-
tent with previously published predictions for cinacalcet and
other arylalkylamine-based modulators (Leach et al., 2016)
(Fig. 3B).
Close inspection of docking poses for NPS R568 in the CaSR

homology model explained the observed differences in muta-
tional effects on cinacalcet versus NPS R568 pKB. First, our
predicted docking poses oriented themethoxyphenyl moiety of
NPS R568 toward the hydrophobic-aromatic network that
surrounds the napthyl group of cinacalcet (F6843.36, F7755.42,

L7765.43, W8186.50, and I8417.36), but crucially, the smaller
andmore hydrophilic NPS R568 moiety does not interact with
W8186.50 (Fig. 3B; Supplemental Fig. 3). This change in
binding mechanism likely underpins why W8186.50A does
not influence NPS R568 pKB. Second, the predicted NPS
R568 pose places the chloro-phenyl group of NPS R568 in a
position identical to the tri-fluoromethyl-phenyl group of

cinacalcet, but the NPS R568 moiety occupies appreciably
less chemical space. Indeed, the increase in cinacalcet pKB

observed at the E767ECL2A and V833ECL3A mutants is likely
due to an increase in the volume of the top of the binding
pocket, which is more favorable for cinacalcet but makes no
difference to the binding of the smaller NPS R568 (Supple-
mental Fig. 3). Collectively, these data suggest that NPS R568
and cinacalcet bind to an overlapping binding site; however,
due to key differences in their chemical topology, there are
subtle distinctions in the contribution of select residues to the
binding of the two PAMs.
Identification of Residues that Mediate Cooperativ-

ity between Ca21
o and NPS R568. By applying an opera-

tional model of allosterism to our data, we also revealed nine
residues within the CaSR 7TM bundle that are involved in
NPS R568 cooperativity (logab) but not affinity (pKB), with
major contributions from ECL1 and 2 as well as TMs 6 and
7 (WT and representative mutants are shown in Fig. 2,
quantification is shown in Fig. 3C). In contrast, five mutations
influenced both affinity and cooperativity; F6882.56A de-
creased pKB and logab, whereas F8216.53A, E8377.32D,
Y8256.42A, or A8447.39V had differential effects on the two
parameters (Fig. 3, A and C; Table 1). Thus, residues within
the binding pocket differentially contribute to NPS R568
affinity versus cooperativity with Ca21o .
Our previous structure-function analysis at the CaSR

identified residues that contributed to the transmission of
positive cooperativity between Ca21o and cinacalcet (Leach
et al., 2016). Comparisons between cooperativity determi-
nants for cinacalcet and NPS R568 revealed key similarities
and differences. Five mutations (E767ECL2A, V8176.49A,
Y8256.57A, A8447.39V, and L8487.43A) significantly reduced

TABLE 1
Functional affinity (pKB) and cooperativity (logab) parameters for NPS R568 determined in Ca2+i
mobilization assays using an interaction paradigm
Data are mean 6 S.E.M. and 95% confidence interval from the indicated number of independent experiments (n).

NPS R568

pKB (95% CI) Logab (95% CI) (ab) n

WT 5.99 6 0.05 (5.89–6.09) 0.55 6 0.01 (0.52–0.58) (3.5) 17
F6121.39A 6.39 6 0.15 (6.03–6.75) 0.35 6 0.04a (0.28–0.43) (2.2) 4
A6151.42V 6.22 6 0.13 (5.93–6.49) 0.45 6 0.04 (0.38–0.53) (2.8) 6
F6682.56A ,5 ND 4
G670ECL1A 6.39 6 0.08 (6.23–6.55) 0.09 6 0.04a (20.07–0.25) (1.2) 4
F6843.36A 5.28 6 0.18a (4.79–5.63) 0.35 6 0.05a (0.28–0.51) (2.2) 4
F6883.40A 5.40 6 0.16a (5.00–5.73) 0.52 6 0.05 (0.44–0.65) (3.3) 5
E767ECL2A 6.36 6 0.22 (5.93–6.77) 0.25 6 0.03a (0.18–0.33) (1.8) 3
A7725.39V 6.33 6 0.08 (6.17–6.48) 0.38 6 0.02a (0.35–0.42) (2.4) 4
F7755.42A 6.11 6 0.07 (5.95–6.27) 0.39 6 0.02a (0.36–0.42) (2.5) 4
L7765.43A 6.40 6 0.09 (6.20–6.58) 0.46 6 0.03 (0.40–0.51) (2.9) 4
V8176.49A 5.89 6 0.26 (5.29–6.38) 0.37 6 0.05a (0.27–0.50) (2.3) 4
W8186.50A 5.88 6 0.05 (5.77–5.98) 0.55 6 0.01 (0.52–0.58) (3.5) 5
F8216.53A 7.14 6 0.18a (6.80–7.58) 0.18 6 0.02a (0.14–0.22) (1.5) 4
Y8256.57A 6.88 6 0.11a,b (6.65–7.11) 0.07 6 0.02a,c (0.04–0.10) (1.2) 4
K831ECL3A 5.60 6 0.15 (5.26–5.91) 0.60 6 0.05 (0.49–0.71) (4.0) 4
V833ECL3A 6.07 6 0.11 (5.77–6.33) 0.35 6 0.02a (0.31–0.40) (2.2) 4
E8377.32D 7.13 6 0.16a (6.85–7.52) 0.26 6 0.03a (0.22–0.32) (1.9) 4
E8377.32I ,5 ND 7
A8407.35V 6.31 6 0.13 (6.05–6.56) 0.33 6 0.03a (0.28–0.39) (2.1) 4
I8417.36A NA NA 4
A8447.39V 6.69 6 0.09a (6.49–6.90) 0.05 6 0.09a (20.17–0.26) (1.1) 5
L8487.43A 6.04 6 0.13 (5.79–6.28) 0.29 6 0.02a (0.25–0.32) (1.9) 4

CI, confidence interval; NA, negligible PAM activity; ND, not determined due to weak cooperativity or low affinity.
asignificantly different to WT (P , 0.05, one-way ANOVA with Dunnett’s multiple comparisons post-test).
bpKB determined in interaction studies between AC265347 and NPS R568 (n = 3).
cpKB was fixed to 6.88 determined in interaction studies between AC265347 and NPS R568.
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the cooperativity of both NPS R568 and cinacalcet, suggesting
contributions to a common network that transmits positive
cooperativity by structurally similar PAMs (Fig. 3, C and D).
In contrast, six of the mutations that specifically reduce NPS
R568 cooperativity with Ca21o without impacting affinity
(F6121.39A, G670ECL1A, A7725.39V, F7755.42A, V833ECL3A,
and A8407.35V) did not influence cinacalcet cooperativity.
Furthermore, A6151.42V, W8186.50A, and K831ECL3A, which
we previously reported to influence cinacalcet cooperativity,
had no significant effect on the cooperativity between NPS
R568 and Ca21o , demonstrating that the contribution of these
residues to the transmission of positive cooperativity is ligand
specific. Collectively, our data reveal differences in the
network of residues that transmit cooperativity mediated by
structurally similar PAMs, indicating that distinct conforma-
tional states are favored by cinacalcet and NPS R568.
Identification of Global and Ligand-Specific Activa-

tion Mechanisms at the CaSR. Having identified the NPS
R568 binding site and differentiated ligand-receptor interac-
tions governing affinity and cooperativity, we next sought to
compare activation mechanisms used by different CaSR
activators. To do so, we first validated the ability of the
operational model of allosterism with ambient agonist (eq. 1)
to distinguish between PAMs (e.g., NPS R568) and PAM-
agonists (e.g., AC265347). When applied to Ca21o versus NPS
R568 interaction data, we found that the operational model of
allosterism with ambient agonist fit the data best when the
PAM was presumed to have no efficacy (i.e., the best fit value
for tB did not differ from zero, F test; P , 0.001) (Fig. 2A;
Tables 1 and 2). This agreed with our previous study showing
that cinacalcet, NPS R568, and other structurally related

PAMs demonstrate negligible intrinsic agonism (Cook et al.,
2015). In contrast, and also consistent with our previous study
(Cook et al., 2015), the interaction between Ca21o and the
PAM-agonist AC265347 were fitted best when the model
assumed AC265347 was an agonist (i.e., the best fit value for
tB differed from zero, F test; P , 0.001) (Fig. 4A; Table 2).
Importantly, reanalysis of these previously reported data with
eq. 1 yielded similar estimates of AC265347 pKB and logab
(Supplemental Table 1). Taken together, these findings
demonstrate that our operational model of allosterism with
ambient agonist can differentiate between two PAMs with
different agonist activity. Therefore, we next assessed the
impact of mutations on allosteric modulator efficacy, tB,
independently of positive cooperativity.
Alanine substitution of F6843.36 or F6883.40 was previously

found to reduce Ca21o potency (Leach et al., 2016), and in the
current study also abolished AC265347-mediated Ca21i mobi-
lization in the presence of vehicle (while positive cooperativity
with Ca21o was retained) (Fig. 4B; Supplemental Fig. 1; Tables
1 and 2). Using a tetracycline-inducible cell line, we titrated
F6843.36 and F6883.40 receptor expression levels to establish
the Ca21o pEC50 under conditions where it should more closely
reflect its affinity (i.e., in the absence of receptor reserve)
(Supplemental Fig. 4). With reduced expression levels, Ca21o
pEC50 values at the F684

3.36A (2.906 0.07) or F6883.40A (2.95
6 0.03)mutants were not significantly different fromWT (3.06
6 0.04), indicating that the reduction in Ca21o potency at the
mutants versusWT under high expression conditions was due
to reduced Ca21o efficacy, not affinity. In contrast, F6121.39A,
L7765.43A, or V8176.49A increased Ca21o potency (Leach et al.,
2016) and AC265347 efficacy (Table 2). The changes in Ca21o

TABLE 2
Efficacy (tB) of NPS R568 and AC265347 determined in Ca2+i mobilization assays using an interaction
paradigm
Data are mean 6 S.E.M. and 95% confidence intervals from the indicated number of independent experiments (n).

NPS R568 AC265347

LogtB (95% CI) (tB) n LogtB (95% CI) (tB) n

WT ND 17 20.22 6 0.09 (20.45 to 20.08) (0.6) 8
F6121.39A ND 4 0.12 6 0.09a (20.10 to 0.44) (1.3) 4
A6151.42V ND 6 0.04 6 0.03 (20.01 to 0.09) (1.1) 4
F6682.56A ND 4 ND 4
G670ECL1A 20.25 6 0.06 (20.41 to 20.15) (0.6) 4 20.15 6 0.09 (20.39 to 0.02) (0.7) 4
F6843.36A ND 4 ND 5
F6883.40A ND 5 ND 4
E767ECL2A ND 3 0.05 6 0.03 (20.02 to 0.12) (1.1) 4
A7725.39V ND 4 ND 4
F7755.42A ND 4 20.26 6 0.07 (20.48 to 0.14) (0.5) 7
L7765.43A ND 4 0.19 6 0.12a (20.11 to 0.32) (1.5) 6
V8176.49A ND 4 0.33 6 0.04a,b (0.26–0.45) (2.1) 5
W8186.50A ND 5 ND 4
F8216.53A ND 4 ND 4
Y8256.57A ND 4 ND 4
K831ECL3A ND 4 20.05 6 0.03 (20.10 to 0.00) (0.9) 5
V833ECL3A ND 4 ND 5
E8377.32D ND 4 0.09 6 0.12 (20.18 to 0.28) (1.2) 4
E8377.32I NA 7 NA 5
A8407.35V ND 4 ND 7
I8417.36A NA 4 ND 4
A8447.39V 20.22 6 0.07 (20.45 to 20.11) (0.6) 5 20.12 6 0.03 (20.14 to 20.09) (0.8) 6
L8487.43A ND 4 20.17 6 0.07 (20.35 to 20.07) (0.7) 4

CI, confidence interval; NA, negligible PAM activity; ND, not determined due to negligible efficacy.
aSignificantly different from WT (P , 0.05, one-way ANOVA with Dunnett’s multiple comparisons post-test).
bTo account for a reduction in cell surface expression caused by V8176.49A compared with the WT CaSR (Leach et al.,

2016), logtB was normalized to determine what it would be if this mutant was expressed at the same level as the WT
receptor (Gregory et al., 2010).
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potency and AC265347 efficacy at the F6843.36A, F6883.40A,
F6121.39, L7765.43, or V8176.49A mutants under conditions
where WT and mutant cell surface expression levels are
comparable (Leach et al., 2016) suggests these residues are
important for the transmission of agonism imparted by both
Ca21o and AC265347.
In contrast, W8186.50A, F6682.56A, A7725.39V, F8216.53A,

Y8256.57A, V833ECL3A, A8407.35V, or I8417.36A did not reduce
Ca21o potency (several increased it), or with the exception of
F6682.56A did not reduce cell surface expression (Leach et al.,
2016), but they all abolished AC265347 efficacy (Fig. 4D;
Table 2). Qualitatively, AC265347 enhanced Ca21i mobilization
in the presence of vehicle alone at certain mutations (see, for
example, Fig. 4D); however, our analysis is consistentwith these
baseline increases being attributable to positive modulation of
ambient cations in the buffer rather than intrinsic AC265347
efficacy (Supplemental Table 1). Therefore, these eight residues
are critical for mediating agonism of AC265347, but not Ca21o .
Intriguingly, analysis of NPS R568 interactions with Ca21o

revealed two mutations (G670AECL1A and A8447.39V) where
there was a gain in allosteric agonism, as demonstrated by a
significant increase in tB, but neither mutation enhanced
AC265347 efficacy (Table 2). Combined with a comparison of
mutations that influence Ca21o potency (Supplemental Fig. 5)
versus AC265347 efficacy (Fig. 5; Table 2), our findings
indicate that some 7TM and ECL residues play a global role
in agonism imparted by all classes of agonist (i.e., orthosteric
and allosteric), whereas others contribute to ligand-specific
receptor activation.
The finding that the G670A and A844V mutations

significantly reduced NPS R568 cooperativity yet converted
NPS R568 to a PAM-agonist was intriguing. Therefore, we
next sought to compare the global and AC265347-specific

activation residues with the AC265347 cooperativity net-
works previously established (Leach et al., 2016) to determine
whether there were also distinctions between cooperativity
versus agonism networks used by other PAMs. Twomutations
(F6121.39A and L7765.43A) that increased AC265347 efficacy
(Fig. 5, A and B) did not change positive cooperativity,
whereas V8176.49A increased AC265347 efficacy while de-
creasing cooperativity. In contrast, the loss in AC265347
efficacy at F6682.56A was opposed by increases in coopera-
tivity. Four mutations that decreased AC265347 cooperativity
(A6151.42V, E767ECL2A, K831ECL3A, and A8447.39V) had no
effect on AC265347 efficacy. Collectively, these data reveal
differential contributions of residues within the 7TM bundle
and ECLs to efficacy versus cooperativity.
CaSR PAMs Enhance the Affinity of Orthosteric

Agonists. To confirm mutational effects on PAM efficacy
predicted from our analysis of interaction data, we assessed
the ability of NPS R568 or AC265347 to stimulate Ca21i
mobilization in the absence of ambient Ca21o or Mg21o at WT
and select mutant receptors. We evaluated G670ECL1A and
A8447.39V mutations, where NPS R568 was predicted to gain
agonist activity, and A8407.35V as a representative mutation
that decreased AC265347 efficacy (Table 2). Furthermore, we
evaluated E8377.32D as a control, because this mutation had
no effect on the efficacy of NPS R568 or AC265347. Where
possible, we fit agonist concentration response data to an
operational model of agonism (eq. 2) to determine agonist
affinity and efficacy at WT and/or mutant CaSRs (Table 3).
In agreement with our previous evaluation of PAM agonism

(Cook et al., 2015), up to 30 mM NPS R568 did not stimulate
Ca21i mobilization in the absence of ambient cations (Fig. 6A);
due to limited solubility, it was not possible to test higher
concentrations. Nonetheless, these findings confirm that NPS

Fig. 4. 7TM domain mutations alter orthosteric and
allosteric agonist activity at the CaSR. Concentration-
response curves to Ca2+o determined inCa2+i mobilization
assays in the absence and presence of AC265347 (A–D)
have been published previously (Leach et al., 2016), and
were reanalyzed with an operational model of alloster-
ism that considered ambient divalent cations to de-
termine the effect of mutations on AC265347 efficacy
(tB). WT and representative mutants are shown that
caused a simultaneous reduction in Ca2+o potency and
loss of AC265347 efficacy (F6883.40A), a simultaneous
increase in Ca2+o potency and gain in AC265347 efficacy
(L7765.43A), and a selective loss of AC265347 efficacy
(A8407.35V). Data aremean + S.E.M. pooled from at least
four separate experiments performed in duplicate.
Curves through the data points are the best fit of the
data to eq. 1. Vehicle (buffer) is plotted as the smallest
[Ca2+o ] in accordance with the logarithmic scale.
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R568 exhibits negligible agonism at the CaSR. In contrast to
WT CaSR, NPS R568 stimulated concentration-dependent
Ca21i mobilization in the absence of ambient cations at
G670ECL1A and A8447.39V (Fig. 6, B and C), suggestive of
increased NPS R568 efficacy, as predicted by our operational
model analysis that incorporated the presence of ambient
cations (Table 2). However, the estimated NPS R568 pKB at
the G670ECL2A mutant was significantly lower in the absence
of ambient cations (Table 3) than in their presence (Table 1)
(P , 0.05, two-way ANOVA with Sidak’s multiple compari-
sons). A similar trend toward a lower NPS R568 pKB in the
absence of ambient cations was also observed at the A8447.39V
mutant, but this did not reach significance. At E8377.32D and
A8407.35V, NPS R568 exhibited negligible agonist activity,
similar to WT CaSR and as predicted from our operational
model of allosterism analysis.
In contrast to NPS R568, AC265347 stimulated relatively

robust Ca21i mobilization at the WT CaSR in the absence of

ambient cations (Fig. 6A; Table 3), indicative of intrinsic
agonism. AC265347 was also an agonist at the G670ECL2A,
E8377.32D, and A8447.39V mutants in the absence of ambient
cations, although there was a small but significant decrease in
its efficacy at A8447.39V (Fig. 6; Table 3). Consistent with our
operational model of allosterism analysis, AC265347 efficacy
was reduced at the A8407.35V mutant.
Similar to NPS R568 at WT CaSR and G670ECL2A,

A8447.39V, E8377.32D, or A8407.35V mutants, AC265347
bound with lower affinity in the absence of ambient cations
than in their presence (P , 0.05, two-way ANOVA with
Sidak’s multiple comparisons). The difference in affinities
suggests that CaSR PAMs bind preferentially when an
orthosteric agonist simultaneously occupies the receptor.
Since cooperative allosteric effects on affinity are reciprocal
(and, therefore, affect both agonist and modulator) (May
et al., 2007), the elevated PAM affinity in the presence of
ambient cations is expected if the PAM also enhances the

Fig. 5. 7TMandECLmutations alter AC265347 efficacy at the
CaSR. (A) Previously published concentration-response curves
to Ca2+o in the absence and presence of AC265347 determined in
Ca2+i mobilization assays (Leach et al., 2016) were reanalyzed
with an operational model of allosterism that accounted for
ambient divalent cations (eq. 1) to determine the change in
AC265347 efficacy (DtB) at the mutant CaSRs in comparison
with the WT receptor. White bars represent no significant
change in tB. Colored bars that sit above zero represent an
increase in tB. A significant 1.6–2.5-fold increase in tB is
represented by the purple bar and a greater than 2.5-fold
increase is represented by blue bars. ND, not determined due to
negligible efficacy; NA, no PAMactivity. Data are theDtB + S.E.
M. calculated from WT and mutant tB values and experiment
numbers shown in Table 2; * demotes significant difference in
comparison with WT (P , 0.05, one-way ANOVA with Dun-
nett’s multiple comparisons post-test). Efficacy residues are
shown on a CaSR 7TM domain homology model (B), along with
the predicted AC265347 pose from docking studies. Blue and
purple colors correspond to the fold change in efficacy shown in
(A), whereas red corresponds to a complete loss in AC265347
efficacy.
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affinity of the ambient cations. Thus, NPS R568 and
AC265347 likely act, at least in part, by potentiating the
affinity of divalent cations. This could occur if the PAMs
stabilized the closed form of the VFT via allosteric interac-
tions between the 7TM and VFT domains.

Discussion
The current study has used a structure-function approach

combined with analytical pharmacology to probe CaSR 7TM
domain and ECL residues that contribute to receptor

activation and positive allosteric modulation. Importantly,
by incorporating the presence of ambient agonist into an
operational model of allosterism, wewere able to delineate the
contribution of residues to PAM intrinsic efficacy (agonism)
independently of positive cooperativity (potentiation of the
orthosteric agonist) and affinity.We found both ligand-specific
and global activation networks within the CaSR ECLs and
7TM bundle. The fact that mutations in these regions of the
receptor have substantial effects on both orthosteric and
allosteric ligands highlights the pivotal role that the 7TM
domain and ECLs play in transmitting activating stimuli,

Fig. 6. CaSR PAMs bind with lower affinity in the absence
vs. presence of ambient divalent cations, and exhibit
differential efficacy at the 7TM domain and ECL mutants.
Concentration-response curves to Ca2+o , NPS R568, and
AC265347 were determined in Ca2+i mobilization assays in
the absence of ambient divalent cations to evaluate PAM
efficacy (A–E). Representative mutants were chosen based
on their ability to provoke NPS R568 efficacy (G670ECL2A
and A8447.39V), reduce AC265347 efficacy (A8407.35V), or
have no effect on PAM efficacy (E8377.32D). Data aremean +
S.E.M. pooled from at least four separate experiments
performed in duplicate. Curves are the best fit of the data
to eq. 2. Vehicle (buffer) is plotted as the smallest [Ca2+o ] in
accordance with the logarithmic scale.

TABLE 3
Functional affinity (pKB) and efficacy (logtB) parameters for NPS R568 and AC265347 determined in Ca2+i mobilization assays in the absence of
ambient divalent cations
Data are mean 6 S.E.M. and 95% confidence intervals from the indicated number of independent experiments (n).

NPS R568 AC265347

pKB (95% CI) LogtB (95% CI) (tB) n pKB (95% CI) LogtB (95% CI) (tB) n

WT ND ND 8 5.43 6 0.10a (5.23–5.63) 0.05 6 0.10 (0.01–0.11) (1.1) 8
G670ECL1A 5.71 6 0.18a (5.28–6.13) 20.19 6 0.04 (20.27 to 20.11) (0.6) 7 6.13 6 0.08b (5.96–6.31) 0.07 6 0.03 (0.04–0.11) (1.2) 7
E8377.32D ND ND 8 5.90 6 0.14a,b (5.60–6.19) 20.03 6 0.03 (20.10 to 0.03) (0.9) 8
A8407.35V ND ND 7 ND ND 7
A8447.39V 6.48 6 0.32 (5.78–7.21) 20.27 6 0.06 (20.42 to 20.17) (0.5) 6 6.89 6 0.20b (6.51–7.31) 20.16 6 0.04b (20.25 to 20.09) (0.7) 6

CI, confidence interval; ND, not determined due to negligible efficacy and/or low affinity.
aSignificantly lower than in the presence of ambient divalent cations (P , 0.05, two-way ANOVA with Sidak’s comparisons post-test).
bSignificantly different from WT (P , 0.05, one-way ANOVA with Dunnett’s multiple comparisons post-test).
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irrespective of the location of the ligand binding site. Impor-
tantly, our ability to delineate mutation effects on coopera-
tivity and efficacy reveals that positive cooperativity appears
to be mediated in part by residues that are distinct to those
that transmit allosteric agonism. For instance, A6151.42,
E767ECL2, and K831ECL3 all contributed to the transmission
of AC265347 cooperativity yet played no role in AC265347
efficacy. Conversely, F6121.39 and L7765.43 constrained
AC265347 efficacy but not positive cooperativity. In other
instances, there were opposing contributions of residues to
cooperativity versus efficacy, as was observed for G670ECL2

and A8447.39; mutation of these residues decreased NPS R568
cooperativity yet convertedNPSR568 to an agonist. Similarly,
V8176.49A increased AC265347 efficacy while decreasing
cooperativity, where the opposite was true for F6682.56A.
Using mutagenesis to dissect the contribution of 7TM and

ECL residues toNPSR568 affinity, we confirm thatNPSR568
binds to an extended cavity in the CaSR’s 7TM domain, much
like cinacalcet, with key interactions between F6682.56,
F6843.36, F6883.40, E8377.32, and I8417.36. We did, however,
identify some subtle differences in the binding of NPS R568
and cinacalcet, likely attributed to their different terminal
aromatic groups, permitting cinacalcet to occupy more space
at the top and bottom of the binding pocket. Despite this, and
the identification of a number of residues that differentially
contribute to NPS R568 and cinacalcet cooperativity, these
two PAMs from the arylalkylamine family are pharmacolog-
ically very similar (Cook et al., 2015). The differences in NPS
R568 and cinacalcet SAR appear to be overcome by shared
contributions of E767ECL2, V8176.49, Y8256.57, A8447.39, and
L8487.43 to their transmission of positive cooperativity. Im-
portantly, E767ECL2, V8176.49, and A8447.39 are also critical
for positive cooperativity mediated by the structurally distinct
PAM-agonist AC265347, suggesting that these residues may
contribute to a global allosteric activation network. Further-
more, mutation of these residues also increases Ca21o potency,
suggesting a reduction in the energy barrier to transition to an
active CaSR 7TM domain that mirrors the effects of PAMs. In
fact, greater than 70% of the 7TM/ECL mutations studied
herein increase Ca21o potency (Leach et al., 2016), supporting
the idea that substitution of residues in the allosteric binding
cavity lowers the activation barrier for Ca21o . Mutations
that reduce Ca21o potency (e.g., F6843.36A, F6883.40A, and
E8377.32I) were at residues critical to the binding of allosteric
drugs. Collectively, the influence of these 7TM/ECL residues
on both orthosteric agonist activity and small-molecule bind-
ing and agonism indicates that the 7TM allosteric binding site
has evolutionary importance and raises the possibility that an
endogenous allosteric modulator may act via this site.
With regards to mutational effects on agonism, it was of

particular note that aside from L7765.43 and V8176.49, which
were important for the efficacy of both Ca21o and AC265347,
the majority of residues differentially contributed to orthos-
teric versus allosteric efficacy. This was demonstrated by the
opposing effect of many mutations, which increased Ca21o
potency yet decreased AC265347 efficacy. We cannot exclude
the possibility that changes in Ca21o potency were due to
altered Ca21o affinity, but we did show this was not the case for
F6843.36A and F6883.40A mutations (Supplemental Fig. 4).
With the exception of E8377.32, which we postulate may bind
Ca21o , it is unlikely that mutation of other residues in this
pocket significantly alter Ca21o affinity, given that four key

Ca21o binding sites are located in the receptor’s VFT domain
(Geng et al., 2016). Thus, our data support the existence of
global and ligand-specific activation mechanisms in the
CaSR’s 7TM and ECL regions.
Another key finding of this study is the demonstration that

CaSR PAMs act by potentiating the affinity of Ca21o . This is in
contrast to other class C GPCR PAMs, which enhance
orthosteric agonist-mediated efficacy but do not appear to
potentiate their binding (Gregory et al., 2012). The significant
loss in PAM affinity in the absence of ambient cations versus
in their presence is reminiscent of the reciprocal interaction
between Ca21o and L-amino acids (Conigrave et al., 2000,
2004); structural studies suggest both ligands are bound to the
CaSR’s VFT domain to achieve a fully active receptor confor-
mation (Geng et al., 2016; Zhang et al., 2016). However, unlike
L-amino acids, our current and previous studies (Leach et al.,
2016) demonstrate that small-molecule PAMs bind in an
extended CaSR 7TM domain cavity.
Our findings have important implications for future drug

discovery efforts at the CaSR. Cinacalcet use is restricted due
to an adverse risk of hypocalcemia (Chonchol et al., 2009), in
part caused by oversuppression of parathyroid hormone
secretion along with stimulation of thyroid CaSRs and
consequent calcitonin secretion, and/or suppression of Ca21o
reabsorption via activation of renal CaSRs (reviewed in Leach
et al., 2014, 2015). There is consequently continued interest in
developing CaSR activators with greater tissue selectivity.
Indeed, weak (partial) agonists or PAMs would be expected to
stimulate robust pharmacological responses only in tissues
where strong stimulus-response coupling exists, such as high
CaSR-expressing parathyroid cells. To date, no small-
molecule CaSR agonists devoid of PAM activity have been
identified, and there have been no reported efforts to examine
the physiologic consequences of PAMs with different degrees
of cooperativity. Furthermore, as demonstrated by AC265347,
somePAMs also exhibit agonism,whichmay heighten adverse
effects by further amplifying receptor signaling. A greater
appreciation of the drivers of CaSR agonism versus allosteric
potentiationmay afford an opportunity to rationally tune in or
tune out PAM and agonist activity.
In conclusion, the current study provides new insight into

7TM and ECL CaSR activation mechanisms. In the future,
this information could facilitate rational structure-based de-
sign of novel CaSR activators whose pharmacological and
consequent therapeutic properties could be optimized by fine-
tuning their PAM and/or agonist activity.
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