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biphenyl]-4-carboxylic acid; NAM, negative allosteric modulator; NPS2143 (R)-2-chloro-6-

(2-hydroxy-3-((2-methyl-1-(naphthalen-2-yl)propan-2-yl)amino)propoxy)benzonitrile; PAM, 

positive allosteric modulator; Pfizer compound 1, (R)-2-(2-hydroxyphenyl)-3-(1-

phenylpropan-2-yl)-5-(trifluoromethyl)pyrido[4,3-d]pyrimidin-4(3H)-one; Ronacaleret, (R)-

3-(3-(3-((1-(2,3-dihydro-1H-inden-2-yl)-2-methylpropan-2-yl)amino)-2-hydroxypropoxy)-

4,5-difluorophenyl)propanoic acid; WT, wild-type. 

 

Bullet point summary:  

What is already known  

• Calcium-sensing receptor small molecule negative allosteric modulators bind in the 

receptor’s 7 transmembrane domain 

What this study adds 

• We identify overlapping and distinct binding sites for different negative allosteric modulators 

in the 7 transmembrane domain 

Clinical significance 

• Identification of allosteric binding sites in the calcium-sensing receptor will facilitate 

structure-based drug discovery 

 

Abstract 

Background and Purpose: Negative allosteric modulators (NAMs) that target the calcium 

sensing receptor (CaSR) were originally developed for the treatment of osteoporosis by 

stimulating the release of endogenous parathyroid hormone (PTH), but failed in human 
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clinical trials. A number of chemically and structurally distinct NAM scaffolds have been 

described, but it is not known how these different scaffolds interact with the CaSR to inhibit 

receptor signalling in response to agonists.  

Experimental Approach: In the present study, we used a mutagenesis approach combined 

with analytical pharmacology and computational modelling to probe the binding sites of four 

distinct NAM scaffolds.  

Key Results: We show that although all four scaffolds bind to the 7 transmembrane (7TM) 

and/or extracellular or intracellular loops (ECL or ICL), they occupy distinct regions, much 

like we have previously shown for CaSR PAMs. Furthermore, different NAM scaffolds 

mediate negative allosteric modulation via distinct amino acid networks.  

Conclusion and Implications: These findings aid our understanding of how different NAMs 

bind to and inhibit the CaSR. Elucidation of CaSR allosteric binding sites has implications 

for the future discovery of novel allosteric modulators.  

 

Introduction  

The human CaSR as designated by the International Union of Pharmacology (IUPHAR) 

(Bikle et al., 2019) is a class C G protein-coupled receptor (GPCR) that regulates parathyroid 

hormone (PTH) secretion in response to subtle changes in extracellular calcium (Ca2+
o) 

(Conigrave, 2012). Small molecule inhibitors of the CaSR, which stimulate increases in 

serum PTH by mimicking a drop in Ca2+
o, were of interest to a number of pharmaceutical 

companies for the treatment of osteoporosis (Leach et al., 2017). NPS2143 (Figure 1), the 

first reported CaSR inhibitor (Gowen et al., 2000), binds within the CaSR’s 7 transmembrane 
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domain (7TM), thus acting as a negative allosteric modulator (NAM) of Ca2+
o acting 

predominantly via the extracellular domain (Geng et al., 2016; Zhang et al., 2016). The 

structurally related arylalkylamine NAMs, ronacaleret (Figure 1) and JTT-305, and the 

chemically distinct quinazolinone NAMs, AXT914 and ATF936 (Figure 1), proceeded into 

clinical trials as osteoporosis therapies, but all failed to stimulate the formation of new bone 

to levels comparable to those achieved with recombinant PTH injections (Cosman et al., 

2016; Fitzpatrick et al., 2012; Fitzpatrick et al., 2011a; Fitzpatrick et al., 2011b; Halse et al., 

2014; John et al., 2014; Widler et al., 2008). A number of additional CaSR NAM scaffolds, 

including Pfizer compound 1 and BMS compound 1 (Figure 1), have also been developed but 

have not progressed to clinical trials.  

 

Although interest in developing CaSR NAMs for osteoporosis has diminished, there remains 

the possibility of repurposing these compounds for calcium metabolism disorders caused by 

naturally occurring gain-of-function CaSR mutations (Roberts et al., 2019) or CaSR-

mediated inflammation in asthmatic lung (Yarova et al., 2015). However, there is limited 

understanding of how different NAMs bind to and inhibit the CaSR, in part because the 

structure of the CaSR’s 7TM domain has not been elucidated. This information is necessary 

for understanding potential effects of naturally occurring mutations on the binding and 

allosteric actions of these drugs. 

 

Although some CaSR allosteric modulators, including L-amino acids, glutathione peptides 

(Conigrave et al., 2010) and etelcalcetide/AMG 416 (Alexander et al., 2015), bind to the 
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receptor’s extracellular domain, all small molecule modulators identified to date appear to 

bind within the CaSR’s 7TM and/or extracellular loops (ECLs) (Bu et al., 2008; Leach et al., 

2016; Miedlich et al., 2004; Petrel et al., 2004; Petrel et al., 2003; Widler et al., 2010). We 

previously demonstrated that the CaSR’s 7TM/ECL domains contain an extended cavity that 

accommodates multiple allosteric binding sites (Leach et al., 2016). Similarly, previous 

studies predict that CaSR NAMs bind to distinct binding sites within the CaSR’s 7TM/ECL 

domains (Arey et al., 2005; Widler et al., 2010). For instance, NPS2143 and other 

arylalkylamine PAMs and NAMs possess a central secondary amino group that is charged at 

physiological pH and is predicted to form a salt bridge with Glu8377.32 (superscript residue 

numbers are based on those assigned in (Dore et al., 2014)) in TM7 (Bu et al., 2008; Leach et 

al., 2016; Miedlich et al., 2004; Petrel et al., 2004; Petrel et al., 2003). Accordingly, 

substitutions of Glu8377.32 abolish arylalkylamine modulator binding, and additional 

substitutions of residues that line the 7TM cavity abolish or significantly reduce 

arylalkylamine modulator affinity. In contrast, the activity of ATF936 and related compounds 

is in part altered by distinct mutations to those that reduce arylalkylamine activity, suggesting 

quinazolinone NAMs may bind in a distinct manner (Widler et al., 2010). Similarly, BMS 

compound 1 is predicted to bind to a site that is topographically distinct from the NPS2143 

binding site, because it did not displace a radiolabelled NPS2143 analogue in radioligand 

binding studies (Arey et al., 2005).  

 

In the present study, we probed how different CaSR NAM chemotypes bind to the CaSR 

7TM. Our results support the existence of a second allosteric binding site utilised by BMS 
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compound 1, and suggest other CaSR NAMs may bind to distinct regions of the extended 

7TM cavity. 

 

Materials and Methods 

Materials 

Pfizer compound 1 (>95% purity via HPLC), ATF936 (98.6% purity via HPLC) and 

ronacaleret (>95.6% purity via HPLC) were synthesised by Institut de Recherches Servier 

(France) via published methods (Smithkline Beecham Corporation 2002; Li et al., 2013; 

Widler et al., 2010). BMS compound 1 (>95% purity via HPLC) was synthesized by 

SYNthesis Med Chem Research PTY (Parkville, Australia) or in house as described 

previously (Yang et al., 2009). The Flp-InTM TREXTM Human Embryonic Kidney (HEK) 293 

cells (RRID: CVCL_U427) were purchased from Invitrogen (Carlsbad, USA) and are not 

listed as commonly misidentified cell lines by ICLAC. Fluo-4-AM and Fluo-8-AM 

(acetoxymethyl ester) were purchased from Molecular Devices (San Jose, USA) and Abcam 

(Cambridge, USA), respectively, and ionomycin from Cayman Chemicals (Michigan, USA). 

Dulbecco’s Modified Eagle’s Medium (high glucose), poly-D-lysine, hygromycin B, 

blasticidin HCl, tetracycline and all other reagents were purchased from Sigma Aldrich (St 

Louis, USA).  

 

Cell lines 

FlpIn TRex Human Embryonic Kidney (HEK) 293 cells were maintained in DMEM with 5% 

FBS. FlpIn TRex cells stably expressing the cmyc-tagged WT and mutant CaSRs have been 

This article is protected by copyright. All rights reserved.
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described previously (Davey et al., 2012; Leach et al., 2016) and were maintained in DMEM 

supplemented with 5% FBS and antibiotic selection (200 µg/mL hygromycin; 5 µg/mL 

blasticidin). Cells were routinely tested for mycoplasma using the Lonza MycoAlert™ 

mycoplasma detection kit. 

 

Ca2+
i mobilisation assays 

Ca2+
i mobilisation assays were performed as previously described (Leach et al., 2016). 

Briefly, FlpIn HEK293 TRex stable cell lines were seeded at 80 000 cells/well in poly-D-

lysine (50 µg/mL) coated clear 96 well plates and incubated overnight at 37°C, 5% CO2, in 

the presence of 100 ng/mL tetracycline to induce receptor expression. Cells were washed in 

assay buffer (150 mM NaCl, 2.6 mM KCl, 1.18 mM MgCl2, 10 mM D-glucose, 10 mM 

HEPES, 1.2 mM CaCl2, 0.5% BSA, 4 mM probenecid, pH 7.4) and loaded with 1 µM Fluo-4 

or Fluo-8 AM in assay buffer for 1 hour. Modulators (0, 0.03, 0.1, 0.3, 1, 3 or 10 µM) were 

pre-incubated for 20 min prior to the addition of agonist (Ca2+
o). Agonist addition and 

measurement of Ca2+
i mobilisation was performed in duplicate at 37 °C using a Flexstation 1 

or 3 (Molecular Devices; Sunnyvale, CA, USA), using 485 nm excitation and 525 nm 

emission. Data were normalized to the maximum Ca2+
i mobilisation response produced by 1 

µM ionomycin. 

 

Computational modelling 

In silico docking studies were performed using ICM-Pro (Molsoft L.L.C, USA), guided by 

the crystal structures of isolated 7TM domains of metabotropic glutamate receptor subtype 1 

This article is protected by copyright. All rights reserved.
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(Wu et al., 2014) and subtype 5 (Christopher et al., 2015), as previously described (Leach et 

al., 2016). Identification of NAM binding sites was guided by our mutagenesis data, where 

residues that reduced affinity (pKB) were assumed to contribute to the binding site.  For 

docking studies, NAMs were initially placed in the centre of the presumed binding site before 

being extensively sampled by biased probability Monte Carlo sampling in internal 

coordinates. Based on previous predictions of a salt bridge between the charged secondary 

amine in NPS2143 and Glu8377.32 (Leach et al., 2016), and on the reduction in ronacaleret 

pKB caused by Ile substitution of Glu8377.32 (see Results), ronacaleret was docked by 

extensive conformational sampling of the ligand and the residue side-chains lining the 

pocket, while maintaining adequate distance to allow a salt bridge interaction between the 

charged secondary amine in ronacaleret and the carboxylate of Glu8377.32. For ATF936, 

Pfizer compound 1 and BMS compound 1, there were no predicted anchor points that could 

be used to guide docking. Therefore, the hydrogen bonding, van der Waals, hydrophobic and 

electrostatic potential of the CaSR 7TM binding cavity was calculated to create a “grid 

potential map”, which was used to score the binding potential of randomised conformations 

of the NAM. Binding scores were calculated as described previously (Totrov et al., 1999). 

Ten poses with the lowest calculated binding scores were retained for each NAM. For 

ATF936, Pfizer compound 1 and BMS compound 1, these poses were further refined using a 

“flexible receptor” approach, by undertaking biased probability Monte Carlo optimisation of 

receptor residue sidechains (Abagyan et al., 1994), while simultaneously sampling NAM 

shape and position by Monte Carlo randomisation. Final results were assessed using a 

combination of ICM docking scores and calculated binding energies (Neves et al., 2012; 
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Schapira et al., 1999), coupled with manual inspection for agreement with mutagenesis data 

and with published structure activity relationship (SAR) data (described below).  

 

Initial attempts to dock ATF936 into our CaSR grid potential map produced poses with poor 

docking scores that were inconsistent with our mutagenesis data. However, previous SAR 

work indicated that only a propargyl moiety was well tolerated at the 6 position (Widler et 

al., 2010). In contrast, alkoxy, phenolic, or mono or di-substituted amino groups at this 

position resulted in reduced NAM potency, indicating that bulkier or hydrophilic substituents 

were not favourable (Widler et al., 2010). We therefore hypothesised that the propargyl 

substituent may occupy a defined hydrophobic pocket not captured in our grid potential map. 

An ATF936 derivative without the propargyl was consequently docked, and the propargyl 

was reintroduced during the flexible receptor refinement. Using this approach, we achieved 

compound binding poses consistent with our mutagenesis data. 

 

Similar to ATF936, initial docking attempts with Pfizer compound 1 into our grid potential 

maps produced poses that were inconsistent with our mutagenesis data. This was likely due to 

Pfizer compound 1’s steric bulk, which restricted its access to residues deeper in the 7TM 

cavity that were shown via mutagenesis to be important for its binding. Hence, we utilised the 

SCARE method (Bottegoni et al., 2008) to increase receptor sidechain mobility during the 

docking procedure. The SCARE method systematically changes each residue in the binding 

pocket to Ala when creating grid potential maps. While the docking of Pfizer compound 1 

into the resultant maps produces poses with significant steric clashes with residue side chains 

This article is protected by copyright. All rights reserved.
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in the pocket, the flexible receptor refinement determined whether sidechain movements 

could accommodate these poses. 

 

It must be noted that the final proposed pose for each NAM is a prediction based on the 

current mutagenesis data and available SAR (see Results for both). However, alternative 

poses that were also compatible with mutagenesis and SAR data are also possible, and we 

therefore show a representative alternative pose in the Supplemental data. 

 

 

Data and analysis 

The manuscript complies with BJP’s recommendations and requirements on experimental 

design and analysis (Curtis et al., 2018). Group sizes and number of independent experiments 

appropriately reflect the variability in the datasets and magnitude of the signal size. Outliers 

were included in data analysis and presentation. 

 

Ca2+
i mobilisation data were normalised to the vehicle response (considered 0%) and the 

response to 1 µM ionomycin (considered 100%) to reduce variability caused by experimental 

variations in cell density and Fluo-4-AM or Fluo-8-AM loading efficiency. Data describing 

the interaction between Ca2+
o and the NAMs were fitted to the following operational model 

of allosterism (Gregory et al., 2019): 

Effect=
Em�τA[A+C]nB(KB+αβ[B])+τB[B][KA]nB�

nT

�[A+C]nBKB+KA
nBKB+KA

nB[B]+α[A+C]nB[B]�
nT

+�τA[A]nB(KB+αβ[B])+τB[B]KA
nB�

nT 
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Eq. 1  

where KA is the affinity of the orthosteric agonist; KB is the affinity of the allosteric ligand; τA 

and τB are the operational efficacies of the orthosteric agonist and allosteric ligand, 

respectively; α and β are the allosteric effects on orthosteric agonist affinity and efficacy, 

respectively; [A] and [B] are the orthosteric agonist and allosteric ligand concentrations, 

respectively; Em is the maximal system response; nT is the transducer slope linking agonist 

concentration to response; nB is the binding slope linking agonist concentration to 

occupancy; and [C] is the contaminating Ca2+
o concentration present in the assay buffer. In 

all instances, nT was constrained to unity.  

 

Non-linear regression analysis was performed in GraphPad Prism 7 or 8 (GraphPad Prism, 

RRID: SCR_002798). Affinity, cooperativity and efficacy parameters were estimated as 

logarithms to generate Gaussian data (Christopoulos, 1998). Statistical analysis was 

undertaken only for studies where each group size was at least n=5. The declared group size 

is the number of independent experiments, and statistical analysis was done using these 

independent experiment values. Post hoc tests were conducted when F in the ANOVA 

achieved the necessary level of statistical significance and there was no significant variance 

inhomogeneity. A one-way ANOVA with Tukey’s multiple comparisons was performed to 

determine whether NAM affinity or cooperativity at the WT differed significantly between 

NAMs, where P < 0.05 was considered significant and was marked on figures and Tables 

accordingly. A one-way ANOVA with Dunnett’s multiple comparisons was performed to 

determine whether NAM affinity or cooperativity was significantly different at the mutant 
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versus WT receptors, where P < 0.05 was considered significant and was marked on figures 

and Tables accordingly. BMS compound 1 affinity and cooperativity estimates at two 

mutants (Val833ECL3Ala and Ser834ECL3Ala) were not subjected to statistical analysis owing 

to small group sizes of n<5. Experiments relating to these two mutants were a preliminary 

screen to assess the validity of our molecular docking studies. Due to no obvious change in 

BMS compound 1 affinity or cooperativity values at these two mutants, further n numbers 

were not pursued. 

 

Nomenclature of Targets and Ligands  

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS 

Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the 

Concise Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019).  

 

Results 

Rationale for NAMs and mutations studied 

Four chemically and structurally distinct NAMs were selected for inclusion in the study 

(Figure 1). Ronacaleret is an indanylpropyl amine with a two-carbon linker separating the 

indanyl motif and the secondary amine that is charged at physiological pH. Ronacaleret is 

structurally related to the prototypical NAM, NPS2143, the latter being a naphthylpropyl 

amine with a two-carbon linker separating the naphthyl motif and the protonated secondary 

amine. Due to their structural similarities, we hypothesised that ronacaleret would bind in a 

This article is protected by copyright. All rights reserved.
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similar manner to our previously predicted NPS2143 binding pose (Leach et al., 2016). 

ATF936 belongs to the quinazolinone chemical class, is uncharged at physiological pH and 

was previously proposed to bind in a distinct manner to NPS2143 (Widler et al., 2010). BMS 

compound 1 is a decorated nicotinamide analogue, which has the largest predicted 

topographical polar surface area due to the presence of multiple oxygen and nitrogen atoms, 

and is predicted to be uncharged at physiological pH. BMS compound 1 has the greatest 

steric bulk of the selected CaSR NAMs, and it has previously been hypothesised that to bind 

to a site distinct from NPS2143 (Hu et al., 2006). Pfizer compound 1 is a pyridopyrimidinone 

and contains a phenolic moiety that is predicted to be predominantly negatively charged at 

physiological pH due to extensive resonance stabilisation. Pfizer compound 1 has not 

previously been studied in terms of the effect of 7TM mutations. Mutations were selected 

based on those previously shown to alter CaSR NAM binding and/or activity and predicted to 

line the extended 7TM cavity (Bu et al., 2008; Leach et al., 2016; Miedlich et al., 2004; Petrel 

et al., 2004; Petrel et al., 2003; Widler et al., 2010). All mutants studied herein are expressed 

at the cell surface and are functional with respect to their ability to respond to Ca2+
o or PAMs 

(Table S1; (Leach et al., 2016)). Thus, the mutations do not alter CaSR structure, expression 

or stability such that the receptor is deemed non-functional. 

 

CaSR NAMs bind with different affinities and cooperativities at the CaSR  

With the exception of our study that identified the NPS2143 binding site (Leach et al., 2016), 

previous mutagenesis-based structure-function studies and prior CaSR NAM discovery have 

almost exclusively relied on measurements of NAM inhibition of a single Ca2+
o concentration 
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to determine NAM potency (IC50). This is because no commercial radioligands are available 

for the CaSR, preventing estimation of affinity via radioligand binding assays. Given that 

potency is a composite value of allosteric modulator affinity, cooperativity (magnitude and 

direction of modulation between the modulator and agonist), and efficacy (modulator 

agonism or inverse agonism), potency alone cannot distinguish mutation effects or SAR on 

modulator affinity, cooperativity or efficacy, and is therefore a misleading parameter when 

quantifying NAM pharmacology. Therefore, we first sought to quantify the actions of each 

NAM (ronacaleret, ATF936, Pfizer compound 1 and BMS compound 1) at the WT CaSR. To 

do so, we tested CaSR-mediated Ca2+
i mobilisation, and analysed allosteric interactions 

between NAMs and Ca2+
o with an operational model of allosterism (eq 1) to quantify the 

modulator functional affinity (referred to herein as pKB) and cooperativity (αβ) (Table 1). We 

did not detect NAM-mediated agonism or inverse agonism in the Ca2+
i mobilisation assay, 

indicating that the NAMs had no intrinsic efficacy (denoted τ in the operational model of 

allosterism and constrained to 0 in our analysis). 

 

NAM affinities at the WT CaSR varied significantly (one-way ANOVA with Tukey’s 

multiple comparisons test) by up to 30-fold, with a rank pKB order of Pfizer compound 1 = 

ATF936 > BMS compound 1 > ronacaleret (Table 1). Similarly, there was up to a 6-fold 

significant difference in NAM cooperativity (one-way ANOVA with Tukey’s multiple 

comparisons test), with a rank Logαβ order of ATF936 = Pfizer compound 1 > ronacaleret = 

BMS compound 1 (Table 1). Therefore, even at equal receptor occupancy, individual NAMs 

would have different capacities to inhibit the CaSR’s responsiveness to Ca2+
o.  

This article is protected by copyright. All rights reserved.
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7TM residues differentially contribute to NAM affinity in a chemotype-specific manner 

To identify residues essential for the binding of the four different NAM chemotypes, we next 

investigated the effects of amino acid substitutions on NAM functional affinity. Substitutions 

that altered modulator affinity were defined as those that caused a significant pKB change in 

comparison to the WT receptor (one-way ANOVA with Dunnett’s multiple comparisons) 

(Table 1). NAM effects on Ca2+
o concentration response curves are shown in Figure 2. 

Changes in NAM affinity and cooperativity are summarised in Figure 3. Based on these 

criteria, we identified two key amino acid residues that, when mutated, either completely 

abolished NAM activity or reduced the affinity of all four NAM chemotypes: Phe8216.53 and 

Ile8417.36. Our previous work has shown that Ala substitution of these residues is unlikely to 

have a deleterious effect on overall receptor stability and structure, as Phe8216.53Ala and 

Ile8417.36Ala are expressed at the cell surface at levels comparable to the wild type CaSR and 

they retain sensitivity to Ca2+
o (Supplemental data Table S1) and the CaSR PAM, AC265347 

(Leach et al., 2016). This demonstrates that all four NAM chemotypes are sensitive to 

mutations in the 7TM cavity. 

 

We also identified a number of residues that when mutated differentially perturbed the 

binding of NAMs. For instance, Ile substitution of Glu8377.32, which is predicted to form a 

key salt bridge with the prototypical NAM, NPS2143, completely abolished the activity of 

ronacaleret, and reduced the affinity of Pfizer compound 1 and BMS compound 1. However, 

this mutation had no effect on ATF936 affinity (Table 1). Ala substitution of Phe6843.36 and 
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Phe6883.40 completely abolished the activity of ronacaleret, Pfizer compound 1 and ATF936, 

but had no effect on BMS compound 1 affinity. Phe6682.56Ala abolished the binding of 

ronacaleret, but had no effect on ATF936, Pfizer compound 1 or BMS compound 1. 

Trp8186.50Ala decreased ATF936 affinity, increased ronacaleret affinity, and had no effect on 

Pfizer compound 1 or BMS compound 1 affinity, whereas Glu767ECL2 increased ATF936, 

Pfizer compound 1 and BMS compound 1 affinity but was without effect on ronacaleret. 

Other examples of differential effects of mutations can be seen in Table 1 and Figure 2. 

Together, these findings suggest that the four NAM chemotypes form distinct contacts or 

bind to different binding sites in the CaSR 7TM cavity. 

 

As we only identified one amino acid mutation that completely abolished BMS compound 1 

activity (Phe8216.53Ala, which globally abolished all NAM activity) and only one other 

mutation (Glu8377.32Ile) that reduced BMS compound 1 affinity more than 3-fold, we 

examined the activity of BMS compound 1 at an N terminally-truncated CaSR comprised of 

amino acids 599-903 to confirm that the BMS compound 1 binding site was not located in the 

CaSR N terminal domain. Because Ca2+
o has reduced activity at this N terminally-truncated 

receptor (Gregory et al., 2018), we performed interaction studies between the ago-PAM, 

AC265347, and the NAM, BMS compound 1. These experiments demonstrated that BMS 

compound 1 retained activity at the N terminally-truncated CaSR, where it caused a 

rightward shift in the AC265347 concentration-response curves (Supplemental Figure 1). 

Thus, the CaSR 7TM domain accommodates the binding of BMS compound 1. 
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Different NAM chemotypes utilise distinct residues to transmit negative cooperativity 

We next evaluated the effect of mutations in the CaSR 7TM or ECL domains on 

cooperativity between each NAM chemotype and Ca2+
o. Similar to our prior findings with 

NPS2143, we did not identify any mutations that altered the cooperativity between Ca2+
o and 

ronacaleret (Table 1), although seven of the ten mutations completely abolished ronacaleret 

activity, preventing quantification of ronacaleret cooperativity with Ca2+
o at these mutants. In 

contrast, several residues that reduced or increased affinity for ATF936, Pfizer compound 1 

or BMS compound 1 also reduced or increased their cooperativity. Thus, Glu767ECL2Ala 

increased negative cooperativity of ATF936, Pfizer compound 1 and BMS compound 1 with 

Ca2+
o, whereas cooperativity with Ca2+

o was reduced for ATF936 at Trp8186.50Ala, Pfizer 

compound 1 at Glu8377.32Ile, and was reduced for ATF936 and Pfizer compound 1 at 

Ile8417.36Ala (Table 1). In contrast, several mutations reduced or increased NAM 

cooperativity without altering NAM affinity, such as Phe6683.40Ala, which increased Pfizer 

compound 1 and decreased BMS compound 1 cooperativities with Ca2+
o. Collectively, these 

findings suggest that cooperativity is not exclusively linked to residues that contribute to the 

binding of NAMs, and that both shared and distinct residues transmit cooperativity mediated 

by different NAM chemotypes. 

 

Delineation of NAM binding sites by combining structure-function insights with structure 

activity relationships (SAR) 

To better understand the effects of mutations on NAM affinity and cooperativity, we docked 

the four NAM chemotypes into a homology model of the CaSR 7TM domain, using results 
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from our mutagenesis as a guide to predict the likely binding pocket and pose (see Methods, 

Figures 4 & 5). Poses shown in Figures 4 and 5 are those that, upon manual inspection, were 

the most compatible with mutagenesis and SAR data. However, a representative alternative 

pose for each NAM is shown in Supplemental Figure S2. Although less favourable based on 

lower docking scores and SAR data, alternative poses shown in Supplemental Figure S2 are 

representative of the most distinct pose to our proposed pose, while still being compatible 

with mutagenesis data based on predicted binding proximity to residues that contribute to 

NAM affinity.  

 

For ronacaleret, all top scoring poses were located in a similar position, due to the docking 

constraint applied to maintain ronacaleret proximity to Glu8377.32. Only the substituted 

phenylpropanoate adopted significantly different positions, as shown in Supplemental Figure 

S2. Due to the substituted phenylpropanoate, ronacaleret has a more extended conformation, 

thus the most likely pose was one where the phenylpropanoate extends upwards towards the 

ECLs, much like the substituted phenyl in NPS2143. Thus, unsurprisingly, the predicted pose 

for ronacaleret (Figure 4A, 5A) was similar to that predicted for NPS2143 (Leach et al., 

2016). The hydrophobic indanyl extends into a hydrophobic-aromatic pocket formed by 

Phe6883.40, Phe8216.53, Phe6843.36 and Ile8417.36 in a manner similar to the position occupied 

by the naphthyl group of NPS2143 (Leach et al., 2016).  

 

Our top ten predicted docking poses for ATF936 were similar in location and orientation (see 

Supplemental Figure S2). Our chosen docking pose for ATF936 (Figures 4 and 5) suggests 
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this compound may sit slightly lower than ronacaleret, with the isopropylphenyl motif 

oriented towards the hydrophobic-aromatic pocket formed by Phe6883.40, Phe8216.53, 

Phe6843.36, or Ile8417.36 (Figure 4B). Even the pose that was most distinct from that shown in 

Figures 4 and 5, which sat slightly higher in the binding pocket, did not extend towards the 

ECLs as far as ronacaleret and reached deeper into the 7TM (Supplemental Figure S2). Our 

proposed ATF936 pose is consistent with our mutagenesis data demonstrating a loss of 

ATF936 activity or a reduction in ATF936 affinity upon mutation of Phe6883.40, Phe8216.53, 

Phe6843.36, or Ile8417.36. The predicted ATF936 pose is also consistent with SAR data 

demonstrating that ATF936 NAM activity is dependent upon the presence of a number of 

refined substituents at pivotal positions around a highly functionalised quinazolinone, with 

large variability only allowable at the N1 position. By example, replacement of the isopropyl 

substituent attached to the phenyl group with hydrocarbon isosteres such as ethyl, 

cyclopropyl and tert-butyl were tolerated, however, the incorporation of an additional phenyl 

ring exhibited a modest reduction in compound potency. Introduction of functional groups 

able to participate in hydrogen bonding (ether and ester) and electrostatic interactions 

(carboxylic acid) resulted in 21-fold or greater potency reduction (Widler et al., 2010). These 

findings are consistent with these substituents being less favourable for binding into the 

hydrophobic-aromatic pocket. The 3-ethoxy-4-methoxylphenyl motif is hence positioned 

towards the ECLs (Figure 4B), consistent with published SAR data demonstrating a diverse 

range of truncated and substituted alkyl and benzylic substituents are well tolerated at this 

position (Widler et al., 2010). The minimal change in NAM potency upon removal or 

extension of substituents at the N1 position suggest that this portion of ATF936 does not 
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form major binding interactions with the receptor. Further, our predicted ATF936 pose 

suggests Glu767ECL2 faces away from the ethoxy-methoxyphenyl motif. This is consistent 

with the ethoxy-methoxyphenyl motif being ring activated and possessing a slight negative 

charge that would repel the γ-carboxylate of Glu767ECL2. Finally, the ATF936 propargyl 

group, which afforded an increase in potency, is predicted to be located in a hydrophobic 

pocket containing Phe8216.53, consistent with SAR data suggesting a preference for smaller 

hydrophobic substituents at this position that are less likely to impede access to the pocket.  

 

Pfizer compound 1 docking studies produced multiple distinct poses that were consistent with 

our mutagenesis characterisation of the 7TM binding site. However, one pose produced 

significantly better docking and energy scores and was consistent with published SAR data 

(Figure 4C). The phenol moiety was positioned between Ile8417.36 and Phe6843.36, consistent 

with a reduction in affinity or complete loss of Pfizer compound 1 activity upon substitution 

of these residues (Table 1, Figure 5C). The phenolic group could facilitate a possible 

hydrogen bond interaction with the receptor backbone, consistent with published SAR that 

showed a 5-fold reduction in modulator potency when the phenol moiety was substituted for 

a tolyl group. The pyrimidin-4(3H)-one core sat between Phe6843.36, Phe8216.53 and Ile8417.36 

(Figure 4C), residues shown to be important for activity or affinity (Table 1, Figure 5C). This 

places the trifluoromethyl group attached to the fused pyrido ring in close proximity to TM6, 

consistent with limited tolerance for replacement of this moiety with larger substituents, 

which would render Pfizer compound 1 inaccessible to the well-recognised cavity formed by 

TM 3, 5 and 6. Finally, the phenylpropanyl moiety is predicted to sit adjacent to Glu8377.32 
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and Arg6803.32, two residues important for the affinity of Pfizer compound 1. Although a 

number of alternative docking poses for Pfizer compound 1 were predicted, which were 

higher in the 7TM binding cavity and extended closer towards the ECLs (Supplemental 

Figure S2), these poses were less compatible with mutagenesis data because they positioned 

Pfizer compound 1 further away from residues that contribute to its affinity. 

Our modelling attempts for BMS compound 1 based on our initial mutagenesis, predicted a 

potential binding mode towards the top of the 7TM bundle, similar to the position occupied 

by ronacaleret (Supplemental Figure S2). However, preliminary data indicated that 

substitution of ECL3 residues (Val 833 and Ser834), which from this initial pose were 

predicted to interact with BMS compound 1, were not important for activity (Supplemental 

data Table S2). Indeed, residues such as Tyr8256.56, implicated by this pose to form direct 

polar interactions, were also not important for the affinity or cooperativity of BMS compound 

1 (Table 1, Figure 5D). Only Phe8216.53 abolished BMS compound 1 activity, but this residue 

was not predicted to form a direct contact with the compound in our model and was shown to 

be important for NAM activity generally (Supplemental Figure S2 ). Collectively, the 

mutational data do not support the pose predicted for BMS compound 1, which is consistent 

with previous work indicating that BMS compound 1 and an NPS2143 analogue 

allosterically interact when occupying the CaSR (Arey et al., 2005). Therefore, our data 

confirms that BMS compound 1 likely utilises an alternative allosteric binding site for its 

CaSR NAM activity (Figure 6). 

 

Discussion and Conclusions 
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The current study has probed the function and binding of four structurally distinct NAMs 

within the CaSR 7TM and/or ECL domains. Quantitation of NAM effects at the WT CaSR 

reveals substantial differences in the affinity of the different NAMs and their ability to 

modulate CaSR activity. Further, mutagenesis, combined with analytical pharmacology and 

computational modelling predicts that CaSR NAMs from diverse chemotypes occupy distinct 

binding sites (Figure 6), which may in part reflect differences in the ability of the NAMs to 

inhibit CaSR signalling. 

 

We first fully characterised NAM affinity and cooperativity at the WT CaSR and 

demonstrated disparate affinities and cooperativities between the four NAMs. For instance, 

ronacaleret affinity is 20- to 30-fold lower than that of the highest affinity NAMs, ATF936 

and Pfizer compound 1 and ronacaleret also had a 6-fold weaker cooperativity than ATF936. 

Similarly, ronacaleret and BMS compound 1 cooperativities are 3- to 6-fold lower than Pfizer 

compound 1 and ATF936, respectively. The failure of ronacaleret in the clinic has been 

attributed to its poor pharmacokinetic profile, however, these data suggest that its affinity and 

cooperativity also distinguishes ronacaleret (and indeed BMS compound 1) from other CaSR 

NAMs. These findings highlight the importance of quantifying affinity and cooperativity, 

rather than relying on modulator potency values, as these parameters may have important 

implications for putative NAM clinical efficacy.  

 

The distinction between affinity and cooperativity facilitates identification of residues 

important for modulator binding. This is invaluable when interpreting SAR or molecular 
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modelling studies, whereby CaSR residues important for modulator cooperativity are not 

necessarily the same as those that contribute to modulator affinity (Gregory et al., 2018; 

Keller et al., 2018; Leach et al., 2016). Thus, we probed the effects of 7TM and ECL amino 

acid mutations on NAM affinity and cooperativity. Our mutagenesis data suggest that all 

NAMs tested are sensitive to mutations in these receptor regions. For instance, Ala 

substitution of Phe6843.36, Phe6883.40, Phe8216.53 and Ile8417.36, which are predicted to 

contribute to a hydrophobic-aromatic network of residues towards the base of an extended 

7TM cavity (Leach et al., 2016), either abolished the activity or reduced the affinity of 

ronacaleret, ATF936 and Pfizer compound 1. Similarly, Ala substitution of Phe8216.53 

abolished BMS compound 1 activity and Ala substitution of Ile8417.36 reduced affinity. 

However, there were a number of mutations that differentially altered the activity or binding 

of diverse NAMs, suggesting that structurally distinct NAMs bind, at the very least, in a 

disparate manner, and potentially interact with different regions of the CaSR’s 7TM, ECL or 

even ICL regions. This may be particularly true for BMS compound 1, whose activity was 

only completely abolished by Phe8216.53Ala, a mutation that abolished the activity of all the 

NAMs tested herein, and increased the affinity of PAMs (Keller et al., 2018; Leach et al., 

2016). The opposing sensitivities of CaSR PAMs and NAMs to Phe8216.53Ala, plus findings 

that Phe8216.53Ala retains sensitivity to Ca2+
o (Supplemental data Table S1; (Leach et al., 

2016)), suggest Phe8216.53 acts as an important mediator of CaSR agonism and allostery per 

se, rather than directly interacting with PAMs and NAMs. Thus, although the NAMs may not 

directly contact Phe8216.53, Ala substitution of Phe8216.53 likely stabilises a receptor 

conformation that is highly unfavourable for NAM binding. Similarly, Ile8417.36Ala may 
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stabilise a conformation that is unfavourable for small molecule binding, either via disruption 

of direct ligand interactions or via indirect changes in receptor regions important for 

modulator binding. The latter is supported by findings that BMS compound 1 affinity was 

only reduced more than 3-fold at the Phe8216.53Ala and Glu8377.32Ile mutants, thus it is 

unlikely that BMS compound 1 makes major contacts with the 7TM or ECL residues tested. 

While surprising, this is not without precedence. Our homology modelling is based on a 

single CaSR 7TM domain and, while outside the scope of this study, dimer formation is 

important for CaSR function, harbouring potential additional modulator binding sites 

(Gregory et al., 2018; Jacobsen et al., 2017). Further, alternative allosteric sites have been 

reported for other class C GPCRs (Chen et al., 2008; Noetzel et al., 2013) and the interaction 

between BMS compound 1 and NPS2143 appears to be allosteric in nature. The latter is 

supported by findings that although NPS2143 and BMS compound 1 have comparable 

affinity (BMS compound 1 pKB 6.7 (Table 1), NPS2143 pKB 6.7 (Leach et al., 2016), 

concentrations of NPS2143 equal to and greater than its affinity inhibited the binding of a 

radiolabelled NPS2143 analogue, while equivalent BMS compound 1 concentrations had no 

effect (Arey et al., 2005) pointing towards a neutral allosteric interaction between these two 

NAMs.  

  

Docking studies have previously been employed to predict the binding site of ATF936 and 

BMS compound 1 (Hu et al., 2006; Widler et al., 2010). In our model, ATF936 sits within the 

7TM bundle in the same orientation as previous docking attempts, with the isopropylphenyl 

group pointing into the bundle and towards the hydrophobic-aromatic pocket. However, there 
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are differences in the overall position of the previously reported pose that are likely a result 

of using the class A rhodopsin structure for homology building, rather than the class C 

metabotropic glutamate receptors used in this study (Widler et al., 2010). Similarly, BMS 

compound 1 was previously docked into a rhodopsin-based homology model, guided by 

mutation-induced changes in modulator potency (Hu et al., 2006). However, through 

delineation of mutation-induced changes in NAM affinity versus cooperativity, our work 

shows that mutation of Ile8417.36 to Ala, previously implicated as central for BMS compound 

1 activity, caused only a mild drop in modulator affinity. Thus, prior approaches based on 

homology modelling to the class A rhodopsin structure have been unable to predict key 

docking interactions. Nonetheless, our CaSR homology model based on metabotropic 

glutamate receptors is not without limitations. Sequence identity between the CaSR and 

metabotropic glutamate receptors 7TM is low (29% and 33% homology with mGlu1 and 

mGlu5, respectively). Further, although the solved mGlu structures were bound to NAMs, 

each structure is representative of only one possible conformation, which is not necessarily 

similar to the conformation stabilised by different CaSR NAMs. 

In contrast to BMS compound 1, the activities or affinities of ronacaleret, ATF936 and Pfizer 

compound 1 were abolished or reduced more than 10-fold, respectively, by between 5-8 

mutations that line the predicted 7TM cavity, suggesting more contacts between these NAMs 

and the 7TM domain. Computational docking studies with ronacaleret, ATF936 and Pfizer 

compound 1 predicted binding poses for these NAMs within the 7TM cavity that were 

consistent with our mutagenesis data as well as previous SAR. In contrast, docking studies 

with BMS compound 1 indicated that the lowest energy predicted binding pose was 
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inconsistent with our mutagenesis data, suggesting once again that BMS compound 1 may 

not bind to the binding site predicted by computational techniques. It is interesting to note, 

however, that Glu767ECL2Ala increased the affinity of BMS compound 1, in addition to 

ATF936 and Pfizer compound 1. In our CaSR homology model, Glu767ECL2 faces Glu8377.32 

at the entrance of the predicted 7TM binding cavity, and Ca2+
o and the naphthylethylamine 

PAM, cincacalcet, and naphthylpropylamine and indanylpropylamine NAMs, NPS2143 and 

ronacaleret, respectively, are predicted to provide a counter-ion that offsets the electrostatic 

repulsion between Glu767ECL2 and Glu8377.32. We previously speculated that the Glu767 

ECL2Ala mutation stabilises an active receptor state that preferentially binds agonists and 

PAMs, because cinacalcet and AC265347 affinity, and Ca2+
o potency, are increased at this 

mutant (Leach et al., 2016). However, given that ATF936, Pfizer compound 1 and BMS 

compound 1 also bind with higher affinity at the E767 ECL2A mutant, an active receptor 

conformation is unlikely to be responsible for their increased affinity at this mutant. Rather, 

mutating this residue may open up the top of the pocket, making the binding cavity more 

accessible to PAMs and NAMs. Thus, the increase in BMS compound 1 affinity at 

Glu767ECL2Ala means we cannot rule out it binding at the top of the 7TM/ECL cavity. 

 

In our previous structure-function study that identified only one mutation that significantly 

altered negative allosteric modulation mediated by NPS2143 (Leach et al., 2016). The 

cooperativity of the structurally related NAM, ronacaleret, was similarly unaffected by most 

mutations. This suggests that unlike PAMs, which appear to favour the receptor’s transition 

to an active receptor state via the movement of numerous amino acid side-chains, NPS2143 
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and ronacaleret may obstruct this transition, by adopting a rigid binding pose that restricts 

movement of the CaSR 7TM domains, thus holding the receptor in an inactive state (Leach et 

al., 2016). In contrast, the cooperativities of ATF936, Pfizer compound 1 and BMS 

compound 1 with Ca2+
o were sensitive to several mutations, suggesting that these NAMs 

stabilise different conformations. 

 

Drugs that target distinct binding sites in the CaSR may offer unique pharmacological 

profiles. For instance, in comparison to the arylalkylamines cinacalcet, NPSR568 and 

calindol, which are pure PAMs that are weakly biased towards potentiation of CaSR-

mediated mobilisation of Ca2+
i versus phosphorylation of extracellular regulated kinase 1/2 

(pERK1/2), AC265347 is a PAM and an agonist (a PAM-agonist) that preferentially 

modulates CaSR-mediated pERK1/2 versus Ca2+
i mobilisation (Cook et al., 2015). We 

speculated that the differences in the binding of these two classes of compounds likely 

enabled them to stabilise distinct CaSR conformations, resulting in the different biased 

signalling profiles and in turn distinct pharmacological effects. Our current data indicating 

that structurally different NAMs that bind to distinct regions of the CaSR have variations in 

affinity and cooperativity support the notion that NAMs targeted towards different binding 

sites may also have unique pharmacological profiles. Importantly, naturally occurring 

mutations located in the extended 7TM cavity could render some NAMs inactive. An 

example is Phe8216.53, shown here to be globally important for NAM activity, and for which 

a naturally occurring gain-of-function Leu mutation is known (Leach et al., 2012). Hence, the 

availability of multiple NAMs that bind to different CaSR binding sites could provide 
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additional treatment options for patients with gain-of-function mutations that reduce the 

affinity and/or cooperativity of one NAM. In conclusion, the current study provides new 

insights into how structurally distinct NAMs bind to the CaSR and mediated allosteric 

modulation of the endogenous agonist, Ca2+
o. This information may be used to inform the 

future design and use of CaSR NAMs for the treatment of disorders of calcium metabolism 

and other disorders for which CaSR function is an important modifier. 
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Tables 

Table 1. Functional affinity (pKB) and cooperativity (Logαβ) parameters for CaSR modulators determined in Ca2+
i mobilization assays 

as described in the methods section. Data are mean ±s.e.m from the indicated number of independent experiments (n). 

 Ronacaleret ATF936 Pfizer compound 1 BMS compound 1 

 pKB Logαβ (αβ) n pKB Logαβ (αβ) n pKB Logαβ (αβ) n pKB Logαβ (αβ) n 

WT 6.35 

±0.09 

-1.56 ±0.16 

(0.03) 

6 7.59 

±0.10 

-2.30 ±0.15 

(0.005) 

6 7.82 

±0.14 

-2.03 ±0.13 

(0.009) 

5 6.97 

±0.07 

-1.47 ±0.05 

(0.03) 

12 

F6682.56A NA NA 4 7.76 

±0.09 

-2.37 ±0.16 

(0.004) 

5 7.35 

±0.14 

-1.34 ±0.13* 

(0.05) 

5 7.26 

±0.12 

-2.08 ±0.13* 

(0.008) 

5 

G670ECL1A 6.90 

±0.08* 

-1.29 ±0.05 

(0.05) 

5 8.21 

±0.05* 

-2.61 ±0.08 

(0.002) 

5 8.27 

±0.05 

-2.17 ±0.05 

(0.007) 

5 6.87 

±0.09 

-1.58 ±0.08 

(0.03) 

5 

R6803.32A NA NA 3 7.56 

±0.10 

-1.90 ±0.13 (0.01) 5 6.67 

±0.19* 

-0.97 ±0.10* 

(0.11) 

5 6.73 

±0.10  

-1.12 ±0.07 

(0.08) 

5 
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F6843.36A NA NA 3 NA NA 3 NA NA 4 6.70 

±0.10 

-2.02 ±0.32* 

(0.009) 

5 

F6883.40A NA NA 3 NA NA 3 NA NA 4 6.70 

±0.10 

-1.92 ±0.27 

(0.01) 

5 

E767ECL2A 6.43 

±0.12 

-1.17 ±0.11 

(0.07) 

5 8.24 

±0.09* 

-3.35 ±0.27* 

(0.0004) 

5 8.33 

±0.09* 

-2.55 ±0.10* 

(0.003) 

5 7.88 

±0.11* 

-2.32 ±0.12* 

(0.005) 

5 

W8186.50A 7.94 

±0.07* 

-1.96 ±0.06 

(0.01) 

5 5.78 

±0.26* 

-0.52 ±0.12* 

(0.30) 

5 7.39 

±0.07 

-2.29 ±0.13 

(0.005) 

5 7.32 

±0.12 

-1.12 ±0.07 

(0.08) 

5 

F8216.53A NA NA 4 NA NA 4 NA NA 4 NA NA 4 

Y8256.56A NA NA 3 7.18 

±0.10 

-1.90 ±0.14 (0.01) 5 7.91 

±0.07 

~-100 5 6.82 

±0.09 

-1.93 ±0.15 

(0.01) 

5 

E8377.32I NA NA 3 7.97 

±0.09 

-2.18 ±0.12 

(0.007) 

5 6.44 

±0.12* 

-1.17 ±0.09* 

(0.07) 

5 6.06 

±0.11* 

-1.31 ±0.20 

(0.05) 

5 
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I8417.36A NA NA 4 6.64 

±0.11* 

-1.24 ±0.11* 

(0.06) 

5 6.62 

±0.15* 

-0.88 ±0.07* 

(0.13) 

5 6.50 

±0.13* 

-1.37 ±0.11 

(0.04) 

6 

* denotes significantly different to WT (p < 0.05, one-way ANOVA with Dunnett’s multiple comparisons post test) 

NA denotes not determined due to no or weak modulator activity 
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Figure Legends 

Figure 1. Chemical structures of CaSR NAMs. 

 

Figure 2. 7TM mutations alter the activity of CaSR NAMs. Concentration response curves to 

Ca2+
o in the absence and the presence of CaSR NAMs were determined in Ca2+

i mobilisation 

assays to identify mutations that altered NAM activity. Data are mean +SEM pooled from the 

number of independent experiments stated in Table 1 performed in duplicate. Only data 

where an n of 5 independent experiments were performed were used for statistical analysis. 

Curves are the best fit of the data to Eq 1. Vehicle (buffer) has been plotted as the lowest 

[Ca2+
o] in accordance with the logarithmic scale.  

 

Figure 3. 7TM and ECL mutations alter the affinity and cooperativity of CaSR NAMs. 

Concentration-response curves to Ca2+
o in the absence and the presence of each NAM 

determined in Ca2+
i mobilisation assays were fitted to an operational model of allosterism (Eq 

1) to determine the change in NAM affinity (ΔpKB) and cooperativity (ΔLogαβ) at mutant 

CaSRs in comparison to the WT receptor. White bars represent no significant change in pKB 

or Logαβ. Coloured bars that sit above and below zero represent a >2-fold increase (light 

teal), >5-fold increase (dark blue), >2-fold decrease (yellow), or >5-fold decrease (orange) 

significant change in pKB or Logαβ, respectively. Data are the ΔpKB or ΔLogαβ +SEM 

calculated from WT and mutant pKB or Logαβ values and experiment numbers shown in 

Table 1. *Significant difference in comparison to the WT (P < 0.05, one way ANOVA with 

Dunnett’s multiple comparisons post-test). NA refers to values that are not applicable or 
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could not be accurately determined. For Y825A treated with Pfizer compound 1, the increase 

in Logαβ was too great to be accurately determined. 

 

 

Figure 4. Mutagenesis and computational modelling predict CaSR NAMs bind in overlapping 

but disparate binding orientations within the 7TM domain. Ronacaleret (A), ATF936 (B), and 

Pfizer compound 1 (C) are shown in sticks and balls docked in the 7TM domain (white 

cartoon). Mutated residues are shown as sticks and are coloured according to a >2-fold 

increase (light teal), >5-fold increase (dark blue), >2-fold decrease (yellow), >5-fold decrease 

(orange), or no effect (white) on binding affinity. When affinity could not be determined, 

residues are shown in black. Salt bridges are shown as red dashes and Gly670ECL1 is shown as 

a sphere. While residues that contribute to BMS compound 1 affinity are shown (d), BMS 

compound 1 is not docked in the 7TM because predicted docking poses were not compatible 

with the mutagenesis or SAR data. 

 

Figure 5. Mutagenesis and computational modelling reveal distinct residues contribute to 

NAM cooperativity. Ronacaleret (A), ATF936 (B), and Pfizer compound 1 (C) are shown in 

sticks and balls docked in the 7TM domain (white cartoon). Mutated residues are shown as 

sticks and are coloured according to a >2-fold increase (light teal), >5-fold increase (dark 

blue), >5-fold decrease (orange), or no effect (white) on cooperativity. While residues that 

contribute to BMS compound 1 affinity are shown (d), BMS compound 1 is not docked in the 
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7TM because predicted docking poses were not compatible with the mutagenesis or SAR 

data. 

 

Figure 6. Diverse CaSR NAM binding sites within the 7TM domain of the CaSR. 

Ronacaleret, ATF936 and Pfizer compound 1 predicted binding poses in our homology 

model. The black line represents the boundary of the lipid bilayer, 7TM domain is shown in 

cartoon and NAMs are represented as sticks. 
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