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methylphenyl)sulfonyl]-pyrrolidine; YM-298198,  6-amino-N-cyclohexyl-N,3-dimethylthiazolo[3,2-

a]benzimidazole-2-carboxamide hydrochloride;  VU0469650, 3-[(3R)-3-methyl-4-

(tricyclo[3.3.1.13,7] dec-1-ylcarbonyl)-1-piperazinyl]-2-pyridinecarbonitrile; VU0483605, 3-chloro-

N-[3-chloro-4-(4-chloro-1,3-dihydro-1,3-dioxo-2H-isoindol-2-yl)phenyl]-2-pyridinecarboxamide.  
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Abstract 

Allosteric modulation of mGlu1 represents a viable therapeutic target for treating numerous CNS 

disorders. While multiple chemically distinct mGlu1 positive (PAMs) and negative (NAMs) allosteric 

modulators have been identified, drug discovery paradigms have not included rigorous pharmacological 

analysis. In the present study, we hypothesised existing mGlu1 allosteric modulators possess 

unappreciated probe dependent or biased pharmacology. Using HEK293A cells stably expressing 

human mGlu1, we screened mGlu1 PAMs and NAMs from divergent chemical scaffolds for modulation 

of different mGlu1 orthosteric agonists in intracellular calcium (iCa2+) mobilisation and inositol 

monophosphate (IP1) accumulation assays. Operational models of agonism and allosterism were used 

to derive estimates for important pharmacological parameters such as affinity, efficacy and 

cooperativity. Modulation of glutamate and quisqualate-mediated iCa2+ mobilisation revealed probe 

dependence at the level of affinity and cooperativity for both mGlu1 PAMs and NAMs. We also 

identified the previously described mGlu5 selective NAM PF-06462894 as an mGlu1 NAM with a 

different pharmacological profile to other NAMs. Differential profiles were also observed when 

comparing ligand pharmacology between iCa2+ mobilisation and IP1 accumulation. The PAMs Ro67-

4853 and CPPHA displayed apparent negative cooperativity for modulation of quisqualate affinity, and 

the NAMs CPCCOEt and PF-06462894 had a marked reduction in cooperativity with quisqualate in IP1 

accumulation and upon extended incubation in iCa2+ mobilisation assays. These data highlight the 

importance of rigorous assessment of mGlu1 modulator pharmacology to inform future drug discovery 

programs for mGlu1 allosteric modulators. 
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Significance statement 

mGlu1 positive and negative allosteric modulators have therapeutic potential in multiple CNS disorders. 

We show that chemically distinct modulators display differential pharmacology with different 

orthosteric ligands and across divergent signalling pathways at human mGlu1. Such complexities in 

allosteric ligand pharmacology should be considered in future mGlu1 allosteric drug discovery 

programmes. 
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Introduction: 

The primary excitatory neurotransmitter in the mammalian CNS, glutamate acts through two receptor 

classes; ionotropic and metabotropic glutamate (mGlu) receptors (Pin & Duvoisin, 1995). The 

metabotropic glutamate receptor subtype 1 (mGlu1) is a G protein-coupled receptor (GPCR) expressed 

primarily post-synaptically in multiple brain regions, including the hippocampus, cerebellum and 

prefrontal cortex (Gregory & Goudet, 2021). Coupling primarily to Gαq, mGlu1 activation increases 

inositol-1,2,3-trisphosphate (IP3) production, mobilises intracellular calcium (iCa2+), and increases 

neuronal excitability (Fotuhi et al., 1993; Sugiyama et al., 1987). With critical roles in synaptic 

plasticity, motor learning and cerebellar development, mGlu1 is implicated in multiple neurological 

disorders (Gregory & Goudet, 2021; Power et al., 2016). GRM1 gene mutations are associated with 

schizophrenia, spinocerebellar ataxia and short sleep disorder (Ayoub et al., 2012; Davarniya et al., 

2015; Frank et al., 2011; Guergueltcheva et al., 2012; Shi et al., 2021; Watson et al., 2017). 

Pharmacological manipulation of mGlu1 has therapeutic potential for addiction, anxiety, epilepsy, 

spinocerebellar ataxia, pain and psychosis (Achat-Mendes et al., 2012; Ito et al., 2009; Kohara et al., 

2005; Maksymetz et al., 2021; Notartomaso et al., 2013; Power et al., 2016; Satoh et al., 2009; Steckler 

et al., 2005; Xie et al., 2010; Yohn et al., 2020). However, conserved orthosteric binding sites among 

mGlu subtypes has hampered selective ligand development (Gregory & Goudet, 2021). Recent mGlu1 

drug discovery efforts have therefore focused on developing selective ligands targeting less conserved, 

topographically distinct allosteric binding sites.  

Allosteric ligands modulate receptor activity through a property known as cooperativity, modifying the 

affinity and/or efficacy of orthosteric ligands (Changeux & Christopoulos, 2016). Allosteric modulators 

enhance or inhibit endogenous receptor responses and are known as positive (PAMs) or negative 

allosteric modulators (NAMs), respectively. PAMs with intrinsic agonist activity are known as PAM-

agonists (Changeux & Christopoulos, 2016). Along with improved selectivity, pure allosteric 

modulators offer spatiotemporal fine-tuning of receptor responses only when endogenous ligands are 

present. However, many pharmacological properties are context and assay dependent. mGlu1 orthosteric 

and allosteric ligands can display different pharmacology across distinct signalling pathways, known as 
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biased agonism or modulation (Emery et al., 2012; Gregory & Goudet, 2021; Hathaway et al., 2015; 

Hellyer et al., 2017). Additionally, modulator pharmacology may change between agonists, a 

phenomenon referred to as probe dependence; an important consideration in native cells and tissues 

requiring the use of surrogate agonists (Sengmany et al., 2017; Hellyer et al., 2020). Kinetic 

considerations determining ligand-receptor equilibrium can also affect modulator pharmacology (Klein 

Herenbrink et al., 2016; Lane et al., 2017; Sengmany et al., 2019). While such considerations complicate 

pharmacological interpretation, concepts like bias enable therapeutic fine-tuning of receptor activity, if 

signalling can be biased towards cellular pathways linked to clinical outcomes and avoiding adverse 

effects.  

Drug discovery efforts have yielded chemically diverse mGlu1 PAMs and NAMs (Gregory & Goudet, 

2021). Screening against a single orthosteric ligand, at a single concentration and in the transient, non-

equilibrium, iCa2+ mobilisation assay, remains common in mGlu1 allosteric drug discovery (Lindsley 

et al., 2016). This approach fails to capture the full scope of allosteric ligand pharmacology such as the 

complexities outlined above. Additionally, analyses were limited by measuring “fold-shift” or potency 

to describe allosteric ligand pharmacology. The advent of advanced analysis tools allows quantification 

of important parameters such as functional affinity, efficacy and cooperativity (Gregory et al., 2020; 

Kenakin, 2012; Leach et al., 2007). There remains a need to systematically assess existing chemically 

and pharmacologically diverse mGlu1 allosteric modulators to better understand underlying 

mechanisms of action, to interrogate previously unidentified pharmacological complexities and push 

mGlu1 drug discovery forward.   

Herein we undertook rigorous pharmacological assessment of chemically diverse mGlu1 PAMs and 

NAMs in iCa2+ mobilisation and IP1 accumulation assays in a recombinant cell system expressing 

human mGlu1. We applied an operational model of allosterism to determine differences in apparent 

efficacy, affinity and cooperativity estimates depending on orthosteric agonist and functional endpoint 

used. mGlu1 allosteric ligands from diverse scaffolds displayed differential probe dependence in iCa2+ 

mobilisation assays, as well as differences in apparent affinity and efficacy/affinity cooperativity 

estimates between iCa2+ mobilisation and IP1 accumulation assays. We also identified PF-06462894, a 
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previously described mGlu5 selective NAM (Zhang et al., 2014; Stepan et al., 2017), as an mGlu1 NAM 

with different pharmacology under different kinetic conditions. This study highlights the inherent 

complexity in mGlu1 allosteric modulator pharmacology and the importance of rigorous evaluation of 

allosteric modulatory activity across multiple chemotypes.  
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Materials and Methods: 

Experiments in the current study were exploratory and not designed to test a prespecified statistical null 

hypothesis. As such, reported P-values should be viewed as descriptive. While the minimum number 

of independent experiments (n=5) was decided prior to project commencement based on best practice 

and previous experience, final experimental numbers vary between groups due to a number of factors. 

These include the use of multiple cell batches and subsequent confirmation of between batch 

reproducibility, as well as the inclusion of control orthosteric agonist data from modulatory experiments 

undertaken over multiple independent experimental days. 

Materials: 

Dulbecco’s modified Eagle’s medium (DMEM), Lipofectamine 2000 and antibiotics were purchased 

from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Thermo Electron 

Corporation (Melbourne, Australia). Cisbio HTRF® IP-one assay kit was purchased from Genesearch 

(Arundel, Australia). N-[4-chloro-2-[(1,3-dihydro-1,3-dioxo-2H-isoindol-2-yl)methyl]phenyl]-2-

hydroxybenzamide (CPPHA) and (2S)-2-(4-fluorophenyl)-1-[(4-methylphenyl)sulfonyl]-pyrrolidine 

(Ro 67-7476) were purchased from Focus Bioscience (Murarrie, Australia). (9H-xanthen-9-

ylcarbonyl)-carbamic acid butyl ester (Ro 67-4853), 3,5-(S)-dihydroxyphenylglycine (DHPG) and 

Fluo-8-AM were purchased from Abcam (Cambridge, UK). 6-amino-N-cyclohexyl-N,3-

dimethylthiazolo[3,2-a]benzimidazole-2-carboxamide hydrochloride (YM-298198) was purchased 

from HelloBio (Bristol, UK). 7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate ethyl ester 

(CPCCOEt), (3,4-dihydro-2H-pyrano[2,3-b]quinolin-7-yl)-(cis-4-methoxycyclohexyl)-methanone 

(JNJ16259685), 3-[(3R)-3-methyl-4-(tricyclo[3.3.1.13,7] dec-1-ylcarbonyl)-1-piperazinyl]-2-

pyridinecarbonitrile (VU0469650), 3-chloro-N-[3-chloro-4-(4-chloro-1,3-dihydro-1,3-dioxo-2H-

isoindol-2-yl)phenyl]-2-pyridinecarboxamide (VU0483605) and (diphenylacetyl)-carbamic acid ethyl 

ester (Ro 01-6128) were purchased from Tocris Bioscience (Melbourne, Australia). GRM1-Tango was 

a gift from Bryan Roth (Addgene plasmid #66387; http://n2t.net/addgene:66387; 

RRID:Addgene_66387).  
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Molecular biology and cell culture: 

Wild-type human mGlu1 was made by modifying the GRM1-Tango pcDNA3.1(+) construct. The 

PRESTO-Tango cassette (Kroeze et al., 2015) was removed from mGlu1 by the addition of a stop codon 

(TAG) after the final codon of the human mGlu1 sequence using the following primers (from 5’ to 3’):  

CAGAGCAGTTCTACACTCTAGTAAACCGGTGGACGCACCCCACC (forward) and 

GGTGGGGTGCGTCCACCGGTTTACTAGAGTGTAGAACTGCTCTG (reverse). Successful 

incorporation of the stop codon was confirmed by Sanger sequencing (Australian Genome Research 

Facility, Melbourne, Australia). HEK293A cells (purchased from Invitrogen) were stably transfected 

with wild-type human mGlu1 using Lipofectamine 2000 at a DNA:Lipofectamine ratio of 1:2. 

HEK293A-mGlu1 cells were maintained at 37°C and 5% CO2 in DMEM supplemented with 5% FBS, 

16 mM HEPES and 500µg/mL G418. Cells were regularly monitored for mycoplasma and not used 

past passage 30. 

Intracellular Ca2+ mobilisation assays: 

One day prior to experimentation, HEK293A-hmGlu1 cells were plated onto poly-D-lysine coated, clear 

or black plates with clear bottom (40,000 cells/well) in glutamine-free DMEM supplemented with 2.5% 

dialysed FBS and 16 mM HEPES. On the day of experimentation, HEK293A-hmGlu1 cells were loaded 

with the cell permeable, Ca2+-sensitive dye Fluo-8-AM (0.8μM) for 45min at 37oC in a CO2 free 

incubator to assay receptor-mediated iCa2+ mobilisation using Flexstation I or III (Molecular Devices, 

Sunnyvale, CA) or Functional Drug Screening System (FDSS; Hamamatsu Photonics, Japan). While 

this assay primarily assays mobilisation of Ca2+ from intracellular stores, the iCa2+ levels measured may 

rise due to influx of extracellular Ca2+, as Group I mGlu receptors can also couple to ion channels 

(Gregory & Goudet, 2021; Sengmany et al., 2017). Ligands or vehicle (0.3% DMSO) were diluted in 

calcium assay buffer composed of Hank’s Balanced Salt Solution (HBSS; 1.2 mM CaCl2, KCl 5.33 

mM, KH2PO4 0.44 mM, NaCl 137.93 mM, Na2HPO4 0.34 mM, MgSO4 0.4mM, MgCl2 0.5mM, D-

glucose 5.56 mM) with 4 mM probenecid and 16 mM HEPES, pH 7.4. Following a 20 second baseline 

read, agonism was assessed by addition of orthosteric or allosteric agonists for a total of 120 sec. For 
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modulation experiments, a double-add paradigm was used, wherein allosteric ligands were added 1 min 

prior to the orthosteric agonist. For extended NAM incubation experiments, NAMs were manually 

added 30 min prior to assessment of orthosteric agonism, as described above. A 5-point smoothing 

function was applied to the raw fluorescence traces and peak fluorescence values were normalised to 

the maximal orthosteric agonist response, or to the positive control ionomycin (1µM).    

Inositol monophosphate (IP1) accumulation assays: 

One day prior to experimentation, non-transfected HEK293A or HEK293A-mGlu1 cells were plated 

onto poly-D-lysine coated, clear bottom plates (40,000 cells/well) in glutamine-free DMEM 

supplemented with 2.5% dialysed FBS and 16 mM HEPES. Cells were washed and incubated with 

stimulation buffer (HBSS as above, with 16 mM HEPES, 30 mM LiCl2, pH 7.4) for 1 hr at 37°C in a 

CO2-free incubator. IP1 stimulation buffer was supplemented with 10U/mL GPT and 6mM sodium 

pyruvate to break down ambient glutamate. Following stimulation, orthosteric agonists and allosteric 

modulators were added and cells were incubated for a further 1 hr before aspiration and addition of 

Lysis Buffer (HTRF® IP-one assay kit). IP1 levels were determined using the Cisbio HTRF® IP-one 

assay kit per the manufacturer's instructions and fluorescence was measured using the Envision plate 

reader (PerkinElmer). Data were expressed as fold of basal IP1 levels. 

Data analysis: 

All data analysis was performed using GraphPad Prism 9.3 (GraphPad Software, California, USA).  

Agonist concentration response curves were generated by fitting a variable four-parameter logistic 

equation: 

𝑦 = ( )( ( [ ]) )        (1) 

where bottom and top are the lower and upper asymptotes of the concentration response curve, 

respectively, n is the Hill coefficient, [A] is the molar concentration of agonist, and EC50 is the agonist 

concentration required to produce a half maximal response between the top and bottom asymptotes.  
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Partial agonist concentration response curves were generated by fitting an operational model of partial 

agonism, in which full agonists were fit to equation 1, and partial agonists were simultaneously fit to 

equation 2:  

𝑦 (𝑝𝑎𝑟𝑡𝑖𝑎𝑙) = ( )[ ]( [ ])       (2) 
where bottom, top, [A], EC50 and n are as described above. KA is the affinity of the partial agonist, and 

logτ is the transducer constant describing the efficacy of the partial agonist. 

Interaction curves for allosteric modulation of glutamate and quisqualate-mediated responses were 

generate by fitting the operational model of allosterism (Leach et al., 2007):  

𝐸𝑓𝑓𝑒𝑐𝑡 = ( [ ]( [ ]) [ ] )([ ] [ ]  [ ][ ]) ( [ ]( [ ]) [ ] )     (3) 

 

where [A] and [B] are the molar concentrations of orthosteric agonist and allosteric modulator 

respectively. α represents affinity cooperativity and β is a scaling factor representing the effect an 

allosteric modulator has on orthosteric agonist efficacy. KA and KB are the equilibrium dissociation 

constants of the orthosteric agonist and allosteric modulator respectively. KA estimates for glutamate 

and quisqualate were constrained to affinity estimates determined previously using radioligand binding 

assays (Ohashi et al., 2002). τA and τB are the respective ligand’s transducer constant estimating intrinsic 

efficacy. τB was constrained to -100 (i.e. no intrinsic efficacy) for all NAMs and for PAMs without 

intrinsic agonism in each assay. Em and n represent the maximal system response and the transducer 

slope respectively. Em was constrained to the maximal response observed with any agonist/modulator 

combination for each assay as validated for other mGlu receptors previously (Gregory et al., 2012; 

Jalan-Sakrikar et al., 2014). 

Potency, efficacy, affinity and cooperativity parameters were estimated as logarithms and are presented 

as mean ± SEM. Comparison of potency, operational parameters for modulators between different 

agonists, and operational parameters for modulators between different assays with the same agonist, 

were performed using one-way analysis of variance (ANOVA) with Sidak’s post-test. All post-test 
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comparisons were chosen before any data were observed. Statistical analyses of allosteric modulation 

data were performed as indicated using an extra sum-of-squares F test to determine the preferred model 

(logα unconstrained or neutral (i.e. =0)) for each data set.  
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Results 

Five commercially available mGlu1 PAMs and four mGlu1 NAMs were included in the current study 

as representative chemically and pharmacologically diverse mGlu1 allosteric modulators (Figure 1). 

The classification of these allosteric ligands as PAMs or NAMs is primarily based on previous iCa2+ 

mobilisation studies at both rat and human mGlu1. CPCCOEt, a carboxylate ethyl ester, was the first 

described mGlu1 NAM (Hermans et al., 1998; Litschig et al., 1999), which recognises a “common” site 

within the transmembrane domains (Lavreysen et al., 2003). JNJ16259685 is a highly potent, CNS 

penetrant common site mGlu1 NAM (Lavreysen et al., 2003, 2004), efficacious in preclinical models 

of anxiety, addiction, spinocerebellar ataxia (Achat-Mendes et al., 2012; Power et al., 2016; Steckler et 

al., 2005; Xie et al., 2010). YM-298198 binds to the common NAM site and has analgesic in mouse 

models of nociceptive pain (Kohara et al., 2005). VU0469650 is a CNS penetrant piperazine mGlu1 

NAM (Lovell et al., 2013). The carbamic acid esters Ro 01-6128 and Ro 67-4853, along with the 

pyrrolidine Ro 67-7476, were the first described mGlu1 PAMs and interact with a secondary allosteric 

site (Hemstapat et al., 2006; Knoflach et al., 2001; Vieira et al., 2009). Ro 67-4853 is active at both rat 

and human mGlu1, whereas Ro 01-6128 and Ro 67-7476 were previously reported to have little to no 

activity at human mGlu1 (Knoflach et al., 2001). VU0483605 is a picolinamide mGlu1 PAM with similar 

potency for rat and human mGlu1 (Cho et al., 2014). CPPHA is a dual mGlu1/mGlu5 PAM that binds to 

mGlu1 at a site distinct from both Ro67-7476 and common site NAMs (Chen et al., 2008; O’Brien et 

al., 2004). The previously described mGlu5 selective NAM PF-06462894 was developed as part of 

efforts to treat levodopa-induced dyskinesia in PD (PD-LID), but was abandoned due to evidence of 

dermatological side effects in non-human primates (Shah et al., 2017; Stepan et al., 2017; Zhang et al., 

2014). PF-06462894 was included in the current study based on routine mGlu5/mGlu1 counter-screening 

assays identifying it as a NAM of quisqualate and DHPG EC80 induced IP1 accumulation in HEK293A-

hmGlu1 cells (Supplementary Figure 1). 

The modulators described above have been tested in one or both of iCa2+ mobilisation and IP assays 

before. However, this occurred across multiple studies with different assays conditions, receptor species 

and splice variants, making comparisons of modulator pharmacology difficult. As such, these two 
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functional assays were chosen to systematically test allosteric ligand pharmacology at human mGlu1 

under the same conditions and against multiple orthosteric agonists, to determine if existing mGlu1 

allosteric ligands display probe or assay dependent pharmacology at the human receptor in a 

recombinant cell setting. Additionally, a lack of appropriate analysis meant important pharmacological 

parameters such as functional affinity and cooperativity estimates have not previously been derived. As 

such, operational models of agonism and allosterism were applied to functional data to allow 

comparison of such parameters. 

mGlu1 orthosteric and allosteric agonism differs between iCa2+ mobilisation and IP1 accumulation 

assays. 

The orthosteric agonists glutamate, quisqualate and DHPG induced iCa2+ mobilisation in HEK293A-

hmGlu1 cells, with the rank order of potency quisqualate>glutamate>DHPG (Figure 2A; Table 1). 

Interestingly, glutamate and DHPG acted as partial agonists relative to quisqualate. By applying an 

operational model of partial agonism, affinity (logKA) and efficacy (logτ) estimates could be derived 

for glutamate and DHPG (Table 1). Affinity estimates were generally in agreement with those 

previously derived from radioligand binding assays at human mGlu1 (Ohashi et al., 2002; Okamoto et 

al., 1998). No efficacy differences were evident between glutamate and DHPG. While no PAMs 

displayed significant agonism in iCa2+ mobilisation assays, there was evidence for a small but 

unquantifiable agonist effect for VU0483605 and Ro 67-4853 (Table 1). No NAMs displayed inverse 

agonism in iCa2+ mobilisation assays (data not shown).  

IP1 accumulation assays are carried out over a 1 hr period and are closer to equilibrium, relative to 

transient iCa2+ mobilisation assays. GPT was included in IP1 accumulation assays to breakdown ambient 

glutamate, and therefore glutamate agonism was not tested. In IP1 accumulation assays, both quisqualate 

and DHPG had significant lower potency compared to iCa2+ assays (Figure 2B, Table 1). Quisqualate 

potency was reduced by 3-fold, with potency values for DHPG unable to be derived due to a right shift 

and lack of maximal plateau in concentration response curves (Figure 2B, Table 1). With the exception 

of Ro 01-6128 and Ro 67-7476, all PAMs robustly induced IP1 accumulation (Figure 2B, Table 1). 

Allosteric agonism was mediated through mGlu1, as no PAMs had agonist activity in non-transfected 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 15, 2023 as DOI: 10.1124/molpharm.122.000664

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


16 
 

HEK293A cells (Supplementary Figure 2). Potency values were unable to be derived for CPPHA and 

VU0483605 due to a lack of maximal plateau and solubility limits precluding testing at higher 

concentrations. Potency, affinity and efficacy values were derived for Ro 67-4853 and are presented in 

Table 1. A low level of inverse agonism was evident for all NAMs, with the highest concentration of 

each reducing levels of IP1 accumulation to ~0.9-fold relative to baseline (Supplementary Figure 3). 

Allosteric modulation differs between diverse orthosteric agonists and signalling endpoints for select 

mGlu1 allosteric ligands. 

In agreement with previous studies, four out of five PAMs enhanced glutamate-mediated iCa2+ 

mobilisation in HEK293A-hmGlu1 cells after 1 min pre-incubation (Figure 3). At the highest 

concentration tested, Ro 67-7476, Ro 67-4853, VU0483605 and CPPHA shifted glutamate 

concentration responses curve by 3-fold, 4.5-fold, 6.2-fold and 5.9-fold, respectively. CPPHA (30µM) 

increased the glutamate Emax by ~20%, while Ro 67-7476, Ro 67-4853, VU0483605 had no effect on 

the maximal response to glutamate (Figure 3). Ro 67-7476, Ro 67-4853, VU0483605 and CPPHA also 

enhanced quisqualate-mediated iCa2+ mobilisation in HEK293A-hmGlu1 cells after 1 min pre-

incubation, shifting quisqualate concentration response curves by 2.1-fold, 6.6-fold, 3.2-fold and 5.7-

fold, respectively (Figure 3). In contrast to modulation of glutamate, all PAMs increased the Emax of 

quisqualate by ~10-20%. Ro 01-6128 displayed no PAM activity for either glutamate or quisqualate-

mediated iCa2+ mobilisation (Figure 3). All five NAMs completely inhibited glutamate and quisqualate-

mediated iCa2+ mobilisation in HEK293A-hmGlu1 cells after 1 min pre-incubation (Figure 4).   

As mentioned above, the transient iCa2+ mobilisation assay does not sample an equilibrium ligand-

receptor state. To determine if equilibrium state affects allosteric ligand modulatory pharmacology, 

mGlu1 PAMs and NAMs were tested for modulation of quisqualate-mediated IP1 accumulation in 

HEK293A-hmGlu1 cells (Figures 5 and 6). Given the low potency of DHPG in the system, only 

modulation of quisqualate was tested. At the highest concentration tested, Ro 67-7476, Ro 67-4853, 

VU0483605 and CPPHA shifted quisqualate concentration responses curve by 1.9-fold, 5.1-fold, 10.1-

fold and 4.9-fold, respectively (Figure 5). In agreement with agonist curves, Ro 67-4853, VU048350 

and CPPHA induced IP1 accumulation alone (Figure 5). An increase in baseline IP1 accumulation was 
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accompanied by an increase in quisqualate Emax for Ro 67-4853, VU048350 and CPPHA, with Ro 67-

7476 displaying no agonism and only a small shift in Emax. Similar to iCa2+ mobilisation, Ro 01-6128 

did not modulate quisqualate mediated IP1 accumulation in HEK293A-hmGlu1 cells (Figure 5). For 

NAMs, JNJ16259685 completely inhibited quisqualate-mediated IP1 accumulation, while VU0469650 

and YM-298198 displayed almost complete inhibition of IP1 accumulation responses, retaining high 

negative cooperativity with quisqualate. Interestingly, neither CPCCOEt and PF-06462894 fully 

inhibited quisqualate-mediated IP1 accumulation, reducing Emax by ~50% (Figure 6). 

To determine if the large loss in negative modulatory activity seen with CPCCOEt and PF-06462894 

in IP1 accumulation assays was specific to the functional endpoint measured or a kinetic effect, 

quisqualate-mediated iCa2+ mobilisation assays were repeated with a 30-min preincubation step. After 

30-min preincubation, CPCCOEt and PF-06462894 displayed a loss of negative cooperativity similar 

to IP1 assays when compared to 1-min preincubation iCa2+ mobilisation assays (Figure 7). At 30µM, 

CPCCOEt and PF-06462894 inhibited quisqualate-mediated iCa2+ mobilisation by 65% and 70%, 

respectively. Under the same conditions, PF-06462894 completely inhibited quisqualate-mediated iCa2+ 

mobilisation in HEK293A cells expressing human mGlu5 (Supplementary Figure 4). 

Select mGlu1 allosteric modulators are probe dependent at the level of both affinity and cooperativity 

in iCa2+ mobilisation 

To quantify functional efficacy, affinity and cooperativity estimates, PAM and NAM interactions with 

glutamate and quisqualate were fitted to an operational model of allosterism (Leach et al., 2007). 

Orthosteric agonist and system parameters (logτA and transducer slope) derived from these fits are 

presented in Supplementary Table 1. As allosteric modulators can modulate orthosteric agonist affinity, 

an F-test was used to determine if modulators affected orthosteric agonist affinity (logα unconstrained) 

or were neutral for affinity modulation (logα=0). It should also be noted that efficacy modulation 

estimates for all full NAMs were assumed to approach 0, and were constrained as such (logβ=-100). 

Affinity and efficacy estimates for all allosteric ligands are summarised in Table 2 and Figure 8. In 

agreement with agonism experiments, both Ro 67-4853 and VU0483605 were best fitted to a model 

allowing for intrinsic agonism, with similar efficacy estimates for both PAMs (Table 2). When 
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comparing modulation of glutamate and quisqualate-mediated iCa2+ mobilisation, most PAMs and 

NAMs had similar affinity estimates for modulation of both agonists (Table 2). The rank order of 

affinity for PAMs with both glutamate and quisqualate was Ro 67-4853 > VU0483605 > Ro 67-7476 

> CPPHA. The rank order of affinity for NAMs was slightly different between agonists. For modulation 

of glutamate the rank order of affinity was JNJ16259685 > VU0469650 > YM-298198 > PF-06462894 

> CPCCOEt, and with quisqualate the rank order of affinity was JNJ16259685 > YM-298198 > 

VU0469650 > PF-06462894 > CPCCOEt. Both Ro 67-7476 and CPCCOEt displayed probe 

dependence at the level of affinity, with 8.3-fold and 11.5-fold lower affinity estimates for modulation 

of quisqualate-mediated iCa2+ mobilisation compared to glutamate-mediated responses (Table 2).  

Affinity cooperativity (logα) and efficacy scaling factors (logβ) are summarised in Table 2 and Figure 

9. With the exception of JNJ16259685, VU0469650 and PF-06462894, differences in affinity 

modulation were evident for all allosteric modulators. Neither JNJ16259685 and VU0469650 displayed 

affinity modulation with either agonist, whereas PF-06462894 modulated the affinity of both agonists 

with similar cooperativity (Table 2, Figure 4). Ro 67-7476, Ro 67-4853, VU0483605 and CPCCOEt all 

modulated the affinity of glutamate, but not quisqualate (Table 2). Conversely, CPPHA and YM-

298198 modulated the affinity of quisqualate, but not glutamate (Table 2). For efficacy modulation, Ro 

67-7476, Ro 67-4853 and VU0483605 had significantly lower logβ estimate for modulation of 

glutamate compared to modulation of quisqualate by 1.6-fold, 1.5-fold and 1.5-fold, respectively. 

Conversely CPPHA had a significantly lower logβ estimate (2.7-fold) for modulation of quisqualate 

compared to modulation of glutamate.  

Quantification of mGlu1 allosteric modulator pharmacology at across different signalling endpoints 

reveals ligand-dependent differences.  

Efficacy estimates derived from the operational model of allosterism were significantly higher for IP1 

accumulation compared to iCa2+ mobilisation for both Ro 67-4853 and VU0483605, by 2.6-fold and 3-

fold, respectively (Table 2). For PAMs, only CPPHA displayed a significant difference in affinity 

estimates between quisqualate mediated iCa2+ mobilisation and IP1 accumulation, with a 22-fold higher 

affinity for modulation of IP1 accumulation (Table 2). This altered the order of affinity for PAMs 
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compared to iCa2+ mobilisation, with a rank order of Ro 67-4853 > CPPHA ≈ VU0483605 > Ro 67-

7476. For NAMs, VU0469650 had a significant 6-fold increase in affinity estimates for IP1 

accumulation compared to iCa2+ mobilisation, whereas PF-06462894 had a 6.8-fold higher affinity 

estimate for iCa2+ mobilisation (Table 2). This also changed the order of NAM affinity compared to 

iCa2+ mobilisation, with a rank order of JNJ16259685 > VU0469650 > YM-298198 > PF-06462894 ≈ 

CPCCOEt.  

For cooperativity, most allosteric ligands displayed significant differences between quisqualate-

mediated iCa2+ mobilisation and IP1 accumulation at the level of affinity modulation. Only Ro 67-7476, 

VU0483605 and PF-06462894 had no differences in affinity modulation between assays, with Ro 67-

746 and VU0483605 showing no affinity modulation and PF-06462894 modulating quisqualate with 

similar cooperativity estimates across both assays (Table 2). Ro 67-4853, JNJ16259685, VU0469650 

and CPCCOEt modulated quisqualate affinity in IP1 accumulation, but not iCa2+ mobilisation, assays 

(Table 2). Similarly, YM-298198 displayed a significant 4.8-fold increase in cooperativity estimates for 

modulation of quisqualate affinity in IP1 accumulation relative to iCa2+ mobilisation. Interestingly, both 

Ro 67-4853 and CPPHA were best fit by the model with negative cooperativity for modulation of 

quisqualate affinity in IP1 accumulation assays (Table 2). 

For PAMs, efficacy modulation was only significantly different for Ro 67-7476 and VU0483605, with 

1.7-fold and 1.4-fold lower cooperativity estimates for modulation of quisqualate efficacy in IP1 

accumulation compared to iCa2+ mobilisation, respectively (Table 2). Cooperativity estimates for 

VU0469650, YM-298198, CPCCOEt and PF-06462894 modulation of quisqualate efficacy could not 

be compared between assays, due to all ligands displaying full NAM activity in iCa2+ mobilisation. 

Although VU0469650 and YM-298198 appeared to have much higher cooperativity based on decreased 

quisqualate Emax, efficacy cooperativity estimates were not significantly different from CPCCOEt and 

PF-06462894, despite the latter compounds only inhibiting ~50% of the quisqualate response in IP1 

accumulation assays (Table 2, Figure 5). 

When comparing iCa2+ mobilisation assays after 30 min preincubation, affinity estimates for PF-

06462894 at human mGlu5 were almost 3000-fold higher than at human mGlu1, with pKB values of 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 15, 2023 as DOI: 10.1124/molpharm.122.000664

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


20 
 

8.75±0.10 and 5.29±14, respectively (Table 2, Supplementary Figure 4). CPCCOEt affinity estimates 

after 30 min preincubation were not significantly different to 1 min preincubation estimates in iCa2+ 

mobilisation assays, but were 10-fold lower than the affinity estimate in IP1 accumulation (Table 2). 

Conversely, there was a significant 19.5-fold reduction in PF-06462894 affinity estimates after 30 min 

preincubation compared to 1 min preincubation estimates in iCa2+ mobilisation, with no differences 

between 30 min preincubation and IP1 accumulation affinity estimates (Table 2). Neither NAM 

displayed affinity modulation with quisqualate upon 30 min preincubation in iCa2+ mobilisation. 

Cooperativity estimates for modulation of quisqualate efficacy were not significantly different between 

30 min preincubation iCa2+ mobilisation and IP1 assays for PF-06462894. CPCCOEt had a significant 

2.2-fold increase in efficacy cooperativity after 30 min preincubation in iCa2+ mobilisation assays 

compared to IP1 accumulation. 
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Discussion 

Allosteric modulation of mGlu1 represents a potential therapeutic approach to treat numerous 

neurological disorders (Gregory & Goudet, 2021; Luessen & Conn, 2022; Power et al., 2016). However, 

limitations in mGlu1 drug discovery programmes have resulted in poor understanding of the full scope 

of mGlu1 allosteric ligand pharmacology. Here, we quantitatively interrogated the pharmacology of 

diverse mGlu1 orthosteric agonists, PAMs and NAMs, using multiple agonists and signalling assays. 

mGlu1 PAMs displayed robust agonism in IP1 accumulation, but not iCa2+ mobilisation, assays. 

Modulation of glutamate and quisqualate-mediated iCa2+ mobilisation revealed probe dependence at 

the level of affinity and cooperativity for both mGlu1 PAMs and NAMs. We also identified the 

previously described mGlu5 selective NAM PF-06462894 as a low affinity mGlu1 NAM. Differential 

profiles were observed when comparing ligand pharmacology between iCa2+ mobilisation and IP1 

accumulation. The PAMs Ro 67-4853 and CPPHA displayed apparent negative cooperativity for 

modulation of quisqualate affinity, and the NAMs CPCCOEt and PF-06462894 had a marked reduction 

in cooperativity with quisqualate in IP1 accumulation and upon extended incubation in iCa2+ 

mobilisation assays. These data highlight the importance of rigorous assessment of mGlu1 modulator 

pharmacology. By quantifying efficacy, affinity and cooperativity, we can better understand how 

chemically diverse ligands influence mGlu1 function and, by linking ligand fingerprints with preclinical 

and clinical data, inform future drug discovery programs for mGlu1 allosteric modulators. 

Allosteric ligands displayed higher efficacy in IP1 accumulation relative to iCa2+ mobilisation assays, 

which was previously observed for both mGlu1 and mGlu5 (Arsova et al., 2020, 2021; Carroll et al., 

2001; Hellyer et al., 2018, 2019, 2020; Lavreysen et al., 2003, 2004; Sengmany et al., 2017, 2019, 

2020). Additionally, at rat mGlu1 Ro 67-7476 and Ro 67-4853 alone activate ERK1/2 and cAMP, but 

not iCa2+ mobilisation (Hemstapat et al., 2006; Knoflach et al., 2001; Sheffler & Conn, 2008). Allosteric 

agonism is linked to high receptor reserve for mGlu5 (Noetzel et al., 2012) and Ro 67-7476 and Ro 67-

4853 become agonists for iCa2+ mobilisation with high mGlu1 expression (Knoflach et al., 2001). 

Enhanced constitutive mGlu1 activity upon Gαq co-expression indicates increased mGlu1-G protein 

interactions affect basal receptor activity levels, explaining why constitutive activity is measurable and 
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enhanced by PAMs in extended IP1 accumulation, but not transient iCa2+ mobilisation, assays (Carroll 

et al., 2001; Parmentier et al., 1998; Prézeau et al., 1996). Ligand binding kinetics may also play a role. 

Slow binding ligands may not activate enough receptor to generate a transient Ca2+ signal but have 

detectable activity in endpoint assays, as agonist efficacy is proposed to be proportional to ligand-

receptor complex duration (Copeland, 2016; Lane et al., 2017; Tummino & Copeland, 2008). There is 

evidence both mGlu2 and mGlu5 PAM binding kinetics and residence time can impact intrinsic efficacy, 

which may be why mGlu1 PAM-agonism requires prolonged incubation (Arsova et al., 2020, 2021; 

Doornbos et al., 2017; Klein Herenbrink et al., 2016). Increased orthosteric agonist efficacy upon 

extended incubation may lead to receptor desensitisation, as mGlu1 rapidly desensitises in response to 

agonist stimulation (Abreu et al., 2021; Desai et al., 1996; Iacovelli et al., 2003; Ibrahim et al., 2020). 

Reduced potency for quisqualate and DHPG in IP1 assays could reflect receptor activation and 

regulatory mechanisms working against each other. These data highlight the importance of testing 

mGlu1 ligands across multiple measures of function with due consideration of ligand-receptor 

equilibrium, as assay conditions may impact allosteric ligand classification (i.e. PAM vs PAM-agonist 

etc). 

Probe dependence is an important consideration when translating allosteric ligands from recombinant 

to native systems; multiple receptor subtypes, transporters and enzymes in native cells precludes the 

use of endogenous neurotransmitters. Allosteric ligands can display differential affinity and 

cooperativity with distinct orthosteric ligands, as demonstrated for mGlu2, mGlu5 and mGlu7 (Hellyer 

et al., 2020; Jalan-Sakrikar et al., 2014; O’Brien et al., 2018; Sengmany et al., 2017). Here, mGlu1 

PAMs and NAMs were probe dependent at the level of both affinity and cooperativity in iCa2+ 

mobilisation assays. Probe dependence likely arises from stabilisation of different receptor 

conformations by distinct allosteric and orthosteric ligand combinations, with evidence for the structural 

basis of this phenomena at mGlu5 (Hellyer et al., 2020). Stabilisation of distinct 7TM conformations by 

allosteric modulators is also supported by differential PAM and NAM effects on multiple mGlu homo- 

vs heterodimers; there are multiple examples of ligands active at homodimers that lose activity upon 

heterodimerisation (Moreno Delgado  et al., 2017; Lin et al., 2022; Niswender et al., 2016; Werthman 
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et al., 2021; Yin et al., 2014). As multiple allosteric binding sites exist within the mGlu1 7TM domains, 

binding to these different allosteric sites may engender distinct mGlu1 conformations that result in probe 

dependence (Chen et al., 2008; Hemstapat et al., 2006; Kohara et al., 2005). However, JNJ16259685 

and CPCCOEt, which bind to the same site as YM-298198, displayed either no probe dependence or 

the opposite profile to YM-298198, indicating effects are also ligand dependent (Kohara et al., 2005; 

Lavreysen et al., 2004). mGlu4 PAMs also display ligand dependent efficacy and cooperativity based 

on binding modes within distinct, but overlapping, sites (Rovira et al., 2016). Differential PAM binding 

across the mGlu1 homodimer may also be operative. Cryo-EM structures of mGlu2 revealed only a 

single protomer is bound to the PAM JNJ-40411813, whereas for the CaSR the PAM cinacalcet bound 

to both protomers but adopted distinct binding poses in each (Gao et al., 2021; Lin et al 2021). Along 

with probe dependence, differential ligand binding modes and subsequent stabilisation of distinct mGlu1 

conformational states may also contribute to the differences observed between modulation of iCa2+ and 

IP1 responses.  

mGlu1 modulators affected both affinity and efficacy of orthosteric agonists at human mGlu1. Efficacy 

modulation is common across mGlu subtypes. Recent single cell studies suggest glutamate only 

partially increases the proportion of active state mGlu2, with a PAM required to stabilise the entire 

population in the active state (Cao et al., 2021). While it is unknown if this is operative at other mGlu 

subtypes, it serves as an explanation for PAM binding enhancing agonist efficacy; the converse may be 

true for NAMs stabilising inactive states. Conversely, affinity modulation is receptor and ligand 

dependent. Affinity modulation is probe dependent for mGlu5 PAMs (Bradley et al., 2011; Gregory et 

al., 2012; Koehl et al., 2019) and mGlu2 PAMs, but not NAMs, modulate glutamate affinity (O’Brien 

et al., 2018). Group III PAMs also display probe and receptor dependent affinity modulation (Jalan-

Sakrikar et al., 2014). Similar to mGlu2, previous binding data indicate mGlu1 PAMs, but not NAMs, 

act through affinity modulation (Knoflach et al., 2001; Lavreysen et al., 2004; Litschig et al., 1999). 

However, cooperativity estimates derived herein suggest affinity and efficacy modulation are operative 

for mGlu1 PAMs and NAMs, with ligand-, assay- and probe-dependent cooperativity. Differences 

between the current study and prior work may arise from binding assays being done in membranes, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on March 15, 2023 as DOI: 10.1124/molpharm.122.000664

 at A
SPE

T
 Journals on M

ay 22, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


24 
 

with a different complement of effectors, regulatory partners and scaffolding proteins in whole cells 

compared to membranes influencing the suite of receptor conformations sampled in functional and 

binding assays, respectively (Knoflach et al., 2001; Kohara et al., 2005; Lavreysen et al., 2003, 2004; 

Litschig et al., 1999). Additionally, differences may arise from prior studies using rat mGlu1, as species-

specific pharmacology is evident for mGlu1 (Cho et al., 2014; Hemstapat et al., 2006; Knoflach et al., 

2001; Malherbe et al., 2003; Suzuki et al., 2007). Binding experiments at human mGlu1, in both 

membranes and whole cells, are needed to validate functional assessment of mGlu1 affinity modulation.  

Overall, rigorous characterisation of chemically distinct allosteric modulators at human mGlu1 has 

highlighted the pharmacological diversity inherent in both PAMs and NAMs. The systematic approach 

adopted here revealed ligand-dependent effects, at the level of affinity and cooperativity, between 

modulation of glutamate and quisqualate in iCa2+ mobilisation. These data highlight the choice of 

orthosteric ligand is a critical consideration in drug discovery and different mGlu1 allosteric binding 

sites may display divergent interactions with orthosteric sites. Ligand dependent differences were also 

apparent between iCa2+ mobilisation and IP1 accumulation, suggesting kinetic factors and ligand-

receptor equilibrium are key drivers of ligand pharmacology and emphasising the need to consider 

multiple signalling outputs when optimising mGlu1 allosteric modulators. These data can be built upon 

to provide pharmacological “fingerprints” for mGlu1 allosteric modulators, linking pharmacology to 

beneficial/adverse preclinical effects. A head-to-head comparison revealed JNJ16259685 is more 

effective than YM-298198 in a mouse model of sensorimotor gating (Hikichi et al., 2010). Indeed, 

minimal effective doses of JNJ16259685 are lower than YM-298198 across preclinical models, 

potentially reflecting the higher JNJ16259685 affinity/cooperativity in the current study (Achat-Mendes 

et al., 2012; Kohara et al., 2005; Power et al., 2016; Steckler et al., 2005; Xie et al., 2010). However, 

comparing across different models, species and dosing regimens is difficult, and a lack of systematic 

testing of mGlu1 allosteric modulators in preclinical models complicates the linking of pharmacological 

and in vivo profiles. By understanding the inherent complexity in allosteric modulator pharmacology 

and improving both drug discovery and preclinical study design, we can start to bridge the gap between 

promising in vitro pharmacology and efficacy and safety in both preclinical and clinical settings. 
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Data Availability Statement 

The data that support the findings of this study are available on request from the corresponding 

author.  
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Figure legends 

Figure 1: Chemical structures of mGlu1 orthosteric agonists and allosteric modulators included 

in the current study.  

Figure 2. Agonist activity of mGlu1 orthosteric and allosteric ligands in iCa2+ mobilisation and IP1 

accumulation assays in HEK293A-hmGlu1 cells. (A) iCa2+ mobilisation is induced by all three 

orthosteric ligands. No PAMs displayed agonist activity in iCa2+ mobilisation assays and are not 

included here. (B) orthosteric and allosteric ligands display agonist activity in IP1 accumulation assays. 

Data are expressed as mean + SD. The number of independent experiments performed in duplicate for 

each ligand are denoted in Table 1. Error bars not shown lie within the dimensions of the symbols. 

Figure 3. Positive allosteric modulation of orthosteric agonist-induced iCa2+ mobilisation in 

HEK293A-hmGlu1 cells. Concentration response curves of glutamate-mediated (left panels) or 

quisqualate mediated (right panels) iCa2+ mobilisation in the absence or presence of indicated 

concentrations of Ro 67-7476 (A), Ro 67-4853(B), Ro 01-6128 (C), VU0483605 (D) or CPPHA (E), 

following 1 min pre-incubation. Data are expressed as mean + SD. The number of independent 

experiments performed in duplicate for each orthosteric/allosteric ligand combination are denoted in 

Table 2. Error bars not shown lie within the dimensions of the symbols. 

Figure 4. Negative allosteric modulation of orthosteric agonist-induced iCa2+ mobilisation in 

HEK293A-hmGlu1 cells. Concentration response curves of glutamate-mediated (left panels) or 

quisqualate mediated (right panels) iCa2+ mobilisation in the absence or presence of indicated 

concentrations of JNJ16259685 (A), VU0469650 (B), YM-298198 (C), CPCCOEt (D) or PF-06462894 

(E), following 1 min pre-incubation. Data are expressed as mean + SD. The number of independent 

experiments performed in duplicate for each orthosteric/allosteric ligand combination are denoted in 

Table 2. Error bars not shown lie within the dimensions of the symbols. 

Figure 5. Positive allosteric modulation of orthosteric agonist-induced IP1 accumulation in 

HEK293A-hmGlu1 cells. Concentration response curves of quisqualate-mediated IP1 accumulation in 

the absence or presence of indicated concentrations of Ro 67-7476 (A), Ro 67-4853 (B), Ro 01-6128 
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(C), VU0483605 (D) or CPPHA (E). Data are expressed as mean + SD. The number of independent 

experiments performed in duplicate for each orthosteric/allosteric ligand combination are denoted in 

Table 2. Error bars not shown lie within the dimensions of the symbols. 

Figure 6. Negative allosteric modulation of orthosteric agonist-induced IP1 accumulation in 

HEK293A-hmGlu1 cells. Concentration response curves of quisqualate-mediated IP1 accumulation in 

the absence or presence of indicated concentrations of JNJ16259685 (A), VU0469650 (B), YM-298198 

(C), CPCCOEt (D) or PF-06462894 (E). Data are expressed as mean + SD. The number of independent 

experiments performed in duplicate for each orthosteric/allosteric ligand combination are denoted in 

Table 2. Error bars not shown lie within the dimensions of the symbols. 

Figure 7. Negative allosteric modulation of orthosteric agonist-induced iCa2+ mobilisation in 

HEK293A-hmGlu1 cells upon extended preincubation with CPCCOEt or PF-06462894. 

Concentration response curves of quisqualate-mediated iCa2+ mobilisation in the absence or presence 

of indicated concentrations of CPCCOEt (A) or PF-06462894 (B) after 30 minutes preincubation. Data 

are expressed as mean + SD. The number of independent experiments performed in duplicate for each 

orthosteric/allosteric ligand combination are denoted in Table 2. Error bars not shown lie within the 

dimensions of the symbols. 

Figure 8. Differences in affinity estimates for mGlu1 allosteric ligands for iCa2+ mobilisation and 

IP1 accumulation assays in HEK293A-hmGlu1 cells. Allosteric ligand affinity (pKB) at human mGlu1 

receptors were normalised to quisqualate-mediated iCa2+ mobilisation after one-minute preincubation 

for all ligands across glutamate-mediated iCa2+ mobilisation and quisqualate-mediated IP1 accumulation 

endpoints, and for quisqualate-mediated iCa2+ mobilisation after 30-min incubation for CPCCOEt and 

PF-06462894. Data represent the mean + SD. The number of independent experiments performed in 

duplicate for each ligand are denoted in Table 2. Oversized data points are significantly different to pKB 

estimates derived from quisqualate-mediated iCa2+ mobilisation assays (p < 0.05), as determined by 

one-way ANOVA with Sidak’s post hoc test. 
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Figure 9. Correlation plot of cooperativity estimates for mGlu1 allosteric ligands for iCa2+ 

mobilisation and IP1 accumulation assays in HEK293A-hmGlu1 cells. (A-B) Affinity cooperativity 

estimates (logα) derived from quisqualate-mediated iCa2+ mobilisation are compared with estimates 

derived from glutamate-mediated iCa2+ mobilisation (A) and quisqualate-mediated IP1 accumulation 

(B). (C-D) Efficacy cooperativity estimates (logβ) derived from quisqualate-mediated iCa2+ 

mobilisation are compared with estimates derived from glutamate-mediated iCa2+ mobilisation (A) and 

quisqualate-mediated IP1 accumulation (B). Panels A and C illustrate probe dependence and panels B 

and D illustrate and kinetic/pathway effects at the level of both affinity and efficacy cooperativity. Data 

represent the mean + SD. The number of independent experiments performed in duplicate for each 

ligand are denoted in Table 2. Oversized data points are significantly different to cooperativity estimates 

derived from quisqualate-mediated iCa2+ mobilisation assays (p < 0.05), as determined by one-way 

ANOVA with Sidak’s post hoc test. 
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Tables: 

Table 1: Potency (pEC50) and maximal response (Emax) estimates for orthosteric and allosteric agonism in iCa2+ mobilisation, IP1 accumulation 

in HEK293A-hmGlu1 cells. Data are mean ± SEM of indicated number (n) of independent experiments performed in duplicate. 

 iCa2+ mobilisation IP1 accumulation

 pEC50a Emaxb pKAc logτd n pEC50 Emaxe pKA logτ n

Orthosteric agonists 

quisqualate 7.04±0.05 60.4±2.4 n.a. n.a. 15 6.51±0.07* 2.65±0.18 n.a. n.a. 20

glutamate 6.03±0.06 44.5±4.0 5.72±0.16 0.51±0.10 17 n.t. n.t. n.t. n.t. n.a.

DHPG 5.33±0.12 46.7±9.1 4.99±0.27 0.49±0.17 6 n.d. 2.08±0.15f n.d. n.d. 12

PAMs 

Ro 67-7476 n.r. n.r. n.r. n.r. 5 n.d. 1.20±0.06f n.d. n.d. 9

Ro 67-4853 n.d. 6.48±1.7 n.d. n.d. 5 6.47±0.12 1.68±0.20 6.29±0.42 -0.12±0.14 8

Ro 01-6128 n.r. n.r. n.r. n.r. 5 n.r. n.r. n.r. n.r. 5

VU0483605 n.d. 10.0±1.4 n.d. n.d. 5 n.d. 2.09±0.18f n.d. n.d. 8

CPPHA n.r. n.r. n.r. n.r. 5 n.d. 1.63±0.16f n.d. n.d. 8

a the negative logarithm of the molar concentration of agonist required to yield a half maximal response 

b maximal response expressed as percent of positive control (1µM ionomycin) 

c negative logarithm of ligand affinity, determined using the operational model of partial agonism  

d intrinsic efficacy of the ligand, determined using the operational model of partial agonism 

e maximal response expressed as fold of baseline 

f maximal response for the highest concentration of ligand tested due to poor curve fit 
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* denotes p < 0.05, comparing pEC50 estimates between iCa2+ and IP1 accumulation  

n.a. denotes not applicable as quisqualate was used as the full agonist in the operational model of partial agonism 

n.t. denotes not applicable as glutamate was not tested in IP1 accumulation assays due to the presence of the enzyme GPT  

n.d. denotes that potency values could not be calculated due to poor curve fit 

n.r. denotes no response  
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Table 2: Efficacy, affinity and cooperativity estimates for allosteric modulation of glutamate and quisqualate-mediated iCa2+ mobilisation and 
IP1 accumulation in HEK293A-hmGlu1 cells. Data are mean ± SEM of indicated number (n) of independent experiments performed in duplicate 

 iCa2+ mobilisation IP1 accumulation 

  glutamate quisqualate quisqualate 

 logτBa pKBb logαc logβd n pKB logα logβ n logτB pKB logα logβ n 

PAMs 

Ro 67-7476 n.a. 6.22±0.16 0.43±0.08 0.05±0.03 5 5.30±0.18* 0 0.26±0.03* 8 n.a. 5.16±0.52 0 0.04±0.02^ 5 

Ro 67-4853 -0.48±0.09 7.06±0.15 0.39±0.09 0.03±0.03 6 6.94±0.12 0 0.20±0.02* 8 -0.06±0.04# 7.19±0.24 -0.53±0.26 0.09±0.05 5 

Ro 01-6128 n.r. n.r. n.r. n.r. 5 n.r. n.r. n.r. 6 n.r. n.r. n.r. n.r. 5 

VU0483605 -0.48±0.10 6.59±0.14 0.54±0.10 0.04±0.04 5 6.35±0.18 0 0.21±0.03* 8 -0.002±0.01# 6.09±0.12 0 0.05±0.01^ 5 

CPPHA n.a. 5.31±0.16 0 0.52±0.05 5 4.83±0.19 0.76±0.11 0.09±0.04* 8 -0.02±0.02 6.17±0.18^ -1.03±0.28^ 0.11±0.006 5 

NAMs 

JNJ16259685 n.a. 8.38±0.04 0 Full NAM 5 7.98±0.04 0 Full NAM 5 n.a. 8.53±0.17 -1.65±0.27 Full NAM 5 

VU0469650 n.a. 7.17±0.03 0 Full NAM 5 6.70±0.05 0 Full NAM 7 n.a. 7.48±0.12^ -1.18±0.18 -0.15±0.03 5 

YM-298198 n.a. 7.01±0.02 0 Full NAM 5 7.05±0.13 -0.50±0.13 Full NAM 5 n.a. 6.77±0.11 -1.18±0.19^ -0.12±0.03 6 

CPCCOEte n.a. 6.44±0.08 -0.67±0.09 Full NAM 5 5.38±0.06* 

(4.74±0.20) 

0 

(0) 

Full NAM 

(-0.49±0.19) 

5 

(5) 

n.a. 5.70±0.09$ -0.82±0.13 -0.15±0.02$ 5 

PF-

06462894e 

n.a. 6.78±0.08 -0.95±0.09 Full NAM 5 6.58±0.15$ 

(5.29±0.14) 

-0.77±0.15 

(0) 

Full NAM 

(-0.30±0.04) 

5 

(5) 

n.a. 5.75±0.08^ -0.83±0.11 -0.12±0.01 6 

All parameters were estimated by globally fitting n=5-8 to the operational model of allosterism  

Em values were constrained to the maximal level of potentiation observed between orthosteric agonist and PAM in a given assay (116 for glutamate iCa2+ mobilisation, 121 for quisqualate iCa2+ 

mobilisation, 4.41 for IP1 accumulation) 
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a logarithm of allosteric modulator intrinsic efficacy factor. 
b negative logarithm of the equilibrium dissociation constant. 
c logα, logarithm of the affinity modulation factor.  
d logβ, logarithm of the efficacy modulation factor. 
e number in brackets for CPCCOEt and PF-06462894 quisqualate iCa2+ mobilisation are estimates derived from experiments following 30-min preincubation of NAMs 
* denotes p<0.05, One-way ANOVA, Sidak’s multiple comparisons test, compared to glutamate mediated iCa2+ mobilisation estimates 
^ denotes p<0.05, One-way ANOVA, Sidak’s multiple comparisons test, compared to quisqualate mediated iCa2+ mobilisation estimates 
# denotes p<0.05, One-way ANOVA, Sidak’s multiple comparisons test, compared to iCa2+ mobilisation logτB estimates 
$ denotes p<0.05, One-way ANOVA, Sidak’s multiple comparisons test, compared to 30-min preincubation quisqualate mediated iCa2+ mobilisation estimates 

n.a. denotes not applicable as modulator did not display intrinsic efficacy 

n.r. denotes no modulatory activity 
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