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Abstract 

The type 5 metabotropic glutamate receptor (mGlu5) is a G protein-coupled 

receptor (GPCR) located on excitatory neurons, and its dysfunction has been 

linked to multiple neuropathologies such as Alzheimer’s disease (Abd-Elrahman et 

al., 2020). Previous data form our laboratory on phosphoproteomic analysis of the 

hippocampus of wildtype mice showed that global mGlu5 phosphorylation 

increases following a fear conditioning learning and memory test, but the specific 

role of phosphorylation on signal transduction was not identified. To elucidate the 

role of mGlu5 phosphorylation, the aim of this thesis was to dissect the signal 

transduction pathways downstream of G protein versus phosphorylation 

dependent pathways.  

Phosphodeficient mutants of mGlu5 were generated by synthesising a 

mouse ortholog mGlu5 C-terminus with either all serine residues (mGlu5-PD), or all 

serine and threonine residues (total phosphodeficient mutant, mGlu5-TPD) 

mutated to alanine. Signal transduction pathways were assessed by generating 

stable cell lines expressing either wildtype mGlu5, mGlu5-PD or mGlu5-TPD. In β-

arrestin 2 recruitment assays, removal of putative phosphorylation sites within the 

C-terminus of mGlu5 was found to negatively impact the ability of the receptor to 

recruit β-arrestin 2. In calcium mobilisation, IP1 accumulation, and G protein 

dissociation assays assessing the Gαq dependent transduction pathway, there 

was no difference in responses between wildtype and phosphodeficient mutant 

receptors following agonist stimulation. However, the basal activity was reduced 

with removal of putative C-terminal phosphorylation sites. To further examine G 

protein activation, a bioluminescent resonance energy transfer (BRET)-based 

single genetically encoded biosensor was generated to compare the impact of 

phosphorylation on mGlu5 G protein activation. Findings with this biosensor 

revealed a reduced level of G protein activation with the phosphodeficient mutants 

compared to wildtype receptor. 

These results demonstrate that phosphorylation of the mGlu5 C-terminus 

appears to predominantly modulate ligand-independent signalling through the G 

protein-coupled pathway, whilst phosphorylation of C-terminal serine and 

threonine residues impacts ligand-dependent and ligand-independent β-arrestin 2 

recruitment. Therefore, understanding the impact of mGlu5 phosphorylation on 
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receptor signalling is likely to be crucial when considering the therapeutic potential 

of this receptor. 

  



  iv 
 

Contents 
Abstract ................................................................................................................... ii 

List of Tables......................................................................................................... viii 

List of Figures ........................................................................................................ ix 

List of Publications ................................................................................................. xi 

Abstracts ............................................................................................................. xi 

Publications ........................................................................................................ xi 

Acknowledgements ................................................................................................xii 

Abbreviations ........................................................................................................ xiii 

Author’s Declaration ..............................................................................................xix 

1 Introduction ....................................................................................................... 1 

1.1 G Protein-Coupled Receptors ................................................................... 2 

1.1.1 Overview ............................................................................................... 2 

1.1.2 Classification of GPCR Families ........................................................... 2 

1.1.3 G Protein Signalling .............................................................................. 5 

1.1.4 β-Arrestin Signalling and Receptor Internalisation ................................ 7 

1.1.5 Constitutive Activity of GPCRs .............................................................. 9 

1.1.6 Using Biosensors as a Tool to Measure GPCR Activation .................. 10 

1.2 The Pharmacology of Ligands Acting at GPCRs .................................... 13 

1.2.1 The Clinical Potential of Allosteric Modulators .................................... 15 

1.3 Glutamate Receptors .............................................................................. 17 

1.3.1 Classification of Metabotropic Glutamate Receptors........................... 17 

1.3.2 Architecture of Metabotropic Glutamate Receptors............................. 20 

1.3.3 Localisation and Subcellular Expression of mGlu Receptors .............. 24 

1.3.4 Constitutive Activity of the mGlu5 Receptor ......................................... 26 

1.3.5 The Therapeutic Potential of mGlu5 in the Central Nervous System ... 27 

1.4 Phosphorylation ...................................................................................... 35 

1.4.1 The Role of Direct GPCR Phosphorylation ......................................... 35 

1.4.2 Phosphorylation of mGlu5 ................................................................... 36 

1.4.3 Methods to Study Phosphorylation...................................................... 38 

1.5 Thesis Aims ............................................................................................ 45 

2 Materials and Methods ................................................................................... 46 

2.1 Materials ................................................................................................. 47 

2.1.1 Pharmacological Compounds ............................................................. 47 

2.1.2 Primers ................................................................................................ 47 

2.1.3 Plasmid Constructs ............................................................................. 49 



  v 
 

2.1.4 Antibodies ........................................................................................... 51 

2.2 Molecular Cloning of Plasmid Constructs ............................................... 52 

2.2.1 Generation of Competent Escherichia coli Cells ................................. 52 

2.2.2 Transformation of Competent Cells by Heat-Shock Method ............... 52 

2.2.3 Isolation of Plasmid DNA from Bacterial Cultures ............................... 53 

2.2.4 Generation of Plasmid DNA ................................................................ 54 

2.2.5 mRNA Production ............................................................................... 57 

2.3 Cell Culture ............................................................................................. 58 

2.3.1 Cell Line Maintenance ......................................................................... 58 

2.3.2 Cryopreservation of Cells .................................................................... 59 

2.3.3 Transient Transfection ........................................................................ 59 

2.3.4 Generation of Stably Transfected Flp-In™ T-REx™ 293 Cell Lines ... 60 

2.3.5 Primary Neuronal Cultures .................................................................. 61 

2.4 In-Cell and On-Cell Westerns ................................................................. 62 

2.5 Pharmacological and Functional Assays ................................................ 63 

2.5.1 BRET-Based β-Arrestin 2 Recruitment Assay ..................................... 63 

2.5.2 NanoBiT Complementation β-Arrestin 2 Recruitment Assay ............... 63 

2.5.3 Receptor Internalisation Assay ........................................................... 64 

2.5.4 Calcium Mobilisation Assay ................................................................ 65 

2.5.5 Measurement of Intracellular Calcium in Single Cells using 

Epifluorescent Microscopy .............................................................................. 65 

2.5.6 IP1 Accumulation Assay ...................................................................... 66 

2.5.7 Measurement of G Protein Dissociation .............................................. 67 

2.5.8 Using BRET-based Biosensors to Measure Gα-GTP ......................... 68 

2.6 Western Blotting ..................................................................................... 69 

2.6.1 Sample Preparation ............................................................................ 69 

2.6.2 SDS-PAGE ......................................................................................... 70 

2.6.3 Western Blot Probing and Detection ................................................... 71 

2.6.4 Quantification of Western Blots ........................................................... 72 

2.7 Immunocytochemistry ............................................................................. 72 

2.8 Data Analysis .......................................................................................... 73 

2.8.1 Analysis of Pharmacological Parameters ............................................ 73 

2.8.2 Statistical Analysis .............................................................................. 73 

3 Phosphorylation Controls β-Arrestin 2 Recruitment but not Internalisation of 

the Type 5 Metabotropic Glutamate Receptor ...................................................... 75 

3.1 Introduction ............................................................................................. 76 

3.2 Aims ........................................................................................................ 78 



  vi 
 

3.3 Results .................................................................................................... 79 

3.3.1 Mutation of Serine Phosphorylation Sites in the M1 Acetylcholine 

Receptor C-Terminus Disrupts β-Arrestin 2 Recruitment ............................... 79 

3.3.2 Mutation of mGlu5 C-Terminal Serine and Threonine Residues to 

Alanine Disrupts β-Arrestin 2 Recruitment ..................................................... 83 

3.3.3 Development of a NanoBiT Assay to Measure β-Arrestin 2 Recruitment 

to mGlu5 ......................................................................................................... 86 

3.3.4 G Protein-Coupled Receptor Kinases Play a Role in Basal and Agonist 

Dependent β-Arrestin 2 Recruitment to mGlu5 ............................................... 91 

3.3.5 Mutation of mGlu5 C-Terminal Phosphorylation Sites Does Impact 

Receptor Internalisation ................................................................................. 96 

3.3.6 Validation of Novel mGlu5 Phospho-Site Specific Antibodies ............ 101 

3.4 Discussion ............................................................................................ 109 

3.5 Conclusion ............................................................................................ 122 

4 The Impact of Phosphorylation of the Type 5 Metabotropic Glutamate 

Receptor on G Protein Signalling ........................................................................ 123 

4.1 Introduction ........................................................................................... 124 

4.1.1 The Impact of Phosphorylation on G Protein-Dependent Signalling . 124 

4.1.2 Using the Flp-In™ T-REx™ System to Measure Glutamate Receptor 

Signalling ...................................................................................................... 125 

4.1.3 Strategies to Measure G Protein-Dependent Signalling .................... 125 

4.2 Aims ...................................................................................................... 130 

4.3 Results .................................................................................................. 131 

4.3.1 Expression of Wildtype and Phospho-Deficient mGlu5 Receptors in Flp-

In™ T-REx™ 293 Cells ................................................................................ 131 

4.3.2 Quantitative Assessment of mGlu5 Total and Surface Expression .... 137 

4.3.3 The Impact of Doxycycline Concentration on Receptor Expression in 

Flp-In™ T-REx™ 293 Cells .......................................................................... 144 

4.3.4 Removal of C-terminal Phosphorylation Sites of the mGlu5 Receptor 

Impacts Intracellular Calcium Mobilisation.................................................... 153 

4.3.5 Removal of C-terminal Phosphorylation Sites of the mGlu5 Receptor 

Reduces Ligand-Independent IP1 Accumulation .......................................... 156 

4.3.6 Removal of C-terminal Phosphorylation Sites of the mGlu5 Receptor 

Reduces Constitutive Heterotrimeric G Protein Dissociation ........................ 163 

4.4 Discussion ............................................................................................ 168 

4.5 Conclusion ............................................................................................ 176 

5 Developing a Genetically Encoded Biosensor to Directly Measure mGlu5 Gαq 

Protein Activation ................................................................................................ 177 

5.1 Introduction ........................................................................................... 178 

5.1.1 BRET-Based Biosensors .................................................................. 178 



  vii 
 

5.2 Aims ...................................................................................................... 181 

5.3 Results .................................................................................................. 182 

5.3.1 Generation and Optimisation of a Gαq-Specific Biosensor ................ 182 

5.3.2 Validating the Biosensors with Gαq Protein-Coupled Receptors ....... 192 

5.3.3 Employing a Gαq-Specific Biosensor to Investigate the Effect of 

Phosphorylation of the mGlu5 Receptor ....................................................... 195 

5.3.4 Employing a Gαq Biosensor to Measure Endogenous Glutamate 

Receptor Mediated G Protein Activation....................................................... 197 

5.4 Discussion ............................................................................................ 201 

5.5 Conclusions .......................................................................................... 206 

6 Final Discussion ........................................................................................... 207 

7 References ................................................................................................... 214 

 
  



  viii 
 

List of Tables 
 

Table 2.1: List of primers used for sequencing plasmids. ................................................ 47 
Table 2.2: PCR primers for the generation of Lyn11-SpNG-GRK2 and Lyn11-iSpNG-
GRK2 biosensors. ............................................................................................................ 48 
Table 2.3: List of plasmid constructs used. ...................................................................... 49 
Table 2.4: List of primary antibodies used for western blots (WB), immunocytochemistry 
(ICC), or on-cell westerns (OCW). ................................................................................... 51 
Table 2.5: List of secondary antibodies used for western blots (WB), 
immunocytochemistry (ICC), or on-cell westerns (OCW). ................................................ 51 
Table 2.6: PCR reaction scheme. .................................................................................... 54 
Table 3.1: Mass spectrometry and phosphoproteomics of cell and tissue samples reveals 
putative phosphorylation sites of the mGlu5 C-terminus. ................................................ 103 
Table 4.1: Peak band intensity, normalised as a percentage to wildtype receptor, of 
western blots following treatment with 2 ng/mL is significantly lower than treatment with 
100 ng/mL doxycycline. ................................................................................................. 148 
Table 4.2: Western blots from mGlu5-WT, mGlu5-PD and mGlu5-TPD cell lysates 
demonstrate no significant differences in expression when induced with 2 ng/mL 
doxycycline. ................................................................................................................... 148 
Table 4.3: The Z’ score for IP1 accumulation curves at increasing cell seeding densities
 ...................................................................................................................................... 159 

 

  



  ix 
 

List of Figures 
 
 
Figure 1.1: The GRAFs classification of G protein-coupled receptors. .............................. 4 
Figure 1.2: The heterotrimeric G protein activation sequence. .......................................... 6 
Figure 1.3: G protein-dependent signalling pathways following activation of the GPCR. ... 7 
Figure 3.1: β-arrestin 2 recruitment to the murine M1 receptor is reduced but not 
eliminated when C-terminal serine residues are mutated to alanine................................. 80 
Figure 3.2: β-arrestin 2 is recruited to wild type but not phosphodeficient M1 in cultured 
hippocampal neurons. ..................................................................................................... 82 
Figure 3.3: The phosphodeficient mutant receptors mGlu5-PD and mGlu5-TPD. ............. 83 
Figure 3.4: Constitutive and glutamate dependent β-arrestin 2 recruitment to mGlu5 is 
reduced with removal of putative C-terminal phosphorylation sites .................................. 85 
Figure 3.5: mGlu5 demonstrates a much weaker coupling to the β-arrestin 2 pathway 
compared to the free fatty acid receptor 4 ........................................................................ 87 
Figure 3.6: mGlu5-TPD demonstrates reduced β-arrestin 2 recruitment compared to both 
mGlu5-WT and mGlu5-PD in the NanoBiT complementation assay .................................. 89 
Figure 3.7: Constitutive β-arrestin 2 recruitment to mGlu5 measured by a NanoBiT 
complementation assay is decreased with removal of putative C-terminal phosphorylation 
sites ................................................................................................................................. 91 
Figure 3.8: β-arrestin 2 recruitment to the mGlu5 receptor is eliminated in GRK2/3/5/6 
knockout cells .................................................................................................................. 94 
Figure 3.9: Inhibiting GRK5/6 decreases constitutive β-arrestin 2 recruitment to mGlu5-
WT and mGlu5-PD ........................................................................................................... 96 
Figure 3.10: Treatment with glutamate does not alter mGlu5 localisation ......................... 99 
Figure 3.11: Agonist stimulation does not result in internalisation of mGlu5-WT, mGlu5-PD 
or mGlu5-TPD ................................................................................................................ 101 
Figure 3.12: Sites in the murine mGlu5 C-terminus used to generate novel phospho-site 
specific anti-sera ............................................................................................................ 103 
Figure 3.13: Novel phospho-site specific antibodies against mGlu5-WT reveals basal 
receptor phosphorylation ............................................................................................... 105 
Figure 3.14: Immunoprecipitation of mGlu5-WT receptor reveals phosphorylation of 
Serine1041 and Serine1044 residues ............................................................................ 108 
Figure 4.1: Measurement of the Gαq/11 protein-coupled receptor activation ................... 128 
Figure 4.2: Doxycycline induction of Flp-In™ T-REx™ 293 cell lines leads to expression 
of mGlu5-HA constructs. ................................................................................................ 133 
Figure 4.3: Western blots to quantify inducible mGlu5 receptor expression. .................. 136 
Figure 4.4: Western blot analysis of the structure of mGlu5 ........................................... 139 
Figure 4.5: On-cell and in-cell western analysis can be used to quantify mGlu5 surface 
and total expression ....................................................................................................... 143 
Figure 4.6: Expression of mGlu5-WT, mGlu5-PD and mGlu5-TPD increases with 
doxycycline concentration .............................................................................................. 147 
Figure 4.7: Cell membrane expression of the mGlu5-WT, mGlu5-PD, and mGlu5-TPD 
receptors increases with increasing concentration of doxycycline .................................. 151 
Figure 4.8: Quantification of in- and on-cell western analyses of mGlu5 receptor 
expression reveals an increase in membrane expression with increasing concentrations of 
doxycycline .................................................................................................................... 152 
Figure 4.9: mGlu5-TPD produces a higher peak Fura-2 ratio in the calcium mobilisation 
assay than mGlu5-WT and mGlu5-PD ............................................................................ 154 
Figure 4.10: Removal of mGlu5 C-terminal phosphorylation sites alters calcium 
oscillations……….………………………………………………………………………………153 
Figure 4.11: Optimisation of cell number in the IP1 accumulation assay ........................ 158 
Figure 4.12: Generation of IP1 increases with increasing concentration of doxycycline. 160 
Figure 4.13: Mutation of mGlu5 C-terminal serine and threonine residues decreases basal 
IP1 release ..................................................................................................................... 162 



  x 
 
Figure 4.14: The TRUPATH paradigm can be encoded into a single plasmid, called 
‘NEWPATH’ ................................................................................................................... 164 
Figure 4.15: Mutation of mGlu5 C-terminal phosphorylation sites reduces Gαq constitutive 
activation ....................................................................................................................... 166 
Figure 4.16: Basal BRET ratio from the NEWPATH assay, a measure of constitutive 
activity, is significantly different with removal of putative C-terminal mGlu5 phosphorylation 
sites ............................................................................................................................... 167 
Figure 5.1: The structure of the novel unimolecular biosensors .................................... 183 
Figure 5.2: A protein of the expected molecular weight for the iSpNG biosensor is 
detected by western blotting following transfection into cells .......................................... 185 
Figure 5.3: Increasing the amount of biosensor transfected results in an increase in 
sensor expression. ......................................................................................................... 187 
Figure 5.4: Varying receptor expression with doxycycline impacts the signal produced by 
the biosensor ................................................................................................................. 189 
Figure 5.5: Protocol optimisation for biosensor BRET kinetic reads .............................. 191 
Figure 5.6: The SpNG and iSpNG biosensors can detect Gαq at the M1, FFA1 and mGlu5 
receptors………………………………….……………………………………………………..191 
Figure 5.7: Measuring the impact of mGlu5 potential phosphorylation sites on Gαq 
activation using a genetically encoded biosensor .......................................................... 196 
Figure 5.8: The mGlu5 receptor is endogenously expressed in cortico-hippocampal 
neurons and produces a functional IP1 response ........................................................... 198 
Figure 5.9: Glutamate stimulated endogenous Gαq protein activation in neurons can be 
measured with the iSpNG biosensor …………………………………………...……………197 

 
 

 

 

 

 

 

  



  xi 
 

List of Publications 
 
 
 

Abstracts 

 
Strellis, B., Wei, L., Dwomoh, L., Bradley, S. J., & Hudson, B. D. (2023). 

Characterising the signal transduction pathway of mGlu5 to determine the role of 

receptor phosphorylation. British Journal of Pharmacology, 180(4), 499–499. 

 
 
 
 

Publications 

 
 
Scarpa, M., Molloy, C., Jenkins, L., Strellis, B., Budgett, R. F., Hesse, S., 

Dwomoh, L., Marsango, S., Tejeda, G. S., Rossi, M., Ahmed, Z., Milligan, G., 

Hudson, B. D., Tobin, A. B., & Bradley, S. J. (2021). Biased M1 muscarinic 

receptor mutant mice show accelerated progression of prion neurodegenerative 

disease. Proceedings of the National Academy of Sciences of the United States of 

America, 118(50). https://doi.org/10.1073/pnas.2107389118 



  xii 
 

Acknowledgements 

First of all, I would like to express my gratitude to my supervisors: Dr. Brian 

Hudson and Dr. Sophie Bradley. Sophie, thank you for your inspiration and 

inception of the mGlu5 project, and for your support when I was a new PhD 

student; you gave me such a lovely welcome to Glasgow. Brian, thank you so 

much for your guidance and encouragement with my project. Your expert 

knowledge, advice, and feedback made me feel so supported throughout the 

project. Thank you for helping me think critically about my work and become a 

better scientist. 

 

Thank you to all the PhD students, postdocs, and technicians in Lab 

253/241/441 for always answering my questions and supporting me throughout 

PhD life across the Wolfson Link Building, Davidson Building, and Advanced 

Research Centre. Thank you to the friends I have made in Glasgow, especially 

Kat, Dom, Euan, Kelly, and Olivia. Your laughs in the lab have made this PhD so 

fun and I’m so grateful to you all. Thank you to Becca for being part of Team 

mGlu5 and helping me so much. Thank you to Solasta boys Alex and Euan, your 

encouragement and support was always appreciated. Thank you to my Mum and 

Dad for always listening to my complaints and supporting me on my academic 

journey. 

 

 I would like to give my thanks to Molly who has been there for me 

throughout my PhD despite the distance. We did it, we became the Top Scientists 

we said we would on our first day studying Pharmacology together. 

 

The biggest thanks of all goes to the original Slackers: Luca, Beth and 

Elaine. Thank you all so much for the caffeine breaks, the laughs, being there for 

me when things got tough. The bagel Fridays and pub trips will always have a 

place in my heart, I will never forget those good times. May we always be thriving.  

 

 



  xiii 
 

Abbreviations 

5MPEP 5-methyl-6-(phenylethynyl)-pyridine 

ACh  Acetylcholine 

AD  Alzheimer’s Disease 

AKT  Protein kinase β 

AM  Acetoxymethyl Ester 

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 

AMs  Allosteric Modulators 

ANOVA Analysis of Variance 

AP2  Adaptor Protein 2 

APS  Ammonium Persulphate 

AQUA  Advanced Quick Assembly Cloning 

ATP  Adenosine Triphosphate 

AUC  Area Under Curve 

Aβ  β-Amyloid 

BAPTA 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

BERKY BRET biosensor with ER/K linker and YFP 

BGH  Bovine Growth Hormone 

BRET  Bioluminescent Resonance Energy Transfer 

BSA  Bovine Serum Albumin 

CaMKII Calmodulin-Dependent Protein Kinase II 

cAMP  Cyclic Adenosine Monophosphate 

CDK5  Cyclin-Dependent Kinase 5 

CDPPB 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide 

CMV  Cytomegalovirus 

CNS  Central Nervous System 



  xiv 
 
CRD  Cysteine Rich Domain 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CTEP  2-chloro-4-((dimethyl-1-(4-(trifluoromethoxy)phenyl)-1H-imidazol-

4yl)ethynyl)pyridine 

DAG  Diacylglycerol 

DAPI  4',6-diamidino-2-phenylindole 

DEPC  Deionised diethylpyrocarbonate 

dFBS  Dialysed Fetal Bovine Serum 

DHPG  (S)-3,5-dihydroxyphenyl glycine 

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethylsulphoxide 

DNA  Deoxyribonucleic acid 

EAAT  Excitatory Amino Acid Transporter 

ECD  Extracellular Domain 

ECL  Extracellular Loop 

EDTA  Ethylenediaminetetraacetic Acid 

EGTA  Egtazic Acid 

ELISA  Enzyme Linked Immunosorbent Assay 

eNOS  Endothelial Nitric Oxide Synthase 

EPAC  Exchange Proteins Directly Activated by cAMP 

ER  Endoplasmic Reticulum 

ERK  Extracellular Signal-Regulated Kinases 

EVH  Ena/VASP Homology 1 

FBS  Fetal Bovine Serum 

FDA  Food and Drug Administration 

FFA  Free Fatty Acid 

FMRP  Fragile X Mental Retardation Protein 



  xv 
 
FRET  Förster Resonance Energy Transfer 

FRT  Flp Recombination Target 

FXS  Fragile X Syndrome 

GABA  γ-aminobutyric acid 

GAIN  G Protein-Coupled Receptor Autoproteolysis-Inducing 

GAP  GTPase-activating protein 

GDP  Guanosine-5’-diphosphate 

GEF  Guanine Nucleotide Exchange Factor 

GFP  Green Fluorescent Protein 

GLAST Glutamate-Aspartate Transporter 

GPCR  G Protein-Coupled Receptor 

GPS  G Protein-Coupled Receptor Proteolysis Site 

GPT  Glutamate-Pyruvate Transaminase 

GRK  G Protein-Coupled Receptor Kinase 

GSK3β Glycogen Synthase Kinase 3β 

GTP  Guanosine-5’-triphosphate 

HA  Haemagglutinin 

HBSS  Hank's Balanced Salt Solution 

HEK  Human Embryonic Kidney 

HEPES N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) 

HTRF  Homogenous Time-Resolved Fluorescence 

ICC  Immunocytochemistry 

ICL  Intracellular Loop 

ICW  In-Cell Western 

IMPase Inositol Monophosphatase 

IP1  Inositol Monophosphate 

IP2  Inositol Diphosphate 



  xvi 
 
IP3  Inositol 1,4,5-Trisphosphate 

IRES  Internal Ribosome Entry Site 

IRS1  Insulin Receptor Substrate 1 

kDa  Kilodaltons 

KO  Knockout 

LB  Luria-Bertani 

LC-MS/MS Liquid Chromatography-Tandem Mass Spectrometry 

LTD  Long-Term Depression 

LTP  Long-Term Potentiation 

MAPK  Mitogen-Activated Protein Kinase 

mGlu  Metabotropic Glutamate 

mNG  mNeonGreen 

MOPS  3-(N-morpholino)propanesulfonic acid 

MPEP  2-methyl-6-(phenylethynyl) pyridine 

MRI  Magnetic Resonance Imaging 

MTEP  3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]pyridine 

NAc  Nucleus Accumbens 

NAM  Negative Allosteric Modulator 

NHERF Na+/H+ Exchanger Regulatory Factors 

Nluc  Nanoluciferase 

NMDA N-methyl-D-aspartate 

NTPs  Nucleoside triphosphates 

OCW  On-Cell Western 

OD600  Optical Density at 600 nm 

ONE-GO One-Vector G Protein Optical 

PAM  Positive Allosteric Modulator 

PBS  Phosphate Buffered Saline 



  xvii 
 
PCR  Polymerase Chain Reaction 

PD  Phosphodeficient 

PDL  Poly-D-Lysine 

PEI  Polyethyleneimine 

PET  Positron Emission Tomography 

PICK1  Protein Kinase C Interacting Protein 1 

PIP2  Phosphatidylinositol 4,5-bisphosphate 

PKA  Protein Kinase A 

PKC  Protein Kinase C 

PLC  Phospholipase C 

PP2Cα Protein Phosphatase 2Cα 

PSD  Postsynaptic Density 

RET  Resonance Energy Transfer 

RGS  Regulator of G Protein Signalling 

RIPA  Radioimmunoprecipitation Assay 

Rluc  Renilla Luciferase 

RNA  Ribonucleic Acid 

SAM  Silent Allosteric Modulator 

SDS-PAGE Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis 

S.E.M. Standard Error of the Mean 

SPASM Systematic Protein Affinity Strength Modulation 

TAE  Tris-acetate-EDTA 

TBS  Tris-Buffered Saline 

TEMED N,N,N′,N′-tetramethyl ethylenediamine 

TetR  Tetracycline Repressor 

TMD  Transmembrane Domain 

TPD  Total Phosphodeficient 



  xviii 
 
VFT  Venus Flytrap Domain 

VTA  Ventral Tegmental Area 

WT  Wildtype 

YFP  Yellow Fluorescent Protein 

λ-PP  Lambda Protein Phosphatase 

  



Chapter 1  xix 
 

Author’s Declaration 

 

“I declare that, except where explicit reference is made to the contribution of 

others, this thesis is the result of my own work and has not been submitted for any 

other degree at the University of Glasgow or any other institution.” 

 

 

Bethany Strellis 

September 2024 

  



Chapter 1  1 
 

1 Introduction  
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1.1 G Protein-Coupled Receptors
 

1.1.1 Overview 

 
G protein-coupled receptors (GPCRs) are a superfamily of membrane-bound 

receptors responding to a variety of stimuli including hormones, peptides, 

neurotransmitters and transduce these extracellular signals into an intracellular 

response. There are greater than 800 members of the GPCR superfamily in 

humans, representing the largest family of proteins targeted by approved drugs 

(Fredriksson et al., 2003). As of 2017, 33% of all small molecule drugs target a 

receptor in this superfamily (Santos et al., 2017). Overall, GPCRs still have the 

continued potential as novel drug targets in a multitude of pathologies. 

While GPCRs have relatively little overall sequence identity across the family, 

they do share a conserved general structure. All GPCRs possess seven 

transmembrane domains (TMDs), consisting of α-helices spanning the cell 

membrane (Crasto, 2010). The seven α-helices are linked by three extracellular 

loops (ECLs), involved in ligand binding and recognition, and three intracellular 

loops (ICLs), playing a crucial role in coupling the receptor to G proteins and 

interacting proteins. Whilst the intracellular carboxyl (C)-terminus is relatively 

conserved in terms of sites of post-translational modifications, the extracellular 

amino (N)-terminus is highly diverse among the GPCR subtypes. 

 
 
 

1.1.2 Classification of GPCR Families 

 
There are two commonly accepted methods to classify GPCRs within the 

superfamily. In the first classification system, there are six major classes of 

GPCRs based on common sequence homology and functional properties (Attwood 

& Findlay, 1994). Class A refers to the ‘rhodopsin-like’ family of receptors, Class 

B includes the adhesion and secretin receptors, and Class C accommodates the 

metabotropic glutamate receptors, γ-aminobutyric (GABA) receptors, calcium 

sensing receptors and a family of taste receptors. The final class of receptors to 

exist in humans is Class F, the frizzled/smoothened family of GPCRs. Class D 

and Class E consist of the fungal pheromone and cyclic adenosine 

monophosphate (cAMP) receptors respectively, possessing a sequence 
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sufficiently different to be considered separate classes of receptor family than the 

Class A group they were previously ascribed to (Attwood & Findlay, 1994; 

Fredriksson et al., 2003). In the second method to classify human GPCRs, the 

GRAFS system, receptors are divided based on the phylogenetic tree based on 

sequencing of the human genome (Fredriksson et al., 2003). The GRAFS system 

consist of the Glutamate family (class C), Rhodopsin family (class A), Adhesion 

(class B2), Frizzled (class F) and Secretin-like (class B1) receptors (Figure 1.1).  

Receptors in the Glutamate receptor family (consisting of 22 members 

(Alexander et al., 2021)) possess a characteristically large C-terminal tail and a 

bulky extracellular domain (ECD) responsible for ligand binding termed the Venus 

flytrap domain (VFT) (Figure 1.1) (Kunishima et al., 2000). The C-terminus of this 

receptor family is very large, typically 100-200 amino acids in length, with 

numerous sites of phosphorylation situated on this sequence. While all GPCR C-

terminal tails play roles in receptor regulation, trafficking, and signalling, the C-

terminus of the glutamate receptor family is particularly involved in complex 

regulatory mechanisms due to its length and interaction potential (Enz, 2012). The 

‘Rhodopsin-like’ receptor family consists of 719 members (Alexander et al., 

2021), making up 80% of all GPCRs; structurally, this family possesses the typical 

seven TMDs forming a ligand binding pocket, in addition to an eighth helix that 

runs parallel to the cell membrane within the C-terminal tail (Hu et al., 2017; Yang 

et al., 2021) (Figure 1.1). The C-terminus of Rhodopsin-like GPCRs is typically 

short, commonly 20-40 amino acids in length, with a conserved palmitoylation site 

anchoring helix 8 to the cell membrane (Fukata & Fukata, 2010). Adhesion 

receptor family members possess a long extracellular N-terminus with a 

conserved region close to TMD1, playing a permissive role in ligand binding. This 

region constitutes two components: a region rich in serine and threonine residues, 

and a GPCR proteolysis site (GPS) embedded in a GPCR autoproteolysis-

inducing (GAIN) domain (Harmar, 2001; Prömel et al., 2013) (Figure 1.1). The 

Frizzled/Taste2 receptor family control cell proliferation and fate during 

development through mediation of signals from secreted glycoproteins called Wnt, 

binding to conserved cysteine residues on the N-terminus (Fredriksson et al., 

2003) (Figure 1.1). The Secretin family of receptors encompass 15 receptor 

subtypes in humans (Alexander et al., 2021), with the ligands being polypeptide 

hormones such as glucagon, secretin and glucagon-like peptides (Harmar, 2001). 

The N-terminus contains conserved cysteine residues key for peptide ligand 
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binding to the receptor (Fredriksson et al., 2003), whereas the C-terminus often 

contains several regulatory motifs and phosphorylation sites involved in binding to 

scaffolding proteins and other regulatory proteins for receptor trafficking and 

signalling (Miller et al., 2012) (Figure 1.1). 

 

 

Figure 1.1: The GRAFs classification of G protein-coupled receptors. GPCRs have a 
common structure consisting of seven α-helical transmembrane domains, intracellular C-
terminus that is relatively conserved, and an extracellular N-terminus which is highly 
diverse. Glutamate receptors exist as constitutive dimers and possess a large Venus 
flytrap domain (VFT) in the N-terminus to facilitate ligand binding. Conversely, Rhodopsin-
like receptors have a small N-terminus as the ligand binding pocket lies deep within the 
seven transmembrane domains. Adhesion GPCRs feature a GPCR autoproteolysis-
inducing (GAIN) domain which acts to catalyse the N-terminus permitting non-covalent 
association of the adhesion domain, to which ligands bind. Frizzled receptors contain 
cysteine-rich domains (CRD) to enable ligand binding, whereas secretin receptors are 
activated through hormone peptide binding domains in the long N-terminus. Blue shapes 
represent the modes of ligand interaction with each receptor subtype. The number of 
receptors in each family is listed as reported by Alexander et al., (2021). 
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1.1.3 G Protein Signalling 

 
The large number of GPCRs requires a highly conserved mechanism of 

activation and signal transduction. The key protein, from which the receptor 

superfamily derives its name, is the G protein; this is constituted of Gα, Gβ, and 

Gγ subunits which together form a heterotrimeric Gαβγ complex. The Gα protein is 

the principal coordinator in the signalling cascade. In the resting state, Gα proteins 

are bound to guanosine-5’-diphosphate (GDP) and form a high affinity complex 

with the membrane bound, tightly associated Gβγ proteins (Lambright et al., 

1996). Upon agonist binding to the GPCR, a conformational change occurs in the 

receptor allowing the GPCR to act as a guanine nucleotide exchange factor (GEF) 

to the G protein. The receptor stimulates exchange of GDP to guanosine-5’-

triphosphate (GTP) on the Gα subunit, triggering dissociation of the Gα from the 

Gβγ (Neer & Clapham, 1988) (Figure 1.2A). GTP binding prompts GTP-Gα to 

dissociate from Gβγ, such that each is then free to activate further downstream 

signalling effectors (Lambright et al., 1996). Signalling is terminated through 

intrinsic GTPase activity of the Gα subunit, catalysing the hydrolysis of GTP back 

to GDP (also catalysed by GTPase-activating proteins (GAPs)) promoting re-

association of the heterotrimeric Gαβγ complex (Mann et al., 2016) (Figure 1.2A). 

Gα proteins are divided into four major families: Gαs, Gαi/o, Gαq/11 and 

Gα12/13, each activating distinct effector proteins and second messengers. The 

Gαq/11 family consists of Gαq, Gα11, Gα14, and Gα15 which stimulate phospholipase 

C (PLC), catalysing the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) 

to inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG) (Sugiyama et al., 

1987) (Figure 1.3). DAG activates PKC and triggers release of intracellular calcium 

through IP3 receptors located on the endoplasmic reticulum. The Gαs family 

stimulate adenylyl cyclase, leading to an increase in cAMP, whereas the Gαi/o 

family inhibits adenylyl cyclase therefore decreasing cAMP production (Figure 

1.3). The Gα12/13 family of G proteins activate Rho guanine nucleotide exchange 

factors (GEFs) (Figure 1.3).  
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Figure 1.2: The heterotrimeric G protein activation sequence. (A) The GTPase cycle 
regulates G protein activation. Guanine nucleotide exchange factor (GEF) aids conversion 
of Gα-GDP to Gα-GTP, and GTPase activating protein (GAP) reverts this. (B) In resting 
state, the α, β, and γ subunits of the G protein heterotrimer are anchored to the lipid 
membrane. When in the active state, GDP is exchanged for GTP causing the GTP-Gα 
complex and the Gβγ subunits to dissociate and activate downstream effectors. 
Termination of signalling is regulated by intrinsic GTPase activity of the Gα subunit, which 
increases once bound to the effector protein, leading to hydrolysis of GTP to GDP and 
reassociation of the Gαβγ heterotrimer. 
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Figure 1.3: G protein-dependent signalling pathways following activation of the 
GPCR. Subsequent to agonist binding and initiation of a conformational change in the 
GPCR, guanosine nucleotide exchange is facilitated within the Gα subunit stimulating 
dissociation of the Gαβγ heterotrimer. Distinct Gα protein subunits activate specific 
subsets of second messengers to commence a cascade of downstream signalling 
effectors. Dissociated Gβγ subunits can engage with further signalling elements in their 
own right. 
 
 

Although GPCR activation by ligands is highly specific, the activation of G 

proteins is less particular and the same intracellular pathway can be activated by 

multiple GPCRs, or the same GPCR can couple to multiple different G protein 

families (Neer & Clapham, 1988). It was previously thought that a given receptor 

was coupled with one specific Gα protein, however research in recent years has 

revealed that many GPCRs are more promiscuous in their couplings; the GPCR-

Gα pairing may change depending on cellular context, changes of the receptor 

during activation, or presence of additional proteins outwith the GPCR-Gα duo 

(Masuho et al., 2015). 

 
 
 

1.1.4 β-Arrestin Signalling and Receptor Internalisation 

 
GPCRs are subjected to three modes of dampened down signalling: 

desensitisation, where a receptor becomes insensitive to constant agonist stimuli; 

sequestration, in which a receptor is internalised and removed from the cell 
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surface; and downregulation, where the total number of cell surface receptors is 

decreased (Tian et al., 2013). Following receptor activation, post translational 

modifications occur on the intracellular surface of GPCRs, including 

phosphorylation of serine or threonine residues, which then influences the binding 

affinity for arrestin proteins (Krupnick & Benovic, 1998). GPCRs undergo agonist-

dependent phosphorylation by G protein receptor kinases (GRKs), predominantly 

at serine and threonine residues located either in ICL3 or on the C-terminal tail 

(Tobin et al., 2008). Phosphorylation of the intracellular receptor surface increases 

the affinity for the β-arrestin family of adaptor proteins (Carman & Benovic, 1998) 

(Figure 1.4). β-arrestins inactivate G protein signalling by sterically occluding the G 

protein binding site, and subsequently facilitate receptor internalisation (Cao et al., 

2019). Arrestins are able to scaffold to endocytotic machinery and bind to the β2 

subunit of the clathrin adaptor protein 2 complex (AP2), allowing for clathrin 

mediated endocytosis of the receptor (Goodman et al., 1996). Following 

endocytosis, the arrestin dissociates from the GPCR and the receptor is 

dephosphorylated, permitting the receptor to either be recycled back to the cell 

membrane or be degraded. In addition to their well-recognised role in turning off 

GPCR signalling, it is now recognised that arrestins can also signal in their own 

right by scaffolding to their own effector proteins (Lefkowitz and Shenoy, 2005). 
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Figure 1.4: The functions of β-arrestin following phosphorylation of the GPCR by 
GRKs. G protein-coupled receptor kinases (GRKs) can phosphorylate the intracellular 
surface of a GPCR, which triggers β-arrestin recruitment to the receptor. This protein then 
triggers receptor internalisation, receptor desensitisation, or signalling in its own right. 
Figure created using BioRender. 

 
 
 

1.1.5 Constitutive Activity of GPCRs 

 
Constitutive activity of GPCRs describes the ability of a receptor to adopt an 

active conformation and initiate downstream signalling without the presence of an 

agonist. GPCRs are known to exist in dynamic equilibrium between inactive (R) 

and active (R*) states (Black & Leff, 1983). In the classical model, agonist binding 

stabilises the active conformation (R*), which in turn activates intracellular G 

proteins and triggers downstream signalling. In constitutively active GPCRs, 

however, the receptor can spontaneously shift to the active conformation, resulting 

in signalling even in the absence of an agonist. This was first reported for the β2-

adrenoceptor in the 1980s (Cerione et al., 1984), and since reported for a range of 

other GPCRs (Seifert & Wenzel-Seifert, 2002). Constitutive signalling can lead to 
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inappropriate cellular responses causing pathologies such as hormone 

hypersensitivity (Rodien et al., 1998), or obesity (Srinivasan et al., 2004). 

The two-state model describes the interaction between three key 

components: the receptor, the ligand and the G protein, however the extended 

ternary complex model was developed to account for additional complexities 

observed in GPCR signalling; in addition to the receptor, ligand, and G protein, this 

model incorporates the interactions with β-arrestins and other regulatory proteins 

that modulate receptor activity (Weiss et al., 1996). Upon ligand binding to the 

receptor, the ligand can either stabilise the inactive state (antagonists or inverse 

agonists) or the active state (agonists), shifting the equilibrium towards the active 

receptor conformation, the ’ternary complex’. This model describes the receptor as 

existing in multiple active states, not just the binary R and R* states. In this model, 

constitutive activity may result in basal coupling to not only G-proteins but also to 

β-arrestins or other signalling proteins. This suggests that GPCRs can signal 

through multiple pathways, even in the absence of a ligand. One remaining key 

challenge of GPCR research is to better understand the physiological relevance of 

constitutive activity for different GPCRs and in different tissue contexts.  

 
 

1.1.6 Using Biosensors as a Tool to Measure GPCR Activation 

 
Given the complexity of GPCR signalling, biosensors have emerged as 

invaluable tools for measuring GPCR activity with high specificity and sensitivity. 

Biosensors allow real-time monitoring of receptor activation, downstream 

signalling, and ligand-receptor interactions in live cells, providing key insights into 

GPCR function. These biosensors often rely on resonance energy transfer (RET), 

a naturally occurring process of dipole-dipole non-radiative energy transfer. 

Fluorescent biosensors rely on Förster RET (FRET); when two fluorophores are in 

close proximity (<10 nm), the excitation of the donor leads to a transfer of energy 

to the acceptor, resulting in an emission. The efficiency of the transfer of excited 

state energy is inversely proportional to the sixth power of the distance between 

the donor and acceptor pair (Förster, 1960), therefore even very slight changes in 

the distance between the donor and acceptor proteins will elicit a quantifiable 

change in FRET. BRET is a chemical reaction, reliant on the transfer of energy 

between a bioluminescent donor protein (luciferase) and a fluorescent acceptor 

protein following oxidation of a substrate. The efficiency of the energy transfer, and 
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thus the signal, is dependent on the distance between the luciferase and 

fluorescent protein. The main distinction between FRET and BRET is that FRET 

requires two fluorophores for energy transfer, one of which needing excitation by 

an external source, whereas BRET takes place following oxidation of a substrate 

(Pfleger & Eidne, 2006). 

Biosensors used for measuring GPCR activity can be broadly classified into 

two categories: those that detect conformational changes in the receptor, and 

those that monitor downstream signalling events. For instance, FRET or BRET 

pairs attached to different domains of a GPCR can report structural 

rearrangements upon ligand binding (Hudson, 2016), allowing researchers to 

monitor receptor activation in real time. Additionally, sensors have been employed 

to measure the dissociation of G protein subunits (Gα and Gβγ) (Olsen et al., 

2020), which occurs after GPCR activation. Fluorescent protein-based biosensors 

for second messengers such as GCaMP (for calcium ion measurement) (Nakai et 

al., 2001) and exchange proteins directly activated by cAMP (EPAC)-based cAMP 

sensors (DiPilato et al., 2004) have been widely used to study GPCR signalling 

pathways. These biosensors undergo conformational changes upon binding to 

their target molecules, resulting in changes in fluorescence intensity or wavelength 

that can be monitored using microscopy or plate readers. 

 These biosensors serve as tools that can be adapted and employed to 

measure signalling from endogenously expressed receptors. Measurement of 

endogenous receptor activity over artificially overexpressed receptors is 

advantageous predominantly due to the physiological relevance; recording activity 

from a receptor expressed at natural levels in the appropriate cellular context and 

interacting with a network of native proteins and signalling pathways reveals a 

more biologically relevant profile. Progress in GPCR research has been historically 

hampered by the overreliance on assays that measure GPCR activity indirectly 

and on a limited number of cell lines which do not necessarily recapitulate GPCR 

physiological contexts (Janicot et al., 2024). As a result, compounds tested in vitro 

may encounter difficulties in translation to in vivo studies. Measuring output from 

endogenous receptors can be used to provide insights into how GPCR signalling 

is modulated in different physiological or pathological contexts and bridge the gap 

between in vitro and in vivo settings. 
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Recently, biosensors have been developed to measure endogenous GPCR 

activation: Maziarz et al. (2020) developed a single peptide biosensor with the 

capability to measure Gα-GTP at endogenously expressed GPCRs. Whilst this 

biosensor permitted detection of activation of endogenous GPCRs in primary 

neurons and without compromising with downstream signalling, the small dynamic 

range and signal window has remained a limitation for the broad applicability of 

this biosensor. Janicot et al. (2024) developed the one-vector G protein optical 

(ONE-GO) biosensor system, demonstrated to measure endogenous GPCR 

activation at a range of receptors. However, this biosensor is limited in its 

requirement for exogenous G proteins to be expressed. Hence, the field of GPCR 

biosensors is evolving, whilst multiple limitations and fields for improvement and 

optimisation exist. 
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1.2 The Pharmacology of Ligands Acting at GPCRs 
 

Ligands are defined primarily by their pharmacological parameters, efficacy 

and affinity, which describe how the ligand interacts with the receptor. Efficacy is 

defined as the ability of a ligand to elicit a response by interaction with its receptor. 

Affinity is a measure of the ability of the ligand to bind to the receptor, and is 

typically measured as the KD dissociation constant, equal to the concentration of 

the ligand that results in 50% receptor occupancy. Together, efficacy and affinity 

combine to determine the potency of the ligand, a measure of the concentration of 

ligand required to produce a given functional response. Potency can be 

quantitively measured as the EC50, the effective concentration of an agonist that 

produces 50% of its maximal effect. To obtain EC50 values, functional responses 

are plotted against the log concentration of the ligand and as a result EC50 values 

are normally distributed on a log scale, and therefore are commonly reported 

instead as pEC50 values (the negative Log10 of the EC50 value in molar). Unlike 

affinity, potency and pEC50 values are not universal properties of the receptor-

ligand interaction, and instead will vary depending on the assay system employed 

(Kenakin, 2002; Strange, 2008). 

 Ligands can be divided into categories based on the location on the 

receptor they bind: orthosteric or allosteric. Orthosteric ligands bind to the same 

site on the receptor as the endogenous agonist and, depending on their 

pharmacological characteristics, can be further categorised into full, partial, 

inverse agonists or neutral antagonists (Figure 1.5). Full agonists stabilise the 

active conformation (R*) of the receptor, enhancing signalling, whereas inverse 

agonists preferentially stabilise the inactive state (R), reducing the constitutive 

activity by shifting the equilibrium towards the R state (Figure 1.6A). Allosteric 

ligands bind to a topologically distinct site on the receptor in comparison to the 

orthosteric binding site of the endogenous ligand. Allosteric modulators (AMs) can 

work against or in conjunction with orthosteric ligand; AMs can modulate ligand 

response by increasing or decreasing affinity and/or efficacy of orthosteric ligands. 

According to their mode of action, AMs can be defined as negative allosteric 

modulators (NAMs) which reduce orthosteric ligand activity (Figure 1.6B), positive 

allosteric modulators (PAMs) that enhance orthosteric ligand activity (Figure 1.6C), 

or silent/neutral allosteric modulators (SAMs) which do not affect the activity of the 

orthosteric ligand but bind to the allosteric site without eliciting an effect (Figure 
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1.5). 5-methyl-6-(phenylethynyl)-pyridine (5MPEP) acts on metabotropic glutamate 

receptors as a neutral allosteric ligand; it binds to the allosteric site yet has no 

effects alone, however, 5MPEP blocks the effects of both the allosteric antagonist 

2-methyl-6-(phenylethynyl)-pyridine (MPEP) and the PAM 3-cyano-N-(1,3-

diphenyl-1H-pyrazol-5-yl)benzamide (CDPPB) (Rodriguez et al., 2005). In addition 

to the pure AMs, some AMs possess intrinsic activity and can signal in their own 

right. These such ligands are termed PAM-agonists. PAM-agonists are able to 

potentiate orthosteric ligand affinity and/or efficacy, whilst also possessing intrinsic 

efficacy themselves (Figure 1.5). 

 

 

Figure 1.5: The pharmacology of GPCR ligands. Agonists binding at the orthosteric site 
can be full, partial, or inverse whilst ligands binding at the allosteric site can potentiate, 
downregulate, or unalter signalling. 
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Figure 1.6: The effects of allosteric modulators in response to agonist. (A) A 
schematic demonstrating the concentration response curves in response to full, partial or 
inverse agonists or an antagonist. The impact of negative allosteric modulators (B) or 
positive allosteric modulators (C) affecting either affinity or efficacy of an orthosteric 
agonist concentration response curve. 

 
 
 

1.2.1 The Clinical Potential of Allosteric Modulators 

 
The first model of allostery was described by Monod, Wyman and 

Changeux (1965), and since the broad therapeutic potential of allosteric 

modulators has been taken advantage of by multiple drug development pipelines. 

Allosteric biased ligands may provide the solution to the failure of many GPCR 

ligands in clinical trials; the ligand is able to preferentially activate only the clinically 

desirable subset of effectors and functions from a single receptor, negating the 
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physiological pathways that result in off target effects. As of 2022, 340 allosteric 

modulators are in preclinical development, 25 are in clinical trials targeting 12 

different GPCRs, and four GPCR allosteric modulators have already been 

approved by the Food and Drug Administration (FDA) (Persechino et al., 2022).  

 There are several advantages of employing allosteric modulators in the 

clinical setting over orthosteric agonists: firstly, there is the preservation of 

physiological signalling. Pure allosteric modulators that do not signal in their own 

right and are only active when the endogenous agonist is present, preserving the 

spatiotemporal aspects of physiological signalling (Persechino et al., 2022). 

Additionally, biased allosteric ligands provide the opportunity to preferentially 

activate only the clinically desirable subset of effectors and functions from a single 

receptor, negating the physiological pathways that result in off target effects 

(Sengmany et al., 2017; Trinh et al., 2018). Pure allosteric modulators are also 

saturable, meaning that once the allosteric binding pocket is fully occupied, no 

other effects are observed due to the orthosteric and allosteric ligand cooperativity 

reaching a maximal ‘ceiling effect’ (Persechino et al., 2022). This provides the 

potential for fine-tuning physiological responses in a positive or negative direction 

and can safeguard against overdose. Typically, it is challenging to target specific 

receptors belonging to the same family due to a highly conserved orthosteric site; 

allosteric sites are less conserved than orthosteric sites, permitting a higher 

degree of drug selectivity within GPCR families. Development of AMs provide 

alternative option to target proteins poorly druggable by orthosteric ligands, for 

example due to wide and deep orthosteric binding pockets (Wootten et al., 2013).  
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1.3 Glutamate Receptors 
 
 Glutamate receptors are integral components of the central nervous 

system, playing pivotal roles in synaptic transmission, plasticity, and overall brain 

function. They respond to the endogenous agonist glutamate, the most abundant 

excitatory neurotransmitter of the central nervous system. Glutamate was 

described by Krebs in 1935 as a key metabolic regulator in the brain, then later 

shown through electrophysiology studies to have an excitatory effect in neurons as 

a direct effect of membrane depolarisation (Curtis & Watkins, 1960). 

There are two broad classes of glutamate receptors: ionotropic and 

metabotropic. The ionotropic glutamate receptor (iGlu receptor) subfamily consists 

of the kainate, N-methyl-d-aspartate (NMDA), and amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors (Dingledine et al., 1999). Before the 

mid-1980s, it was thought that glutamate acted exclusively on ionotropic receptors, 

however it was later discovered that cell exposure to glutamate increased inositol 

phospholipid hydrolysis, and the metabotropic glutamate (mGlu) receptors were 

discovered (Sugiyama et al., 1987). While iGlu receptors form ligand-gated ion 

channels that mediate rapid synaptic transmission, mGlu receptors are GPCRs 

that modulate neuronal excitability and synaptic plasticity through slower, more 

complex intracellular signalling pathways, leading to modulation of the strength 

and efficacy of glutamatergic synapses (Mao & Wang, 2016). The intricate balance 

and interplay between iGlu receptors and mGlu receptors are crucial for 

maintaining healthy brain physiology.  

 
 

1.3.1 Classification of Metabotropic Glutamate Receptors 

 
The eight metabotropic glutamate receptor subtypes (mGlu1 to mGlu8) are 

categorised into three groups based on sequence homology, pharmacology, and 

G protein coupling (Kolb et al., 2022). The receptors are transcribed from the 

genes GRM1-8. 

Group I mGlu receptors, mGlu1 and mGlu5, primarily couple to Gαq/11 proteins 

to stimulate increases PLC activity. Group I mGlu receptors have also been 

speculated to couple through Gαi/o (Joly et al., 1995; Parmentier et al., 1998) and 

Gαs (Nasrallah et al., 2018), however other groups have failed to replicate these 

speculative couplings (Balázs et al., 1997; McCullock et al., 2023; Minakami et al., 
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1997). Both group II mGlu receptors (mGlu2 and mGlu3), and group III mGlu 

receptors (mGlu4, mGlu6, mGlu7 and mGlu8) predominantly couple to the Gαi/o 

transduction pathway. 

 
 
 

1.3.1.1 Alternative Splicing and Receptor Isoforms 

 
Both members of the group I mGlu receptors have had isoforms identified. 

mGlu1 was the first glutamate receptor to have its isoforms cloned, and it was 

found that the GRM1 gene encodes four main splice variants: mGlu1a, mGlu1b, 

mGlu1c, and mGlu1d. These isoforms differ in their C-termini; the mGlu1a isoform 

has a long C-terminus, involved in synaptic plasticity, whereas the remainder of 

the isoforms have a shorter C-terminus and have differing signalling properties 

(Hermans & Challiss, 2001). In Xenopus oocytes, it was demonstrated that 

compared to the rapid transient calcium responses produced by mGlu1a and 

mGlu1c generates smaller, slower, but long-lasting calcium oscillations (Pin et al., 

1992). Additionally, the mGlu1b receptor internalises from the cell surface following 

agonist stimulation at a faster rate than mGlu1a (Ciruela & McIlhinney, 1997). 

These observed differences in calcium signalling and internalisation are likely to 

be due to the differences in the C-termini of the mGlu1 receptor isoforms. 

The type 5 metabotropic glutamate receptor was first cloned in 1992 and 

was highly homologous to previously cloned mGlu receptors (Abe et al., 1992). 

The mGlu5 receptor has two reported isoforms, determined to arise from 

alternative splicing and not different genes (Minakami et al., 1993). The mGlu5b 

isoform possesses an insertion of 32 amino acids, 50 residues downstream of 

TMD7 at the beginning of the C-terminus. This insert contains two putative 

phosphorylation sites for PKA and PKC (Joly et al., 1995), and is evolutionally 

conserved between human, rat and mouse (Minakami et al., 1995). When 

expressed in mammalian cells, no differences in the pharmacological profiles of 

mGlu5a and mGlu5b were observed (Minakami et al., 1994; Mion et al., 2001), 

however there has been much documentation on the difference in expression of 

the isoforms, notably during development. During rat postnatal development, the 

predominant mGlu5 isoform switches at postnatal weeks 1 and 2 from mGlu5a to 

mGlu5b in the hippocampus and cortex (Minakami et al., 1995). In the adult brain, 

mGlu5b mRNA is expressed at a higher level than mGlu5a and expression of 
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mGlu5b varies in different brain regions: expression is significantly lower in the 

olfactory bulb compared to the hippocampus, striatum, and cerebral cortex (Joly et 

al., 1995; Romano et al., 2002). mGlu5b is also known to regulate the extension of 

neurites to influence maturation of neurons, whilst mGlu5a hinders neurite 

outgrowth (Mion et al., 2001). 

Currently, there are no identified isoforms from mGlu2, whereas mGlu3 

undergoes alternative splicing yielding at least four forms of the receptor. GRM3 

encodes for full length mGlu3, GRM3Δ2 (missing exon 2), GRM3Δ2Δ3 (missing 

exons 2 and 3) and GRM3Δ4 (missing exon 4). The most abundant of said mGlu3 

isoforms is the isoform lacking in exon 4 (GRM3Δ4), expressed in the cerebellum, 

B lymphoblasts, hippocampus and prefrontal cortex. Exon 4 of GRM3 encodes for 

the TMD of the receptor, thus the GRM3Δ4 isoform is a truncated version of the 

receptor, retaining an intact N-terminal region. Despite this truncation, GRM3Δ4 

exists as a 60 kDa protein localised to the cell membrane (Sartorius et al., 2006). 

Within group III mGlu receptors, there is high diversity due to alternative 

splicing, particularly within the C-terminus. Two splice variants of mGlu4 have been 

identified, with mGlu4b differing from mGlu4a by the last 64 amino acids of the C-

terminus being replaced by 135 amino acids (Thomsen et al., 1997). Isoform 

mGlu7b is generated by replacement of the distal 16 amino acid residues of the C-

terminal tail with 23 amino acids compared to mGlu7a (Corti et al., 1998). Three 

further variants were identified a few years later: mGlu7c, mGlu7d and mGlu7e, 

which differ in the C-terminal region by substitution of the distal 16 amino acids 

with 25, 12 and 7 amino acids correspondingly (Schulz et al., 2002). Three 

isoforms of mGlu8 exist (mGlu8a, mGlu8b, mGlu8c), with both mGlu8a and mGlu8b 

showing similar patterns of expression with comparable levels of expression in 

both fetal and adult brains (Malherbe et al., 1999). The isoform mGlu8c has a 74 

base pair out of frame insertion in comparison to mGlu8a, resulting in a 501 amino 

acid long protein terminated before the TMDs. These truncated forms of the 

receptors are proposed to be a secreted form of the receptor and potentially act as 

soluble receptors (Corti et al., 1998; Malherbe et al., 1999). 

The human retina expresses two isoforms of GRM6, both truncated 

receptors of 425 and 405 amino acids in length, comprised of the conserved N-

terminal region but lacking in the TMDs and C-terminus (Valerio et al., 2001).  
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1.3.2 Architecture of Metabotropic Glutamate Receptors 

 

1.3.2.1 N-Terminus and Ligand Binding Domain 

 
When mGlu1a was first cloned in 1991, it was noted that the N-terminal 

region was unusually large for a GPCR, which was later determined to be 

approximately 65 kDa (Houamad et al., 1991; Romano et al., 1996). Whilst the 

ligand binding domain is located within a pocket formed by the seven TMDs for the 

majority of GPCRs, it is not the case for members of the glutamate receptor family. 

The ligand binding domain is located within the N-terminal Venus fly trap (VFT) 

domain (Figure 1.7), 100 Å away from the seven TMD (Nasrallah et al., 2021). In 

all receptors in the glutamate receptor family, with the exception of the GABAB 

receptor, a cysteine rich domain (CRD) connects the VFTs to the TMDs (Lee et 

al., 2015). The CRD contains nine critical cysteine residues, of which eight form 

intra-subunit disulphide bridges.  

The mechanisms by which family C GPCRs communicate their signals 

across the 120 Å distance from the orthosteric binding site on the VFTs to the 

TMD has been of long-standing interest to the GPCR field. The globe-like VFT 

structures were previously thought to have solely three states: open-open 

(inactive) stabilised by antagonist binding, open-closed (active) and closed-closed 

(active) conformations stabilised by agonist binding to one or both of the VFTs. 

The rearrangement of protomers due to the change in activity state results in the 

CRDs propagating conformational changes to the TMDs, bringing the domains into 

closer proximity by a degree of 20 Å (Bessis et al., 2002; Koehl et al., 2019). 

(Figure 1.7). Recent work by Kumar et al. (2023) proposed a sequential activation 

model following cryo-EM work on the mGlu5 receptor, demonstrating a sequence 

of intermediate functional states between the ‘inactive’ and ‘active’ conformations. 

Subsequent to glutamate binding to the VFTs, the dimeric receptor adopts an 

‘Intermediate 1a’ state, in which the VFT lobes are closed but there is a great 

distance between the protomers, mimicking the inactive conformation (Kumar et 

al., 2023). This state is different from previously proposed mGlu receptor states, 

where agonist binds to and activates just one protomer at a time (Liauw et al., 

2021; Seven et al., 2021). The Intermediate 1a conformation transitions to the 

‘Intermediate 2a’ active-like configuration, where the VFTs, CRDs, and TMDs are 

all in close proximity. In the ‘Intermediate 2a’ configuration, there is a large twisting 

of VFTs seen, maintaining the orthosteric binding pocket but initiating 
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rearrangement of the hinge region leading to a reduced distance between the 

CRDs and TMDs, a notable sign of glutamate receptor family activation (Koehl et 

al., 2019; Kumar et al., 2023). The ‘Intermediate 3a’ state resembles that of 

Intermediate 2a, however there is a difference in the conformation of ICL2. 

Furthermore, there is evidence of an ‘Intermediate 3b’ conformation in the 

presence of the orthosteric agonist L-quisqualic acid and PAM-agonist CDPPB; 

this state demonstrates similarities to the Intermediate 3a state, but with further 

reduced inter-protomer distance before the fully active conformation is reached 

(Kumar et al., 2023). This work was recently replicated and corroborated through 

single molecule fluorescent resonance energy transfer (smFRET) studies tagging 

each protomer with FRET donor and acceptor proteins (Latorraca et al., 2024). 

 

 

Figure 1.7: The involvement of the Venus flytrap domains of glutamate receptors in 
agonist activation. The extracellular Venus flytrap domains spontaneously change 
between open and closed in the absence of a ligand. Binding of the endogenous agonist 
glutamate to the N-terminal Venus flytrap domains stabilises the closed conformation. 
 

 
 

1.3.2.2 C-Terminus 

 
 The C-terminal domain of metabotropic glutamate receptors is a vital 

determinant of their functional properties, influencing receptor localisation, protein-

protein interactions, and intracellular signalling pathways. The C-terminal domain 

of mGlu receptors varies significantly in length and composition among the 

different receptor subtypes. The C-terminus of GPCRs is rich in serine, threonine 

and tyrosine residues, all of which are putative targets for protein kinases. This 

sequence is critical for receptor localisation and trafficking, as it contains motifs 

that regulate transport of the receptor. Additionally, the C-terminus facilitates 
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interactions with an array of intracellular proteins such as scaffolding proteins, 

kinases and phosphatases, each influencing downstream signalling.  

 Group I mGlu receptors, notably the splice variants mGlu1a, mGlu5a, and 

mGlu5b, all possess a long C-terminal domain, which interacts with the Ena/VASP 

Homology 1 (EVH) domain of the scaffolding protein Homer through a proline-rich 

Homer motif in the distal C-terminus of the receptor (PPXXFr) (Tu et al., 1998). IP3 

receptors also possess this motif, and it is proposed that this allows Group I mGlu 

receptors and the IP3 receptors to come in close proximity facilitating a link to 

intracellular calcium ion stores (Xiao et al., 2000). This group I mGlu receptor C-

terminal region also contains multiple phosphorylation sites for kinases like PKC 

(Gereau IV & Heinemann, 1998) and calmodulin-dependent kinase (Minakami et 

al., 1997).  

 The C-terminus of group II mGlu receptors plays a role in coupling to the 

Gαi/o proteins and facilitates interaction with other interacting proteins such as 

Na+/H+ exchanger regulatory factors (NHERFs) (Ritter-Makinson et al., 2017). It 

was found that a specific 50 amino acid region of the C-terminus of mGlu3 

interacts with protein phosphatase 2Cα (PP2Cα) and alignment of this sequence 

to mGlu2 revealed that this region is not conserved between the two receptors 

within group II (Flajolet et al., 2003). The binding of PP2Cα is inhibited by 

phosphorylation of Ser845 by protein kinase A (PKA) in the C terminus of mGlu3, 

however PP2Cα is able to dephosphorylate this site (Flajolet et al., 2003). 

 Group III mGlu receptors have varying lengths of C-termini yet are still 

typically shorter than those of group I. Protein interactions with the C-termini of 

group III mGlu receptors are mediated by short linear motifs (Seebahn et al., 

2011). It has been proposed by (Dev et al., 2001) that there exists three distinct 

functionally relevant domains present in the intracellular C-terminus of the mGlu7 

receptor: (1) a proximal intracellular signalling domain that interacts with G protein 

βγ-subunits (Okamoto et al., 1994); (2) a central domain thought to provide a 

signal for axonal targeting, as C-terminal truncation of the receptor was shown to 

exclude the receptor from axons (Stowell & Craig, 1999); and (3) a terminal PDZ-

binding motif that interacts with the protein kinase C interacting protein 1 (PICK1), 

a component of the presynaptic complex involved in mGlu7a aggregation, 

presynaptic localisation, and modulation of glutamate neurotransmission (Boudin 

et al., 2000; El Far et al., 2000). It has been revealed that PKC phosphorylation of 

Ser862 in the mGlu7 C-terminus can inhibit the binding of Gβγ subunits; this 
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incidence may provide a theory by which mGlu7 has low affinity for glutamate and 

is predicted to only be activated during periods of intense synaptic activity 

(Niswender & Conn, 2010). For mGlu8, there have been several protein 

interactions identified, including Ran binding protein in the microtubule-organising 

centre (RanBPM) (Seebahn et al., 2008), a 90 kDa scaffold protein involved in the 

regulation of the immune and the nervous system (Murrin & Talbot, 2007). In 

addition, the band 4.1B protein binds to the C-terminal domains of all splice 

variants of mGlu8, co-localising with and facilitating their cell surface expression 

and modulating mGlu8-mediated reduction of intracellular cAMP concentrations 

(Rose et al., 2008).  

 More generally, the C-termini of mGlu receptors play critical roles in 

synaptic plasticity through interaction with scaffolding proteins and modulation of 

signalling pathways. A study using chimeric mGlu2 and mGlu7 receptors revealed 

that the C-terminus is a key structural determinant of selection of specific signal 

transduction pathways in neurons (Perroy et al., 2001). 

 
 

1.3.2.3 Constitutive Dimerisation of mGlu Receptors 

 
 Constitutive dimerisation refers to the inherent tendency of mGlu receptor 

monomers to form stable dimers without the presence of ligands or other 

extracellular stimuli. It was recognised shortly after their initial cloning that all mGlu 

receptors are capable of forming homodimers, however there is also evidence that 

mGlu receptors form both intra-group (for example mGlu1/5) and inter-group 

(mGlu2/4) heterodimers (Doumazane et al., 2011). Meng et al. (2022) 

demonstrated through the use of nanobody-based biosensors that mGlu4 subunits 

predominantly exist as heterodimers with other mGlu receptors in most brain 

regions outside of the cerebellum (Meng et al., 2022). Additionally, group I 

metabotropic glutamate receptors mGlu1 and mGlu5 form a complex in mouse 

hippocampus and cortex (Pandya et al., 2016). The formation of heterodimers 

produces unique pharmacological parameters, such as altered affinity and efficacy 

compared to their respective homodimers (Habrian et al., 2023); these complex 

behaviours could contribute to the difficulty in selectively targeting individual mGlu 

receptors and the failure of translating mGlu receptor-specific drugs into a clinical 

setting. 
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 Stable, covalent metabotropic glutamate receptor dimerisation was first 

reported for the mGlu5 receptor (Romano et al., 1996) and shortly after, through 

crystallography studies (Kunishima et al., 2000). The dimeric arrangement is 

required for glutamate to activate mGlu receptors (El Moustaine et al., 2012). Each 

mGlu5 protomer possesses a large extracellular domain that mediates dimerisation 

through formation of inter-protomer disulphide bonds at the cysteine rich domain 

(Romano et al., 1996; Tsuji et al., 2000). The ninth residue of the CRD forms an 

inter-subunit disulphide bridge with a cysteine residue located in lobe 2 of the 

VFTs. In addition to the CRD, the seven TMDs and the C-terminus have been 

shown to contribute to the stabilisation and regulation of mGlu receptor 

dimerisation (Chang & Roche, 2017). 

 
 
 

1.3.3 Localisation and Subcellular Expression of mGlu Receptors 

 
 Understanding the precise distribution of mGlu receptors at synapses and 

other subcellular compartments provides insights into their physiological role in 

brain function and their contributions to neurological disorders. Group I mGlu 

receptors are enriched at the post-synapse of excitatory neurons of the 

hippocampus, cortex and striatum (Shigemoto et al., 1993). The type 5 mGlu 

receptor is also known to be endogenously expressed in astrocytes and is 

postulated to play a role in multiple physiological and pathophysiological 

processes (Figure 1.8) (Bradley & Challiss, 2011). 

 Group II metabotropic glutamate receptors are distributed pre-synaptically 

and post-synaptically in various brain regions (Figure 1.8), including the 

hippocampus, cortex, caudate putamen, thalamus, cerebellum, and basal ganglia 

(Makoff et al., 1996). The type 3 mGlu receptor is additionally found on astrocytes, 

alongside mGlu5 (Figure 1.8) (Schools & Kimelberg, 1999). Pre-synaptically 

localised group II mGlu receptors regulate neurotransmitter release by modulating 

voltage-gated calcium channels, neurotransmitter vesicle release machinery, and 

signalling pathways. Group II mGlu receptors have demonstrated neuroprotective 

activity (Kingston et al., 1999). The presence of group II mGlu receptors on both 

pre- and post-synapses indicates that they contribute to the balance of excitatory 

and inhibitory neurotransmission.  
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 Group III mGlu receptors are predominantly localised pre-synaptically in 

various brain regions (Figure 1.8): mGlu4 is expressed predominantly in the 

cerebellum (Flor et al., 1995), mGlu7 in the cortex, hippocampus, thalamus, and 

midbrain (Bradley et al., 1998), and mGlu8 in the cortex, hippocampus, pons, 

medulla oblongata, and midbrain (Shigemoto et al., 1997). In the brain, group III 

receptors play roles in regulating synaptic transmission, synaptic plasticity, and 

neuronal excitability. The exception, mGlu6, is expressed only on the post-synapse 

of ON-bipolar retina cells, where it plays a key role in the detection of light. When 

glutamate is released from photoreceptors in the dark, it binds to mGlu6 on the 

ON-bipolar cells, activating Gαi/o proteins (Nomura et al., 1994).  

 

 

Figure 1.8: The synaptic localisation of metabotropic glutamate receptors. Group I 
mGlu receptors (mGlu1/5) are predominantly expressed on the post-synapse of neurons, 
mGlu2 is expressed pre- and post-synaptically alongside mGlu3, which is additionally 
expressed on astrocytes. The receptors mGlu4/7/8 are predominantly expressed pre-
synaptically.  
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1.3.4 Constitutive Activity of the mGlu5 Receptor 

 
With mGlu receptors, constitutive activity manifests as the spontaneous 

activation of downstream signalling pathways even in the absence of glutamate 

through ligand-independent conformational changes that stabilise active receptor 

states that promote G protein coupling. Constitutive activity may contribute to 

homeostatic regulation of neuronal activity by setting the resting membrane 

potential and influencing the balance between excitatory and inhibitory 

neurotransmission (Turrigiano, 2012). Of all the mGlu receptors, constitutive 

activity has predominantly been reported for the type 5 metabotropic glutamate 

receptor. 

Cells expressing mGlu5a or mGlu5b isoforms were found to have increased 

PLC activity not dependent on glutamate, as the activity was still high when the 

glutamate degrading enzyme Glutamate-pyruvate transaminase (GPT) was 

present, hence this effect was due to high intrinsic activity (Joly et al., 1995). The 

enzyme glutamate-pyruvate transaminase (GPT) is commonly used in assays, 

catalysing a reversible reaction converting the substrates glutamate and pyruvate 

to alanine and α-ketoglutarate (Matthews et al., 2000). Additionally, mGlu5 

internalisation (not mediated by clathrin-coated pits) can occur independently of 

interaction with endogenous agonist, as it was shown that receptors with 

mutations in the orthosteric binding site still internalised, determined to be at a rate 

of 11.7% per minute of the total cell surface receptor pool (Fourgeaud et al., 

2003). Later work confirming this constitutive internalisation found that in HEK293 

cells, mGlu5 undergoes constitutive internalisation where receptors are 

sequestered to the recycling compartment with no lysosomal localisation observed 

and the majority of mGlu5 receptors are recycled back to the cell membrane within 

3.5 hours following internalisation (Trivedi & Bhattacharyya, 2012).  

The Homer family of scaffolding proteins also exert a strong effect on 

regulating the level of constitutive G protein coupling to mGlu5. The receptor 

associating with Homer3 reduces the constitutive activity of mGlu5, whereas 

complexes with Homer1a enhances constitutive activity mGlu5 (Ango et al., 2001), 

likely through disruption of mGlu5 association with Homer3 (Fagni et al., 2003).  

 Constitutive activity of metabotropic glutamate receptors represents an 

intriguing aspect of receptor function with significant implications for synaptic 

physiology and pharmacology. It has been shown that disruption of mGlu5-Homer 
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complexes leads to phenotypes of neuropathology, specifically an inheritable form 

of autism named Fragile X Syndrome, indicating a role for Homer scaffolding and 

regulation of constitutive activity in complex pathologies (Guo et al., 2016). 

Both the constitutive activity of the receptor and the abundance of 

endogenous glutamate in the cells makes this receptor challenging to study in 

vitro. It is difficult to ensure endogenous glutamate is removed from the cells, 

making it complicated to be certain if assays are measuring constitutive signalling 

or agonist-dependent signalling. Commonly, glutamate transporters such as the 

glutamate/aspartate transporter (GLAST) (Desai et al., 1996) (now known as the 

excitatory amino acid transporter 1 (EAAT1)), or the excitatory amino acid 

transporter 2 (EAAT2) are co-expressed with mGlu5 to reduce endogenous 

glutamate within the cell to prevent excitotoxicity or to ensure cellular responses 

within assays are solely from exogenously applied glutamate. Transporters have 

much higher affinities for glutamate than glutamate-degrading enzymes, however 

enzymes have a higher capacity for glutamate elimination (Matthews et al., 2003). 

This outlines the challenges in interpreting the constitutive activity of mGlu 

receptors, as it is typically impossible to remove all endogenous glutamate from 

the cell assay system. 

 
 
 

1.3.5 The Therapeutic Potential of mGlu5 in the Central Nervous 
System 

 
Due to the ubiquitous expression of metabotropic glutamate receptors and 

widespread glutamatergic synapses within the central nervous system, mGlu 

receptors could provide a promising drug target for a multitude of neurological 

pathologies. Targeting metabotropic receptors over ionotropic receptors will 

marginally impact fast synaptic transmission and decrease the likelihood of off-

target cognitive effects and causation of a widespread depression of neuronal 

activity usually associated with ionotropic receptor ligands (Mao & Wang, 2016) 

Within the glutamate family of receptors, the orthosteric binding site in the 

VFT is highly conserved, making targeting of specific mGlu receptors with 

orthosteric ligands and designing selective drugs very challenging. However, the 

allosteric site located within the TMDs is generally less conserved, thus targeting 
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this site permits easier subtype selectivity for drug targets (Wenthur et al., 2014). 

Allosteric ligands may provide the opportunity to preferentially activate only the 

clinically desirable subset of effectors and functions from a single mGlu receptor, 

negating the physiological pathways that result in off target effects (Sengmany et 

al., 2017; Trinh et al., 2018). To understand which transduction pathways should 

be potentiated or downregulated, it is important to understand the physiological 

role of receptor phosphorylation and effects of pharmacological manipulation. 

The mGlu5 receptor is known to play a role in many physiological and 

pathological processes in the brain including Alzheimer’s disease, Fragile X 

syndrome, anxiety and addiction (Su et al., 2021). Previous work has 

demonstrated that genetic deletion of mGlu5 reduced β-amyloid oligomers and 

rescues learning deficits seen in an APPswe/PS1ΔE9 mouse model of Alzheimer’s 

disease (Hamilton et al., 2014) and mGlu5 overactivation contributes to impaired 

clearance of neurotoxic aggregates (Abd-Elrahman et al., 2018). Modulating the 

mGlu5 receptor increases the risk of excitotoxicity; glutamate accumulation in the 

synaptic cleft over physiological limits is toxic to the cells through potentiation of 

the ionic glutamate receptors NMDA and AMPA, leading to entry of excessive 

levels of calcium ions and cell death, a common hallmark of many 

neurodegenerative disorders (Price et al., 2010). Activation of mGlu5 has been 

demonstrated to enhance neuronal toxicity through NMDA-receptor mediated 

mechanisms (Bruno et al., 1995) suggesting the search for selective antagonists 

at the mGlu5 receptor is required. This evidence suggests that mGlu5 is a potential 

target for treatment of neurological disorders. 

 
 

1.3.5.1 Schizophrenia 

 
 Schizophrenia affects approximately 1% of the population and is 

characterised by the following major clinical symptoms: positive symptoms 

(delusions, hallucinations, and abnormal behaviours) or negative symptoms 

(blunting of emotional responses, withdrawal from social engagement) (Coyle, 

2006). Additional symptoms such as defects in cognitive function (memory and 

attention span) have also been noted, alongside co-morbidities with anxiety and 

depression.  

There exists the ‘glutamate theory of schizophrenia’, in which glutamatergic 

signalling is disturbed and leads to the array of symptoms observed in 
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schizophrenia patients (Coyle, 1996). The theory suggests that the role of 

glutamate is predominantly due to hypofunction of NMDA ionotropic glutamate 

receptor signalling. NMDA receptor antagonists (for example ketamine and 

phencyclidine) reduce glutamate concentrations in the brain and produce 

psychotic symptoms (Rang et al., 2007). A common drug-induced mouse model of 

schizophrenia involves administering noncompetitive NMDA receptor antagonists, 

demonstrating symptoms stereotypical of schizophrenia (Winship et al., 2019), 

supporting the glutamate hypothesis of schizophrenia. There is additional 

involvement of metabotropic glutamate receptors, due to their influence on NMDA 

receptor function, particularly in brain regions associated with cognitive function. 

An increase in metabotropic glutamate receptor populations in post-mortem brains 

of schizophrenia patients has been observed (Ohnuma et al., 1998), indicating a 

link between this receptor and schizophrenia. Specifically, mGlu5 receptors can 

modulate the function of dopamine D2 receptors, which are implicated in the 

pathophysiology of schizophrenia and the mechanism of action of antipsychotic 

drugs. Dysregulation of mGlu5 signalling can affect dopamine through synergism 

with adenosine A2A receptor interaction (Ferré et al., 2002) contributing to both the 

positive and negative symptoms of schizophrenia. 

Currently, available treatments ameliorate the positive symptoms of 

schizophrenia, but do not impact the negative or cognitive symptoms. Directly 

targeting the NMDA receptor results in toxicity due to over-activation of the 

receptor and excitotoxicity (Hirose & Chan, 1993), thus targeting the mGlu 

receptors which requires the slower process of G protein-activation in order to 

enhance NMDA receptor activity reduces the risk of over-activation. Due to the 

involvement of mGlu5 and NMDA receptors, positive potentiation of mGlu5 may 

reverse the hypofunction of NMDA receptors (Benquet et al., 2002). Recently, it 

was shown that potentiation of mGlu5 by the PAM CDPPB attenuated elevations in 

extracellular glutamate in the medial prefrontal cortex induced by MK-801, an 

NMDA receptor antagonist (LaCrosse et al., 2024). 

Furthermore, mGlu5 is known to play a role in long-term potentiation (LTP) 

and long-term depression (LTD) in the brain, supporting the theory that positive 

allosteric modulation of mGlu5 may improve the cognitive symptoms seen in 

schizophrenia (Ayala et al., 2009). Despite this, one risk of directly targeting mGlu5 

with allosteric modulators includes excitotoxicity mediated by the enhanced NMDA 

receptor activity; mGlu5 receptor PAMs have previously been shown to induce 
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seizures and neurotoxicity in rodents (Parmentier-Batteur et al., 2012; Rook et al., 

2015). An mGlu5 PAM has been developed by Conde-Ceide et al. (2015) 

(VU0409551) with the aim of treating the cognitive symptoms of schizophrenia. 

This ligand exhibits ‘modulation bias’, selectively potentiating mGlu5 coupling to 

Gαq-mediated signalling but not modulating NMDA receptor currents or NMDA 

receptor-dependent synaptic plasticity. The efficacy of mGlu5 specific positive 

allosteric modulators in animal models of psychosis was previously attributed to 

potentiation of NMDA receptor function (Rook et al., 2015), therefore the 

experimentation with this novel compound provides answers to the mechanisms 

by which mGlu5 plays a role in schizophrenia. VU0409551 produced robust 

antipsychotic-like and cognition-enhancing activity in animal models and 

demonstrated restoration of the balance of excitatory and inhibitory signalling 

which may underlie the mGlu5 PAM-mediated correction of cognitive deficits 

(Brown et al., 2023; Rook et al., 2015). However, recent studies have brought 

about safety concerns with mGlu5 PAMs; whilst the PAMs were initially shown to 

be effective pro-cognitive compounds, studies by Płoska et al. (2024) indicate that 

CDPPB exaggerated the model of psychosis and enhances endothelial nitric oxide 

synthase (eNOS) dimer disruption much above the control level, a substance 

which regulates a variety of biological processes and its dysfunction contributes to 

multiple brain pathologies. The results indicate serious limitations related to the 

use of mGlu5-targeting ligands and indicates that further specificity of ligands is 

required for drug safety. 

 
 

1.3.5.2 Substance Abuse 

 
Metabotropic glutamate receptors, specifically mGlu5, are critically involved 

in synaptic plasticity mechanisms which are essential for learning and memory 

(Hagena & Manahan-Vaughan, 2022). Drugs of abuse can hijack these plasticity 

mechanisms, leading to maladaptive changes in neural circuits that underlie 

addictive behaviours. High expression of mGlu5 receptors is observed in the 

mesolimbic dopamine system, including the nucleus accumbens (NAc) and ventral 

tegmental area (VTA) (Shigemoto et al., 1993), regions critically involved in reward 

processing. Activation of mGlu5 receptors in these regions enhances dopamine 

release, reinforcing the rewarding effects of drugs. During withdrawal, changes in 

mGlu5 receptor function can contribute to negative affective states, such as 
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anxiety and depression, which drive continued drug use to alleviate these 

symptoms. Substance abuse can even effect expression of glutamate receptors: it 

was recently shown by two groups that alcohol-drinking leads to altered 

expression of glutamate receptors in the hippocampus in a sex-dependent manner 

(Fabian et al., 2024; Szumlinski et al., 2023).  

The mGlu5 receptor plays a key role in cue-induced relapse, where 

exposure to drug-related cues triggers craving and drug-seeking behaviour, as 

mGlu5 knockout mice was shown to have significantly reduced operant sensation 

seeking behaviours relative to wildtype mice (Olsen et al., 2010). It was shown that 

mGlu5 knockout mice show a lack of cocaine self-administration and did not show 

hyperlocomotion activity in response to cocaine dosing (Chiamulera et al., 2001), 

suggesting that mGlu5 is involved in the behavioural effects of cocaine addiction, 

however later studies could not replicate these results and found no difference in 

cocaine self-administration between mGlu5 knockout mice and wildtype mice 

(Fowler et al., 2011). It is well established that a decrease in signalling from mGlu5 

via antagonist treatment inhibits cocaine and nicotine seeking behaviours 

(Bäckström & Hyytiä, 2005; Kenny et al., 2005; Palmatier et al., 2007; Tessari et 

al., 2004; Vendruscolo et al., 2024), however whilst this downregulation of group I 

mGlu receptor signalling is shown to reduce drug reward and relapse-related 

behaviours, positive allosteric modulation of mGlu5 may reverse some of the 

cognitive deficits seen following drug abuse (Gass & Olive, 2009).  

There is evidence to suggest a link between glutamate receptor post-

translational modifications, excitatory synaptic plasticity, and drug-seeking 

behaviour (as outlined by Mao et al., (2011)). A study by Park et al. (2013) where 

cocaine was administered to mice demonstrated that this dosing induced both 

Homer1a expression and phosphorylation of Ser1126 of mGlu5 in the striatum. 

The same study also explored the cocaine-stimulated block of D1 dopamine 

receptor dependent LTD, determining it was dependent on Pin1 acting at mGlu5 

thus inhibitors of Pin1 or allosteric modulators of mGlu5 that disrupt this complex 

may be useful in treating drug addiction (Park et al., 2013). Homer2 is 

phosphorylated on Ser117/Ser216 by calcium-calmodulin kinase IIα (CaMKIIα), 

which induces a rapid dissociation of mGlu5-Homer2 scaffolds; this 

phosphorylation was recently shown to gate the regulation of mGlu5 binding 

following high doses of cocaine (Szumlinski, Beltran, et al., 2023). Together, these 
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studies suggest that mGlu5 plays a role in the drug seeking behaviour in addiction 

and regulation of drug consumption, but not the conditioned associations.  

The involvement of mGlu5 in synaptic plasticity, reinforcement, withdrawal, 

and relapse highlights their potential as therapeutic targets. Developing mGlu5-

based treatments offers promising avenues for addressing addiction and 

improving outcomes for individuals struggling with substance abuse disorders, 

however limitations in directly targeting the receptor exist due to the risk of 

excitotoxicity. 

 
 

1.3.5.3 Fragile X Syndrome 

 
Fragile X syndrome (FXS) is the leading genetic cause of autism and is the 

most common form of inherited intellectual disability. This arises from the 

amplification of CGG trinucleotide repeat of fragile X mental retardation 1 gene 

(FMR1), encoding the fragile X mental retardation protein (FMRP); the mutation is 

linked to the methylation of the gene, resulting in silencing of this gene (Pieretti et 

al., 1991). There is a correlation between the severity of the phenotype and the 

magnitude of FMRP deficiency. Symptoms include moderate to severe cognitive 

impairment, susceptibility to seizures, hyperactivity, hypersensitivity to sensory 

stimulation, anxiety and obsessive-compulsive behaviours (The Dutch-Belgian 

Fragile X Consortium et al., 1994). Generation of an FMR1-/- mouse leads to 

symptoms consistent with those seen in humans with FXS (Kazdoba et al., 2014). 

 The metabotropic glutamate receptors have been implicated in FXS: 

activation of Group I mGlu receptors stimulates FMRP-mediated mRNA transport 

and protein synthesis near synapses (Di Marco et al., 2021), leading to the 

functional consequence of long-term depression (LTD) in the hippocampus when 

FMRP is lost (Bear et al., 2004). Typically, FMRP and Group I mGlu receptors 

work in physiological opposition, however when FMRP is absent due to the gene 

silencing, unchecked mGlu receptor-dependent synaptic protein synthesis leads to 

FXS (Dölen et al., 2007). Additionally, the crossbreeding of an FXS mouse model 

with an mGlu5-knockout mouse line results in a phenotype correcting the 

symptoms seen in FXS (Dölen et al., 2007). It was found that mGlu5 expression 

was significantly elevated in cortex of participants with idiopathic autism spectrum 

disorder but reduced in all brain regions of men with FXS (Brašić et al., 2021). This 

same pattern of expression was confirmed using Positron emission tomography 
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(PET) imaging by Mody et al. (2021) and when testing a novel PET tracer for 

mGlu5 expression as a biomarker for FXS, patients with FXS were found to have 

reduced mGlu5 availability. This led to the hypothesis that chronic downregulation 

of Group I mGlu receptors may correct the altered development in FXS. A 

multitude of mGlu5 antagonists and NAMs have been tested in the clinic (Berry-

Kravis et al., 2009; Michalon et al., 2012; Yan et al., 2005). However, these drugs 

targeting mGlu5 for FXS have so far been unsuccessful in clinical trials, thus there 

is a requirement for better understanding of the role of mGlu receptors in FXS to 

develop treatments. 

 

1.3.5.4 Alzheimer’s Disease 

 
 Alzheimer's disease (AD) is a progressive neurodegenerative disorder 

characterized by cognitive decline, memory loss, and changes in behaviour. 

Pathologically, AD is marked by the accumulation of amyloid-beta (Aβ) plaques, 

neurofibrillary tangles, and synaptic dysfunction (Reviewed in (Rajmohan & 

Reddy, 2017)).  

 Metabotropic glutamate receptors are expressed throughout the brain in 

both neurons and microglia, for modulation of excitatory glutamatergic signalling. 

The expression of mGlu5 on astrocytes may modulate the release of factors able 

to influence cell death (Spampinato, et al., 2018), for example through 

excitotoxicity mediated mechanisms via excessive calcium ion release. An 

elevation of glutamatergic signalling and excitotoxicity was recently found to be the 

main common feature of pathogenesis in the 5xFAD amyloidogenic mouse model 

and in AD patients (Bartas et al., 2024). The mGlu5 availability correlates with 

neuropathological biomarkers of AD such as amyloid deposition, confirmed by a 

recent PET/MRI study (Wang et al., 2024). 

 A notable hallmark of Alzheimer’s disease is synaptic loss and weakening, 

with Aβ oligomers which form plaques in the brain being a synaptotoxic trigger 

(Zhang et al., 2022). Studies have revealed that mGlu5 acts as a co-receptor for 

Aβ oligomers and cellular prion protein, causing activation of the receptor and 

inducing pathophysiological signalling through release of calcium ions (Abd-

Elrahman et al., 2020; Haas et al., 2017; Um et al., 2013). To confirm this, studies 

on acute Aβ oligomer treatment to hippocampal slices demonstrated enhancement 

of mGlu5-dependent long-term depression and glutamatergic synapse dysfunction 
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through NMDA receptor dysfunction (Ng et al., 2023). The signalling of mGlu5 has 

been shown to be altered in multiple rodent models of AD and it was also found 

that group I mGlu receptor-mediated calcium ion dyshomeostasis is a potentially 

pathogenic event in AD (Kaar et al., 2024).  

 Confusingly, group I mGlu receptor agonists have demonstrated both 

neuroprotection and neurotoxicity in in vitro and in vivo models of 

neurodegeneration (Nicoletti et al., 1999). Recently, mGlu5 NAMs have been 

predominant in AD research, based on the principle that the genetic deletion of 

mGlu5 reverses learning and memory deficits and reduces Aβ plaques in a mouse 

model of neurodegeneration (Hamilton et al., 2014). An mGlu5 NAM tested in an 

APPswe/PS1ΔE9 mouse model reversed cognitive deficits after 24 weeks of 

treatment, however at 36 weeks of treatment the NAM had no impact on disease 

pathology (Abd-Elrahman et al., 2023), suggesting mGlu5 does not drive the late-

stage pathogenesis in this model. Despite this, support for mGlu5 antagonism as 

therapeutic strategy comes from the observation that mGlu5 is upregulated in AD 

patients (Renner et al., 2010). This upregulation in mGlu5 expression is reduced in 

both APPswe/PS1ΔE9 and 3xTg-AD mouse models of AD following chronic 

inhibition of mGlu5 using the NAM 2-chloro-4-((2,5-dimethyl-1-(4-

(trifluoromethoxy)phenyl)-1H-imidazol-4-yl)ethynyl)pyridine (CTEP) (Abd-Elrahman 

et al., 2018). 

 Conversely, there is also evidence to indicate that potentiation of the mGlu5 

receptor is neuroprotective. Recently, Aβ induced cell death in primary cultures of 

hippocampal neurons was shown to be prevented by administration of the mGlu5 

PAM CDPPB (Bellozi et al., 2019). However, the same study revealed that the 

compound did not prevent memory loss in aged transgenic mice. 
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1.4 Phosphorylation 
 

1.4.1 The Role of Direct GPCR Phosphorylation 

 
Phosphorylation is a prevalent post translational protein modification, 

involving the transfer of a phosphate group of adenosine 5′-triphosphate (ATP) 

onto hydroxyl groups of amino acids, catalysed by a family of enzymes called 

kinases (Burnett & Kennedy, 1954). Upon agonist binding to the orthosteric site of 

a receptor, intracellular kinases such as G protein-coupled receptor kinases 

(GRKs) and calmodulin-dependent protein kinase II (CaMKII) phosphorylate the C-

terminus (Fagni et al., 2004; L. M. Mao et al., 2008). Phosphorylation is a 

reversible process; dephosphorylation of proteins is catalysed by another family of 

enzymes called phosphatases. Approximately 2% of the human genome codes for 

kinases and phosphatases; there are ~500 kinases and ~100 phosphatases in the 

human genome (Craig Venter et al., 2001). Phosphorylation occurs on the side 

chains of predominantly serine, threonine, and tyrosine residues, with the overall 

percentage of phosphorylation sites distributed as 1.8% tyrosine, 11.8% threonine, 

and 86.4% serine (Olsen et al., 2006).  

Phosphorylation of GPCRs was canonically thought to only lead to arrestin 

recruitment and receptor internalisation, but it is now understood that receptor 

phosphorylation plays a much more dynamic role in cell signalling, offering a 

mechanism to regulate the signalling outcome of a receptor (Chul et al., 2008; 

Tobin, 2008). Homologous phosphorylation entails phosphorylation of the receptor 

by a kinase following activation by agonist binding. On the contrary, heterologous 

receptor phosphorylation involves signalling from one receptor leading to 

phosphorylation of a different receptor. Homologous phosphorylation requires the 

receptor to be in the active conformation, however heterologous phosphorylation 

occurs irrespective of the active state of the receptor (Rang et al., 2007). In the 

case of GPCRs the main change caused by phosphorylation is the addition of 

negative charges; these are then recognised by the positively charged residues in 

the phospho-sensor region in arrestins.  

 Whilst phosphorylation of GPCRs is most commonly associated with the 

process of desensitisation, this process can yield a variety of functions. Beyond 

facilitating downregulation, phosphorylation may also play a crucial role in 

determining the specificity of signal transduction pathways downstream of the 
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receptor. Recently, a phosphorylation motif in GPCRs was identified (P-X-P-P), 

required for β-arrestin interaction to the Lys-Lys-Arg-Arg-Lys-Lys motif in the N-

domain of β-arrestins (Maharana et al., 2023). The phosphorylation barcode is a 

concept in GPCR signalling that refers to the specific pattern or combination of 

phosphorylation events on the receptor’s intracellular domains, especially the C-

terminal tail and intracellular loops. This pattern acts like a "barcode," encoding 

different signalling outcomes by selectively recruiting distinct regulatory proteins. It 

allows GPCRs to respond to a wide range of extracellular signals through coupling 

to different intracellular partners based on the cellular context, such as ligand 

binding and cellular environment. This has been recently begun to be established 

for the free fatty acid receptor 2 (FFA2); utilising phosphorylation site-specific 

antisera as biomarkers for constitutive and agonist-regulated phosphorylation 

revealed differing patterns of phosphorylation in different pathophysiologically 

relevant tissues (Barki et al., 2023). 

 Aberrant GPCR phosphorylation has been linked to various diseases, 

including cancer (Xu et al., 2002), cardiovascular disorders (Rohrer et al., 1996), 

and neurodegenerative diseases (Janíčková et al., 2013). For example, 

dysregulation of GPCR phosphorylation by β-arrestins 1 and 2 at the β2-

adrenoceptor has been implicated in heart failure, where it contributes to disease 

progression through enhancement of PKA signalling of the receptor (Daaka et al., 

1997). Similarly, altered phosphorylation of the dopamine D2 receptor has been 

associated with schizophrenia (Seeman, 2013) and other psychiatric disorders 

(Mao & Wang, 2016), pointing to the broader significance of GPCR 

phosphorylation in disease pathology. 

 

1.4.2 Phosphorylation of mGlu5 

 
Like other GPCRs, mGlu receptors are subject to phosphorylation on their 

intracellular surfaces. Phosphorylation plays a key role in desensitisation of 

GPCRs, and this is no exception for mGlu receptors. For instance, 

phosphorylation of mGlu1 by PKC has been shown to recruit arrestins and 

facilitate its arrestin- and clathrin-dependent internalisation, thereby attenuating 

receptor signalling (Pula et al., 2004). The internalised receptors can be either 

recycled back to the plasma membrane or targeted for degradation, depending on 
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the phosphorylation state and interacting proteins. The majority of mGlu5 receptors 

recycle to the membrane rather than become degraded, as shown by Mahato et 

al. (2015) where most of the agonist-induced internalised mGlu5 colocalised with 

the recycling endosome marker Rab11 over the lysosomal marker LAMP1. This 

receptor recycling process was shown to be completely dependent on protein 

phosphatase 2A, and the receptors recycle to the membrane within 2.5 hours in 

HEK293 cells and 3 hours in differentiated N2A cells, a model of neuronal cells 

(Mahato et al., 2015). This trafficking of mGlu5 has also been shown to be 

dependent on PKC (Ko et al., 2012).  

 A number of serine and threonine residues conserved between group I 

mGlu receptors that are known to be phosphorylated by PKC have been identified, 

mediating rapid receptor desensitisation: Thr606, Ser613, Thr665, Thr681, 

Ser881, Ser890 on mGlu5a (Gereau IV and Heinemann, 1998). It can be inferred 

that mGlu5 is regulated by a serine/threonine PKC phosphorylation feedback loop; 

receptor stimulation leads to PKC activation, and the receptor sequence contains 

conserved PKC phosphorylation sites mediating desensitisation (Mao & Wang, 

2016). Ser870 on mGlu5 is a direct substrate for PKA phosphorylation; Uematsu et 

al., demonstrated that phosphorylation of this residue affects the ability of mGlu5 to 

induce extracellular signal-regulated kinase (ERK) activation and calcium ion 

oscillations (Uematsu et al., 2015). Phosphorylation of mGlu5 at Ser839 by PKC 

causes decoupling from associated G proteins and dephosphorylation causes 

reassociation, the balance of phosphorylation and dephosphorylation triggering 

calcium oscillations (Kim et al., 2005; Bradley and Challiss, 2012). In addition, the 

regulator of G protein signalling (RGS) homology (RH) domain of GRK2 binds to 

the second intracellular loop of mGlu5 at Lys677/Lys678 (Mao et al., 2008). 

Furthermore, point mutations of mGlu5 that eliminate phosphorylation at 

Thr1123/Ser1126 led to excessive alcohol drinking (Campbell et al., 2019), 

indicating a vital role of C-terminal mGlu5 phosphorylation. 
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1.4.3 Methods to Study Phosphorylation 

 
There is an emphasis on understanding the physiological role of protein 

phosphorylation, as phosphorylation is a post translational modification with a 

large influence on protein activity. Analysis of phosphorylated proteins is difficult 

for 5 main reasons according to Mann et al. (2002): 

 

1. Phosphorylation sites on a protein vary. Phosphorylation is very diverse, 

and proteins can be phosphorylated on more than one site within the 

protein. 

2. Enrichment of the phosphorylated protein is often required before analysis 

to permit detection, complicating the methodology.  

3. Most methods used to detect phosphorylation have limited dynamic 

range; the techniques are able to identify major sites but sometimes not 

the minor phosphorylation events. 

4. Phosphatases may dephosphorylate proteins in the detection process, so 

care must be taken to avoid this occurrence. 

5. Protein phosphorylation has a low stoichiometry; only a small fraction of 

the available protein can be phosphorylated at any one moment. 

 
 

1.4.3.1 Phosphoproteomics 

 
Phosphoproteomics, a mass spectrometry-based technique, is a method 

used to analyse and quantify the global dynamics of protein phosphorylation. Mass 

spectrometry is a quantitative method with excellent resolution and sensitivity for 

proteins; phosphoproteomics can identify a comprehensive profile of 

phosphorylated proteins in vivo and in vitro in a single analysis, permitting dual 

detection of total- and phospho-proteins (Zhang et al., 2022). 

One advantage of this methodology is that it provides a wide-ranging global 

analysis: phosphoproteomics allows for the simultaneous analysis of thousands of 

phosphorylation sites across the proteome, providing a comprehensive view of the 

phosphorylation landscape. In 2020, Ochoa et al. generated the largest human 

phosphoproteome dataset to date, identifying 119,809 human phosphosites. 

Despite identifying a great number of phosphosites, there still exists a bottleneck 

in the research: identifying which of said phosphosites are functionally relevant. 
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Given that phosphorylation can be poorly conserved, it has been suggested that 

not all phosphorylation is biologically relevant, therefore prioritisation strategies are 

key to facilitate the discovery of highly relevant sites of phosphorylation (Landry et 

al., 2009). 

Another advantage of employing phosphoproteomics is the high sensitivity 

and specificity, permitting detection of low abundance phosphoproteins. This was 

highlighted in a recent study aiming to identify key regulatory phosphorylation sites 

on low-abundance proteins to delineate the adipocyte signal transduction pathway 

in insulin signalling. Protein phosphorylation is central to the adipocyte insulin 

response, but the precise mechanisms by which the adipocyte signalling systems 

are dysregulated upon insulin resistance is unclear, but the phosphoproteomic 

study revealed widespread dysregulation of glycogen synthase kinase 3 (GSK3) 

signalling (Fazakerley et al., 2023). 

However, some difficulties arise when analysing phosphopeptides by mass 

spectrometry. If the peptide fragments are too small, they may not be observed at 

all. Phosphorylated proteins have a weak signal and are of lower abundance, 

making it challenging to detect against the high background of non-phosphorylated 

proteins. Complex sample preparation is required due to the need for protein 

enrichment to detect these small fragments. This process is expensive, limiting the 

accessibility of this technique to some laboratories. Additionally, phosphopeptides 

are hydrophilic and possess a negative charge, meaning they do not bind to 

columns used for protein purification (Mann et al., 2002), further producing 

obstacles in the sample preparation process. Other limitations in the 

phosphoproteome analysis include the temporal resolution; phosphorylation is a 

highly dynamic process, and capturing rapid changes in phosphorylation status 

can be difficult with current phosphoproteomics workflows. 

Despite the limitations, this strategy has been employed by Nobles et al. 

(2011) to study the β2-adrenoceptor in HEK293 cells, reporting phosphorylation at 

13 sites located at ICL3 or the C-terminus following agonist stimulation. 

Phosphorylation was found to only occur at Ser355 and Ser356 in response to the 

stimulation with a β-arrestin-biased agonist carvedilol (Nobles et al., 2011). 

Another study by Butcher et al. (2016) elucidated 14 phosphorylation sites on the 

M1 muscarinic acetylcholine receptor. Phospho-sites with a low level of basal 

phosphorylation were significantly upregulated following stimulation with 

acetylcholine, particularly at the residue Ser228 (Butcher et al., 2016). This 
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methodology was also previously applied to study putative phosphorylation sites of 

the free fatty acid receptor 4 (Butcher et al., 2014). Similarly, Ives et al. (2022) 

utilised middle-down mass spectrometry to quantify states of phosphorylation of 

the C-terminus of the mGlu2 receptor and determined that the receptor is 

subjected to both agonist-induced and basal phosphorylation at up to four sites.  

 Phosphoproteomics offers significant advantages for studying protein 

phosphorylation including comprehensive analysis, quantitative information, and 

high sensitivity. Conversely, it also has disadvantages such as complex sample 

preparation, high costs, and data complexity. Additionally, limitations in temporal 

resolution and biological context need to be considered. Despite these challenges, 

phosphoproteomics remains the best, unbiased approach for advancing our 

understanding of phosphorylation and its role in cellular regulation, provided that 

its limitations are acknowledged and addressed in experimental design and data 

interpretation. 

 
 

1.4.3.2 Mutagenesis 

 
Site-directed mutagenesis is a technique used to study protein 

phosphorylation by creating mutations at targeted sites. This approach allows 

researchers to investigate the functional roles of phosphorylation at individual 

amino acids within a protein. Mutagenesis studies can be applied to study 

phosphorylated proteins in vitro or in vivo through knock-in studies and may target 

individual or multiple phospho-sites throughout a protein. The paradigm involves 

the substitution of phosphorylated serine, threonine and tyrosine residues, 

frequently subsequent to identification by mass spectrometry, to alanine, an amino 

acid that cannot be phosphorylated.  

The advantage of this technique is the specificity of the targeted mutation. 

The site-directed mutagenesis allows precise modification of individual amino 

acids, enabling detailed studies of individual phosphorylation sites. This can 

subsequently be followed by functional studies, investigating the biological 

consequences of phosphorylation of specific residues on protein stability, activity, 

cellular localisation and protein-protein interactions. This has been employed to 

map the signalling pathways of many proteins in a variety of fields, including the 

insulin receptor substrate-1 to map the insulin signalling pathway (Delahaye et al., 

1998), phytochrome A function in plants to identify changes in biological activity 
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(Stockhaus et al., 1992), and the role of Brca1 phosphorylation in cancer survival 

(Xu et al., 2002). 

However, this amino acid replacement comes with limitations: serine 

residues are subject to other post-translational modifications (such as N-acetyl-

glucosamine modification), thus mutation of serine to alanine may impact the 

biochemical phenotype (Chen & Cole, 2015). Site-specific mutations are limited in 

their dynamic information, the dynamic nature of phosphorylation and 

dephosphorylation cycles is not captured meaning the temporal dynamics of 

phosphorylation is not revealed. Additionally, mutation of amino acids comes with 

the risk of impacting protein folding and stability, for example mutations in the heat 

shock protein Hsp90 intended to study phosphorylation can inadvertently affect the 

protein's chaperone activity due to structural perturbations (Mollapour et al., 2011). 

 Ives et al. (2022) used mutagenesis to explore the impact of the 

phosphorylation sites found in the mGlu2 C-terminus using mass spectrometry. 

This determined that newly identified glutamate-sensitive phosphorylation sites in 

the C terminus, proximal to the seventh transmembrane domain, affect receptor 

signalling in a region-specific manner (Ives et al., 2022), supporting the GPCR 

phosphorylation barcode hypothesis. Site-directed mutagenesis was also 

employed by Butcher et al. (2014) to investigate the physiological impact of 

phosphorylation of the free fatty acid receptor 4 (FFA4). Five residues in the C 

terminal tail were identified through mass spectrometry, then mutagenesis was 

utilised to observe the phenotype of these residues following pharmacological 

assays. Single point-mutations of these residues, while not impacting activation of 

heterotrimeric G proteins, reduced efficacy of agonist-mediated β-arrestin-2 

recruitment in addition to impacting the kinetics of this recruitment. Similarly, 

Bradley et al. (2020) used mutagenesis to create a G protein-biased mutant M1 

muscarinic acetylcholine receptor through mutation of 20 serine residues mutated 

to alanine located in the third intracellular loop and C terminal tail, identified by 

previous mass spectrometry (Butcher et al., 2016). The phosphorylation-deficient 

receptor shows robust coupling to Gαq/11 signalling but reduced β-arrestin-2 

recruitment and internalisation (Bradley et al., 2020). This G protein-biased 

receptor was made into a knock-in mouse model to determine the importance of 

pharmacologically targetable phosphorylation dependent signalling driving 

clinically relevant outcomes, finding that M1 ligands promoting phosphorylation 
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dependent signalling could be neuroprotective against adverse cholinergic effects 

in the treatment of Alzheimer’s disease (Bradley et al., 2020). This same 

phosphodeficient mutant receptor was also shown to accelerate progression of 

prion neurodegenerative disease compared to wildtype littermates (Scarpa et al., 

2021), thus it can be inferred that M1 phosphorylation and β-arrestin-2 recruitment 

have neuroprotective effects. 

Additional mutation-related paradigms to study phosphorylation include 

generation of phosphomimetic constructs, whereby amino acid substitution, 

commonly to aspartate or glutamate, mimic a phosphorylated protein. These 

negatively charged residues mimic the structure and charge of a phosphate group 

(Correddu et al., 2020), allowing the study of the functional consequences of 

phosphorylation without relying on actual phosphorylation events. However, whilst 

aspartate or glutamate can mimic the negative charge of a phosphate group, they 

do not exactly replicate the structural or steric effects of phosphorylation therefore 

phosphomimetic mutants might not fully represent the true functional 

consequences of phosphorylation (Paleologou et al., 2008). Additionally, 

phosphorylation is a dynamic and reversible process, and phosphomimetic 

mutants cannot model this; they represent a static state, which might not fully 

capture the natural regulation of the protein. 

 Site-directed mutagenesis offers significant advantages for studying protein 

phosphorylation, including specificity, functional analysis, and insights into 

structure-function relationships. However, limitations such as incomplete functional 

mimicry, context-dependent effects, and off-target consequences need to be 

considered. Despite these challenges, mutagenesis remains a valuable tool for 

investigating the roles of phosphorylation in protein function and cellular signalling. 

 
 

1.4.3.3 Phospho-site Specific Antibodies 

 
Phosphorylation site-specific antibodies can be raised against 

phosphorylation motifs on target proteins and employed as a tool to study protein 

phosphorylation using western blotting, immunoprecipitation, 

immunocytochemistry, or other antibody-based techniques. The use of phospho-

site specific antibodies is considered to be the ‘gold standard’ for the recognition of 

phospho-proteins due to its wide accessibility. 
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 The first phospho-site specific antibody was described in 1981 by Ross et 

al. Produced in rabbits following immunisation with benzonyl phosphonate 

conjugated to keyhole limpet hemocyanin, the antibody broadly recognised 

phospho-tyrosine independent of the target protein sequence. Ten years later, the 

work on phospho-site specific antibodies developed into immunising rabbits with 

synthetic phosphopeptides, based on the sequence flanking a phosphosite of 

interest (Czernik et al., 1991). 

 Phospho-site specific antibodies permit the experimental measurement of 

receptor phosphorylation in situ and may be used in overexpressing cell lines or 

where receptor is expressed at relatively low levels, for example in native tissues 

(Tobin, Butcher and Kong, 2008). The experimental setup can be used to semi-

quantitively measure both total protein and phospho-protein. Phospho-site specific 

antibodies demonstrate high specificity and site-specific recognition, distinguishing 

between the phosphorylated and non-phosphorylated forms of a protein, providing 

precise information about phosphorylation status. Phospho-site specific antibodies 

can be employed in studies of the temporal dynamics of phosphorylation, for 

instance using phospho-Akt antibodies to measure Akt phosphorylation kinetics in 

response to insulin stimulation (Jin & Ragolia, 2006). The impact of 

phosphorylation on cellular localisation can also be studied, demonstrated through 

studies on the agonist-stimulated free fatty acid receptor 2 in Peyer’s patches 

(Barki et al., 2023). 

 However, detection of the phospho-protein of interest is dependent on 

affinity and specificity of the antibody; an antibody may cross-react with non-target 

proteins or fail to detect low levels of phosphorylation, causing misleading results. 

Antibodies are also costly, marking a significant drawback for large-scale studies. 

In addition, antibodies also depend on the availability of the epitope: if the epitope 

is masked through, for instance, protein conformation or other post translational 

modifications, the recognition of the site is hindered. In a similar scope, the 

antibody’s ability to recognise its target may depend on cellular context and 

experimental conditions. This may mean that an antibody may produce excellent 

and clear results in an in vitro cell model while conversely showing limited or 

potentially opposing results in vivo due to variations in protein expression and 

phosphorylation levels. Hence, there is the requirement for extensive validation; 

each phospho-specific antibody must be extensively validated for specificity and 

sensitivity under the experimental conditions used. Finally, phospho-site specific 
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antibodies are limited in their scope by targeting single/dual/triple sites, which may 

not provide a complete picture of the phosphorylation status of a protein. Phospho-

site specific antibodies are limited in their ability to cross cell membranes, so 

cannot be employed as biosensors to measure function in living cells or to look at 

kinetics (Hudson, 2016). 

This antibody approach has previously been employed to study 

phosphorylation of the M1 receptor: Butcher et al. (2016) detected phosphorylation 

of the M1 receptor in the hippocampus of mice following fear conditioning tests 

and created an antibody to phospho-Ser228 to act as a biosensor specific to 

receptor phosphorylation. Furthermore, phospho-tau antibodies are commonly 

used in neuroscience research, with multiple phospho-tau targeting antibodies 

being commercially available. These can be employed to investigate the role of tau 

protein phosphorylation in neurodegenerative diseases like Alzheimer's disease, 

identifying sites such as Ser208 and their role in promoting aggregation and 

tauopathies in neurodegenerative diseases (Xia et al., 2020). In a similar vein, 

phospho-site specific antibodies have been used to detect phosphorylated insulin 

receptor substrate-1 (IRS1) at Ser307, providing insights into insulin resistance 

mechanisms (Aguirre et al., 2002). 

 Phospho-site specific antibodies offer significant advantages for studying 

protein phosphorylation, including high specificity, the ability to conduct dynamic 

and quantitative analyses, and the capability to visualise subcellular localisation. 

However, they also have disadvantages such as variable antibody quality, high 

cost, and potential epitope masking. Additionally, their limitations include a 

context-dependent binding and the need for extensive validation. Despite these 

challenges, phospho-site specific antibodies remain invaluable tools for 

investigating phosphorylation and its role in various cellular processes and 

diseases. 
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1.5 Thesis Aims 
 
 GPCRs provide an excellent therapeutic target in the clinical setting. Due to 

the role of phosphorylation in signalling pathways, and the broad involvement of 

the mGlu5 receptor in pathophysiology, the broad aims of this thesis was to 

examine the role of direct mGlu5 phosphorylation on its signal transduction 

pathways. 

 Preliminary data from our laboratory determined through an unbiased 

phosphoproteomic analysis of the hippocampus of wildtype mice showed that 

global mGlu5 phosphorylation increases following a fear conditioning learning and 

memory test, but the specific phospho-sites in the protein sequence were not 

identified. This would be of value to study, as a link between memory and mGlu5 

phosphorylation has been demonstrated but not investigated. The precise role of 

phosphorylation in mGlu5 signal transduction must be examined. A phospho-

deficient form of the mGlu5 receptor (mGlu5-PD), in which all putative serine 

phosphorylation sites are mutated to alanine, was generated. In addition, a second 

construct was generated with all serine and threonine sites mutated to alanine 

(mGlu5-TPD). My aim was to use these constructs to establish the roles of serine 

and threonine phosphorylation sites in in vitro pharmacological assays and 

through comparison to the wildtype receptor determine the functional impact of 

direct mGlu5 C-terminal serine and threonine phosphorylation. 

 

To deliver on this aim, I utilised the phosphodeficient mutant mGlu5 receptors to 

conduct the following:  

 

1. Examine the role of direct mGlu5 receptor phosphorylation on β-arrestin 2 

recruitment and receptor internalisation (Chapter 3). 

 

2. Examine the role of direct mGlu5 receptor phosphorylation on the G protein-

dependent signal transduction pathway (Chapter 4). 

 
3. Generate and optimise a biosensor that could be used as a tool to measure 

how phosphorylation impacts endogenously expressed mGlu5 mediated G 

protein signalling (Chapter 5). 
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2 Materials and Methods 
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2.1 Materials 
 

2.1.1 Pharmacological Compounds 

 

The group I mGlu receptor agonist DHPG ((S)-3,5-dihydroxyphenylglycine) 

was purchased from Torcris (0342). Glutamate (L-Glutamic Acid) was purchased 

from Sigma (G1251). The FFA4 agonist TUG-891 (Hudson et al., 2013) was 

purchased from Torcris (Cat. No. 4601). The muscarinic receptor agonist 

acetylcholine was purchased from Sigma (A6625). The FFA1 agonist T-3601386 

(Ueno et al., 2019) was kindly provided by Associate Professor Elisabeth Rexen 

Ulven from the University of Copenhagen. 

 

 

 

2.1.2 Primers 

 

Table 2.1: List of primers used for sequencing plasmids. 
 
Primer Name Sequence 

CMV Forward CGCAAATGGGCGGTAGGCGTG 

BGH Reverse TAGAAGGCACAGTCGAGG 
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Table 2.2: PCR primers for the generation of Lyn11-SpNG-GRK2 and Lyn11-iSpNG-
GRK2 biosensors. 
 

Plasmid Component Method Forward Primer Reverse Primer 

Lyn11-
SpNG-
GRK2 

GRK2  
AQUA 

Cloning 

TCCGGACTCTAGCGT
TTAAACTTAAGCTT 

GGGCCCTCTAGA
TGCATGCT 

Lyn11-
iSpNG-
GRK2 

Plasmid (including 
and GRK2) 

AQUA 
Cloning 

CAGCGGAGGAAGTGG
CGGATCTGGCTCTTC
TCGAGAGAAGTACCT
GGAGGAC 

CGCGCTGTCTTT
CCCTTTTG  

Nanoluciferase 
AAAATCAAAAGGGAA
AGACAGCGCGGGCA
GCGGCGGCTCT 

CCCACTCCCCCC
ACTACCA 

ER/K 

TTCTGGTGGTAGTGG
GGGGAGTGGGGAGG
AAGAGGAAAAGAAGA
AGCAGCA 

TCCGCTTCCGCC
TGATCC 

mNeonGreen 

CTCTGGGGGATCAGG
CGGAAGCGGAGTGAG
CAAGGGCGAGGAGG
ATAA 

GCCAGATCCGCC
ACTTCC 
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2.1.3 Plasmid Constructs 

Table 2.3: List of plasmid constructs used. 
 

 
Plasmid 

Construct 
Insert Vector 

Cloning 

Method 
Source 

V
e
c
to

rs
 pcDNA3 - - - ThermoFisher 

pcDNA5/FRT/TO - - - ThermoFisher 

R
e
c
e
p

to
rs

 

mGlu5-WT 

Mouse mGlu5 

receptor with a 

C-terminal HA 

tag 

pcDNA5/FRT/TO 
Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 

mGlu5-PD 

Mouse mGlu5 

receptor with all 

C-terminal serine 

residues mutated 

to alanine, with a 

C-terminal HA 

tag 

pcDNA5/FRT/TO 
Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 

mGlu5-TPD 

Mouse mGlu5 

receptor with all 

C-terminal serine 

and threonine 

residues mutated 

to alanine, with a 

C-terminal HA 

tag 

pcDNA5/FRT/TO 
Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 

M1-WT 

Mouse M1 

receptor with a 

C-terminal HA 

tag 

pcDNA3 
Restriction 

Cloning 

(Scarpa et 

al., 2021) 

M1-PD 

Mouse M1 

receptor with all 

C-terminal serine 

residues mutated 

to alanine, with a 

C-terminal HA 

tag 

pcDNA3 
Restriction 

Cloning 

(Scarpa et 

al., 2021) 

FFA1 
Human FLAG-

FFA1 receptor 
pcDNA3 

Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 
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FFA4 

Human FLAG-

FFA4 with 

nanoluciferase 

tagged to the C-

terminus 

pcDNA5/FRT/TO 
Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 
B

io
s
e
n

s
o

rs
 

Nluc-β-Arr2 

Human β-arrestin 

2 with 

nanoluciferase 

tagged to the N-

terminus 

pcDNA3 
Restriction 

Cloning 

(Scarpa et 

al., 2021) 

CAAX-

mNeonGreen 

mNeonGreen 

with the CAAX 

motif tagged to 

the N-terminus 

pcDNA3 Hygro 
Restriction 

Cloning 

(Scarpa et 

al., 2021) 

Lyn11-LgBiT 

LargeBiT with an 

N-terminal Lyn11 

anchor 

pcDNA5/FRT/TO 
AQUA 

Cloning 

Unpublished; 

Made in our 

Laboratory 

SmBiT-β-Arr2 

Bovine β-Arrestin 

2 tagged at the 

N-terminus with 

SmallBiT 

pcDNA3 
Restriction 

Cloning 

Unpublished; 

Made in our 

Laboratory 

Gαq NEWPATH 

The Gαq protein 

is tagged with 

nanoluciferase, 

with Gγ9 tagged 

with 

mNeonGreen 

fluorescent 

protein, and the 
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2.1.4 Antibodies 

 

Table 2.4: List of primary antibodies used for western blots (WB), 
immunocytochemistry (ICC), or on-cell westerns (OCW). 
 

Antigen Species Working Dilution Source 

Hemagglutinin  Rat 1:1,000 (WB); 1:500 (ICC) Roche 

mGlu5 (C-terminus) Rabbit 1:1,000 (WB) (OCW) 
MilliPore, 

#AB5675 

mGlu5 (N-terminus) Rabbit  1:1,000 (WB) (OCW) 
Alomone Labs, 

#AGC-007 

Nanoluciferase Mouse 1:1,000 (WB) (OCW) R&D Systems 

pS1018/pS1020 Rabbit 1:1,000 (WB) 7TM Antibodies 

pS1041/pS1044 Rabbit 1:1,000 (WB) 7TM Antibodies 

pS871/pS872/pT875 Rabbit 1:1,000 (WB) 7TM Antibodies 

Sodium-Potassium ATPase Rabbit 1:1,000 (WB) 
abcam, 

#ab76020 

 
 

Table 2.5: List of secondary antibodies used for western blots (WB), 
immunocytochemistry (ICC), or on-cell westerns (OCW). 
 

Antigen Working Dilution Source 

IRDye® 680LT Donkey anti-

Mouse IgG 

1:10,000 (WB); 1:1,000 

(OCW) 

LI-COR 

Biotechnology 

(926-68022) 

IRDye® 800CW Donkey anti-

Rabbit IgG 

1:10,000 (WB); 1:1,000 

(OCW) 

LI-COR 

Biotechnology 

(926-32213) 

IRDye® 800CW Goat anti-Rat IgG 
1:10,000 (WB); 1:1,000 

(OCW) 

LI-COR 

Biotechnology 

(926-32219) 

Donkey anti-Rat AlexaFluor® 594 1:500 (ICC) 
abcam 

(ab150156) 
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2.2 Molecular Cloning of Plasmid Constructs 
 

2.2.1 Generation of Competent Escherichia coli Cells 

 
XL1-Blue Escherichia coli, stored at -80°C, were thawed on ice then 

streaked onto sterile Luria-Bertani (LB) agar plates (1% (w/v) tryptone, 0.5% (w/v) 

yeast extract, 171 mM NaCl, 1.5% (w/v) bacto-agar) without selection antibiotic to 

obtain single colonies. Following incubation of the plate at 37°C overnight, a single 

colony was isolated using sterile technique and placed into a 30 mL tube 

containing 5 mL of sterile LB broth (1% w/v tryptone, 0.5% w/v yeast extract, 171 

mM NaCl). This starter culture was incubated overnight in a shaking incubator at 

200 rpm and 37°C. The starter culture was then sub-cultured into 500 mL conical 

flasks containing 100 mL sterile LB broth, then incubated in a shaking incubator at 

200 rpm and 37°C until an optical density (OD) of 0.48 at 600 nm was obtained. 

Cultures were transferred to pre-chilled falcon tubes and incubated on ice for 5 

minutes to slow growth, before being centrifuged for 10 minutes at 1,800 g at 4°C. 

The pellet was resuspended in 20 mL of pre-chilled solution 1 (30 mM CH3CO2K, 

10 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 15% (v/v) glycerol; pH 5.8, filter 

sterilised) then incubated on ice for a further 5 minutes. The cells were centrifuged 

for 10 minutes at 1,800 g at 4°C and the supernatant discarded. The resulting 

pellet was resuspended in 2 mL of pre-chilled solution 2 (10 mM 3-(N-

morpholino)propanesulfonic acid (MOPS), 75 mM CaCl2, 10 mM RbCl, 15% (v/v) 

glycerol; filter sterilised) then incubated on ice for 15 minutes. The cell suspension 

was aliquoted into sterile 1.5 mL tubes and stored at -80°C until use. 

 
 

2.2.2 Transformation of Competent Cells by Heat-Shock Method 

 
To transform plasmids into XL1-Blue E. coli, either plasmid DNA, a ligation 

reaction or an AQUA cloning reaction was combined with chemically competent 

cells (generated as per Section 2.2.1) and incubated on ice for 15 minutes. Cells 

were then heat shocked at 42°C for 45 seconds in a waterbath, then returned to 

ice for 2 minutes to recover. Using sterile technique, 450 µL of LB broth was 

added to the tube and the cells were incubated in a shaking incubator at 200 rpm 

and 37°C for 60 minutes. Cells were pelleted by centrifugation at 4,000 g for 3 

minutes, then the supernatant discarded. Cells were resuspended in LB broth and 
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an appropriate amount spread onto LB agar plates supplemented with 100 µg/mL 

ampicillin. The plate was inverted and incubated at 37°C overnight. 

 
 

2.2.3 Isolation of Plasmid DNA from Bacterial Cultures 

 
To purify plasmids from bacterial cultures, either a QIAprep® Spin Miniprep 

or a QIAGEN® Plasmid Maxi kit (QIAGEN) was utilised depending on the DNA 

yield required. For the Miniprep, following the overnight culture of bacteria on LB 

agar plates supplemented with 100 µg/mL ampicillin, a single colony was isolated 

using sterile technique and inoculated into a tube containing 5 mL LB broth 

supplemented with 100 µg/mL ampicillin. The culture was grown overnight in a 

shaking incubator at 200 rpm and 37°C. Bacteria were isolated the following day 

by centrifugation at 3,200 g for 10 minutes at 4°C. The bacterial cells were lysed, 

and the plasmid DNA was isolated using the QIAprep® Spin Miniprep kit following 

the manufacturer’s instructions. The DNA was eluted with nuclease-free dH2O into 

a sterile Eppendorf tube, then the amount and purity of DNA yielded was assessed 

as described in Section 2.2.3.1.  

For plasmids where a larger yield was required for downstream 

applications, the QIAGEN® Plasmid Maxi kit was utilised. Subsequent to overnight 

culture of bacteria on agar plates supplemented with 100 µg/mL ampicillin, a single 

colony was isolated using sterile technique and inoculated into a tube containing 5 

mL LB broth and 100 µg/mL ampicillin. The culture was grown for 8 hours in a 

shaking incubator at 200 rpm and 37°C. This starter culture was then inoculated 

into a conical flask containing 100 mL LB broth and 100 µg/µL ampicillin then 

incubated overnight in a shaking incubator at 200 rpm and 37°C. The following 

day, bacterial cultures were harvested by centrifugation at 3,200 g for 15 minutes 

at 4°C. The bacterial cells were lysed, and the plasmid DNA isolated using the 

QIAGEN® Plasmid Maxi kit following the manufacturer’s instructions. The resulting 

DNA pellet was reconstituted in nuclease-free dH2O and transferred to a sterile 

Eppendorf tube. The amount and purity of the DNA yielded was assessed as 

described in Section 2.2.3.1. 
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2.2.3.1 Quantification of Nucleic Acid Concentration and Purity 

 
Isolated DNA or RNA concentration and purity was assessed using an LVis 

Plate (BMG LabTech). An A260/A280 absorbance ratio of 1.8 for DNA and 2.0 for 

RNA, and an A260/A230 absorbance ratio of 2.0-2.2 was considered pure for nucleic 

acids. Once the concentration and purity of samples were recorded, DNA samples 

were stored at -20°C and RNA samples at -80°C until use. 

 
 

2.2.4 Generation of Plasmid DNA 

 

2.2.4.1 Polymerase Chain Reaction 

 
Polymerase chain reaction (PCR) was performed using Herculase II fusion 

DNA polymerase (Agilent) in a 50 µL reaction volume. For targets between 1-10 

kb, 30 ng of vector DNA template was used with 1 µL Herculase II fusion DNA 

polymerase, 0.25 µM of each forward and reverse oligonucleotide primers, 2% 

DMSO, and 250 µM of each dNTP (dATP, dCTP, dGTP and dTTP). Reaction 

mixtures were incubated in the thermocycler using the below cycling conditions: 

 

Table 2.6: PCR reaction scheme.  
 

Segment Number of Cycles Temperature Duration 

1. Initial Denaturation 
1 95°C 2 minutes 

2. Denaturation, 

Annealing, Extension 30 

95°C 20 seconds 

55°C 20 seconds 

72°C 
30 seconds per 

1 kb 

3. Final Extension 
1 72°C 3 minutes 

4. Inactivation 
∞ 4°C ∞ 

 
For cloning procedures where it was important to remove template plasmid 

DNA, methylated GATC sites were digested through treatment with 20 units of 
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DpnI (NEBioLabs) added to the PCR reaction and incubated at 37°C for 2 hours. 

To remove PCR buffers and enzymes, the QIAquick PCR Purification Kit 

(QIAGEN) was used according to manufacturer’s instructions. 

 
 

2.2.4.2 Restriction Digest 

 
For plasmids made using restriction cloning, 1 µg of vector DNA was 

combined with 1X CutSmart buffer (NEBioLabs, cat no. B6004S) and 20 Units of 

each high-fidelity restriction enzymes (NEBioLabs) and made up to a 50 µL final 

volume with nuclease-free water. The same reaction was prepared for the DNA 

insert. The reactions was incubated at 37°C for one hour, then 1 µL of QuickCIP 

(NEBioLabs) was added to the vector DNA reaction and incubated at 37°C for a 

further 30 minutes to dephosphorylate the DNA, preventing re-ligation. Resulting 

DNA samples were extracted via gel purification as per Section 2.2.4.3. 

 
 

2.2.4.3 Gel Purification 

 
To further purify either PCR products or restriction cloning samples for use 

in plasmid construction reactions, DNA was gel purified. DNA samples were 

combined with DNA gel loading buffer (NEBioLabs) and run on a 1% (w/v) 

agarose gel in 1X Tris-acetate-EDTA (TAE) (40 mM Tris, 1 mM EDTA, 20 mM 

glacial acetic acid) containing SYBR safe gel stain (Invitrogen) at a dilution of 

1:10,000. Gels were visualised using a blue light transilluminator and band size 

compared against a HyperLadder™ 1kb (Meridian Bioscience) DNA ladder. Then 

band at the expected size was excised using a single edge razor blade and the 

QIAquick® Gel Extraction Kit (QIAGEN) was used according to the manufacturer's 

instructions to purify the DNA from the gel. 

To estimate the amount of DNA in the extracted sample, a sample of the 

purified DNA was again run on a 1% (w/v) agarose gel in 1X TAE and visualised 

using the Gel Doc UV transilluminator (Bio-Rad). The amount of DNA per band 

was estimated by comparison of band intensity to the intensity of reference bands 

in the HyperLadder™ 1kb. 
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2.2.4.4 Plasmid Construct Methods 

 

2.2.4.4.1 T4 Ligation of Restriction Digested DNA 

 
For ligation cloning, digested DNA insert and vector fragments cut with 

complementary restriction enzymes (NEBiolabs) were used. Vector fragments had 

been treated with QuickCIP to prevent relegation in the cloning reaction. For the 

ligation step, the insert and vector were combined in a molar ratio of 3:1 and 

incubated overnight at 15° C with 1 Unit of T4 DNA ligase (Invitrogen). Ligation 

reactions were then immediately transformed into XL-1 Blue E. coli as described in 

Section 2.2.2. 

 
 

2.2.4.4.2 AQUA Cloning 

 
For restriction site free plasmid construction, the advanced quick assembly 

(AQUA) cloning method, based on DNA end-homology was employed (Beyer et 

al., 2015). For AQUA cloning reactions, PCR was used to generate linear vector 

and insert DNA with 18-24 bases of overlapping end homology. Purified vector 

was used at 12 ng of linearised vector per 1 kb of vector size, while the insert DNA 

was used in a 3:1 molar ratio with the vector. DNA fragments were mixed in a total 

volume of 10 µL then incubated at room temperature for 1 hour before being 

transformed into XL-1 Blue E. coli (Section 2.2.2) to allow for end homology 

recombination and vector construction to occur within the E. coli. 

 
 

2.2.4.5 Diagnostic Restriction Digest of Cloning Products 

 
To confirm the success of plasmid constructs generated through this work, 

diagnostic restriction digest was carried out followed by gel electrophoresis to 

confirm the digest products are of the expected size. Two restriction enzymes 

(NEBiolabs) were selected based on the restriction sites flanking the DNA 

fragment of interest. Reactions were then carried out containing 1 µg of the 

plasmid DNA with 20 Units of each of the selected restriction enzymes 

(NEBioLabs). The reaction was made up in nuclease-free dH2O and incubated at 

37°C for 30 minutes, then ran on a 1% (w/v) agarose gel containing SYBR Safe 

DNA stain in 1X TAE. The DNA bands in the gel were visualised using the Gel 
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Doc UV transilluminator and compared to a Hyperladder 1kb marker to confirm 

that they were the intended size. 

 

2.2.4.6 Sequencing of Plasmid DNA 

 

To confirm the identify of plasmid DNA constructs generated through this 

work, samples were sequenced. DNA samples were diluted to a concentration of 

50-100 ng/µL using nuclease-free dH2O. Sequencing primers flanking the region 

of interest were selected; the forward primer targeting the CMV promoter 

sequence, and the reverse primer targeting the BGH-poly(A) signal were 

commonly used for plasmids derived from pcDNA3 or pcDNA5 backbones (Table 

2.1). Primers were added to the DNA sample at a concentration of 5 µM. Samples 

were sent to and processed by EuroFins Genomics (Germany) and the resulting 

sequence was aligned and analysed using SnapGene software (Version 5.3.2). 

 

 

2.2.5 mRNA Production 

 
 For transfection of constructs into primary cortico-hippocampal neurons, 

mRNA was produced. The mMESSAGE mMACHINE® kit (ThermoFisher 

Scientific) was used to generate mRNA: 1 µg of template DNA was combined with 

1X T7 NTP/CAP, 1X reaction buffer, and 2 µL of enzyme mix. The reaction mix 

was incubated at 37°C for 90 minutes. The MEGAclear™ transcription clean up kit 

(Invitrogen) was then utilised to separate the mRNA from unincorporated NTPs, 

enzymes, and buffer components. The reaction mixture was made up to 100 µL 

volume with elution solution (Invitrogen) and 350 µL of binding solution 

concentrate (Invitrogen) added. Finally, 250 µL of 100% ethanol was added and 

the reaction mixture centrifuged through a filter cartridge at 12,400 g for one 

minute. Following washing of the mRNA twice, the mRNA was eluted in 50 µL of 

elution solution through incubation at 70°C for five minutes. Eluted mRNA was 

recovered by centrifugation at 12,400 g and mRNA yield assessed as per Section 

2.2.3.1 then stored at -80°C. 
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2.3 Cell Culture 
 

All cell culture steps were performed in sterile conditions in a laminar flow 

biosafety hood. Before use, all cell culture reagents were pre-warmed to 37°C in a 

waterbath.  

 

2.3.1 Cell Line Maintenance 

Parental Flp-In™ T-Rex™ 293 cells, Human Embryonic Kidney (HEK) 293A 

and 293T cells, and Flp-In™ T-Rex™ 293 cells stably expressing the wildtype or 

phospho-deficient mGlu5 receptors were maintained in Dulbecco’s Modified Eagle 

Media (DMEM), (Gibco; #41965-039) supplemented with 10% (v/v) fetal bovine 

serum, 100 Units/mL penicillin/streptomycin solution and 100 µg/mL normocin. 

Cells were maintained at 37°C and 5% CO2 in a humidified atmosphere, then 

grown to confluence. Cell lines were tested monthly for Mycoplasma using the 

MycoStrip™ Mycoplasma detection kit (InvivoGen) according to manufacturer’s 

instructions. 

To passage cell lines, culture medium was aspirated from a confluent flask 

of cells and incubated in 1X trypsin (Sigma; T4549) for approximately 3 minutes to 

detach cells from the flask. Cell culture medium was added to neutralise the 

trypsin, and the resulting cell suspension was centrifuged at 290 g for 5 minutes. 

The cell pellet was resuspended in fresh cell culture medium then depending on 

the desired dilution of cells, the appropriate volume of cell suspension was added 

to a sterile flask containing fresh culture medium. 

To count cells and determine viability, cells suspensions were diluted 1:1 

with 0.4% trypan blue (Gibco) and counted using the Countess III cell counter 

(ThermoFisher).  

Cells were diluted to desired concentration and seeded onto multi-well 

plates coated with 5 µg/mL of poly-D-lysine (Sigma) as required. Receptor 

expression was induced 24 hours before use by treatment with indicated 

concentrations of doxycycline (Sigma) diluted in assay media (glutamine free 

Dulbecco’s Modified Eagle Media (DMEM), (Sigma; #5671) supplemented with 

10% (v/v) dialysed fetal bovine serum (Gibco), 100 Units/mL 

penicillin/streptomycin solution) to reduce glutamate in the media. 
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2.3.2 Cryopreservation of Cells 

 
For long term storage of cell lines, cells were cryopreserved and stored at -

80°C or -150°C. To preserve cells, confluent flasks of cells were harvested with 

trypsin and pelleted as described in Section 2.3.1. The cell pellet was 

resuspended in cell culture medium containing 5% (v/v) DMSO (Fisher Scientific), 

then this cell suspension was stored in aliquots in cryogenic vials. The vials were 

placed in a Mr. Frosty™ freezing container (ThermoFisher) to allow for a slow rate 

of freezing in a -80°C freezer. After freezing, cells were either kept in the -80°C for 

short term storage or placed in a -150°C for longer term storage. 

Cryopreserved cells were recovered by rapid thawing in a waterbath, 

addition of culture medium, then centrifugation at 290 g for 5 minutes. The medium 

was aspirated to remove the DMSO from the freezing medium, then the cell pellet 

was resuspended in fresh culture medium and placed into a culture flask and 

maintained at 37°C and 5% CO2 in a humidified atmosphere until cells had grown 

to confluence. Cells were then maintained as described in Section 2.3.1. 

 
 

2.3.3 Transient Transfection 

 

2.3.3.1 DNA Transfection using Polyethylenimine 

 
Transient transfections were carried out in a laminar flow cabinet under 

sterile conditions. Two reaction mixtures were produced in sterile Eppendorf tubes: 

one contained DNA diluted in 150 mM sodium chloride, the second contained 1 

mg/mL PEI diluted in 150 mM sodium chloride. The two solutions were combined 

for a DNA to PEI ratio of 1:6, vortexed, then incubated at room temperature for 10 

minutes. Medium was aspirated from the cells and replaced with fresh pre-warmed 

cell culture medium. The DNA mixture was added to the cultured cells in a 

dropwise manner. Cells were incubated with the transfection mixture at 37°C and 

5% CO2 for a minimum of 24 hours before use in experimental assays. To confirm 

successful transfection of fluorescent tagged constructs, cells were observed 

using the epifluorescent microscope (Nikon) equipped with a mercury lamp and 

eYFP filter set. 
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2.3.3.2 DNA Transfection using Lipofectamine™ 3000 

 
Transient transfection using Lipofectamine™ 3000 reagent (Invitrogen) was 

utilised in cases where transfection via PEI yielded a low transfection efficiency, of 

approximately ≤30% of the total cells. A stock of Lipofectamine™ 3000 reagent 

(Invitrogen) was made by diluting Lipofectamine™ 3000 reagent in serum free 

medium 1:30, similarly a stock of P3000 reagent was made at the same dilution. 

The desired amount of DNA to be transfected (1 µg/well total for 6-well plates; 100 

ng/well total for 96-well plates) was combined first with the P3000 mix, then with 

the Lipofectamine™ 3000 mix. The solution was incubated at room temperature 

for 10 minutes, during which time the medium was aspirated and replenished on 

the cells. The DNA-lipid complexes were then added to cells in a dropwise manner. 

Cells were returned to the culture incubator and maintained for 24 hours before 

use. 

 
 

2.3.3.3 mRNA Transfection using Lipofectamine MessengerMAX 

 
To transfect mRNA into neuronal cultures, 5 μL of opti-MEM reduced serum 

media (Gibco) per well of a 96-well plate required for transfection was combined 

with 0.15 μL per well of lipofectamine MessengerMAX transfection reagent 

(ThermoFisher) and incubated at room temperature for 10 minutes. 

Simultaneously, 5 μL of opti-MEM reduced serum media (Gibco) per well of a 96-

well plate required for transfection was combined with 100 ng per well total mRNA. 

Nanoluciferase-tagged β-arrestin 2 and mNeonGreen mRNA were used at a ratio 

of 1:5. The lipofectamine and mRNA solutions were combined, then incubated at 

room temperature for five minutes before being added to the plates. 

 

2.3.4 Generation of Stably Transfected Flp-In™ T-REx™ 293 Cell 
Lines 

 
The Flp-In™ T-Rex™ 293 inducible expression system was used to 

generate cell lines expressing the below receptors, each possessing a 

haemagglutinin (HA) (YPYDVPDYA) epitope tag fused to the end of the C-

terminus to facilitate detection: 
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1) mGlu5-WT: wild type mGlu5 receptor. 

2) mGlu5-PD: phosphodeficient mGlu5 receptor (substitution of C-terminal 

serine residues to alanine). 

3) mGlu5-TPD: total phosphodeficient mGlu5 receptor (substitution of C-

terminal serine and threonine residues to alanine). 

Flp-In™ T-Rex™ 293 inducible stable cell lines expressing mGlu5 wildtype 

and phosphodeficient mutant receptors were generated by co-transfection of 5 µg 

of pOG44 recombinase expression vector and 1 µg of the mGlu5-WT, mGlu5-PD or 

mGlu5-TPD DNA in a pcDNA5/FRT/TO plasmid into a 10 cm dish of parental Flp-

In™ T-REx™ 293 cells. Transfection was carried out using PEI as per Section 

2.3.3.1. After 48 hours, cells were then cultured in medium supplemented with 100 

μg/mL hygromycin (Invivogen) and 5 μg/mL blasticidin (Invivogen). Only cells 

successfully incorporating the pcDNA5/FRT/TO plasmid into the Flp recombinase 

site in the parental host cells remain alive due to expression of the hygromycin 

resistance gene. Following two weeks of culture, resistant cells formed isogenetic 

colonies which then were pooled and maintained as the desired stable inducible 

cell line.  

 
 

2.3.5 Primary Neuronal Cultures 

 
Multi-well plates were coated with 40 µL per well of a 96-well plate of a 

solution containing 4 µg/mL poly-D-lysine (Gibco) and 7.2 µg/mL Laminin (Gibco) 

in DEPC-treated water, then incubated overnight at 37°C. Plates were washed 

three times with DEPC-treated water then left to dry for 2 hours at room 

temperature in a laminar flow biosafety hood. 

 The hippocampus and cortices from E16 mouse embryos were dissected 

out in a 10 cm dish containing cold Hank’s Balanced Salt Solution (HBSS) (Gibco), 

then mechanically disrupted using a razor blade. Under sterile conditions, the 

tissue was washed by transferring between dishes of HBSS twice. The tissue was 

then placed into a falcon tube containing 3 mL of TrypLE™ express enzyme 

(ThermoFisher) and incubated at 37°C for 10 minutes. Neurobasal™ plus 

complete medium (Neurobasal plus complete medium (Gibco), 1X B-27 plus 

supplement (Gibco; Cat no. A3582801), 1X GlutaMAX (Gibco; Cat no. 35050061), 

100 Units/mL of penicillin/streptomycin solution) was added to the cell solution to 
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deactivate the TrypLE , then the solution was centrifuged at 290 g for 5 minutes to 

pellet the cells. The supernatant was discarded, and cells resuspended in 10 mL 

of fresh neurobasal medium. Cells were counted using 0.4% trypan blue as 

described in Section 2.3.1, diluted to desired seeding density in neurobasal plus 

medium, then plated in the coated multi-well plates. Cells were maintained at 37°C 

and 5% CO2 and were used in experiments after seven days in culture. 

 
 

2.4 In-Cell and On-Cell Westerns 

 
 To measure total receptor expression, an in-cell western (ICW) was used, 

while cell surface expression was assessed using on-cell western (OCW). Flp-In™ 

T-REx™ 293 or HEK293T cells were seeded in clear 96-well plates coated with 5 

µg/mL of poly-D-lysine and incubated at 37°C and 5% CO2 until confluent in the 

well, then receptor expression was induced with doxycycline in assay media 

without glutamine and with dFBS if required. For the assay, 24 hours following 

addition of doxycycline cells were fixed with 10% formalin (Sigma) for 20 minutes 

at room temperature then washed three times with PBS. For ICW experiments, 

cells were permeabilised at this stage by addition of 0.1% Triton-X-100 (BioXtra) 

diluted in PBS for 20 minutes at room temperature with gentle agitation. This 

permeabilisation step was omitted for OCW experiments. To reduce antibody non-

specific binding, cells were blocked with 5% BSA diluted in PBS for 2 hours at 

room temperature. The selected primary antibody, as listed in Table 2.4, was 

diluted in 5% BSA in PBS and was applied to the cells. Following agitated 

incubation at 4°C overnight, cells were washed three times with PBS and the 

corresponding secondary antibody was applied to cells, diluted in 5% BSA in PBS 

as listed in Table 2.5, and incubated on a shaker at room temperature in darkness 

for 1 hour. Cells were washed three times with PBS then proteins were visualised 

using LI-COR Odyssey SA scanner system with no PBS in the wells to measure 

the fluorophore excitation wavelength at 778 nm and emission wavelength at 795 

nm. Cells were stained with CellTag™ 700 (LI-COR Biotechnology) diluted 1:500 

in 5% BSA in PBS to control for cell number, including a blank control in which 

empty wells were incubated with CellTag™ 700. Cells were incubated in 

CellTag™ 700 for one hour in darkness on a shaker, then washed three times with 

PBS and visualised with no liquid in the wells using LI-COR Odyssey SA scanner 



Chapter 2  63 
 
system, with the fluorophore excitation wavelength at 675 nm and emission 

wavelength at 697 nm. 

 

 

 

2.5 Pharmacological and Functional Assays 
 

2.5.1 BRET-Based β-Arrestin 2 Recruitment Assay 

 
HEK293T cells were plated at a density of 40,000 cells/well in white 96-well 

plates coated with 40 µL of 5 µg/mL poly-D-lysine. Cells were transfected 24 hours 

after plating with 5 ng/well receptor, 2 ng/well nanoluciferase-tagged β-arrestin 2, 

and 48 ng/well mNeonGreen constructs (made up to 100 ng/well total DNA with 

pcDNA3 empty vector) using PEI (Section 2.3.3.1). The day after transfection, 

cells were washed twice with HBSS-H then incubated in 80 μL HBSS-H 

(supplemented with 1-10 Units/mL glutamate-pyruvate transaminase (GPT) and 6 

mM sodium pyruvate for glutamate receptor expressing cells) for 30 minutes at 

37°C. NanoGlo® substrate (Promega; N1130) was added for a final dilution of 

1:800, then plates were incubated a further 10 minutes in darkness. BRET 

measurements were taken using a PHERAStar plate reader (BMGLabTech), 

recording the donor emission at 475 nm and acceptor excitation at 535 nm. After 

five minutes, 10 μL of either HBSS-H vehicle or agonist for a final well 

concentration of 100 μM was added to the plate then continued to read the BRET 

measurements. A 5-point moving average curve smoothing calculation was 

performed and the resulting ratios were corrected for basal BRET levels in each 

well and corrected again to vehicle treatment. 

 

2.5.2 NanoBiT Complementation β-Arrestin 2 Recruitment Assay 

HEK293T cells were plated at a density of 40,000 cells/well in white 96-well 

plates coated with 40 µL of 5 µg/mL poly-D-lysine and transfected 24 hours later 

with 30 ng/well of receptor construct, 5 ng/well of SmallBiT-β-arrestin 2, and 5 

ng/well of Lyn11-LargeBiT using PEI as described in Section 2.3.3.1. Culture 

medium was changed to assay medium without glutamine and with dFBS for 

mGlu5 expressing cells. 24 hours following transfection, cells were washed twice 
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with HBSS-H then incubated with HBSS-H supplemented with 1-10 Units/mL GPT 

and 6 mM sodium pyruvate to reduce basal glutamate. Following a 60-minute 

incubation at 37°C, buffer was aspirated and replaced with fresh HBSS-H. 

NanoGlo® substrate (Promega; N1130) was added for a final dilution of 1:800, 

then plates were incubated a further 10 minutes in darkness. Luminescence 

measurements were then taken using a CLARIOstar plate reader (BMG Labtech) 

set to incubate at 37°C, recording the total light emitted at two-minute intervals. 

After ten minutes, vehicle or test compounds prepared at 10X the final desired 

concentration were added, before continuing to take measurements for an 

additional 60 minutes. Luminescence was recorded and a 5-point moving average 

curve smoothing calculation was performed. The data were corrected for basal 

luminescence per well prior to compound addition and expressed as the net 

response by subtracting the curve obtained from wells treated with vehicle. The 

area under the curve (AUC) was then calculated over the full 60 minutes of 

compound addition. 

 
 

2.5.3 Receptor Internalisation Assay 

To measure the receptor internalisation, an on-cell western analysis of cell 

surface expression following treatment with agonists was performed. mGlu5-WT, 

mGlu5-PD, mGlu5-TPD, and FLAG epitope-tagged FFA4 expressing Flp In™ T-

Rex™ 293 cells were seeded in clear 96-well plates coated with 40 µL of 5 µg/mL 

of poly-D-lysine and cultured at 37°C and 5% CO2 until confluent in the well, then 

receptor expression was induced with 100 ng/mL of doxycycline (in culture 

medium for FFA4 cells, in assay medium without glutamine and with dFBS for 

mGlu5 cells). The day after receptor expression was induced, mGlu5-expressing 

cells were treated with 100 µM glutamate for different lengths of time to measure 

agonist-induced internalisation. FFA4-expressing cells were treated with 10 µM of 

the agonist 3-(4-((4-fluoro-49-methyl-[1,19-biphenyl]-2-

yl)methoxy)phenyl)propanoic acid (TUG-891) for 30 minutes. Cells were fixed with 

10% formalin (Sigma) for 20 minutes at room temperature, then washed three 

times with PBS and the on-cell western protocol followed as per Section 2.4. 
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2.5.4 Calcium Mobilisation Assay 

 
Flp-In™ T-REx™ 293 cells stably expressing either mGlu5-WT, mGlu5-PD 

or mGlu5-TPD were plated at a density of 40,000 cells/well in black clear-bottomed 

96-well plates coated with 40 µL of 5 µg/mL poly-D-lysine. Cells were incubated at 

37°C and 5% CO2 for 24 hours, then receptor expression was induced with 

doxycycline in assay media without glutamine and with dFBS. For the assay, 24 

hours following addition of doxycycline cells were incubated in darkness with 3 µM 

Fura-2 AM dye (Torcris) (diluted in assay media supplemented with 1-10 units/mL 

GPT and 6 mM sodium pyruvate to reduce the basal levels of glutamate) for 45 

minutes. Cells were then washed twice with HBSS-H to remove unbound 

extracellular Fura-2 AM then allowed to equilibrate in HBSS-H for a further 15 

minutes at 37°C. The selected agonist was diluted in HBSS-H and added to a 

clear 96-well plate. The agonist was applied to the cells using the FlexStation II 

plate-reader and the peak ratio of fluorescent emissions at 510 nm following Fura-

2 AM excitation at 340 nm (Fura-2 bound to calcium ions) and 380 nm (unbound 

Fura-2) measured over 90 seconds as a measure of intracellular calcium 

concentration.  

 
 

2.5.5 Measurement of Intracellular Calcium in Single Cells using 

Epifluorescent Microscopy 

 Cells were seeded onto 22 mm, zero thickness, sterile coverslips coated 

with poly-D-lysine, then grown to 70% confluence in a 37°C and 5% CO2 

incubator. Receptor expression was induced with 2 ng/mL doxycycline 24 hours 

before microscopy. On the day of the experiment, cells were loaded with 3 µM 

Fura-2 AM in assay medium containing 1-10 Units/mL of GPT and 6 mM sodium 

pyruvate to reduce basal glutamate levels, then incubated in darkness for 45 

minutes at 37°C and 5% CO2. Coverslips were then equilibrated in perfusion buffer 

(130 mM NaCl, 5 mM KCl, 20 mM HEPES, 10 mM glucose, 1 mM MgCl2, 1 mM 

CaCl2) for 15 minutes at room temperature then transferred to a recording 

chamber and mounted onto an inverted epifluorescent microscope (Nikon 

TE2000-E; Nikon Instruments) with a super fluor 40X oil objective. Perfusion buffer 

was then perfused over the cells at room temperature until the Fura-2 ratio was 

stable. The randomly selected cells were excited at 340 and 380 nm using a 
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monochromator and emission recorded at 520 nm. Agonist was perfused over the 

cells for the indicated time period, then switched to perfusion buffer to remove the 

agonist. Changes in intracellular calcium levels were presented as a ratio image of 

520 emission obtained at 340/380 nm excitation using MetaFluor imaging software 

(Molecular Devices, Version 7.8.13.0). Calcium oscillation curves determined from 

the Fura-2 ratio were then plotted on GraphPad Prism software (Version 9.3.1) 

and expressed as a fold over basal. 

 

2.5.6 IP1 Accumulation Assay 

 
To measure the Gαq signalling pathway, the accumulation of inositol-1-

phosphate (IP1), a metabolite of IP3, was measured using an IP1 HTRF® assay kit 

(Revvity). Flp-In™ T-REx™ 293 cells stably expressing either mGlu5-WT, mGlu5-

PD or mGlu5-TPD, or primary neurons, were plated at a density of 40,000 

cells/well in clear 96-well plates coated with 5 µg/mL of poly-D-lysine (Sigma) or 4 

µg/mL poly-D-lysine (Gibco) and 7.2 µg/mL Laminin (Gibco) for primary neuronal 

cultures. Cells were incubated at 37°C and 5% CO2 for 24 hours, then receptor 

expression was induced in Flp-In™ T-REx™ 293 cells with doxycycline in assay 

media without glutamine and with dFBS. For the assay, 24 hours following addition 

of doxycycline, cells were washed with pre-warmed 1X stimulation HBSS 

containing 20 mM HEPES (HBSS-H); pH 7.4), then incubated in 100 μL/well of 1X 

supplemented stimulation buffer (HBSS-H supplemented with 6 mM sodium 

pyruvate and 1-10 units/mL glutamate pyruvate transaminase (GPT) to reduce the 

basal levels of glutamate) for 1 hour at 37°C. The selected agonist was made up in 

1X stimulation buffer containing 50 mM LiCl to prevent the metabolism of IP1, then 

applied to the cells, and incubated for 60 minutes at 37°C. Cells were harvested 

using 40 µL lysis buffer (Revvity) and agitation on a plate shaker at 600 rpm for 10 

minutes, then 14 μL of the cell suspension was added to a 384-well OptiPlate 

(PerkinElmer). Serial dilutions of the IP1 standard reagent (Revvity) were made in 

lysis buffer and added to the OptiPlate to generate a standard curve. IP1-d2 

(Revvity) and IP1 Tb cryptate antibody (Revvity) were diluted 1:20 in lysis buffer 

and 3 μL of each added to the cell lysate. The plate was incubated at room 

temperature for 1 hour in darkness, then the homogenous time resolved 

fluorescence (HRTF) emission was measured at 665 nm and 620 nm, following 

excitation at 337 nm, using a PHERAstar platereader (BMGLabTech). Results 
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were calculated from the 665/620 nm ratio. IP1 accumulation was calculated by 

interpolating from the standard curve.  

 
 

2.5.7 Measurement of G Protein Dissociation 

To directly measure heterotrimeric G protein dissociation, a modified 

version of the TRUPATH biosensor system (Olsen et al. 2020) was used 

(NEWPATH), demonstrating greater ease of transfection and practicality 

compared to TRUPATH. For this, a single biosensor plasmid was used that 

consists of a CMV promoter driving expression of Gβ3, followed by a P2A self-

cleaving peptide sequence, an mNeonGreen tagged to the N-terminal of Gγ9, an 

internal ribosome entry site (IRES) mammalian expression sequence, then finally 

Gαq tagged to nanoluciferase 125 amino acids into the protein. This new plasmid 

construct was termed ‘NEWPATH’. 

To employ this biosensor to measure G protein dissociation, HEK293T cells 

were plated into 6-well plates and once confluent, were transfected with 500 ng 

per well of the NEWPATH plasmid alongside the indicated amount of the receptor 

of interest, then the total transfected DNA was made up to 1 µg using pcDNA3. 

The transfection was performed using PEI as described in Section 2.3.3.1. Cells 

were then cultured for 24 hours, counted as per Section 2.3.1, then plated into 

white 96-well plates coated with 5 µg/mL of poly-D-lysine at a density of 30,000 

cells/well in assay medium without glutamine and with dFBS. The cells were 

maintained in the plate for 24 hours before proceeding with the assay. 

Cells were washed twice with HBSS-H then incubated with HBSS-H 

supplemented with 1-10 Units/mL GPT and 6 mM sodium pyruvate for 60 minutes 

at 37°C to reduce basal glutamate. Buffer was then aspirated and replaced with 

fresh HBSS-H. NanoGlo® substrate (Promega; N1130) was added to the wells for 

a final dilution of 1:800 and incubated in darkness for 10 minutes. The background 

luminescence was recorded using a PHERAstar platereader (BMG LabTech), 

recording the emission at 535 nm and 475 nm. Test compounds prepared in 

HBSS-H at 10X the desired final concentration were added to the cells and 

incubated at 37°C for five minutes, then the luminescence at 535 nm and 475 nm 

was recorded once again. BRET was recorded as the ratio of 535 nm emission 

divided by 475 nm emission, followed by dividing the BRET ratio value obtained in 
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each well after compound addition by the BRET ratio obtained from the same well 

before compound addition. 

 
 

2.5.8 Using BRET-based Biosensors to Measure Gα-GTP 

HEK293T or Flp-In™ T-Rex™ 293 cells were plated at a density of 40,000 

cells/well in white 96-well plates coated with 5 µg/mL of poly-D-lysine and 

transfected 24 hours later with the indicated amounts of biosensor and receptor, 

using PEI as described in Section 2.3.3.1. Cells were then cultured in assay 

medium without glutamine and with dFBS for a further 24 hours until the assay. 

Cells were washed twice with HBSS-H then incubated in HBSS-H supplemented 

with 1-10 Units/mL GPT and 6 mM sodium pyruvate for 60 minutes at 37°C to 

reduce basal glutamate. The buffer was then aspirated and replaced with fresh 

HBSS-H. NanoGlo® substrate (Promega; N1130) was added using an Omega 

POLARstar platereader (BMG LabTech) to a final dilution of 1:800. After 10 

minutes, BRET measurements were then taken using a PHERAstar plate reader 

(BMG Labtech) set to incubate at 37°C, recording the luminescence at 475 and 

535 nm at two-second intervals. After 10 seconds, either vehicle or test 

compounds was injected before continuing to take 0.5 second measurements at 

0.5 second intervals for an additional 90 seconds. BRET was recorded as the ratio 

of 535 nm emission divided by 475 nm emission, and a 5-point moving average of 

the calculate BRET ratios was taken for curve smoothing. The data were 

expressed as a ratio of the basal BRET prior to compound addition before 

subtracting the response recorded in vehicle treated wells to obtain the net BRET 

above vehicle response. The area under the net BRET curve (AUC) was then 

calculated over the full 90 seconds of compound addition. 
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2.6 Western Blotting 
 

2.6.1 Sample Preparation 

 

2.6.1.1 Agonist Stimulation  

 
Flp-In™ T-REx™ 293 cells were plated in 10 cm dishes and allowed to 

grow until confluent. Culture medium was then replaced with assay medium 

without glutamine and with dFBS containing 100 ng/mL of doxycycline. After a 

further 24 h in culture, medium was removed, and cells were serum starved for 

one hour at 37°C and 5% CO2 in serum and glutamine free DMEM containing 1-10 

units/mL GPT and 6 mM sodium pyruvate to reduce basal glutamate. Medium was 

aspirated and cells were treated with the indicated concentration of agonist or 

vehicle in serum free media for a further hour before cell lysates were prepared 

(Section 2.6.1.2).  

 
 
 

2.6.1.2 Preparation of Lysates from Cells 

 
Cells were washed twice with ice-cold PBS, then lysed with 500 µL per dish 

of ice-cold RIPA lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA pH 8.0, 1 mM 

EGTA pH 8.0, 1% Triton-X-100, 0.1% β-mercaptoethanol) supplemented with 

cOmplete EDTA-free protease inhibitor (Roche) and phosSTOP phosphatase 

inhibitor (Roche) for 10 minutes on ice. Cells were harvested by scraping to 

ensure they were solubilised, then centrifuged at 14,000 g for 30 minutes at 4°C to 

remove insoluble cell debris. The supernatant was transferred to a new ice-cold 

tube and stored at -20°C until further use.  

 
 

2.6.1.3 Protein Quantification by Bradford Assay 

 
 The Bradford assay was performed to determine the concentration of 

protein in cell lysates. Protein samples diluted in RIPA lysis buffer alongside 

bovine serum albumin (BSA) protein standards of known concentration were 

added to Bradford reagent (Sigma) in a clear 96-well clear plate. After 5 minutes of 

incubation at room temperature, the absorbance at 595 nm was recorded using an 

Omega POLARstar platereader (BMG LabTech). The BSA standards were fit 
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linear regression and used to interpolate the concentration of protein in cell lysate 

samples. 

 
 

2.6.1.4 Immunoprecipitation 

 
The HA-tagged receptor was immunoprecipitated from cleared lysates 

using anti-HA affinity matrix (Roche). Lysates were incubated with rotation 

overnight at 4°C with 10 µL of anti-HA affinity matrix beads. The following day, 

samples were centrifuged at 1,000 g for 30 seconds at 4°C and the supernatant 

discarded. As a washing step, 1 mL of RIPA buffer was added, then samples were 

centrifuged again at 1,000 g for 30 seconds at 4°C and supernatant discarded. 

The washing step was repeated for a total of three washes. After the final wash, 

samples were centrifuged again, supernatant discarded and the HA affinity matrix 

beads mixed with Laemmli sample buffer (4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris-HCl, pH 6.8; 

Sigma) for 10 minutes at 65°C to elute protein bound to the beads. 

 

2.6.1.5 Lambda Protein Phosphatase Treatment 

 
To dephosphorylate proteins, the Lambda protein phosphatase (λ-PP) 

enzyme was used. Cell lysates, washed three times in lysis buffer without 

phosphatase, were incubated with 10 units of λ-PP (NEBiolabs), 1X λ-PP enzyme 

buffer (NEBiolabs; B0761S), and 200 µM MnCl2 for 90 min at 30°C, before 

washing three times with lysis buffer again. 

 
 

2.6.2 SDS-PAGE 

 
Polyacrylamide gels were cast using Bio-RAD mini-Protean equipment. 

Resolving gels had a typical thickness of 1.0 mm and a final acrylamide 

percentage of 8%, diluted in distilled water (8% acrylamide, 280 mM Tris, 0.1% 

(v/v) sodium dodecyl sulphate (SDS), 0.1% (v/v) ammonia persulphate (APS), 

0.06% (v/v) TEMED). Once the resolving gel had set, the stacking gel (5% 

acrylamide, 62.5 mM Tris, 0.1% (v/v) SDS, 0.1% APS, 0.1% (v/v) TEMED) was 

cast above the resolving gel. 
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Whilst keeping the samples on ice, 2X Laemmli sample buffer was added 

for a final concentration of 1X to each sample then samples were heated at 65oC 

for 10 minutes to denature the proteins. Samples were briefly centrifuged to collect 

condensation from the cap, then loaded on SDS-PAGE gels, typically at 20 µg of 

protein per well for lysates. The samples were run in running buffer (25 mM Tris, 

192 mM glycine, 0.1% SDS (w/v)) at a constant voltage of 80V through the 

stacking gel for approximately 20 minutes, then at 120V constantly until the dye 

front reached the end of the resolving gel, approximately 2 hours total. 

 
 

2.6.3 Western Blot Probing and Detection 

 
Nitrocellulose membranes (ThermoFisher), filter paper (ThermoFisher) and 

transfer sponges (BioRAD) were equilibrated in transfer buffer (25 mM Tris, 192 

mM glycine, 20% ethanol). Gels were placed in contact with the nitrocellulose 

membrane and encased in filter paper and transfer sponges, then proteins were 

transferred to nitrocellulose membranes using wet transfer method at a constant 

voltage of 60V for 2 hours in pre-cooled transfer buffer. Membranes were blocked 

for 1 hour at room temperature in either 5% milk in TBS-T (20 mM Tris, 137 mM 

NaCl, 0.1% Tween-20; pH 7.6) or 5% bovine serum albumin (BSA) in TBS-T to 

block non-specific binding sites. Blocked membranes were incubated with primary 

antibody diluted 1:1,000 in 5% milk in TBS-T (Table 2.4). For phospho-site specific 

immunoblotting, (pS871/S872/T875, pS1018/S1020 and pS1041/S1044 

antibodies) (7TM Antibodies) (Table 2.4) the antibodies were diluted in 1:1,000 in 

5% BSA in TBS-T. Membranes were incubated in primary antibody at 4°C on a 

shaker overnight. The membranes were washed with TBS-T (three 10-minute 

washes) then incubated in the relevant secondary antibody conjugated with 

IRDye® fluorophore (LI-COR Biotechnology) (Table 2.5) diluted 1:10,000 in 5% 

milk or 5% BSA for 1 hour in darkness on a shaker. The membrane was washed 

again in TBS-T then IRDye® fluorescence was visualised using LI-COR Odyssey 

SA scanner system using an excitation wavelength of 778 nm and emission 

wavelength at 795 nm. When re-probing was necessary, the membrane was 

incubated in stripping buffer (ThermoScientific) for a maximum of 15 minutes then 

washed three times for 10 minutes each wash with TBS-T. The membrane was 

once again blocked in 5% milk or 5% BSA in TBS-T for one hour, then incubated 
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in a different primary antibody and corresponding secondary antibody for the 

desired protein of interest.  

 
 

2.6.4 Quantification of Western Blots 

 
Band intensity of western blots was assessed through measurement of the 

median pixel intensity (arbitrary units) using Image Studio Lite (Version 5.2; LI-

COR Biosciences). The band intensity of the protein of interest was expressed as 

a ratio over the band of the housekeeping protein, commonly sodium-potassium 

ATPase. 

 
 
 
 

2.7 Immunocytochemistry 
 
 Flp-In™ T-REx™ 293 cells were seeded onto 22 mm zero thickness sterile 

glass coverslips coated with poly-D-lysine. Cells were cultured for 24 hours then 

receptor expression induced with doxycycline in assay medium without glutamine 

and with dFBS, then cultured for a further 24 hours. The culture medium was 

aspirated, and cells were washed with PBS. The cells were then fixed with 10% 

formalin for 20 minutes at room temperature, then washed three times with PBS. 

Non-specific binding was blocked by incubation with blocking buffer (1% BSA, 

0.1% Titron-X-100 in PBS) for 1 hour at room temperature. After washing three 

times with PBS, cells were incubated with anti-HA primary antibody (Table 2.4) at 

4°C overnight. After a further three washes with PBS, the samples were incubated 

with donkey anti-rat AlexaFluor secondary antibody (Table 2.5) for 2 hours in 

darkness at room temperature. The samples were washed three times with PBS 

and mounted onto slides using VECTASHIELD® Hardset™ Antifade Mounting 

Medium with DAPI (Vector Laboratories) then left to dry overnight at 4°C. Samples 

were imaged using a Zeiss Aperture Correlation Vivatome Spinning Disk 

Microscope running Zeiss Zen software and equipped with a 63x objective. Single 

slice images of cells were taken that were post processed using ImageJ software. 
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2.8 Data Analysis 
 

2.8.1 Analysis of Pharmacological Parameters 

 
Data and statistical analyses were carried out using GraphPad Prism 

software (Version 9.3.1). Concentration response curves were fit using non-linear 

regression analysis to a three-parameter sigmoidal function: 

 

𝑹𝒆𝒔𝒑𝒐𝒏𝒔𝒆 (𝒀) = 𝑩𝒐𝒕𝒕𝒐𝒎 +
𝑻𝒐𝒑 − 𝑩𝒐𝒕𝒕𝒐𝒎

𝟏 + 𝟏𝟎𝒍𝒐𝒈𝑬𝑪𝟓𝟎 − 𝑳𝒐𝒈[𝑳𝒊𝒈𝒂𝒏𝒅] (𝑿) 
 

 

The top asymptote represents the maximal response (EMAX) and the agonist 

potency can be determined using the logEC50. For statistical analysis and 

reporting, the agonist potency is described as the pEC50 (-logEC50). For vehicle 

points on concentration response curves, data was plotted 10-fold lower than 

lowest agonist concentration to fit the curve. 

 

 

2.8.2 Statistical Analysis 

 
Statistical analyses were carried out using GraphPad Prism 9 software. 

Data are shown as mean ± S.E.M. and replicates are described for each 

experiment in the figure legends. In all cases, data was assumed to be normally 

distributed and compared using parametric tests, wherein a P value of <0.05 was 

considered statistically significant.  

Typically, a two-tailed unpaired t test (for two groups), or an analysis of 

variance (ANOVA) (for three or more groups) was used to compare datasets. Post 

hoc corrections were performed where statistical tests with multiple comparisons 

were selected. Tukey’s multiple comparisons post hoc test was used when 

comparing the mean of each group of data with every other mean. Šídák’s 

correction for multiple comparisons was selected when comparing selected 

means, for instance comparing means to that of wildtype. For data in which 

normalisation to 100% or 0% had been performed, for example normalisation to 

wildtype or parental cells, a Kruskal-Wallis test was used, a non-parametric 
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analogue to one-way ANOVA. This was followed by Dunn’s post hoc test for 

multiple comparisons. 
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3 Phosphorylation Controls β-Arrestin 2 
Recruitment but not Internalisation of the 
Type 5 Metabotropic Glutamate Receptor 
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3.1 Introduction 
 

The type 5 metabotropic glutamate receptor 5 (mGlu5) plays a crucial role in 

regulating synaptic transmission and neuronal plasticity, making it a key target for 

understanding various neurological disorders. Phosphorylation, a post-

translational modification, has been shown to modulate the function and signalling 

of mGlu5 receptors, thereby influencing neuronal activity and synaptic plasticity 

(Marton et al., 2015). For dissecting the functional roles of receptor 

phosphorylation, investigating disease pathophysiology, and informing novel drug 

development, phospho-deficient (PD) mutant receptors serve as valuable tools for 

understanding the complex networks governing receptor signalling in health and 

disease. To generate PD mutants, putative phosphorylation sites are mutated to 

amino acid residues unable to be phosphorylated such as alanine, providing a 

receptor that can be pharmacologically profiled and compared to wildtype receptor 

to dissect out the physiological roles of direct receptor phosphorylation. This 

technique was utilised by Scarpa et al. (2021), discovering through use of an M1 

muscarinic PD receptor that phosphorylation-dependent receptor signalling 

delivers neuroprotection in a mouse model of neurodegenerative disease.  

 Through phospho-amino acid analysis, Olsen et al., (2006) determined that 

the relative distribution of phosphorylated amino acids in normally growing cells 

was 86.4% phospho-serine, 11.8% phospho-threonine, and 1.8% phospho-

tyrosine. To investigate phosphorylation of the mGlu5 receptor, a C-terminus was 

synthesised in which the most abundantly phosphorylated amino acid, serine, was 

mutated to alanine to generate a phosphorylation deficient mutant of the mGlu5 

receptor (mGlu5-PD). Furthermore, a ‘total’ phosphodeficient receptor was 

generated through synthesising a C-terminus where serine and threonine residues 

were mutated to alanine (mGlu5-TPD). Mutation of putative phosphorylation sites 

in the intracellular surface of the receptor permits determination of the impact of 

direct receptor phosphorylation on receptor activity, cellular responses, and 

downstream signalling pathways through comparison of the activity to wildtype 

receptors. Specifically, separate serine- and serine/threonine-deficient mutants 

allows the distinction of the roles of the two individual amino acids in receptor 

phosphorylation and subsequent cellular activity. 
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 This chapter focuses on the pharmacological characterisation of the role of 

direct mGlu5 phosphorylation through the use of mGlu5 PD mutants. Exploration 

into the agonist-stimulated β-arrestin 2 (β-Arr2) recruitment in cell lines expressing 

these phosphodeficient receptor variants (mGlu5-PD and mGlu5-TPD) reveals the 

impact of receptor phosphorylation on this process. Despite some specific 

locations of C-terminal phosphorylation sites of mGlu5 being defined (Gereau IV & 

Heinemann, 1998; Luo et al., 2020; Uematsu et al., 2015), very little is known 

about the physiological and pharmacological impact of this phosphorylation. 

Although receptor phosphorylation and β-Arr2 recruitment has been linked, with 

arrestins having a higher affinity for active phosphorylated GPCRs detected by 

sensors within the arrestin protein (Karnam et al., 2021), the functional 

consequences of direct mGlu5 phosphorylation remain incompletely understood. 

Here, the physiological effects of basal and agonist-induced mGlu5 

phosphorylation were evaluated in cell lines expressing wildtype mGlu5 (mGlu5-

WT), mGlu5-PD and mGlu5-TPD, providing a strong foundation for understanding 

the link between mGlu5 receptor phosphorylation and the downstream effects of 

this. 
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3.2 Aims 
 
To examine the impact of C-terminal mGlu5 phosphorylation on β-arrestin 2 

recruitment and internalisation, the aims of this chapter were as follows: 

• Assess the ability of wildtype and phosphodeficient mutant mGlu5 receptors 

to recruit β-arrestin 2. 

• Investigate the role of G protein-coupled receptor kinases on mGlu5 

receptor β-arrestin 2 recruitment. 

• Validate and characterise novel mGlu5 phospho-site specific antibodies. 
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3.3 Results 
 

3.3.1 Mutation of Serine Phosphorylation Sites in the M1 

Acetylcholine Receptor C-Terminus Disrupts β-Arrestin 2 

Recruitment 

To demonstrate the potential for using PD mutants to study the importance 

of phosphorylation in the recruitment of β-Arr2 to GPCRs, the murine M1 

muscarinic acetylcholine receptor was used. This rhodopsin-like GPCR couples to 

the Gαq/11 signal transduction pathway, like mGlu5. M1 receptors are primarily 

found in the central nervous system (CNS), particularly in regions associated with 

cognition and memory (Levey et al., 1991), while mGlu5 receptors are broadly 

expressed in the CNS (Shigemoto et al., 1993). Dysfunction of both receptors are 

implicated in neurodegenerative disorders (see Wong et al. (2023) for a review), 

highlighting the common localisation and role of the receptors. 

 Previous work has generated a phosphorylation-deficient mutant of the 

murine M1 receptor (M1-PD), whereby all serine residues in the C terminus and 

third intracellular loop were mutated to alanine (Butcher et al., 2016). It was 

demonstrated that this PD mutant displays reduced recruitment of β-Arr2 (Bradley 

et al., 2020). In order to confirm this finding, β-Arr2 recruitment to the plasma 

membrane in HEK293T cells expressing wildtype M1 receptor (M1-WT) or M1-PD 

was assessed through a bystander BRET-based system (Figure 3.1A). When 

plotting the muscarinic endogenous agonist acetylcholine (ACh) concentration 

response from cells transfected with each receptor construct (Figure 3.1B), it was 

apparent that while the EMAX was reduced by 75.8% for M1-PD compared to M1-

WT (P=0.0309, unpaired t-test), the potency values were unchanged. To confirm 

that the β-Arr2 responses observed were related to the expression of M1-WT and 

M1-PD, a control experiment was conducted transfecting empty vector with the 

bystander BRET plasmids, showing that acetylcholine (ACh) produced no 

recruitment of β-Arr2 to the plasma membrane (Figure 3.1C). Observing the 

kinetics following a 30-minute stimulation with ACh, robust, concentration 

dependent, β-Arr2 recruitment to the plasma membrane was recorded in cells 

expressing M1-WT, peaking after 4 minutes (Figure 3.1D). In cells expressing M1-

PD, a peak β-Arr2 recruitment was also observed at 4 minutes, however the 
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magnitude of this response was reduced by 83.5% compared to wildtype 

(P=0.0854, unpaired t-test) (Figure 3.1E).  

 These data demonstrate that intracellular serine residues are key for β-Arr2 

recruitment in cells expressing the M1 muscarinic acetylcholine receptor, as the 

M1-PD receptor lacking intracellular serine residues had limited capacity to recruit 

β-Arr2 in comparison to the wildtype receptor.  

 

 

Figure 3.1: β-arrestin 2 recruitment to the murine M1 receptor is reduced but not 
eliminated when C-terminal serine residues are mutated to alanine. Acetylcholine 
(ACh)-stimulated β-arrestin 2 recruitment to the cell membrane was measured using a 
bystander BRET assay, as depicted in the schematic (A). The BRET donor, 
nanoluciferase (Nluc), is tagged to β-arrestin 2 and the BRET acceptor, mNeonGreen 
(mNG), is anchored at the plasma membrane via a CAAX motif. Upon β-arrestin 2 
recruitment to the cell membrane by the receptor of interest, the BRET donor and 
acceptor proteins are brought in close proximity, producing a measurable BRET signal. 
The data are plotted as a concentration response curve (B) by calculating the area under 
curve (AUC) of the net BRET above vehicle treatment from HEK293T cells transfected 
with Nluc-β-arrestin 2 and mNG-CAAX as well as with (C) pcDNA3 empty vector control, 
(D) the wildtype murine M1 muscarinic receptor (M1-WT), or (E) the phosphodeficient 
mutant M1 receptor (M1-PD). Data are expressed as the means ± S.E.M. of three 
independent experiments performed in quadruplicate. 

 

 

 To demonstrate that a phosphodeficient GPCR construct can be used to 

study receptor signalling in a more physiologically relevant system, I next aimed to 

demonstrate that M1 β-Arr2 recruitment in cortico-hippocampal neurons is also 

dependent on the presence of M1 phosphorylation sites. For these studies, I 

established neuronal cultures from both wild type C57BL/6J mice and knock-in 
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mice engineered to express M1-PD under the control of the murine M1 promoter, 

which no longer express M1-WT (Bradley et al., 2020). The same bystander 

BRET-based system was employed in these primary neuronal cultures to measure 

β-Arr2 recruitment in response to treatment with ACh. Initially, to confirm the 

components of the BRET system were successfully transfected into the neurons, 

confocal microscopy was used to look at the expression of the CAAX membrane 

anchored mNeonGreen (mNG) fluorescent protein (Figure 3.2A). The mNG 

fluorescence is visible at the cell membrane of the neuron, both in the cell body 

and the projections, however it was noted from the brightfield image that the 

transfection efficiency was low, at approximately 2%, with most neurons not 

expressing the fluorescent protein. To assess β-Arr2 recruitment in neurons 

expressing the M1-WT and M1-PD receptors, cells transfected with mNG-CAAX 

and Nluc-β-Arr2 were treated with 100 μM acetylcholine and the change in BRET 

monitored for 30-minutes (Figure 3.2B). Looking at the kinetic traces, there is an 

increase in BRET over the entire time course for M1-WT, indicating recruitment of 

β-Arr2 to the plasma membrane of the neurons expressing M1-WT (Figure 3.2B). 

Mutation of intracellular serine residues of the M1 receptor decreases the 

magnitude of the BRET response in comparison to wildtype receptor, however 

there is still a BRET response which produces a second peak at the 20-minute 

time point; this indicates that there exists some recruitment of β-Arr2 by the M1-PD 

receptor, but the kinetics are differing compared to M1-WT. 

Quantification of the area under curve (AUC) for the BRET responses 

demonstrated that there is a 66.4% decrease in BRET response to acetylcholine 

with removal of putative phosphorylation sites (P=0.0735, unpaired t test). These 

data corroborate the in vitro BRET data in that intracellular serine residues play a 

role in the recruitment of β-Arr2 to the M1 muscarinic acetylcholine receptor. 

Additionally, it was demonstrated that phosphodeficient mutants are valuable tools 

to study GPCR function in physiologically relevant systems and that bystander 

BRET β-Arr2 recruitment can be employed in primary neuronal cultures. 
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Figure 3.2: β-arrestin 2 is recruited to wild type but not phosphodeficient M1 in 
cultured cortico-hippocampal neurons. (A) Murine primary cortico-hippocampal 
neurons were transfected with nanoluciferase-tagged β-arrestin 2 and mNeonGreen 
fluorescent protein then visualised using a Zeiss LSM 880 inverted confocal microscope 
running Zeiss Zen software equipped with a 63x objective to take confocal slices of 
neurons to image mNeonGreen using the 488 nm excitation laser line (left) and brightfield 
(right). The red arrowhead indicates the cell body of the neuron. (B) The time course of β-
arrestin 2 recruitment to the cell membrane in cortico-hippocampal neurons from mice 
expressing either wildtype (M1-WT) or phosphodeficient M1 receptor (M1-PD) was 
recorded following treatment with 100 µM acetylcholine. (C) The area under the curve 
(AUC) for the net BRET above vehicle treatment to acetylcholine was calculated from the 
dataset in B. Data are expressed as means ± S.E.M. of four and six independent 
experiments each performed in triplicate. Statistical analysis performed was an unpaired t-
test. 
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3.3.2 Mutation of mGlu5 C-Terminal Serine and Threonine 

Residues to Alanine Disrupts β-Arrestin 2 Recruitment 

 
Next, I aimed to apply the concept of using GPCR PD mutants to study β-

Arr2 recruitment to the mGlu5 receptor. The M1-PD receptor consisted of mutation 

of serine residues alone, yet serine is not the only amino acid that can be 

phosphorylated. Considering this, cells expressing this M1-PD mutant receptor 

exhibited some residual β-Arr2 recruitment. To further these studies, two mutants 

of the mGlu5 receptor were generated: the mGlu5-PD receptor (C-terminal serine 

residues mutated to alanine) and the mGlu5-TPD receptor (C-terminal serine and 

threonine residues mutated to alanine (Figure 3.3), to dissect out the functions of 

both serine and threonine amino acid phosphorylation. 

 

Figure 3.3: The phosphodeficient mutant receptors mGlu5-PD and mGlu5-TPD. mGlu5-PD 
(left) consists of all C-terminal serine residues (red) mutated to alanine to prevent phosphorylation 
of serine residues, whereas mGlu5-TPD (right) has the serine and threonine (blue) residues 
mutated to alanine. Both mutant receptors are based on the long form mGlu5b isomer. 

 

 Initially the bystander BRET-based system (Figure 3.1A) was employed in 

HEK293T cells transiently transfected with the wildtype or PD mutant receptors to 

compare β-Arr2 recruitment kinetics. Preceding the assay, cells were treated with 

the enzyme GPT supplemented with sodium pyruvate to remove endogenous 

glutamate (Matthews et al., 2000), thus the β-Arr2 recruitment is stimulated by 

solely exogenously applied glutamate. Recording the kinetics of β-Arr2 recruitment 
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following stimulation with 100 µM glutamate over the course of an hour reveals a 

steady increase in BRET signal in cells expressing the mGlu5-WT receptor, 

demonstrating recruitment of β-Arr2 to the cell membrane (Figure 3.4A). A one-

hour time course was selected for mGlu5, as opposed to the 30-minute time period 

used for the M1 receptor, as the glutamate receptor family are not as robustly 

coupled to β-Arr2 compared to rhodopsin-like GPCRs (Abreu et al., 2021). In 

contrast to mGlu5-WT, cells expressing the mGlu5-PD receptor do not exhibit any 

recruitment of β-Arr2 to the cell membrane in response to 100 μM glutamate 

(Figure 3.4A), however a slight increase in recruitment is observed at the 20-

minute time point similar to that seen for the M1-PD expressing neurons. 

Interestingly, the cells expressing mGlu5-TPD appeared to display a decrease in 

BRET following 100 μM glutamate treatment (Figure 3.4A). This may be a real 

decrease in net BRET, or an artefact in the assay and the luminescent signal 

dropping. Subsequent experiments assessed the ability of multiple concentrations 

of glutamate to stimulate recruitment of β-Arr2 to the plasma membrane over a 

one-hour time period in cells expressing mGlu5-WT, mGlu5-PD and mGlu5-TPD 

(Figure 3.4B). These data suggested a pEC50 of 5.1 in cells expressing mGlu5-WT, 

while again no response was observed in mGlu5-PD and a small decrease in 

BRET observed in cells expressing mGlu5-TPD.  

 It was also noted that expression of the different mGlu5 mutant receptors 

alone, without glutamate treatment, appeared to affect the basal BRET observed 

between Nluc-β-Arr2 and the membrane anchored mNG (Figure 3.4C). Notably, 

this basal BRET was significantly elevated in cells expressing mGlu5-WT 

compared to pcDNA3 transfected cells (P<0.0001, one-way ANOVA), and 

significantly decreased in cells expressing mGlu5-TPD (P<0.0001, one-way 

ANOVA). There also appeared to be a clear trend toward decreasing BRET with 

removal of phosphorylation sites, with basal BRET significantly reduced in cells 

expressing mGlu5-PD, lacking only serine sites, compared with cells expressing 

mGlu5-WT (P<0.0001, one-way ANOVA), and further reduced in cells expressing 

mGlu5-TPD, lacking both serine and threonine sites (P<0.0001, one-way ANOVA). 

The basal BRET ratios provide insightful information into the ligand-independent 

activity of the receptor and how phosphorylation impacts this. The significant 

increase in the basal BRET ratio in cells expressing mGlu5-WT suggests that this 

receptor is highly constitutively active, and this constitutive activity increases β-
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Arr2 localisation to the cell membrane, however differences in surface expression 

should be considered.  

 These data suggest that C-terminal serine residues of the mGlu5 receptor 

play a substantial role in the recruitment of β-Arr2, and that threonine residues 

have a further function in this process. In addition to this, expression of the 

wildtype receptor increases the basal BRET, which could indicate an increase in 

constitutive activity as the BRET increases simply from expressing the wildtype 

receptor. The basal BRET measurement decreases back to the level observed in 

empty vector transfected cells upon mutation of serine residues, which also further 

decreases upon mutation of threonine residues, therefore it may be implied that 

serine and threonine residues in the C-terminus may play a role in the constitutive 

β-Arr2 recruitment to the mGlu5 receptor. 

 

Figure 3.4: Constitutive and glutamate dependent β-arrestin 2 recruitment to mGlu5 
is reduced with removal of putative C-terminal phosphorylation sites. (A) The kinetic 
traces of bystander BRET β-arrestin 2 recruitment to the plasma membrane in HEK293T 
cells expressing wildtype mGlu5, mGlu5-PD and mGlu5-TPD were measured over the 
course of an hour in cells treated with 100 µM glutamate, subsequent to a 10-minute 
baseline read. Data are plotted as the net BRET above vehicle treatment. Data are 
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expressed as means ± S.E.M. of one independent experiment performed in triplicate. (B) 
Concentration response curves of the agonist-stimulated β-arrestin 2 recruitment to the 
cell membrane were generated from net BRET above vehicle area under curve (AUC) 
data following stimulation with increasing concentrations of glutamate. (C) The basal 
BRET, measured prior to the addition of glutamate, is reported for each mGlu5 receptor 
variant or pcDNA3 empty vector control. Data are expressed as means ± S.E.M. of one 
independent experiment performed in triplicate. A one-way ANOVA was performed with 
Tukey’s post-hoc multiple comparisons test. *** P<0.0005, **** P<0.0001. 

 

3.3.3 Development of a NanoBiT Assay to Measure β-Arrestin 2 

Recruitment to mGlu5 

To further verify the BRET-based β-Arr2 recruitment data, an alternative 

method to measure recruitment was pursued. For this, a bystander based 

NanoLuc Binary Technology (NanoBiT) luciferase complementation assay was 

selected (Figure 3.5A). The large BiT (LgBiT) (17.6 kDa) is anchored at the 

plasma membrane with a Lyn11 motif, and the small BiT (SmBiT) (11 amino acids) 

is tagged to β-Arr2. As the receptor recruits the tagged β-Arr2, the protein 

fragments come together and form an active luciferase protein, generating a bright 

luminescent signal. The NanoBiT technique has been validated in rhodopsin-like 

GPCRs to robustly measure β-Arr2 recruitment (Pedersen et al., 2021). In addition 

to this, the NanoBiT setup as a complementation assay has the potential to 

generate a larger signal window than the ratiometric BRET-based β-Arr2 

recruitment technique. Therefore, I hypothesised that the NanoBiT system may be 

a better option for mGlu5, as this receptor has been reported to have a poor ability 

to recruit β-Arr2 (Abreu et al., 2021).  

 To directly compare the magnitude of β-Arr2 recruitment for mGlu5 in the 

NanoBiT assay with a GPCR know to strongly recruit β-Arr2, the free fatty acid 

receptor 4 (FFA4) was selected as a positive control. FFA4 has been shown to 

robustly recruit β-Arr2 in a variety of assay formats (Alvarez-Curto et al., 2016), 

hence is a good candidate receptor to compare to the glutamate receptor family. 

The mGlu5 receptor demonstrated a much smaller signal window than the FFA4 

receptor; the peak luminescent signal for the glutamate/mGlu5-WT response was 

decreased by 88.1% compared to from the TUG-891/FFA4 response (P=0.053, 

unpaired t test) (Figure 3.5B). Looking at the kinetics of the response, the use of 

the FFA4 agonist, TUG-891, to activate the receptor produces a robust increase in 

luminescence, peaking at 12-minutes post agonist addition (Figure 3.5C). In 

contrast, the mGlu5-WT receptor takes a much longer time to produce a 



Chapter 3  87 
 
luminescent response (Figure 3.5D), and the magnitude of luminescent response 

is much lower when activating mGlu5 with glutamate than it is when activating 

FFA4 with TUG-891. 

 These data demonstrate that the NanoBiT system can be employed to 

measure both receptors with robust coupling to β-Arr2 recruitment and also 

receptors with much weaker coupling. The mGlu5 receptor demonstrated a less 

robust coupling to β-Arr2 than the rhodopsin-like GPCR FFA4 and with slower 

kinetics, however despite this, the mGlu5 receptor was still able to recruit β-Arr2 to 

the membrane.  

 

Figure 3.5: mGlu5 demonstrates a much weaker coupling to the β-arrestin 2 
pathway compared to the free fatty acid receptor 4. (A) A schematic demonstrating the 
NanoBiT β-arrestin 2 recruitment assay, in which the large BiT (LgBiT) fragment of the 
nanoluciferase protein is anchored at the plasma membrane and the β-Arrestin 2 protein 
is tagged with the small BiT (SmBiT). When SmBiT-β-Arrestin 2 is recruited by the 
receptor, the LgBiT and SmBiT fragments come together to form an active luciferase 
protein, producing a luminescent signal. (B) The kinetics of β-arrestin 2 recruitment were 
recorded subsequent to treatment with the agonists glutamate (for mGlu5) or TUG-891 (for 
FFA4), then the area under the curve was plotted. The kinetics of the β-arrestin 2 
recruitment in HEK293T cells expressing the FFA4 receptor (C) or the mGlu5-WT receptor 
(D) was recorded over a 60-minute time course. Data are expressed as means ± S.E.M. 
of three independent experiments each performed in triplicate. 

 

 

The NanoBiT system was then employed in cells expressing wildtype or 

phosphodeficient mGlu5 receptor constructs to see if this assay system confirmed 

findings on the impact of phosphorylation seen in the previous BRET-based assay. 

Initially, the NanoBiT assay was performed in HEK293T cells transfected with 



Chapter 3  88 
 
empty vector pcDNA3 control (Figure 3.6A) (pre-treated with GPT to reduce basal 

glutamate) to confirm that exogenously applied glutamate did not stimulate β-Arr2 

recruitment in cells that have not been transfected with an mGlu5 receptor 

construct. This was then progressed into cells expressing mGlu5-WT (also pre-

treated with GPT) which were then treated with increasing concentrations of 

glutamate to determine if the β-Arr2 recruitment was dependent on agonist 

concentration. Following a 10-minute baseline recording of the luminescent signal, 

agonist was applied to the cells and the kinetics of the luminescent signal was 

recorded over a one-hour time period. The luminescent signal gradually increased 

in cells expressing the wildtype receptor; the magnitude of response was lower 

when cells were treated with 1 µM of glutamate, but both 10 µM and 100 µM 

produced approximately equivalent magnitudes of luminescent signal (Figure 

3.6B). Similarly, the mGlu5-PD receptor demonstrated an increase in the fold 

luminescence in a concentration-dependent manner (Figure 3.6C). In contrast, 

although the cells expressing the mGlu5-TPD receptor produced a luminescent 

signal at 10 µM and 100 µM, there was no response with 1 µM of glutamate 

(Figure 3.6D). Calculating the net response from the kinetic traces reveals similar 

concentration response curves for both mGlu5-WT and mGlu5-PD, however the 

maximal fold luminescent value produced by mGlu5-TPD is 46.5% lower than the 

maximal signal produced in cells expressing mGlu5-WT (P=0.1124, unpaired t test) 

(Figure 3.6E).  

Employing the NanoBiT system to measure β-Arr2 recruitment in cells 

expressing wildtype and PD mutants of mGlu5 reveals no difference between 

mGlu5-WT and mGlu5-PD, implying that conversely to the findings from the BRET-

based β-Arr2 recruitment assay, C-terminal serine residues may not play a role in 

glutamate stimulated recruitment of β-Arr2. However, this assay does confirm that 

C-terminal threonine residues do have a function in the recruitment of β-Arr2; 

mutating these residues to an amino acid that is unable to be phosphorylated 

reduces the ability of the receptor to recruit β-Arr2 to the cell membrane. 
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Figure 3.6: mGlu5-TPD demonstrates reduced β-arrestin 2 recruitment compared to 
both mGlu5-WT and mGlu5-PD in the NanoBiT complementation assay. Subsequent 
to a ten-minute baseline read, HEK293T cells transfected with the NanoBit β-Arr2 sensor 
components and either the empty vector control pcDNA3 (A), mGlu5-WT (B), mGlu5-PD 
(C), and mGlu5-TPD (D) were treated with 1 µM, 10 µM or 100 µM of the endogenous 
agonist glutamate (Glu) or vehicle (HBSS-H). The luminescent signal from β-arrestin 2 
recruitment to the cell membrane and luciferase complementation was recorded and 
luminescent signal plotted as the ratio over the pre-drug addition baseline recording after 
subtracting the ratio obtained in vehicle treated wells. The net response was measured as 
the area under the curve (AUC) and plotted as a concentration response curve (E). Data 
are expressed as means ± S.E.M. of three independent experiments each using six 
technical replicates. 

 

 Recording the basal luminescence produced by the cells in the NanoBiT 

complementation assay is a measure of the ligand-independent activity of the 

receptors. In the HEK293T cells transfected with mGlu5-WT, the basal 

luminescence was significantly increased by 335.2% compared with cells 
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transfected with the empty vector pcDNA3 (P<0.0001, two-way ANOVA) (Figure 

3.7). The basal luminescence for mGlu5-PD transfected cells, while 165.2% higher 

than pcDNA3 (P<0.0001, one-way ANOVA), was significantly decreased by 39.1% 

compared to mGlu5-WT transfected cells (P<0.0001, one-way ANOVA) (Figure 

3.7). Interestingly, the basal luminescence for mGlu5-TPD was lower than that of 

pcDNA3, a decrease of 23.0% (P=0.8003, one-way ANOVA) (Figure 3.7). 

 Transfecting the mGlu5-WT receptor into HEK293T cells expressing the 

NanoBiT β-arrestin 2 biosensor causes an increase in ligand-independent 

luminescence compared to empty vector control, indicating that simply expressing 

the receptor causes recruitment of β-Arr2 to the cell membrane. Thus, it can be 

implied that mGlu5-WT is constitutively active. Similarly, mGlu5-PD demonstrates 

some constitutive activation, but this is reduced compared to mGlu5-WT, therefore 

it can be inferred that C-terminal serine residues are involved in the basal 

recruitment of β-Arr2 to the receptor. No significant difference in basal 

luminescence was observed for mGlu5-TPD compared to empty vector control, 

indicating both C-terminal serine and threonine residues are key for ligand-

independent β-Arr2 recruitment to the plasma membrane. These data are 

consistent with the ligand-independent data observed in the bystander BRET-

based assay; an increase in the BRET ratio pre-drug addition was observed from 

empty vector control to mGlu5-WT expression, implying an increase in constitutive 

activity. Similar to the data from the NanoBiT assay, there was also a significant 

decrease in basal BRET signal with mutation of serine residues from the C-

terminus, then a further decrease with the additional mutation of threonine 

residues. These data confirm there is an impact of C-terminal serine and threonine 

residues on ligand-independent mGlu5 β-Arr2 recruitment. 
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Figure 3.7: Constitutive β-arrestin 2 recruitment to mGlu5 measured by a NanoBiT 
complementation assay is decreased with removal of putative C-terminal 
phosphorylation sites. Basal luminescence from the NanoBiT β-arrestin 2 recruitment 
assay for cells transfected with pcDNA3 empty vector control, mGlu5-WT, mGlu5-PD, and 
mGlu5-TPD. Data are expressed as means ± S.E.M. of nine independent experiments 
each using either three or six technical replicates. Statistical analysis was a one-way 
ANOVA with a Tukey post hoc test for multiple comparisons. **** P<0.0001. 

 

 
 

3.3.4 G Protein-Coupled Receptor Kinases Play a Role in Basal 

and Agonist Dependent β-Arrestin 2 Recruitment to mGlu5  

G protein coupled-receptor kinases (GRKs) act as crucial mediators of 

GPCRs, phosphorylating active GPCRs which leads to the increased affinity for 

arrestins (Drube et al., 2022). Understanding how GRK activity regulates arrestin 

recruitment provides insights into the mechanisms of receptor desensitisation and 

cellular adaptation to sustained ligand stimulation. Dysregulation of GRK activity 

and arrestin recruitment has been implicated in various pathologies, including 

neurodegenerative diseases (Obrenovich et al., 2006), thus characterising the role 
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of GRKs in β-Arr2 recruitment permits investigation into the fundamental biology of 

cell signalling and the regulatory mechanisms of such. Canonically, 

phosphorylation of GPCRs by GRKs leads to β-Arr2 recruitment and subsequent 

desensitisation or internalisation, however regulation of Group I mGlu receptors by 

GRKs has been proposed to be phosphorylation-independent (Dhami et al., 2002). 

To challenge this, the phosphodeficient mutant mGlu5 receptors were employed to 

explore the interplay between GRKs, phosphorylation of the mGlu5 receptor, and 

β-Arr2 recruitment. 

 To primarily investigate the function of GRKs on mGlu5 β-Arr2 recruitment, 

CRISPR/Cas9-edited HEK293 cells in which GRK2/3/5/6 were knocked out (Drube 

et al., 2022) were transfected with mGlu5 receptor variants and β-Arr2 recruitment 

assays were performed. CRISPR/Cas9-edited HEK293 cells devoid of GRKs have 

previously been used to determine the roles of GRK2 and GRK3 in β-Arr2 

recruitment and receptor internalisation for the rhodopsin-like µ-opioid receptor 

(Møller et al., 2020), demonstrating the possibility of applying this approach to 

mGlu5 to reveal the role of GRKs in β-Arr2 recruitment.  

 The NanoBiT complementation assay was selected to measure mGlu5 β-

Arr2 recruitment. Initially, control β-Arr2 recruitment experiments were conducted 

in cells not transfected with mGlu5 to provide a comparison to β-Arr2 recruitment in 

the GRK KO cells. This was performed in HEK293A cells, the parental cell 

background of the GRK KO cells. HEK293T and HEK293A cells are both derived 

from the human embryonic kidney (HEK) cell line, but they have a slight 

difference: HEK293T cells are engineered to express the SV40 large T antigen, 

resulting in higher transfection efficiencies and protein expression levels, whereas 

HEK293A cells lack this antigen. Here, parental HEK293A cells were transfected 

with pcDNA3 empty vector control and used in the NanoBiT complementation 

assay to measure any background glutamate dependant β-Arr2 recruitment in the 

cells (Figure 3.8A). No increase in luminescence signal was observed following 

treatment with glutamate, demonstrating a lack of β-Arr2 recruitment. This lack of 

response to glutamate in pcDNA3 transfected cells suggests that the parental cells 

do not express mGlu5 (or any other glutamate family receptor) to a level where β-

Arr2 recruitment is observed. Subsequently to measure the β-Arr2 recruitment to 

the mGlu5 receptor, the mGlu5-WT receptor was transfected in the parental 

HEK293A cells and the β-Arr2 recruitment recorded over the course of an hour. 
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The luminescent signal increases steadily over the time period in a concentration 

dependent manner (Figure 3.8B). Conversely, transfection of mGlu5-WT in cells 

engineered by CRISPR to knock out expression of GRK2/3/5/6 (Drube et al., 

2022), produces a kinetic profile similar to that of pcDNA3 control in response to 

glutamate stimulation (Figure 3.8C). Plotting these data as a concentration 

response curve (Figure 3.8D) demonstrate that glutamate stimulated β-Arr2 

recruitment with a potency of 5.3 ± 0.10 in the parental cells, with no concentration 

dependent recruitment of β-Arr2 observed in the GRK2/3/5/6 KO cells. Looking at 

the basal luminescence, the parental cells display a 314.4% increase in basal 

luminescence when transfected with mGlu5-WT compared to pcDNA3 (P<0.0001, 

one-way ANOVA) (Figure 3.8E). It was also notable that the basal signal was 

substantially reduced between the parental and GRK KO cells. This was true both 

for cells transfected with pcDNA3, a 92.2% reduction (P<0.0005, one-way 

ANOVA), and cells transfected with mGlu5-WT, a 96.8% reduction (P<0.0001, 

one-way ANOVA) (Figure 3.8E).  

 These data suggest that both glutamate dependent and glutamate 

independent β-Arr2 recruitment to the mGlu5 receptor are dependent on GRK 

activity. 
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Figure 3.8: β-arrestin 2 recruitment to the mGlu5 receptor is eliminated in 
GRK2/3/5/6 knockout cells. The NanoBiT bystander β-arrestin 2 recruitment assay was 
employed in parental HEK293A cells transfected with pcDNA3 (A) and mGlu5-WT receptor 
(B); or G protein-coupled receptor kinase (GRK) 2, 3, 5, and 6 knockout (KO) cells 
transfected with mGlu5-WT (C). Following a 6-minute baseline recording, the agonist 
glutamate was added and the kinetics of β-arrestin 2 recruitment recorded over one-hour. 
(D) Concentration response curve of β-arrestin 2 recruitment to both parental and GRK 
KO cells expressing mGlu5-WT, calculated from the kinetic traces. (E) Basal luminescence 
from the NanoBiT β-arrestin 2 recruitment assay for pcDNA3 empty vector control in 
HEK293A and GRK KO cells, and mGlu5-WT transfected parental and GRK KO cells. 
Data are expressed as means ± S.E.M. of three independent experiments performed in 
triplicate. A one-way ANOVA was performed with a Tukey post-hoc test for multiple 
comparisons. *** P<0.0005, **** P<0.0001. 

 

 To validate the findings from the GRK KO model, pharmacological inhibition 

of GRKs was also used. Inhibitors can be employed to study the acute effects of 

inhibition compared with the complete genetic depletion a KO model provides. 

Comparing the short-term blockade with the GRK inhibitors and the chronic 

ablation of the KO model can outline the immediate signalling events directly 

regulated by GRK activity from the downstream physiological adaptations and 

compensatory mechanisms that may occur in response to chronic GRK deficiency. 

Using both approaches permits cross-validation and evaluates the robustness of 

the findings. 

 To explore the role of GRK5/6 on mGlu5 receptor phosphorylation and 

subsequent β-Arr2 recruitment, a GRK5/6 inhibitor was utilised alongside mGlu5 
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phosphodeficient mutants to measure β-Arr2 recruitment. Compound 19, an 

inhibitor of GRK5/6, was developed by Uehling et al. (2021) and here used in the 

NanoBiT β-Arr2 recruitment assay in the absence of agonist to measure the 

ligand-independent β-Arr2 recruitment to wildtype and phosphodeficient mGlu5 

receptors. Upon treatment with the vehicle (0.1% DMSO in HBSS-H), there was a 

decrease in basal luminescence with mutation of C-terminal serine residues and a 

further decrease still with mutation of C-terminal serine and threonine residues 

(Figure 3.9A), as seen previously (Figure 3.4C, Figure 3.7). With administration of 

10 µM of Compound 19 to inhibit GRK5/6, there was a decrease in basal 

luminescence for mGlu5-WT transfected cells by 23.7% compared to vehicle 

treated cells (P=0.0001, one-way ANOVA) (Figure 3.9A). Similarly, a decrease of 

29.6% was observed for mGlu5-PD upon treatment with Compound 19 (P=0.0004, 

one-way ANOVA) (Figure 3.9A), while there was no significant effect of Compound 

19 treatment in the mGlu5-TPD basal luminescence (P=0.2389, one-way ANOVA) 

(Figure 3.9A).  

 Similarly, to investigate the role of GRK2/3 on mGlu5 receptor 

phosphorylation and subsequent β-Arr2 recruitment, a GRK2/3 inhibitor was used 

in an assay measuring β-Arr2 recruitment. Compound 101 (Thal et al., 2011) was 

utilised to inhibit GRK2/3 and the NanoBiT assay performed to measure ligand-

independent β-Arr2 recruitment to mGlu5-WT, mGlu5-PD and mGlu5-TPD 

receptors. Once again, there was a trend of decreasing basal luminescence with 

mutation of C-terminal serine residues, which was reduced further upon additional 

mutation of threonine residues (Figure 3.9B). However, there was no significant 

impact of the GRK2/3 inhibitor on the basal luminescence on the β-Arr2 

recruitment on any of the mGlu5 receptors (Figure 3.9B).  

 Together, these data using the GRK inhibitors partially corroborate the 

findings from the KO studies, in that GRKs appear to play a role in the basal β-

Arr2 recruitment to the mGlu5 receptor. However, the inhibitor studies suggest that 

it is likely to be GRK5/6 that possesses this function. Mutation of C-terminal 

phosphorylation sites decreases the ligand-independent β-Arr2 recruitment, which 

is further reduced upon treatment with a GRK5/6 inhibitor, indicating a role for 

GRK5/6 in β-Arr2 recruitment. 
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Figure 3.9: Inhibiting GRK5/6 decreases constitutive β-arrestin 2 recruitment to 
mGlu5-WT and mGlu5-PD. Basal luminescence from HEK293T cells transfected with 
mGlu5-WT, mGlu5-PD or mGlu5-TPD in addition to the NanoBiT β-arrestin 2 
complementation system. Cells were treated with 0.1% DMSO in HBSS-H (vehicle) or 
either 10 µM of the GRK5/6 inhibitor Compound 19 (A), or 10 µM of the GRK2/3 inhibitor 
Compound 101 (B). Data are expressed as means ± S.E.M. of three independent 
experiments performed in triplicate. A one-way ANOVA was performed with a Tukey post-
hoc test for multiple comparisons. *** P<0.0005. 

 

 

 

3.3.5 Mutation of mGlu5 C-Terminal Phosphorylation Sites Does 

Impact Receptor Internalisation  

Because I have observed that removing C-terminal phosphorylation sites 

reduces β-arrestin 2 recruitment, and it is known that β-arrestin 2 drives agonist 

dependent endocytosis of GPCRs (Ferguson et al., 1996), I aimed to determine 

whether agonist treatment caused endocytosis of the mGlu5 receptor. Receptor 

endocytosis is a key component of GPCR desensitisation, as it removes the 

receptors from the cell surface thereby reducing their exposure to agonists. 

Additionally, internalisation of GPCRs can impact downstream signalling pathways 

by altering the availability of receptors at the cell surface and modulating receptor 

interactions with downstream effectors. Studying receptor internalisation in the 

context of phosphorylation provides insights into how receptor phosphorylation 
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contributes to the desensitisation process, shedding light on the spatial and 

temporal dynamics of GPCR signalling and receptor turnover.  

 A multitude of methods can be employed to measure receptor localisation, 

including biotinylation studies, radioligand binding, and fluorescence microscopy. 

Here, immunocytochemistry was selected to visualise the location of mGlu5 

wildtype and phosphodeficient mutant receptor constructs in the cell following 

administration of 100 µM glutamate for a one-hour time period, as it was found to 

have recruited β-Arr2 in this time frame. The Flp-In™ T-REx™ 293 stable cell 

expression system was used; this option provides much more uniform expression 

of the receptor in the cell compared to transiently transfected cells. These cells are 

engineered to stably express the Flp recombinase target (FRT) site and the 

tetracycline repressor protein. The tetracycline repressor protein binds to 

tetracycline response elements present in the promotor region in the gene of 

interest and represses transcription in the absence of a tetracycline. To induce 

expression of the gene of interest at the FRT site, the cells are treated with 

tetracycline, or the derivative doxycycline, which binds to the tetracycline repressor 

protein preventing it from binding to tetracycline response elements, thereby 

releasing the transcriptional repression and allowing initiation of transcription of the 

gene of interest. This permits controlled expression of the gene; by adjusting the 

concentration and duration of tetracycline treatment, the expression of their gene 

of interest can be tightly controlled. Flp-In™ T-REx™ 293 cell lines were 

generated expressing mGlu5-WT, mGlu5-PD and mGlu5-TPD receptor constructs, 

with each receptor possessing a haemagglutinin (HA) epitope tag at the C-

terminus to facilitate detection. 

 Presently, cells were incubated overnight with 100 ng/mL of doxycycline, a 

concentration that produces maximal expression within the cells, to permit 

observation of receptor localisation within the cell. Probing the expression of the 

mGlu5-WT receptor with immunocytochemical staining for the HA epitope tag 

indicates staining at the cell surface around the nuclei stain (DAPI) upon 

incubation with vehicle (HBSS-H) (Figure 3.10A). In cells stimulated with 100 µM 

glutamate for one hour, the HA staining also appears to be primarily at the cell 

membrane (Figure 3.10A). Similarly, for both the mGlu5-PD receptor (Figure 

3.10B) and the mGlu5-TPD receptors, the expression appears largely only at the 
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cell membrane (Figure 3.10C), whether treated with vehicle or endogenous 

agonist. 

 Together, this lack of change in HA staining upon agonist stimulation 

suggests that there is little internalisation of mGlu5 receptor in response to agonist 

treatment. This is the same when looking at the phosphodeficient mutant 

receptors, therefore it can be inferred that phosphorylation does not impact the 

cellular location of the mGlu5 receptor. 
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Figure 3.10: Treatment with glutamate does not alter mGlu5 localisation. Detection of 
hemagglutinin (HA)-tagged mGlu5 receptor in fixed Flp-In™ T-REx™ 293 cells treated 
with 100 ng/mL doxycycline overnight to induce receptor expression. Cells were treated 
with vehicle or 100 µM glutamate (Glu) for one hour before fixation. After fixation cells 
were permeabilised, nuclei were stained with DAPI (blue), and the receptor detected using 
an anti-HA antibody (red). Images were taken on a Zeiss Aperture Correlation Vivatome 
Spinning Disc Microscope with a 40X objective. The scale bar indicates 20 µm. 
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 For a more quantitative method of measuring cell surface receptor 

expression, an on-cell western analysis was designed. By combining the 

specificity of antibody-based detection with the convenience of high-throughput 

analysis, it provides insights into receptor cell surface expression following agonist 

stimulation through detection of the receptor’s N-terminal epitope tag on non-

permeabilised cells. 

 As a positive control for this assay, FLAG-FFA4-expressing cells were 

treated with 10 µM of the FFA4 agonist, TUG-891, for 30 minutes, as that is the 

time scale reported to cause FFA4 internalisation (Butcher et al., 2014; Hudson et 

al., 2013). Measuring the cell surface receptor expression via the N-terminal FLAG 

epitope reveals a decrease in cell surface expression of 29.3% after agonist 

stimulation (P<0.0001, unpaired t test) (Figure 3.11A), demonstrating that this on-

cell western approach is capable of measuring GPCR internalisation. The mGlu5 

expressing cell lines were treated with 100 µM of the endogenous agonist 

glutamate over a time course, ranging from 0 minutes of ligand to measure 

constitutive internalisation, to 4 hours of ligand treatment, as it has been reported 

that mGlu5 receptor recycles to the plasma membrane within 3.5 hours of 

internalisation (Trivedi & Bhattacharyya, 2012). The mGlu5 receptor surface 

expression was then monitored using an antibody that recognises the extracellular 

N-terminal domain of the receptor. For the mGlu5-WT receptor, there was the 

general trend of less cell surface receptor expression with agonist treatment 

(Figure 3.11B), however this was only significant at the 60-minute time point where 

the agonist stimulated cells produced an antibody signal 37.6% lower than 

unstimulated cells (P=0.0018, mixed-model ANOVA), indicating less receptor 

expression at the cell surface. For the mGlu5-PD receptor, there was no significant 

difference in cell surface expression between agonist stimulated and vehicle 

treated cell samples over the entire time course (Figure 3.11C), demonstrating a 

lack of receptor internalisation for this phosphodeficient mutant receptor. Similar 

trends were observed for the mGlu5-TPD mutant receptor; no significant change in 

receptor cell surface expression was noted following agonist stimulation over the 

duration of the time course (Figure 3.11D). 

 Considering these results, these data indicate that there is little change in 

mGlu5 receptor cell surface expression following agonist stimulation, corroborating 

the findings from the immunocytochemistry. This does not change with removal of 
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C-terminal phosphorylation sites, suggesting that putative C-terminal 

phosphorylation sites do not change internalisation. 

 

Figure 3.11: Agonist stimulation does not result in internalisation of mGlu5-WT, 
mGlu5-PD or mGlu5-TPD. (A) Median pixel intensity quantification of on-cell western 
analysis using an antibody against the N-terminal FLAG epitope tag for free fatty acid 
receptor 4 (FFA4) to assess cell surface receptor expression following treatment with 10 
µM TUG-891 for 30 minutes. Data are expressed as the mean ± S.E.M. of two 
independent experiments performed in triplicate. Statistical analysis performed was an 
unpaired t test. **** P<0.0001. Median pixel intensity quantification of on-cell western 
analysis of mGlu5-WT (B), mGlu5-PD (C), and mGlu5-TPD (D) using the antibody against 
the mGlu5 N-terminus following treatment with either vehicle or 100 µM glutamate. Data 
are expressed as the mean ± S.E.M. of two independent experiments performed in 
triplicate. A mixed-model ANOVA with Šídák correction for multiple comparisons was 
performed. ** P<0.01. 

 

 

3.3.6 Validation of Novel mGlu5 Phospho-Site Specific Antibodies 

To further monitor direct mGlu5 phosphorylation, phosphorylation site-

specific antibodies were employed. This method permits investigation into the 

cellular conditions under which specific residues of a protein are phosphorylated, 

providing insight into the regulation of phosphorylation by agonist treatment. It also 

permits examination of specific C-terminal phosphorylation sites, as opposed to 

insight on global protein phosphorylation which previous methods provide, by 

using antibodies raised against pinpointed C-terminal putative phosphorylation 

sites. 
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 To inform the generation of phosphorylation site-specific antibodies against 

the mGlu5 receptor, putative phosphorylation sites were first probed. A 

phosphoproteomic analysis of mGlu5 in both murine brain tissue and cells 

expressing wildtype mGlu5 was performed in our laboratory, and from the LC-

MS/MS analysis, a multitude of residues on the C-terminus of the mGlu5 receptor 

were discovered to be phosphorylated (Table 3.1). Through collaboration with the 

company 7TM Antibodies (Germany), novel phosphorylation site-specific 

antibodies were generated based on this data from our laboratory. 

Phosphorylation sites to be targeted were selected by 7TM Antibodies and novel 

antibodies were raised in rabbits. The resulting antibodies were against the mouse 

phospho-serine870/phospho-serine871/phospho-threonine874, phospho-

serine1014/phospho-serine1016, and phospho-serine1037/phospho-serine1040 

(Figure 3.12).  
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Table 3.1: Mass spectrometry and phosphoproteomics of cell and tissue samples 
reveals putative phosphorylation sites of the mGlu5 C-terminus. 

 

 

Figure 3.12: Sites in the murine mGlu5 C-terminus used to generate novel phospho-
site specific antibodies. Snake plot depicting the phospho-peptide sites identified by 
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mass spectrometry, then selected to be used to generate three novel antibodies against 
the mGlu5 C-terminus. The antibodies were raised against phospho-serine870/phospho-
serine871/phospho-threonine874 (purple), phospho-serine1014/phospho-serine1016 
(blue), and phospho-serine1037/phospho-serine1040 (red). 

  

 In order to validate the putative phospho-site specific mGlu5 antibodies, Flp-

In™ T-REx™ 293 cells expressing murine mGlu5-WT were utilised. A key feature 

of the T-REx™ system is the ability of the receptor expression to be switched on 

and off upon addition of doxycycline, therefore permitting measurement of 

phosphorylation in a variety of cellular conditions. The following cell conditions 

were selected to be used as samples for validating the novel antibodies: mGlu5-

WT Flp-In™ T-REx™ 293 cells where the receptor is not induced with doxycycline; 

cells with receptor expression maximally induced with 100 ng/mL doxycycline but 

treated with HBSS-H vehicle; and cells induced to express mGlu5-WT that were 

treated with 100 µM of the agonist glutamate for 60 minutes. 

 In preliminary validation studies, the total mGlu5 protein within as measured 

by SDS-PAGE and western blotting with a structural antibody targeting the C-

terminus of the receptor (Figure 3.13A). No mGlu5-WT protein expression was 

observed without the administration of doxycycline, while in both samples from 

cells treated with 100 ng/mL doxycycline overnight (one treated with vehicle and 

one with 100 μM glutamate), bands can be observed at ~150 kDa and at >250 

kDa (Figure 3.13A). These bands are consistent with detecting the monomeric and 

dimeric forms of mGlu5 respectively. The sodium-potassium ATPase protein was 

selected as the housekeeping protein due to its membrane localisation, similar to 

the receptor of interest. Bands were observed in all three samples between 75 

kDa and 100 kDa, indicating there is membrane protein in all three samples.  

 Employing the antibody against phospho-serine870/phospho-

serine871/phospho-threonine874 (pS870/S871/T874) in lysates prepared from 

mGlu5-WT Flp-In™ T-REx™ 293T cells minus doxycycline, plus doxycycline 

treated with HBSS-H vehicle, and plus doxycycline treated with 100 µM of 

glutamate, a band was detected in all three samples at approximately 150 kDa 

(Figure 3.13B). This band, although more intense in the doxycycline treated cell 

samples, must be non-specific as there is no mGlu5 expression in the minus 

doxycycline sample when utilising the mGlu5 structural antibody. However, there is 

a band >250 kDa only in samples treated with doxycycline, consistent with the size 
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of band seen when using the mGlu5 structural antibody. The intensity of this band 

was not affected by glutamate treatment.  

Utilising the antibody against phospho-serine1014/phospho-serine1016, 

noted as pS1014/S1016, many bands are observed on all three samples, 

indicating that this antibody shows a lot of non-specific binding, and it is difficult to 

determine if the protein of interest is detected (Figure 3.13C).  

Using an antibody against phospho-serine1037/phospho-serine1040, noted 

as pS1037/S1040, a band was detected at ~150 kDa in both cell samples where 

receptor expression was induced with doxycycline (Figure 3.13D), consistent with 

monomeric mGlu5 receptor. However, the band in the vehicle treated sample had 

a greater intensity than the band in the agonist-stimulated sample. It could be 

implied that the presence of a band in both receptor induced samples indicates 

that mGlu5-WT is phosphorylated at residues S1037 and S1040, with 

phosphorylation predominantly occurring under basal conditions. Additionally, a 

band was observed >250 kDa only in the doxycycline treated samples, consistent 

with the dimeric form of the receptor. In contrast to the ~150 kDa bands, the 

intensity of the >250 kDa bands are equivalent minus and plus agonist stimulation.  

 These validation studies are only qualitative and only from a single 

replicate, thus assumptions about the validity of the findings cannot be conclusive. 

However, in general these initial antibody validation studies indicate these 

antibodies may not be suitable for use on cell lysates due to the level of non-

specific binding. 

 

Figure 3.13: Novel phospho-site specific antibodies against mGlu5-WT reveals basal 
receptor phosphorylation. Lysates were prepared from Flp-In™ T-REx™ 293T cells 
with and without inducible expression of mGlu5-WT using doxycycline (dox), stimulated 
with either vehicle or 100 µM glutamate (Glu). These samples were probed for total mGlu5 
receptor (A), an antibody against phospho-serine871/phospho-serine872/phospho-
threonine875 (B), antibody against phospho-serine1018/phospho-serine1020 (C), and an 
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antibody against phospho-serine1041/phospho-serine1044 (D). The sodium-potassium 
ATPase protein was used as the housekeeping control. Western blots shown from a 
preliminary study using the phospho-site specific antibodies (n=1). 

 

 Here, immunoprecipitation for the HA epitope tag was utilised in an attempt 

to remove the non-specific binding of the phospho-site specific antibodies seen 

when using cell lysates, and to further validate the novel antibodies in their ability 

to detect phosphorylated mGlu5. Immunoprecipitation of the receptor to facilitate 

detection with phospho-site specific antisera has previously been carried out for 

GPR84, where cell samples were enriched via GFP-trap then SDS-PAGE western 

blots performed utilising phospho-site specific antisera, hereby demonstrating 

successful detection of bands consistent with the receptor of interest that were not 

detected with crude lysates (Marsango et al., 2022).  

 The mGlu5 wildtype construct has a C-terminal HA epitope tag, thus to 

investigate the target specificity of these novel antibodies, immunoprecipitation for 

the HA epitope tag was performed followed by western blotting with the phospho-

site specific antibodies. Lysates were prepared from samples as above, with the 

addition of a HBSS-H (vehicle)-treated sample and agonist (100 µM glutamate)-

treated sample with Lambda protein phosphatase (λ-PP) treatment. λ-PP was 

applied to the cell samples in order to remove phosphorylation on serine, 

threonine, and tyrosine residues within a protein, thus can be utilised to 

demonstrate that the antibody is specifically detecting phosphorylated receptor. 

 After immunoprecipitating and western blotting for the mGlu5 receptor, the 

total receptor protein expression was assessed using a structural mGlu5 antibody 

(Figure 3.14A). Bands were observed at ~150 kDa and >250 kDa in all samples 

where receptor expression was induced with doxycycline, indicating successful 

immunoprecipitation and detection of mGlu5. Furthermore, no difference in band 

intensity is observed following treatment with λ-PP, confirming that this treatment 

has not led to any degradation of the mGlu5 receptor. 

 Measuring phosphorylated S870/S871/T874 residues subsequent to 

receptor purification did not produce any protein expression bands in any of the 

samples evaluated (Figure 3.14B), in contrast to the results seen when employing 

this phospho-site specific antibody in cell lysates. This may suggest that the bands 

observed in the lysate experiments were non-specific and not detecting the mGlu5 

protein. Similarly, there were no bands observed when western blotting with the 
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pS1014/S1016 antibody after immunoprecipitation for the HA-epitope tag (Figure 

3.14C). In contrast, bands were observed at molecular weights consistent with 

both monomeric (~150 kDa) and dimeric (>250 kDa) mGlu5 using the 

pS1037/S1040 antibody (Figure 3.14D). Quantification revealed a 5.7% increase 

in intensity of detection of the mGlu5 dimer compared to mGlu5 monomer in the 

vehicle treated sample, and a 42.2% increase in intensity of the mGlu5 dimer 

compared to mGlu5 monomer in the glutamate treated sample. From vehicle to 

glutamate treated samples, there was a 71.7% increase in intensity of the 

monomeric form of mGlu5 and a 131.1% increase in the dimer intensity. Critically, 

treatment of samples with λ-PP largely eliminated both bands corresponding to the 

monomer and the dimer, indicating that this antibody is indeed specific to 

phosphorylated residues. 

 The validation of these novel phosphorylation-site specific antibodies is 

crucial for ensuring the accuracy and reliability of utilising these tools. Here, it is 

highlighted through systematic investigation that several of these antibodies fail to 

detect specific phosphorylated residues within the mGlu5 C-terminus; only the 

antibody against pS1037/S1040 appears to detect agonist mediated 

phosphorylation of mGlu5.  
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Figure 3.14: Immunoprecipitation of mGlu5-WT receptor reveals phosphorylation of 
Serine1041 and Serine1044 residues. Lysates were prepared from Flp-In™ T-REx™ 
293 cells with and without inducible expression of mGlu5-WT with 100 ng/mL doxycycline 
(dox), treated with either vehicle or 100 µM glutamate (Glu). All the samples were 
immunoprecipitated with anti-HA beads, then some samples were treated with Lambda 
protein phosphatase (λ-PP) to remove phosphate groups. Samples were separated by 
SDS-PAGE then western blotting using a total mGlu5 receptor antibody (A), an antibody 
against phospho-serine871/phospho-serine872/phospho-threonine875 (B), an antibody 
against phospho-serine1018/phospho-serine1020 (C), and an antibody against phospho-
serine1041/phospho-serine1044 (D). Western blots shown from a preliminary study using 
the phospho-site specific antibodies (n=1). 
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3.4 Discussion 

Here, I set out to assess the ability of wildtype and phosphodeficient mutant 

mGlu5 receptors to recruit β-arrestin 2, elucidate the involvement of G protein 

receptor kinases in this process, and validate novel phospho-site specific 

antibodies in order to profile direct mGlu5 receptor phosphorylation. Mutation of C-

terminal putative phosphorylation sites of the M1 muscarinic and mGlu5 receptor 

demonstrated a reduced capacity to recruit β-Arr2 in comparison to wildtype 

receptor. For mGlu5, this reduction in β-Arr2 recruitment was shown to be 

dependent on GRKs, specifically GRK5/6. Investigations into receptor 

internalisation demonstrated no impact of receptor phosphorylation on the ability of 

the receptor to internalise. As an alternative method to measure receptor 

phosphorylation, phospho-site specific antibodies were validated concluding that 

antibodies against pS870/S871/T874 and pS1014/S1016 were not specific to 

phosphorylated mGlu5, whereas an antibody against pS1037/S1040 demonstrated 

phospho-site specificity to mGlu5. 

A common method to investigate GPCR phosphorylation involves mutation 

of putative phosphorylation sites, or truncation of the C-terminus of the receptor, to 

generate phosphorylation-deficient mutant versions of the receptor. These 

constructs are then employed in pharmacological assays to determine the 

physiological impact of receptor phosphorylation through comparison of the 

physiology to wildtype receptor. Studies generating phosphorylation-deficient 

mutant GPCRs have been performed on, but not limited to, the M3 muscarinic 

receptor (Bradley et al., 2016), the FFA4 receptor (Butcher et al., 2014), and the µ-

opioid receptor (Kliewer et al., 2019). Studies on the M3 receptor generating a 

genetically engineered mouse expressing a phosphodeficient M3 receptor 

assisted in teasing out the physiological impact of phosphorylation dependent 

pathways versus G protein dependent pathways, concluding that a ligand that 

shows stimulus bias towards arrestin signalling preferentially engages pathways 

leading to promotion of learning and memory, regulation of bronchoconstriction, 

and change in insulin secretion (Bradley et al., 2016). It has been well established 

that β-Arr2 plays an important role at the µ-opioid receptor, with genetic ablation of 

arrestins leading to sustained analgesic effects (Bohn et al., 1999). This has led to 

the development of a novel G protein-biased ligand, giving no detectable receptor 

internalisation, low GRK-mediated receptor phosphorylation, and low β-Arr2 
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recruitment demonstrating an improved therapeutic index (Chen et al., 2013). 

Studies by Butcher et al., (2014) noted that a C-terminal truncation of the FFA4 

receptor had limited capability to recruit β-Arr2, with no impact on the G protein-

coupled receptor pathway activation. Together, these works highlight the 

importance of studying the phosphorylation dependent versus G protein 

dependent transduction pathways to inform drug design and promotion of specific 

GPCR transduction pathways for clinical efficacy. 

 

Initially, this chapter set out to examine the coupling of β-Arr2 to the M1 

muscarinic receptor, a rhodopsin-like GPCR. The M1 receptor is a well-researched 

and validated target in the search for treatments for neurodegenerative diseases 

(Bradley et al., 2017, 2020; Conn et al., 2009; Davie et al., 2013). This provides an 

appropriate positive control for the mGlu5 receptor, as both the M1 and mGlu5 

receptors are coupled to the Gαq/11 protein-coupled pathway and have widespread 

expression in the brain with involvement in an array of neuropathologies.  

Phosphorylation of the M1 receptor occurs in the third intracellular loop and 

in the C-terminal tail (Butcher et al., 2016). Typical of GPCRs, after 

phosphorylation of these sites, β-Arr2 is recruited, then mediates desensitisation 

by uncoupling G proteins and facilitating internalisation of the receptor. To dissect 

out and profile the phosphorylation dependent signal transduction pathways of the 

M1 receptor, a phosphorylation-deficient mutant M1 receptor (M1-PD) was 

genetically engineered through mutation of serine residues in the intracellular 

surface of the receptor. Here, previous findings on β-Arr2 recruitment to the M1-

WT and M1-PD receptors (Bradley et al., 2020) were confirmed; removal of the M1 

receptor intracellular serine residues reduces, but does not entirely eliminate, β-

Arr2 recruitment to the receptor. This was replicated in a primary neuronal cell 

model from knock-in mice expressing M1-PD at the gene locus of the wildtype M1 

muscarinic receptor, replicating the in vitro finding of reduced β-Arr2 to the M1-PD 

receptor. These data indicate that M1 phosphorylation is a key event in the 

agonist-dependent recruitment of β-Arr2 to the cell membrane, but the recruitment 

mechanism is not completely disrupted with the removal of intracellular serine 

residues. The retained β-Arr2 recruitment to the M1-PD receptor was agonist-

dependent, implying the presence of further intracellular residues that may be 

phosphorylated. 
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 This phosphodeficient M1 receptor consists solely of serine mutations to 

alanine, however alternative residues that are able to be phosphorylated (such as 

threonine or tyrosine residues) are still present, thus it cannot be definitely 

determined that phosphorylation is completely eliminated in this mutant receptor. 

Serine residues possess a small side chain with a hydroxyl group attached to a 

single carbon atom, whereas threonine has a larger side chain with a hydroxyl 

group attached to a secondary carbon atom. Serine residues are preferentially 

phosphorylated over threonine residues (Olsen et al., 2006), commonly due to 

bias in kinases and phosphatases which favourably phosphorylate serine residues 

and dephosphorylate threonine residues at a faster rate than serine residues 

(Pandey et al., 2023). This may be due to difference in structure, with the methyl 

group on the threonine residue providing additional steric hindrance. There is 

evidence for significant evolutionary conservation of serine and threonine residues 

in mammals, yet both have exhibited different rates of evolutionary change; the 

rates of phosphorylated serine residues have remained at a steady rate, whereas 

the human lineage has gained more phosphorylated threonine residues over time 

(Chen et al., 2010). The high frequency and lack of change in serine 

phosphorylation suggests a more conserved regulatory mechanism, yet 

conversely the historical change in threonine phosphorylation suggests a finely 

tuned mechanisms for regulating protein functions. This differential physiological 

impact between serine and threonine residue phosphorylation has recently been 

defined: serine phosphorylation typically induces smaller, regulatory-like changes, 

compared to threonine phosphorylation which promotes larger, function-like 

switches in proteins (Pandey et al., 2023).  

 Further work on the phosphodeficient M1 muscarinic receptor demonstrated 

that the M1 receptor exerts an inherent neuroprotective activity that is dependent 

on its phosphorylation status (Scarpa et al., 2021). This implies that M1 receptor-

mediated adverse responses can be minimised by ensuring ligands targeting the 

receptor maintain phosphorylation-dependent signalling. To inform the strategy to 

monitor mGlu5 receptor phosphorylation, two phosphodeficient mutants were 

generated: mGlu5-PD, in which solely C-terminal serine residues were mutated to 

alanine, akin to the M1-PD receptor; and mGlu5-TPD in which C-terminal serine 

and threonine residues were mutated to alanine. This permits the comparison of 

the differential downstream physiological impact of both serine and threonine 

phosphorylation, which was not previously studied for the M1 muscarinic receptor. 
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Eventually, such as with the M3 and µ-opioid receptors, dissecting out these 

phosphorylation dependent signal transduction pathways may inform drug 

development and clinical targeting of the mGlu5 receptor. 

 

Subsequent to generating stable cell lines expressing either the wildtype or 

two phosphodeficient mGlu5 mutant receptors, β-Arr2 recruitment to the receptor 

was measured to explore the role of C-terminal serine and threonine residues in 

this process. To measure this recruitment, bystander-BRET and split luciferase 

assays were employed. Split luciferase assays are robust and well characterised 

and there exists a wide range of luciferase enzymes to select with each having a 

unique character, wavelength of luminescence, intensity, stability, and substrate 

(Hattori & Ozawa, 2014). Dixon et al. (2016) developed a novel technology using 

nanoluciferase, termed nanoluciferase binary technology (NanoBiT). This small 

but bright luciferase produces stable and sustained luminescence, advantageous 

for a protein complementation assay. The fragmented reporter for the 

complementation assay was designed to produce quantifiable signals within living 

cells at relevant temperatures and concentrations to replicate physiological 

conditions and to have marginal impact on the association kinetics of the proteins 

of interest (Dixon et al., 2016). NanoBiT is comprised of 18 kDa nanoluciferase 

fragment (LargeBiT) and a 1.3 kDa fragment (SmallBiT), optimised for high 

stability and expression levels to measure physiologically relevant cellular 

conditions, reporting efficiently even weak protein-protein interactions due to the 

low intrinsic affinity between the complementary fragments (Dale et al., 2019). 

Interaction between the tagged proteins of interest results in the assembly of the 

functional enzyme, leading to luminescence emission upon substrate addition. 

The NanoBiT complementation system has been used to measure Gαq 

activation (Littmann et al., 2018), dimerisation (Norisada et al., 2018), and 

internalisation (Soave et al., 2020). The split luciferase NanoBiT system was 

optimised for β-Arr2 recruitment by Pedersen et al., (2021) and has since been 

used to study β-Arr2 recruitment to an array of rhodopsin-like GPCRs (Janetzko et 

al., 2022). In this thesis, the bystander NanoBiT system was employed to study β-

Arr2 recruitment to the cell membrane of metabotropic glutamate receptor 

expressing cells. The NanoBiT β-Arr2 recruitment assay produced a small agonist-

dependent signal window for the wildtype glutamate receptor in comparison to the 

rhodopsin-like GPCR FFA4, indicating a less robust coupling to the arrestin-
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mediated signal transduction pathway. Abreu et al., (2021) reported little to no β-

Arr2 recruitment by group I mGlu receptors, but here the data demonstrates 

mGlu5-WT is capable of recruiting β-Arr2 to the cell surface. However, this 

recruitment occurs on a much longer timescale than rhodopsin-like GPCRs; 

receptors such as the M1 muscarinic receptor typically recruit β-Arr2 over a course 

of 30 minutes (Scarpa et al., 2021), however here it demonstrated mGlu5-WT 

receptor recruits β-Arr2 steadily over the course of one hour. Further evidence for 

mGlu5 coupling to β-Arr2-mediated signalling pathways has been reported, 

including evidence that genetic deletion of β-Arr2 results in deficits in neuronal 

plasticity by mGlu5 receptors in CA1 pyramidal neurons (Eng et al., 2016) and that 

β-Arr2 mediates mGlu5-driven synaptic protein synthesis in the hippocampus 

(Stoppel et al., 2017), indicating that mGlu5 is able to functionally couple to β-Arr2. 

 When utilising the phosphodeficient mutant receptors in the NanoBiT β-Arr2 

recruitment assay, there was a negative impact on β-Arr2 recruitment. No change 

from wildtype receptor to mGlu5-PD was observed in the NanoBiT setup, yet an 

elimination of β-Arr2 recruitment to the mGlu5-PD receptor was observed in the 

BRET-based system. Additionally, mutating both C-terminal serine and threonine 

residues eliminated β-Arr2 recruitment in the BRET-based assay but only reduced 

the maximal response in the NanoBiT complementation assay. Together, these 

data support the hypothesis that β-Arr2 recruitment is a process dependent on 

phosphorylation of C-terminal serine and threonine residues. The recruitment of β-

Arr2 to the mGlu5-PD receptor could be due to threonine residue phosphorylation, 

or due to phosphorylation of regions on the receptor other than the C-terminus 

such as the ICLs. Activating the receptor with agonist stimulation induces a 

conformational change, which exposes ICLs. Multiple serine and threonine 

residues within ICL1 (Thr606, Ser613) and ICL2 (Thr665, Thr681) of mGlu5 have 

been identified as sites of phosphorylation by PKC, mediating receptor 

desensitisation (Gereau IV & Heinemann, 1998), thus phosphorylation of these 

residues may additionally play a role in β-Arr2 recruitment. 

Whilst both BRET and NanoBiT have been used to study protein-protein 

interactions, both have distinct features. The principle of BRET relies on the 

transfer of energy from a bioluminescent donor molecule to a fluorescent acceptor 

molecule when they are in close proximity, typically 10-100 nanometres. The 

advantage of using BRET includes the ability to monitor protein-protein 

interactions in real time and high fidelity in living cells. BRET offers high sensitivity, 
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detecting subtle changes in protein localisation, however for mGlu5 this signal 

window was not large enough. Therefore, the NanoBiT system was optimised for 

mGlu5. The luciferase has a much smaller size in comparison to the donor and 

acceptor molecules required for BRET, decreasing the risk of steric hinderance 

and disruption of the proteins of interest. Although theoretically straightforward, 

split luciferase reporters may hinder the natural properties of the proteins they are 

tagged to, however this is also a consideration in the BRET assay setup. The 

inherent binding affinity of the luciferase fragments could bias the characteristics of 

the tagged protein of interest, and complementation binding could obscure the 

temporal dynamics of the interaction of the proteins of interest (Dixon et al., 2016). 

Despite this, the nanoluciferase fragments have high affinity for one another and 

the high sensitivity and application to live-cell assays make this system 

advantageous for high-throughput assays and applicable for monitoring protein-

protein interactions with excellent temporal kinetics.  

The difference in results seen for the phosphodeficient mutant receptors 

between the NanoBiT versus BRET assay setup may be explained by the 

sensitivity of the assays; NanoBiT assays typically offer higher sensitivity than 

conventional BRET. NanoBiT relies on the strong, stable signal produced by the 

reconstitution of the luciferase enzyme, while alternatively BRET relies on the 

efficiency of the resonance energy transfer. The conformation of the receptor and 

its interacting partners can affect the performance of both assays differently; in a 

BRET assay, conformational changes might disrupt the optimal distance and 

orientation needed for energy transfer, whilst in the NanoBiT system, these 

changes might still allow for reconstitution of the luciferase enzyme if the subunits 

are brought close enough. Here, the modifications of the receptor resulting in the 

mGlu5-PD and mGlu5-TPD receptors may be impacting the sensitivity of the BRET 

assay, preventing efficient resonance energy transfer thus minimal detectable 

BRET signal is produced with these receptors. 

NanoBiT and BRET-based systems can also be utilised to look at receptor 

internalisation through the tagging of intracellular compartments with the detection 

proteins. This provides a more sensitive assay to probe receptor localisation than 

immunocytochemical methods, which are commonly selected to probe agonist-

induced internalisation of GPCRs. Receptor phosphorylation and subsequent 

recruitment of β-arrestins has been shown to be key for desensitisation and 

internalisation of GPCRs (Dhami & Ferguson, 2006). The mGlu1 receptor has 
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been shown to be internalised in a predominantly β-arrestin mediated manner 

(Mundell et al., 2004), however the internalisation mechanisms for mGlu5 are 

conflicting; internalisation of mGlu5 can occur in both clathrin-dependent 

(Bhattacharya et al., 2004) and clathrin-independent pathways (Fourgeaud et al., 

2003). In ICC studies performed here, no receptor internalisation was observed for 

wildtype or phosphodeficient mutant mGlu5 receptors. Despite performing on-cell 

western analyses of cell surface receptor expression for a more quantitative 

measure of internalisation, still no mGlu5 receptor internalisation was noted. 

It has been shown that mGlu5 can internalise, with the internalisation being 

dependent on both conventional and novel PKC isozymes (van Senten et al., 

2022) and even having pathological implications such as acting as a mediator for 

persistent neuropathological pain (Vincent et al., 2016). However, these studies 

listed here evidencing mGlu5 internalisation have been performed on the mGlu5a 

isoform, and the mGlu5b isoform was utilised in this thesis. There is a subtle 

change in the receptor sequence, just a 32 amino acid insertion at the proximal 

end of the C-terminus just after TMD7, and although no functional differences 

have been reported between these two isoforms this may provide a novel 

explanation to the differences in internalisation observed. 

 The NanoBiT and BRET data demonstrate that β-Arr2 is recruited to the 

mGlu5 receptor, however internalisation studies performed here do not exhibit any 

obvious receptor internalisation. Despite several studies showing that mGlu5 is 

able to internalise (Trivedi & Bhattacharyya, 2012), the results in this work 

corroborate the findings from Abreu et al. (2021), where it was determined that 

mGlu5 internalisation is not observed, whether that be arrestin-mediated, GRK-

mediated, or constitutive. These data posit one question: if a receptor can recruit 

arrestins but doesn’t appear to internalise, what might be happening?  

 Some receptors may activate downstream signalling pathways through β-

arrestins without being internalised, indicating a role for β-arrestins beyond 

endocytosis. It has been demonstrated that there is a lack of β-arrestin signalling 

in the absence of active G proteins (Grundmann et al., 2018), indicating the 

existence of some kind of G protein/β-arrestin complex. Sequestered β-arrestins 

can further recruit other proteins such as phosphatases, GTPases, and adaptor 

proteins, forming various signalosomes that regulate cellular activities (Jean-

Charles et al., 2017). There is evidence that β-arrestin 2 mediates protein 

synthesis in the hippocampus and genetically reducing β-arrestin 2 corrects the 
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pathologies in cognition seen in FXS (Stoppel et al., 2017), thus β-arrestin 2-

biased ligands acting at mGlu5 could be promising as a therapeutic strategy for 

FXS. The importance of β-arrestin 2 signalling has been noted for the mGlu1 

receptor; mGlu1a receptor protective signalling through MAPK and sustained 

phosphorylation of ERK is mediated by a G protein-independent pathway, with this 

sustained signalling requiring the expression of β-arrestin 2 (Emery et al., 2010). 

Furthermore, studies by Alvarez-Curto et al., (2016) using a phospho-deficient 

FFA4 receptor resulted in enhanced pERK1/2 signalling which was eliminated in 

β-Arr2-null cell lines. To investigate this for mGlu5, pERK assays could be 

performed on the wildtype and phosphodeficient receptor mutant cell lines to 

determine what is happening downstream of the receptor in terms of ERK 

phosphorylation and the role direct receptor phosphorylation plays. Scarpa et al. 

(2021) performed pERK assays on the M1 wildtype and M1-PD receptors, 

exhibiting no significant differences between the two receptors indicating that C-

terminal serine residues do not play a role in ERK phosphorylation. 

 Another potential explanation for the observed β-arrestin 2 recruitment to 

the receptor but lack of endocytosis could be due to phosphorylation barcoding. 

The concept of phosphorylation barcodes defines the pattern and extent of 

receptor phosphorylation by kinases which influence β-arrestin recruitment and 

subsequent receptor fate. Different phosphorylation patterns can dictate whether 

β-arrestin promotes receptor internalisation or remains at the plasma membrane, 

such as seen with the β2-adrenergic receptor (Nobles et al., 2011), the chemokine 

receptor CXCR3 (Eiger et al., 2023), and the vasopressin receptor (Dwivedi-

Agnihotri et al., 2020). When quantitatively mapping phosphorylation sites on the 

β2-adrenergic receptor in response to stimulation with an unbiased agonist, 

isoproterenol, and a β-arrestin biased ligand, carvedilol, it was shown that of the 

13 C-terminal sites phosphorylated in response to isoproterenol, only 2 are 

phosphorylated in response to carvedilol (Nobles et al., 2011), indicating that the 

pattern of receptor phosphorylation sites establishes a barcode that determines 

the conformation of β-Arr2 and subsequently its functional outcomes. To examine 

this for the mGlu5 receptor, site-directed mutagenesis could be performed then the 

constructs used in functional β-arrestin recruitment studies to examine the impact 

of different combinations of phosphorylation of residues impacts the recruitment of 

arrestins. 
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 Finally, β-arrestin 2 may be acting as a scaffold to facilitate interactions 

between the GPCR and other proteins. A receptor might recruit β-arrestin but 

remain at the cell surface due to interactions with anchors, docking proteins and 

adaptors that stabilises the receptor at the plasma membrane. Homer proteins are 

known to secure mGlu5 at the cell surface, counteracting the internalisation 

process promoted by β-arrestins. It has been shown that cooperation between 

Homer1b and Shank scaffolding proteins leads to accumulation of mGlu5 in 

synapses (Roche et al., 1999; Tu et al., 1999). This is a key interaction, as the 

disruption of mGlu receptor and Homer complexes has been implicated in Fragile 

X syndrome (Giuffrida et al., 2005), addiction (Szumlinski et al., 2004), and 

schizophrenia (Spellmann et al., 2011). Additionally, it has been shown that α-

Actin-1, a major cross-linking protein, interacts with mGlu5b; the levels of mGlu5b 

receptor present at the cell surface is increased 4-fold when co-expressed with α-

Actin-1 in HEK293 cells and also in cultured neurons of the rat striatum (Cabello et 

al., 2007). Here, the mGlu5b isoform is used, thus it could be being held at the 

plasma membrane by this α-Actin-1 protein, preventing internalisation. To examine 

this scaffolding of the mGlu5 receptor, co-immunoprecipitation experiments could 

be performed to examine the scaffolding proteins that form complexes with the 

receptor and this implication for interactions with β-arrestin proteins. 

High constitutive activity was demonstrated in the exploration into the roles 

of GRKs in mGlu5 signalling. The basal β-Arr2 recruitment in the parental 

HEK293A cells increases after overexpression of the mGlu5-WT receptor, whereas 

there is a decrease seen in the GRK KO cells overexpressing the wildtype 

receptor. This implies that GRKs are required for mGlu5-mediated β-Arr2 

recruitment, but it cannot be determined if GRKs are required for constitutive 

activity of the receptor. Even the pcDNA3 transfected cells demonstrated a 

decrease in β-Arr2 recruitment when comparing parental HEK293A cells to the 

GRK KO cells, potentially explained by constitutive β-Arr2 recruitment by 

endogenous GPCRs within the cells (see (Attwood & Findlay, 1994) for a list of 

endogenously expressed GPCRs). It is known that Homer proteins can control the 

constitutive activity of mGlu receptors through scaffolding to IP3 receptors on the 

endoplasmic reticulum (Fagni et al., 2003), which may be occurring here. 

Additionally, previous studies have shown that mutation of specific residues in the 

allosteric binding domain of mGlu receptors results in conformational changes and 
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modulates the constitutive activity of the receptor (Yanagawa et al., 2009), 

providing a ‘switch’ for constitutive activity.  

 
 

Antibodies specific to phosphorylated GPCRs have historically been used 

to further dissect the conditions under which receptor phosphorylation occurs. 

Here, phospho-site specific antibodies against the mGlu5 C-terminus were 

validated. The phospho-specificity and agonist dependence for three novel 

phospho-site specific antibodies was examined through western blotting of both 

total cell lysate and immunoprecipitated cell samples. In order to validate these 

phosphorylation site specific antibodies, several questions need to be addressed: 

Is the antibody specific to the receptor? Is the antibody phosphorylation site-

specific? Is the phosphorylated receptor detected because it is constantly 

phosphorylated, or constitutively active and therefore phosphorylated?  

The first of these questions was addressed here: the antibodies were first 

tested in lysates from cells expressing the mGlu5 receptor to see if they can detect 

protein, then in immunoprecipitated samples to see if the protein the antibodies 

detect is the protein of interest. It was found that antibodies against 

pS870/S871/S874 and pS1014/S1016 did not detect any protein following 

immunoprecipitation for the mGlu5 receptor, however the antibody against 

pS1037/1040 detected protein consistent with the mGlu5 monomer and dimer 

subsequent to immunoprecipitation. 

To address the second unknown question on phospho-specificity, samples 

were treated with λ-PP to remove phosphorylation on amino acid residues. If the 

antibody is phosphorylation site specific, it is predicted that there will be no bands 

observed in samples treated with λ-PP. This was undetermined for antibodies 

against pS870/S871/S874 and pS1014/S1016, however it was concluded that the 

antibody against pS1037/1040 was specific to phosphorylated residues as bands 

did not appear on the western blot upon sample treatment with λ-PP.  

To answer the third of these unknowns, cells were treated with the enzyme 

GPT supplemented with sodium pyruvate to remove endogenous glutamate, then 

incubated in exogenously applied glutamate or vehicle for one hour to measure 

agonist-induced phosphorylation. Previous mass spectrometry data revealed that 

S870 and S871 in the C-terminus of murine mGlu5 were phosphorylated following 

agonist stimulation, however the antibody is specific to not only pS870/S871 but 

also T874. The addition of a phosphate group to an amino acid adds additional 
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negative charge, creating a difficult environment to add another negatively 

charged phosphate group on a residue next to the first; this raises the question of 

how likely the double or triple phosphorylation events are to occur in vivo, and if 

detected on a western blot, how physiologically relevant and biologically realistic 

this occurrence is. However, the antibody targeting this site did not show clear 

differences between basal and agonist stimulated phosphorylation. Similarly, the 

pS1014/S1016 site was previously found through mass spectrometry to be 

phosphorylated following agonist stimulation, but again the antibody targeting this 

site did not show clear differences between basal and agonist stimulated 

phosphorylation. S1037 was found in mass spectrometry to be phosphorylated in 

basal conditions, which the pS1037/S1040 antibody western blot supports; 

phosphorylated protein is detected in the vehicle treated sample.  

To further validate and characterise these novel phospho-site specific 

antibodies, the studies presented here should be extended using the mGlu5-PD 

and mGlu5-TPD mutants to explore the specificity of the antibodies to 

phosphorylated mGlu5; testing the phosphoserine- or phosphothreonine-specific 

antibodies using a cell line expressing a receptor mutant unable to be 

phosphorylated on serine and threonine residues should reveal if the antibodies 

truly are specific to the noted phosphorylated amino acid residues within the 

mGlu5 C-terminus. As a next step for testing these novel antibodies, an mGlu5 

immunoprecipitation experiment should be performed on murine cortex tissue and 

utilise the novel phospho-site specific antibodies to detect mGlu5 phosphorylation, 

as observed in the previous phosphoproteomic study. Additionally, the phospho-

site specific antibodies should be utilised to measure mGlu5 phosphorylation in situ 

in immunocytochemical and immunohistochemical studies. This would permit 

mapping of the receptor localisation, providing visualisation of receptor location 

within the different cell compartments and the impact of agonist treatment on this. 

However, this may be challenging due to the lack of specificity of the antibodies as 

demonstrated by the western blots. Future studies could include generation of an 

mGlu5 receptor mutant in which serine, threonine and tyrosine residues within the 

C-terminus are mutated to alanine, as tyrosine is also a residue that becomes 

phosphorylated at a rate of abundance of 1.8% alongside serine and threonine 

residues (Olsen et al., 2006). Furthermore, receptor phosphorylation outwith the 

C-terminus could be studied; sites within the first and second intracellular loop are 

known to be phosphorylated by protein kinase C (Thr606, Ser613, Thr665, 
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Thr681) and these residues have been shown to be key for mGlu5 receptor 

activity, as mutating Thr681 to alanine, removing the potential for amino acid 

phosphorylation, is a loss-of-function mutation (Gereau IV & Heinemann, 1998). 

Previous work validating phosphorylation-site specific antibodies for GPCRs 

has proved successful in terms of antibody specificity to the receptor and in 

utilising the resulting antibody as a biosensor to monitor GPCR localisation and 

activity following agonist stimulation. Marsango et al. (2022) employed phospho-

site-targeted antisera against pS221/pS224 and pT263/pT264 in the ICL3 of 

GPR84, determining through immunoprecipitation for the receptor via GFP-trap 

and treatment with λ-PP that the antisera were specific to phosphorylated 

receptor. Furthermore, through immunocytochemical studies utilising the 

phosphorylation site specific antibodies, it was demonstrated that Thr263 and 

Thr264 are required for agonist-induced internalisation of GPR84, also proving 

these antibodies can measure GPCR phosphorylation in situ (Marsango et al., 

2022). Similarly, Barki et al., (2023) discovered that phosphorylation site specific 

antibodies could act as sensitive biomarkers for constitutive and agonist-mediated 

phosphorylation for the free fatty acid receptor 2 (FFA2). FFA2 signalling exhibited 

tissue-specific signalling; GPCR phosphorylation, measured by phosphorylation 

site specific antisera, was different in different tissues with the same agonist-

receptor pairing, supporting the ‘phosphorylation barcode’ hypothesis, a concept 

centred around the possibility of different agonists to promote certain 

phosphorylation patterns on the receptor (Barki et al., 2023; Tobin et al., 2008). 

Whilst there is no literature on the phosphorylation sites that the novel 

antibodies validated in this thesis target, other C-terminal mGlu5 sites have been 

studied using phosphorylation site specific antibodies. Ser1126 in the mGlu5 C-

terminus has been identified as a site of phosphorylation in the mGlu5 C-terminus. 

Hu et al. (2012) used a Group I mGlu receptor anti-phosphoserine antibody to 

demonstrate that serine phosphorylation is mediated by kinases such as Cyclin-

dependent kinase 5 (CDK5) and ERK and that this phosphorylation increases 

Homer-mGlu5 coimmunoprecipitation, a process dependent on Preso1. This work 

was supported by Luo et al., (2020), who determined using an antibody specific to 

phosphorylated Ser1126 in mGlu5 that phosphorylation of this residue increases 

mGlu5-Homer interaction in complete Freund's adjuvant-induced inflammatory 

pain, with mutation of this serine residue to an amino acid unable to be 

phosphorylated relieving the pain. Additionally, acute administration of cocaine 
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was found to enhance phosphorylation of mGlu5 at Ser1126 in the mouse striatum, 

with cocaine-induced behaviour being markedly reduced in mice possessing an 

mGlu5 mutant receptor in which Ser1126 cannot be phosphorylated (Park et al., 

2013). Together, this demonstrates the importance of phosphorylation specific 

antibodies targeting exact phosphorylation sites; development of antibodies 

against precise residues permits investigation into mGlu5 phosphorylation and 

leads to discoveries aiding clinical therapies for disorders such as chronic 

inflammatory pain or cocaine use disorder. 

 

The apparent constitutive phosphorylation of mGlu5 observed on the 

phospho-blots supports the constitutive activity seen in the β-arrestin 2 recruitment 

assays: if the receptor is constitutively phosphorylated, it is highly likely that this 

leads to agonist-independent β-arrestin 2 recruitment to the cell surface. To 

examine the role of these specific sites that the novel antibodies target, found to 

be phosphorylated both following agonist-stimulation and under basal conditions, 

site-specific mutagenesis could be performed on these sites and use these novel 

constructs in in vitro β-arrestin 2 recruitment assays. This would reveal the 

functional outcome of phosphorylation of these specific residues and would permit 

cross-validation of the phospho-site specific antibodies tested here with the β-

arrestin 2 recruitment assays.  
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3.5 Conclusion 
 

 In conclusion, the in vitro data presented in this chapter imply that mutation 

of serine and threonine residues from the C-terminus of mGlu5 functionally impact 

the receptor’s ability to recruit β-arrestin 2, a process mediated by GRKs. It has 

been found that phosphorylation of mGlu5 C-terminal serine and threonine 

residues can dynamically regulate the constitutive activity, localisation, and 

interaction with other proteins. The investigation into the precise functional 

consequences of direct receptor phosphorylation ultimately informs novel drug 

discovery mechanisms for the treatment of neurological and psychological 

disorders through exploring the beneficial pathways to promote and avoiding 

clinically adverse receptor signal transduction pathways. 

 The next chapter of this thesis sets out to investigate the impact of mGlu5 

receptor phosphorylation on the G protein-coupled transduction pathway and how 

this may be useful for understanding the fundamental biology of the type 5 

metabotropic glutamate receptor. 
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4 The Impact of Phosphorylation of the Type 
5 Metabotropic Glutamate Receptor on G 
Protein Signalling 
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4.1 Introduction 
 

Understanding the impact of GPCR phosphorylation on G protein-

dependent signalling is important for providing insight into the mechanisms and 

pathways that are impacted by this post translational modification. GPCRs are 

common drug targets, hence measuring how GPCR phosphorylation modulates G 

protein signalling may inform the design of drugs that can either promote or inhibit 

specific receptor states, potentially leading to more precise therapeutic strategies 

and potential minimising of off-target effects. An example of a ligand with such 

capacity is carvedilol, a biased agonist at the β1-adrenergic receptor. It 

preferentially stabilises a conformation that activates β-arrestin-mediated signalling 

pathways, which can have cardioprotective effects, without activating G protein-

mediated pathways that increase heart rate (Abiko et al., 2024). Exploring the 

specific signalling pathways downstream of the mGlu5 receptor may in the future 

distinguish clinically beneficial pathways to potentiate, such as with the β1-

adrenergic receptor, and as phosphorylation is a key event in GPCR signalling, the 

interplay of phosphorylation in this process should be considered. 

 

 

4.1.1 The Impact of Phosphorylation on G Protein-Dependent 
Signalling 

 

How phosphorylation-induced structural changes in GPCRs translate to 

altered G protein activation is not fully resolved. Whilst Chapter 3 demonstrated 

that phosphorylation plays a critical role in the regulation of β-arrestin 2 

recruitment to mGlu5, the role of this post-translational modification in the 

activation of G proteins is not fully defined. In addition, the role of phosphorylation 

in G protein activation may vary between different cell types and tissues; these 

context-dependent effects are not yet fully mapped out. 

 To explore the role of phosphorylation on G protein coupling for the mGlu5 

receptor, the calcium mobilisation, IP1 production, and heterotrimeric G protein 

dissociation can be measured in the context of phosphorylation. This has 

previously been explored for the M1 muscarinic receptor, in which no difference 

was found between a phosphodeficient mutant and wildtype receptor in the IP1 

assay, yet the potency was shifted with the phosphodeficient mutant in the G 
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protein dissociation assay (Scarpa et al., 2021). For FFA4, no difference was 

observed between the wildtype and a version of the receptor where the C-terminus 

was truncated in the calcium mobilisation assay (Butcher et al., 2014), yet differing 

kinetics of calcium signalling was observed between wildtype and 

phosphodeficient FFA4 receptors in another study (Alvarez-Curto et al., 2016). 

This has yet to be explored for the mGlu5 receptor; thus, to address the question 

of whether phosphorylation of mGlu5 impacts G protein signalling, the mGlu5 

phosphodeficient mutants described in Chapter 3 of this thesis were employed in 

G protein signalling assays. 

 

 

4.1.2 Using the Flp-In™ T-REx™ System to Measure Glutamate 
Receptor Signalling 

 

In this chapter, the expression and functionality of cell lines expressing 

wildtype and phosphodeficient mutant mGlu5 receptors was assessed. The Flp-

In™ T-REx™ 293 expression system was selected (Ward et al., 2011). These 

cells are typically maintained without expression of the gene of interest, then on 

requirement, cells are treated with a tetracycline derivative to induce expression of 

the receptor. Controlling gene expression is helpful when investigating the 

glutamate receptor family, a group of receptors known to be highly constitutively 

active due in part to high cellular production of glutamate (Young et al., 2013). 

Additionally, selecting the Flp-In™ T-REx™ 293 system over transiently 

transfected cells eliminates the cell-to-cell variability in expression levels observed 

when using transiently transfected cells. The use of Flp-In™ T-REx™ 293 cells 

allows for selection of the optimum amount of inducible receptor expression, 

preventing over-activation of the receptor by controlling the amount of tetracycline 

derivative used to induce expression. 

 

 

4.1.3 Strategies to Measure G Protein-Dependent Signalling 

 

 Throughout history, there have been many techniques available to measure 

this rapid and transient calcium ion flux in cells. Some methods involve genetically 
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encoded calcium biosensors, which give off a fluorescent or luminescent signal 

upon binding to calcium (GCaMP, cameleon, aequorin), or calcium microscopy 

imaging. The latter methodology can be combined with fluorescent calcium 

indicators to allow high resolution imaging of dynamic calcium oscillations with 

spatial and temporal information. Some calcium indicators are single wavelength 

(BAPTA, Fluo-3, Fluo-4, Rho-2), giving an increase in fluorescent intensity upon 

binding to calcium, yet some are dual wavelength (Fura-2, Indo-1), giving a 

ratiometric measurement of calcium release. This ratiometric approach 

compensates for variables such as dye concentration, cell number, cell thickness, 

and photobleaching. These indicators are also commonly used in plate-based 

assays to allow high throughput calcium screening; both the FlexStation and 

Fluorescence Imaging Plate Reader (FLIPR) automated systems are designed for 

calcium mobilisation experiments and are commonly used in GPCR signalling 

research due to the wide availability and ease of use (Price & Lummis, 2005; 

Woszczek et al., 2021). 

For calcium mobilisation experiments performed in this chapter, the calcium 

sensitive dye fura-2 acetoxymethyl ester (AM) was selected. This calcium indicator 

changes its excitation wavelengths depending on whether calcium is bound to the 

dye or not (Grynkiewicz et al., 1985). Fura-2 AM is a lipophilic form of fura-2, 

permitting the dye to permeate through cell membranes; upon entry into the cell, 

cytoplasmic esterases cleave the ester bond, converting the dye into its 

hydrophilic active form (fura-2) which is trapped inside the cell (Oakes et al., 

1988). When bound to calcium ions, the fluorescent emission changes; fura-2 can 

be excited at two different wavelengths, typically at 340 nm with calcium ions 

bound and 380 nm when calcium ions are not bound. In both cases, the dye emits 

light at 510 nm. The ratio of 510 nm emission obtained with excitation at each of 

these two wavelengths is used to determine the concentration of calcium within 

the cell (Figure 4.1). 

An alternative measure of the Gαq coupled pathway activation is the 

inositol-1-phosphate (IP1) assay (Garbison et al., 2012). This is a more proximal 

measure of Gαq protein-coupled receptor activation than measuring the second 

messenger calcium ions. GPCRs coupled to this Gαq protein stimulate the 

generation of IP3 and subsequent increase in intracellular calcium ions (Figure 

4.1). IP3 production is rapid and transient before it is metabolised, leading to 

formation of IP2 and furthermore IP1, which is then degraded by inositol 
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monophosphatase (IMPase) into myo-inositol (Hughes & Putney, 1990). This short 

half-life makes assessing IP3 production challenging. Lithium chloride acts as an 

inhibitor of IMPase (Berridge et al., 1989) (Figure 4.1), thus when stimulating Gαq 

coupled-GPCRs, pre-treatment of cells with high concentrations of lithium chloride 

allows accumulation of IP1 as a surrogate measure of IP3 production. 

Like with calcium mobilisation, there are many options when it comes to 

selecting techniques to measure IP3 (or IP1) generation. A classic measurement is 

the radiolabelled inositol assay: cells are labelled with [3H]-inositol which gets 

incorporated into phosphoinositides, then extracted and separated using ion-

exchange chromatography following cell stimulation then quantified using a 

scintillation counter (Wreggett et al., 1990). Whilst this technique is highly sensitive 

and has been optimised for ease of practice (Brandish et al., 2003), the time-

consuming and technically demanding protocol means alternative methods have 

been developed. Other techniques such as an ELISA (Barodia et al., 2022), or 

fluorescent sensors of IP3 (Oh & Ahn, 2008) exist, however the most accessible 

and commonly selected method to measure accumulation of inositol phosphates is 

a time resolved fluorescent resonance energy transfer (TR-FRET)-based system 

(Liu et al., 2008). TR-FRET consist of a donor and acceptor fluorophore that 

change relative fluorescent intensity upon binding to IP1; if the donor fluorophore is 

excited by a light source, it can transfer energy non-radiatively to the acceptor 

fluorophore, leading to the emission of fluorescence from the acceptor. The 

principle of this competitive immunoassay involves anti-IP1 terbium (Tb) cryptate, 

which binds to the free IP1 produced by cells after receptor activation and then 

competes with IP1-d2 (Figure 4.1). This results in TR-FRET signal that is inversely 

proportional to the concentration of IP1 in the cell lysate. Using a standard with a 

known concentration of IP1 permits conversion of this TR-FRET signal to a 

nanomolar concentration of IP1.  
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Figure 4.1: Measurement of the Gαq/11 protein-coupled receptor activation. Activation 
of the Gαq/11 protein stimulates production of IP3 and release of calcium ions from the 
endoplasmic reticulum. Free calcium ions in the cytosol and IP1, a metabolite of IP3, can 
be measured as an indicator of Gαq/11 protein pathway activation. 

 

Furthermore, to measure GPCR receptor activation even more proximal to 

the receptor than IP1 accumulation or calcium flux, the dissociation of the G 

protein heterotrimer can be measured. Again, a multitude of methodologies exist 

for measuring this, each with their own advantages and limitations. Firstly, the 

[35S]GTPγS binding assay can be utilised; this assay measures the activation of G 

proteins through assessment of the binding of the non-hydrolysable, radiolabelled 

GTP analogue, [³⁵S]GTPγS (Mistry et al., 2011). Responses of [35S]GTPγS binding 

assays for Gαq protein-coupled receptors can be achieved (Harrison & Traynor, 

2003), but are often very disappointing. This seems to be due to the decreased 

rate of guanine nucleotide exchange at Gαq, combined with relatively low levels of 

expression of this G protein (Strange, 2010). This assay provides direct 

measurement of G protein activation with high sensitivity, however, use with Gαq 

requires enrichment and radioactive protocols are not always accessible, therefore 

researchers may seek out other assays.  

Another option to measure G protein activation is a BRET or FRET-based 

assay, in which the GPCR and interacting proteins are tagged with RET donor and 
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acceptor proteins permitting measurement of an energy transfer signal once the 

GPCR and tagged proteins interact. This measures real-time recordings in live 

cells with high spatial resolution, however an even more direct version of this 

assay involves tagging the G proteins themselves with the RET donor and 

acceptor to directly measure activation. One such assay to measure this 

heterotrimeric G protein dissociation is the TRUPATH system, a suite of BRET-

based biosensors generated by Olsen et al. (2020), specific to 16 Gα proteins and 

combined with 4 major Gβ subunits and 12 Gγ subunits. The Gα protein is tagged 

with the luciferase donor RLuc8, with Gγ tagged with GFP2 fluorescent protein 

and the Gβ left untagged. In resting state, there is high BRET signal as the 

heterotrimeric complex is assembled at the cell membrane. Upon receptor 

activation and guanine nucleotide exchange, the G protein subunits dissociate, 

leading to a decrease in BRET signal. This provides a direct measure of G protein 

activation. 
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4.2 Aims 
 

With the previous chapter concluding that phosphorylation impacts β-arrestin 2 

recruitment, this was progressed into studies examining the G protein dependent 

signal transduction pathway. The aims of this chapter were as follows: 

• Characterise the expression of wildtype and phosphodeficient mutant 

mGlu5 receptors in Flp-In™ T-REx™ 293 cell lines. 

• Assess the impact of phosphorylation on the G protein signalling through 

measurement of the following stages of the Gαq transduction pathway: 

o Calcium mobilisation 

o IP1 accumulation 

o Heterotrimeric G protein dissociation 
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4.3 Results 

4.3.1 Expression of Wildtype and Phospho-Deficient mGlu5 
Receptors in Flp-In™ T-REx™ 293 Cells 
 

 To explore G protein-dependent signal transduction of mGlu5 and the 

impact of phosphorylation on this, Flp-In™ T-REx™ 293 cell lines were used. The 

Flp-In™ system facilitates integration of a gene of interest into the genome of a 

mammalian host cells. Initially, a Flp-In™ host cell line is generated by integration 

of the vector pFRT/lacZeo encoding for a lacZ-Zeocin gene, with expression 

controlled by the SV40 promotor, and the integrated Flp recombination target 

(FRT) located downstream of the ATG initiation codon (Craig, 1988; Sauer, 1994). 

The host cells also constitutively express a tetracycline repressor to inhibit 

transcription from the cytomegalovirus (CMV) promotor. Zeocin resistant cells are 

selected to generate the parental host cell line.  

Parental Flp-In™ T-REx™ 293 cells (Invitrogen) were co-transfected with 

two plasmids: one containing the gene of interest in a pcDNA5/FRT/TO 

(Invitrogen), and the pOG44 plasmid which expresses Flp recombinase. When 

these plasmids are co-transfected, the Flp recombinase catalyses homologous 

recombination between FRT sites in host cell genome the pcDNA5/FRT/TO 

plasmid, permitting integration of the gene of interest into the genome of the 

parental cells whilst also integrating a hygromycin resistance gene (O’Gorman et 

al., 1991). Plasmids encoding the mGlu5-WT, mGlu5-PD and mGlu5-TPD receptors 

in a pcDNA5/FRT/TO plasmid were used to generate isogenetic cell lines inducibly 

expressing wildtype or phosphodeficient mGlu5. Upon treatment of the cell lines 

with doxycycline, a derivative of tetracycline, the tetracycline repressor protein 

unbinds from the tetracycline response elements upstream of the receptor coding 

sequence, thereby permitting transcription.  

To confirm successful integration of the genes of interest in the parental 

cells, after overnight incubation with doxycycline immunocytochemical analysis 

was performed to visualise expression of the receptors. This method allows for the 

visualisation of protein expression in individual cells and can provide insights into 

protein localisation within the cell. Cells were incubated overnight with 100 ng/mL 

of doxycycline, a concentration that canonically produces maximal expression 

within the cells (Zhou et al., 2006). The receptor constructs possess a C-terminal 
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HA epitope tag to aid post-hoc visualisation, thus immunostaining for the HA tag 

was performed on permeabilised cell lines with and without doxycycline treatment 

(Figure 4.2). 

 The mGlu5-WT cell line lacking doxycycline treatment does not exhibit any 

HA staining despite the 4′,6-diamidino-2-phenylindole (DAPI) nuclei stain revealing 

cells are present in the sample (Figure 4.2A). However, upon addition of 100 

ng/mL doxycycline to the cell culture medium the day before imaging, HA staining 

is observed at the membranes of the cells, indicating expression of the mGlu5-WT 

receptor at the cell surface (Figure 4.2A). Similarly, there is no HA staining visible 

for the mGlu5-PD (Figure 4.2B) and mGlu5-TPD (Figure 4.2C) cell lines in the 

absence of doxycycline, yet there is cell membrane-localised HA staining for each 

of these cell lines upon addition of 100 ng/mL doxycycline to the culture medium. 

 Together, this lack of HA staining in the absence of doxycycline indicates 

that there is no detectable transcription of the HA tagged mGlu5 receptor when no 

doxycycline is present. This result is the same when looking at the 

phosphodeficient mutant receptors, therefore it can be inferred that the Flp-In™ T-

REx™ 293 cell lines are functioning correctly and expressing the receptor of 

interest in a controlled manner. 
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Figure 4.2: Doxycycline induction of Flp-In™ T-REx™ 293 cell lines leads to 
expression of mGlu5-HA constructs. Immunocytochemistry detection of hemagglutinin 
(HA)-tagged mGlu5-WT (A), mGlu5-PD (B) and mGlu5-TPD (C) receptors in formalin-fixed 
Flp-In™ T-REx™ 293 cells, treated with 100 ng/mL doxycycline (dox) overnight to induce 
receptor expression. The cell nuclei were stained with DAPI (blue), then the receptor 
detected using an anti-HA antibody (red). Single slice images were taken on a Zeiss 
Aperture Correlation Vivatome Spinning Disc Microscope. The scale bar indicates 20 µm. 
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 An alternative way to confirm the functionality of the Flp-In™ T-REx™ 293 

cell lines and to validate the immunocytochemical studies is through western 

blotting for the receptor construct. Initially, an mGlu5 structural antibody binding to 

the C-terminus of the receptor was selected to detect the receptor within the cell 

lines (Kim et al., 2009). In the 24 hours before cell lysates were generated, cells 

were either treated with culture medium containing 100 ng/mL of doxycycline, or 

culture medium in the absence of doxycycline, to compare receptor expression 

between cells in the presence or absence of a tetracycline. This concentration of 

doxycycline is expected to produce maximal receptor expression in Flp-In™ T-

REx™ 293 cells, which should be ideal for western blotting where receptor 

overexpression is beneficial to observe protein levels in samples. Untransfected 

parental Flp-In™ T-REx™ 293 cell lysates were utilised to compare to the samples 

from cells in the absence of doxycycline. No bands were observed on the western 

blot in the parental cell sample or in cell samples without doxycycline addition, yet 

there was membrane protein present within the sample as confirmed by detection 

of sodium-potassium ATPase, a membrane-localised protein (Figure 4.3A). Upon 

addition of doxycycline to the medium, bands can be observed on the blot at ~150 

kDa and >250 kDa, consistent with monomeric and dimeric mGlu5 receptor. There 

was a trend of decreasing expression of the monomeric form of the receptor with 

mutation of C-terminal serine residues, with a further reduction upon additional 

mutation of C-terminal threonine residues: there was a 4.8% decrease in receptor 

expression from mGlu5-WT to mGlu5-PD (P>0.9999, Kruskal-Wallis test with 

Dunn’s post hoc test), and a decrease of 33.7% in receptor expression from 

mGlu5-WT to mGlu5-TPD (P=0.4868, Kruskal-Wallis test with Dunn’s post hoc test) 

(Figure 4.3B). This trend was also observed for the dimeric form of the receptor: 

there was a 37.1% decrease in expression from mGlu5-WT to mGlu5-PD 

(P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test), and a decrease of 

73.4% in expression from mGlu5-WT to mGlu5-TPD (P=0.0930, Kruskal-Wallis test 

with Dunn’s post hoc test) (Figure 4.3C). 

 Because the mGlu5 structural antibody binds to the C terminal of the 

receptor, the same region where the phosphodeficient mutations are present, this 

western blot analysis was repeated using an HA-specific antibody. Again, no 

bands were observed on the western blot in the parental cell sample or in cell 

samples without doxycycline addition, yet there was protein present within the 

sample as confirmed by the sodium-potassium ATPase housekeeping protein 
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(Figure 4.3D). Upon addition of doxycycline in the medium, bands can be 

observed on the blot at ~150 kDa and >250 kDa, consistent with monomeric and 

dimeric mGlu5 receptor. There was a 4.4% decrease in receptor monomer 

expression from mGlu5-WT to mGlu5-PD (P>0.9999, Kruskal-Wallis test with 

Dunn’s post hoc test), and a decrease of 14.0% in receptor monomer expression 

from mGlu5-WT to mGlu5-TPD (P=0.5172, Kruskal-Wallis test with Dunn’s post 

hoc test) (Figure 4.3E). As was observed with the structural mGlu5 antibody, a 

stronger trend was also observed for the dimeric form of the receptor: there was 

an 8.3% decrease in dimer expression from mGlu5-WT to mGlu5-PD (P>0.9999, 

Kruskal-Wallis test with Dunn’s post hoc test), and a decrease of 72.6% in 

expression from mGlu5-WT to mGlu5-TPD (P=0.6991, Kruskal-Wallis test with 

Dunn’s post hoc test) (Figure 4.3F). 

 Together, this western blot analysis demonstrates that there is no receptor 

expression detected with either an antibody to the mGlu5 C-terminus or against the 

HA epitope tag in samples in which no doxycycline is present. Upon treatment of 

cells with doxycycline, a band consistent with the expected size of the mGlu5 

monomer and dimer is detected in both the wildtype and phosphodeficient cell 

lines. 
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Figure 4.3: Western blots to quantify inducible mGlu5 receptor expression. 
Expression in lysates prepared from mGlu5-WT, mGlu5-PD and mGlu5-TPD stable cell 
lines was assessed by SDS-page followed by western blotting with an antibody to the 
mGlu5 C-terminus (A-C) or the HA epitope tag (D-F). Sodium-potassium ATPase was 
used as a loading control. Blots were quantified and expressed as median pixel intensity 
for the indicated band, divided by median pixel intensity for the sodium-potassium ATPase 
loading control. Expression of the monomeric receptor (B, E) and dimeric receptor (C, F) 
was quantified. Representative blots are shown from 3-4 independent experiments. 
Statistical analysis performed was a Kruskal-Wallis test with Dunn’s multiple comparison 
correction on +dox samples only. 
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4.3.2 Quantitative Assessment of mGlu5 Total and Surface 
Expression 
 

To fully characterise the expression of mGlu5, it is essential to quantitatively 

assess both its total and surface expression levels within cells. Utilising an N-

terminal binding antibody offers a targeted approach to measure mGlu5 expression 

via its extracellular domain, providing valuable insights into the receptor’s 

distribution in both western blot and on-cell western contexts. 

 Once again, 24 hours preceding generation of cell lysates, cells were either 

treated with medium containing 100 ng/mL of doxycycline, or medium in the 

absence of doxycycline. Western blotting using the antibody against the mGlu5 C-

terminus revealed no significant difference in protein expression between the 

parental cell sample or in cell samples without doxycycline addition (Figure 4.4A). 

Upon addition of doxycycline in the medium overnight preceding generation of cell 

lysates, bands can be observed on the blot at ~150 kDa and >250 kDa, consistent 

with monomeric and dimeric mGlu5 receptor. No significant difference in 

monomeric expression was observed between mGlu5-WT and mGlu5-PD 

(P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test) or mGlu5-WT and mGlu5-

TPD (P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test) in samples treated 

with doxycycline (Figure 4.4B). Similarly, no significant difference in dimeric 

expression was observed between mGlu5-WT and mGlu5-PD (P>0.9999, Kruskal-

Wallis test with Dunn’s post hoc test) or mGlu5-WT and mGlu5-TPD (P=0.5443, 

Kruskal-Wallis test with Dunn’s post hoc test) samples treated with doxycycline, 

despite there being a 56.1% reduction in expression from mGlu5-WT to mGlu5-

TPD (Figure 4.4C). 

 Western blotting using the antibody against the mGlu5 N-terminus revealed 

a lot of non-specific binding, making it difficult to determine which bands indicated 

monomeric mGlu5 receptor. However, bands consistent with the dimeric form of 

the receptor were detected at >250 kDa. A reduction in dimeric receptor 

expression was observed between mGlu5-WT and mGlu5-PD (P=0.5391, Kruskal-

Wallis test with Dunn’s post hoc test) and mGlu5-WT and mGlu5-TPD (P=0.0219, 

Kruskal-Wallis test with Dunn’s post hoc test) in samples treated with doxycycline 

(Figure 4.4D).  

 Together, this demonstrates that both the monomeric and dimeric forms of 

mGlu5 is detected in cell lines expressing wildtype and phosphodeficient mutants 
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of mGlu5 using the antibody against the C-terminus, however this is much more 

challenging using the antibody to the N-terminus. Despite this, a significant 

decrease in dimeric receptor expression was observed with mutation of C-terminal 

serine residues, with a further reduction in expression when threonine residues are 

additionally mutated. 
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Figure 4.4: Western blot analysis of the structure of mGlu5. Receptor expression in 
lysates prepared from mGlu5-WT, mGlu5-PD and mGlu5-TPD stable cell lines was 
assessed by SDS-page followed by western blotting with an antibody to the mGlu5 C-
terminus (A-C) or N-terminus (D-E). Sodium-potassium ATPase was used as a loading 
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control. Blots were quantified and expressed as median pixel intensity for the indicated 
band, divided by median pixel intensity for the sodium-potassium ATPase loading control. 
Expression of the monomeric receptor (B) and dimeric receptor (C, E) was quantified. 
Representative blots are shown from three independent experiments. Statistical analysis 
performed was a Kruskal-Wallis test with Dunn’s post hoc test on +dox samples only. * P 
≤ 0.05. 

 

In order to further quantify both total and cell surface expression of the 

mGlu5 receptors in the Flp-In™ T-REx™ 293 cell lines, in-cell western (ICW) and 

on-cell western (OCW) analysis was performed. These techniques involve 

antibody incubation on fixed cells seeded in 96-well plates, permitting more rapid, 

high throughput and quantitative examination of protein expression than traditional 

western blots (Pal et al., 2022). The ICW and OCW techniques differ in that the 

cells are permeabilised for the ICW, whilst left intact for the OCW. Therefore, if 

using an antibody that binds to an extracellular epitope, an OCW can be used to 

quantify cell surface expression of the receptor, whereas the ICW can be used 

with an antibody recognising either an extracellular or intracellular epitope to 

measure total expression. 

To investigate the expression of mGlu5 wildtype receptor, an OCW and ICW 

analysis was performed utilising the N-terminal binding mGlu5 antibody alongside 

the C-terminal binding mGlu5 antibody. Cells were either left intact or treated with 

Triton-X-100 to permeabilise the cells. To control for background signal produced 

by the secondary antibody, there was a condition in which receptor expression 

was induced with 100 ng/mL doxycycline, but not incubated with primary antibody. 

Conversely, to control for the background signal produced by the secondary 

antibody, a minus primary antibody control sample was prepared. To measure any 

potential background signal in the cells not related to the receptor construct, a cell 

samples both in the absence of doxycycline and with parental Flp-In™ T-REx™ 

293 cells were used. Finally, control wells containing phospho-buffered saline 

(PBS) with no cells, but with both primary and secondary antibodies were included 

to show background fluorescence of the assay plate. 

In the OCW treated with the N-terminal mGlu5 antibody, no signal is 

observed when there is no primary antibody or no secondary antibody (Figure 

4.5A). There is also no signal detected in the absence of doxycycline, while a clear 

signal is apparent in cells treated with 100 ng/mL doxycycline. Little signal was 

also observed in the parental Flp-In™ T-REx™ 293 cells, however upon 

quantification, it was clear that a slightly higher background was observed in these 
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cells than in the cells not treated with doxycycline (P>0.9999, Kruskal-Wallis test 

with Dunn’s post hoc test) (Figure 4.5B). With permeabilisation, the ICW showed 

the amount of non-specific binding from the N-terminal antibody appeared to 

increase, apparent by the relatively higher signal in both the cells not treated with 

doxycycline and the parental cells (Figure 4.5C), which translated to smaller 

quantified differences between these conditions and the doxycycline treated 

condition (Figure 4.5D). Despite this, there is still an increase of antibody labelling 

comparing the minus to plus doxycycline (P=0.0688, Kruskal-Wallis test with 

Dunn’s post hoc test) (Figure 4.5D).  

Using the C-terminal mGlu5 antibody in an OCW is predicted to detect no 

signal, due to the antibody binding to the intracellular surface of the receptor and 

the cells are not permeabilised in this condition. There is no signal observed for 

cells minus doxycycline and parental cells, yet there did appear to be some 

staining present in the plus doxycycline condition (Figure 4.5E). When 

permeabilised, the signal with the C-terminal antibody increases and is observed 

almost entirely in only the plus doxycycline condition (Figure 4.5G). Quantification 

of this ICW using the C-terminal antibody demonstrated that the signal was 

increased in the plus doxycycline condition compared both to the parental cells 

(P=0.5172, Kruskal-Wallis test with Dunn’s post hoc test), and to cells in the 

absence of doxycycline (P=0.0190, Kruskal-Wallis test with Dunn’s post hoc test) 

(Figure 4.5H). 

These OCW and ICW analyses indicate that the N-terminal binding 

antibody has some non-specific binding, as was also seen in the traditional 

western blots, as signal is detected in the minus doxycycline and parental cell 

samples following cell permeabilisation. Despite this, there is still specific detection 

of the receptor without cell permeabilisation, indicating that this antibody can be 

used to measure cell surface expression of mGlu5. In contrast, the C-terminal 

mGlu5 antibody is very specific to its target; there is little to no background signal 

from the minus doxycycline and parental cells, and the receptor is detected in the 

doxycycline-treated cell. It is surprising that some staining was observed for the C-

terminal antibody in the non-permeabilised cells, but this is likely due to breakage 

of the cells in the fixation process.  

Taken together, these OCW and ICW analyses provide a good method to 

quantify total and cell surface mGlu5 expression within cells. The use of an N-

terminal binding antibody to measure mGlu5 receptor total and surface expression 



Chapter 4  142 
 
provided a useful tool for measuring total and surface mGlu5 expression. By 

specifically targeting the N-terminal region, this approach allows for accurate 

quantification of both the overall and cell surface populations of the receptor. 

 

 



Chapter 4  143 
 

 

Figure 4.5: On-cell and in-cell western analysis can be used to quantify mGlu5 
surface and total expression. A representative on-cell western (OCW) (A, E) or in-cell 
western (ICW) (C, G) analysis of mGlu5-WT expression. Cells were treated with 100 
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ng/mL of doxycycline and compared to control parental cells (Par) that do not express 
mGlu5. N-terminal antibody quantification (B, D) and C-terminal antibody quantification (F, 
H) is from three biological replicates each performed in quadruplicate. Data are corrected 
to parental cell background signal and expressed over Hoechst staining measurements to 
correct for cell number. Data are normalised to show the percent signal relative to 
doxycycline treated cells based on the OCW for the N-terminal antibody, and the ICW for 
the C-terminal antibody. Data plotted are the means ± S.E.M. of three individual 
experiments each performed in triplicate. Statistical analysis performed was a Kruskal-
Wallis test with Dunn’s post hoc test to control for multiple comparisons. * P ≤ 0.05. 

 

 

4.3.3 The Impact of Doxycycline Concentration on Receptor 
Expression in Flp-In™ T-REx™ 293 Cells 

 

One advantage of using the Flp-In™ T-REx™ system is that receptor 

expression can be fine-tuned and manipulated by the concentration of doxycycline 

applied to the cells. In order to optimise the conditions of gene induction, 

doxycycline titration experiments were performed to compare the expression 

levels of receptor within mGlu5-WT, mGlu5-PD and mGlu5-TPD cell lines across 

the differing levels of doxycycline treatment. 

To examine the level of receptor expression with increasing doxycycline 

concentration, mGlu5-WT, mGlu5-PD and mGlu5-TPD Flp-In™ T-REx™ 293 cells 

were treated with a range of doxycycline concentrations overnight, then 

expression assessed using western blot analysis (Figure 4.6). First examining the 

mGlu5-WT cell line, there is an increase in band intensity when doxycycline 

concentration increases, detected using the C-terminal binding mGlu5 structural 

antibody (Figure 4.6A). No protein is detected in the parental cells or with 0 ng/mL 

doxycycline, despite the housekeeping protein (sodium-potassium ATPase) 

indicating protein is present in the sample. Treating the cell samples with 10 ng/mL 

and above produced maximal expression of the monomer (Figure 4.6B) and dimer 

(Figure 4.6C). Previous unpublished data from our laboratory has suggested that 

specifically for the mGlu5 expressing Flp-In™ T-REx™ 293 cell lines, treatment 

with 2 ng/mL of doxycycline produces the best signal window in functional assays. 

Here, to corroborate this, the 2 ng/mL concentration of doxycycline was compared 

to the canonical 100 ng/mL concentration that is typically used for GPCRs in Flp-

In™ T-REx™ 293 cell lines (Zhou et al., 2006). When the mGlu5-WT cell line was 

treated with a low concentration of doxycycline (2 ng/mL), the band consistent with 

the mGlu5 monomer produces a lower level of expression than at 100 ng/mL (peak 

band intensity of 16.7 ± 3.90 % of the 100 ng/ml band, (P>0.9999, Kruskal-Wallis 
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test with Dunn’s post hoc test) (Table 4.1). The dimeric form of mGlu5 also 

demonstrated a significantly lower level of expression (peak band intensity of 24.0 

± 4.90 % of the 100 ng/ml doxycycline band (P=0>0.9999, Kruskal-Wallis test with 

Dunn’s post hoc test) (Table 4.1). 

Next, looking at the mGlu5-PD cell line, a similar trend is seen to that 

observed for the wildtype receptor. No protein band is seen on the western blot in 

the absence of doxycycline, or in the parental cells without expression of the 

mGlu5-PD construct (Figure 4.6D). Once again, treating the cell samples with 10 

ng/mL and above produced maximal expression of the monomer (Figure 4.6E) 

and dimer (Figure 4.6F). When the mGlu5-PD cell line was treated with a low 

concentration of doxycycline (2 ng/mL), the band consistent with the mGlu5 

monomer produces a lower level of expression than at 100 ng/mL for both the 

monomeric and dimeric form of the receptor, however this is not significant 

(P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test) (Table 4.1). 

Looking at the mGlu5-TPD cell line, a similar trend is seen to that observed 

for the wildtype and mGlu5-PD receptor, but with somewhat lower overall 

expression. No band is seen on the western blot in the absence of doxycycline or 

in the parental cells without expression of the gene of interest (Figure 4.5G). 

Again, treating the cell samples with 10 ng/mL and above produced maximal 

expression of both the monomer (Figure 4.6H) and dimer (Figure 4.6I). However, 

none of the concentrations of doxycycline produced significantly different band 

intensities for both the monomer and dimer expression (Figure 4.6H, Figure 4.6I). 

When the mGlu5-TPD cell line was treated with 2 ng/mL, the band consistent with 

the mGlu5 monomer produces a lower level of expression, however again this is 

not significant (P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test) (Table 

4.1). 

Comparing the level of expression between the three cell lines reveals no 

significant differences in expression of either the monomer or dimer at 2 ng/mL 

doxycycline concentration (Table 4.2). However, comparing the level of expression 

at 100 ng/mL doxycycline concentration reveals significant differences in 

expression (Table 4.2). There is no significant difference in expression of 

monomeric mGlu5-WT and mGlu5-PD at 100 ng/mL doxycycline (P>0.9999, 

Kruskal-Wallis test with Dunn’s post hoc test) (Table 4.2), and additionally there is 

lower expression of monomeric mGlu5-TPD observed compared to both mGlu5-WT 

(P=0.2065, Kruskal-Wallis test with Dunn’s post hoc test) and mGlu5-PD 
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(P=0.0688, Kruskal-Wallis test with Dunn’s post hoc test). Looking at the dimer 

expression following induction with 100 ng/mL doxycycline, there are significant 

difference in expression of the receptor among the three cell lines (Table 4.2). The 

peak intensity for mGlu5-PD is increased compared to mGlu5-WT (P=0.5172, 

Kruskal-Wallis test with Dunn’s post hoc test), however mGlu5-TPD demonstrated 

a significant decrease in dimer expression compared to mGlu5-PD (P=0.0190, 

Kruskal-Wallis test with Dunn’s post hoc test). 

Together, these data reveal that all three mGlu5 receptor cell lines 

demonstrate the same trend of increasing receptor expression with increasing 

doxycycline concentration. However, for mGlu5-TPD, the receptor expression was 

generally lower compared to mGlu5-WT and mGlu5-PD, but this is consistent with 

my initial characterisation of these cells, finding mGlu5-TPD expression, in 

particular the dimer, to be significantly lower than wildtype (Figure 4.3C, Figure 

4.4E). Comparing the expression between the three cell lines reveals significantly 

different levels of expression of the receptor at 100 ng/mL doxycycline, however at 

2 ng/mL, the differences in expression level were not as drastic. This data, 

combined with the previous data from our laboratory demonstrating 2 ng/mL gives 

the best functional response for these mGlu5 cell lines, provided evidence that this 

concentration should be utilised to induce receptor expression in further 

experiments. 
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Figure 4.6: Expression of mGlu5-WT, mGlu5-PD and mGlu5-TPD increases with 
doxycycline concentration. Expression of mGlu5 constructs in lysates generated from 
Flp-In™ T-REx™ 293 cell lines expressing mGlu5-WT (A-C), mGlu5-PD (D-F) and mGlu5-
TPD (G-I) and treated with increasing concentrations of doxycycline was assessed by 
SDS-PAGE and western blot. Blots were probed with an antibody directed against the 
mGlu5 C-terminus, while a sodium-potassium ATPase antibody was used as a loading 
control. Representative blots are shown from three independent experiments. 
Quantification of blots is normalised to the signal obtained with 100 ng/mL doxycycline in 
the mGlu5-WT cell line. 
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Table 4.1: Peak band intensity, normalised as a percentage to wildtype receptor, of 
western blots following treatment with 2 ng/mL is significantly lower than treatment 
with 100 ng/mL doxycycline. 

 

 

Table 4.2: Western blots from mGlu5-WT, mGlu5-PD and mGlu5-TPD cell lysates 
demonstrate no significant differences in expression when induced with 2 ng/mL 
doxycycline. 

 

 

 In addition to measuring the doxycycline dependent induction of expression 

in these cell lines by western blot, cell surface and total expression of the receptor 

constructs were also measured using OCWs and ICWs. To examine the impact of 
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doxycycline concentration on cell surface expression, an OCW using the antibody 

targeted to the N-terminal of mGlu5 and an ICW using the C-terminal antibody 

were first performed on cells from the mGlu5-WT cell line treated with a range of 

doxycycline concentrations. There is no visible signal on either the OCW or ICW in 

the absence of primary antibody or the secondary antibody (Figure 4.7A). 

However, when incubating cells expressing the mGlu5-WT receptor with the N-

terminal binding antibody, this OCW showed a visual trend of increasing intensity 

as the concentration of doxycycline increases (Figure 4.7A). Similarly, with the C-

terminal binding antibody, the ICW showed a trend of increasing signal with 

increased concentration of doxycycline (Figure 4.7A). For the mGlu5-PD receptor, 

a similar trend of increasing intensity was observed with increasing concentrations 

of doxycycline for both the OCW and ICW, with highest antibody intensity at 10 

ng/mL and 100 ng/mL (Figure 4.7B). Likewise, for the mGlu5-TPD receptor both 

the OCW and ICW intensity increases across the increasing concentration of 

doxycycline tested, with maximal intensity at 10 ng/mL and 100 ng/mL doxycycline 

(Figure 4.7C).  

 Quantification of these ICWs and OCWs (Figure 4.8) indicates that no 

measurable expression was produced by the treatment of mGlu5-WT expressing 

cells with no treatment with doxycycline. For the mGlu5-WT OCW, 1 ng/mL 

doxycycline resulted in an expression level 11.0% of the maximal expression 

produced by 100 ng/mL, rising to 22.0% with 2 ng/mL doxycycline and 53.1% with 

10 ng/mL doxycycline (Figure 4.8A). For the ICW, expression was detected as the 

lowest concentrations of doxycycline, with 0.5 ng/mL producing 26.6% of the 

maximal expression obtained with 100 ng/mL doxycycline (Figure 4.8B). The total 

expression of the mGlu5-WT receptor as detected by the ICW steadily increased 

as the doxycycline concentration was increased. For the mGlu5-PD receptor, 

surface expression as detected by OCW, showed measurable expression at 1 

ng/mL doxycycline of 8.3% of the 100 ng/mL doxycycline maximal expression level 

(Figure 4.8C). Surface expression then increased with increasing doxycycline 

concentration. Similar to that seen with the wildtype receptor, signal was detected 

for the mGlu5-PD receptor in the ICW at low concentrations of doxycycline, with a 

value of 14.3% of the 100 ng/mL maximal expression produced by 0.5 ng/mL 

doxycycline (Figure 4.8D). The expression of the mGlu5-TPD receptor in the OCW 

was more variable, with expression of the receptor at 10 ng/mL doxycycline 

126.8% of the 100 ng/mL expression (Figure 4.8E). However, the ICW produced a 
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more consistent and steady increase in expression with increasing doxycycline, 

with 10 ng/mL producing a similar level of signal to 100 ng/mL (Figure 4.8F). 

 Together, these ICW and OCW studies reveal that cell membrane 

expression of mGlu5-WT, mGlu5-PD, and mGlu5-TPD can be assessed with this 

assay setup, and that both cell surface and total expression of the mGlu5 

constructs are controlled by doxycycline concentration. 
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Figure 4.7: Cell membrane expression of the mGlu5-WT, mGlu5-PD, and mGlu5-TPD 
receptors increases with increasing concentration of doxycycline. An in- and on-cell 
western analysis of mGlu5-WT (A), mGlu5-PD (B) and mGlu5-TPD (C) cell surface 
expression upon overnight treatment with increasing concentrations of doxycycline (dox; 
ng/mL) compared to parental cells (Par). Representative images shown from three 
biological replicates each performed in triplicate.  
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Figure 4.8: Quantification of in- and on-cell western analyses of mGlu5 receptor 
expression reveals an increase in membrane expression with increasing 
concentrations of doxycycline. Quantification of median pixel intensity of on-cell 
western analyses (A, C, E) and in-cell western analyses (B, D, F) of expression of the 
mGlu5-WT receptor (A, B), the mGlu5-PD receptor (C, D) and the mGlu5-TPD receptor (E, 
F). Data shown is mean ± S.E.M. of three biological replicates each performed in 
triplicate. Median pixel intensity data is corrected to antibody background signal and 
expressed over Hoechst-stained cells to correct for cell number. Data is further 
normalised to percent of 100 ng/mL doxycycline treated cells. 
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4.3.4 Removal of C-terminal Phosphorylation Sites of the mGlu5 
Receptor Impacts Intracellular Calcium Mobilisation 

 
 Measuring the calcium mobilisation in the cell is a key feature when looking 

at Gαq protein signalling. In the context of phosphodeficient receptors, measuring 

calcium flux allows exploration into how the direct receptor phosphorylation 

impacts the mobilisation and oscillation of calcium ion release. 

 To investigate how mGlu5 C-terminal phosphorylation affect Gαq signalling, 

calcium mobilisation experiments were performed using the wildtype and 

phosphodeficient mutant mGlu5 receptor cell lines with the endogenous agonist 

glutamate and the group I mGlu receptor specific agonist (S)-3,5-

dihydroxyphenylglycine (DHPG). To first confirm that the Flp-In™ T-REx™ 293 

cell line does not express any endogenous glutamate receptors leading to calcium 

responses, experiments were first carried out on parental cells demonstrating that 

glutamate treatment resulted in no increase in intracellular calcium ion levels in 

these cells (Figure 4.8A). In contrast, in cells expressing mGlu5-WT receptor, a 

clear concentration dependant increase in calcium mobilisation was observed 

following glutamate treatment, with pEC50 of 6.0 ± 0.12 (Figure 4.8A). 

Concentration responses with similar potency to glutamate were observed in the 

mGlu5-PD (6.1 ± 0.25) and mGlu5-TPD (6.3 ± 0.16) expressing cells (Figure 4.8A). 

The EMAX of mGlu5-WT and mGlu5-PD responses were comparable, while the EMAX 

for the mGlu5-TPD appeared somewhat greater, although this was not statistically 

significant (P=0.3672, one-way ANOVA) compared to wildtype. 

 The same trends were observed when using the agonist DHPG (Figure 

4.8B). The pEC50 value for mGlu5-WT of 5.6 ± 0.05 was not significantly different to 

the value of 5.3 ± 0.06 for mGlu5-PD (P=0.0518, one-way ANOVA) (Figure 4.8B). 

Additionally, there was no significant difference between the pEC50 of wildtype 

receptor and mGlu5-TPD (pEC50 of 5.6 ± 0.10, P=0.8364, one-way ANOVA) or 

between the mGlu5-PD receptor and mGlu5-TPD (P=0.1257, one-way ANOVA). 

The EMAX for mGlu5-TPD once again trended to be higher than the wildtype 

receptor and serine-only mutant, but this was not significant (P=0.2696 compared 

to wildtype, one-way ANOVA; P=0.2608 compared to mGlu5-PD, one-way 

ANOVA) (Figure 4.8B). 

 To summarise, following treatment with glutamate there was no significant 

differences in the pEC50 or EMAX of response between wildtype receptor and 
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phosphodeficient mutants in the calcium mobilisation assay, although mGlu5-TPD 

trended to have a higher maximal peak fura-2 ratio. These same trends were 

observed with treatment with the group I mGlu receptor-specific agonist DHPG.  

 

Figure 4.9: mGlu5-TPD produces a higher peak Fura-2 ratio in the calcium 
mobilisation assay than mGlu5-WT and mGlu5-PD. Glutamate- (A) or DHPG- (B) 
induced calcium mobilisation was measured in parental Flp-In™ T-REx™ 293 cells or 
cells induced with 2 ng/mL doxycycline to express mGlu5-WT, mGlu5-PD and mGlu5-TPD 
receptors, using Fura-2 AM dye. Data are expressed as means ± S.E.M of three 
independent experiments performed in triplicate. 

 

 

 To provide an understanding of the impact of mGlu5 C-terminal 

phosphorylation sites on calcium signalling kinetics, single cell calcium analysis 

was performed. Whilst plate-based calcium experiments are efficient and can 

provide information on calcium mobilisation in whole cell populations, single cell 

calcium analyses provides information on the kinetics of the calcium release within 

each cell, thus insight into the temporal dynamics of the oscillations (Kawabata et 

al., 1996).  

Looking at the mGlu5-WT receptor subsequent to loading the stably 

expressing cells with fura-2 AM dye, there is a calcium response following 

treatment with 100 µM glutamate (Figure 4.9A). Similarly, there is an agonist-

stimulated calcium response in the mGlu5-PD (Figure 4.9B) and mGlu5-TPD 

(Figure 4.9C) cell lines, consistent with the calcium mobilisation concentration 

response curves that were able to be produced previously (Figure 4.8). 

Quantifying the kinetics of this calcium flux for the mGlu5-WT cell line reveals an 

initial large peak in the fura-2 ratio, followed by two smaller oscillations over the 

three-minute time period recorded (Figure 4.9D). Conversely, for the mGlu5-PD 
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cell line (Figure 4.9E) and mGlu5-TPD cell line (Figure 4.9F) there is one large 

initial peak followed by only one subsequent peak.  

 This difference in number of calcium oscillations compared to wildtype 

infers that there is an impact of C-terminal phosphorylation on the calcium 

mobilisation, with this effect being down to the serine residues. This can be 

assumed as mGlu5-PD, in which C-terminal serine residues are mutated to 

alanine, exhibits this difference in number of oscillations compared to wildtype and 

there is no observable difference between mGlu5-PD and mGlu5-TPD. 

 

Figure 4.10: Removal of mGlu5 C-terminal phosphorylation sites alters calcium 
oscillations. Single cell calcium analysis was performed in mGlu5-WT (A), mGlu5-PD (B) 
and mGlu5-TPD (C) stable cell lines. Images represent cells at stable baseline and peak 
calcium mobilisation following stimulation with 100 µM glutamate (Glu). Images are 
representative of three independent experiments. (D-F) Quantification of single cell 
calcium imaging subsequent to stimulation with 100 µM glutamate for 60 seconds at the 
timepoint indicated by the red arrow. Data shown is the means ± S.E.M. of three 
independent experiments, where within each experiment 12 cells were selected for 
measurements as indicated by the circles in the representative images. Fluorescent 
images are 167 µm wide. 
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4.3.5 Removal of C-terminal Phosphorylation Sites of the mGlu5 
Receptor Reduces Ligand-Independent IP1 Accumulation 

  
 In addition to calcium mobilisation experiments, inositol monophosphate 

(IP1) accumulation assays were performed to provide a comprehensive analysis of 

the Gαq protein-coupled signalling pathway and the impact of C-terminal receptor 

phosphorylation on said pathway. Both calcium ions and IP1 are released upon 

activation of a Gαq protein-coupled GPCR, but at different stages of the 

transduction pathway; IP1 is a stable downstream product of PIP2 hydrolysis, 

providing a measurement early on in the signalling process. This can be useful for 

studying the impact of phosphorylation, permitting observation of the stage of the 

G protein-dependent signalling cascade at which phosphorylation may have an 

impact. Measurement of IP1 accumulation also permits measurement of 

constitutive activity, a measure that the calcium mobilisation experiments do not 

provide (Garbison et al., 2012). Performing both IP1 accumulation and calcium 

mobilisation assays permits the teasing out of the specific stages of signal 

transduction affected by phosphorylation, in addition to cross validating findings 

from each assay format. 

 Initially, the cell number per well of the 96-well plate was optimised for the 

IP1 accumulation assay. This assay measures total IP1 accumulation in one hour, 

so it is expected that the number of cells in a well would affect the readout of IP1 

concentration. Too few cells may produce a low signal not strong enough to be 

detected over background readings, but too many cells may lead to over 

saturation and affect cell viability. Here, mGlu5-WT cells were utilised and seeded 

at a variety of densities to examine the impact of increasing cell number on IP1 

accumulation. All cell numbers tested produced a concentration response curve 

following stimulation with the endogenous agonist glutamate (Figure 4.10A), 

indicating that cell viability was not impacted at high cell densities. There were no 

significant differences observed in the pEC50 values (Figure 4.10B), however there 

was a trend of decreasing potency of glutamate with increasing cell number. A 

steady increase in the maximum amount of IP1 produced was observed when 

increasing the cell seeding densities (Figure 4.10C), from 179.0 ± 15.47 nM 

produced by cells seeded at a density of 20,000 cells per well to 2137.0 ± 66.78 

nM from cells plated at 160,000 cells per well (P<0.0001, one-way ANOVA). This 
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is to be expected; more cells in the well should in theory produce more IP1, leading 

to an increasing readout of IP1 concentration. An increase in the signal window 

span is also observed (Figure 4.10D); as the seeding density increases, the 

window of signal readout increases by 1023.7%, from a mean IP1 concentration of 

130.2 ± 18.48 nM produced by cells at a density of 20,000 cells per well to 1463.0 

± 74.89 nM produced by cells at a density of 160,000 cells per well (P<0.0001, 

one-way ANOVA). However, this is relative to the increase in the basal amount of 

IP1 produced; when the cell seeding density increased, basal IP1 accumulation 

also increased (Figure 4.10E). As the number of cells per well increased, the 

concentration of IP1 increased, from an IP1 concentration of 47.6 ± 14.38 nM for 

20,000 cells per well and 733.3 ± 47.37 nM for 160,000 cells per well (P<0.0001, 

one-way ANOVA).  

A Z’ calculation was performed to further analyse the cell seeding density 

optimisation for the IP1 accumulation assay. The Z’ equation considers four assay 

parameters: the means (µ) of the maximum and minimum signal, and the standard 

deviations (σ) of these values. A Z’ score of less than zero indicates too much 

overlap between the signal and noise to be a valid assay, 0-0.5 indicates an 

acceptable assay, and a score between 0.5 and 1.0 indicates an excellent assay 

(Zhang et al., 1999). When seeding 20,000 cells per well in a 96-well plate, a Z’ 

score of –0.14 was achieved, indicating that this density is too low to detect IP1 

signal over the background (Table 4.3). A density of 40,000 cells per well 

produced an acceptable score of 0.42, however this was improved on when 

increasing the density; all densities tested from 60,000 to 160,000 cells per well 

produced a Z’ factor indicating an excellent assay (Table 4.3). 

Considering this, a mid-range cell seeding density of 80,000 cells per well 

was chosen as there was no significant difference in the pEC50, a maximal 

response that was in range of the testing kit sensitivity, a sufficient Z’ score, and a 

comparatively low ligand-independent activity compared to higher cell densities.  
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Figure 4.11: Optimisation of cell number in the IP1 accumulation assay. (A) 
Concentration response curves for IP1 accumulation in mGlu5-WT cells following agonist 
stimulation. The potency (B), maximal response (C) and signal window span (D) were 
recorded to observe changes due to increasing cell number. Data are expressed as 
means ± S.E.M. of one to two independent experiments performed in quadruplicate. 
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Table 4.3: The Z’ score for IP1 accumulation curves at increasing cell seeding 
densities. 

 

 

To determine the ideal concentration of doxycycline to use in functional 

assays, a doxycycline titration was performed in the IP1 accumulation assay. All 

concentrations tested, including 0 ng/mL doxycycline, produced a concentration 

response curve subsequent to stimulation with the endogenous agonist glutamate 

(Figure 4.11A). The pEC50 is not significantly different among the concentrations of 

doxycycline tested (Figure 4.11B), indicating no change in the potency of 

glutamate. Conversely, there are significant differences in the signal window span 

(Figure 4.11C) and the EMAX (Figure 4.11D) with change in the doxycycline 

concentration. Utilising 2 ng/mL of doxycycline produced the greatest signal 

window span of response, 211.6% greater than 0 ng/mL doxycycline (P=0.0001, 

mixed effects analysis with Tukey’s multiple comparisons test), and an EMAX 

162.1% greater than the cells without doxycycline treatment (P=0.0009, mixed 

effects analysis with Tukey’s multiple comparisons test). However, upon 

increasing the doxycycline concentration, the basal level of IP1 produced also 

increases (Figure 4.11E). From 0 ng/mL doxycycline to 100 ng/mL doxycycline, 

the ligand-independent concentration of IP1 increases by 121.3% (P=0.0002, one-

way ANOVA). 

Altogether, the amount of doxycycline decided to be used for future 

functional assays was 2 ng/mL, as at this concentration a large signal window was 

achieved with a high maximal response (corroborating previous data from our 

laboratory), whilst the potency does not change and the basal IP1 concentration is 

not too high. 
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Figure 4.12: Generation of IP1 increases with increasing concentration of 
doxycycline. (A) Concentration response curves showing IP1 accumulation in mGlu5-WT 
cells subsequent to 24 hr induction with increasing concentrations of doxycycline. The 
potency (B), signal window span of response (C), and maximal response (D) were noted 
from the concentration response curves for each doxycycline concentration. The ligand-
independent IP1 accumulation over the course of one hour was recorded as a measure of 
the constitutive activity (E). Data are expressed as means ± S.E.M. of three independent 
experiments performed in quadruplicate. Statistical analysis performed was a mixed 
effects analysis with Tukey’s multiple comparisons test (C,D) or a one-way ANOVA with 
Tukey’s multiple comparisons test (E). * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. 

  

Once the appropriate concentration of doxycycline was determined, the 

assay was performed on cell lines induced with 2 ng/mL doxycycline to investigate 

how C-terminal receptor phosphorylation impacts the Gαq protein-coupled signal 

transduction. Utilising the endogenous agonist glutamate with these cell lines 

produced concentration response curves for all three receptors, yet no response 

was produced in the untransfected parental cells showing the response is specific 

to the receptors (Figure 4.12A). Similarly, when using the group I mGlu receptor 

specific agonist DHPG, there was IP1 produced for all three receptors but not for 
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the parental cells (Figure 4.12B). When looking at the potency of glutamate in the 

IP1 assay between the wildtype and phosphodeficient mutant receptors, there was 

a significant rightward shift and reduction in potency with removal of putative C-

terminal phosphorylation sites; there was no significant difference in potency of 

glutamate at the wildtype receptor versus a C-terminal serine-deficient receptor 

(P=0.9523, one-way ANOVA), yet a significant decrease in potency was noted 

between mGlu5-PD and mGlu5-TPD (P=0.0461, one-way ANOVA) (Figure 4.12C), 

likely to be due to differing expression levels. Despite this, there was no significant 

difference in the EMAX (Figure 4.12D) or signal window span of response to 

glutamate (Figure 4.12E). When treated with DHPG, the potency of the agonist 

trended to decrease with removal of C-terminal serine residues: a pEC50 of 5.1 ± 

0.26 was produced for the wildtype receptor, 4.7 ± 0.07 for the mGlu5-PD receptor, 

and 4.4 ± 0.24 for mGlu5-TPD (Figure 4.12F). Similar to that observed for the 

glutamate-treated cells, there was no significant change in EMAX (Figure 4.12G) or 

signal window span of response to agonist (Figure 4.12H) when treated with 

DHPG.  

 When plotting the ligand-independent IP1 produced by the receptors, there 

was a trend of decreased basal IP1 with removal of putative phosphorylation sites 

in the mGlu5 C-terminus. With the mGlu5-PD receptor, the ligand-independent 

concentration of IP1 produced was 22.1% lower than that produced by the wildtype 

receptor (P=0.3794, one-way ANOVA) (Figure 4.12I). Removing the C-terminal 

threonine residues, in addition to the serine residues, there was a decrease in 

ligand-independent IP1 of 84.0% compared to that produced by the wildtype 

receptor (P<0.0001, one-way ANOVA) (Figure 4.12I). 

 In summary, there was no change in Gαq protein-dependent signal 

transduction pathway between the wildtype and phosphodeficient mutant 

receptors in terms of the efficacy or signal window, however there was a trend of 

decreasing potency of both glutamate and DHPG agonists with removal of serine 

residues then furthermore with removal of serine and threonine residues. This 

difference is likely to be due to differences in the expression levels of the receptors 

in the cell line. Additionally, there was a decrease in the ligand-independent IP1 

produced from the wildtype receptor to the serine-deficient, and serine- and 

threonine-deficient receptors.  
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Figure 4.13: Mutation of mGlu5 C-terminal serine and threonine residues decreases 
basal IP1 release. Expression of mGlu5-WT, mGlu5-PD and mGlu5-TPD receptors was 
induced 24-hours before the assay with 2 ng/mL of doxycycline, then the IP1 accumulation 
was recorded after a 1-hour stimulation with glutamate (A) or DHPG (B). The pEC50, EMAX, 
and signal window span were recorded following the IP1 accumulation after treatment with 
glutamate (C-E) or DHPG (F-H). (I) The ligand-independent basal levels of IP1 produced 
by mGlu5-WT, mGlu5-PD and mGlu5-TPD. Data are expressed as means ± S.E.M. of 
three independent experiments performed in quadruplicate. Statistical analysis performed 
was a one-way ANOVA with a Tukey post hoc test. * P ≤ 0.05, ** P ≤ 0.01, **** P ≤ 
0.0001. 
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4.3.6 Removal of C-terminal Phosphorylation Sites of the mGlu5 
Receptor Reduces Constitutive Heterotrimeric G Protein 
Dissociation 

 
 To investigate the impact of receptor phosphorylation at a stage in the 

signalling pathway more proximal to the receptor than IP1 or calcium mobilisation, 

an assay measuring heterotrimeric G protein dissociation was selected. This 

system, named TRUPATH, was developed by Olsen et al., (2020) to generate a 

suite of 14 BRET-based biosensors to measure heterotrimeric G protein 

dissociation with single pathway resolution. The Gα protein is tagged with a 

luciferase, and the Gγ is tagged with a fluorescent protein. These components are 

transiently transfected into HEK293T cells, with the receptor of interest and Gβ 

also being co-transfected. In resting state, the G protein heterotrimer is assembled 

and produces a high BRET signal, however upon receptor activation and G protein 

dissociation, there is a decrease in BRET recorded and the G proteins dissociate 

to activate further effector proteins (Figure 4.13A). Typically, this system involves 

transfecting multiple constructs: the receptor, Gα-luciferase, Gβ, and Gγ-

fluorescent protein, all at a 1:1:1:1 ratio. Our laboratory has developed a novel 

version of this system termed ‘NEWPATH’, in which all three G protein 

components are expressed in one construct. There exists 16 different Gα subunits, 

4 major Gβ subunits and 12 Gγ subunits, thus the appropriate combination of 

these proteins was selected for use with the mGlu5 receptor, as advised by Olsen 

et al., (2020). The NEWPATH construct consists of the untagged Gβ3 protein; the 

P2A sequence, which sits in between two genes of interest, causing ribosomal 

’skipping’ during translation to effectively separate the two genes of interest that 

flank it; Gγ9 tagged to mNeonGreen; the pIRES mammalian expression sequence 

which allows high level of expression of two genes of interest from the same 

mRNA transcript; and the Gαq protein tagged to nanoluciferase (Figure 4.13B). 
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Figure 4.14: The TRUPATH paradigm can be encoded into a single plasmid, called 
‘NEWPATH’. (A) A schematic illustrating the effect of agonist-stimulated GPCR activation 
and G protein dissociation on the measurable BRET ratio. (B) A plasmid map depicting 
the components of the single Gαq-specific NEWPATH construct. A combination of Gβ3 
and Gγ9 was selected to pair with the Gaq protein. 

 

To measure the G protein activation, increasing amounts of the receptor of 

interest were transiently transfected into HEK293T cells with the NEWPATH 

plasmid. The M1 muscarinic receptor, a receptor shown to robustly couple to the 

Gαq protein-coupled signal transduction pathway, was selected as a positive 

control. When using the mGlu5-WT receptor with the Gαq NEWPATH biosensor, no 

clear concentration response curves were observed in response to stimulation with 

glutamate, however a concentration response curve was successfully achieved 

with the M1 positive control (Figure 4.14A). This indicates a lack of glutamate-

stimulated Gαq protein dissociation at the mGlu5-WT receptor. A similar effect was 

observed for both the mGlu5-PD (Figure 4.14B) and mGlu5-TPD (Figure 4.14C) 

receptors. Whilst the agonist-stimulated activation of the M1 receptor indicates that 

the NEWPATH biosensor is successful at measuring Gαq protein dissociation from 

Gγ9 in response to agonist treatment, there is no clear heterotrimeric G protein 

activation stimulated by agonist treated wildtype or phosphodeficient receptor 

mutants. However, looking at just the ligand-independent heterotrimeric G protein 

dissociation reveals that there is significant G protein dissociation compared to the 

pcDNA3 empty vector control: with the mGlu5-WT receptor, there is a significant 

trend of lower BRET ratio as the amount of receptor increases (Figure 4.14D). 

Transiently transfecting in 250 ng of wildtype receptor per well of a 6-well plate 

gives a 48.9% decrease in BRET from pcDNA3 (P<0.0001, one-way ANOVA), 

indicating high constitutive activity over the basal G protein activation in the cells. 
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There is no significant different between the lowest amount of wildtype receptor 

transfected and pcDNA3 control, a decrease of 4.5% (P=0.2186, one-way 

ANOVA). Similarly, a significant trend of increasing basal G protein activation with 

increasing amounts of receptor is observed for the C-terminal serine-deficient 

mutant mGlu5 receptor. The decrease in basal BRET ratio from pcDNA3 to that 

produced by transfecting 250 ng of mGlu5-PD is 29.5% (P<0.0001, one-way 

ANOVA). The difference in the decrease between pcDNA3 and wildtype and 

between pcDNA3 and mGlu5-PD is 19.4%. Furthermore, there are no significant 

differences observed in the basal BRET ratio in the NEWPATH assay between 

any of the receptor amounts transfected for the mGlu5-TPD receptor. There is a 

difference of only 4.8% between 250 ng mGlu5-TPD and pcDNA3 (P=0.8907, one-

way ANOVA), and there was a slight increase of 7.7% between 1 ng of receptor 

and pcDNA3 (P=0.4133, one-way ANOVA).  

When comparing the ligand independent heterotrimeric G protein 

dissociation between the wildtype and phosphodeficient mutant mGlu5 receptors at 

the highest amount of receptor transfected, there is a significant difference. Firstly, 

there is no significant difference in the basal BRET between the M1 receptor and 

pcDNA3 empty vector control (P=0.3632, one-way ANOVA), demonstrating that 

the M1 receptor exhibits little to no constitutive activity (Figure 4.15). The wildtype 

mGlu5 receptor exhibits high constitutive activity, revealed by the low basal BRET 

ratio, 51.1% of pcDNA3 BRET ratio, meaning high levels of G protein dissociation 

(Figure 4.15). The mGlu5-PD receptor also exhibits high constitutive activity 

compared to the M1 receptor, a decrease in the BRET ratio of 41.2% (P<0.0001, 

one-way ANOVA) (Figure 4.15). However, this observed constitutive activity is 

significantly reduced compared to wildtype, giving a basal BRET ratio with an 

increase of 15.0% compared to wildtype (P=0.0288, one-way ANOVA) (Figure 

4.15). Further still, the mGlu5-TPD receptor demonstrates less basal activity than 

the mGlu5-PD receptor, increasing from a mean of 60.22% of pcDNA3 BRET ratio 

for mGlu5-PD to 76.79% of pcDNA3 for mGlu5-TPD (P<0.0001, one-way ANOVA) 

(Figure 4.15). Despite this trend of decreasing constitutive activity with removal of 

C-terminal phosphorylation sites, the mGlu5-TPD receptor still exhibits significantly 

different basal BRET ratio to pcDNA3 (a decrease of 30.2%, P<0.0001, one-way 

ANOVA), indicating that whilst constitutive activity at the mGlu5-TPD receptor is 

reduced compared to that of wildtype, the receptor still shows constitutive activity 

over empty vector control. 
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It is clear that the wildtype and phosphodeficient mutant receptors couple to the 

Gαq protein-coupled pathway because although the signal windows were small, 

IP1 and calcium responses were still recorded for each receptor. Taken together, 

these data from the NEWPATH BRET system indicate that phosphorylation of C-

terminal serine and threonine residues play a role in the basal activity of the mGlu5 

receptor, as the basal G protein heterotrimer dissociation was high for wildtype 

receptor but trended to be not as high when C-terminal serine residues were 

mutated, then further reduced when additionally removing C-terminal threonine 

residues. 

 

Figure 4.15: Mutation of mGlu5 C-terminal phosphorylation sites reduces Gαq 
constitutive activation. Titration of the mGlu5-WT (A), mGlu5-PD (B), and mGlu5-TPD (C) 
in the NEWPATH heterotrimeric G protein dissociation assay in response to stimulation 
with the agonist glutamate, increasing the amount of DNA of the receptor of interest per 
well of a 6-well plate. The basal G protein dissociation was measured as an indicator of 
constitutive activity for the mGlu5-WT (D), mGlu5-PD (E) and mGlu5-TPD (F) receptors. 
Statistical analysis performed was a one-way ANOVA compared to pcDNA3, with Tukey 
post hoc test to control for multiple comparisons. * P ≤ 0.05, *** P ≤ 0.001, **** P ≤ 0.0001. 
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Figure 4.16: Basal BRET ratio from the NEWPATH assay, a measure of constitutive 
activity, is significantly different with removal of putative C-terminal mGlu5 
phosphorylation sites. The basal G protein dissociation was measured following 
transfection of 250 ng of receptor in a 6-well plate as an indicator of constitutive activity for 
the mGlu5-WT, mGlu5-PD and mGlu5-TPD receptors compared to pcDNA3 empty vector 
control and the M1 muscarinic receptor positive control. Statistical analysis performed was 
a Kruskal-Wallis test, with Dunn’s post hoc test to control for multiple comparisons. * P ≤ 
0.05, **** P ≤ 0.0001. 
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4.4 Discussion 

In this chapter, following generation of Flp-In™ T-REx™ 293 cell lines and 

demonstration of robust receptor expression in said cell lines, the signalling 

profiles of mGlu5-PD and mGlu5-TPD were assessed using in vitro 

pharmacological assays and compared to that of mGlu5-WT to provide information 

on the mechanisms underlying phosphorylation-dependent signal transduction. 

Differences in calcium oscillations, basal IP1 signalling, and constitutive Gαq 

protein activation were noted between the wildtype and phosphodeficient mGlu5 

receptors. The differences in calcium oscillations were found to be attributed to C-

terminal serine residues, whilst the decrease in ligand-independent IP1 

concentration and Gαq protein activation was seen following mutation of both 

serine and threonine residues.  

 

The Flp-In™ T-REx™ 293 inducible receptor expression system, developed 

by Invitrogen Life Technologies, has been widely used due to its many advantages 

over transiently transfected cells (Ward et al., 2011). This cell model permits 

integration of a gene of interest into a defined location in the genome, which allows 

for stable expression following treatment with a tetracycline, providing precise 

temporal control of gene expression. This inducible expression also permits finely 

tuned modulation of receptor expression and thus assessment of how the receptor 

expression level affects signalling. However, there are also complications of the 

Flp-In™ T-REx™ system, most notably that it can sometimes be ‘leaky’ and 

exhibit expression of the gene of interest without tetracycline treatment. This 

brings about issues particularly when relying on uninduced cells as a control 

group. In this work, the leakiness of this system presented itself in the IP1 

accumulation assay, where cell lines were treated with a range of doxycycline 

concentrations to induce mGlu5 expression and yet the cells in the absence of 

doxycycline still produced an effective response to glutamate. This contrasts to the 

parental cells, in which no IP1 is generated following agonist stimulation, indicating 

that these cell lines are indeed expressing the mGlu5 receptor constructs 

independent of doxycycline treatment. The lack of response in the parental cells is 

also consistent with microarray analysis performed by Atwood et al., (2011) 

showing that HEK293 cells do not endogenously express mGlu5. The western blot 

analysis of expression does not detect any protein consistent with the mGlu5 
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receptor in the absence of doxycycline, yet here in the IP1 assay there is Gαq 

protein-coupled pathway activation recorded. Western blots may not detect 

proteins expressed at low levels whereas in vitro signalling assays may be more 

sensitive (Ghosh et al., 2014), hence the IP1 assay here may be recording true 

mGlu5 expression that was not revealed in the western blot. 

The Flp-In™ T-REx™ 293 cell lines demonstrated robust receptor construct 

expression, providing a suitable tool to permit measurement of the 

pharmacological output of the receptor. Controlling the amount of receptor 

expression induced is advantageous specifically for the glutamate receptors, as it 

helps overcome issues relating to basal glutamate release: the metabolism of 

glutamine in the cell culture media to glutamate, in addition to cells releasing 

glutamate into the medium, contributes to constitutive signalling by mGlu receptors 

(Desai et al., 1995). Hence, it is useful to have an expression system in which the 

glutamate receptor is not persistently expressed to reduce the impact of this 

constitutive signalling. 

 Ward et al. (2011) showed that when using the Flp-In™ T-REx™ 293 cell 

line to control expression of the ghrelin receptor, turning on expression of the 

receptor of interest causes rounding of cells and poor viability. This was proposed 

to be due to the ghrelin receptor being a highly constitutively active Gαq protein-

coupled receptor, as cells appeared healthier when a ghrelin receptor specific 

inverse agonist or an inhibitor of Gαq proteins was applied (Ward et al., 2011). This 

phenomenon was observed in this work when observing routinely cultured mGlu5 

cell lines; upon treatment with doxycycline and induction of receptor expression, 

the cells tended to have a rounder physiology and became clumped together, 

most notably for the wildtype receptor. As with the features observed with the 

ghrelin receptor, this change in cell morphology could be due to the wildtype 

mGlu5 receptor’s high basal signalling. Considering this, it confirms that the Flp-

In™ T-REx™ inducible expression system was a good choice of in vitro receptor 

expression model, due to the ability to ‘switch on’ the expression of the receptor 

providing the ability to maintain mGlu5 expression at very low levels during growth, 

circumventing issues with constitutive activity and cell viability during cell line 

maintenance. 

When looking at the detection of mGlu5 expression using the C-terminus in 

western blot analyses, there is a trend of decreasing expression of the dimer with 

removal of phosphorylation sites; this could be a true trend in expression, or it 
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could be the fact that the antibody binds to the C-terminus of the receptor and the 

C-terminus has been altered in the phosphodeficient mutant receptors, hence this 

may affect the binding of the antibody. Measuring the dimeric mGlu5 receptor 

expression using an N-terminal binding antibody (to circumvent the issue of using 

an antibody that recognising the mutated region of the receptor) also 

demonstrates a trend of decreasing dimer expression with mutation of C-terminal 

putative phosphorylation sites. The C-terminal mutation of the receptor is not 

expected to directly affect dimer formation, as the mGlu5 dimer is linked via an 

intermolecular disulphide bridge at Cys140 in the extracellular N-terminal domain, 

17 kDa from the distal end of the N-terminus (Kunishima et al., 2000; Romano et 

al., 1996). Clearly, mutating C-terminal serine and threonine residues has an 

impact on expression of the dimer, yet the mechanism for such phenomenon is 

unclear. The alteration of C-terminal serine and threonine residues to alanine may 

impact the structure of the receptor or ability to be trafficked from the endoplasmic 

reticulum, where the dimer forms (Robbins et al., 1999), to the membrane, 

indicated by the reduction in dimer expression in whole cell lysates.  

In the on-cell western analysis utilising the N-terminal binding antibody, 

signal is obtained from solely the plus doxycycline sample condition, indicating 

receptor can be detected by this antibody and better than in the traditional western 

blot. Permeabilising these cells and applying the N-terminal antibody results in 

more non-specific binding, as the antibody has access to more intracellular 

proteins to non-specifically bind to. Unexpectedly, there is slight signal obtained 

from using the C-terminal binding antibody on cells that were not permeabilised. In 

hindsight, this could be due to the fixation process: commercially available formalin 

used for fixing cells contains methanol at a concentration of ≤1 to <3% to generate 

hemiacetal/acetal compounds which prevent the precipitation of the formaldehyde 

(Alonso-Buenaposada et al., 2016). Methanol dissolves the membranes of cells, 

providing a potential explanation for why signal is detected from the C-terminal 

antibody in non-permeabilised cells. 

 

In the calcium mobilisation assay, a similar maximum response is 

generated for wildtype and mGlu5-PD, equivalent trends to that found by Butcher 

et al., (2014) for the FFA4 receptor, using a C-terminal truncated receptor as a 

phosphodeficient receptor, finding no difference in EMAX between wildtype and the 

truncated receptor. The increase in EMAX from mGlu5-TPD cells compared to 
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wildtype could be explained by the lack of phosphorylation sites preventing 

receptor desensitisation and internalisation, meaning more cell surface receptor 

expression leading to a higher calcium response. To address this, cells could be 

pre-treated with an mGlu5 antagonist or negative allosteric modulator to reduce the 

basal level of glutamate receptor activation, wash the drug off, then perform the 

agonist-stimulated calcium assay to see if the increased EMAX as seen for the 

mGlu5-TPD receptor is seen for the wildtype receptor. In addition, the constitutive 

signalling of the receptor may explain why the observed peak calcium ratio is 

relatively low compared to that seem for other Gαq coupled-GPCRs (Bradley et al., 

2020; Liu et al., 2008); the ligand independent receptor activity or basal glutamate 

released by the cells raises the baseline Gαq/11 activation, therefore the agonist 

can only further increase the response a limited amount from this point. Abreu et 

al., (2021) found that mGlu5 calcium transients were reduced with GRK2 

expression, indicating a role for phosphorylation in calcium response. This is 

consistent with these studies; removal of a receptor’s ability to be phosphorylated 

(mGlu5-TPD) increases calcium response compared to wildtype. 

It is well established that phosphorylation of mGlu5 induces calcium 

oscillations, caused by rapid dynamic cycles of phosphorylation and 

dephosphorylation (Bradley & Challiss, 2011; Kawabata et al., 1996; Nakahara et 

al., 1997). When observing the single cell calcium oscillations here, there was a 

difference between phosphodeficient mutant receptor and wildtype, with no 

difference in the oscillations produced by mGlu5-PD and mGlu5-TPD, indicating 

that the change in calcium oscillations is due to C-terminal serine residues not 

threonine residues. This is consistent with the literature: it was previously thought 

that phosphorylation of threonine at position 840 by protein kinase C was 

responsible for the observed calcium oscillations (Kawabata et al., 1996), however 

subsequent studies examining this have determined that this threonine plays a 

permissive role, and it is in fact serine at position 839 that controls the oscillations 

(Kim et al., 2005). This group also demonstrated that mutation of Thr840 to 

alanine, thus preventing phosphorylation of this residue, has no observable impact 

on calcium oscillations further supporting the view that the calcium oscillations are 

due to phosphorylation of Ser839. This is consistent with the results demonstrated 

here: there was a difference in number of calcium oscillations compared to 

wildtype with the receptor containing mutated serine residues, but there was no 

change between the serine mutant and the threonine and serine mutant. Despite 
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Butcher et al., (2014) finding no difference in the calcium response between the 

FFA4 receptor and a C-terminal truncated receptor, Alvarez-Curto et al. (2016) 

discovered that the kinetics of the calcium response differed between the FFA4 

receptor and a phosphodeficient mutant FFA4 receptor. Here, there was no 

difference between wildtype and mGlu5-PD in the plate-based calcium mobilisation 

assay, but the single cell calcium analysis revealed differing kinetics of release. 

 

 In the IP1 accumulation assay, there was a trend of decreasing potency of 

the agonists DHPG and glutamate with mutation of C-terminal serine residues, 

with a further decrease in potency with additional mutation of threonine residues. 

This may be attributed to the observed lower expression levels of mGlu5-PD and 

mGlu5-TPD compared to wildtype receptor. The most plausible explanation relates 

to a change in receptor efficacy, meaning a larger pool of cell surface receptors 

need to be active to achieve the same response. This change in potency with 

mutation of the receptor’s C-terminus was observed by Butcher et al. (2014) in 

their FFA4 construct with a C-terminal truncation; a decrease in agonist potency 

was observed in the TUG-891 stimulated β-arrestin 2 recruitment and is proposed 

to be due to the GPCR and arrestin protein forming a high-affinity, agonist-bound 

complex. Conversely, there was no significant change in the EMAX or signal 

window span between mGlu5-WT and mGlu5-PD, an equivalent trend to that 

previously seen for the M1-PD receptor (Scarpa et al., 2021).  

 There was a significant decrease in the basal IP1 produced with mutation of 

both serine and threonine residues in the mGlu5 C-terminus. This indicates that in 

this context removing C-terminal serine and threonine residues affects G protein-

dependent signalling but removing serine residues alone does not. The western 

blot data revealed that there were no issues in the structure and expression of the 

receptor, thus it cannot be attributed to issues in the formation and translocation of 

the receptor. Additionally, it is well established that receptors in the glutamate 

family need to be in a dimeric conformation to transduce extracellular stimuli to 

intracellular signals (Bai, 2004; Kunishima et al., 2000; Romano et al., 1996, 

2001). Glutamate binds in the VFT, triggering conformational changes that are 

transmitted through the cysteine-rich domain, to the conserved 7TMDs which 

establish an asymmetric TMD6-TMD6 interface, promoting conformational change 

of the intracellular surface of one protomer, which couples to the intracellular G 

protein (Koehl et al., 2019; Seven et al., 2021). These hydrophilic interactions 
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between intracellular loop 1 and the intracellular side of TMD6 have to be 

disrupted to reach a theoretically active-like conformation (Lans et al., 2020). The 

phosphodeficient mutant receptor mGlu5-TPD has less dimeric formation and 

expression than wildtype receptor as shown by the western blot analysis, 

indicating that the C-terminal serine and threonine residues somehow play a role 

in formation and expression of the dimeric receptor. The observed effect on G 

protein-dependent basal signalling could be due to the receptor needing to be in a 

dimeric conformation to elicit a signalling response (Romano et al., 1996), and the 

lower dimer expression level seen with the mGlu5-TPD mutant in the western blot 

analysis reflects as the reduced amount of basal IP1 produced. I have 

demonstrated that following mutation of C-terminal serine residues of the mGlu5 

receptor to alanine residues, the resulting phosphodeficient receptor retains the 

ability to couple to the Gαq signalling pathway, with the demonstration of altered 

calcium oscillations. Mutation of C-terminal serine and threonine residues 

demonstrated a significantly reduced level of basal IP1 compared to solely serine 

residue mutation. This may be due to either signalling from a constitutively active 

receptor, or due to constitutive glutamate release activating the receptor. 

IP1 accumulation assays and calcium mobilisation assays are both used to 

study GPCR signalling pathways, but they measure different downstream events 

and have distinct methodologies and applications. The two key advantages of the 

IP1 assay over measuring calcium mobilisation is the ability to measure slow-

acting compounds, and the ability to characterise inverse agonists (Trinquet et al., 

2011). The main advantage in this case is that the constitutive activity of the 

receptor can be better measured in an IP1 assay than in the calcium mobilisation 

assay. The calcium mobilisation assay is transient, recording the release of 

calcium ions over the course of 90 seconds, compared to the IP1 accumulation 

assay in which the sum of the IP1 produced over the course of 60 minutes is 

measured. The advantage of measuring the IP1 accumulation is that it is more 

proximal to the GPCR and more stable and less prone to transient fluctuations 

compared to calcium signalling. The IP1 assay is dependent on cell number, whilst 

calcium ion mobilisation assay is a true ratiometric measure and not conceptually 

dependent on cell number at all. The calcium assay provides an immediate 

readout of receptor activity with high temporal resolution, capturing real-time 

monitoring of cellular response and rapid changes in calcium ion release. 
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In summary, IP1 accumulation and calcium mobilisation assays are 

complementary techniques used to study Gαq receptor signalling. IP1 assays offer 

stability and suitability for long-term and high-throughput studies, providing an 

indirect but sustained measure of activation. In contrast, calcium mobilisation 

assays offer real-time insights into rapid signalling events with high temporal 

resolution, directly reflecting intracellular calcium ion changes.  

 

 When using the NEWPATH system to measure heterotrimeric G protein 

dissociation, it is unclear why this assay shows no Gαq activation in response to 

agonist stimulation for mGlu5-WT, mGlu5-PD and mGlu5-TPD, even though Gαq 

protein-coupled pathway activation was measured through IP1 accumulation and 

calcium mobilisation assays. This lack of response could be the receptor not 

responding to glutamate in this assay, or the agonist potency is shifted, and the 

correct concentrations of the agonist were not tested, or it could be an error in 

removing the endogenous glutamate in the cells leading to high basal activity. The 

basal BRET ratio in the NEWPATH assay, a measure of basal activation, indicates 

that phosphorylation of serine and threonine residues plays a role in the basal 

heterotrimeric G protein dissociation. The wildtype receptor exhibited high levels of 

basal activity, indicated by the significantly lower basal BRET ratio compared to 

pcDNA3 empty vector control, meaning high levels of G protein dissociation in the 

absence of glutamate treatment. This trend was present, but less pronounced, 

with the mGlu5-PD receptor, and further reduced to a level where there was no 

significant difference between pcDNA3 and the mGlu5-TPD receptor. This impact 

of phosphorylation on basal activity was also observed in the IP1 assay, where 

removal of putative C-terminal phosphorylation sites reduced the basal IP1 

accumulation. Despite the calcium assay not permitting measurement of 

constitutive activity, the bigger signal window observed for mGlu5-TPD in this 

assay could be due to the reduced constitutive activity reducing the basal 

signalling, permitting a larger signal window. Constitutive activity of the mGlu5 

receptor has influence on synaptic modulation, neuroprotection, and excitotoxicity 

(Niswender & Conn, 2010), all three of which are implicated in a multitude of 

neuropathologies including Fragile X syndrome, schizophrenia and anxiety, thus 

constitutive activity has pharmacological considerations for drug development. 

Inverse agonists that stabilise the inactive receptor conformation reduces the 
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constitutive activity, which may be useful in disorders in which mGlu5 activity 

contributes to pathological states.  
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4.5 Conclusion 
 
 In conclusion, the in vitro data presented in this chapter imply that mutation 

of serine and threonine residues from the C-terminus of mGlu5 present no 

significant differences in the impact on the glutamate-stimulated G protein-coupled 

transduction pathway, but instead impacts the basal ligand-independent G protein 

activation in the cells. This begins to define a function of direct mGlu5 

phosphorylation in the G protein-coupled transduction pathway. 

 To further explore the impact of phosphorylation on the G protein-coupled 

transduction pathway, Chapter 5 generates and optimises a genetically encoded 

biosensor to explore the activation of Gαq protein-coupled pathway activation.  
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5 Developing a Genetically Encoded 
Biosensor to Directly Measure mGlu5 Gαq 
Protein Activation 
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5.1 Introduction 

In recent years, the use and development of biosensors to deconvolute the 

complex pharmacology of GPCRs has increased (Olsen & English, 2023). These 

systems provide resources to measure response to stimuli on a microscopic level, 

to measuring global cellular changes on a macro level. Generating a biosensor to 

examine mGlu5 G protein activation in the context of phosphorylation can provide 

several significant advantages for understanding receptor signalling and 

developing therapeutic interventions. The limitations of biosensors previously used 

in this work, i.e. NEWPATH and NanoBiT, include limited dynamic range and the 

requirement to overexpress G proteins tagged with BRET donors and acceptors in 

optimal proportions in limited cell lines (DiBerto et al., 2022; Janicot et al., 2024). 

To bypass these issues, an alternative biosensor system should be selected in 

which the receptor is not interfered with, the appropriate BRET donor and acceptor 

pairing is selected, and there is the opportunity for high dynamic range. 

A biosensor permits real-time monitoring of mGlu5 receptor G protein 

activation. This is crucial for understanding the dynamics of G protein activation 

and how it is influenced by phosphorylation. Additionally, biosensors can be 

applied in more relevant cell models such as primary cell lines, permitting the 

study of endogenous receptor function providing a more comprehensive 

understanding of the role of the receptor. A sensor that can measure endogenous 

Gαq activation at the cell membrane, which can also be applied to study 

endogenous receptors, is advantageous predominantly due to the physiological 

relevance. Overexpression of receptors can lead to artificial signalling responses 

that do not reflect normal cellular behaviour, hence measuring GPCR activity in 

their native environment leads to more reliable insights (Janicot et al., 2024). 

Ability of a biosensor to measure native GPCRs allows the study of receptor 

function in a range of cell types, broadening the scope of research and 

accommodating tissue-specific receptor bias.  

 

 

5.1.1 BRET-Based Biosensors 

 An array of biosensors exists for monitoring G protein activation, each with 

their advantages, disadvantages, and limitations. Genetically encoded resonance 

energy transfer (RET) biosensors can be intermolecular, tagging two separate 
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proteins, or intramolecular, tagging a protein in a single construct (Hudson, 2016). 

These biosensors can directly measure G protein activation in real time in living 

cells to understand the basic biology of GPCR activation, the pharmacology of 

novel drugs, or explore pathophysiology. Typical GPCR second messenger 

assays as a measure of G protein activation are compromised by signal 

amplification and pathway crosstalk (Maziarz et al., 2020), whereas utilising 

BRET-based biosensors provide a sensitive measure of G protein activation, with 

high temporal and spatial resolution, and precise direct measurement of G protein 

activity (Lohse et al., 2012).  

 BRET highly relies on the conformation of the receptor and location of the 

donor and acceptor molecules. BRET-based sensors have some limitations: early 

BRET-based biosensors could only measure heterotrimeric G protein subunit 

dissociation, but not Gα-GTP formation which would be the most direct readout of 

GPCR-mediated activation. Maziarz et al. (2020) generated a novel biosensor and 

is the first described biosensor able to detect Gα-GTP formation in fully native 

conditions with endogenous GPCRs without compromising downstream signalling. 

 

 

5.1.1.1 BERKY Biosensors 

 
 BRET biosensors with a glutamic acid, arginine, and lysine (ER/K) linker 

with yellow fluorescent protein (YFP) (BERKY) are a suite of biosensors employed 

to measure endogenous G protein activation through detection of Gα-GTP, the 

most defining event in G protein activation. The BERKY-style biosensors are 

structured as follows: the unimolecular biosensor is anchored at the lipid 

membrane via an 11-amino acid long lipid anchor sequence. Functioning as a 

separator between the BRET donor and acceptor modules (nanoluciferase and 

YFP respectively), the ER/K linker is comprised of glutamic acid (E), arginine (R), 

and lysine (K) residues generating a single alpha-helix with a length of 

approximately 10 nm, to minimize BRET under resting conditions 

(Sivaramakrishnan and Spudich, 2011; Maziarz et al., 2020). A biosensor 

detection module should fit the following three requirements for high specificity, 

sensitivity and fidelity: the detector should bind to Gα-GTP but not Gα-GDP, 

should bind reversibly but with high affinity for the target, and should not affect the 

activity of the target G protein (Maziarz et al., 2020). For a Gαq-specific biosensor, 
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the detector module used was the regulator of G protein Signalling (RGS) 

homology (RH) domain of GRK2 (GRK2RH). This domain binds with reversible 

high specificity and affinity to Gαq/11 bound to GTP without disturbing the 

fundamental function (Carman et al., 1999). 

 This biosensor style is similar to the systematic protein affinity strength 

modulation (SPASM) style biosensors which typically involve fusion of a biosensor 

at the C-terminus of the Gα protein to the intact GPCR (Malik et al., 2013). With 

these biosensors, it was found that the ER/K linker length tunes the GPCR-G 

protein interaction and consequently the second messenger signalling. Advantage 

of SPASM sensors is that they have the purpose of detecting agonist-induced 

changes in G protein activation, and links this to signalling pathways further 

downstream (Malik et al., 2017). Whilst SPASM biosensors are designed to 

measure GPCR activity in artificial systems, BERKY biosensors have been 

optimised to measure endogenous GPCR activation. 

 The BERKY-SPASM style biosensor was selected here for optimisation for 

monitoring mGlu5 G protein activation due to the unimolecular structure permitting 

use in live cells, enabling non-invasive measurements of receptor activity without 

perturbing cellular function, which is particularly important for studying the 

physiological relevance of receptor signalling in its native cellular environment. 

Additionally, because these biosensors are genetically encoded, they can 

minimise disturbance of native cellular systems. The biosensors allow for real-time 

monitoring of receptor activation and signalling events. This is crucial for capturing 

the dynamic processes involved in GPCR signalling and how these processes are 

modulated by phosphorylation events. These biosensors provide high sensitivity 

and specificity in detecting conformational changes and interactions within the 

receptor or between the receptor and its signalling partners. These biosensors can 

also provide quantitative data on the extent of receptor activation and the kinetics 

of signalling events.  
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5.2 Aims 
 

With the previous chapter concluding that phosphorylation impacts basal G protein 

activation, there is a requirement for a tool to look at this physiologically. The aims 

here were as follows: 

• Develop a BERKY-SPASM style biosensor as a tool to measure Gαq-

specific activation with high affinity for the G protein, high sensitivity, and 

high fidelity.  

• Employ the biosensor to measure how G protein-coupled pathway 

activation changes with removal of putative phosphorylation sites in the 

mGlu5 C-terminus. 

• Measure endogenously expressed glutamate receptor activation in primary 

neuronal cultures. 
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5.3 Results 
 

5.3.1 Generation and Optimisation of a Gαq-Specific Biosensor 

 
To generate a biosensor to detect mGlu5 G protein activation, the ideal 

detector module should bind to Gαq-GTP not Gαq-GDP and have no effect on 

activity of the Gαq protein (Maziarz et al., 2020). An existing biosensor designed to 

measure Gαq protein activation, Lyn11-SpNG-GRK2, was utilised here to generate 

a biosensor optimised to measure endogenous Gαq activation through a BRET-

based system. This Lyn11-SpNG-GRK2 biosensor possesses a Lyn11 membrane 

anchor to insert the biosensor into the membrane, followed by the fluorescent 

BRET acceptor mNeonGreen, an ER/K α-helical linker to provide flexibility and to 

separate the BRET pair by ~10 nm, the nanoluciferase BRET donor, and the 

regulator of G protein signalling (RGS) homology domain of GRK2 serving as the 

detector module for GTP-bound Gαq by increasing GTP hydrolysis (Figure 5.1A). 

This results in a genetically encoded unimolecular biosensor serving as a detector 

for active GTP-bound Gαq. To optimise this biosensor and to make it more like the 

previously published BERKY-style biosensor (Maziarz et al., 2020), the orientation 

of the BRET acceptor and donor was inverted to generate a biosensor called 

Lyn11-iSpNG-GRK2 (Figure 5.1B).  

 Upon receptor activation, a conformational change occurs in the receptor 

stimulating exchange of GDP to GTP on the Gαq protein, triggering dissociation of 

the heterotrimeric Gαβγ complex. This change is registered by the RH domain of 

GRK2, the detector module on the biosensor, binding in an activation-dependent 

manner (Carman et al., 1999), forming a well-established complex with the Gαq 

protein (Day et al., 2004; Sterne-Marr et al., 2003; Tesmer et al., 2005). This 

results in the BRET donor and acceptor being brought in close proximity due to the 

flexible α-helical linker, permitting resonance energy transfer producing a 

quantifiable BRET signal (Figure 5.1C). 
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Figure 5.1: The structure of the novel unimolecular biosensors. The schematic 
design of the Lyn11-SpNG-GRK2 biosensor (A) and the inverted Lyn11-iSpNG-GRK2 
biosensor (B). (C) The mechanism of action of the BERKY style biosensors, detecting 
active GTP-bound Gαq protein. The diagram depicts the inverted iSpNG-GRK2 sensor 
design. Figure created using BioRender. 
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 To evidence that this novel biosensor can be transfected into cells and 

expressed, western blots were performed. Cell lysates were made from mGlu5-WT 

Flp-In™ T-REx™ 293 cells transfected with or without the Lyn11-iSpNG-GRK2 

(iSpNG) biosensor, then cells were with induced or not to express mGlu5-WT by 

treating with doxycycline. In the western blot, bands consistent with the expected 

size of the biosensor (75 kDa) are observed only in the samples in which the 

biosensor is transfected into the cells, as detected by the nanoluciferase antibody 

(Figure 5.2A). In the samples in which there was no biosensor transfected, there 

was no band detected yet there was still membrane protein present in the sample, 

as confirmed using a sodium-potassium ATPase antibody (Figure 5.2A). The 

expression of the biosensor was not significantly different in the minus doxycycline 

versus the plus doxycycline conditions when not transfected with the biosensor 

(P>0.9999, Kruskal-Wallis test with Dunn’s post hoc test), but significantly different 

minus and plus doxycycline when the biosensor is expressed (P=0.0351, Kruskal-

Wallis test with Dunn’s post hoc test).  

 Together, these data indicate that the novel iSpNG biosensor can be 

genetically expressed in Flp-In™ T-REx™ 293 cells independently of whether 

mGlu5-WT receptor expression is induced with doxycycline. 
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Figure 5.2: A protein of the expected molecular weight for the iSpNG biosensor is 
detected by western blotting following transfection into cells. Biosensor expression 
was assessed by SDS-PAGE using 20 µg of lysates prepared from mGlu5-WT stable cell 
lines transfected with 5 µg per 10 cm dish of iSpNG biosensor. The biosensor expression 
was assessed by western blotting with an antibody to nanoluciferase. Representative 
blots are shown from three independent experiments. Median pixel intensity data are 
expressed as means ± S.E.M. normalised to sodium-potassium ATPase loading control, 
then further normalised to the expression of mGlu5-WT without doxycycline treatment. 
Statistical analysis performed was Kruskal-Wallis test with Dunn’s post hoc test. * P ≤ 
0.05. 

 

 After confirming the iSpNG biosensor can be expressed in the mGlu5 cell 

line, the ideal amount of biosensor to be transfected was optimised. This stage is 

critical to ensure there is functional expression levels. Additionally, optimising the 
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amount of biosensor transfected may improve the signal-to-noise ratio, ensuring 

that the signal is strong enough to be detected without excessive background 

noise. Here, transfection of the Lyn11-SpNG-GRK2 (SpNG) biosensor was 

compared to the inverted iSpNG biosensor to examine differences in fluorescent 

intensity and transfection. Increasing amounts of biosensor were transfected per 

well of a 96-well plate and imaged. From these experiments, a visual increase in 

mNeonGreen fluorescence was noticeable for both the SpNG and iSpNG 

biosensors upon increasing amounts of biosensor transfected (Figure 5.3A). 

Quantification of this fluorescence demonstrated a clear trend of increasing 

expression with increasing amount of sensor transfected (Figure 5.3B). At the 

highest amount of biosensor transfected (100 ng/well of a 96-well plate), the 

iSpNG biosensor demonstrated 43.8% higher fluorescent intensity compared to 

the SpNG biosensor (P=0.0182, two-way ANOVA). Looking at how the amount of 

biosensor transfected affects the ability of the sensor to measure G protein 

activation, the kinetics of G protein activation by mGlu5 receptor following 

stimulation with 100 µM glutamate were recorded. For the SpNG biosensor, all 

four amounts of biosensor transfected produced a net BRET signal above vehicle, 

suggesting the sensors can record G protein activation (Figure 5.3C). Similarly for 

the inverted iSpNG biosensor, each amount of biosensor transfected produced a 

BRET signal (Figure 5.3D). The largest BRET response was observed at 100 ng 

of biosensor transfected, thus broadly there is a trend of increasing BRET 

response with higher expression of the biosensor.  

It is difficult to predict the expression rates of a biosensor and correlate the 

expression level to the BRET response, hence experiments examining the 

expression level of the biosensor should be performed. Here, it was shown that 

higher levels of biosensor transfected into the cells produced higher BRET 

responses. From this dataset, it was decided to progress with 100 ng/well of 

biosensor, as this produced a good level of fluorescence over the background and 

the maximum net BRET area under curve above vehicle in the kinetic traces. 
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Figure 5.3: Increasing the amount of biosensor transfected results in an increase in 
sensor expression. (A) Representative images of transfection of increasing amounts of 
SpNG or iSpNG biosensors in transiently transfected HEK293T cells in one well of a 96-
well plate. (B) Fluorescent intensity of cells was measured and compared to HBSS-H only 
background control. The kinetic traces for SpNG biosensor (C) and iSpNG biosensor (D) 
are plotted and the net BRET above vehicle data was recorded for each amount of 
biosensor (E). Data are expressed as means ± S.E.M. of three independent experiments 
performed in triplicate. Scale bar indicates 50 µm. 
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 To further optimise the biosensor transfection, not only should the amount 

of biosensor be considered but also the amount of receptor. In endogenous cells, 

the expression of the receptor cannot be controlled, thus to determine at which 

amounts of receptor expression the biosensor is able to function at, multiple 

receptor levels should be tested. 

The ratio of receptor expression to biosensor expression is important to 

monitor, as overexpression of either component may skew recordings. Here, 

utilising mGlu5-WT Flp-In™ T-REx™ 293 cells permit control of receptor 

expression through administering differing concentrations of doxycycline. To 

optimise the amount of receptor to use with the biosensor, a doxycycline titration 

was performed. As per the previous experiment, 100 ng/well of biosensor was 

transfected per well of a 96-well plate, then a range of doxycycline concentrations 

used to titrate the expression of the mGlu5 receptor within the cell line. The 

fluorescent intensity of the SpNG biosensor showed a trend of increasing 

fluorescence with increasing amounts of receptor induced (Figure 5.4A). This 

trend was unexpected, as the biosensor is transfected independently and other 

than both being driven by a form of the CMV promotor there should be no 

relationship between the two. Conversely, the fluorescent intensity of the iSpNG 

biosensor, therefore the expression, did not change with increasing amounts of 

mGlu5 receptor (Figure 5.4A), consistent with the previous western blot data 

(Figure 5.2). Looking at the kinetics of the SpNG biosensor in its ability to measure 

Gαq activation of the mGlu5 receptor, there was no obvious net BRET above 

vehicle for 2 ng/mL and 10 ng/mL doxycycline, yet there was a response to the 

alternative concentrations of doxycycline tested, including the 0 ng/mL doxycycline 

condition (Figure 5.4B). This is not entirely surprising, as previous cells without 

doxycycline treatment demonstrated an IP1 accumulation response. Opposingly, 

the kinetic traces of G protein activation for the iSpNG biosensor demonstrated a 

net BRET above vehicle for all concentrations of doxycycline tested, most notably 

for 0.5 ng/mL and 10 ng/mL doxycycline. When the area under curve of the kinetic 

traces were quantified, it revealed significant differences between the two 

biosensors. For each 0, 0.5, 2, and 10 ng/mL doxycycline, the iSpNG biosensor 

produced a significantly greater area under curve net BRET measurement than 

the SpNG biosensor (P<0.0001, two-way ANOVA).  
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These data demonstrated that the biosensor can measure G protein 

activation at a broad range of receptor expression levels, indicating that the 

biosensor is likely to be able to record and detect endogenous receptor activation 

where expression is unpredictable and potentially varied. 

 

Figure 5.4: Varying receptor expression with doxycycline impacts the signal 
produced by the biosensor. (A) The fluorescent intensity of mGlu5-WT stable cell lines 
treated with different concentrations of doxycycline and transfected with 1 µg per well of a 
6-well plate of each biosensor, corrected to background fluorescence. The kinetic traces 
of G protein activation, subsequent to stimulation with 100 µM glutamate, measured by 
SpNG (B) and iSpNG (C) biosensors in mGlu5-WT cells treated with various doxycycline 
concentrations. (D) The net BRET above vehicle area under curve data was calculated 
from the kinetic traces for both SpNG and iSpNG biosensors for each concentration of 
doxycycline. Data are expressed as means ± S.E.M. of two independent experiments 
performed in triplicate. Statistical analysis performed was a two-way ANOVA with a 
Šídák's multiple comparisons post hoc test. * P < 0.05, **** P < 0.0001. 

 

To further improve the biosensor assay, the platereader protocol used to 

measure the kinetics of G protein activation was optimised. Typically, the 

platereader records the background BRET ratio for 10 seconds, then agonist is 

injected at 220 µL/s, then 1.5 seconds later the platereader shakes at 200 rpm to 

mix the solutions in the well. However, a dip in the raw BRET ratio was observed 

at the 10 second timepoint (Figure 5.5A). Despite this dip in BRET, after correcting 
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for vehicle treatment, the net BRET above vehicle still has a clear signal window 

(Figure 5.5B). To explore whether this dip in the signal was triggered by the plate 

shaking step, the protocol was performed with the shaking stage removed (Figure 

5.5C, D). Looking at the BRET ratio upon removal of the shaking step, a dip in the 

signal is still observed (Figure 5.5C), but despite this the net BRET above vehicle 

still has a clear signal window (Figure 5.5D). This protocol without the shaking step 

demonstrates a slower response compared to the typical protocol. To separate out 

the drug addition and the plate shake to determine which of these is the cause of 

the dip in the signal, the two were separated by a 10 second time frame as 

opposed to the standard 1.5 second gap (Figure 5.5E, F). Here, a dip in the BRET 

ratio is observed upon drug addition and at the shake stage (Figure 5.5E), yet 

despite this the net BRET above vehicle is broadly similar to the previous 

conditions. To further alter the speed of the drug addition, the injection pump 

speed was reduced to 100 µL/s with the injection and shake step separated by 1.5 

seconds (Figure 5.5G, H). In this setup, the dip in the BRET ratio was still 

observed and the net BRET above vehicle was reduced compared to the original 

protocol. This was proposed to be due to the agonist not reaching and activating 

the receptors as fast as in the previously tested protocol setups, thus to balance 

this out, the low pump speed was utilised but with a faster shake speed of 700 

rpm. The artefact in the BRET ratio is larger than the previous protocols (Figure 

5.5G) and the net BRET above vehicle displays a similar signal window to the 

other protocol with low pump speed, yet a faster response (Figure 5.5H). This 

difference caused by the change in pump speed from 220 µL/s to 100 µL/s may be 

due to improper drug injection, and the increase in response time correlates with 

the increasing shaking speed. 

In summary, to achieve the greatest signal window whilst compromising on 

the injection of and mixing of the agonist, the original protocol of a 200 rpm shake 

1.5 seconds after drug addition with 220 µL/s pump speed was selected for further 

kinetic reads. 
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Figure 5.5: Protocol optimisation for biosensor BRET kinetic reads. Cells expressing 
the mGlu5-WT receptor after treatment with 2 ng/mL doxycycline were transfected with 5 
µg per 10 cm dish of iSpNG biosensor. (A) 100 µM of the agonist glutamate was added 
after 10 seconds, then biosensor kinetic measurements of G protein activation were 
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recorded. The BRET ratio (A, C, E, G, I) and net BRET above vehicle treatment (B, D, F, 
H, J) are shown. (A, B) Addition of the agonist without a shaking step was recorded to 
observe the impact of the drug addition on the BRET recordings. (C, D) 1.5 seconds after 
the agonist is added, the platereader shakes the plate at 200 rpm to mix the solutions in 
the well. (E, F) To separate out the drug addition and the shake to observe the impact on 
the BRET signal, a 10 second time period separated the drug addition and plate shake. 
(G, H) The drug pump injection speed was decreased, and the shake maintained at 200 
rpm 1.5 seconds after the drug addition, and finally 700 rpm shake speed was tested (I, J) 
to mix the slowly added drug. Data are expressed as means ± S.E.M. of two independent 
experiments performed in triplicate. 

  

 

 
 

5.3.2 Validating the Biosensors with Gαq Protein-Coupled 

Receptors 

To further validate the biosensor in its ability to measure Gαq protein-

coupled pathway activation, the SpNG and iSpNG biosensors were tested with 

several additional Gαq protein-coupled receptors. Testing the biosensors with 

multiple GPCRs confirms the specificity of the biosensor, ensuring it can detect 

Gαq activation. The selected GPCRs to test the ability of the biosensor to measure 

G protein activation were the M1 muscarinic receptor and FFA1 free fatty acid 

receptor. Cells were transfected with pcDNA3 to demonstrate if the agonists had 

an effect in cells without receptor expressed, then this was compared to agonist-

stimulated Gαq protein activation.  

Utilising the SpNG biosensor in cells transfected with pcDNA3 and treated 

with acetylcholine (ACh), there is no net BRET above vehicle, whilst the ACh 

stimulated net BRET above vehicle in cells transfected with the M1 receptor 

produced a higher peak response (Figure 5.6A). Comparing this response to the 

iSpNG biosensor, the agonist-stimulated BRET is greater than that produced by 

the SpNG biosensor (Figure 5.6B). When utilising the SpNG biosensor and 

treating pcDNA3 transfected cells with the FFA1 specific full agonist T-3601386 

(Ueno et al., 2019), there is a high BRET response (Figure 4.6C), suggesting that 

the cells may be endogenously expressing the FFA1 receptor. The iSpNG 

biosensor produced an agonist-stimulated net BRET above vehicle greater than 

the pcDNA3 net BRET above vehicle, indicating a signal more specific to the 

receptor than that produced by the SpNG biosensor (Figure 5.6D). The SpNG 

biosensor with the mGlu5 receptor did not produce an agonist-stimulated response 
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greater than the background noise (Figure 5.6E), however the iSpNG biosensor 

managed to produce a specific net BRET above vehicle greater than the noise 

(Figure 5.6F). The net BRET area under curve data revealed that the net BRET 

area under curve for the iSpNG biosensor was consistently greater compared to 

the SpNG biosensor (Figure 5.6G).  

To summarise, these data indicate that the iSpNG biosensor is better 

equipped than the SpNG biosensor to measure Gαq protein activation. 
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Figure 5.6: The SpNG and iSpNG biosensors can detect Gαq at the M1, FFA1 and 
mGlu5 receptors. HEK293T cells were transiently transfected with 10 ng of receptor and 
90 ng of biosensor per well of a 96-well plate. The SpNG biosensor (A, C, E) in 
comparison with the iSpNG biosensor (B, D, F) in the ability to detect active Gαq protein 
following stimulation of the M1 muscarinic receptor with 100 µM of acetylcholine (A, B), 
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the FFA1 receptor with 1 µM T-3601386 (C, D), and the mGlu5 receptor with 100 µM 
glutamate (E, F). (G) The net BRET above vehicle area under curve data derived from the 
kinetic reads is shown. Data are expressed as means ± S.E.M. of three independent 
experiments performed in triplicate.  

 

 

 

5.3.3 Employing a Gαq-Specific Biosensor to Investigate the 

Effect of Phosphorylation of the mGlu5 Receptor 

To investigate how mGlu5 mediated G protein activation is influenced by 

receptor phosphorylation, the SpNG and iSpNG biosensors were utilised 

alongside the mGlu5 phosphodeficient mutant receptors. Employing the SpNG 

biosensor to measure Gαq activation produces a lot of noise, and no clear agonist 

stimulated response was observed for either the wildtype, mGlu5-PD, or mGlu5-

TPD versions of the mGlu5 receptor (Figure 5.7A). However, when utilising the 

iSpNG biosensor, a clear BRET response was observed for the wildtype receptor 

(Figure 5.7B). In contrast, there was no visible response for either the mGlu5-PD 

or mGlu5-TPD receptors with the iSpNG biosensor (Figure 5.7B). When 

quantifying the net BRET responses, it confirms no G protein activation was 

measured by the SpNG biosensor for the mGlu5-WT receptor, yet with the iSpNG 

biosensor an area under curve value greater than that produced by the SpNG 

biosensor was produced (Figure 5.7C). No meaningful responses were recorded 

for the mGlu5-PD and mGlu5-TPD receptors with either the SpNG or the iSpNG 

biosensor (Figure 5.7C).  

 As a measure of constitutive Gαq protein activation, the basal BRET ratio 

produced by the biosensor before the addition of any agonists was also recorded. 

When using the SpNG biosensor, there was a high basal BRET ratio in cells 

transfected with the wildtype mGlu5 receptor, yet this was significantly decreased 

by 17.2% when measuring G protein activation in cells transfected with the mGlu5-

PD receptor (P=0.0004, two-way ANOVA) (Figure 5.7D). Cells transfected with the 

mGlu5-TPD receptor produced a low level of basal BRET, indicating diminished G 

protein activation. This basal BRET for the mGlu5-TPD receptor mutant was 66.6% 

lower than that produced by the wildtype receptor (P<0.0001, two-way ANOVA) 

(Figure 5.7D). Similarly, with the iSpNG biosensor, there was a decrease in the 

basal BRET ratio observed in cells expressing the mGlu5-TPD receptor: 47.7% 

lower than that in cells expressing the mGlu5-WT receptor (P<0.0001, two-way 
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ANOVA) (Figure 5.7D). However, unlike the SpNG biosensor, there was no 

difference in the basal BRET ratio observed in cells expressing mGlu5-WT and 

mGlu5-PD with the iSpNG biosensors (P=0.8970, two-way ANOVA). 

 Whilst the net BRET area under curve data for the phosphodeficient mutant 

receptors did not demonstrate an increase in BRET, the basal BRET ratio data 

corroborated the finding that there is less G protein activation with mutation of 

mGlu5 C-terminal serine residues and a further reduction when both C-terminal 

serine and threonine residues are mutated. 

 

Figure 5.7: Measuring the impact of mGlu5 potential phosphorylation sites on Gαq 
activation using a genetically encoded biosensor. HEK293T cells were transiently 
transfected with 10 ng of receptor and 90 ng of biosensor per well of a 96-well plate. (A) 
The SpNG biosensor in comparison with the iSpNG biosensor (B) in their ability to detect 
active Gαq protein following stimulation of the mGlu5-WT, mGlu5-PD and mGlu5-TPD 
receptors with glutamate. (C) The net BRET above vehicle area under curve data derived 
from the kinetic reads for the SpNG sensor and iSpNG sensor. (D) Basal BRET ratios 
detected by the biosensors at each of the mGlu5 receptors are reported. Data are 
expressed as means ± S.E.M. of three independent experiments performed in triplicate. 
*** P < 0.001, **** P < 0.0001. 
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5.3.4 Employing a Gαq Biosensor to Measure Endogenous 

Glutamate Receptor Mediated G Protein Activation 

Utilising biosensors in primary cell models permits real time measurement 

of endogenous GPCR signalling, providing dynamic insights into signalling 

pathways. The mGlu5 receptor is expressed notably in the cortex, on post-synaptic 

excitatory neurons (Shigemoto et al., 1993). Initially to demonstrate expression of 

mGlu5 in the CNS, western blot analysis was carried out on lysates from murine 

cortices obtained from wildtype, mGlu5 knockout, and mGlu5 heterozygous mice. 

Probing with an antibody against the C-terminus of mGlu5 resulted in bands 

consistent with the mGlu5 monomer and dimer observed in the wildtype sample, 

yet no bands were detected in the knockout sample (Figure 5.8A). It was also 

notable that in the heterozygous sample, while bands were observed consistent 

with both the monomer and dimer, were less intense than in the wildtype sample. 

Membrane protein was also confirmed to be present and comparable across all 

three samples through western blotting for sodium-potassium ATPase (Figure 

5.8A).  

As mGlu5 was shown to be expressed in the cortex, and it is well 

established that the receptor is expressed on neurons, primary cortico-

hippocampal neurons were selected as a physiologically relevant model for 

endogenous mGlu5 expression. A western blot using an mGlu5 C-terminal specific 

antibody was carried out in lysates generated from these primary neuronal 

cultures to confirm receptor expression and compared to mGlu5 expression in the 

Flp-In™ T-REx™ 293 cells as a positive control (Figure 5.8B). Bands consistent 

with the mGlu5 monomer and dimer are observed in the neuronal cell, and these 

bands were comparable in size to those observed in the Flp-In™ T-REx™ 293 

treated with doxycycline to induce expression of mGlu5 (Figure 5.8B). To 

demonstrate that endogenous mGlu5 receptor is functional in the neuronal 

cultures, an IP1 accumulation assay was performed. This assay measures Gαq 

protein-coupled receptor activation, thus as a positive control ACh was used, as 

cortico-hippocampal neurons are known to endogenously express the M1 

muscarinic acetylcholine receptor (Levey et al., 1991). The neurons treated with 

ACh produced a concentration dependent increase in IP1 (Figure 5.8C), indicating 

IP1 can be used to measure Gαq GPCR signalling in the neuron cultures. When 

using glutamate to stimulate endogenous mGlu receptors in these neuronal 
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cultures, a clear concentration dependent increase in IP1, with a pEC50 of 5.1 ± 

0.74, was observed (Figure 5.8C). Whilst it is expected that only group I mGlu 

receptors will produce an IP1 response as this group is the only group in the 

metabotropic glutamate receptor family that couple to Gαq, the group I mGlu 

receptor specific agonist DHPG was used in the IP1 assay to confirm it was indeed 

this receptor group responding to glutamate in the neurons. Stimulation with 

DHPG also produced a concentration dependent increase in IP1 with a pEC50 of 

6.0 ± 0.51 (Figure 5.8C), indicating that the mGlu receptors responding in this 

assay were likely to be either mGlu5 or mGlu1.  

Taken together, these data demonstrate that mGlu5 is present in both the 

murine cortex and murine cortico-hippocampal primary neuronal cultures, and a 

functional response from the endogenously expressed group I mGlu receptors is 

present in these primary cultures. 

 

Figure 5.8: The mGlu5 receptor is endogenously expressed in cortico-hippocampal 
neurons and produces a functional IP1 response. (A) Detection of mGlu5 in lysate 
samples prepared from mGlu5 homozygous, knockout, and heterozygous mouse cortex 
tissues. SDS-PAGE was carried out on 20 µg of protein on an 8% polyacrylamide gel. 
Western blotting was then carried out using mGlu5 and sodium-potassium ATPase 
specific antibodies. The blot shown is representative of two independent experiments. (B) 
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Detection of mGlu5 in lysate samples prepared from mGlu5-WT cells without receptor 
expression induced with doxycycline and with receptor induced using 2 ng/mL 
doxycycline. Lysates were also generated from primary murine cortico-hippocampal 
neurons, then 5.5 µg of these samples was loaded onto an 8% polyacrylamide gel. 
Western blotting was then carried out using mGlu5 and sodium-potassium ATPase 
specific antibodies. The data shown are representative of two independent experiments. 
(C) Concentration response curves showing the agonist-stimulated IP1 accumulation over 
an hour in primary murine cortico-hippocampal neurons. Data shown are means ± S.E.M. 
of three independent experiments, performed in triplicate or quadruplicate. 

 

 To finally achieve the aim of directly measuring endogenous mGlu5 

mediated Gαq activation, the SpNG and iSpNG biosensors were transfected into 

primary cortico-hippocampal neuronal cultures. Using the SpNG biosensor in the 

neuronal cultures did not appear to generate a BRET response (Figure 5.9A). 

However, when using the optimised iSpNG biosensor, a trend towards increasing 

BRET with the higher concentrations of glutamate tested was apparent (Figure 

5.9B). The kinetic traces appear to show oscillations, likely cycles of GTP/GDP 

conversion. When quantifying the net BRET area under curve data from the kinetic 

traces, the SpNG biosensor did not produce a clear response, while iSpNG 

biosensor did result in a clear concentration dependent response to glutamate 

(pEC50 of 5.5 ± 0.28) (Figure 5.9C). Notably, this potency compares favourably to 

the potency I observed in these cells when measuring glutamate stimulated IP1. 

Altogether, these data demonstrate that the iSpNG biosensor was 

successful in recording the dynamic endogenous Gαq activation stimulated by 

glutamate in neuronal cultures.  
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Figure 5.9: Glutamate stimulated endogenous Gαq protein activation in neurons can 
be measured with the iSpNG biosensor. Net BRET above vehicle endogenous Gαq 
protein activation in neurons as measured by the SpNG biosensor (A) or iSpNG biosensor 
(B) in response to glutamate stimulation. (C) Concentration response curves from the area 
under curve of the data in (A) and (B). Data are expressed as means ± S.E.M. of two 
independent experiments performed in triplicate. 
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5.4 Discussion 

In this chapter, following demonstration of expression of a genetically 

encoded Gαq-GTP biosensor in cells, the ability of the biosensor to measure Gαq 

protein activation was assessed. The optimised novel inverted biosensor was 

demonstrated to have a greater signal window than its original counterpart and 

demonstrated that it can measure G protein activation at a broad range of receptor 

expression levels, indicating it may be suitable for measuring G protein activation 

at endogenously expressed receptors. Evidence was given that the biosensor had 

the capability to measure Gαq-GTP at multiple receptors that couple to this G 

protein. This biosensor was then employed to compare phosphodeficient mGlu5 

receptor signalling, with the basal BRET ratio data supporting the finding that there 

is less G protein activation with mutation of mGlu5 C-terminal serine residues and 

a further reduction when both C-terminal serine and threonine residues are 

mutated, indicating that direct receptor phosphorylation plays a role in the G 

protein activation of the mGlu5 receptor. Finally, the optimised biosensor was then 

successfully used to measure endogenous mGlu5 receptor activation into primary 

neuron cultures. 

 

 A multitude of fluorescent proteins are available for use in BRET assays; 

the most traditionally selected fluorophores are variants of green fluorescent 

protein (GFP), initially generated as a marker for gene expression (Chalfie et al., 

1993). GFP was first isolated from the Aequorea Victoria jellyfish (Shimomura et 

al., 1962). Since then, there have been many developments in the options 

available for fluorophores, broadening the available pool of acceptor molecules for 

selection in BRET assays. In this work, the mNeonGreen fluorescent protein was 

selected over the YFP originally utilised in the BERKY-style biosensors, as 

mNeonGreen is considered to be the brightest monomeric green or yellow 

fluorescent protein (Shaner et al., 2013), providing the opportunity for a brighter 

BRET signal. Additionally, there has been development of brighter luciferases for 

optimised BRET systems. The development of the novel luciferase nanoluciferase 

(Nluc) offers enhanced stability, smaller size (19 kDa compared to 37 kDa of 

Rluc), and a 150-fold increase in luminescence in comparison to Renilla derived 

luciferases (England et al., 2016; Hall et al., 2012), ideal as a pairing with 

mNeonGreen. Nanoluciferase is best for overall brightness and mNeonGreen has 
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strong spectral overlap, high quantum yield and good brightness as a fluorophore 

and therefore is likely to facilitate efficient energy transfer and strong BRET 

acceptor emission. 

 

 Here, to measure the expression of the iSpNG biosensor within the cell 

lines, western blots were performed utilising the nanoluciferase antibody. There 

were bands detected consistent with the expected size of the biosensor, indicating 

that the unimolecular genetically encoded biosensor was expressed in the mGlu5-

WT cells lines. There was no significant difference in biosensor expression 

whether the receptor was expressed or not, as expected; it is not thought that the 

induction of a gene of interest in stable Flp-In™ T-REx™ 293 cell lines would 

impact the expression of a transiently transfected plasmid construct, however this 

is dependent on the promotor driving expression of the plasmid.  

Measuring expression of biosensors through western blotting with an 

antibody to nanoluciferase has previously been reported for one vector G protein 

optical (ONE-GO) biosensor constructs (Janicot et al., 2024). To further evidence 

that expression of the ONE-GO biosensor did not impact endogenous GPCR 

signalling, this group performed cyclic adenosine monophosphate (cAMP) 

experiments with and without co-transfection of the biosensor. This could be 

replicated in this piece of work, performing either calcium mobilisation or IP1 

accumulation assays with and without co-expression of the iSpNG biosensor to 

provide evidence that the introduction of the biosensor into the cell does not 

impact the function of the Gαq protein. Other groups have demonstrated 

expression of their biosensors through western blotting for other biosensor 

components such as G proteins (Maziarz et al., 2020), an option that could be 

considered in this scenario. Western blotting for the fluorescent protein could be 

performed, as GFP antibodies that will detect mNeonGreen exist. This would aid 

the validation of the expression of the biosensor, as multiple components of the 

biosensor can be looked at and confirmed to be expressed.  

To further study the expression of the biosensor, it is useful to consider 

looking at where the sensor is being expressed within the cell. For this biosensor 

to work, it conceptually should be on the plasma membrane. The microscopy 

performed here demonstrates that the biosensor is expressed in the cell, but the 

magnification and resolution are not sufficient to observe where exactly in the cell 
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it is. To improve on this, confocal microscopy on transfected cells will provide 

higher resolution and permit determination of the localisation of the biosensor. 

 Biosensors designed to detect Gαq protein-coupled receptor activity can 

provide valuable insights into cellular signalling mechanisms, thus should be 

tested with multiple Gαq protein-coupled receptors in order to validate the 

robustness of the biosensor. In the current study, a biosensor setup was 

engineered to detect active Gαq, then tested against the M1 muscarinic receptor, 

the FFA1 free fatty acid receptor, and the mGlu5 receptor. The biosensor 

demonstrated a robust and specific response following stimulation with each 

receptor's respective agonist, indicating detection of G protein activation at each 

receptor. This validation process, utilising a biosensor with multiple GPCRs, was 

reported in a study by Janicot et al. (2024), in which their generated ONE-GO 

biosensor was examined across 72 GPCRs as a proof of concept, observing 

distinct BRET profiles for each receptor confirming the functional integrity of the 

biosensor system providing comprehensive insights into receptor-specific 

signalling pathways. Alternatively, split luciferase assays have been developed 

and optimised for measuring Gαq protein activation, assessing the interaction 

between the G protein and its effector phospholipase C-β3 (PLC-β3) (Littmann et 

al., 2018). This luciferase complementation assay permits analysis of untagged 

GPCRs, similar to the iSpNG biosensor used here. This is advantageous when 

designing biosensors for measuring activation of endogenous GPCRs, as if a 

biosensor can detect G protein activation in vitro without modification of the 

receptor, it is more likely to work in measuring endogenous G protein activation. 

 In this study, one aim was to probe the impact of direct mGlu5 

phosphorylation through use of the G protein activation biosensor with 

phosphorylation-deficient mGlu5 mutant receptors. The biosensor, able to be 

expressed in Flp-In™ T-REx™ 293 cell lines and to detect active Gα-GTP, 

demonstrated a reduction in BRET signal with the mutant receptors with C-

terminal serine and threonine residues mutated to alanine, indicating a decrease in 

G protein activation. There was also a significant decrease in the BRET recorded 

for the ligand-independent G protein activation. The use of a G protein-sensitive 

biosensor in the current study provided real-time, high-resolution data on G protein 

activation, revealing that phosphorylation of C-terminal serine and threonine 

residues of mGlu5 plays a role in both basal and agonist-stimulated G protein 
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activation. This method has not previously been employed to examine how mGlu5 

phosphorylation impacts G protein activation. These data corroborate the data 

from Chapter 4; calcium mobilisation, IP1 accumulation, and NEWPATH assays all 

demonstrated an impact of mGlu5 C-terminal phosphorylation on the G protein 

dependent transduction pathway, particularly in the ligand-independent activity. 

 Using a biosensor to measure mGlu5 G protein activation in neurons 

presents a powerful approach to dissecting the complex signalling mechanisms of 

this receptor in a highly relevant physiological context. Metabotropic glutamate 

receptors play a pivotal role in synaptic plasticity, learning, memory, and various 

neuropsychiatric disorders; thus, it is key to learn the biology and signal 

transduction of this receptor. Traditional biochemical methods often fail to capture 

the dynamics of endogenous GPCR signalling in living neurons. Employing a 

biosensor, first optimised in heterologous cell systems, to measure endogenous 

receptor activation reveals the precise temporal dynamics of G protein activation. 

The integration of such biosensors into experimental neuroscience represents a 

significant advancement, allowing for more precise manipulation and observation 

of mGlu5 signalling pathways in their native cellular environments. 

 

 To confirm the specificity of the mGlu receptor response to glutamate, firstly 

the group I mGlu receptor specific agonist DHPG could be used. This would 

confirm if the receptor responding to glutamate in the biosensor assay was a 

group I mGlu receptor. Furthermore, mGlu5-specific negative allosteric modulators 

could be utilised to dampen the response and examine whether it is the type 5 

metabotropic glutamate receptor responding to this agonist-stimulated G protein 

activation through manipulation of receptor’s active conformation. Finally, the key 

experiment would be to perform these experiments in primary neuronal cultures 

generated from mGlu5 heterozygous or knockout mice, demonstrating through 

comparison to wildtype that the response is specific to the mGlu5 receptor 

Gαq inhibitors or mutations in Gαq can be used alongside this Gαq-specific 

activation biosensor to investigate the dynamic regulation of Gαq signalling. By 

introducing pharmacological inhibitors of Gαq, such as FR900359, or employing 

loss-of-function mutations in Gαq, the specificity and magnitude of biosensor 

responses can be assessed, confirming that observed signals are directly 

attributable to Gαq activity. Conversely, constitutively active Gαq mutants can be 

used to validate biosensor sensitivity and probe downstream signalling 
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mechanisms. This approach is valuable for dissecting the molecular determinants 

of Gαq-mediated signalling and for screening potential modulators of Gq activity in 

physiological and pathological contexts. 

 

 One further possible area of optimisation could be increasing the number of 

fluorescent proteins within the biosensor. Within the piece of work describing the 

original BERKY-style biosensor, constructs possessing either one, two, or three 

YFP proteins were compared to investigate whether increasing the ratio of the 

BRET donor and acceptor molecules improved the signal window range of the 

biosensor, revealing that three YFP proteins within one biosensor produced the 

most robust window (Maziarz et al., 2020). In addition to the number of fluorescent 

proteins, the length of the α-helical linker could be increased. This amino acid 

sequence is used to regulate the interaction between the two BRET donor and 

acceptor proteins by controlling the length of the helix, thus the distance between 

the two proteins. The concept of SPASM sensors is that if the length is correct, the 

effective concentration will be in line with the KD of the detector for whatever it 

binds to (in this case Gαq-GTP). Changing the length of the linker changes this 

effective concentration and therefore if the affinity if the detector for Gαq is too high 

or too low, changing the length of this linker may have an effect (Sivaramakrishnan 

& Spudich, 2011). 

 Furthermore, the biosensor should be employed in alternative formats such 

as BRET microscopy (Coulon et al., 2008; Namkung et al., 2016). This technique 

allows for the real-time visualisation and quantification of molecular interactions in 

live cells. The largest issue when utilising the BRET-based biosensors in primary 

cell models is the poor transfection. Examining a biosensor using BRET 

microscopy offers several distinct advantages, particularly as it allows selection 

and measurement from the few cells that actually express the biosensor.  
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5.5 Conclusions 

In summary, here it was demonstrated that a biosensor can be designed to 

measure Gα-GTP, the most proximal measure of G protein activation, and 

optimised to reduce background and increase the signal window of detection. This 

biosensor was employed in studies measuring mGlu5 receptor activation then 

continued into studies on how mGlu5 receptor phosphorylation impacts G protein 

activation, revealing a decrease in G protein activation with removal of C-terminal 

serine and threonine residues. The biosensor was then successfully progressed 

into neuronal cultures to measure endogenous G protein activation by glutamate 

receptors, indicating that the generated unimolecular, genetically encoded 

biosensor is capable of measuring endogenous glutamate receptor activation. 
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6 Final Discussion 
 

 As with the other members of the GPCR superfamily, the mGlu5 receptor 

couples to two fundamental pathways: the phosphorylation/β-arrestin 2-mediated 

pathway, and the G protein-dependent pathway. Hence, to explore the impact of 

direct receptor phosphorylation on said pathways in vitro, two phosphorylation-

deficient mutants of the mGlu5 receptor were generated. One consisted of all C-

terminal serine residues being removed through mutation to alanine residues 

(mGlu5-PD), and another whereby both C-terminal serine and threonine residues 

were removed (mGlu5-TPD). 

 Studies performed in Chapter 3 established that whilst removal of C-

terminal phosphorylation sites of mGlu5 reduces β-arrestin 2 recruitment to the 

receptor, receptor internalisation is unaffected, however internalisation was not 

observed for the wildtype receptor. This was contrary to other studies, in which 

either β-arrestin 2 recruitment to mGlu5 was not demonstrated (Abreu et al., 2021), 

or internalisation of the receptor was observed (Ribeiro et al., 2009; Trivedi & 

Bhattacharyya, 2012; van Senten et al., 2022). One drawback of the current study 

is that mGlu5 signalling has broadly been investigated in artificial overexpressing 

HEK293 cell lines; whilst the simplicity of these in vitro models permit 

measurement of basic GPCR signalling, the complexities of receptor signalling 

that occurs in vivo are not recapitulated and are not representative of the signalling 

network in the central nervous system. The signal transduction pathways of mGlu5 

could be explored in primary cortico-hippocampal neurons, an example of a cell 

type that endogenously expresses the receptor. On the whole, data from Chapter 

3 indicates that phosphorylation-dependent signal transduction from the mGlu5-PD 

and mGlu5-TPD receptors is impaired, drawing the conclusion that C-terminal 

phosphorylation of serine and threonine residues plays a key role in β-arrestin 2 

recruitment. 

 Further studies in this work on the impact of phosphorylation on the G 

protein-dependent signal transduction pathway (Chapter 4) imply that mutation of 

serine and threonine residues from the C-terminus of mGlu5 present no significant 

differences in the impact on agonist activated G protein transduction but impacts 

the agonist-independent G protein activation in the cells. Subsequent to the 

establishment of expression of the mGlu5 receptor and its phosphorylation-



Chapter 6  208 
 
deficient mutants in stable cell lines, in vitro G protein-dependent signal 

transduction assays were performed to examine the impact of phosphorylation on 

this transduction pathway.  

Throughout this piece of work, the mGlu5 receptor has consistently 

exhibited high constitutive activity in a variety of assay formats. The constitutive 

activity of mGlu5 represents a critical aspect of its function, with significant 

implications for both normal physiology and disease pathology. The findings from 

this study, in conjunction with existing literature, underscore the importance of this 

receptor's basal activity in modulating intracellular signalling pathways and 

influencing cellular behaviour. This study observed that phosphorylation is 

important to the constitutive activity of mGlu5. Using biosensors to measure both G 

protein activation and β-arrestin 2 recruitment, alongside in vitro assays measuring 

other G protein dependent downstream signalling factors, constitutive activity was 

detected. The question remains as to whether this is due to constitutive direct 

phosphorylation, or constitutive phosphorylation due to constitutive glutamate 

release within the cell. The constitutive activity of mGlu5 has been well-

documented in the literature (Ango et al., 2001; Young et al., 2008, 2013b), finding 

that constitutive activity plays a key role in neuronal plasticity. Pathologically, 

constitutive activity has been implicated in disorders such as Fragile X Syndrome 

and schizophrenia. Several studies have explored the molecular mechanisms 

underlying the constitutive activity of mGlu5: it has been suggested that specific 

regions within the receptor's structure, such as the cross-linking of cysteine-rich 

domains, contribute to its basal activity by stabilising an active conformation 

(Huang et al., 2011). It was found that the TMDs of mGlu5 can spontaneously 

activate Gαq proteins in the absence of the Venus fly trap domains (Goudett et al., 

2004), indicating that the constitutive activity arises from the TMDs. This was 

corroborated by a later study, in which it was found that mutating Ser613 (located 

at the base of TMD2) to lysine resulted in higher levels of constitutive activity 

caused by charge repulsion with Lys665 (TMD3) (Doré et al., 2014).  

 The experiments performed here indicate that the responses are specific to 

the mGlu5 receptor, demonstrated by comparison to pcDNA3 transfected cells, 

cells without doxycycline treatment, and parental cells throughout the study. 

However, to further confirm that the basal level of signalling is specific to the 

mGlu5 receptor, a negative allosteric modulator such as 2-methyl-6-

(phenylethynyl)pyridine (MPEP) or VU0424238 (Felts et al., 2017) could be utilised 
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to dampen down the signal. Pharmacological modulation of the constitutive activity 

of mGlu5 has therapeutic potential: negative allosteric modulators such as MPEP 

and CTEP have been shown to reduce excessive mGlu5 signalling, providing 

symptomatic relief in preclinical models of neuropsychiatric disorders (Milanese et 

al., 2021; Yan et al., 2005). The development of selective inverse agonists and 

negative allosteric modulators that impact the constitutive activity of a GPCR holds 

promise for treating disorders associated with excessive receptor activity. 

Furthermore, whilst cells were treated with GPT preceding assays to reduce basal 

glutamate levels, different concentrations or durations of administration were not 

investigated. Alternatively, the receptor could be co-expressed with an excitatory 

amino acid transporter (as employed in studies by Koehl et al. (2019) and van 

Senten et al. (2022)), as a substitute measure for removal of glutamate from the 

cell. To confirm the glutamate levels in the assay buffer have been reduced, the 

levels of glutamate in the medium or assay buffer could be measured through 

colorimetric spectrophotometry, a fluorometric assay, or a Glutamate-Glo™ assay 

to ensure glutamate levels are consistently reduced between experiments. 

An impact of phosphorylation was observed on both agonist dependent and 

agonist independent receptor activity within Chapter 3, however an impact on 

solely agonist independent receptor activity was observed in Chapter 4. A 

decrease in receptor activity was seen with removal of C-terminal phosphorylation 

sites for arrestin recruitment, G protein dissociation, and G protein dependent 

second messenger production, indicating there may be some common feature 

within all of these receptor-dependent events that is reliant on C-terminal 

phosphorylation. Phosphorylation of the C-terminal tail may be having an effect on 

the receptor’s ability to elicit a conformational change, preventing movement of the 

receptor thus hindering G protein activation or recruitment of arrestins, however 

this would not explain the differences seen between ligand dependent and ligand 

independent activity. 

Within Chapter 5, a genetically encoded unimolecular biosensor was 

generated and optimised to measure Gαq activation. This was utilised to measure 

G protein activation in cells expressing Gαq protein-coupled receptor activation, 

and then phospho-deficient mGlu5 mutant receptor signalling, revealing that C-

terminal phosphorylation of the receptor negatively impacts G protein activation. 

This contradicts data presented in Chapter 4, in which only agonist independent G 

protein activation was affected by phosphorylation, yet here agonist dependent G 
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protein activation was reduced by removal of C-terminal sites of phosphorylation. 

One explanation for this finding could be that the generated and optimised 

biosensor is more sensitive at measuring G protein activation than the assays 

employed in Chapter 4; the assays in the latter chapter measure downstream 

signalling factors and G protein dissociation, whilst Chapter 5 measures receptor 

activation at a stage far more proximal to the receptor. Additionally, the NEWPATH 

assay utilised in Chapter 4 requires exogenous G proteins whereas the novel 

iSpNG biosensor measures receptor activity through endogenous G proteins.  

Furthermore, the biosensor was used in primary neuronal cultures to 

measure endogenous G protein activation after stimulation with the agonist 

glutamate, demonstrating that endogenous Gαq protein-coupled receptor activation 

can be detected with this novel biosensor. Previously, biosensors have been 

employed to measure endogenous GPCR signalling in primary neuronal cultures, 

detecting Gαi/o protein-coupled receptor activation. This study revealed that the 

GABAB, α2 adrenergic receptor, and the cannabinoid CB1 receptors produced 

different pharmacological activity in primary neurons versus heterologous cells (Xu 

et al., 2024), highlighting the key use of biosensors for evaluating endogenous 

GPCRs and the considerations of this differencing behaviour when translating 

research studies. However, this study noted low neuron transfection efficiency (at 

around 2%), as noted here in this piece of work. Considering this, the study by Xu 

et al. (2024) performed neuronal transfection via lipofectamine, similar to my work 

here, whereas previous neuronal biosensor transfections have used viral vectors 

(Maziarz et al., 2020) to improve this transfection efficiency. 

 A glutamate-specific biosensor was previously generated and optimised, 

designed to measure in real-time the metabolism of glutamate in living cells, 

tissues, or intact organisms. These glutamate-sensitive fluorescent reporters 

(iGluSnFR) have been used to detect glutamate in Caenorhabditis elegans, 

zebrafish, mice and ferrets, then in pyramidal neurons in acute brain slices, 

showing that iGluSnFR responds robustly and specifically in situ to glutamate 

release (Marvin et al., 2013). This iGluSnFR reporter has been optimised to 

generate functionally brighter reporters permitting in vivo imaging where previous 

sensors were too dim, detecting sub-micromolar to millimolar glutamate levels, 

and having yellow, cyan, green, or blue emission profiles (Marvin et al., 2018). 

Recently, the glutamate reporters have been further optimised to possess greater 

dynamic range, expression and photostability reporting rapid activation kinetics 
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and measurement of synaptic glutamate release in cultured neurons (Aggarwal et 

al., 2023). Finally, faster versions of iGluSnFR have been evolved to measure 

individual glutamate release events in rat hippocampal slices with improved signal-

to-noise ratios and kinetics (Helassa et al., 2018). These studies demonstrate the 

availability of biosensors to measure with high precision the endogenous 

glutamate release in the nervous system, despite requiring years of optimisation. 

Such sensors could be employed in the mGlu5 Flp-In™ T-REx™ model generated 

in this work to determine if endogenous glutamate is present at a level that would 

activate the receptor and induce signalling, aiding in answering the question as to 

whether the basal activity is ligand dependent of otherwise.  

To translate the studies on mGlu5 C-terminal phosphorylation to an in vivo 

setting, phospho-deficient mutant mice can be generated. Utilising a mouse model 

in which mGlu5 C-terminal phosphorylation sites have been mutated would permit 

further study on the impact of phosphorylation on physiology. If phosphorylation 

regulates constitutive activity, a phosphodeficient mutant receptor will exhibit 

changes in basal receptor activity, which in turn should impact downstream 

signalling and receptor-mediated physiological or behavioural functions. 

Constitutive activity is often linked to specific physiological functions of mGlu5 

receptors, such as synaptic plasticity, anxiety, or learning and memory. By 

comparing wildtype, knockout, and phosphodeficient mutant mice, it can be 

demonstrated as to whether constitutive activity contributes to these functions. 

To assess these functions, behavioural tests can be performed such as fear 

conditioning or spatial memory tasks (for learning and memory) or elevated plus 

maze and open field tests (for anxiety-like behaviour). Synaptic function can be 

monitored ex vivo through electrophysiological recordings in, for example, cortico-

hippocampal slices to evaluate the impact of the phosphodeficient mutation on 

synaptic plasticity. These anxiety-like behavioural tests have been performed for 

the M1 receptor, comparing the wildtype receptor to a knockout and 

phosphodeficient M1 receptor mutant (M1-PD), demonstrating that M1-PD mice 

show fewer entries to open elevated plus maze arms thus are more anxious, 

indicating phosphorylation regulates anxiety (Bradley et al., 2020). In addition, M1-

PD mice were hypoactive in the open field test; in contrast to the anxiolytic 

responses, regulation of locomotor behaviour is not dependent on receptor 

phosphorylation but potentially regulated in a G protein-dependent manner. 
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As an intermediate to animal studies, wildtype mGlu5 expressing neurons 

could be treated with kinase inhibitors to mimic a phosphodeficient state, then 

employed in assays utilised in the studies performed here throughout these 

chapters such as β-arrestin 2 recruitment, downstream second messenger assays, 

and a G protein activation biosensor assay to see the impact of phosphorylation 

on the activity of the endogenous mGlu5 receptor. This links to true in vivo 

readouts through measurement of the endogenous receptor in situ. Translating the 

pharmacology from artificial in vitro experiments to these endogenous receptor 

experiments provides greater clinical significance and more relevance to drug 

discovery. 

 

GPCRs are excellent drug targets for a multitude of pathologies, but it is 

important to understand the pharmacological profile of the receptors to inform drug 

development. There is the need to dissect the signalling pathways these receptors 

engage with to identify clinically beneficial transduction pathways versus pathways 

that may bring about adverse effects. There are multiple mGlu5-targeting drugs 

that have entered clinical trials (dipraglurant, completed Phase II for Parkinson’s 

Disease; basimglurant, completed Phase II for Fragile X Syndrome; AZD2516, 

completed Phase I for neuropathic pain), however many drugs have been 

discontinued in clinical trials (raseglurant, terminated Phase II for migraine; 

AZD2066, terminated Phase II for major depressive disorder; mavoglurant, 

discontinued in Phase III for Fragile X Syndrome) (see Budgett et al., (2022) for a 

review). Further investigation into the mGlu5 transduction pathways and the role of 

direct receptor phosphorylation will aid in the understanding of the clinical potential 

of this receptor. 

This failure of mGlu5-targeting drugs in the clinical setting could also be 

impacted by the difficulty in translating preclinical results into clinical trials. 

Basimglurant, an mGlu5 NAM, has shown promising results in an 

APPswe/PS1ΔE9 Alzheimer’s mouse model (Hamilton et al., 2016). However, this 

same drug failed to demonstrate efficacy over placebo in clinical trials for 

depression or FXS (Quiroz et al., 2016; Youssef et al., 2017). Similarly, 

mavoglurant (developed predominantly for FXS) failed to show improvements over 

placebo in the clinical setting, and this was proposed to be attributed to FXS 

potentially manifesting itself differently in humans compared to rodent models 

(Berry-Kravis et al., 2016). Additionally, the complex nature of mGlu5 signalling 
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and widespread expression in the brain gives rise to significant side effects when 

targeting this receptor. For instance, fenobam, an mGlu5 NAM, despite showing 

efficacy for anxiety (Pecknold et al., 1982), with an early study finding no clinically 

significant adverse effects (Berry-Kravis et al., 2009), was later removed from 

clinical trials due to association with impairment in learning and other cognitive 

disturbances (Jacob et al., 2009). Finally, many mGlu5-targeting drugs fail due to 

the heterogeneity of the disorders that are targeted, hence mGlu5 modulation may 

not be effective for every patient. All things considered, further basic research on 

the precise signalling mechanisms of mGlu5 and the interplay with receptor 

phosphorylation is required to find a way to precisely target and modulate this 

receptor. 

 

In conclusion, the data presented here indicate that direct phosphorylation 

of the mGlu5 C-terminal serine and threonine residues not only impacts β-arrestin 

2 signalling, but also G protein-dependent signalling. These findings are important 

as they highlight that the requirement for understanding the basic signalling 

profiles of receptors in order to deconvolute the complicated signal transduction. 

Moreover, the data presented in this thesis highlights the importance of elucidating 

the mechanisms by which phosphorylation modulates mGlu5 activity, through 

which we gain critical insights into the dynamic regulation of synaptic transmission 

and plasticity, fundamental processes underlying learning, memory, and overall 

brain function. 
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